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Abstract

Asthma is associated with chronic changes in the airway epithelium, a key target of SARS-CoV-
2. Many epithelial changes, including goblet cell metaplasia, are driven by the type 2 cytokine
IL-13, but the effects of IL-13 on SARS-CoV-2 infection are unknown. We found that IL-13
stimulation of differentiated human bronchial epithelial cells (HBECs) cultured at air-liquid
interface reduced viral RNA recovered from SARS-CoV-2 infected cells and decreased dsRNA,
a marker of viral replication, to below the limit of detection in our assay. An intact mucus gel
reduced SARS-CoV-2 infection of unstimulated cells, but neither a mucus gel nor SPDEF, which
is required for goblet cell metaplasia, were required for the anti-viral effects of IL-13. Bulk RNA-
seq revealed that IL-13 regulated 41 of 332 (12%) mRNAs encoding SARS-CoV-2-associated
proteins that were detected in HBECs (>1.5-fold change, FDR < 0.05). Although both IL-13 and
IFN-a each inhibit SARS-CoV-2 infection, their transcriptional effects differed markedly. Single
cell RNA-seq revealed cell type-specific differences in SARS-CoV-2-associated gene
expression and IL-13 responses. Many IL-13-induced gene expression changes were seen in
airway epithelium from individuals with type 2 asthma and COPD. IL-13 effects on airway
epithelial cells may protect individuals with type 2 asthma from COVID-19 and could lead to

identification of novel strategies for reducing SARS-CoV-2 infection.
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Introduction

One remarkable feature of the COVID-19 pandemic is the wide range of disease severity seen
following SARS-CoV-2 infection. Host factors, including age and male sex (1), inborn or
acquired disorders of type | interferon-mediated antiviral immunity (2—4), and various pre-
existing medical conditions (5) influence the risk of severe disease. There have been concerns
that COVID-19 risks would also be increased in persons with asthma, which affects
~339,000,000 individuals worldwide (6). These concerns arose from experience with other
respiratory viruses which trigger asthma exacerbations and can be associated with worse
outcomes in individuals with pre-existing asthma (7). However, asthma was underrepresented in
early studies of patients with COVID-19 as well as prior studies of the severe acute respiratory
syndrome (SARS) (8). Subsequent studies have failed to find consistent evidence of increased
risk of COVID-19 diagnosis, hospitalization, or mortality due to asthma (1, 9, 10), and some
studies concluded that risk of acquiring and being hospitalized for COVID-19 are lower in those
with asthma (10, 11). Factors that might provide protection against COVID-19 in individuals with
asthma (12—-15) include increased attention to limiting viral exposure, younger age, absence of
co-morbidities, use of inhaled corticosteroids, and a variety of biological features of asthma,
including chronic airway inflammation, mucus hypersecretion, and altered expression of SARS-
CoV-2 receptor (12). However, direct evidence that these features alter SARS-CoV-2 infection

has been lacking.

Asthma is associated with changes in the structure and function of the airway epithelium,
a critical site for SARS-CoV-2 infection (16, 17). Airway epithelial gene expression changes
attributable to the type 2 cytokine IL-13 are seen in approximately half of individuals with asthma
(18, 19). One prominent effect of IL-13 is the induction of goblet cells that produce and secrete
the airway mucin MUCS5AC, a process that depends on the transcription factor SPDEF. IL-13

stimulation of airway epithelial cells decreases expression of ACE2, which encodes the SARS-
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CoV-2 receptor, and increases expression of TMPRSS2, which encodes a transmembrane
protease that primes the viral spike protein (20—-22). Similar changes are seen in airways of
individuals with type 2 high asthma (21, 22). IL-13 has also been reported to protect against
other RNA viruses, including respiratory syncytial virus (RSV) (23) and rhinovirus (24), that do
not rely on ACE2 and TMPRSS2 for entry, indicating that other IL-13-regulated genes can also
protect against viral infection. We therefore hypothesized that direct effects of IL-13 on the
airway epithelium, which are seen in a large subset of individuals with asthma, reduce

susceptibility of these cells to SARS-CoV-2 infection.

Methods

Additional details are provided in the Online Data Supplement.

Human bronchial epithelial cell (HBEC) culture

Primary HBECs from 14 individuals listed in Table E1 were cultured at air-liquid interface (ALI)
as previously described (25, 26). For cytokine stimulation, cultures were stimulated by addition
of cytokines (10 ng/ml) to the basolateral medium (IFN-a.: 24 hours, IFN-y: 24 hours, IL-13: 7

days, IL-17: 7 days). The UCSF Committee on Human Research approved these studies.

SARS-CoV-2 infection

SARS-CoV-2 virus (USA-WA1/2020 strain) was provided by Dr. Melanie Ott and propagated in
Vero E6 cells. HBECs were cultured in the absence or presence of IL-13 (10 ng/ml). Mucus was
allowed to accumulate for 3 d or was removed immediately prior to viral infection by washing the
apical surface with a prewarmed solution of 10 mM dithiothreitol (DTT; Thermo) in PBS for 10
minutes (26) and then washing twice with PBS without DTT. Cells were inoculated by adding

virus to the apical surface. After 2 h, the apical surface was washed with twice with PBS and
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cells were returned to the incubator. Cells were harvested 48 h post-infection for analysis of viral

RNA (by qRT-PCR) and dsRNA-staining (by immunofluorescence).

SPDEF targeting of HBECs

HBECs were subjected to two successive rounds of electroporation with complexes comprising
guide RNAs targeting SPDEF or a non-targeting control sequence and recombinant Cas9 as

previously described (27). Cells were subsequently cultured as described above.

RNA-seq

RNA was isolated from cytokine-stimulated HBECs derived from six individuals and bulk RNA-
seq was performed as previously described (28, 29). We previously reported other analyses
based upon data from unstimulated cells and cells stimulated with individual cytokines [see
Supplement for data availability statement; (28, 29)]; data from cells stimulated with a
combination of IL-13 and IFN-a have not been previously reported. For scRNA-seq, single cell
suspensions were generated from HBECs from four of the donors used for bulk RNA-seq and

analyzed using the 10X Genomics platform.

Analysis of gene expression in asthma and COPD

We correlated measures of type 2 activity from studies of asthma (three gene mean, (28)) and
COPD (type 2 score, (30)) with IL-13-induced SARS-CoV-2-associated genes in HBECs using

Pearson’s correlation coefficient and a linear regression model that adjusted for age and sex.

Results

IL-13 protects HBECs from SARS-CoV-2 infection
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We tested whether IL-13 restricted SARS-CoV-2 infection by pretreating HBECs with IL-13 prior
to inoculation with SARS-CoV-2 and quantifying viral RNA 48 h post-inoculation. Mucus
produced by HBECs was left in place or removed by washing the apical surface immediately
prior to inoculation. In the first experiment using donor 10-75, we found that the presence of
mucus decreased the amount of SARS-CoV-2 RNA detected after infection of unstimulated
cells by 74% compared with cells infected after removal of mucus (Fig. 1A). Pre-stimulation with
IL-13 markedly substantially lowered levels of SARS-CoV-2 RNA detected when HBECs were
infected after removal of mucus (95% reduction), or when mucus was present (97% reduction).
In a second experiment with a different HBEC donor (14-30; Fig. 1B), mucus was more effective
in inhibiting infection (90-97% reduction for three different viral inocula). In cells infected after

removal of mucus, IL-13 pre-stimulation reduced viral RNA by 82-92%.

We also assessed the effects of mucus and IL-13 on double-stranded RNA (dsRNA),
which is produced during SARS-CoV-2 viral replication. dsSRNA was not detected in uninfected
cells but was detected within isolated cells or clusters of cells in unstimulated SARS-CoV-2-
infected cultures. Analysis of cultures inoculated with varying amounts of virus after removal of
mucus revealed a total of 27 dsRNA-stained foci with a mean volume of 6958 pm?3 (Fig. 2). In
contrast, only 3 foci (mean 1246 um3) were seen in paired cultures inoculated without removing
mucus (Fig. E1). In cultures pre-stimulated with IL-13, no foci were observed whether or not
mucus was removed. The observation that relatively small amounts of viral RNA were
detectable in IL-13-stimulated cultures (Fig. 1), but dsRNA staining was not evident under these
conditions (Fig. 2 and Fig. E1) might indicate that dsRNA staining is less sensitive than qRT-
PCR for viral RNA. Alternatively, it is possible that IL-13 completely prevented viral replication,
and that viral RNA detected in IL-13-stimulated cells was residual RNA from the viral inoculum.
Most dsRNA-containing infected cells co-stained for the ciliated cell marker acetylated-a-tubulin,

although dsRNA was occasionally seen in non-ciliated cells that stained for mucins. Since PCR
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analysis of viral RNA indicated that the protective effects of mucus were greater in donor 14-30,
it is noteworthy that mucin expression differed between the two donors. In the absence of IL-13,
cultures from donor 10-75 had MUC5B-containing cells but no detectable MUC5AC-containing
cells (Fig. 2A and Fig. E1B), whereas cultures from donor 14-30 had both MUC5AC- and
MUC5B-containing cells (Fig. 2B and Fig. E1B). IL-13 stimulation increased MUC5AC in cells
from both donors and caused an obvious decrease in MUCSB in donor 10-75; these effects of
IL-13 are consistent with those observed in our previous studies (25) and people with type 2
asthma (19). Based on viral RNA measurements and dsRNA staining, we conclude that both
the presence of a mucus gel and IL-13 stimulation reduced viral infection, and that the effects of

IL-13 were seen even after removal of the mucus layer prior to infection.

IL-13-mediated antiviral effects are independent of SPDEF

SPDEF is induced by IL-13 and encodes a transcription factor that regulates the expression of a
program of genes found in mucus-producing goblet cells including MUC5AC and MUC5B. We
have previously shown that targeting of SPDEF using CRISPR:Cas9 abolished IL-13-induced
MUCB5AC expression and goblet cell differentiation (27). To test whether the antiviral effects of
IL-13 were mediated by goblet cell differentiation, we delivered recombinant Cas9 and gRNAs
targeting either a non-targeting control sequence (NT) or SPDEF to HBECs prior to
differentiation at air-liquid interface. As expected, targeting SPDEF prevented IL-13-induced
increases in MUC5AC mRNA (Fig. 3A), indicating that targeting was highly effective. In cells
that received the NT control gRNA, IL-13 stimulation reduced levels of viral RNA recovered after
infection with SARS-CoV-2 by 99% (Figure 3B), similar to our previous experiments without
CRISPR:Cas9 performed with cells from two other donors (Fig. 1). Viral RNA levels were also
low in IL-13-stimulated cells after SPDEF targeting (94% reduction compared with NT, no IL-13
controls), indicating that SPDEF and MUCS5AC induction are not required for antiviral effects of

IL-13.
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IL-13 effects on SARS-CoV-2-associated gene expression are distinct from IFN-a effects

We compiled a list of 342 SARS-CoV-2-associated host genes comprising 11 genes encoding
proteins implicated in viral entry: ACE2 (31), TMPRSS2 (31), the cathepsins CTSB and CTSL,
FURIN(PCSK3), and the furin-like proteases PCSK1, PCSK2, and PCSK4-7 (32), plus 332
genes encoding host cell proteins shown to interact with high confidence with 26 of the 29
SARS-CoV-2 proteins in HEK293T cells (33). We evaluated the expression of these 342 SARS-
CoV-2 associated genes in a previously reported bulk RNA-seq dataset that we generated using
HBECs from six individuals stimulated with cytokines. In addition to IL-13, we stimulated cells
with IFN-a, which plays a central role in defense against SARS-CoV-2 infection (3, 4) and has
been shown to inhibit SARS-CoV-2 infection of human lung epithelial cells (34), and with IFN-y

(28) and IL-17 (35), each of which have been implicated in subsets of individuals with asthma.

We detected 332 of the 342 SARS-CoV-2-associated genes (97%; = 1 read per million
mapped reads [RPM] in 250% of samples) in differentiated HBECs cultured without cytokine
(Table E2). SARS-CoV-2-associated genes were substantially overrepresented among genes
with high read counts (Fig. 4A). Each cytokine had the expected effects on expression of known
cytokine-responsive genes (Figure 4B). Of the 332 SARS-CoV-2-associated genes detected in
HBECs, IL-13 regulated 41 genes, IFN-a regulated 19 genes, the combination of IL-13 and IFN-
o regulated 63 genes, IFN-y regulated 14 genes, and IL-17 regulated 21 genes (false discovery

rate [FDR] q < 0.05 and absolute fold change = 1.5; Figure 4C; Table E2).

Previous SARS-CoV-2-related studies have focused on the viral entry genes ACE2 and
TMPRSS2. In our dataset, ACE2 was reduced by IL-13 (29% decrease, g = 0.003), consistent
with a prior report (24), was the most highly upregulated interferon stimulated gene (IFN-a.
(451% increase, g = 3 x 1074) or IFN-y (185% increase, q = 9 x 10-2?)), and was less strongly

upregulated following IL-17 stimulation (31% increase, q = 0.02). Analysis of ACE2 splicing
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confirmed prior reports that interferon stimulation increased expression of the decoy isoform
(36), but we found no significant effect of IL-13 on levels of this isoform (mean decoy ACE2
normalized reads: unstimulated, 62; IFN-a-stimulated: 588, IL-13-stimulated, 61). TMPRSS2
was increased by IL-13 (61% increase, g = 7 x 10-%) and IL-17 (22% increase, q = 0.005) but

modestly decreased by IFN-a (17% decrease, q = 0.01) and IFN-y (16% decrease, g = 0.03).

No significant correlation between the effects of IL-13 and IFN-o were observed in total
(Figure E2A). We also examined the effects of co-stimulation with IL-13 and IFN-a. Both IL-13
(R=0.81, p <0.001) and, to a lesser extent, IFN-a. (R = 0.49, p < 0.001) contributed to the gene
expression changes seen in cells stimulated with both cytokines (Figure E2B and C). A strong
correlation (R = 0.95, p < 0.001) was observed between the effect of the co-stimulation with
both cytokines and the sum of the effects of stimulation with IL-13 alone and IFN-a alone,
consistent with additive effects (Figure E2D). IL-13 and IFN-a therefore affect SARS-CoV-2-

associated genes by different and independent mechanisms.

IL-13 affects the expression of some SARS-CoV-2-associated genes in a cell type-

specific manner

We used single cell RNA sequencing (scRNA-seq) to assess cell type-specific expression of
SARS-CoV-2-associated genes in unstimulated HBEC cultures from four individuals (Figure
E3). Of the 332 SARS-CoV-2-associated genes detected in HBECs by bulk RNA-seq, 322
(97%) were detected in at least 10 cells. We detected ACEZ2 in 1.7% of basal cells, 3.1% of
secretory cells, and 1.6% of ciliated cells from unstimulated HBEC cultures. 113 of the 322
SARS-CoV-2 genes detected in our scRNA-seq dataset were differentially expressed between
cell types (FDR g < 0.05; Table E3; selected genes shown in Fig. 5A). We found similar patterns
of epithelial cell subset-specific expression of these SARS-CoV-2 associated genes in a scCRNA-

seq dataset from human bronchial tissue (37) (Figure E4), confirming that our cell culture model
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recapitulated cell type-specific gene expression seen in vivo and that the expression of host cell

proteins that interact with SARS-CoV-2 proteins differs between cell types.

We explored the effect of IL-13 stimulation on SARS-CoV-2 associated gene expression
in each cell type. Whereas many IL-13-regulated SARS-CoV-2 associated genes were affected
similarly in each cell type, some IL-13 effects were cell type-specific, with 11 cases in which IL-
13 had opposite effects (increased in one cell type and decreased in another cell type, FDR g <
0.1 for both; Figure 5B and Table E3). Notably, IL-13 upregulated TMPRSS2 expression in
secretory cells, but decreased expression in ciliated cells. Cell type-specific effects of IL-13

could have implications for the outcome of infection in different airway epithelial subsets.

Type 2 signatures are associated with expression of many IL-13-responsive SARS-CoV-2-

associated genes in individuals with asthma and COPD

The data presented above suggests that preexisting inflammation induced by cytokines in
asthma alters the expression of SARS-CoV-2 associated host genes in the airway epithelium.
We therefore assessed whether IL-13-induced SARS-CoV-2-associated genes identified in
HBECs in culture were altered in asthma using a transcriptomic profiling dataset derived from
endobronchial brush biopsies from individuals with mild to moderate asthma and healthy
individuals (Mechanisms of Asthma STudy [MAST]) (28, 38). We used the three gene metric
(TGM), an established measure of IL-13-induced airway inflammation in individuals with asthma
(18, 19, 39), for this analysis. 24 of 27 SARS-CoV-2-associated genes induced by IL-13 in
HBECs were positively correlated with the TGM (Pearson’s R > 0); in 13 cases this correlation
was statistically significant after adjustment for multiple comparisons (adjusted p < 0.05; Figure
6; Table E4). 16 of 27 IL-13-induced genes were significantly associated with the TGM using a

linear model that included age and sex (adjusted p < 0.05; Table E4).
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A study of former smokers with and without COPD found that subsets of individuals with
COPD also have airway epithelial gene expression changes indicative of type 2 inflammation
(40). We used data from that study, together with the type 2 score (T2S) developed for use with
that dataset, to analyze expression of IL-13-induced SARS-CoV-2 associated genes. 21 of the
26 IL-13-inducible SARS-CoV-2-associated genes induced by IL-13 in HBECs were positively
correlated with the type 2 score (Pearson’s R > 0). In 16 cases this association was statistically
significant (adjusted p < 0.05) and remained so in a model that included age and sex (Figure
E5; Table E4). Taken together, our data indicate that many IL-13-induced SARS-CoV-2-
associated gene changes seen in the HBEC culture model recapitulate alterations seen in

epithelial cells from individuals with asthma or COPD and preexisting type 2 inflammation.

Discussion

Our studies reveal that IL-13 stimulation of HBECs affects expression of many SARS-CoV-2-
associated genes and substantially inhibits SARS-CoV-2 infection of these cells. Genes
encoding most SARS-CoV-2-interacting proteins identified in a previous study of HEK293T cells
were expressed in HBECs. Expression of many SARS-CoV-2-associated genes differed
between basal, ciliated, and secretory cells, potentially affecting how these cell types respond to
SARS-CoV-2 infection. Many IL-13-induced SARS-CoV-2-associated gene expression changes
we detected in culture were also seen in bronchial epithelium obtained directly from individuals
with type 2 high asthma. This provides a plausible mechanism for protection against COVID-19,
although the impact of asthma on COVID-19 risk is still incompletely understood and other
factors may also influence COVID-19 risk in individuals with asthma (13—-16). We also found
significant associations of many IL-13-induced SARS-CoV-2-associated genes with type 2
inflammation in a large group of smokers with and without COPD, suggesting that the effects of
IL-13 on SARS-CoV-2 risk may also be relevant in some individuals without asthma. The effects

of IL-13 on SARS-CoV-2-associated genes were clearly different than the effects of IFN-a,
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suggesting that these two cytokines induce different antiviral mechanisms. Although the antiviral
effects of IL-13 are independent of goblet cell differentiation, we found evidence that another
barrier component, the mucus gel, also provides protection against infection. Taken together,
these studies provide insights into airway epithelial responses that can protect against SARS-
CoV-2 and might influence COVID-19 susceptibility and severity in individuals with asthma or

other airway diseases.

IL-13 had a substantial effect on SARS-CoV-2 infection of HBECs as demonstrated by
measurements of viral RNA and dsRNA following viral inoculation. Prior studies report a variety
of effects of asthma and IL-13 on development of ilinesses caused by other viruses. IL-13 can
increase susceptibility of HBECs to rhinovirus infection by suppressing induction of interferons
(41-43), although another study reported that prolonged pre-treatment with IL-13 of HBECs
reduced rhinovirus infection (24). Mice with acute allergic airway inflammation (44) and people
with pre-existing asthma (45) are reportedly protected from H1N1 influenza. Studies in IL-13-
overexpressing transgenic mice and IL-13-deficient mice showed that IL-13 reduced respiratory
syncytial virus replication and severity of illness (23). While effects of IL-13 on the airway
epithelium are an important contributor to asthma pathogenesis, it is intriguing to speculate that
IL-13 responses may have evolved at least in part to provide protection against viral infections.
The finding that levels of IL-13 and the related type 2 cytokine IL-4 were higher in patients with
moderate COVID-19 compared with severe COVID-19 or healthy controls is also consistent with

an antiviral role for these cytokines (46).

Many mechanisms might account for IL-13-driven inhibition of SARS-CoV-2 infection. A
recent study identified 65 IFN-a-stimulated genes that mediate restriction of SARS-CoV-2
infection (47), illustrating how a single cytokine can activate a large set of antiviral pathways.
We found that gene expression changes induced by IL-13 were quite distinct from those

induced by IFN-a, suggesting that these cytokines activate different antiviral pathways. We

AJRCMB Articlesin Press. Published January 04, 2022 as 10.1165/rcmb.2021-03640C
Copyright © 2022 by the American Thoracic Society



Page 14 of 53

initially hypothesized that the effects of IL-13 were mediated by its effects on mucus, which are
driven by the transcription factor SPDEF; however, minimal SARS-CoV-2 RNA or dsRNA-
staining was observed in IL-13-stimulated HBECs in which SPDEF was targeted using CRISPR-
Cas9 indicating a SPDEF-independent mechanism. We confirmed prior studies (20, 21)
showing that IL-13 induced a decrease in expression of the SARS-CoV-2 receptor ACE2, which
could contribute to decreased infection. However, the reduction in ACE2 expression was
modest compared with the effects of IL-13 on infection, suggesting that other IL-13 effects
should also be considered. As in the previous reports, we found that IL-13 increased expression
of TMPRSS2, a protease that is important for viral entry. However, we found that the IL-13
effects were cell type-dependent: TMPRSS2 expression was increased in secretory cells but
decreased in ciliated cells. Since ciliated cells were the primary cell type infected in our
experiments, it is possible that decreased TMPRSS?2 in ciliated cells contributed to an overall
reduction in infection. We recently reported a trend towards a decrease in the proportion of
ciliated cells following IL-13 stimulation (26) which would compound the ciliated cell-specific
decrease in TMPRSS2 and potentially restrict SARS-CoV-2 infection. Many other host cell
factors influence viral entry, RNA synthesis and translation, and egress, and further studies will

be required to determine which of these contribute to the antiviral effects of IL-13.

Our studies provided clear evidence that the mucus barrier produced by HBECs in cell
culture inhibits SARS-CoV-2 infection. Airway mucus is a complex hydrogel that derives its
characteristic viscoelastic properties from the mucin glycoproteins MUC5B and MUCS5AC (48).
Prior studies establish that mucins play important roles as restriction factors for other viruses,
including influenza (49, 50). We found that SARS-CoV-2 infection was decreased when mucus
gels were left in place at the time of viral inoculation. Differences in mucin staining and levels of
protection were observed between donors suggesting that differences in mucus gels may be

important in SARS-CoV-2 infection. Changes in airway mucus volume, composition, and
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organization are prominent features of many airway diseases, including asthma (48). Our
finding that IL-13 restricts infection in the absence of SPDEF suggests that MUC5AC induction
and goblet cell differentiation does not substantially impact IL-13-induced inhibition of SARS-
CoV-2 infection, however. Further studies are required to investigate what features of airway

mucins and airway mucus gels confer protection to SARS-CoV-2 infection.

Although we focused principally on the effects of IL-13, the other asthma-associated
cytokines that we studied, IFN-a, IFN-y and IL-17, also affected the expression of various
SARS-CoV-2-associated genes in HBECs. ACE2 was the most highly upregulated interferon
stimulated gene in our study. In another recent study, ACE2 expression was associated with a
set of interferon-inducible genes in a subset of patients with type-2 low asthma (51); these
patients exhibited characteristics resembling known risk factors for severe COVID-19,
supporting further relationships between asthma endotypes and SARS-CoV-2 infection. Apart
from ACE2, the interferon-stimulated, SARS-CoV-2-associated genes we identified were
distinct from a set of IFN-a-stimulated genes recently shown to mediate restriction of SARS-
CoV-2 infection (47). This illustrates that effects of cytokines on genes other than the large set
of SARS-CoV-2-associated genes we studied will also be important to study. The most IL-17
inducible gene was PLAT, which encodes tissue plasminogen activator (tPA). Elevated level of
tPA have been reported in hospitalized patients with COVID-19 and are associated with worse
respiratory status and mortality, suggesting pre-existing IL-17-induced inflammation could be
associated with more severe disease (52). Half of the genes modulated by interferon and IL-17
encoded proteins predicted to interact with Orf8 and NSP13, viral proteins predicted to subvert
host vesicle trafficking pathways. NSP13 is also predicted to interfere with type | interferon
production via interactions with TBK1 and TBKBP1. TBK1 is upregulated by IFN-a stimulation in
our bulk RNA-seq dataset and autosomal-dominant deficiencies of TBK1 are associated with

severe COVID-19 (21). Hence, like IL-13, IFN-a, IFN-y and IL-17 alter the balance of host cell
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proteins in the airway epithelium, potentially modifying the outcome of COVID-19 in different
subsets of people with asthma. How changes in the expression of SARS-CoV-2 associated
genes in response to interferons and IL-17 affect SARS-CoV-2 infection, however, requires

further investigation.

Our study has some important limitations. While we focused on a set of SARS-CoV-2-
associated genes that have been defined in previous studies, other IL-13-regulated genes are
also likely to be important for anti-viral effects. Some IL-13-regulated genes we identified in cell
culture were not associated with a type 2 signature in cells from individuals with asthma or
COPD, reflecting the influence of other factors, including other asthma mediators, or differences
in IL-13 responses in cell culture versus in vivo. As individual genes that contribute to inhibition
of viral infection in HBECs are identified, it will be important to specifically examine the
expression of those genes in asthma and COPD. Our HBEC infection studies used only one
strain of SARS-CoV-2 and cells from only three donors, and further experiments with additional
strains and more donors (including donors with asthma), will be required to better understand
the interactions between virus, epithelial cells, and IL-13. Finally, our infection model focuses
solely on the role of epithelial cells, but the effects of IL-13 on other cell types found in the lung

are also deserving of further study.

In conclusion, we found that the central asthma mediator IL-13 has a strong inhibitory
effect on SARS-CoV-2 infection of HBECs. The mechanisms that account for this effect are
independent of SPDEF, but widespread effects of IL-13 on expression of SARS-CoV-2
associated genes that are distinct from those induced by interferons suggest that some of these
mechanisms may be novel. While the use of IL-13 itself as a therapeutic may well be prevented
by the pro-asthmatic effects of this cytokine, identification of IL-13-induced antiviral pathways

could help address the urgent need for development of novel targeted treatments for COVID-19.
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Figure legends

Figure 1. IL-13 stimulation and mucus reduce SARS-CoV-2 virus RNA levels in infected
HBECs. (A) HBECs from donor 10-75 were left unstimulated (-) or stimulated with IL-13 (+),
washed with a DTT-containing solution (Mucus Removed) or left unwashed (Mucus Intact), and
inoculated with SARS-CoV-2 (0.3 plaque forming units [pfu] based on titration in Vero E6 cells).
SARS-CoV-2 mRNA was measured 48 h after infection. (b) In a second experiment, cells from
donor 14-30 were studied using the same protocol, except that three different inocula (0.3, 1.0,
and 1.3 pfu) from another virus preparation were used. Each point represents a separate
Transwell culture (n = 3 per condition except as shown). **, p < 0.01; ***, p < 0.0001 for the
effects of IL-13 by ANOVA with Tukey-Kramer post-tests. For cells not stimulated with IL-13,
viral RNA load was lower in infections performed with mucus intact compared with infections
performed with mucus removed (p < 0.0001 for all viral inocula in both experiments, except for p
= 0.01 for the 0.3 pfu inoculum in the second experiment, by ANOVA with Tukey-Kramer post-
tests). For viral RNA, 1 unit represents the amount of viral RNA present in 1 pfu from the viral

stock, based on titration in Vero E6 cells.

Figure 2. IL-13 stimulation reduces SARS-CoV-2 replication in HBECs. Additional HBEC
cultures derived from cells from donor 10-75 (A) and donor 14-30 (B) were inoculated with virus
after removal of mucus as part of the same experiments shown in Fig. 4. After 48 h, cells were
stained with antibodies against dsRNA (yellow); the ciliated cell marker acetylated alpha tubulin
(Ac-a-tubulin) and DAPI (both imaged in the same channel, purple); MUC5B (red); and
MUCS5AC (cyan). We surveyed the entire sample (16.6 um?) for dsRNA staining and acquired
stacks encompassing each dsRNA-stained focus. Numbers of dsRNA-stained foci and total
volumes of dsRNA staining are shown below representative images for each condition. Scale

bar = 20 yM.
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Figure 3. SPDEF-targeting has little effect on the amount of viral RNA observed in HBECs
pretreated with IL-13. HBEC cultures from donor 19-07 were subjected to two successive
electroporations with gRNAs targeting a non-human, control sequence (NT) or SPDEF (S) and
fully differentiated. HBECs were left unstimulated (-) or stimulated with IL-13 (+), and washed
with a DTT-containing solution prior to inoculation with 1 pfu SARS-CoV-2. RNA was harvested
at 72 h after infection. (A) MUC5AC mRNA was measured to assess SPDEF targeting. *, p <
0.05 compared with unstimulated or IL-13-stimulated SPDEF-targeted cells by ANOVA with
Tukey-Kramer post-tests. (B) SARS-CoV-2 RNA. **, p < 0.01 compared with all other
conditions. Each point represents a separate Transwell culture (n = 2-3 per condition as shown).
For viral RNA, 1 unit represents the amount of viral RNA present in 1 pfu from the viral stock,

based on titration in Vero E6 cells.

Figure 4. SARS-CoV-2-associated genes are highly expressed in HBECs and many are
regulated by cytokines. HBECs from six donors were cultured without cytokine (-), or with IL-
13, IFN-a,, a combination of IL-13 and IFN-a., IFN-y, or IL-17 and analyzed by RNA-seq. (A)
Comparison of read counts between SARS-CoV-2 associated genes, including ACE2 and
TMPRSS2, and all detected genes (21 read per million mapped reads in 250% of samples) in
unstimulated HBECs. (B, C) Heatmap illustrating canonical cytokine-regulated genes (B), and
cytokine regulated SARS-CoV-2-associated genes (C; FDR g < 0.05; absolute fold change = 1.5

for any cytokine).

Figure 5. scRNA-seq reveals cell type-specific expression of many SARS-CoV-2-
associated genes and cell type-specific effects of IL-13. (A) Cell type-specific expression in
unstimulated HBECs. Genes were selected from a set of 113 differentially expressed SARS-
CoV-2-associated genes listed in Table E3. (B) Cell type-specific differences in IL-13
responses. For 11 SARS-CoV-2-associated genes, IL-13 increased expression in at least one

cell type and decreased expression in at least one other cell type (FDR q < 0.1 for both). Gene

AJRCMB Articlesin Press. Published January 04, 2022 as 10.1165/rcmb.2021-03640C
Copyright © 2022 by the American Thoracic Society

Page 28 of 53



Page 29 of 53

expression was determined by aggregating data from all cells from experiments with four
donors. Coloring of each dot indicates expression level relative to other cell types (A) or in IL-
13-stimulated cells compared with unstimulated cells (B). The size of each dot is proportional to
the percentage of cells with at least one read mapped to the gene, and black circles at the
perimeter of each dot indicate that expression levels are significantly different (g < 0.1)
compared to other cell types (A) or in IL-13-stimulated compared to unstimulated cells of the

same type (B).

Figure 6. Expression of many IL-13-regulated SARS-CoV-2-associated genes correlates
with an IL-13 signature in asthma. Correlation of IL-13-induced, SARS-CoV-2 associated
genes with a type 2/IL-13 signature (the three gene metric, TGM) in endobronchial brushing
samples from participants with asthma (red) and healthy controls (cyan). Values for gene
expression represent log, of normalized read counts from bulk RNA-seq. The eight SARS-CoV-
2 genes with the highest Pearson’s correlations (R) are shown and associated P values are
adjusted for multiple comparisons. Correlations for the full set of IL-13-induced SARS-CoV-2-

associated genes are shown in Table E4.
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Figure 2
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Online data supplement

The Type 2 Asthma Mediator IL-13 Inhibits SARS-CoV-2 Infection of Bronchial Epithelium

Luke R. Bonser, Walter L. Eckalbar, Lauren Rodriguez, Jiangshan Shen, Kyung Duk Koh,
Khadija Ghias, Lorna T. Zlock, Stephanie Christenson, Prescott G. Woodruff, Walter E.

Finkbeiner, and David J. Erle
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Supplementary methods

Human bronchial epithelial cell (HBEC) culture

Primary HBECs from 13 individuals were cultured at air-liquid interface (ALI) as previously
described (1, 2). Characteristics of the individuals are given in Table E1; samples were obtained
either from donor organs not used for transplantation or from explanted organs from transplant
recipients. HBECs used were selected from our cell bank without prior knowledge of these
characteristics. HBECs were cultured on 12-mm Transwell inserts (Corning, Corning, NY, USA)
for 3-4 weeks at ALI to obtain a well-differentiated epithelium. For cytokine stimulation, cultures
were stimulated by addition of cytokines (10 ng/ml) to the basolateral medium for the final 24 h
or 7 d of culture: IL-13 (Peprotech, Rocky Hill, NJ, USA), 7 d; IFN-a (R&D Systems, Inc.,
Minneapolis, MN, USA), 24 h; IFN-y (R&D Systems, Inc), 24 h; IL-17 (Peprotech), 7 d. The

UCSF Committee on Human Research approved the use of HBECs for these studies.

SARS-CoV-2 propagation and titration

SARS-CoV-2 virus (USA-WA1/2020 strain) and Vero E6 cells were provided by Dr. Melanie Ott
(Gladstone Institute of Virology). For virus propagation, Vero E6 cells were cultured in
Dulbecco's Modified Eagle Medium (UCSF Media Production) supplemented with 10% fetal
bovine serum (Corning), penicillin/streptomycin (UCSF Media Production), and L-glutamine
(Corning) in a 37° C, 5% CO;incubator. Vero E6 cells were infected with SARS-CoV-2 virus,
incubated supernatant was collected at 72 h. The virus was aliquoted and stored at -80° C. Viral
titer was quantified using a plaque assay in Vero E6 cells. 10-fold dilutions of the virus stock
were added to Vero EG6 cells in a 12-well plate for 1 h, after which an overlay of 1.25% Avicel
RC-591 in DMEM was added. The cells were incubated at 37° C, 5% CO, for 72 h. The cells
were fixed with 10% formalin, stained with crystal violet, and washed with water. The plaques

were counted to determine the titer of the virus stock. All work was done under BSL3 conditions.
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Quantitative real-time PCR (qRT-PCR)

48 h after SARS-CoV-2 infection, RNA was isolated from HBECs with the Zymo RNAEasy Micro
kit. Viral RNA was reverse transcribed using SuperScript Il First-Strand Synthesis System
(ThermoFisher Scientific). cDNA was analyzed by gRT-PCR using PowerUp SYBR Green
(ThermoFisher Scientific), primers specific for SARS-CoV-2 Orf1tb [HKU-ORF1b-nsp14_F:
TGGGGYTTTACRGGTAACCT, HKU-ORF1b-nsp14_R: AACRCGCTTAACAAAGCACTC (3)]
and MUC5AC (F: CAACATCAGGAACAGCTTCGA, R: GAGCACCAGTGCTGAGCAT), and
detected using 7900HT Fast Real-Time PCR System (ThermoFisher Scientific). Serial dilutions
of RNA isolated from a viral stock were used to generate a standard curve. Statistical analysis

was performed using ANOVA with Tukey-Kramer post-test in JMP (SAS Institute, Cary, NC).

Immunofluorescence

48 h after SARS-CoV-2 infection, HBECs were fixed in 4% paraformaldehyde [PFA;
(ThermoFisher Scientific)] for 30 min, washed twice and then stored in PBS at 4° C until stained.
Filters were removed from inserts and then simultaneously blocked and permeabilized using 5%
normal goat serum (Jackson ImmunoResearch Laboratories, Inc, West Grove, PA, USA) and
0.1% Triton X100 in PBS for 30 min at room temperature. Filters were incubated with primary
antibodies against acetylated-a-tubulin (1:150; Santa Cruz Biotechnology, Inc, Dallas, TX,
USA), MUC5B (1:150; Santa Cruz), MUCS5AC (1:200; ThermoFisher Scientific) and dsRNA
(Jena Bioscience, Thuringia, Germany) overnight at 4° C. Filters were than 4,6-diamidinio-2-
phenylindole (DAPI) was used to counterstain nuclei (1:1000). washed in TBST and incubated
with goat secondary antibodies (1:200; Jackson ImmunoResearch Laboratories, Inc) for 2-3 h at
room temperature; as acetylated-a-tubulin is located apically and nuclei basally, goat anti-
mlgG2b-BV421 was used to detect acetylated-a-tubulin in the same channel as the DAPI

staining, despite their overlapping spectra. Filters were washed again and mounted in
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Fluoromount G (SouthernBiotech, Birmingham, AL, USA). 4,6-diamidinio-2-phenylindole (DAPI)
was used to counterstain nuclei (1:1000). Slides were imaged using a Yokagawa CSU22
spinning-disk confocal microscope connected to a Nikon Ti-E and a dry 40x objective at the
Center for Advanced Light Microscopy, UCSF. We surveyed the entire sample (16.6 um?) for
dsRNA staining and acquired stacks comprising 0.6 uM slices spanning the thickness of the
epithelium at each focus of dsRNA staining, and at random locations for inserts lacking any

dsRNA staining.

Image analysis

Images were analyzed using ImageJ2 (4). Nd2 files were read using Bioformats. Stacks were
split into individual channels and thresholded by the Otsu method (5). For composite images,
channels were recombined and converted to rgb images. The volume of dsRNA staining was
determined from the thresholded dsRNA channel using measurements of the dsRNA-stained

areas in all slices from each stack.

Targeting of SPDEF using CRISPR-Cas9

SPDEF-targeting was performed as previously described (6). HBECs were seeded onto 10-cm
dishes coated with human placental collagen (HPC; Sigma-Aldrich, St. Louis, MO) and
propagated in BEGM (Lonza, Walkersville, MD) supplemented with 10 uM Y-27632 [Enzo Life
Sciences, Farmingdale, NY; (7)]. After reaching 80% confluence, HBECs were trypsinized and
prepared for electroporation: 150,000 cells were resuspended in 20 pL of P3 Primary Cell
Nucleofector Solution with Supplement 1 and mixed with gRNA:rCas9 solutions. sgRNA (53.3
MM, 3 pl) targeting either SPDEF (ATGAAGCGGCCATAGCTGTG) or a non-human, control
sequence (non-targeting, NT; GGCCAAACGTGCCCTGACGG) were combined with rCas9 (40
MM, 2 pl) and incubated at room temperature for 10 minutes before electroporation.

Electroporation was performed using the 4D-Nucleofector System (Lonza; program DC-100).
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HBECs were subsequently seeded on HPC-coated 6-well dishes and propagated in BEGM
containing Y-27632. Three days later (~80% confluence), cells were harvested for a second
electroporation performed as described above and seeded on HPC-coated 6.5-mm Transwell
inserts (Corning) and cultured at ALI as described above. Targeting efficiency was assessed by

quantifying MUCS5AC transcript levels.

Bulk RNA-seq

RNA was isolated from cytokine stimulated HBECs and bulk RNA-seq was performed as
previously described (8, 9). We have previously reported other analyses based upon these data
from unstimulated cells and from cells stimulated with individual cytokines (8, 9); data from cells
stimulated with a combination of IL-13 and IFN-a have not been previously reported. All
samples were cultured and analyzed as a part of a single experiment performed with cells

derived from six adult donors whose lungs were not used for transplantation.

ACE2 splicing analysis

Differential transcript analysis was performed by first pseudo mapping reads to the Ensembl
cDNA and ncRNA annotation build v103 using Kallisto [v0.46.1; (10)]. Transcript abundance
estimates were then imported and corrected for transcript length using tximport (v1.14.2) and
input to DESeq2 [v1.26.0; (11, 12)] to identify differentially expressed transcripts between
stimulation conditions. ACE2 decoy transcripts were determined as the sum of reads mapping

to MT505392.1 and ENST00000677282.

scRNA-seq

We used HBECs from 4 of the 6 donors used for bulk RNA-seq for scRNA-seq experiments.
Cells were cultured without cytokine or stimulated with IFN-a, IL-13, IL-17, or the combination of

IFN-a and IL-13. Single cell suspensions were generated by washing the apical surface briefly
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with PBS containing 10 mM dithiothreitol (DTT; ThermoFisher Scientific) and then incubating
with 0.25% trypsin-EDTA. Cells were manually counted using a cytometer and equal numbers
of cells pooled. Each pool included four samples (one from each donor, each representing a
different cytokine stimulation). 10x Genomics scRNA-seq libraries were prepared (13) and
sequenced using lllumina NovaSeq 6000 S4 flow cells. Resulting sequence reads were
processed into a cell-by-gene counts matrix using 10x Genomics Cell Ranger software. Single
nucleotide polymorphisms that were unique to one of the four donors were identified from the
bulk RNA-seq data following the GATK best practices (14) and used to assign each cell to the
appropriate donor using Demuxlet (15). Demultiplexed droplets uniquely assigned to a single
individual were then processed using Seurat (16, 17) with the following filters: nFeature_ RNA
>= 500 & nFeature_RNA < 7500 & nCount_RNA > 1200 & percent.mito < .5 & percent.ribo <
.35. The top 10,000 variable genes were carried forward for normalization, unsupervised
clustering, UMAP visualization, and cell type identification. Normalized data was scaled while
regressing out the 10x Genomics well effect, percent mitochondrial reads, percent ribosomal
reads and the number of unique molecular indexes per cell. The unstimulated cells were then
isolated for clustering and cell type identification. These unstimulated cells then served as the
reference dataset for Seurat’s reference-based multiple dataset integration using SCTransform
with label transfer to use anchor genes from the unstimulated cells to identify cell types from
cytokine stimulated cultures. Cell identities were then returned to the original Seurat object prior
to SCTransform for further investigation. We used Seurat’s FindAllMarkers to identify cell type
marker genes and the MAST statistical framework (18) to identify general and cell-type-specific

cytokine effects.
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Analysis of cell type-specific expression of SARS-CoV-2-associated genes in bronchial

epithelial cells

To determine whether SARS-CoV-2-associated genes that were found to be differentially
expressed in basal, secretory, and ciliated cells from HBEC cultures were also differentially
expressed in freshly isolated cells from human bronchi, we examined a publicly available
collection of transcriptomic profiles derived from bronchial biopsies from the airways of seven
healthy donors (19). The processed scRNA-seq dataset containing metadata and gene counts
information were downloaded as .h5ad files from https://www.covid19cellatlas.org/. We
analyzed these datasets using the same assignment of cell types the original authors used.
Mean gene expression, number of cells in each cell type and fraction of cells expressing the
gene were obtained using the Python module Scanpy. Further analysis and plotting was done

using R v4.1.

Asthma and COPD gene expression analyses

For analyses of gene expression in asthma, we used gene expression data from the
Mechanisms of ASThma Study (MAST) (8). Participants with asthma (n = 19) were required to
have a positive methacholine bronchoprovocation test, and healthy controls (n = 16) were
required to have no history of asthma or allergies. Subjects could not have used steroids in the
6 weeks prior to enroliment. Subjects underwent research bronchoscopy and endobronchial
brushings were analyzed using bulk RNA-seq. We correlated the three gene mean (TGM) in the
both clinical datasets with SARS-CoV-2-associated genes differentially expressed following IL-
13-stimulation using Pearson’s correlation coefficient. To determine whether associations with
the TGM remain after adjustment for age and sex, we used the linear regression model TGM ~

gene expression + age + sex.
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For analyses of gene expression in COPD, we used data from a previous study of 238 current
and former cigarette smokers with and without COPD (20). A small subset of 17 subjects
reported a history of asthma. Subjects underwent research bronchoscopy and endobronchial
brushings were analyzed using DNA microarrays. Analyses of correlations with IL-13-regulated
SARS-CoV-2-associated genes were performed as in the MAST analysis, except that we used
a type 2 score (T2S) previously developed for use with this dataset (21) rather than the TGM as

the index of type 2/IL-13 activity.

Data availability statement

Selected results from the RNA-seq experiments have been used for other purposes in prior
publications. Analyses based on subsets of bulk RNA-seq data from unstimulated cells and cells
stimulated with IFN-a (8) and IL-17 (9) have been published as noted in the Methods, Results
and Supplement. Bulk RNAseq and scRNA-seq analysis of the 332 SARS-CoV-2 associated
genes presented in the current manuscript have not been presented previously and involve all
cytokines tested. None of the figures, tables, or other analyses presented here were included in
other works. Other analyses of the bulk RNA-seq and scRNA-seq datasets not limited to SAR-
CoV-2 associated genes have recently been presented in a preprint

(https://www.biorxiv.org/content/10.1101/2021.10.08.463596v1.full). GEO SuperSeries

GSE185202 includes the single cell (GSE185199) and bulk RNA-seq (GSE185200) data. Code
used to analyze these data can be found at

https://github.com/janeshen91/HBEC cytokine data scripts.
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Table E1: HBEC donor characteristics
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Smoking Bulk scRNA-  Viral
Donor  Origin Sex Age Race Hispanic  Disease Status RNA-seq seq infection
12-43 NA Male 42 White Y No airway disease =~ Non-smoker + + -
13-26 B Male 40 White N No airway disease =~ Non-smoker + + -
13-28 B Male 51 White Y No airway disease =~ Non-smoker + + -
13-33 1B Male 50  White N Asthma Smoker + + -
13-23 T8 Male 59 White N No airway disease ~ Non-smoker + - -
13-24 B Female 67 White Y No airway disease =~ Non-smoker + - -
11-35 B Male 49 White N ILD NA - - -
13-27 B Male 46 White N No airway disease =~ Smoker - - -
13-43 NA Male 14 NA NA ILD NA - - -
14-11 B Female 47 White N ILD NA - - -
18-36 B Female 56 White N ILD NA - - -
10-75 B Male 38 NA N ILD Non-smoker - - +
14-30 B Male 64 White N ILD Smoker - - +
19-07 B NA NA NA NA ILD NA - - +

* NA, not available; TB, tracheobronchial; B, bronchial; Y, yes; N, No; ILD, Interstitial Lung

Disease

Tables E2-E4 are provided as Excel files.

Table E2: Bulk RNA-seq data for SARS-CoV-2-associated gene expression in
unstimulated and cytokine-stimulated HBECs

Table E3: scRNA-seq data for SARS-CoV-2-associated gene expression in unstimulated
and cytokine-stimulated HBECs

Table E4: Associations between IL-13 signatures and expression of IL-13-regulated

SARS-CoV-2-associated genes in asthma and COPD
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Figure E1. Low levels of SARS-CoV-2 replication when mucus is not removed prior to
inoculation HBECs. Additional HBEC cultures derived from cells from donor 1 (A) and donor 2
(B) were inoculated with virus without removal of mucus as part of the same experiments shown
in Fig. 4. After 48 h, cells were stained with antibodies against dsRNA (yellow); the ciliated cell
marker acetylated alpha tubulin (Ac-a-tubulin) and DAPI (both imaged in the same channel,
purple); MUCS5B (red); and MUC5AC (cyan). We surveyed the entire sample (16.6 um?2) for
dsRNA staining and acquired stacks encompassing each dsRNA-stained focus. The numbers of
dsRNA-stained foci and the total volumes of dsRNA staining are shown below representative
images for each condition. See Fig. 5 for comparison of cells inoculated after removal of mucus.
Scale bar = 20 uM.
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Figure E2. Comparison of IL-13 and IFN-o effects on expression of SARS-CoV-2-
associated genes. Figures show effects for all SARS-CoV-2-associated genes that were
affected by IL-13 or IFN-a. stimulation alone or by co-stimulation with IL-13 and IFN-a (absolute
fold difference > 1.5, FDR q < 0.05). (A) Comparison of the effects of IL-13 and IFN-a. (B)
Comparison of the effects of co-stimulation with IL-13 and IFN-a with IL-13 alone. (C)
Comparison of the effects of co- stimulation with IL-13 and IFN-a with IFN-o alone. (D)
Comparison of the effects of co-stimulation with IL-13 and IFN-a with the sum of the effects of
stimulation with each individual cytokine. R, Pearson’s correlation coefficient.

AJRCMB Articlesin Press. Published January 04, 2022 as 10.1165/rcmb.2021-03640C
Copyright © 2022 by the American Thoracic Society



Page 47 of 53

o
oA
N
o
<
=
)
—54
©® Proliferating Basal
® Basal
® Intermediate
® Secretory
©® Preciliated
_104 ® Ciliated
5 0 5 10

UMAP_1

B CENPF-
TOP2A-
MKI67 -
ASPM-
COL17A1-
BCAM-
S100A2-
IGFBP6-
KRT13-
SERPINB13-
SPRR1B-
CLCA4-
BPIFA1-
SCGB3AT-
KRT7-
CEACAM6-
DNAAF1-
DNAH7-
TUBB4B-
ERICH3-

[ ]

S,
8"*@,0
v

&7

"
Yy | ® @0 0@

Figure E3. Identification of cell types from scRNA-seq data. (A) Uniform Manifold
Approximation and Projection (UMAP) plot showing cell clustering and cell type assignments.
(B) Expression of marker genes in the five major subsets.
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Figure E4. Cell type-specific expression of SARS-CoV-2-associated genes in freshly
isolated cells from human bronchi. Genes were selected from those identified as cell type-
specific in the analysis of cultured HBECs. scRNA-seq data are from reference (19).
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Figure E5. Expression of many IL-13-regulated SARS-CoV-2-associated genes correlates
with an IL-13 signature in chronic obstructive pulmonary disease (COPD). Correlation of
IL-13-induced, SARS-CoV-2 associated genes with a type 2/IL-13 signature (type 2 score, T2S)
in endobronchial brushing samples from participants with asthma (red), COPD (blue), both
asthma and COPD (green) or neither (purple). Values for gene expression represent log2 of
normalized read counts from bulk RNA-seq. The eight SARS-CoV-2 genes with the highest
Pearson’s correlations (R) are shown and associated P values are adjusted for multiple
comparisons. Correlations for the full set of IL-13-induced SARS-CoV-2-associated genes are
shown in Table E4.
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