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Abstract

Rationale: Patients with chronic obstructive pulmonary disease
(COPD) develop more severe coronavirus disease (COVID-19);
however, it is unclear whether they are more susceptible to severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection and what mechanisms are responsible for severe disease.

Objectives: To determine whether SARS-CoV-2 inoculated
primary bronchial epithelial cells (pBECs) from patients with
COPD support greater infection and elucidate the effects and
mechanisms involved.

Methods: We performed single-cell RNA sequencing analysis on
differentiated pBECs from healthy subjects and patients with COPD
7 days after SARS-CoV-2 inoculation. We correlated changes with
viral titers, proinflammatory responses, and IFN production.

Measurements and Main Results: Single-cell RNA sequencing
revealed that COPD pBECs had 24-fold greater infection than
healthy cells, which was supported by plaque assays. Club/goblet
and basal cells were the predominant populations infected and
expressed mRNAs involved in viral replication. Proteases involved

in SARS-CoV-2 entry/infection (TMPRSS2 and CTSB) were
increased, and protease inhibitors (serpins) were downregulated
more so in COPD. Inflammatory cytokines linked to COPD
exacerbations and severe COVID-19 were increased, whereas
IFN responses were blunted. Coexpression analysis revealed a
prominent population of club/goblet cells with high type 1/2
IFN responses that were important drivers of immune
responses to infection in both healthy and COPD pBECs.
Therapeutic inhibition of proteases and inflammatory imbalances
reduced viral titers and cytokine responses, particularly in
COPD pBECs.

Conclusions: COPD pBECs are more susceptible to
SARS-CoV-2 infection because of increases in coreceptor
expression and protease imbalances and have greater
inflammatory responses. A prominent cluster of IFN-responsive
club/goblet cells emerges during infection, which may be
important drivers of immunity. Therapeutic interventions
suppress SARS-CoV-2 replication and consequent inflammation.
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Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is causing a
major global pandemic of coronavirus
disease (COVID-19). Mortality rates
are approximately 1%, and age, sex,
demographics, and variants of concern
are predictors of death (1). Disease
manifestations are variable, with 80% of
patients presenting with asymptomatic or
mild disease features including fever,
cough, fatigue, and loss of taste or smell
(2). However, approximately 20% of
patients experience severe disease,
characterized by diffuse pneumonia, acute
lung injury, and acute respiratory distress
syndrome, often requiring mechanical
ventilation.

SARS-CoV-2 is predominantly
transmitted via inhalation of respiratory
droplets from infected individuals. On
entering the airways, the viral spike protein
binds to the host viral entry receptor ACE2
(angiotensin converting-enzyme-2), which is
highly expressed in the epithelium of the
nasal cavities, trachea, and large and small

airways (3, 4). ACE2 is highly expressed on
differentiated primary bronchial epithelial
cells (pBECs) with minimal expression in
undifferentiated or submerged ex vivo
cultures (5). ACE2 expression increases with
age and in both alveolar and pBECs after
cigarette smoke exposure, indicating a
potential mechanism of increased risk of
SARS-CoV-2 infection in the elderly, current
smokers, and those with underlying chronic
lung diseases (3, 6–8).

Cellular (e.g., TMPRSS2
[transmembrane serine protease-2]) and
endosomal cysteine (e.g., CTSB [cathepsin-B]
and CTSL [cathepsin-L]) proteases prime
and cleave the spike protein from the
receptor-binding domain, enabling SARS-
CoV-2 internalization (2, 9, 10). In the lungs
of patients with chronic obstructive
pulmonary disease (COPD), there is a
protease imbalance with greater activity of
proteases and lower expression of protease
inhibitors (e.g., serpins), which contribute to
emphysema (11, 12). Whether this imbalance
increases susceptibility to SARS-CoV-2 in
patients with COPD is unknown.

COPD is a widely reported risk factor
for hospitalization, mechanical ventilation,
severe disease, and mortality in COVID-19
(2, 13–15). Patients with COPD generally
have increased susceptibility to respiratory
viral infections, such as influenza and
virally induced exacerbations (16–19).
Most clinical studies fail to adequately assess
the infectivity rate of patients with COPD
compared with the general population
because of confounding factors including
age, sex, comorbidities, unknown viral loads,
and variants of concern with increased
infectivity. Comparatively, infection of ex
vivo pBECs differentiated at the air–liquid
interface (ALI) under controlled conditions
provides a true comparison of infectivity
and disease severity while recapitulating
important physiological tissue-specific
conditions of human disease. However, no
study has directly examined the responses of
COPD pBECs cultured at ALI to SARS-
CoV-2 infection.

Here, we infected pBECs from COPD
and healthy donors with SARS-CoV-2 and

examined viral load and host responses using
single-cell RNA sequencing (scRNAseq).
We also performed therapeutic interventions
to elucidate the mechanisms of increased
susceptibility.

Methods

Study approvals/patient recruitment,
collection/culture of human pBECs,
SARS-CoV-2 infection, therapeutic
interventions, preparation of single-cell
suspensions, background correction of
ambient RNA, scRNAseq, single-cell
transcriptomics, genotype identification,
infected cell comparisons, disease state with
infection comparisons, trajectory analysis,
and in vivo comparisons are described in the
online supplement and/or as described
previously (3, 16, 17, 20–26).

Results

A Prominent Club/Goblet Cell
Population Expressing IFN
Responses Emerges in SARS-CoV-2–
infected COPD and healthy pBECs
pBECs from COPD (n=4) and healthy
(n=3) donors were differentiated at the
ALI for 42 days and then infected with
SARS-CoV-2 (Multiplicity of Infection 0.1)
or sham (Figure 1A, Table 1). Samples were
collected on Day 7 postinfection (dpi), and
mRNA expression was assessed using
scRNAseq (BD Rhapsody). Overall, 16,597
pBECs passed quality control across all
samples (Figures 1B and E1A in the online
supplement). scRNAseq revealed nine
different cell clusters on the basis of
transcriptomic profiles (Figure 1C), which
encompassed three major cell types: club/
goblet, basal, and ciliated cells (Figure 1D).
Clusters were identified using known
markers of club/goblet (MUC5AC,
SCGB1A1,MSMB, and CEACAM6), basal
(KRT5, TP63, and C1orf74), cycling basal
(MKI67), and ciliated (FOXJ1 and C10orf95)
cells (Figure 1B–1E).

At baseline, COPD control pBECs had
significantly greater percentages of club/
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Figure 1. scRNAseq analysis of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-infected human primary bronchial epithelial
cells (pBECs) differentiated at the air–liquid interface (ALI). (A) Experimental design of the SARS-CoV-2 infection of human pBECs differentiated
ALI ex vivo. (B) Baseline characteristics of the samples showing cell numbers sequenced. (C) UMAP plot of the scRNAseq dataset identifying
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goblet cells compared with healthy control
pBECs (78.1 vs. 68.19%, P=0.0397)
(Figure 1D). Goblet cell hyperplasia in
pBECs from patients with COPD is well-
known but was lost with infection (27).
Further stratification into subclusters showed
decreased proportions of Club/Goblet.1 in
infected compared with control samples
(Figures 1F and E1G). A prominent club/
goblet population, Club/Goblet.4, was
characterized by high expression of IFN
response genes (IRGs) (Figure 1E). This
cluster was found almost exclusively in
infected compared with control samples,
suggesting that the decreased proportion of
cells in Club/Goblet.1 with infection may be
attributed to a shift into an IFN-responsive
population (Figures 1E and 1F).

COPD pBECs Have Increased
SARS-CoV-2 Susceptibility
Strikingly, scRNAseq showed that COPD
pBECs had approximately 24-times the
number of infected cells compared with
healthy pBECs (18.99% vs. 0.80%)
(Figure 1A). This was further confirmed with
elevated viral titers in plaque assays of apical
washes from SARS-CoV-2–infected COPD
pBECs from 4 dpi, which was significantly
higher by 7 dpi (Figure 1G).

To further define the increased
susceptibility of COPD pBECs, we examined
the SARS-CoV-2 transcriptional profile in
single cells using well-characterized viral
markersORF1ab/3a/6/7a/7b/8/10,N, E,M,
and S (Figure 2A). This enabled us to explore

transcriptional changes in infected versus
bystander cells and identify response
signatures associated with infection. Again,
COPD pBECs had substantially increased
numbers of infected cells compared with
healthy pBECs (18.99% vs. 0.80%)
(Figures 2B and 2C). This was further
reflected in the negative strandmapping,
indicative of an actively replicating virus
(Figure E4). SARS-CoV-2 markers were
primarily detected in club/goblet and basal
cell populations, with some ciliated cells.
There were increased proportions of infected
Club/Goblet.1, 2, and 4 clusters, as well as
basal.1 and 2 clusters in COPD versus
healthy pBECs. Cycling basal cells occurred
in COPD but not healthy pBECs, although
this may be influenced by low cell numbers
identified in this cluster.

Differential gene expression analysis
between infected and bystander cells showed
that infected COPD and healthy cells had
similar gene expression profiles compared
with bystander cells (Figures 2D and 2G).
APOD, FAM83A, andGRNwere
upregulated, whereas EPCAM,MSMO1, and
PIGRwere downregulated in infected cells.
This shows that there are commonly used
pathways in SARS-CoV-2 pathogenesis that
are independent of preexisting disease status.

Protease Imbalances in COPD May
Underpin Increased Infection
Susceptibility
We next examined factors that may
predispose patients with COPD to

SARS-CoV-2 infection (Figure 3).
We compared pseudobulk-infected and
control differential gene expression of COPD
with healthy datasets (Figures 3A–3C). Many
of the most highly differentiated factors are
linked to a broad range of different functions
and do not form pathways. However, sham-
infected COPD pBECs had increased
expression of CCL2 andHMOX1 and
downregulation of LIME1 andHLA-DRA-2,
indicating a skewed proinflammatory state
favoring monocyte/macrophage recruitment
and decreased antigen presentation (Figure
3B). Infected COPD cells had greater
expression of PIM1 and CLN3 supporting
lysosomal function, elevated
proinflammatory responses, andmay
contribute to enhanced monocyte and
granulocyte signaling compared with
infected healthy cells (Figure 3C). We also
observed increased expression of cell
adhesion-associated molecules likeNEDD9,
which may promote immune cell
recruitment, signal transduction, and
inflammation reported in COPD
(Figure 3C).

Strikingly, pseudobulk analysis also
showed increased expression of TMPRSS2,
the major serine protease involved in S
protein cleavage from SARS-CoV-2 (10), in
COPD compared with healthy cells, which
may increase infection (Figure 3D). CTSB, a
lysosomal cysteine protease that promotes
SARS-CoV-2 infection, was also upregulated.
We also found elevated baseline expression
of CTSL in COPD donors. In contrast, serine

Figure 1. (Continued). cell clusters. (D) Bar chart of proportions (in percentage) of major cell types (club/goblet, basal, and ciliated). (E) Cell
proportions (in percentage) of control and infected healthy and chronic obstructive pulmonary disease (COPD) pBECs. (F) Average expression
of the top five markers for each cluster. (G) Viral titers recovered from daily apical washes from COPD and healthy pBECs at ALI. Statistical
differences between the groups are indicated whereby *P<0.05 and **P<0.01. HC=healthy control; scRNAseq=single-cell RNA sequencing;
UMAP=uniform manifold approximation and projection.

Table 1. Characteristics of the Study Participant Donors of Cells for Single-Cell RNA-Sequencing Analysis

Sex Age, yr Smoker Status Pack-years GOLD stage FEV1%p FVC%p FEV1/FVC

Healthy
HC234 Female 77 Never — — 70 80 70
HC241 Male 55 Never — — 106 103 80
HC243 Female 75 Never — — 94 102 73

COPD
CA299 Female 85 Ex-smoker 71 2B 67 85 21
CA340 Male 67 Current 52 2B 72 104 12
CA342 Female 76 Ex-smoker 53 2A 54 66 4
CA381 Male 78 Current 58 2B 61 73 19

Definition of abbreviations: COPD=chronic obstructive pulmonary disease; FEV1%p=FEV1 percentage predicted (the volume of air that can be
exhaled from the lungs in 1 second); FVC%p=FVC percentage predicted (the largest volume of air that can be exhaled after inhaling as deep
as possible); GOLD=Global Initiative for Chronic Obstructive Lung Disease; Pack-years =packs smoked per day3 years as a smoker.
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Figure 2. Differential gene expression analysis between infected and bystander cells in infected chronic obstructive pulmonary disease (COPD)
and healthy primary bronchial epithelial cells. (A) Signature plots of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) markers.
(B) Proportion of infected healthy (orange) and COPD (red) cells in each cell cluster. (C) Expression of SARS-CoV-2 markers in each of the
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protease inhibitors SERPINB1/4/6were
consistently reduced with or without
infection in COPD pBECs (Figure 3E). These
findings highlight a protease imbalance in
COPD pBECs that may be critical for
increased SARS-CoV-2 infectivity and
severe disease.

COPD pBECs Have Elevated
Proinflammatory Responses and
Disease Severity Markers
There is currently no explanation for
increased disease severity and exacerbations
in SARS-CoV-2–infected patients with
COPD (14, 15). Pseudobulk analysis showed
that COPD pBECs had increased expression
of inflammatory genes IL1A/B/6/32, CCL20,
CSF1, andNFKBIA/Z associated with
COVID-19 at baseline and with infection
(Figure 4A). Thus, higher expression of
proinflammatory genes may drive greater
inflammatory responses in SARS-CoV-2–
infected patients with COPD.

We then examined the expression of
COPD exacerbation- and disease severity-
associated gene signatures that may
account for increased mortality. FKBP5, a
modulator of corticosteroid responsiveness,
antiinflammatory function, and antiinfluenza
virus factor (28), was reduced in COPD
independently of infection (Figure 4B).
ICAM1, the rhinovirus entry receptor, was
upregulated with and without infection,
reflecting increases in viral-induced COPD
exacerbations. SAA1 and SAA2, which
contribute to acute exacerbations of severe
COPD (29), were also elevated in COPD
pBECs at baseline and further with infection.

DPP9, which predisposes to acute
inflammatory responses and is a risk factor
for severe COVID-19 (30), was lower in
COPD with and without infection. PTMA,
elevated in severe COVID-19 (31), was
increased in infected versus sham-infected
COPD and infected healthy pBECs,
contributing to more severe COVID-19 in
patients with COPD. RPS3, a ribosomal
protein involved in DNA repair and
oxidative stress and triggers caspase-driven
apoptosis, was increased in infected COPD
pBECs.

We also investigated the expression of
all other SARS-CoV-2 entry factors.ACE2
was upregulated with infection, regardless of
COPD status. BSGwas downregulated with
infection, more so in COPD.NPR1 showed
no significant differences. Importantly,
FURINwas increased in COPD pBECs at
baseline; however, on infection, it was
upregulated in healthy but downregulated
in COPD pBECs (Figure 4D).

Thus, COPD pBECs display critical
gene expression signatures of increased
inflammatory responses at baseline, which,
coupled with elevated exacerbation and
disease-severity predictors, may contribute to
increased severity and mortality in COPD.

Coexpression Network Analysis
Reveals COPD-infected pBECs
Have Elevated Inflammatory
Response Modules
We next used coexpression network analysis
with the CoCeNa2 pipeline to assess genes
associated with infection and disease status.
Unlike classical differential gene expression,

this identifies similarly regulated genes and
groups them into modules on the basis of
each sample, cell type, or other variables.
We analyzed the four sample types
independently for each major cell type. This
revealed group-specific enrichment of
coexpressed modules for each (Figure 5A).
Modules are colored on the basis of group
fold change, which is the mean of each
module. This analysis showed three cell
types, club/goblet, basal, and ciliated cells,
predominated.

Club/goblet and basal cells were
clustered into five and ciliated cells into six
modules (Figure 5A). The dark green
module in club/goblet and ciliated cells
showed a similar pattern in which infected
COPD and healthy pBECs had a higher
group fold change relative to control samples
and were higher in infected COPD pBECs.
This module is not present in the basal cell
cluster. Clearly, this gene module most
represents responses to SARS-CoV-2
infection. Pathway analysis in this module
revealed activation of IFN-a and -g and
inflammatory responses and pathways
related to viral infection and COVID-19
(Figures 5B and 5C). Regardless of cell type,
COPD-infected pBECs had higher
expression of all modules.

We also assessed Hallmark (Figure 5B)
and KEGG (Kyoto Encyclopedia of Genes
and Genomes) (Figure 5C) pathways for
each module, and those in maroon for each
cell type identify common pathways. In
Hallmark pathway analysis, IFN-g and -a
and inflammatory responses (Nf-kB
and p53) and cell death pathways were the

Figure 2. (Continued). different groups. (D) Volcano plot comparison of infected and bystander COPD cells. (E) Volcano plot comparison of
infected and bystander healthy cells. (F) Heatmap of the top 25 genes in infected compared with bystander healthy and COPD cells. (G) Violin
plots of three common upregulated and downregulated genes in infected healthy and COPD cells compared with their respective bystander
cells. Statistical differences between the groups are indicated whereby *P<0.05 and **P<0.01. FC= fold change; UMAP=uniform manifold
approximation and projection.

Table 2. Characteristics of the Study Participant Donors of Cells for Therapeutic Intervention Studies

Sex Age, yr Smoker Status Pack-years GOLD Stage FEV1%p FVC%p FEV1/FVC

Healthy
HC181 Male 53 Never — — 100 112 77
HC243 Female 75 Never — — 94 112 75
HC250 Female 77 Never — — 110 102 73

COPD
CA303 Male 70 Ex-smoker 40 2B 70 74 77
CA319 Male 77 Ex-smoker 44 2C 79 101 58
CA321 Female 76 Ex-smoker 36 2C 64 92 52

For definition of abbreviations, see Table 1.
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Figure 3. Differential gene expression analysis between infected chronic obstructive pulmonary disease (COPD) and healthy primary bronchial
epithelial cells. (A) Heatmap of the top 50 differentially upregulated genes in infected COPD compared with healthy cells. Columns are grouped
by samples, and rows represent genes grouped by the top upregulated (purple) and downregulated (green) in each or both COPD groups.
(B) Volcano plot of differentially expressed genes in sham-infected COPD and healthy cells. (C) Volcano plot of differentially expressed genes
in infected COPD and healthy cells. Average expression of (D) protease genes involved in severe acute respiratory syndrome coronavirus 2
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top common pathways. Several KEGG
pathways related to viral infection, including
COVID-19, were associated with each cell
type. The maroon module of each cell type
also had overlapping pathways related to
hypoxia, oxidative stress, oxidative
phosphorylation, and mTORC1
(mammalian target of rapamycin complex 1)
signaling, the latter being associated with
lung cell senescence and stable growth arrest
in COPD (32).

Club/Goblet.4 Cells Are Major Drivers
of IFN Responses to SARS-CoV-2
Infection
The Club/Goblet.4 cluster was
predominantly found in COPD and healthy
infected populations, characterized by high
expression of IRGs.We investigated the
emergence of club/goblet cell populations
through trajectory analysis (Figure 6A). This
analysis explores the concept that cells are
not stationary but transition from one
biological state to another, characterized
by unique gene expression signatures.
Trajectory analysis creates pseudotime to
measure the progress of single cells in
biological processes. We identified seven
different states of club/goblet cells
(Figures 6A and 6B). Trajectory maps are
influenced by SARS-CoV-2 infection, with
control samples predominantly on the left
and infected samples clustering on the right.
This indicates that cell trajectories are
moving to mucus hypersecretion,
inflammation, andmetabolism states with
infection across pseudotime.

Of seven club/goblet cell states, four
(States 4–7) were predominantly present in
infected pBECs. State 4 is an “antiviral/
inflammation” state because of the high
expression of proinflammatory (CXCL6) and
IRGs (IFIT1/2/3, ISG15, andMX1/2),
whereas State 5 is a “mucus-hypersecretion”
state with increased AGR2. State 6 is an
“immunometabolism” state with a high
expression of secretory genes (S100P), and
State 7 is a “cellular metabolism” state with
increased TF (Figure 6C). The contributing
proportions of cell states were vastly
different between COPD and healthy pBECs
(Figure 6B). In infected COPD pBECs, the
inflammation state occurred in all four
club/goblet cell clusters, whereas in infected

healthy cells, it predominated in the
Club/Goblet.4 cluster. Infected COPD cells
had a much higher proportion of the State 4
antiviral/inflammation state in the
Club/Goblet.4 cluster. Infected healthy cells
had a higher proportion of the State 6
immunometabolism state.

By plotting cell types across pseudotime,
we showed that the expression pattern of
IRGs (IFIT1/2/3, ISG15, andMX1/2)
increased as cells progressed from sham
infected in State 1 (red) to States 4 and 6
(green and purple) with infection across
pseudotime (Figure 6D). This was largely
controlled by Club/Goblet.4, as control
samples expressed low concentrations of
IRGs (Figure 6E).

We also examined IRGs, which showed
that IFN-e expression was substantially higher
in infected pBECs (Figure 6F).We then
assessed Type 1/2 IRGs and found that
infection inducedmarkedly higher expression
of type 1 and type 2 IRGs in all clusters,
especially in Club/Goblet.4 cells (Figure 6G).
The same pattern was observed in genes that
respond to both type 1 and 2 IFNs.We then
assessed IFN receptor expression in these
IFN-responsive cells but found extremely low
expression across all samples (Figure E3).
Surprisingly, there was no overrepresentation
of IFN receptors in Club/Goblet.4 cells,
indicating anothermechanism is responsible
for IRG induction independent of direct
receptor–ligand interactions.

Validation of Gene Expression
Signatures in In Vivo Human Cohorts
We next validated our findings in publicly
available datasets from patients with
COVID-19. Gene set variation analysis
(GSVA) calculates the expression of a given
gene set for each individual. We performed
GSVA of our data with differentially
expressed genes from a large cohort study of
nasal swabs from SARS-CoV-2 (n=138) and
healthy (n=93) donors (GSE163151) (33).
The upregulated genes in our COPD and
healthy datasets mirrored those in the nasal
swab cohort (Figure 7A). Similarly, gene
expression that was downregulated in COPD
and healthy samples in our study was
significantly associated with those
downregulated in SARS-CoV-2–positive and
–negative samples in the nasal swab cohort.

GSVA was also performed on cluster-specific
genes of the Club/Goblet.4 population in our
study (Figure 7B). Up- and downregulated
genes in our Club/Goblet.4 population were
in agreement with the infected nasal swab
cohort and were significantly different
compared with uninfected control samples
(Figures 7A and 7B).

We assessed whether our findings of
protease and inflammatory imbalances
driving COPD susceptibility (Figures 3 and 4)
were also clinically relevant.We examined
the nasal swab cohort (GSE163151) and
another publicly available dataset from
bronchial brushings fromCOPD (n=87) and
healthy (n=151) donors (GSE37147) (23).
The nasal swab cohort had decreases in
protease and serpin-associated gene
signatures and increases in inflammatory
signatures after SARS-CoV-2 infection
(Figure 7C). Comparatively, the bronchial
brushing COPD dataset also had increases in
protease, serpin, and inflammatory-
associated signatures associated with
SARS-CoV-2 infection (Figure 7D).

Validation of these publicly available
datasets demonstrates the clinical relevance
of our findings.

Therapeutic Interventions Targeting
Protease Imbalances and Elevated
Proinflammatory Responses Reduce
SARS-Cov-2 Replication in pBECs
To further characterize biological
responses to SARS-CoV-2 infection in
COPD and healthy pBECs, we examined
proinflammatory and IFN protein
concentrations (Figure 8A). Strikingly, we
observed an almost complete absence of
IFN-b in infected COPD compared with
infected healthy pBECs from 4 dpi, providing
a strong mechanistic basis for elevated
viral titers in COPD pBECs (Figure 1F).
Furthermore, there was a significant
elevation of IL-6 in infected COPD pBECs
from 3 dpi, likely as a consequence of
increased viral titers and absent IFN-b
(Figure 8A). There were also lower
concentrations of IP-10, which agrees with
previous findings of the protective role of
IP-10 in SARS-CoV-2 infection (34) and
provides further evidence that patients with
COPD are predisposed to more severe
COVID-19.

Figure 3. (Continued). (SARS-CoV-2) entry (TMPRSS2, CTSB, and CTSL) and (E) protease inhibitor genes (SERPINB1, SERPINB4, and
SERPINB6). Each dot represents a donor. Statistical differences between the groups are indicated by asterisks, in which *P<0.05, **P<0.01,
and ***P<0.001. CC=COPD control; CI =COPD infected; FC= fold change; HC=healthy control; HI = healthy infected.
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We identified protease imbalances in
COPD pBECs with elevated TMPRSS2 and
CTSB, together with increased
proinflammatory, exacerbation, and disease

severity responses (Figures 3D, 3E, and 4).
Consequently, we confirmed their
involvement in increased infection of COPD
pBECs by therapeutically targeting these

pathways (Table 2). We treated infected
COPD and healthy pBECS with Camostat
Mesylate (CM, TMPRSS2 inhibitor), E64d
(CTSB inhibitor), CM/E64d (dual TMPRSS2
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Figure 6. Emergence of the Club/Goblet.4 cluster is driven by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection.
(A) Trajectory analysis in club/goblet cells colored by the four identified clusters, samples, and (B) cell states. The proportion of cell states in
different cell types is shown in the barplot. (C) Violin plots of differentially expressed genes among cell states. (D) Pseudotime trajectory of IFN
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and E64d inhibition), baricitinib/
dexamethasone (B/D, anti-inflammatory,
JAK/STAT [Janus kinase signal transducer
and activator of transcription] inhibitor, and
glucocorticoid), or all therapies combined
(CM/E64d/B/D).

In healthy pBECs, only CM reduced
viral titers at 1 dpi (Figures 8B and E5A).
CM, CM/E64d, B/D, or a combination
of all therapies reduced IL-6 and IP-10
concentrations at 2–5 dpi (Figures 8C, 8D,
E6A, and E6B). In stark contrast, in COPD
pBECs, all therapies individually or in
combination significantly reduced viral
titers at all time points from 1 dpi to 7 dpi
(Figures 8E and E5B). Moreover, CM/E64d,
B/D, or a combination of all therapies
significantly reduced IL-6 and IP-10
concentrations from 1 dpi to 7 dpi
(Figures 8F, 8G, E6C, and E6D).

Collectively, these findings show that
interventions targeting proteases and
proinflammatory responses in SARS-CoV-2
infection have excellent therapeutic potential
in reducing SARS-CoV-2 replication and
associated hyperinflammation, particularly in
patients with COPD.

Discussion

We define for the first time the
transcriptomic dynamics of SARS-CoV-2
infection in differentiated pBECs from
COPD and healthy donors using scRNAseq.
It is also the first study to show biological
evidence that COPD pBECs are substantially
more permissive to SARS-CoV-2 infection

compared with healthy pBECs. Moreover,
we demonstrated that COPD pBECs have an
inherent protease imbalance that increases
the production of the key SARS-CoV-2 entry
cofactors TMPRSS2 and CTSB. COPD
pBECs also had higher mRNA and protein
concentrations of proinflammatory
cytokines, signatures of acute COPD
exacerbations, and disease severity genes
associated with poor COVID-19 outcomes.
We identified a unique Club/Goblet.4 cell
population that develops almost exclusively
in SARS-CoV-2–infected cells, characterized
by IRG signatures despite the low or absent
expression of IFN receptors. Trajectory
analysis of club/goblet cell populations
revealed that they transition to this
IFN-specific cluster, ultimately driving
transcriptomic responses. We used publicly
available transcriptomic datasets to validate
our findings in in vivo SARS-CoV-2 datasets.
Therapeutic interventions targeting protease
imbalances and elevated proinflammatory
responses identified potential therapies that
reduce SARS-CoV-2 viral titers and virally
induced hyperinflammation in healthy and
especially COPD pBECs. This further
validates our single-cell findings and can be
used to inform future therapeutics for
COVID-19, particularly in more susceptible
patients with COPD.

ALI cultures recapitulate important
physiological features of respiratory epithelia
and are composed of important cell
populations like club, goblet, basal, and
ciliated cells. Infected COPD pBECs
expressed higher proinflammatory cytokines
and COPD exacerbation genes (35). We

identified that infected COPD cells had
almost all Club/Goblet.4 cells assigned to the
antiviral/inflammation state, which had high
expression of MUC5B. Comparatively, all
healthy infected populations had generally
less MUC5B-associated states, which
highlights that the predisposed disease status
of pBECs in vivo is recapitulated in ALI
cultures. These findings reconfirm important
features of COPD pathogenesis and provide
strong evidence that the findings of this study
are relevant to patients.

We demonstrated that club/goblet and
basal cells were the predominant populations
infected with SARS-CoV-2. This differs from
other studies in which ciliated cells were
reported as the primary infected cell type in
pBECs. However, clinical reports have
suggested that ciliated cells are diminished
during COVID-19 (36). Airway epithelial
cells cultured at ALI for longer durations are
more susceptible to SARS-CoV-2 owing to
greater expression of viral entry factors like
ACE2 (37). Our pBECs were maintained at
ALI for more than 6 weeks before infection,
which may promote greater infectivity of
different cell subpopulations not observed in
other studies. Importantly, pBECs from
patients with COPD cultured for up to
10 weeks at ALI showmarked changes
associated with previous disease status and
chronic cigarette smoke exposure, likely
because of modifications in progenitor
cells (38).

We did not observe significantly
elevated expression of ACE2 between COPD
and healthy pBECs at baseline. Although it
was upregulated with infection in both
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Figure 6. (Continued).
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Figure 8. Therapeutic interventions targeting protease imbalances and excessive proinflammatory responses limit severe acute respiratory
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disease (COPD) and healthy infected samples across time. (B) Viral titers were quantified in daily apical washes from healthy infected samples
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settings, there were no significant differences
between them. This suggests that other
mechanisms likely contribute to increased
infectivity after expansion at ALI (increased
TMPRSS2 and CTSB, reduced serpins).
Furthermore, we performed scRNAseq at
7 dpi, representing a well-established
infection that has likely progressed past
ciliated cells, which are the first line of airway
defense. Our data at 7 dpi suggest that club/
goblet cells are predominant infected
populations during later stages, whereas
previous studies identified that ciliated cells
may be the primary infected cells at earlier
stages. Clinical observations report the
median SARS-CoV-2 incubation period as
5.1 days before the onset of disease
symptoms; however, some develop
symptoms as late as 12 days after exposure
(39, 40). Thus, our scRNA-seq data at 7 dpi
represents a clinically relevant time point in
SARS-CoV-2 infection. Our findings provide
an in-depth understanding of the
transcriptomic profile during later-stage
infection and provide important insights into
the significance of different cell populations
at different stages of SARS-CoV-2 infection
in COPD.

Amajor finding was that COPD pBECs
were substantially more susceptible to
SARS-CoV-2 infection compared with
healthy pBECs. This has been postulated
from clinical studies and informed by other
viral infections (7, 41). We show the first
experimental evidence to support these
concepts. This was reflected at the single-cell
level with viral transcripts and supported by
negative-strandmapping representing
replicating virus that was significantly
elevated in COPD pBECs (Figure E4). This
was supported by elevated viral titers in
COPD pBECs recovered from apical washes
from as early as 4 dpi and was maintained
until 7 dpi (Figure 1G). Our previous work
has shown that patients with COPD express
higher concentrations of ICAM1, which
increases susceptibility to rhinovirus
infection (42). We also demonstrate that
COPD pBECs have elevated concentrations
of SARS-CoV-2 entry factors, TMPRSS2 and
CTSB, and downregulated protease

inhibitors such as serpin genes (10).
TMPRSS2 and CTSB independently facilitate
SARS-CoV-2 entry and likely contribute to
increased infectivity of COPD pBECs.We,
therefore, propose that protease imbalances
likely confer increased susceptibility of
COPD pBECs to infection. Using therapeutic
interventions targeting these protease
imbalances, we demonstrated proof of
concept in reducing SARS-CoV-2 titers,
which may be used as potential therapies in
patients with COPD to reduce susceptibility
to infection. This is supported by reports of
high lung protease activity in patients with
COPD (43) and elevated TMPRSS2
expression in bronchial epithelial brushings
from current compared with never smokers,
suggesting that smoking is partially
responsible for the increased susceptibility
of patients with COPD (44, 45).

Another study found that TMPRSS2
was not increased in patients with COPD
compared with ex-smokers, although this
does not reflect the true comparison of
COPD versus healthy status observed in our
study (46). Comparing our scRNAseq data to
publicly available datasets, we also observed
striking upregulation of proteases in
bronchial brushings from patients with
COPD, independent of SARS-CoV-2
infection. Furthermore, SARS-CoV-2–
positive nasal swab datasets correlate with
our data, with downregulation of CTSB in
infected COPD and healthy pBECs.
Although these datasets did not support our
observations regarding the downregulation
of serpin-associated genes, this could be
attributed to many confounding factors like
age, sex, smoking status, and comorbidities,
which were not made publicly available and
may contribute to protease imbalances. In
addition, differences between nasal and
bronchial samples result in some differences
in gene expression because of different tissue
tropisms and biological roles (47).
SARS-CoV-2 does infect and replicate in
nasal epithelial cells, which is the initial
exposure site. However, the major site for
SARS-CoV-2 tropism is the lower airways,
bronchioles, and alveoli (48). Thus, our
findings define the significance of protease

imbalances in driving COPD susceptibility to
SARS-CoV-2 infection and highlight the
importance of understanding the complex
interactions of different tissues in
interpreting infection outcomes.

Patients with COPD are at greater
risk of hospitalization and death from
COVID-19, likely because of disease
exacerbations; however, there is little
evidence to substantiate these concepts (49).
Our data demonstrate that COPD pBECs
express higher mRNA and protein
concentrations of proinflammatory
cytokines, likely contributing to excessive
inflammation in COVID-19 in these
patients. This matches clinical observations
that IL-6 is a key component of viral-induced
hyperinflammation and that patients with
higher baseline IL-6 concentrations have
poor COVID-19 outcomes (50, 51). Nf-kB
regulatory genesNFKBIA andNFKBIZwere
also significantly elevated in COPD pBECs,
providing a plausible mechanism for the
heightened proinflammatory responses we
observed. Furthermore, gene expression of
predictors of COVID-19 severity,DPP9 and
PTMA, were dysregulated in COPD
compared with healthy cells. There is
emerging evidence that decreased lung
expression ofDPP9 correlates with excessive
inflammatory responses andmore severe
COVID-19 (30), suggesting decreased
concentrations in COPD pBECs are
indicative of severe infection outcomes.
PTMA is significantly elevated in patients
with severe COVID-19, matching our
observations in COPD pBECs (31). Thus,
our findings reflect clinical observations in
patients with severe COVID-19 and define
biological mechanisms responsible for
exacerbations and severe COVID-19 in
COPD. Future studies should further
investigate the molecular pathways and the
relevance of our candidate gene signatures.

IFN responses are critical host immune
defense mechanisms against invading viral
infections (16, 52, 53). There is conflicting
evidence on their roles in SARS-CoV-2
infection, with some suggesting that IFN
signatures are diminished or absent and are
also dependent on location along the

Figure 8. (Continued). after daily treatments with Camostat Mesylate (CM), E64d, CM/E64d, baricitinib/dexamethasone (B/D), or a combined
therapy (CM/E64d/B/D). (C) IL-6 and IP-10 (CXCL10) were quantified in apical washes from healthy infected samples using the LEGENDplex
Human Anti-virus Response Panel. (D) Viral titers were quantified in daily apical washes from COPD-infected samples after daily treatments.
(E) IL-6 and IP-10 were quantified in the apical washes from COPD-infected samples. Statistical differences between the groups are indicated,
whereby *P<0.05, **P<0.01, ***P< 0.001, and ****P< 0.0001. In B–G, statistical differences shown are relative to their respective vehicle
control at each time point examined. PFU=plaque-forming unit; Veh=vehicle.
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respiratory tract (52, 54, 55). Furthermore,
recent studies have shown that nasal IFN
responses were significantly delayed relative
to viral replication as compared with other
respiratory viruses such as the influenza A
virus (56). In line with these reports, we
detected substantially reduced IFN-b
concentrations in infected COPD pBECs
compared with healthy cells, which we
postulate is a key driver for increased
susceptibility to elevated inflammatory
responses and viral titers. This is further
supported by nasopharyngeal scRNAseq
datasets, which demonstrated that patients
with severe COVID-19 hadmuted antiviral
immune signatures (57). Moreover, we
identified a prominent cluster of club/goblet
cells with high IRG signatures almost
exclusively in infected samples (Figure 6).
Pseudotime analysis predicted that these cells
emerged from Club/Goblet.1 and led to the
emergence of Club/Goblet.2, 3, and 4
populations on the basis of gene expression
profiles. Club/Goblet.4 populations almost
exclusively occurred in infected samples,
suggesting that club/goblet cell differ-
entiation may be a response to IFN
responses. However, we did not identify gene
expression patterns attributable to increased
IFN responses and no enhanced IFN
receptor expression. These data suggest that
this population of club/goblet cells is
stimulated through alternative pathways
independently of IFN. There is emerging
evidence that previous immune activity can
influence cell state and drive long-term
inflammatory memory in barrier tissues
such as differentiated epithelium (58), which
may provide an explanation for club/goblet
cell differentiation in our ex vivoALI
cultures. In support of this, previous work
has shown that rhinovirus infection before
SARS-CoV-2 exposure led to accelerated
IRG signatures, which prevented
SARS-CoV-2 replication (59). Moreover,

SARS-CoV-2 can directly induce IRGs
without receptor engagement, although this
warrants further investigation (52). The
diminished IFN responses at the single-cell
level at 7 dpi are not entirely unexpected, as
IFN responses are rapidly switched on and
off to potentiate and control immune
responses (60). This IFN-responsive
population was not a major cell type that was
infected with SARS-CoV-2 in COPD or
healthy cells, suggesting that they are
hyperresponsive subpopulations that make
major contributions to excessive IRG
signatures. It is likely that the heightened
IFN responses reflected the increases in
SARS-CoV-2–infected cells in COPD
compared with healthy cells. Importantly,
bioinformatics and pathway analyses found
no induction of type 2 IRGs; however, there
was a strong type 1/2 IRG signature,
although they were unable to be separated in
our analyses. On the basis of our findings,
it is very likely that these are type 1 IRG
signatures, which is also supported by
previous studies that have shown type 2 IFN
responses are almost exclusively produced by
immune cells (61). Few studies have profiled
the dynamics of IFN responses in respiratory
epithelial cells after SARS-CoV-2 infection,
which should be a focus of future
investigations. Future studies should also
explore the contribution of different pBEC
subpopulations to IFN responses to decipher
the primary IFN producers triggering the
differentiation of club/goblet cells.

There are some limitations. We selected
cells with a higher percentage (35%) of
mitochondrial genome reads. Ideally,
mitochondrial genome reads should be
10–15%, as higher mitochondrial
contamination represents low-quality or
dying cells. We selected 35%, as infected
COPD and healthy pBECs had more than
90% of cells with greater than 20% of
mitochondrial genome reads. This is

unavoidable and is an expected risk in our
study.We also could not differentiate club
and goblet cells because of biological
similarities in transcriptional profiles, which
may influence our interpretation of the role
of different cell subpopulations in driving
host immune responses. Finally, because of
the expense of scRNAseq, it was not feasible
to explore the transcriptomic profile at
multiple time points after infection.

Conclusions
We show that SARS-CoV-2 infection is
increased in COPD compared with healthy
pBECs, which is likely because of protease
imbalances resulting from increased
concentrations of SARS-CoV-2 entry
proteases TMPRSS2 and CTSB and
downregulation of serpin protease inhibitors.
COPD cells have heightened baseline
proinflammatory responses (mRNA and
protein) and increased markers of
exacerbation and severe disease outcomes,
providing mechanistic insights into severe
COVID-19 outcomes in patients with
COPD. Therapeutic suppression of viral
coreceptor proteases, addressing the protease
imbalance, and/or treatment with
antiinflammatories or type 1 and 2 IFN
responses may be effective therapies for
severe COVID-19 in patients with COPD.�
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