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Abstract 
Chronic inflammation and dysregulated repair mechanisms after epithelial damage have been implicated in Chronic obstructive pulmonary 
disease (COPD). However, the lack of ex vivo-models that accurately reflect multicellular lung tissue hinders our understanding of epithelial-
mesenchymal interactions in COPD. Through a combination of transcriptomic and proteomic approaches applied to a sophisticated in vitro 
iPSC-alveolosphere with fibroblasts model, epithelial-mesenchymal crosstalk was explored in COPD and following SARS-CoV-2 infection. 
These experiments profiled dynamic changes at single-cell level of the SARS-CoV-2-infected alveolar niche that unveiled the complexity of 
aberrant inflammatory responses, mitochondrial dysfunction, and cell death in COPD, which provides deeper insights into the accentuated 
tissue damage/inflammation/remodeling observed in patients with SARS-CoV-2 infection. Importantly, this 3D system allowed for the evalu-
ation of ACE2-neutralizing antibodies and confirmed the potency of this therapy to prevent SARS-CoV-2 infection in the alveolar niche. Thus, 
iPSC-alveolosphere cultured with fibroblasts provides a promising model to investigate disease-specific mechanisms and to develop novel 
therapeutics.
Key words: COPD; emphysema; disease modeling; induced pluripotent stem cells (iPSC); alveolospheres; type 2 alveolar epithelial cells; mesenchyme 
crosstalk; SARS-CoV-2; drug testing; therapeutic monoclonal antibodies.

journals.permissions@oup.com
https://orcid.org/0000-0002-3264-8392
https://orcid.org/0009-0007-9469-2800
mailto:mahboobe.ghaedi@astrazeneca.com


2 Stem Cells, 2024, Vol. XX, No. XX

Graphical Abstract 

Introduction
Chronic obstructive pulmonary disease (COPD) is 
characterized by airflow obstruction, structural lung defects, 
and chronic respiratory symptoms.1 In susceptible individuals, 
smoking or other environmental exposures induce inflamma-
tion and injury of the airways and alveoli that leads to path-
ological changes that include: (1) small airway remodeling 
associated with bronchitis and/or bronchiolitis, and (2) de-
struction of the alveolar-capillary unit that is associated with 
emphysema.1-3 In COPD, autoimmunity, aging, exaggerated 
apoptosis, and inadequate repair mechanisms4 have been 
implicated in alveolar destruction and endothelial injury. 
In addition, recurrent environmental insults result in acute 
and chronic inflammation that is mediated by imbalances in 
proteases, antiproteases, and oxidative stress. The result is 
extracellular matrix degradation and alveolar destruction.5 
Chronic inflammation and dysregulated lung repair after ep-
ithelial injury may contribute to distinct clinical entities of 
emphysema, which continues to be a limitation in our un-
derstanding of the cellular composition and dynamics of the 
COPD alveolar-capillary unit.6

A major roadblock in studying the alveolar niche in COPD 
is the lack of ex vivo models that accurately reflect multicel-
lular lung tissue. Access to tissue from patients with COPD is 
limited, and almost universally reflects end-stage disease be-
cause this tissue is obtained from individuals at the time of 
lung transplantation or death.7 Mouse models are inadequate 
because they do not reflect specific characteristics of human 
COPD lung disease.8-11 This has resulted in a failure to trans-
late efficacy and toxicity data in clinical trials from animals 
to humans.12

Induced pluripotent stem cells (iPSC) provide a powerful 
platform to develop disease-specific, and patient-specific 
in vitro models of emphysema.13-17 Lung epithelial cells are 
generated from iPSCs by recapitulation of key embryonic devel-
opment stages in vitro.13-17 iPSCs allow for: (1) cellular expan-
sion, which provides a source of replicates to study respiratory 
disease mechanisms,13,18 (2) “personalized medicine” because 
iPSCs maintain individual human genetics, and (3) overcome 

challenges of obtaining donor tissue from patients, which 
was highlighted a particular concern during a pandemic.19-21  
Finally, iPSCs can be cultured in a self-organizing organoid 
culture system (eg, alveolosphere) relevant to diseases of in-
terest. This has dramatically improved our understanding of 
tissue homeostasis and pathological alterations in lung dis-
ease.13,14,16 While alveolospheres have been used to screen for 
factors that regulate stem cells and recapitulate lung diseases 
in vitro,13,14,22 most studies have only focused on the delete-
rious effects of smoke and pollutant exposures to type 2 al-
veolar epithelial cells (AT2).23 However, alveolospheres alone 
are an oversimplified model, with limited cellular and func-
tional representation of the native alveolus, if the supporting 
mesenchyme is not included. For example, fibroblasts have 
been shown to significantly contribute to alveolar lung injury 
and repair responses.6,24-26 Specifically, fibroblasts respond by 
producing inflammatory mediators and extracellular matrix 
to maintain alveolar structure after injury.6,24 Thus, alterations 
in alveolar and fibroblast interactions may lead to inadequate 
tissue structure repair and maintenance in COPD, which 
needs further characterization.6,24,27 This is highlighted by the 
recognition that COPD is associated with an increased risk of 
severe SARS-CoV-2 infection and substantial mortality rates 
in the COVID-19 pandemic.28-30 Therefore, a more detailed 
understanding of the susceptibility of patients with COPD 
to SARS-CoV-2 infection, which includes identifying the cell 
types and pathways that are permissive to viral infection and 
replication, will provide novel insights into the transmissi-
bility and pathogenesis of SARS-CoV-2 infection.3,31

Imbalance of AT2 death and proliferation in patients 
with emphysema contributes to alveolar wall destruction 
and impaired gas exchange. In this study, a model of iPSC-
derived AT2 alveolospheres (iAT2s) with healthy and COPD 
fibroblasts was used to model human alveoli, and to ex-
plore factors regulating AT2 function in COPD. Using a 
combination of transcriptomic and proteomic approaches, 
these experiments provide a robust, novel characterization 
of fibroblast-epithelial interactions in COPD. Subsequently, 
SARS-CoV-2 infection was studied in this model to 
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characterize virus-induced host gene expression responses to 
infection in the alveolar compartment in a more physiologi-
cally relevant system. In addition, this model was used to in-
vestigate novel anti-SARS-CoV-2 monoclonal antibodies that 
inhibit the interaction of spike protein with the SARS-CoV-2 
receptor, ACE2. Thus, iPSC-derived AT2 alveolospheres cul-
tured with fibroblasts provide a novel, highly functional 
model to investigate pulmonary disease-specific molecular 
mechanisms, stimuli, and potentially novel therapeutics.

Results
Generation of iPSC-Based Alveolospheres
The iPSC line utilized in this study was provided by Dr. 
Darrell N. Kotton, Center for Regenerative Medicine, 
Boston University. Using gene-editing fluorochrome reporter 
constructs (GFP and tdTomato) targeted to the endogenous 
NKX2-1 and SFTPC loci, respectively, of BU3 NGST iPSC 
line (BU3 NKX2-1GFP; SFTPCtdTomato).15 iPSC-based AT2 
alveolospheres (iAT2) were generated from BU3 NGST iPSC 
line by following a recently reported protocol.15,16 First, de-
finitive endoderm (DE) was derived with STEMdiff kit in-
duction with over 85% efficiency (Fig. 1A–1C). At day 15 
of differentiation, NKX2-1+ lung epithelial progenitor cells 
were derived at varying efficiencies from iPSC line after being 
exposed to a growth factor cocktail containing CHIR99021, 
rhBMP4, and retinoic acid (Fig. 1D–1E). iAT2 alveolospheres 
from an NKX2-1+ progenitor population were generated 
from sorted GFP+ NKX2-1 cells, which were replated and 
cultured in a growth factor cocktail in Matrigel for 2 weeks.15 
NKX2.1 cells proliferated and formed epithelial spheres that 
maintained variable levels of NKX2-1 (green-labeled) and 
SPC (red-labeled) expression (Fig. 1F–1I). Single-cell profiling 
at day 35 showed iAT2 alveolospheres composed of a high 
percentage of iAT2 SPC expressing epithelial cells with a tran-
scriptional profile similar to human AT215 where an enriched 
expression of SFTPC, PGC, CPM, RNASE1, NAPSA, 
SCGB3A1, LPCAT1, and CTGF in clusters 1 and 2 was found 
(Fig. 1J). Electron micrograph of iAT2s published by Kotton’s 
lab showed the presence of lamellar body in these cells.15 In 
humans, lung alveoli are maintained by intermittent activa-
tion of rare “bifunctional” AT2 cells that retain surfactant bi-
osynthesis function and also serve as stem cells that generate 
new AT1 cells and self-renew throughout adult life.32-34 Here, 
iAT2 proliferating cells in cluster 2, which behave similarly 
to AT2 stem cells, were defined by the expression of MKI67 
(Fig. 1J–1K). We also identified small percentages of stromal 
cells characterized by decreasing gradients of NAPSA and 
SFTPC expression with increasing gradients of VIM, IGFL2, 
TUBA1A, KRT17, KRT19, and HES4 (Fig. 1J–1K). These 
cells are in transition from epithelial to mesenchyme, which 
may result from the stress of dissociation and in vitro culture 
conditions.

Establishing an iPSC-Based Disease Model That 
Recapitulates Emphysema
Recently, it has been shown that AT2 cells are in specific 
niches that include their immediate epithelial neighbors, as 
well as underlying smooth muscle, fibroblasts, blood vessels, 
and nerves.27,35 These niches are highly dynamic and involve 
cytokines, and other signaling factors, that are derived from 
multiple cell populations.27,35 To explore factors regulating 
AT2 function specific to COPD, iAT2 cells were cultured with 

COPD (n = 3) and healthy (n = 3) fibroblasts isolated from 
human lungs in alveolospheres (Fig. 2A) to mimic the AT2-
fibroblast niche in lung.25,26 After 2 weeks, these cultures de-
velop into an iAT2 epithelium surrounded by fibroblasts (Fig. 
2A–2E). The presence of mesenchyme and organized alveolar 
structures is a strength of this system that provides a phys-
iologically relevant in vitro model to study mesenchymal-
epithelial crosstalk in the alveolar microenvironment in 
health and disease.13,14,26 Furthermore, this 3D model grown 
in matrigel incorporates AT2-fibroblast mechanical cues that 
influence epithelial cell development in health and disease,36 
which improves this model’s ability to recapitulate the human 
mesenchymal-epithelial niche.

In a healthy lung, the mesenchyme supports epithelial cell 
growth.25,26,37 Thus, we hypothesized that iAT2 cultured with 
healthy fibroblast in alveolospheres (iAT2 + HFib) would re-
ceive similar support from niche. iAT2 + HFib formed more 
alveolospheres (Fig. 2B, 2C, 2F) compared to iAT2 cocultured 
with COPD fibroblasts (iAT2 + CFib); (Fig. 2D–2F), while 
iAT2 + CFib resulted in lower numbers of SPC expressing 
iAT2 in COPD alveolospheres (Fig. 2C, 2E, 2F). In addi-
tion, single-cell RNA sequencing (sc-RNA seq) profiling 
of iAT2 + HFib compared to iAT2 + CFib confirmed the 
differences in iAT2 cells in COPD and healthy alveolospheres 
(Fig. 2G). Of significance, the number of SPC expressing 
iAT2 and proliferating iAT2 cells is significantly decreased 
in iAT2 + CFib compared to iAT2 + HFib alveolospheres 
(Fig. 2G, 2H). Coculture with COPD fibroblasts impacted 
iAT2 cell transcripts of SFTPC, SFTPA, and induced ex-
pression of profibrotic markers, such as COL1A1, TGFB3, 
COL6A2, POSTN, FOSL2, and CXCL2 (Fig. 2I). Pathway 
analysis of sc-RNA seq data revealed that iAT2 + CFib are 
enriched for biological processes involved in cell aging and 
inflammation (Fig. 2J). Specifically, “cell death,” “fibrosis,” 
“oxidative stress,” “mitochondrial dysfunction,” “extracel-
lular matrix organization,” and “autophagy” pathways were 
significantly altered in iAT2 + CFib compared to iAT2 + HFib 
alveolospheres (Fig. 2I–2J). These results highlight the speci-
ficity of paracrine signaling from COPD fibroblasts to acti-
vate molecular changes and cellular responses, which favors 
cell aging and senescence, inflammation, fibrosis, and apop-
tosis in iAT2 cell cocultures. These observations corroborate 
with recent studies highlighting the contribution of cellular 
senescence and accelerated aging in COPD pathology.38

To verify whether our model phenocopies main features 
of AT2 in COPD alveolar niche, we cross-validate the 
transcriptomic profiles of our COPD aloveosphere with 
COPD lung tissues characterized by single-cell RNAseq 
from publicly available data.39 By comparing the expres-
sion patterns of AT2 clusters, we found that 67.7% of our 
iAT2 (Clusters 1, 2) DEGs overlapped with human AT2 from 
COPD lung, and their corresponding pathway analyses cov-
ered the main pathological mechanisms enriched in COPD 
AT2, particularly, cellular senescence, apoptosis, oxidative 
stress, and epithelial-mesenchhyme transition (Fig. 2K).

In response to lung injury, fibroblasts, part of lung mes-
enchyme, undergo transient phenotypical changes to pro-
mote tissue repair through secretion of repair-associated 
factors and extracellular matrix (ECM).32; However, COPD 
is characterized by an impaired fibroblast response to chronic 
epithelial injury where diseased fibroblasts exhibit impaired 
proliferation and migration. Therefore, to understand the 
effects of lung fibroblasts on AT2 cells, sc-RNA seq was used 
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to characterize lung fibroblast subtypes in iAT2 alveolospheres 
cocultured with COPD and healthy fibroblast cells (Fig. 3A). 
Transcriptomic profiling allowed the discrimination of 5 dif-
ferent clusters of fibroblasts (Fig. 3B). We have identified 2 
prominent fibroblast subsets, Clusters 3 and 7 (51% and 

21%, respectively), and to a lesser extent Cluster 0 (12%), 
which predominate in healthy samples. These clusters are 
enriched with trophic mediators such as FGF7, HGF, AREG, 
and TGFβI. (Fig. 3A, 3C), which suggests that these trophic 
fibroblasts may support iAT2 growth to promote epithelial 

Figure 1. Differentiation of human induced pluripotent cells (hiPSC) to lung progenitors and alveolar epithelial type 2 (iAT2). (A) Schematic of directed 
differentiation protocol from human iPSCs to NKX2-1+ endodermal lung progenitors and type 2 alveolar epithelium. (B, C) Representative phase-
contrast images of definitive endoderm (Scale bar = 100 μm) and day 4 FACS plot showing CD117 and CXCR4 expression in DE. (D, E) Phase-contrast 
and immunofluorescence image of day 15 NKX2-1+ cells. Scale bars = 100. (F-H) Representative images of SPC+ alveolospheres and SPC+/NKX2.1+ 
alveolospheres. Scale bars are 300 μm and 15 μm, respectively. (I) Representative immunofluorescent image of SPC and NKX2.1 in cross-section of 
iAT2 alveolospheres at day 35. Scale bars = 20 μm. (J) t-SNE plot of single-cell-RNA seq of alveolar epithelial cells derived from iPSC at day 35. (K) Dot 
plot of cell type-specific marker gene for iAT2. Color gradient and dot size indicate for each cluster the mean marker expression and the percentage of 
cells expressing the marker, respectively.



Stem Cells, 2024, Vol. XX, No. XX 5

Figure 2. Coculture of iAT2 with fibroblast isolated from healthy and COPD lung in aloveosphere culture system. (A) Schematic of iAT2 and fibroblasts 
coculture system. (B-E) Coculture of iAT2 with healthy and COPD fibroblast. immunofluorescence stains of CD26 (fibroblast marker) and DAPI for 
nuclei. GFP reporter shows NKX2.1 and the red reporter shows SPC expression. Scale bars are 20 and 30 μm, respectively. (F) Percentages of SPC+ 
alveolospheres in iAT2 co-coculture with healthy fibroblasts compared to iAT2 co-coculture with COPD fibroblasts. Bars represent mean ± SEM, n = 3. 
(G) t-SNE plot of single-cell-RNA seq of alveolar epithelial cells derived from iPSC coculture with healthy or COPD fibroblasts. (H) Pie chart depicting 
the percentage of iAT2 and fibroblast clusters in iAT2/COPD fibroblasts alveolospheres vs iAT2/healthy fibroblasts alveolospheres. (I) Volcano plots 
highlighting the most differentially expressed genes between iAT2 cocultured with COPD fibroblasts vs iAT2 cocultured with healthy fibroblasts. (J) 
Pathway analysis of biological processes in iAT2 most significantly affected by COPD and healthy fibroblasts. (P-value < .01). (K) Overlaps between 
differentially expressed genes (DEGs) identified from iAT2 cocultured with COPD fibroblast compared to that predicted from AT2 in human COPD lung 
data. Representative pathways enriched by the top-ranked overlapped DEGs were highlighted on the right of the Venn diagram.
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Figure 3. Sc-RNA seq of coculture of iAT2 with fibroblast isolated from healthy and COPD lung in 3D organoid system. (A) t-SNE plot of single-cell RNA 
seq of alveolar epithelial cells derived from iPSC in coculture with healthy or COPD fibroblasts. (B) Heatmap of differentially expressed genes (DEGs) 
in different clusters of COPD and healthy fibroblasts. (C) t-SNE plots highlight the main trophic factors expressed in healthy fibroblasts and fibrotic 
drivers of COPD pathology expressed in COPD fibroblasts. (D) Pathways and the molecular functions most significantly activated in healthy and COPD 
lung fibroblasts in a coculture system. (E) Heat map of cytokines and chemokines secreted from iAT2, iAT2/healthy fibroblast alveolospheres, and iAT2/
COPD fibroblasts alveolospheres. (F) Overlaps between DEGs identified from COPD fibroblasts cocultured with iAT2 compared to that predicted from 
fibroblasts in human COPD lung data. Representative pathways enriched by the top-ranked overlapped DEGs were highlighted on the right of the Venn 
diagram.
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regeneration in the alveolar niche. In line with this observa-
tion, lung trophic fibroblasts were reported to lie near indi-
vidual AT2 cells; these fibroblasts secrete homeostatic levels 
of repair-associated factors such as Wnt and FGF that are re-
quired for activation of a subpopulation of AT2 cells, with 
stem cell activity, to promote alveolar regeneration.26,35,40

Transcriptomic profiling of COPD fibroblasts showed en-
richment of pro-fibrotic markers, such as Wnt5a, TGFβ, 
LOXL1, POSTN, CXCL14, COLIA2, and NPTXR in Clusters 
0, 4, and 5 (Fig. 3A–3C), while the expression of the trophic 
factors, such as FGF7, HGF, AREG, were downregulated. 
Consistent with prior observations in COPD fibroblast,24 
our findings highlight the contribution of these pro-fibrotic 
clusters in the COPD alveolar niche by promoting paracrine 
signals involved in inflammation (CXCL14, LOXL1), fibrosis 
(COLIA1, TGFBR2), and apoptosis in iAT2 (Fig. 3B–3C), 
which may have an association with “accelerated aging.”38,41,42 
To determine the molecular pathways involved in the “accel-
erated aging” in an alveolar niche, pathway analyses were 
compared between COPD and healthy fibroblasts in iAT2 
aloveosphere cocultures (Fig. 3D). The pathway analysis 
showed changes in “cell proliferation and differentiation,” 
“mitochondrial function,” “extracellular matrix organi-
zation,” “epithelial-mesenchymal transition,” “apoptosis,” 
“senescence,” and “inflammation” in COPD fibroblasts. In 
addition, Wnt, TGFβ, IL6, IL1β, and FGFR signaling were 
the top enriched pathways in COPD fibroblasts (Fig. 3D). 
Thus, these in vitro findings significantly improve upon prior 
observations,12,15,36 and suggest that developing human iAT2 
epithelia depends on fibroblast-AT2 crosstalk in the alveoli 
microenvironment. In addition, these effects are influenced 
by signals involving canonical Wnt, AREG, EGF, and FGF, 
secreted factors or extracellular vesicles, and endogenous and 
exogenous stimuli of lung inflammation.

Next, we compared transcriptomes profiles of COPD 
fibroblasts in our aloveosphere coculture system with human 
fibroblasts from COPD lung,39 and confirmed significant 
overlap (68% of our DEGs) between the 2 datasets. Although 
human fibroblasts from COPD lungs show a higher number 
of DEGs compared to our in vitro system due potentially to 
changes in matrix stiffness, the main pathological hallmarks 
of COPD fibroblasts were conserved, as evidenced by the 
enrichment in pathological pathways involved in cell senes-
cence, ECM deposition, and pro-inflammatory cytokines (ie, 
IL6, CXCL8, CXCL1, and others), and altered WNT signaling 
(Fig. 3F).

In COPD, lung inflammation persists even after smoking ces-
sation43 because of cellular stress pathways and telomere short-
ening, which leads to cellular senescence, increased cytokine 
production, and cell cycle arrest in lung cells.38,44 Senescence 
is a cell-autonomous process that results in profound effects 
on neighboring cells via the action of senescence-associated 
secretory phenotype (SASP) mediators.41,42,44 Because mul-
tiple cell senescence pathways were found enriched in COPD 
fibroblasts cocultured with iAT2 alveolospheres, the secreted 
cytokines in cell culture supernatants from organoid cocultures 
were measured (Fig. 3E). Cytokine and chemokine protein 
array revealed distinctive functional properties related to host 
defense and innate immune responses (Fig. 3E). Compared 
to iAT2 alone, iAT2 + HFib produced increased amounts of 
IL-33 and TSLP, alarmins that are involved in lung innate 
immunity in response to epithelial injury.45-47 By contrast, 
iAT2 + CFib alveolospheres significantly decreased alarmin 

production and showed increased involvement of innate and 
adaptive immunity, such as: monocyte/macrophage recruit-
ment (ie, MCP1/CCL2 and MCP2/CCL8),48 lymphocyte in-
filtration (ie, CXCL9/MIG), neutrophil chemotaxis (CXCL8/
IL-8, IL-6), Th2-inflammation (ie, IL-5, CCL17/TARC, and 
RANTES), which have all been implicated in COPD patho-
genesis (Fig. 3E). Taken together, these findings suggest that 
COPD organoid cocultures exhibit a compromised “inflam-
matory status” that may lead to extensive lung damage and 
facilitate recurrent infection(s).49

In Vitro Modeling of Epithelial-Fibroblast 
Interactions at Air-Liquid Interface
To better investigate epithelial-fibroblast interactions, and to 
monitor phenotypic changes in iAT2 function when exposed 
to air, iAT2 cells were cultured in air-liquid interface (ALI) (Fig. 
4A). At ALI, iAT2 cultures generated epithelial monolayers 
of pure iAT2s with apical-basal polarization and barrier in-
tegrity. These cultures showed increased expression of SPC 
without AQP-5, as assessed by confocal microscopy (Fig. 4C). 
Gene expression profiling of 2D-ALI iAT2 cultures confirmed 
the expression of other AT2-specific markers SFTPB, SFTPC, 
SFTPD, SFTPA1, SFTPA2, NAPSA, PGC as well as AT1-
specific markers HOPX and AGER (Fig 4B). Taken together, 
these results suggest that ALI iAT2 cell cultures mimic human 
AT2 characteristics. Importantly, this technique allows for in 
vitro experimental conditions for future mechanistic studies 
of inflammation, injury (eg, mechanical stretch), or inhaled 
toxins (eg, cigarette smoke).

Because lung epithelial-microenvironment interactions 
contribute to cell functions via cytokines and other factors, 
we sought to examine the impact of paracrine factors from 
COPD and healthy fibroblasts on functionality of iAT2 cells 
in ALI cultures (Fig. 4D–4E, 4F–4G). Because AT2 cell ap-
optosis has been previously reported in the lung of emphy-
sematous subjects as a potential contributor to the loss of 
alveoli,50 we measured SPC surface volume in iAT2-fibroblast 
cocultures and observed a significant reduction of SPC sur-
face volume in iAT2 cells cultured with COPD fibroblasts 
compared to iAT2 cells cultured with healthy fibroblasts after 
3 and 7 days (Fig. 4H). This confirms the potential for par-
acrine factors secreted by COPD fibroblasts to induce cell 
apoptosis or epithelial-mesenchymal transition in iAT2 as 
evidenced by the decreased expression of SPC while GFP-
NKX2.1 expression remained unchanged (Fig. 4F–4G). Next, 
cytokines and chemokines secreted by iAT2 cells and COPD 
and healthy fibroblasts were analyzed in the supernatants of 
ALI cocultures. Interestingly, levels of IL-33 and TSLP seem 
to be further depleted in iAT2 cultures with COPD fibroblasts 
compared to iAT2 cell cultures with healthy fibroblasts, or 
iAT2 cell cultures alone. Consistent with our previous data in 
iAT2/fibroblast alveolospheres, iAT2 cocultures with healthy 
fibroblasts induced the production of anti-inflammatory 
IL-10, as well as other cytokines involved in innate immunity 
(eg, MIP-1δ and MCP-1), which were also expressed in iAT2 
cocultures with COPD fibroblasts (Fig. 4I).

Protein concentrations of IL-1α, IL-6, IL-8, CXCL5/ENA-
78, and TNFα were higher in cell culture supernatants of 
iAT2 ALI cultures with COPD fibroblasts compared to iAT2 
ALI cultures with fibroblasts from healthy donors (Fig. 4I). In 
COPD, these molecules are considered SASP mediators and 
are factors associated with neutrophil recruitment and in-
flammation.42,45 IL-1α released from damaged epithelial cells 
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Figure 4. Coculture of iAT2 with fibroblast isolated from healthy and COPD lung in ALI culture system. (A) Schematic of iAT2 and fibroblasts coculture 
system. (B) Gene expression profile of iAT2 cultured in an air-liquid interface (ALI). (C) culture of iAT2 in 2D ALI. Red is SPC reporter, green is NKX2.1 
GFP reporter and blue is DAPI staining for nuclei. Scale bar = 50 μm. (D-G) Cross-sectional view of (D, E) iAT2 in coculture with healthy fibroblasts and 
(F, G) iAT2 in coculture with COPD fibroblasts in ALI culture system. (H) Surface volume of SPC in iAT2 and iAT2 co-coculture with healthy and COPD 
fibroblasts in ALI culture system at days 3 and 7. Bars represent mean ± SEM, n = 3 biological replicates. (I) Heatmap of cytokines and chemokines 
secreted from iAT2 and iAT2 coculture with healthy and COPD fibroblasts. (J) Unbiased heat map comparisons of cytokines/chemokines secreted 
from healthy and COPD fibroblasts measured in vitro. (K) Changes in pathways including injury/inflammation and senescence/aging in iAT2 coculture 
with COPD fibroblast compared to coculture with healthy donors identified by changes in gene expression analyzed by RNA seq followed by gene set 
enrichment analysis (GSEA). The mean expression of pathway members was used to plot the bar chart for the selected pathway identified by GSEA.
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is essential to trigger inflammatory responses in human lung 
fibroblasts.51 Increased production of MCP-2 (CCL8) and 
-4 (CCL13), and RANTES observed in iAT2 ALI COPD fi-
broblast cocultures (Fig. 4I) are chemokines associated with 
increased inflammatory cell lung recruitment, which is char-
acteristic of chronic COPD lung inflammation (Fig. 4I).

To understand the paracrine effects of COPD lung 
fibroblasts on iAT2 cells, cytokines/chemokines of fibroblasts 
isolated from COPD (n = 9) and healthy (n = 10) lungs were 
studied. An analysis of fibroblast cell culture supernatants by 
cytokine/chemokine protein array showed some heteroge-
neity among donors, but overall the cytokine/chemokine pro-
file seen in healthy fibroblasts was different from COPD (Fig. 
4J). For example, healthy fibroblasts exhibited higher levels of 
IL-10, a cytokine with inflammatory and anti-inflammatory  
properties, IL-16, an inflammatory cytokine that is chemo-
tactic for lymphocytes, monocytes, and eosinophils, and the 
host defense alarmin IL-33 (Fig. 4J). By contrast, COPD 
fibroblasts displayed 2 distinct pro-inflammatory patterns 
that we identified as “COPD-A” and “COPD-B.” Both groups 
exhibited higher amounts of CXCL8 and CXCL1, which are 
neutrophil chemokines, and CXCL5 and IL5, which are in-
volved in eosinophil recruitment, proliferation, and differ-
entiation (Fig. 4J). In addition, group “COPD-A” displayed 
increased levels of MCP-2 and eotaxin/eotaxin-2 that are 
associated with monocyte/macrophage and eosinophil che-
motaxis,46,48 which can be observed in subgroups of COPD 
characterized either by severe eosinophilic or monocytic in-
flammation.45 By contrast, the secretion of anti-inflammatory 
and host defense mediators, IL-10, IL-33, and IL-16 were 
found reduced in COPD fibroblasts (Fig. 4J). In support of 
our findings, previous studies reported the association be-
tween a decline in lung function and lower levels of IL-10 and 
IL-1652 in COPD.

To elucidate the biological processes triggered by par-
acrine fibroblasts signaling, RNA seq analysis on iAT2 
ALI cocultures with either COPD or healthy fibroblasts 
was completed. Pathway analysis confirmed enrichment in 
pathways involved in inflammation, oxidative stress, cellular 
senescence, and cell death in iAT2 (Fig. 4K). Specifically, these 
data highlight upregulation in mitochondrial dysfunction (ox-
idative stress and mTOR signaling) that may lead to increased 
inflammation, cell senescence (eg, Telomere stress, SASP, IL-6, 
and TNF via NFĸB pathways), and cell death (apoptosis and 
necroptosis) in iAT2 ALI cocultures with COPD fibroblasts 
(Fig. 4K). Importantly, these pathways are the most common 
molecular pathways contributing to COPD pathogenesis,53 
where TNF, SASP mediators, and oxidative stressors were re-
ported to trigger apoptosis in alveolar epithelial cells.50,53

Similar to iAT2 COPD alveolospheres, iAT2 ALI COPD 
fibroblast cocultures confirmed the exaggerated inflamma-
tory responses that may contribute to the complex immune 
responses in chronic lung inflammation in COPD. These 
results support previous studies that reported the exacerbated 
lung environment is associated with impaired immune 
responses in patients with COPD that may contribute to re-
current respiratory infections.49,52,54

SARS-CoV-2 Infection Dynamics in iAT2 
Alveolospheres and iAT2 Co-Cultures With 
Fibroblasts
Because of increased susceptibility and severity in patients with 
COPD with SARS-CoV-2 infection,55 a detailed understanding 

of COPD iAT2-fibroblast interactions that may contribute to 
viral infection, replication, and virus-induced inflammation is 
critical to understanding SARS-CoV-2 infection and patho-
genesis.3,31 Chan et al previously established COPD organoids 
to study host-pathogen interaction in SARS-CoV-2 in upper 
airway.56 iPSC-alveolospheres and iAT2 cocultures with 
fibroblasts provide a promising model to investigate SARS-
CoV-2 infection in alveolar niche in COPD. The human host 
factor angiotensin-converting enzyme 2 (ACE2) is a critical re-
ceptor for SARS-CoV-2.57 After the viral spike protein binding 
to ACE2, host cell surface transmembrane serine proteases 
[eg, TMPRSS2 and cathepsin L (CSL)] have been implicated 
to facilitate viral infection.58 However, the dynamic of AT2 
responses to SARS-CoV-2 infection over time remains poorly 
explored, especially in COPD epithelium, which is critical to 
improving our understanding of host defense mechanisms 
and viral pathogenesis.59

Immunostaining for localization of ACE2 in iAT2 
alveolospheres was comparable with ACE2 expression in 
distal lung tissue (Fig. 5A–5B). Next, iAT2 alveolospheres 
were infected with SARS-CoV-2 [104 plaque-forming units 
(PFU)] in 100 μL of media for 1 or 24 hours (Fig. 5C). In 
these experiments, alveolospheres were infected in suspension 
to allow for viral exposure to the apical surface of cells.60 
While there were limited changes at 1-hour post-infection, 
24 hours post-infection resulted in significant changes in the 
iAT2 alveolospheres (Fig. 5D). iAT2 cell death observed in 
this model is likely relevant due to similar observations seen 
in vivo lung autopsies of COVID-19 decedents.61

To elucidate biological responses of iAT2 cells in response 
to SARS-CoV-2 infection, RNA seq of SARS-CoV-2-infected 
iAT2s at 1-3 days post-infection (dpi) were compared to 
mock-treated iAT2 controls (Fig. 5E–5F). Transcriptomic 
analysis revealed differentially expressed genes (DEGs) be-
tween SARS-CoV-2 infected and mock-treated iAT2 cells: (1) 
in viral infection-related markers, (2) oxidative stress, and (3) 
cell death-related genes (Fig. 5E–5F). The loss of AT2 cells 
was accompanied by the emergence of pathways involved 
in (1) cellular responses providing direct substrates for vi-
rion production, and (2) altered metabolism that potentially 
contributes to viral survival in iAT2s.62 Subsequently, on 2 
dpi and 3 dpi glycolysis and response to hypoxia decreased as 
SARS-CoV-2 induced iAT2 epithelial apoptosis; (3) inflamma-
tory signaling post-SARS-CoV-2 infection; and (4) epithelial 
cell changes in favor of mesenchyme transition (Fig. 5F). Thus, 
these experiments show both upregulated and downregulated 
pathways in response to SARS-CoV-2 infection.

Gene expression analysis of iAT2 cells revealed significant 
enrichment in inflammatory pathways post SARS-CoV-2 
infection, which included interferon (IFN) signaling, IFN-
dependent cytokines, and RIG-I-like and NF-kB-mediated 
signaling over the entire time course. IFNs, and IFN-
associated genes (eg, IRF1, IRF7, IRF9, IFITH, IFITM1, and 
IFI35), which represent an early antiviral defense, and are im-
portant regulators of innate and adaptive immune responses, 
were found to be upregulated in iAT2s.63,64 Also, there was 
evidence for increased NF-κB-dependent activation (eg, IL-6, 
CXCL1, CXCL2, CXCL3, CXCL8, and ICAM-1), which is a 
common pathway for lung epithelial responses to most viral 
infections.65 NF-κB is involved in innate and adaptive immu-
nity and is required for resistance to infection.66 In addition, 
IL-1, IL-17, and TNF-mediated inflammatory pathways were 
activated; NOD-like and RIG-I-like receptor signaling were 
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Figure 5. Innate immunity response of iAT2 in SARS-CoV-2 infection. (A, B) Representative staining for ACE2 in healthy human lung and iAT2 
alveolospheres. Scale bar = 100 μm and 50 μm, respectively. (C) Schematic of iAT2 alveolospheres infection with SARS-CoV-2. (D) Percentage of 
SPC + alveolospheres before and 24 hours after infection with SARS-CoV-2. (E) Heatmap of differentially expressed genes in viral infection class 
presented in (F), between iAT2 and iAT2 infected with SARS-COV-2 after 24 hours. (F) Changes in main signaling pathways, cellular function, and cellular 
compartment in iAT2 alveolospheres before infection and 1, 2, 3 days after infection with SARS-CoV-2 (dpi) analyzed by RNA seq followed by gene set 
enrichment analysis (GSEA). The mean expression of pathway members were used to plot the bar chart for the selected pathway identified by GSEA. 
(G) Heatmap of cytokines and chemokines in iAT2 alveolospheres before infection and 24 hours after infection with SARS-CoV-2.
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also found to be upregulated in infected iAT2 cells. As an al-
ternative fate to SARS-CoV-2-induced cell death (FOS, TNF-
mediated apoptosis), infected iAT2 cells showed hallmarks 
of epithelial remodeling and fibrosis. For example, epidermal 
growth factor receptor (EGFR) signaling (EPHA2, EREG, 
HB-EGF) was enriched in SARS-CoV-2-infected iAT2 cells, 
which is intriguing because of the reported potential for 
EGFR activation to contribute to fibrosis.67 Moreover, fi-
brotic marker transcripts and genes of alternate cell fates (eg, 
MMP13, VGF, IL-17R, FGF18, and ITGB3) were found to be 
upregulated in iAT2s specifically, 3 days after infection (Fig. 
5E–5F).

Early cytokine profiling confirmed induction of epithelial-
derived IL-6, IL-8/CXCL8, IL-28A, MCP-1/2, CXCL5, 
CXCL9, and alarmins (IL33 and TSLP) as early as 1 hour after 
SARS-CoV-2 infection (1hpi) (Fig. 5G), which are produced 
in response to respiratory viral infection.68 In addition, 
levels of tumor necrosis factor-related apoptosis-inducing 
ligand, which is a marker of apoptosis that contributes to 
an “antiviral state,”69 was found to be highly expressed at 
1 hpi.68 24 hours after infection, cytokines associated with 
repair and remodeling were upregulated [eg, TGF-α, IL-18, 
MCP-4 (CCL13), IL-20, IL-21, CTACK (CC27), SDF-1, and 
IL-1RA; (Fig. 5G)].45,70 TGF-α represents an example of an-
other upregulated EGFR ligand, which is interesting because 
increased EGFR signaling is associated with SARS-CoV-1-
induced fibrosis.67

Similar to other published models of SARS-CoV-2 infec-
tion,61,64,71 these experiments captured the upregulation of 
inflammatory pathways and downregulation of AT2-specific 
metabolic activity and surfactant production. Thus, this 
model allows for an exploration of AT2 phenotypical changes 
after infection. In addition, because SARS-CoV-1 was associ-
ated with pulmonary fibrosis, there is concern about a sim-
ilar process post-COVID-19.67,72 Although mechanistic data 
after SARS-CoV-2 infection is currently unavailable, the 
iAT2 in vitro model provides novel insights into the potential 
signaling pathways that may be associated with fibrosis post-
SARS-CoV-2 infection in patients.

One mechanism that has been hypothesized for increased 
COPD morbidity and mortality in COVID-19 is the potential 
for increased ACE2 expression to facilitate SARS-CoV-2 in-
fection and replication.73 In iAT2 cells, ACE2 and TMPRSS2 
were expressed (Fig. 6A), which is consistent with prior 
reports.59,61 However, in iAT2 cells cocultured with COPD 
fibroblasts (iAT2 + CFib), ACE2 gene expression was elevated 
compared to iAT2 cells cocultured with healthy fibroblasts 
(iAT2 + HFib) (Fig. 6A–6B). In addition, TMPRSS2 and CSL 
expression were also higher in iAT2 cocultured with COPD 
fibroblasts (Fig. 6B), which indicates additional factors that 
may facilitate SARS-CoV-2 infection in COPD.

To better understand the effect of SARS-CoV-2 infection 
in the COPD alveolar niche, iAT2 cells were cocultured with 
healthy and COPD fibroblasts and infected with SARS-CoV-2 
(104 PFU) in 100 μL of media for 1 h and 24 h (Fig. 6C). 
Here, cocultured iAT2 with healthy fibroblasts showed 3-fold 
higher SPC expression compared to cocultured iAT2 with 
COPD fibroblasts (Fig. 6D). Subsequently, after infection, 
the number of alveolospheres was significantly decreased in 
both healthy and COPD alveolospheres (Fig. 6D). This effect 
was more pronounced in COPD alveolospheres indicating 
their increased susceptibility to SARS-CoV-2 infection (Fig. 
6D). In both iAT2 alveolospheres cocultured with healthy or 

COPD fibroblasts cytokine responses following SARS-CoV-2 
infection (Fig. 6G) confirmed decreased anti-inflammatory 
mediators (eg, IL-10 and GM-CSF). Factors associated with 
monocyte, macrophage, and/or neutrophil recruitment (eg, 
M-CSF, MIP-1δ, IL-8/CXCL8, and CXCL5) were upregulated 
in both conditions 1 hour after infection; TGF-α and IL-18, 
which are implicated in remodeling, were detected 24 hours 
post-infection (Fig 6G). Intriguingly, iAT2 alveolospheres 
cocultures with healthy fibroblasts maintained higher levels 
of SCF, SDF-1, IL-16, IL-18, IL-20, IL-21, IL-23 IL-28A, 
IL-33, and TSLP (Fig. 6G). Unlike healthy alveolospheres, 
the secretion of these cytokines from COPD alveolospheres 
was reduced (Fig. 6G). This suggests a potential mechanism 
for impaired immune responses to SARS-CoV-2 infection 
in patients with COPD, which may be mediated by COPD 
fibroblasts contributing to fibrotic remodeling and/or attenu-
ated cytokine secretion.

Next, the relevant biological pathways enriched in 
healthy and COPD alveolospheres were investigated to pre-
dict mechanisms by which COPD is more susceptible to 
SARS-CoV-2 infection. RNA seq identified DEGs between 
healthy and COPD cocultures (Fig. 6E and F). Pathway anal-
ysis revealed that the main DEGs significantly enriched in 
iAT2 + CFib included core genes involved in viral infection, 
signaling pathways, metabolic activity, and remodeling (eg, 
EMT and repair). Importantly, transcripts levels of MX1 
and MX2, which are involved in antiviral responses, were 
downregulated in COPD alveolospheres (Fig. 6E–6F), and 
support a mechanism for increased COPD susceptibility to 
viral infection.74 Non-infected COPD alveolospheres showed 
increased IL-6 and CXCL8 transcripts. The genes related to 
cell metabolism glycolysis, oxidative phosphorylation, and 
hypoxia were upregulated in iAT2 + CFib, which contribute 
to energy production and survival.54,75,76 However hypoxic 
stress and metabolic dysfunction act as prime modulators 
of mitochondrial dysfunction and upregulation of oxidative 
stress-related genes that lead to increased cell death in COPD 
alveolospheres compared to healthy alveolospheres (Fig. 6E). 
Macroautophagy and the formation of phagosomes processes, 
which host cells use to deliver trapped viral cargo to the ly-
sosome for degradation to defend against viral infection,77 
were upregulated in both COPD and healthy alveolospheres. 
Furthermore, pathways involved in repair, remodeling (eg, 
Notch, Wnt), and mesenchyme development were signifi-
cantly upregulated in non-infected COPD alveolospheres 
compared to both COPD and healthy alveolospheres after 
viral infection. However, expression of MMP1 and MMP3 
were increased in COPD alveolospheres before and after in-
fection. These MMPs cleave extracellular matrix proteins, 
which contribute to AT2 destruction in COPD. Given that 
viral infection is the multifaceted intrigue of inflammation 
and tissue destruction, it is not surprising that genes involved 
in the repair are downregulated after infection (Fig. 6E–F).13,76 
Thus, via a combination of cytokine and transcriptomic 
profiling, these data unveiled the altered nature of immune 
responses against viral infection in COPD alveolospheres, 
which models increased susceptibility to SARS-CoV-2 infec-
tion in COPD.49,54,78 These aberrant immune responses to viral 
infection may explain accentuated tissue damage and inflam-
mation in patients with COPD upon SARS-CoV-2 infection.76

To verify whether our model recapitulate the alve-
olar niche response to viral infection, we cross-validate 
the transcriptomic profiles of our iAT2/healthy Fibroblast 
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Figure 6. Innate immunity response to SARS-CoV-2 infection in iAT2-based COPD model. (A) t-SNE plot of the relative abundance of ACE2 and 
TMRRSS2 in iAT2 and fibroblast alveolospheres coculture system. (B) The expression of ACE2, TMPRSS2, and CSL in iAT2 in iAT2/healthy fibroblasts 
and iAT2/COPD fibroblasts alveolospheres. (C) Schematic of iAT2/Fibroblast alveolospheres (COPD and healthy) infection with SARS-CoV-2. (D) 
Percentage of SPC + alveolospheres before and 24 hours after infection with SARS-CoV-2. Bars represent mean ± SEM, n = 3 biological replicates. (E) 
Changes in main signaling pathways, cellular function, and cellular compartment in iAT2/healthy fibroblast and iAT2/COPD fibroblast alveolospheres 
before and 1, 2, and 3 days after infection with SARS-CoV-2 (dpi) analyzed by RNA seq followed by gene set enrichment analysis (GSEA). The mean 
expression of pathway members was used to plot the bar chart for the selected pathway identified by GSEA. (F) Heatmap of the most differentially 
expressed genes between iAT2/healthy fibroblast and iAT2/COPD fibroblast alveolospheres before and 24 hours after infection with SARS-CoV-2. (G) 
Heatmap of cytokines and chemokines in iAT2/healthy fibroblast and iAT2/COPD fibroblast alveolospheres before infection and 24 hours after infection 
with SARS-CoV-2. (H) Overlaps between DEGs identified from infected iAT2/fibroblasts (1 dpi v.s. mock) compared with that predicted from AT2/
fibroblasts in infected human lung data. Representative pathways enriched by the top-ranked overlapped DEGs were highlighted on the right of the 
Venn diagram.
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coculture at day 1 post-infection with infected human lungs 
(patients with non-COPD). DEGs of infected cocultures 
were compared to DEGs of human data after extracting 
and combining AT2 and fibroblast clusters form single-cell 
RNAseq data publicly available.61 Our data revealed that 
the majority of DEGs in infected human lungs (fibroblast 
and AT2 clusters) were conserved in our infected organoid 
cocultures. These DEG are involved in key pathological 
pathways involved in SARS-CoV-2 infection such as ex-
tracellular matrix organization, epithelial to mesenchymal 
transition, TGFβ signaling pathway, and cytokine-mediated 
signaling pathways. Although IFN and TNF pathways are 
expected to be enriched in our overlapped pathway analyses, 
because they operate as a first line in lung defense against 
viral infections, we did not see evidence for this in the top-
regulated overlapped pathways. This is potentially due to the 
collection timepoint of infected lungs from deceased SARS-
COV-2 patients that might have occurred post-TNF and IFN 
pathway activation (Fig. 6H).

A Novel Human Antibody Inhibits SARS-COV-2 
Infection in iAT2 Cells
iAT2 cells offer an important model system to test and to de-
velop therapeutics.61 Using iAT2 cells, a novel cellular assay 
was developed to test the binding and adsorption of SARS-
CoV-2 virus. A GFP-expressing lentivirus pseudotyped with 
viral spike protein (S), which is the molecular determinant 
of viral attachment, fusion, and entry into host cells, was 
engineered to monitor the binding of SARS-CoV-2 spike to 
ACE2 on iAT2s. Two SARS-CoV-2 pseudoviruses were used 
to mimic viral entry mediated by prototypic and mutant 
D614G SARS-CoV-2 spike in vitro. High-content imaging 
with comprehensive image analysis was used to evaluate the 
potency of mAb binding to S protein (Fig. 7A–D). Incubation 
of GFP expressing pseudoviruses with iAT2s alveolospheres 
in suspension cultures for 72 hours resulted in viral binding 
and infection into iAT2 cells, which was confirmed by meas-
uring GFP expression (Fig. 7A-D). Next, a neutralizing mAb 
to SARS-CoV-2 S protein (CVH5 or AZD7442) was tested 
to investigate the potential to decrease GFP-expressing 
pseudovirus infection of iAT2 cells.79 In these experiments, 
CVH5 significantly prevented the entering of GFP-pseudovirus 
into iAT2 cells. In addition, CVH5 remained broadly effective 
against mutated (D614G mutation) SARS-CoV-2 pseudovirus 
(Fig. 7E–7F).

We next tested the protective efficacy of mAbs using COPD 
(iAT2 + CFib) and healthy (iAT2 + HFib) alveolospheres. 
Exposure of COPD and healthy alveolospheres to GFP-
pseudoviruses for 72 hours resulted in higher binding/
adsorption of virus to COPD alveolospheres which was con-
firmed by measuring GFP expression (Fig. 7G). Treatment 
with CVH5 mAb inhibited GFP-pseudoviruses entering into 
COPD and healthy alveolospheres. In contrast, high levels 
of GFP-pseudovirus were observed in the isotype control-
treated alveolospheres (Fig. 7G). Collectively, CVH5 
studied here suggests that neutralizing mAbs are prom-
ising candidates for prevention or treatment of COVID-19. 
Importantly, these results show the potential for a physi-
ologically relevant in vitro model to investigate the effec-
tiveness of our antibodies against SARS-CoV-2 that will 
contribute to the development of monoclonal therapeutic 
antibodies.

Discussion
Chronic obstructive pulmonary disease (COPD) is 
characterized by chronic inflammation and the destruction 
of lung alveolar-mesenchymal units.80 However, the dynamic 
changes in cellular structure and composition of the alveolar-
mesenchymal units in COPD lungs remain incompletely 
characterized.50,81 Human iPSCs-derived cells provide a novel 
in vitro patient-specific model to investigate changes in al-
veolar epithelial function in health and disease.82 To further 
decipher molecular mechanisms regulating AT2 function in 
COPD, we developed alveolospheres of iAT2 cells coculture 
with human primary lung fibroblasts. This system has the po-
tential to provide deeper mechanistic insights into the exten-
sive mesenchymal-epithelial crosstalk involved in the alveolar 
niche,13,14,26 and to explore normal and pathologic paracrine 
cues influencing alveolar development in health and disease.36

At the outset, the in vitro coculture system confirmed prior 
observations that the development of human AT2 epithe-
lium depends on fibroblast-AT2 epithelial cell crosstalk in the 
alveolar-mesenchymal microenvironment that is regulated by 
oscillations of canonical Wnt, AREG, EGF, and FGF signal
ing.14,24,25,32,35 Using proteomic and sc-RNA seq approaches, 
the cellular and molecular landscape in aloveosphere 
cocultures identified 5 subtypes of fibroblasts with distinct 
expression patterns. Healthy fibroblasts (Clusters 3 and 7) 
exhibited increased expression of trophic factors required for 
iAT2 growth to support the alveolar niche. Previously, such 
trophic factors were shown to be required for a subpopulation 
of AT2 cells with stem cell activity (Axin2 + cells) to con-
tribute to alveolar regeneration and remodeling. Prior 
studies described trophic factors (eg, Wnt and FGF) that are 
produced by fibroblasts in close proximity to individual AT2 
cells in human lungs.26,35,40 COPD fibroblasts (Clusters 0, 4, 
and 5) displayed higher levels of pro-fibrotic mediators in-
cluding TGFβ and Wnt5a. TGFβ signaling was shown to be 
a significant driver of AT2 fate changes during epithelial-
mesenchymal transition in COPD,76,83 while altered Wnt 
signaling in fibroblasts located in close proximity to AT2 cells 
was reported to modulate pathological changes in COPD 
alveolar epithelium. Sustained Wnt5a secretion by COPD 
fibroblasts induces AT2 stem cells (Axin2 + AT2) depletion 
and impairs alveolar regeneration in diseased lungs.25,83,84 The 
COPD fibroblasts (Clusters 0, 4, and 5) also showed evidence 
for decreased trophic factor production and increased pro-
inflammatory cytokine expression, which has the potential to 
promote inflammation, fibrosis, and apoptosis in COPD and 
has been described previously24. However, the iAT2 coculture 
model broadens the mechanistic understanding of the source 
and effect of these cytokines.

Pathway analyses confirmed that COPD fibroblasts 
expressed pathological signaling pathways that may function 
via autocrine or paracrine signaling to impair AT2 function(s) 
by activating or accelerating cell aging and senescence, in-
flammation, fibrosis, and apoptosis in iAT2 cells. iAT2 cells 
cocultured with COPD fibroblasts showed increased IL6, 
mTOR, and NFKB signaling, which represent molecules 
and inflammatory pathways that are consistently associated 
with COPD pathogenesis.50,53 In addition, these experiments 
identified mediators secreted by COPD fibroblasts that 
may trigger mitochondrial dysfunction, alteration of extra-
cellular matrix organization, and activation of epithelial-
mesenchymal transition in AT2 cells.50,53 To complement 
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Figure 7. Functional evaluation of neutralizing SARS-CoV-2 monoclonal therapeutic antibody (mAbs) in iAT2 alveolospheres. (A) Schematic of 
infection of iAT2 alveolospheres with SARS-CoV-2 in the presence or absence of neutralizing antibody or controls. (B-D) immunofluorescence of iAT2 
alveolospheres infected with SARS-COV2. (B) iAT2 alveolospheres, red shows SPC reporter. (C) infection of iAT2 alveolospheres with GFP-expressing 
SARS-CoV-2 pseudovirus. (D) Merged of SPC-positive cells with SARS-COV2 infected cells. Scale bars = 50 μm. (E) Efficacy of neutralizing human 
mAB (CVH5) against GFP expressing SARS-CoV-2 pseudovirus (GFP-PSV) infection in iAT2 cells in vitro. Bars represent mean ± SEM, n = 5 replicates. 
(F) Efficacy of CVH5 against mutant SARS-CoV-2 infection (D614G GFP-PSV) in iAT2 cells in vitro. Bars represent mean ± SEM, n = 5 replicates. (G) 
Efficacy of CVH5 against GFP-SARS-CoV-2 pseudovirus (GFP-PSV) infection in healthy (iAT2 + HFib) and COPD (iAT2 + CFib) alveolospheres in vitro. Bars 
represent mean ± SEM, n = 5 replicates.
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these experiments, cytokine analysis provided additional 
novel evidence for the contribution of paracrine signaling 
pathways within the alveolar niche in vitro. Cytokine pro-
filing experiments highlighted the abundant production of 
SASP and proinflammatory cytokines (eg, IL-6, IL-8/CXCL8, 
and TNFα) in COPD alveolospheres or ALI cultures. In ad-
dition, these experiments showed reduced secretion of host 
defense mediators, such as IL-10.52 These results suggest that 
a combination of exaggerated inflammation coupled with im-
paired immune responses contributes to lung damage and re-
current infections in COPD.41,42,44,49

These experiments identified the critical role that fibroblasts 
contribute in the model of the alveolar-mesenchymal niche. 
The addition of disease-specific fibroblasts further elucidated 
the contribution of COPD fibroblasts, mediated by changes 
in cellular expression and secreted cytokines, to alter AT2 
function. Therefore, we hypothesized that the iAT2-fibroblast 
cocultures would provide a detailed understanding of iAT2-
fibroblast interactions in COPD during SARS-CoV-2 infec-
tion to improve our understanding of viral pathogenesis, and 
to unravel phenotypic changes and molecular mechanisms. 
In response to SARS-CoV-2 infection. Our data highlighted 
the loss of iAT2s that was associated with an enrichment 
in inflammatory signaling and cytokine production, which 
may help to explain the diffuse alveolar damage observed 
in patients with COVID-19.23,30,45,70,75,85 Consistent with pre-
vious studies, innate immune signaling and anti-viral immu-
nity, which includes interferon (IFN)61 and NF-kB66 signaling, 
were upregulated in SARS-CoV-2 alveolospheres. Indeed, this 
model captured the gradual decline of AT2-specific signaling, 
such as downregulation of metabolic activity and surfac-
tant production, as SARS-CoV-2 induced AT2 cell apoptosis, 
which provided evidence for productive viral infection that 
drives host translational machinery to produce products re-
quired for viral replication and packaging. These metabolic 
changes may aid AT2 cell survival during infection.62 In ad-
dition, activation of epithelial remodeling and fibrosis were 
upregulated in virus-infected iAT2 alveolospheres that include 
EGFR signaling (EPHA2, EREG, HB-EGF, and TGFα) and 
markers of mesenchymal cell fate progression (MMP13, VGF, 
IL-17R, FGF18, and ITGB3). These results suggest that AT2 
cells are responding to SARS-CoV-2 to activate pathways that 
contribute to altered wound healing, epithelial-mesenchymal 
transition and fibrosis.67 More importantly, the iAT2 
model offers a comprehensive characterization of epithelial 
remodeling and fibrosis pathways that may contribute to the 
increased severity of COPD observed during the COVID-19 
pandemic.67,72

Next, the AT2-mesenchymal-unit was modeled using 
iAT2 alveolospheres cocultured with COPD or healthy 
fibroblasts and challenged with SARS-CoV-2 infection. The 
result was a decrease in anti-inflammatory mediators (ie, 
IL-10, GM-CSF) in healthy and COPD alveolospheres with 
an expected increase in monocyte/macrophage and neutro-
phil chemokines, which were upregulated as early as 1h after 
infection. However, factors associated with remodeling (eg, 
TGF-α and IL-18) were produced 24 hours post-infection. 
Unlike healthy alveolospheres, the epithelial-derived 
cytokines (ie, IL-33 and TSLP) were found reduced in COPD 
alveolospheres after viral infection. This reduction may re-
flect either the increased capture of those mediators by COPD 
fibroblasts undergoing fibrotic remodeling or the attenuated 
cytokine secretion that could be attributed to either increased 

AT2 death or the inhibitory effect of fibroblast on epithelial 
secretion; thus arguing for the impaired immune defenses to 
SARS-CoV-2 infection in COPD alveolar niche.

RNA seq was used to characterize the relevant biological 
pathways enriched in COPD alveolospheres that may pre-
dict the pathological mechanisms related to COPD suscep-
tibility to SARS-CoV-2 infection. Here, we found distinct 
core genes involved in viral infection, signaling pathways, 
metabolic activity and remodeling (EMT/repair) that were 
significantly enriched in COPD alveolospheres. Interestingly, 
MX1 and MX2, which are IFN-dependent genes associated 
with antiviral immunity were downregulated,74 while inter-
feron signaling was upregulated. While this result confirms 
the observation that IFN signaling is exaggerated in response 
to SARS-CoV-2 infection, it identifies a novel mechanism in 
COPD for impaired antiviral immunity.

Altered cell metabolism (glycolysis, oxidative phosphoryla-
tion) in COPD alveolospheres contributes to energy produc-
tion54,75,76 that may result in mitochondrial dysfunction that 
triggers increased COPD AT2 cell death, which is exacerbated 
by hypoxia. Further examination of repair/remodeling 
pathways identified significantly upregulated Notch and 
WNT signaling, as well as mesenchyme development 
pathways in non-infected COPD alveolospheres, which were 
downregulated after viral infection and suggests a mechanism 
for viral infection to activate AT2 cell death as an alterna-
tive to changes in cell fate/remodeling. Collectively, this data 
elucidated the altered immune responses to viral infection in 
COPD alveolospheres, which provides mechanistic insights 
into host responses in COPD to SARS-CoV-2 infection,49,52,54 
and increased tissue damage and inflammation observed in 
patients with COPD in the COVID-19 pandemic.76

An exciting aspect of the COPD iAT2-fibroblast model is the 
contribution to developing neutralizing monoclonal antibodies 
(mAbs) that bind to wild-type and mutant SARS-CoV-2 
viruses to prevent infection. Indeed, the iAT2 alveolospheres 
represent a sophisticated system to functionally evaluate the 
mAbs potency to prevent viral attachment and internalization 
into AT2 cells. Using live imaging of infected alveolospheres, 
this model provided evidence that neutralizing mAb (CVH5) 
inhibited SARS-CoV-2 pseudovirus attachment and internal-
ization into iAT2 cells. In addition, CVH5 studied in COPD 
alveolospheres offers resistance to SARS-CoV-2 in COPD and 
sets the stage for evaluation of mAbs as candidates for use as 
COVID-19 preventative immunotherapeutic in reducing the 
viral burden and inflammation in most vulnerable patients in 
a disease-specific model.79,86,87

In summary, the iAT2 alveolospheres represent a sophis-
ticated in vitro stem cell-based system to model disease 
mechanisms and to investigate characteristics of viral infec-
tion in the alveolar-mesenchymal niche. These data highlight 
the valuable application of iAT2 alveolospheres to model the 
specific contribution of different cell types to COPD path-
ogenesis. Given that our iAT2-healthy fibroblasts coculture 
system was able to recapitulate the cellular responses to 
SARS-COV-2 infection of human healthy lungs, we anticipate 
that our emphysema model might predict the alveolar niche’s 
response to viral infection in patients with COPD. More im-
portantly, this system was shown to provide a promising 
tool to investigate and to develop therapeutics that may be 
influenced by pathophysiologic responses in the human al-
veolar niche. Future experiments will incorporate immune 
cells (eg, macrophages and neutrophils), which have a role in 
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COPD pathogenesis, and may improve our understanding of 
the inflammatory modality in the alveolar niche. In addition, 
the observation that iAT2s do not differentiate into type 1 
alveolar cells (AT1) is a limitation that has been previously 
reported in vitro for both iPSC-derived and primary human 
AT2s.15,61 However, ongoing studies are investigating the con-
tribution of fibroblasts to influence iAT2 alveolospheres to 
differentiate into AT1.

Materials and Methods
Culture of Human Induced Pluripotent Stem Cells 
(iPSC)
The BU3 NGST iPSC line used in this study was generously 
provided by Dr. Darrell N. Kotton. These cells were cultured 
on Matrigel in mTesR medium, with daily medium changes. 
Undifferentiated iPSCs were passaged onto fresh Matrigel 
every 4-5 days.

Differentiation of iPSC to Lung Progenitor Cells and 
Alveolar Type 2 (iAT2) Cells
The iPSCs were differentiated into lung progenitor cells 
and iAT2 cells using a modified differentiation pro-
tocol.15,22 STEMdiff Definitive Endoderm Kit (STEMCELL 
Technologies) was used to induce definitive endoderm fol-
lowing the manufacturer’s protocol. After approximately 
72-84 hours, cells were harvested and analyzed by flow 
cytometry to confirm the efficiency of definitive endo-
derm induction [CD117 and CXCR4 double-positive cell 
markers22,88]. After definitive endoderm induction, cells 
were dissociated into small clumps and passaged 1:6 on 
matrigel-coated plates in serum-free differentiation medium 
(SFDM) [IMDM/F12 (1:3) (Life Technologies)], N2 (Life 
Technologies), B27, 50 μg/mL ascorbic acid, 2 mM Glutamax, 
0.4 μM monothioglycerol, 0.05% BSA supplemented with 2 
μM dorsomorphin (Sigma-Aldrich) and 10 μM SB431542 
(Tocris) for 72 hours. Y-27632 (10 μM, Tocris) was added for 
the first 24 hours only.88

For induction of early-stage lung progenitor cells, ante-
rior foregut endoderm was cultured in SFDM supplemented 
with 3 μM CHIR99021 (Tocris), 10 ng/mL rhBMP4 (R&D 
Systems), and 50–100 nM retinoic acid (Sigma-Aldrich). 
Medium was changed every other day for 8-9 days.88

To generate iAT2 alveolospheres, on day 15 of differenti-
ation progenitor cells were dissociated with 0.05% trypsin 
(Thermo Fisher Scientific) and sorted for NKX21+ cells. Sorted 
cells were suspended in growth factor reduced Matrigel at 
400 cells/µL density. A total of 50 µl Matrigel droplets were 
seeded in 6 well plates and incubated at 37 °C for 30 minutes. 
Once Matrigel solidified, 2-3 mL differentiation medium 
containing SFDM supplemented with 3 μM CHIR99021, 
and 10 ng/mL rhKGF, 50 nM dexamethasone (Sigma-
Aldrich), 0.1 mM 8-bromoadenosine 3ʹ,5ʹ-cyclic monophos-
phate (8-Br-cAMP) sodium salt (Sigma-Aldrich), and 0.1 mM 
3-isobutyl-1-methylxanthine (IBMX) (Sigma-Aldrich), hence-
forth called alveolospheres medium, was added to each plate. 
Y-27632 (10 μM) was added for the first 48 hours. Medium 
change is completed every 48 hours for 2 weeks.15 For viral in-
fection and mABs experiments, alveolospheres were released 
from Matrigel. Droplets were incubated in dispase (2 mg/mL, 
Fisher) at 37 °C for 1 hour, centrifuged at 300 g for 1 minute, 
washed in 1× PBS, and centrifuged again at 300 × g for 1 
minute.

Co-Culture of Fibroblast and iAT2 Cells
Fibroblasts from healthy and COPD donors were gen-
erously provided by Dr. Mauricio Rojas (Ohio State 
University) for coculture experiments with iAT2 cells in 
3D alveolospheres or ALI cultures (Table 1). For fibroblast 
cocultures, alveolospheres were dissociated into a single-cell 
suspension. iAT2 cells and fibroblasts were cocultured (1:5 
ratio) in 3D system. iAT2 and fibroblast cell mixtures were 
thoroughly mixed in 100% growth factor reduced Matrigel 
(Corning, 354234) in ice. A total of 50 µl Matrigel droplets 
containing 5 × 104 cells were plated (6-well plate) and 
incubated at 37 °C for 30 minutes. Once Matrigel solidified, 
2-3 mL of aloveosphere medium was added to each well. 
After 2 weeks cell culture supernatants were collected for 
cytokine analysis and cells were collected for sc-RNA-seq. 
For ALI cultures, iAT2 cells were transferred into Matrigel 
pre-coated TransWell inserts (Corning) at 500 000 cells/cm2. 
After 1 week, upon formation of a confluent iAT2 cell layer, 
the apical culture medium was removed, and filter inserts 
were transferred to 12 well plates containing fibroblasts. 
Coculture was performed for 7 days with healthy and COPD 
fibroblasts. Medium and cells from these cultures were col-
lected at the end of 7 days of coculture for cytokine and gene 
expression analysis.

Staining and Imaging of iAT2 in Aloveosphere and 
ALI Culture
Organoid and ALI of iAT2 cultures were fixed in 10% neu-
tral buffered formalin for 24 hours and embedded in par-
affin. Paraffin sections (4 µm) were mounted on positively 
charged slides and stained on the Ventana Discovery Ultra 
with a sequential 3 plex chromogenic assay. Antigen retrieval 
was done with cell conditioner 1 and endogenous peroxi-
dase was blocked with discovery inhibitor for 12 minutes. 
Anti-ACE2 (Abcam, ab108252) was applied for 40 minutes 
at 36 °C and visualized with mouse anti-HQ (12 minutes) 
and anti-HQ HRP (12 minutes), and incubated in the DAB 
substrate (8 minutes). The stained slides were rinsed with 
Dawn detergent, counterstained with hematoxylin, rinsed, 
dehydrated with a graded series of ethanol, and xylene and 
mounted with permanent mounting media. A confocal mi-
croscope was used for live 3D imaging of alveolospheres and 
ALI culture to quantify SPC expression. The Green channel 
was set to capture a signal from NKX2.1+ cells, and a red 
channel was used to capture SPC+ cell signals. The ratio of 
green fluorescent volume to red fluorescent volume was used 
to evaluate SPC expression in organoids and ALI cultures 
using Imaris software.

Table 1. Mean age, sex, and smoking history of COPD and healthy 
donors.

COPD (n = 10) Healthy (n = 10)

Age (years) 58.5 44.3

Sex (male) 10 (6) 10 (7)

Cigarette smoking

 � Current smoker 3 0

 � Ex-smoker 6 1

 � Non-smoker 1 9
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Generation of S Protein Pseudotyped Lentivirus
A codon-optimized cDNA sequence encoding SARS-CoV2 
Spike protein with a deletion in its C-terminal 19 amino 
acid residues for better pseudo-typing was synthesized by 
GenScripts and cloned in a mammalian expression plasmid 
downstream of a CAG promoter. COVID S-pseudo typed 
lentivectors were produced by transient transfection of sus-
pension 293 cells with this COVID S expression plasmid, 
2 packaging plasmids encoding HIV GagPol and HIV Rev, 
along with GFP- or luciferase-expressing lentiviral genome 
plasmid. Virus supernatants were harvested 3 days after 
transfection, passed through a 0.45 μm-pore-sized filter, and 
concentrated 100-fold by ultracentrifugation.

SARS-CoV-2 Viral Infection of iAT2 Alveolospheres
SARS-CoV-2 isolate USA-WA1/2020 used for in vitro 
experiments was obtained from BEI reagent repository and 
propagated and tittered in Vero E6 cells as described pre-
viously.89 All infection experiments were performed in a 
Biosafety Level 3 facility, licensed by the State of Connecticut 
and Yale University. Alveolospheres were extracted from 
Matrigel and were mixed with 104 plaque-forming units 
(PFU) of SARS-CoV-2 in 100μ total volume of iAT2 me-
dium. Virus inoculation of alveolospheres (n = 3) was 
completed for 1 hour at 37 °C. After productive viral infec-
tion, alveolospheres were collected in 15 mL tubes and were 
washed with medium to remove unbound virus. Fresh me-
dium was added to alveolospheres and re-plated in a new low 
attachment plate. Supernatants were collected after infection 
for cytokines analysis and cell lysates were stored at −80 °C 
for RNA sequencing.

Neutralization Tests of SARS-CoV-2 Specific mAb in 
iAT2 Alveolospheres
iAT2 alveolospheres were extracted from Matrigel and 
infected with GFP-expressing pseudovirus expressing pro-
totypic (GFP-PSV) or D614G variant SARS-CoV-2 spike 
(D614G GFP-PSV). Alveolospheres were cultured in media 
without CHIR99021 throughout the experiment to mini-
mize GFP expression from NKX21+ iAT2 cells. Pseudo-virus 
and mutant virus were suspended in a cell culture medium 
and were added to iAT2. The virus-infected alveolospheres 
mixtures were transferred to a low attachment plate and were 
treated with CVH5 (SARS-CoV-2 specific neutralizing mAb) 
or isotype control (n = 4) [both manufactured at AstraZeneca, 
Gaithersburg, MD79]. For dose-response assays, serial 3-fold 
dilutions starting at 10 μg/mL purified mAbs were applied to 
iAT2 wells in triplicate. The plate was incubated for 4 hours 
at 37 °C and imaged by Zeiss LSM800 confocal microscope 
after 96 hours. The ratio of green fluorescent volume (GFP 
expressing pseudo-virus) to the red fluorescent volume (SPC-
positive cells) was used to evaluate the binding of virus to 
the iAT2 alveolospheres and mAb binding to S protein in 
GFP-pseudo-virus.

Cytokine and Chemokine Analysis
Supernatants from all experiments were aliquoted and stored 
at −80 °C. Media were shipped to Eve Technologies on dry 
ice. The level of cytokines and chemokines were measured 
from media using Human cytokine Array/Chemokine Array 
71-403 Plex Panel (HD71) after the first thaw. Heatmap vis-
ualization was built with ComplexHeatmap using the mean 

natural logarithm of the readouts from 3 technical replicates, 
centered and scaled by their SD. The assay readouts that 
deviated from the median at least twice the average intervals 
between any technical replicates of the same sample were 
treated as outliers and excluded from the analysis.

RNA Isolation, RNA-Sequencing, and 
Bioinformatics Analysis
RNA Isolation
Total RNA was extracted from alveolospheres and ALI 
cultures using RNeasy Mini kit (Qiagen, Hilden, GER) fol-
lowing the manufacturer’s instructions and quantified with 
a NanoDrop Spectrophotometer (Thermo Fisher Scientific). 
For the low amount of samples PicoPure RNA isolation kit 
(applied biosystems) was used to isolate RNA following the 
manufacturer’s instruction.

RNA Sequencing
The concentration of extracted RNA was determined by 

Qubit RNA HS Assay kit (Thermo Fisher Scientific), and their 
integrity was checked by High Sensitivity RNA ScreenTape 
Analysis (Agilent). Human ribosomal RNA was depleted with 
NEBNext rRNA Depletion Kit v2 (New England Biolab), and 
libraries were prepared with NEBNext Ultra II Directional 
RNA Library Prep Kit for Illumina (New England Biolab) 
following manufacturer’s recommendation. The size dis-
tribution and concentration of libraries were determined 
by High Sensitivity D1000 ScreenTape Assay (Agilent) and 
KAPA Library Quantification Kits (Roche). All libraries were 
normalized to 1.5 nM, pooled together evenly, and sequenced 
on an Illumina NovaSeq 6000 sequencer using NovaSeq 6000 
S1 Reagent Kit (200 cycles) with 2 × 100 bp paired-end reads.

Single-Cell Sequencing
To generate single-cell suspensions, alveolospheres were 

incubated in 0.05% trypsin and continued through the 
trypsin-based dissociation protocol described above. After 
cell density was determined by cell counter, 16 000 cells per 
sample were loaded onto Chromium Single Cell Controller 
(10X Genomics) and libraries were prepared with Chromium 
Single-cell 3ʹ Reagent Kits V3 chemistry (10X Genomics) 
following the manufacturer’s recommendation. The size dis-
tribution and concentration of libraries were determined 
by High Sensitivity D1000 ScreenTape Assay (Agilent) and 
KAPA Library Quantification Kits (Roche). All libraries were 
normalized to 1.5 nM, pooled together evenly and sequenced 
on an Illumina NovaSeq 6000 sequencer using NovaSeq 
6000 S1 Reagent Kit (100 cycles) with 10X Genomics’ 
recommended read-length settings.

Bioinformatic analysis: CellRanger 3.0 was used to con-
vert fastq files into raw counts for single-cell analysis. 
Seurat v3.0 was used for individual sample QC and filtering 
with customized R script (v 3.6). Scanpy v1.4.6 was used 
for data integration as well as downstream data analysis 
visa customized python script. Significant pathways were 
considered those with Benjamini–Hochberg false discovery 
rate-adjusted P-value (FDR) < .1.

Gene-level counts were computed by the bulk RNA-seq 
workflow implemented in bcbio-nextgen framework v1.1.5 
(https://bcbio-nextgen.readthedocs.org.90; In this workflow, 
raw sequencing reads were aligned to Genome Reference 
Consortium Human Build 38 (hg38) by hisat2 aligner v 

https://bcbio-nextgen.readthedocs.org
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2.1.0 (Kim et al, 2019). MultiQC v1.791 was used to as-
sess the quality of sequencing reads based on their counts, 
lengths, composition, and distribution on the genome. Gene 
counts were normalized to log base 2 of count per million 
reads mapped (cpm) with edgeR v3.28.1. Differential gene 
expression (DGE) analysis was performed using edgeR and 
Ensembl gene annotation (release 99) to assess the changes in 
each experiment condition relative to the control (eg, mock 
infection). Only the genes with 1 cpm or greater for at least 2 
samples were kept for the analysis.

To compare our data to publicly available data, DEGs be-
tween 2 cell subpopulations of single-cell RNA-sequencing 
(scRNA-seq) data were identified using the FindMarker func-
tion in Seurat v.4.0.5 with the default Wilcoxon rank sum 
test except for DEGs on fibroblast, on which likelihood-
ratio test was used. DEGs on bulk level were identified 
using DESeqv.1.34.0. We required the following criteria to 
obtain the DEGs. First, the gene expression between the 2 
cell subpopulationsis statistically significant with a false dis-
covery rate (FDR) <0.05. Second, the expression fold change 
between the 2 cell subpopulations is greater than zero. Venn 
diagrams were used to exhibit the overlapped DEGs between 
our data and public data.

To identify the biological pathways perturbed in the exper-
iment conditions, the genes were ranked by their fold changes 
and subjected to gene set enrichment analysis using fgsea 
v1.18.092 called from ClusterProfiler v4.0.093,94 against public 
annotation resources, including KEGG,95 Reactome,96 Gene 
Ontology,97 and Molecular Signatures Database (MSigDB).98 
The annotation was assigned if Benjamini–Hochberg adjusted 
P-value ≤ .05. To visualize the overall changes in a signif-
icant pathway, the mean expression levels of the pathway 
members, centered, and scaled by the SD for each gene, were 
used to construct bar or line charts using ggplot2 v3.3.3 
(Wickham, 2009). Heatmap visualization was built with 
ComplexHeatmap v2.8.0.99
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