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ABSTRACT 

 

The most severe and fatal infections with SARS-CoV-2 result in the acute respiratory distress 

syndrome, a clinical phenotype of coronavirus disease 2019 (COVID-19) that is associated with 

virions targeting the epithelium of the distal lung, particularly the facultative progenitors of this 5 

tissue, alveolar epithelial type 2 cells (AT2s). Little is known about the initial responses of human 

lung alveoli to SARS-CoV-2 infection due in part to inability to access these cells from patients, 

particularly at early stages of disease. Here we present an in vitro human model that simulates the 

initial apical infection of the distal lung epithelium with SARS-CoV-2, using AT2s that have been 

adapted to air-liquid interface culture after their derivation from induced pluripotent stem cells 10 

(iAT2s). We find that SARS-CoV-2 induces a rapid global transcriptomic change in infected 

iAT2s characterized by a shift to an inflammatory phenotype predominated by the secretion of 

cytokines encoded by NF-kB target genes, delayed epithelial interferon responses, and rapid loss 

of the mature lung alveolar epithelial program. Over time, infected iAT2s exhibit cellular toxicity 

that can result in the death of these key alveolar facultative progenitors, as is observed in vivo in 15 

COVID-19 lung autopsies. Importantly, drug testing using iAT2s confirmed the efficacy of 

TMPRSS2 protease inhibition, validating putative mechanisms used for viral entry in human 

alveolar cells. Our model system reveals the cell-intrinsic responses of a key lung target cell to 

infection, providing a platform for further drug development and facilitating a deeper 

understanding of COVID-19 pathogenesis. 20 
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INTRODUCTION 

 

Responding to the COVID-19 pandemic caused by the novel coronavirus, SARS-CoV-2, requires 

access to human model systems that can recapitulate disease pathogenesis, identify potential 

targets, and enable drug testing. Access to primary human lung in vitro model systems is a 5 

particular priority since a variety of respiratory epithelial cells are the proposed targets of viral 

entry 1-3. A rapidly emerging literature now indicates that a diversity of epithelial cells of the 

respiratory tract from the nasal sinuses and proximal conducting airways through the distal lung 

alveoli express the cell surface receptor for SARS-CoV-2, angiotensin-converting enzyme 2 

(ACE2), and appear permissive to infection with SARS-CoV-2 in vivo, and in some cases in vitro 10 

3.  The most severe infections with SARS-CoV-2 result in acute respiratory distress syndrome 

(ARDS), a clinical phenotype that is thought to arise in the setting of COVID-19 pneumonia as 

the virus progressively targets the epithelium of the distal lung, particularly the facultative 

progenitors of this region, alveolar epithelial type 2 cells (AT2s) 3. Little is known about the initial 

responses of human lung alveoli to SARS-CoV-2 infection due in part to the inability to access 15 

these cells from patients, particularly at early stages of disease.  

 

To date, primary human AT2s that are harnessed from explanted lung tissues require 3D co-culture 

with supporting fibroblasts, cannot be maintained in culture for more than 3 passages, and tend to 

rapidly lose their AT2 phenotype ex vivo 4. Thus, SARS-CoV-2 infection modeling has to this 20 

point been predominantly performed using either human airway (non-alveolar) cells, non-human 

cell lines that naturally express the ACE2 viral receptor and propagate the virus, such as the 

African Green Monkey Vero E6 cell line 5, or transformed human cell lines with or without forced 

over-expression of ACE2.  Although some of these transformed cell lines, such as A549 and Calu-

3 cells, were originally generated from transformed cancerous lung epithelial cells, they no longer 25 
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express NKX2-1, the master transcriptional regulator required for differentiated lung epithelial 

gene expression 6, and thus are limited in their capacity to simulate an accurate lung cellular 

response to most perturbations, including viral infections. 

 

To provide alternative sources of self-renewing human lung epithelial lineages, our group and 5 

others have recently developed human lung epithelial organoids and 2D air-liquid interface (ALI) 

lung cultures through the directed differentiation of induced pluripotent stem cells (iPSCs) in vitro 

6-16. Here we report the successful infection of a pure population of human iPSC-derived AT2-like 

cells (iAT2s) with SARS-CoV-2, providing a reductionist model that reveals the cell-intrinsic 

distal lung epithelial global transcriptomic responses to infection. By 1 day post-infection (dpi), 10 

SARS-CoV-2 induced a rapid global transcriptomic change in infected iAT2s characterized by a 

shift to an inflammatory phenotype associated with the secretion of cytokines encoded by NF-kB 

target genes. By 4 dpi, there were time-dependent epithelial interferon responses and progressive 

loss of the mature lung alveolar epithelial program. Our model system thus reveals the cell-intrinsic 

responses of a key lung target cell to infection, providing a novel platform for further drug 15 

development and facilitating a deeper understanding of COVID-19 pathogenesis. 

 

RESULTS 

 

In order to develop a human model system, we used the technique of directed differentiation 4,10 20 

to generate iAT2s from either human embryonic stem cells or iPSCs engineered to carry a 

tdTomato reporter targeted to the endogenous SFTPC locus 9,10. In 3D Matrigel cultures, we 

employed our published method (4) to establish self-renewing epithelial spheres composed of 

purified iAT2s, >90% of which expressed surfactant protein-C (SFTPC), the canonical AT2 

marker, as monitored by flow cytometry assessment of the SFTPCtdTomato reporter at each passage 25 
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in culture (Fig. 1A, B). Serially passaging these epithelial spheres generated >1030 iAT2s per 

starting sorted tdTomato+ cell over 225 days in culture 9, generating a stable source of human 

primary-like AT2 cells for viral infection disease modeling.  

 

Since the directed differentiation of human iPSCs in vitro is designed to recapitulate the sequence 5 

of developmental milestones that accompanies in vivo human fetal organogenesis, we first sought 

to understand the ontogeny of expression of the coronavirus receptor, ACE2, during human fetal 

development from early endodermal progenitors through increasingly more mature stages of 

alveolar development. By analyzing our previously published transcriptomic time series profiles 

of developing human fetal and adult primary AT2s 9, we found that ACE2 expression increases 10 

from early to late canalicular stages of distal human lung development, with expression levels 

similar to adult AT2 levels present by week 21 of gestation in developing alveolar epithelial cells 

(Fig. 1C). We found the directed differentiation of human pluripotent stem cells (RUES2) in vitro 

into purified distal lung AT2-like cells resulted in cells expressing similar levels of ACE2 to adult 

primary cell controls in head to head comparisons (Fig. 1C). We and others 6,17 have recently 15 

profiled the frequency of ACE2 mRNA expressing primary adult and iPSC-derived AT2-like cells 

by single cell RNA sequencing (scRNA-Seq), finding that mRNA expression occurs in a minority 

of cells (1-3%) at any given time with similar frequencies observed in primary AT2s compared to 

iAT2s. In contrast, the gene encoding the protease utilized for viral entry, TMPRSS2, is expressed 

more robustly in both AT2s and iAT2s 6 and is less developmentally variable, being stably 20 

expressed by week 16 of distal fetal lung development (Fig. 1C). 

 

Because lung epithelial infection by SARS-CoV-2 occurs at the apical membrane of cells facing 

the air-filled lumens of airways and alveoli, submerged cultures of 3D epithelial spheres with 

apical membranes oriented interiorly are unlikely to faithfully recapitulate infection physiology. 25 
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Therefore, we adapted our SFTPCtdTomato+ iAT2s (SPC2-ST-B2 iPSC line) to 2D ALI cultures (Fig. 

1D), generating monolayered epithelial cultures of pure iAT2s with apical-basal polarization and 

barrier integrity, while preserving or augmenting expression of AT2-specific genes (e.g.  SFTPC, 

SFTPB, SFTPA1, SFTPA2, NAPSA, and PGC) as detailed in our recent preprint 6 as well as Figures 

1 and S1. 5 

 

To quantify protein-level expression frequency of the viral ACE2 receptor in iAT2s at ALI, we 

employed flow cytometry, observing that 13.2 ± 6.5% of live iAT2s demonstrated cell surface 

expression of ACE2 (Fig. 1E) and indicating more frequent expression at the protein level than 

had been predicted from analysis of published primary AT2 or ALI cultured iAT2 scRNA-Seq 10 

profiles 6. We validated the sensitivity and specificity of the ACE2 antibody by staining controls 

consisting of human 293T cells, which lack ACE2, and 293T cells lentivirally transduced to over-

express ACE2 18 (Fig. 1E). Apical localization of ACE2 protein was confirmed by 

immunofluorescence staining (Fig. 1F, S1B). To test functionality of ACE2 as the viral receptor, 

we used a GFP-expressing lentivirus pseudotyped with either viral spike protein (S) or VSV-G 15 

envelope to infect iAT2s, finding that both pseudotypes infected iAT2s equally (Fig. 1G, H).    

 

To test whether ALI cultures of iAT2s are permissive to SARS-CoV-2 infection, we employed 

escalating viral doses representing a broad range of multiplicities of infections (MOIs). iAT2s at 

ALI were apically exposed to SARS-CoV-2 (Fig. 2A), and viral infection was visualized by 20 

immunofluorescence analysis using an antibody against the viral nucleoprotein (N). The number 

of N-positive cells increased over time (Fig. 2B) and with increasing MOIs (Fig. 2C), indicative 

of viral replication and spread. Quantification of N-positive cells by flow cytometry revealed an 

infection level of about 20% at 1 dpi and 60% at 4 dpi (Fig. 2D). The time- and dose-dependent 

increases in infection efficiencies were observed at both low MOIs (0.0004-0.04; unpurified virus) 25 
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and high MOIs (up to 140; purified virus), with MOI 140 saturating N transcript levels by 1 dpi 

(Fig. 2E-G). Infectious virus mainly was released from the apical side of iAT2 ALI cultures at 

increasing titers over time (4 dpi vs 1 dpi; Fig. 2H), providing further evidence of ongoing viral 

replication in iAT2s in this model system. The discrepancy between the number of ACE2+ iAT2s 

(13%) and N+ cells at 1 dpi as well 4 dpi may suggest alternative viral entry mechanisms or the 5 

possibility that infections with large numbers of virions per target cell (such as occurs at MOI of 

140) may enhance viral entry into cells with low ACE2 density.  Immunofluorescence analysis of 

infected iAT2s suggests time-dependent cytopathogenicity as indicated by increasing numbers of 

fragmented nuclei from 1 to 4 dpi (Fig. 2I). Transmission electron microscopy (TEM) confirmed 

the successful infection of mature, functional iAT2s. Viral particles were visible both 10 

intracellularly in lamellar body-containing iAT2s as well as in the apical extracellular space 

adjacent to tubular myelin, an ultrastructure specific for secreted surfactant (Fig. 2J-L, S2).  

 

Having established a putative human model system for SARS-CoV-2 infection of AT2-like cells, 

next we sought to define the global, time-dependent transcriptomic responses of cells infected at 15 

the MOI we had identified as achieving the highest infection efficiency of the viral doses we had 

tested. We performed bulk RNA sequencing of iAT2s at 1 dpi or 4 dpi, compared to mock-infected 

iAT2 controls (n=3 biological replicates at each time point, Fig. 3A). Profound and progressive 

changes in the global transcriptomes of infected iAT2s were observed based on principle 

components analyses and differential gene expression (Fig. 3B, Table S1). For example, 4519 20 

genes were differentially expressed between mock and SARS-CoV-2-infected cells at 1 dpi, 10725 

genes between SARS-CoV-2-infected cells at 1 dpi and 4 dpi, and 10462 between the infected 

samples as a whole and mock (FDR<0.05; empirical Bayes moderated t-test; Table S1). Viral 

transcripts, including the viral genome, were amongst the top differentially expressed transcripts 

at both 1 dpi and 4 dpi, with viral transcripts representing 28% to 33% of all reads mapped at 1 dpi 25 
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(Fig. 3C). AT2-specific genes, such as SFTPC, were amongst the top downregulated genes by 1 

dpi, and progressive loss of the AT2 program continued to 4 dpi with significant continued loss of 

SFTPC, SFTPA1, SFTPD, and SFTPCtdTomato encoding transcripts (FDR<0.05; Table S1; Fig. 3C). 

Gene set enrichment analysis (GSEA) revealed significant upregulation of inflammatory pathways 

both at 1 dpi (FDR<0.05; Fig. 3D) and 4 dpi, with TNF-NFkB mediated inflammatory signaling 5 

representing the first- and second- most upregulated pathways at 1 dpi and 4 dpi, respectively, and 

the most upregulated pathway over the entire time course (Fig. 3D-G). Interferon (IFN) signaling 

was in the top 10 pathways significantly upregulated at both time points, and pathways reported 

to be activated by interferon signaling were also significantly upregulated (FDR<0.5) including 

KRAS (MAPK) signaling, IL6-JAK-STAT3, and IL2-STAT5 signaling (Figure 3D). Despite the 10 

GSEA findings, the global transcriptomic analysis showed no significant induction of individual 

type I and III IFN genes (e.g. IFNB1, IFNL1, or IFNL2)  at any time point p.i. and only moderate 

upregulation of multiple IFN signaling related genes and targets (IFNAR2, IRF 1/4/7/8/9, IFIT1, 

MX1, CXCL10, CXCL11, SOCS3, and ISG15) mainly at 4 dpi (Fig. 3F-H). These results were 

confirmed by RT-qPCR (Figure 4, Fig S3) and indicate that SARS-CoV-2 infection of iAT2s 15 

elicits a delayed, modest IFN response.  Of note, this IFN response pattern was observed over a 

wide range of MOIs (0.0004 to 140; Fig. S3).   

 

Consistent with the cytopathogenicity suggested by our microscopy studies, apoptosis was 

significantly upregulated over the entire time course post infection, and stress related signaling 20 

was evident by 4 dpi as multiple heat shock proteins were in the top most upregulated transcripts, 

comparing 4 dpi to 1 dpi (Fig. 3H; e.g. HSPA1A, HSPA1B, HSPA6, HSP90AB1). Significant 

downregulation of proliferation markers (TOP2A and MKI67; Figure 3G, H) was evident by 4 dpi. 

Taken together, these results suggest that SARS-CoV-2 infection of human iAT2s results in a cell-
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intrinsic shift away from an AT2 program toward an inflammatory program with NF-kB mediated 

inflammatory and interferon signaling pathways significantly upregulated. 

 

To compare our findings to changes in AT2s in vivo, we performed pro-SFTPC immunostaining 

of lung tissue sections from the autopsies of two individuals who died from SARS-CoV-2 induced 5 

respiratory failure (clinical information provided in Supplementary Materials). In contrast to the 

typical, frequent pattern of pro-SFTPC immunostaining in control lung sections, COVID-19 

decedent lungs exhibited regions of reduced and sporadic pro-SFTPC staining interspersed with 

AT2 cell hyperplasia, with additional histopathologic findings of diffuse alveolar damage, such as 

hyaline membrane formation. Sloughing of cells that stained positively for cytokeratin AE1/AE3 10 

further confirmed regional injury to the alveolar epithelium,  consistent with injury observed in 

the iAT2 in vitro model. (Fig. 4A-C). 

 

We validated downregulation of iAT2-specific genes by RT-qPCR and observed significantly 

diminished expression of SFTPC, SFTPA1 and LAMP3 at 4 dpi (Fig. 4D). Moreover, we 15 

demonstrated functional activation of NF-kB signaling in infected iAT2s, as predicted by our 

bioinformatics analysis, by quantifying expression of NF-kB modulated target mRNAs and 

proteins. Upregulation of NF-kB target transcripts IL6, TNF, CXCL8, CXCL2, CXCL3, CXCL10, 

and CXCL11, as well as NF-kB related mRNA NFKB1, NFKB2, RELA, and RELB, was validated 

by RT-qPCR (Fig. 4E). Secretion of NF-kB target proteins by infected iAT2s was determined by 20 

Luminex analysis of apical washes and basolateral supernatants. IL-6 and CXCL8 (IL-8) were 

increased both apically and basolaterally, while GM-CSF and VEGF were secreted into the 

basolateral media, as has been shown previously in other models of AT2 injury 19 (Fig. 4F).  
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Finally, to assess the potential of iAT2s to screen for COVID-19 therapeutics that might target the 

alveolar epithelium, we tested the effect of a recently published TMPRSS2 inhibitor, camostat 

mesylate, that blocks SARS-CoV-2 infection in Vero cells, Calu-3 cells, and human airway 

epithelial cells 1, but has not been tested previously in human alveolar cells. We found camostat 

significantly reduced the levels of detectable viral N transcript at 2 dpi (Fig. 4H) indicating its 5 

potential as an anti-infective drug and suggesting that SARS-CoV-2 infection of iAT2s likely relies 

on priming by the protease, TMPRSS2, which is expressed at similar levels in both iAT2s and 

primary adult human AT2s (Fig. 1 and S1). 

 

DISCUSSION 10 

Taken together, our approach provides a new human model of SARS-CoV-2 infection of a key 

lung target cell which is otherwise difficult to access in vivo and hard to maintain in vitro. Since 

iAT2s can be propagated indefinitely in 3D culture in a form that is easily shareable between labs 

4, 9, our adaptation of these cells to 2D ALI cultures now allows straight-forward simulations of 

apical viral respiratory infections of a self-renewing cell type that can be scaled up, nearly 15 

inexhaustibly, and studied in highly pure form, thus simulating cell-autonomous or “epithelial-

only” host responses to pathogens. Our results implicate AT2s as inflammatory signaling centers 

that respond to SARS-CoV-2 infection within 24 hours with TNF-NFkB signaling predominating 

this response. The significant loss of surfactant gene expression and cellular stress, toxicity, and 

death of iAT2s observed in our model are likely to be clinically relevant as similar observations 20 

were made in vivo in the lung autopsies of multiple COVID-19 decedents. 

 

Importantly, IFN responses were found to be milder than TNF-NFkB signaling in our model. 

SARS-CoV-2 has been shown to be sensitive to IFNλ and IFNβ treatment, so the absence of a 

robust IFN response in AT2s, if verified in vivo, would have significant clinical implications and 25 
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might suggest pathways to augment therapeutically in COVID-19 patients before they progress to 

ARDS 20-22. In prior studies of cell lines that lacked AT2-specific gene expression, the absence of 

a robust IFN response was overcome by using a high MOI for infection 21. This is in contrast to 

our results which indicate a moderate and delayed IFN response across a broad range of MOIs.  

Interestingly, a delayed IFN response was also observed in  SARS-CoV- and MERS-CoV-infected 5 

human airway epithelial cells and is a determinant of SARS disease severity 23,24.   

 

An important caveat of our study is the well-published observation that most human lineages 

derived in vitro from iPSCs are immature or fetal in phenotype, possibly confounding disease 

modeling. However, our adaptation of iAT2s to ALI culture significantly augmented expression 10 

of maturation genes, including surfactant proteins (Fig. S1, 6). This, together with the observation 

of SARS-CoV-2 virions intracellularly in lamellar bodies and extracellularly in the vicinity of 

tubular myelin confirms that surfactant-secreting, functionally mature AT2-like cells were the 

targets of infection in our studies. The presence of virions within lamellar bodies also implies that 

this surfactant-packaging organelle, specific to mature AT2 cells and absent in lung cell lines, may 15 

be a site directly utilized for and potentially dysregulated by SARS-CoV-2 infection. Thus, our 

model system reveals the cell-intrinsic responses of a key lung target cell to infection, facilitating 

a deeper understanding of COVID-19 pathogenesis and providing a platform for drug discovery. 

 

 20 
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Figure 1. iPSC-derived alveolar epithelial type 2 cells (iAT2s) express  functional SARS-CoV-2 entry factors 
ACE2 and TMPRSS2. (A-B) iAT2s, carrying a tdTomato reporter targeted to the endogenous SFTPC locus by gene 
editing (SPC2 line), can be serially passaged, according to the method of Jacob et al (see Reference #4) while 
maintaining >90% SFTPCtdTomato+ expression in 3D sphere cultures (Day 160 of differentiation, passage 8 shown). (C) 5 
iAT2s (RUES2 line) express ACE2 and TMPRSS2 transcripts at comparable levels to purified primary adult human 
lung AT2s (adult AT2s; primary sample adult and fetal procurement described in detail in9). iAT2s (SPC2 line) 
adapted to 2D air-liquid interface (ALI) culture (D) express ACE2 protein, as observed by flow cytometry (E), n=9, 
which is apically localized, as observed by immunofluorescence staining (scale bar = 10 µm) (F). (G-H) iAT2s infected 
with a GFP-expressing lentivirus pseudotyped with either VSVG or SARS-CoV-2 Spike envelopes, n=3. Day 15 10 
PLP=primordial lung progenitors derived from pluripotent stem cells at day 15 of differentiation, Early HFL=primary 
early human fetal lung alveolar epithelium at 16-17.5 weeks gestation; late HFL=alveolar epithelium at 20-21 weeks 
gestation, and adult AT2s=adult alveolar epithelial type 2 cells from 3 different individuals freshly sorted using the 
antibody HTII-280. *p<0.05, one-way ANOVA, all bars represent mean +/- standard deviation. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 30, 2020. ; https://doi.org/10.1101/2020.06.30.175695doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.30.175695
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

17 
 

 
Figure 2. SARS-CoV-2 infects iAT2s in a dose- and time-dependent manner. (A) Schematic of the iAT2 directed 
differentiation protocol, in which robustly self-renewing iAT2s can be plated at air-liquid interface (ALI) for SARS-CoV-
2 infections. “CK+DCI”=distal lung medium components detailed in the Materials and Methods. (B) Immunofluorescence 
images of viral nucleoprotein (N, green) of iAT2s infected with SARS-CoV-2 (MOI=140) at 1 and 4 days post infection 5 
(dpi), or (C) with increasing MOIs (14, 70, 140) shown at 1 dpi (20x, scale bar = 50µm). (D) Efficiency of iAT2  infections 
scored by representative FACS plots of SARS-CoV-2 N at 1 and 4 dpi (MOI 140) compared to mock; mean gated 
percentages +/- standard deviation for n=3 replicates are shown. (E) RT-qPCR of viral N gene expression at 1 and 4 dpi 
using a range of low MOIs of an unpurified SARS-CoV-2 virus stock, n=3. (F, G) RT-qPCR of N gene expression at 1 
and 4 dpi using a purified virus stock to infect with an MOI of 10 (F) or an MOI of 140 (G), n=3. Fold change expression 10 
compared to Mock [2-∆∆Ct] after 18S normalization is shown. (H) Viral titers were determined in apical washes and 
basolateral media at 1 and 4 dpi (n=5). (I) Mean percent fragmented nuclei in immunofluorescence images of infected 
iAT2s at 1 and 4 dpi (MOI 140; n=3). (J) Electron micrograph of infected iAT2s showing virions (arrow heads) 
intracellularly, including in a lamellar body and (K) extracellular virions around tubular myelin, the meshwork (L, arrow) 
that forms upon secretion of pulmonary surfactant (size bar=200 nm). All bars represent mean +/- standard deviation with 15 
biological replicates indicated for each panel. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, unpaired, two-tailed 
Student’s t-test (H) or one-way ANOVA with multiple comparisons (E, F, G, H) were performed. 
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Figure 3. SARS-CoV-2 elicits transcriptomic changes in iAT2s that highlight epithelial-intrinsic inflammatory 
responses to infection. (A) Schematic of the iAT2 ALI samples (starting with Day 208 iAT2s) infected with SARS-CoV-
2 (MOI 140) and collected at 1 and 4 dpi (mock collected 1 dpi) for bulk RNA sequencing (RNA-seq). B) Principal 5 
component analysis (PCA) of iAT2 samples (n=3 biological replicates per condition) showing global transcriptomic 
variance (%) of PC1 and PC2 components. (C) Local regression (LOESS) plots of viral, AT2, NF-kB, and interferon (IFN) 
gene expression levels quantified by RNA-seq normalized expression (counts per million reads). (D) Gene set enrichment 
analysis (GSEA, Camera using Hallmark gene sets) of the top 10 upregulated gene sets in 1 dpi vs. mock or 4 dpi vs. 1 dpi 
conditions (black color indicates statistical significance; FDR<0.05). (E) Unsupervised hierarchical clustered heat maps of 10 
differentially expressed genes (DEGs; FDR<0.05) in the Hallmark gene sets “TNFA signaling in NFkB” and (F) 
“interferon gamma response”, as plotted with row normalized Z-score; a selected subset of these DEGs are highlighted 
with large font. (G) Volcano plots of differentially expressed genes in 1 dpi vs. mock and (H) 4 dpi vs. 1 dpi. 
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Figure 4. Infection of iAT2s with SARS-CoV-2 prompts the loss of the lung AT2 program, activation of the NF-kB pathway, 
and modest, delayed activation of IFN signaling.  (A) Immunofluorescence staining of pro-surfactant protein C (pro-SFTPC) in 
tissue sections of non-COVID-19 and COVID-19 lungs. Arrow indicates AT2 hyperplasia. (B) COVID-19 descendents’ autopsied 
lung tissue sections, stained with H&E and (C) cytokeratin AE1/AE3 (brown) showing early acute phase of diffuse alveolar damage 5 
with sloughed alveolar epithelium (200x magnification). (D) RT-qPCR of AT2 and (E) NFkB-related transcripts in iAT2s infected 
with SARS-CoV-2 (MOI 140; n=3; Fold change expression over “Mock”= 2-∆∆Ct) at 1 and 4 dpi. (F) Luminex analysis of apical 
washes and basolateral media collected from iAT2 ALI cultures (n=5). (G) RT-qPCR of interferon-stimulated genes (ISGs) in 
infected (MOI 140) iAT2s at 1 and 4 dpi (n=3). (H) RT-qPCR of N gene expression at 2 dpi (MOI 1) with vehicle control, camostat 
(TMPRSS2 inhibitor), and E-64D (cathepsin inhibitor) treatment for 30 min, n=3. All bars represent mean +/- standard 10 
deviation.*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA with multiple comparisons were performed. 
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Fig. S1. 
Single cell transcriptomic profiles of iPSC-derived vs primary lung cells. (A) Expression of selected genes profiled 
by scRNA-seq in iAT2s cultured head-to-head as either 3D spheres vs 2D air-liquid interface (ALI) cultures 6. 
Comparison is made to a published adult primary lung epithelial dataset by Habermann 31. Purple dot plots indicate 5 
expression frequencies and levels of transcripts associated with AT2 programs, cytokines, interferon signaling, or 
potential viral receptors. (B) Staining control of iAT2s in ALI culture (compare to ACE2 staining in main figure 1). 
Staining with preimmune serum rather than anti-ACE2 antibody shows no significant staining. 
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Fig. S2. 
Ultrastructural analysis of iAT2s infected with SARS-CoV-2. (B) Transmission electron 
micrographs of mock-infected iAT2s at ALI (A-B) demonstrating lamellar body expression but no 
detectable virions. iAT2s at ALI infected with SARS-CoV-2 at an MOI of 140 and fixed 1 dpi (C-5 
G) contain visible virions (C-E, G, arrowheads) in the cytoplasm (D,E), within lamellar bodies (D, 
arrowhead a) (G, see Fig. 2J for inset), and within double-membrane bound structures (D, 
arrowhead b) (E, arrowheads). Virions are also found extracellularly (F, arrowhead) and some 
iAT2s contain convoluted membranes (F, c.m.).  
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Fig. S3. 
Interferon response in iATs infection at lower MOI. RT-qPCR of interferon stimulated genes 
(ISGs) in iAT2s infected with SARS-CoV-2 (MOI 10) at 1 and 4 dpi, (n=3).  All bars represent 
mean +/- standard deviation. One-way ANOVA with multiple comparisons were performed. 5 
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