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Abstract: Lung manifestations of chronic obstructive pulmonary disease (COPD) are often
exacerbated by influenza A virus infections; however, the underlying mechanisms remain
largely unknown, and hence therapeutic options are limited. Using a physiologically
relevant human lung airway-on-a-chip (Airway Chip) microfluidic culture model lined
with human airway epithelium from COPD or healthy donors interfaced with pulmonary
microvascular endothelium, we observed that Airway Chips lined with COPD epithelium
exhibit an increased sensitivity to influenza virus infection, as is observed clinically in
COPD patients. Differentiated COPD airway epithelial cells display increased inflammatory
cytokine production, barrier function loss, and mucus accumulation upon virus infection.
Transcriptomic analysis revealed gene expression profiles characterized by upregulation of
serine proteases that may facilitate viral entry and downregulation of interferon-related
genes associated with antiviral immune responses. Importantly, treatment of influenza
virus-infected COPD epithelium with a protease inhibitor, nafamostat, ameliorated the
disease phenotype, as evidenced by dampened viral replication, reduced mucus accumu-
lation, and improved tissue barrier integrity. These findings suggest that targeting host
serine proteases may represent a promising therapeutic avenue against influenza-afflicted
COPD exacerbations.

Keywords: Human Organ Chips; airway-on-a-chip; COPD; influenza; antiviral innate
immunity; serine protease

1. Introduction
Chronic obstructive pulmonary disease (COPD) is a common disease with high global

morbidity and mortality, and according to a 2023 study, COPD affects approximately 10.3%
of the global population aged 30–79 years [1]. COPD is characterized by an enhanced
inflammatory response of the lung airway epithelium to inhaled gases and particles, par-
ticularly cigarette smoke, which leads to gradual airflow limitation and decline in lung
function [2]. However, fewer than 50% of smokers develop COPD, suggesting that host

Int. J. Mol. Sci. 2025, 26, 2549 https://doi.org/10.3390/ijms26062549

https://doi.org/10.3390/ijms26062549
https://doi.org/10.3390/ijms26062549
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-3034-5523
https://orcid.org/0000-0002-0280-5801
https://orcid.org/0000-0003-1017-6440
https://orcid.org/0000-0001-5670-6166
https://orcid.org/0000-0002-4319-6520
https://doi.org/10.3390/ijms26062549
https://www.mdpi.com/article/10.3390/ijms26062549?type=check_update&version=1


Int. J. Mol. Sci. 2025, 26, 2549 2 of 18

factors may also contribute to disease pathogenesis [3]. Patients with COPD usually expe-
rience long-term progressive damage to their lungs but also frequently experience acute
episodes of worsening of disease symptoms, known as exacerbations [4]. Approximately
37% to 71% of patients with COPD experience at least one exacerbation annually [5]. Respi-
ratory viral infections, such as those caused by rhinovirus (13.1%), coronavirus (5.1%), and
influenza virus (3.6%), are common triggers for exacerbation and contribute significantly to
hospitalizations [6,7].

Despite such high prevalence, the underlying mechanisms that contribute to the
enhanced susceptibility to viral infection in COPD patients remain poorly elucidated. Res-
piratory viruses, such as influenza A viruses (IAVs), preferentially target airway epithelial
cells, leading to epithelial cell sloughing, microvascular dilatation, lung edema, immune cell
recruitment, and associated inflammatory responses, which further impairs lung function
in COPD patients [8]. Due to this hyper-reactive response to infection, common antiviral
drugs that are effective in healthy patients, such as oseltamivir, are not clinically useful
in the management of influenza in COPD [9]. Annual vaccinations are currently the only
recommended strategy for the care of COPD patients, but these recommendations are based
largely on observational studies (i.e., not randomized controlled trials), and the efficacy of
influenza vaccines is relatively low due to rapid mutation of the viral genome [10]. Thus,
there is an urgent need to better understand the molecular basis of COPD exacerbations
by viral infection as well as for new therapeutics that can mitigate infection and attenuate
acute deterioration of lung function in these patients.

Here, we describe how we found that a human lung airway-on-a-chip (Airway Chip)
microfluidic culture model that has been previously shown to faithfully recapitulate lung
pathophysiology [11] also replicates the enhanced sensitivity of the COPD lung airway to
IAV infection compared to healthy lung. We extended these findings to more donors using
higher-throughput Transwell cultures and analyzed viral load, cytokine secretion, and
transcriptomic profiles in airway epithelial cells to explore potential mechanisms that result
in increased susceptibility to influenza infection in COPD patients. These studies revealed
an increase in the expression of genes that encode serine proteases that activate viral entry
and a decrease in interferon (IFN)-related genes involved in host antiviral innate immunity.
Moreover, we demonstrate that virus-induced COPD exacerbations can be suppressed
in vitro by using a protease inhibitor drug that targets the host rather than the virus.

2. Results
2.1. Human COPD Lung Airway Chips Are More Sensitive to Influenza Virus Infection

COPD patients are known to be particularly susceptible to respiratory viral infections;
however, whether this is due to a direct sensitivity of the airway epithelium or an abnormal
immune or inflammatory response remains unknown. To directly address this question, we
leveraged a human lung Airway Chip that has been previously shown to replicate many
human host responses to virus infection in vitro [11]. The Airway Chip is an optically
clear silicone rubber device that contains two parallel microchannels separated by an
extracellular matrix (ECM)-coated porous membrane lined on one side by primary human
lung airway epithelial cells cultured under an air–liquid interface (ALI) and on the other
side by human pulmonary microvascular endothelial cells (HPMVECs) grown in the
presence of continuous medium flow to mimic vascular perfusion (Figure 1A). This 3D
multi-tissue model faithfully reproduces many structural and functional features of the
human upper airway, including differentiation of all cell lineages in normal proportions,
mucociliary movement, and tissue barrier integrity, and thus allows the investigation
of various facets of viral infection of the upper airway, including viral tropism, host
cytokine production, immune cell responses, drug efficacy, and the viral evolution of drug
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resistance [11,12]. When populated with lung cells from diseased patients, the Airway Chip
also enables faithful disease modeling, as recently demonstrated for cystic fibrosis [13].
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Here, we adopted a similar strategy to examine the direct responses of healthy versus 
COPD lung airway epithelium to IAV infection. When inoculated with influenza 
A/WSN/33 (H1N1) or HK/68 (H3N2) strains of IAV, the COPD Airway Chip exhibited 
more rapid viral replication and peak viral loads that were more than 10-fold higher than 

Figure 1. Increased influenza virus replication in COPD Airway Chips. (A) Schematic illustration
of a human Airway Chip. The human Airway Chip is a two-channel microfluidic device with an
air channel and a blood channel. Human primary airway cells cultured at an air–liquid interface
line the air channel; human pulmonary endothelial cells line the blood channel. To replicate the
airborne route of transmission, influenza virus is introduced into the air channel. (B) Viral titers
for influenza A/WSN/33 (H1N1) and influenza A/Hong Kong/8/68/ (H3N2) virus replication in
a 3-day time course in the human lung Airway Chip. Data shown are mean values ± standard
deviation of N = 3 independent chips established from 2 donors for each group. Statistics indicate
comparisons between normal and COPD chips at the same timepoint after infection. Welch’s t-test
was used to compare statical difference between normal and COPD. *, p < 0.05.

Here, we adopted a similar strategy to examine the direct responses of healthy versus
COPD lung airway epithelium to IAV infection. When inoculated with influenza A/WSN/33
(H1N1) or HK/68 (H3N2) strains of IAV, the COPD Airway Chip exhibited more rapid viral
replication and peak viral loads that were more than 10-fold higher than those observed in
healthy chips (Figure 1B). This is consistent with the clinical observation that patients with
COPD often experience longer days of sickness and more severe symptoms [14].
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2.2. Increased Influenza Virus Replication and Inflammation in COPD Airway Epithelium

To carry out similar studies in a higher-throughput manner in order to extend our
findings to more donors, we cultured human airway basal stem cells isolated from four
healthy donors and four COPD donors (Table 1) under the air–liquid interface (ALI) on
the top surface of the porous membrane in 24-well Transwell inserts for 3 weeks. Under
these conditions, the epithelium generates a pseudostratified layer of cells that includes
all major cell types in the human airway, including basal cells, ciliated cells, goblet cells,
and club cells [15,16]. We also seeded human microvascular endothelial cells on the bottom
surface of the same membrane 2 days before infection with A/WSN/33 (H1N1) virus
for 18 h. Similar to our results with the Airway Chip, these studies suggested that H1N1
infection generates a higher viral load in COPD airway epithelium compared to healthy
tissue, as determined by qPCR analysis; however, there was greater variability in this study
involving four different donors, and thus the results did not reach statistical significance
(Figure 2A). The variation observed between donors highlights the heterogeneity of COPD
but may also reflect different disease stages of these patients.

Table 1. Demographics of airway basal cells from healthy donors or COPD patients.

Donor Number Age Sex Race

COPD 18TL103224 46–50 Female Caucasian

COPD 18TL179343 66–70 Male Caucasian

COPD 430905 66–70 Male Caucasian

COPD 436083 56–60 Male Caucasian

COPD 440551 61–65 Male Black

Healthy 655308 56–60 Male Black

Healthy 626776 16–20 Female Black

Healthy 623950 56–60 Male Black

Healthy 672447 71–75 Female Caucasian

COPD is characterized by chronic airway inflammation, which is accompanied by in-
creased secretion of pro- and anti-inflammatory cytokines and chemokines [17]. Consistent
with this, we detected significantly (p < 0.001) higher levels of IL-6 and IL-37 under basal
conditions in the COPD cultures, as well as following infection with influenza H1N1 or
even when treated with the pro-inflammatory viral double-stranded RNA analog poly(I:C)
(Figure 2B), whereas no significant differences were observed for IL-8, RANTES, or MCP-1
(Figure S1). Meanwhile, the difference between average IP-10 values was not statistically
significant due to high variability in levels between donors (Figure 2B). Pearson correlation
analysis between viral load and cytokine concentrations revealed significant positive corre-
lations for IP-10 as well as IL-6 (Figure 2C), suggesting that these cytokines may contribute
to the hyperinflammatory state observed in acute exacerbation of COPD during IAV in-
fection. The level of IL-37 correlates with viral load in healthy controls but not in COPD.
Taken together, these findings demonstrate that COPD airway epithelium is hyper-reactive
to IAV infection in terms of inflammatory cytokine production and that this correlates with
the increased viral load that is observed in these cells compared to healthy controls.
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Figure 2. Increased viral infection and cytokine production in the COPD airway epithelium. (A) Relative
influenza viral load from the apical washes of the Transwell at 18 h post-infection. Mann–Whitney
test. (B) Protein levels of IL-6, IP-10, and IL-37 measured in the basal medium. Each color in the dot
plot represents a different donor, and the same color represents the same donor but different biological
replicates. ANOVA and Šidák multiple comparisons test. Exact p values are shown. (C) Pearson
correlations between relative viral load and cytokine concentrations.

2.3. COPD Airway Epithelium Has an Intrinsic Enhanced Susceptibility to Influenza Virus Entry

We next explored the potential mechanism of increased viral infection in COPD air-
way epithelium. Successful entry of IAV into host cells requires the cleavage of influenza
hemagglutinin (HA) by host proteases that are expressed in the human airway, includ-
ing transmembrane serine protease 2 (TMPRSS2) and transmembrane serine protease 4
(TMPRSS4) [18]. In contrast, plasminogen activator inhibitor 1 (SERPINE1) antagonizes
IAV virus maturation by inhibiting the activity of these proteases [19]. We found that the
COPD epithelial cells express significantly higher levels of TMPRSS4 and lower levels of
SERPINE1 compared to healthy epithelium (Figure 3A). We did not detect any difference
in the expression of TMPRSS2, although cathepsin B (CTSB) expression was also higher
in the COPD cells (Figure S2). Therefore, COPD airway epithelium may have an intrinsic
enhanced susceptibility to IAV entry.
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We have previously demonstrated that the serine protease inhibitor and an anticoag-
ulant drug, nafamostat, can inhibit IAV infection in healthy lung Airway Chips, and that 
it can double the therapeutic time window of the antiviral drug oseltamivir when given 
in combination [11]. Given that therapeutic strategies for COPD exacerbation by IAV in-
fection are limited, we explored whether nafamostat also can suppress viral infection and 

Figure 3. Nafamostat as a potential treatment for influenza infection in COPD. (A) mRNA levels
of influenza-activating host protease TMPRSS4 and anti-protease SERPINE1. Mann–Whitney test.
(B) Relative viral load in apical washes of cells treated with 1 µM or 10 µM Nafamostat at 24 h before
infection with H1N1 influenza virus at MOI = 0.01. One-way ANOVA with Tukey test for multiple
comparison. **, p < 0.01; ***, p < 0.001. (C,D) Immunofluorescence micrographs showing preservation
of ZO1-containing tight junctions (C) or attenuation of influenza-induced mucus production (D) in
COPD airway epithelium infected with H1N1 (MOI = 0.01) at 48 h post-infection by treatment with
nafamostat (1 µM) or oseltamivir (OSV) (1 µM). Scale bar, 50 µm.

2.4. Host Serine Protease Inhibition Suppresses Virus Infection and Mucus Production

We have previously demonstrated that the serine protease inhibitor and an antico-
agulant drug, nafamostat, can inhibit IAV infection in healthy lung Airway Chips, and
that it can double the therapeutic time window of the antiviral drug oseltamivir when
given in combination [11]. Given that therapeutic strategies for COPD exacerbation by IAV
infection are limited, we explored whether nafamostat also can suppress viral infection
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and tissue injury in COPD epithelium. We found that nafamostat significantly reduces
viral loads when administered 24 h prior to infection at both 1 µM and 10 µM, and similar
results were obtained with cells from two different COPD donors (Figure 3B). Moreover,
treatment with nafamostat at 1 µM also prevented the epithelial barrier disruption (removal
of epithelial ZO-1-containing tight junctions) that occurs following virus infection, and
this protective effect of inhibiting host proteases was similar to that induced by treatment
with the direct-acting antiviral drug oseltamivir, as indicated by immunofluorescence
microscopy (Figure 3C). Influenza virus infection also results in increased production of
airway mucus in the COPD epithelial cells, and this was totally prevented by nafamostat
as well, but interestingly not by oseltamivir (Figure 3D). Thus, our results demonstrate that
an imbalanced expression of host proteases and antiproteases may contribute to increased
influenza virus infection and associated structural changes in the COPD airway, and that
nafamostat or other serine protease inhibitors might offer a potential treatment for influenza
virus infection-induced exacerbations in COPD patients.

2.5. Attenuated Antiviral Innate Immunity in COPD Epithelium

As changes in proteases are only one component of the host defense response to
infection, we performed RNA-seq analysis of the differentiated healthy versus COPD
airway epithelium grown in transwell inserts without viral infection (Figure 4A). Examina-
tion of cell marker genes showed that COPD airway epithelium expressed higher levels
of the basal cell marker keratin 5 (KRT5) (Figure 4B), consistent with previous findings
demonstrating exhaustion of airway basal progenitor cells [20] and increased numbers of
basal cells epigenetically committed to forming distinct metaplastic lesions in the lungs
of COPD patients [21]. In contrast to previous results, we found increased expression of
biomarker genes for club cells (Secretoglobin Family 1A Member 1, CC10; SCGB1), ciliated
cells (Forkhead Box J1; FOXJ1), and pulmonary neuroendocrine cells (tubulin beta 3 class III;
TUBB3) in COPD airway epithelium, while no differences were observed for the mucus cell
marker MUC5B at the mRNA level (Figure 4B). A volcano plot (Figure 4C), generated from
RNA-seq data, revealed that there are more genes downregulated than genes upregulated
(1703 vs. 134) in COPD epithelium compared to healthy, which corroborates recent evidence
indicating that COPD is associated with DNA hyper-methylation and epigenetic silencing
of transcription [22]. However, it is important to note that the fold-changes observed in
individual graphs are based on RNA-seq quantification values, and further validation
of these genes using independent assays, such as qPCR, may be needed to confirm their
differential expression and functional relevance in COPD pathogenesis.

Gene Ontology (GO) enrichment analysis revealed that upregulated genes belong
to anatomical structure development and peptide cross-linking, while downregulated
genes belong to pathways previously known to be dysregulated in COPD [14], includ-
ing DNA repair, cell adhesion, cilia movement, and innate immune response (Figure 4D
and Table S1). Finally, we examined the expression of several known genes found to be
associated with COPD based on GWAS studies [23], including HHIP (Hedgehog Interacting
Protein), FAM13A (Family With Sequence Similarity 13 Member A), ROBO2 (Roundabout
Guidance Receptor 2), and ANKRD18A (Ankyrin Repeat Domain 18A). We found these
genes to be significantly decreased in the COPD airway epithelium (Figure 4E), while other
genes including EGR1 (Early Growth Response 1) and SPRR3 (Small Proline Rich Protein 3)
were increased. In addition to these known marker genes, we also observed several previ-
ously unreported genes that were upregulated, including S100A7 (S100 Calcium Binding
Protein A7), SERPINA6 (Serpin Family A Member 6), and CA2 (Carbonic Anhydrase 2)
(Figure 4E), which may serve as potential molecular markers for COPD. These results
demonstrate that isolated airway basal cells from both healthy donors and COPD patients
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can differentiate into mature cell types, and the reconstituted diseased epithelium exhibits
dysregulation of biological pathways specific to the COPD etiology.
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Figure 4. RNA-seq analysis identifies differentially expressed genes in COPD under sterile conditions.
(A) Diagram illustrating reconstituted human bronchial airway epithelium for RNA-seq analysis. (B) Box
plots showing mRNA levels of major cell marker genes in the airway epithelium. Wilcoxon signed-rank
test. TPM, transcripts per million. (C) Volcano plots showing differentially expressed genes in COPD
vs. healthy; p value threshold = 0.01; fold change threshold = 2. (D) Gene Ontology (GO) enrichment
of biological pathways that are upregulated (up) or downregulated (down) in COPD. (E) Box plots
showing the mRNA expression of genes previously shown to be involved in COPD from RNA-seq or
GWAS study or (B) new genes from this study. Wilcoxon signed-rank test. It is noted that the mRNA
levels were analyzed using RNA-seq quantification values, which may need further qPCR validations.

We next expanded the RNA-seq analysis to conditions where cells were infected with
influenza H1N1 virus or treated with poly(I:C). Principle component analysis (PCA) revealed
that donor differences contribute to the biggest sample variances (Figure S3), consistent with
the heterogenous responses to infection we observed (Figure 2A). Differential gene expression
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analysis showed that H1N1 virus infection resulted in significant upregulation of many genes
in both groups (Figure 5A,B), but the expression of many more genes was enhanced in the
healthy cells compared to the COPD group (90 vs. 52). GO enrichment analysis showed
that most of these genes belong to antiviral defense and type I/III interferon (IFN) responses
(e.g., STAT1, ISG15, DDX58, MX1) (Figure 5C). This response to viral infection makes sense
given that innate immune responses mediated by type I and III IFNs constitute the first line of
host protection against various pathogens, including IAV [24].
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(B) Volcano plot showing DEGs in H1N1-infected (MOI = 0.1) group vs. control in the COPD donors.
(C) Dot plots showing gene ontology enrichment of biological pathways that have upregulated genes
in (A,B). (D) Scatter plot showing gene expression fold changes in ISGs by influenza infection in COPD
vs. NHB. (E) Volcano plot showing DEGs in the poly(I:C)-treated (10 pmol/mL) group vs. control in
the healthy donors. (F) Volcano plot showing DEGs in the poly(I:C)-treated (10 pmol/mL) group
vs. control in the COPD donors.

These findings raised the possibility that the observed hypersensitivity to IAV infection
in COPD airway epithelium could be in part due to an impairment of this antiviral IFN I/III
response. Indeed, when we compared the expression of these genes in response to influenza
H1N1 infection in healthy versus COPD epithelium, the IFN-stimulated genes (ISGs) were
suppressed in COPD cells compared to healthy airway epithelium (Figure 5D). This is further
supported by the finding that treatment with a low concentration (10 pmol/mL) of the viral
mimic Poly(I:C) resulted in upregulation of many genes involved in innate immune defense
in the healthy epithelium, but not in the COPD cells (Figure 5E,F). Finally, we performed
a Pearson correlation analysis of viral titers and mRNA expression of six different ISGs.
In healthy airway epithelium, IAV infection resulted in robust stimulation of all the ISGs
examined, whereas there was a much weaker induction in COPD epithelium (Figure 6). Taken
together, these results indicate that the COPD epithelium exhibits an impaired antiviral innate
immune response, which may contribute to unchecked replication of IAV as well as increased
inflammation, mucus production, and tissue injury in the airway.
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3. Discussion
In this study, we sought to gain greater insight into the molecular basis of viral

infection-induced exacerbation of COPD in the human lung airway by studying this process
in vitro. Using two different organotypic human lung airway culture models (Organ Chip
and Transwell), we show that the human COPD epithelium is hyper-susceptible to IAV
virus infection and hyper-reactive in terms of inflammation, mucus production, and cell
injury responses. These findings are consistent with observations from 2D cultures of
primary bronchial epithelial cells infected with the H1N1 or H3N2 strain of IAV [25], as well
as from a rhinovirus infection model of the human airway [26] and for SARS-CoV-2 [27],
indicating a general increase in susceptibility to respiratory viral infections in COPD
patients. Deficient innate antiviral immunity has been proposed to be a major contributor
to increased susceptibility to viral infection in COPD patients [9], and our transcriptomic
analyses of epithelium infected with influenza H1N1 virus or treated with pro-inflammatory
poly(I:C) support this concept. Moreover, similar findings were found in a recent study in
which COPD airway epithelium was infected with rhinovirus-A1 [26]. Moving forward,
it will be important to explore whether the impairment in host innate antiviral immunity
results from epigenetic alterations from cigarette smoking, as this has been shown to
suppress the production of type I IFN and ISGs [9]. Thus, pulmonary administration of
recombinant interferon or interferon-inducing reagents may serve as a viable treatment for
influenza infection in COPD patients.

However, our study goes further and suggests that the increased susceptibility of
COPD epithelial cells to virus infection may also be due to an imbalance between virus-
entry-enhancing serine proteases (e.g., TMPRSS4 and CTSB) and inhibitory antiproteases,
such as SERPINE1, which is consistent with our previous results that cigarette smoke in
COPD chips upregulates the expression of host proteases TMPRSS11E and TMPRSS11F [28].
Notably, RNA-seq of epithelial brushings and bronchial biopsies from COPD patients also
revealed elevations in host proteases, which have been postulated to contribute to enhanced
infection with SARS-CoV-2 [29]. Importantly, based on this observation, we showed that
a serine protease inhibitor drug currently used as an anticoagulant, nafamostat, could
potentially be repurposed as a treatment for influenza virus infections in COPD patients.
We previously showed that nafamostat can synergize with the first-line antiviral drug for
influenza, oseltamivir, and that it does not induce drug resistance because it targets the host
rather than the virus [12]. Therefore, nafamostat or other serine protease inhibitors may
represent novel treatment options for acute exacerbation of COPD due to viral infection.
It is worth mentioning that the detailed regulatory mechanisms of nafamostat’s antiviral
effects in COPD airways remain to be fully elucidated, and might involve reduced viral
infectivity, increased cell viability, and dampened inflammatory responses, as reported by
us and others in healthy airways [30,31].

Genetic factors are important determinants of COPD, in addition to aging, history
of smoking, and other environmental hazard exposure. GWAS-based analysis remains
the major way to understand COPD genetics, and it has led to the identification of many
COPD-associated gene loci [23]. However, the reproducibility of different studies is low
and much of the estimated heritability for COPD remains unexplained. On the other hand,
transcriptomic profiling using microarrays or RNA-seq has found little overlap among
COPD candidate genes identified in different studies, most likely because the cellular
composition of tissues analyzed and the diversity of COPD diseases stages are likely the
largest drivers of sample variability [32].

In this study, we used well-defined in vitro culture systems to regenerate differentiated
human airway epithelium using patient-derived primary basal cells. Our results show that
COPD basal cells can differentiate into mature cell types (e.g., goblet cells and ciliated cells)
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in vitro. The expression of the basal cell marker KRT5 is increased in COPD, consistent
with the recent finding from an in vitro colony-forming assay, which indicates that COPD
progenitor cells produce an epithelium with increased basal cells [20]. However, in contrast
to this past study, we did not observe increased goblet cells or decreased ciliated cells under
baseline culture conditions. This discrepancy may be due to the heterogeneity of donors
(such as age, sex, and ethnicity) or the differentiation approach we used, as recent evidence
from single-cell RNA-seq suggests that human basal cells cultured using a colony-forming
assay possess higher colony frequency potential and have altered gene expression compared
with primary basal cells [33]. Additionally, we found that IAV appears to replicate more
efficiently in the human Airway Chip and result in higher levels of cytokine production than
in the static Transwell model [34]. This might be due to enhanced epithelial–endothelial
crosstalk on the chip, or increased ciliated cell differentiation, as indicated by a recent
study [34]. Future investigation is needed to determine the underlying mechanisms.

Our transcriptional analysis suggests that most genes that are differentially expressed
in COPD versus healthy epithelium are downregulated, which is consistent with the results
from profiling COPD-associated genes in the nasal epithelium [35]. Most of the downregu-
lated genes relate to pathways that are implicated in COPD pathogenesis, such as DNA
repair, cell adhesion, cilia movement, and innate immune response [36]. Importantly, major
COPD-associated genes that were previously identified from a GWAS study also show
altered expression in our analysis. These include HHIP (Hedgehog Interacting Protein), a
gene that has been consistently associated with COPD [23] and whose haploinsufficiency
predisposes mice to develop age-related emphysema [37]. Our data also indicate that the
expression of FAM13A is lower in the airway epithelium of COPD patients compared
with healthy controls, which contradicts results from a murine model of cigarette smoke-
induced COPD [38]; importantly, however, it is consistent with a recent finding from human
patients [39]. Moreover, SERPINA6 (Serpin Family A Member 6, an antitrypsin), whose
variant is associated with COPD, also showed increased expression in our study. This gene
could serve as a potential novel marker for COPD, and its functional relevance in lung
function and COPD pathogenesis warrant further investigation. In addition to increased
production of the well-characterized cytokine IL-6, we also detected increased levels of
anti-inflammatory IL-37 in COPD epithelium under baseline (non-infected) conditions.
Increased expression of this inflammasome inhibitory molecule has also been demonstrated
in bronchial alveolar lavage from COPD patients, highlighting its potential as a novel
therapeutic target for the treatment of respiratory disorders [40,41].

Despite our novel findings, our work has several limitations. First, although we
studied multiple donors, the total number (four donors) is still small. Given the highly
heterogeneous nature of COPD, future research is required to include more donors of
varying ages, sexes, and ethnic origins. Another limitation is that because we obtained our
primary cells from commercial sources, we lack background information for these donors
(e.g., smoking history and work environment), including their Global Initiative for Chronic
Obstructive Lung Disease (GOLD) grading stage [42]. Finally, we employed a human
airway model and used lung cells from the bronchial airway, but COPD is a complex lung
disease that is associated with abnormal lung injury, repair, and inflammation in other
parts of the lung, including the alveolus [43]. Pulmonary macrophages can also influence
the viral infection responses in these human lung models [44]. Future research will be
required to examine whether impaired innate immunity also occurs in human alveoli
and the regulatory role of pulmonary macrophages. Nonetheless, our study establishes a
paradigm for studying COPD exacerbations induced by IAV infection in vitro and shows
that host serine proteases and host innate immunity may be a potential target for therapeutic
intervention in patients with COPD exacerbations caused by viral infection.
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4. Methods and Materials
4.1. Human Airway Transwell Culture

Primary human lung bronchial airway epithelial basal cells (Lonza, Basel, Switzer-
land, cat. no. CC2540; obtained from healthy donors 655308, 623950, 672447, and 626776)
were expanded in 75-cm2 tissue culture flasks using airway epithelial cell growth medium
(Promocell, Heidelberg, Germany) to 60–70% confluency. Primary diseased human lung
bronchial-airway epithelial basal cells (Lonza, cat. no. 00195275; obtained from donors
18TL343179, 18TL103224, 436083, 440551, and 430905) were expanded in 75-cm2 tissue
culture flasks using airway epithelial cell growth medium (Promocell) to 60–70% confluency.
Primary human pulmonary microvascular endothelial cells (Cell Biologics, Chicago, IL,
USA) were expanded in 75-cm2 tissue culture flasks using human endothelial cell growth
medium (Cell Biologics) to 70–80% confluency. To create human airway Transwells, 6.5 mm
Transwells with 0.4 µm pores (Sigma-Aldrich, St. Louis, MO, USA) were coated with
collagen type IV from human placenta (0.5 mg mL−1 in water; Sigma-Aldrich) at room tem-
perature overnight. The solution was aspirated from the Transwell, which was then used
for seeding cells. Lung bronchial airway epithelial basal cells (1.0 × 105 cells mL−1) were
first seeded in the apical chamber of the Transwell in airway epithelial growth medium
(Promocell) and incubated at 37 ◦C with 5% CO2 until 100% confluent. The adherent
cells were maintained using airway epithelial growth medium (Promocell). Once conflu-
ent, the apical medium was removed, and the basal chamber received PneumaCult-ALI
medium (StemCell, Vancouver, BC, Canada) to establish ALI. The airway epithelial cells
were cultured for 3–4 additional weeks at 37 ◦C with 5% CO2, and the apical surface
of the epithelium was washed with PBS once a week to remove mucus and cellular de-
bris. Prior to infection experiment, human pulmonary microvascular endothelial cells
(1.5 × 106 cells mL−1) were seeded on the basal side of the membrane and incubated for
2 h at 37 ◦C with 5% CO2. The Transwells were then returned to ALI using PneumaCult-ALI
media (StemCell) supplemented with 0.1% VEGF, 0.01% EGF, and 1 mM CaCl2.

4.2. Human Airway Chip Culture

The human Airway Chip culture and infection with influenza virus was recently
described [11]. Briefly, chips were activated with ER1 solution (Emulate Inc., Boston, MA,
USA), washed with ER2 solution (Emulate Inc.), and then placed under a UV light (Nailstar,
NS-01-US) for 20 min. Following that, the channels were successively washed with ER2
solution and DPBS(-/-). The porous membranes were coated on both sides with collagen
type IV from human fibroblasts (0.5 mg/mL; Sigma-Aldrich) at room temperature. After
aspirating the fluid, cells were seeded. Primary HLAECs (Lonza, Morristown, NJ, USA)
were cultivated as previously described using healthy donors (623950), COPD donors
(436083 and 370751), and primary HPMVECs (Cell Biologics, USA) [11].

4.3. Infection of Human Airway Transwell with Influenza Virus

Prior to infection, human airway Transwells were equilibrated for 24 h in reduced
hydrocortisone (10 nmol/L) differentiation media (StemCell). The airway epithelial cells
were infected with influenza virus (MOI = 0.1) in 50 µL PBS for 1.5 h at 37 ◦C with 5% CO2.
After the incubation period, the apical solution was aspirated and the Transwells were
returned to 37 ◦C with 5% CO2. The apical surface of the epithelium was washed with PBS
4 h and 18 h post-infection and collected for analysis. The basal supernatant was collected
18 h post-infection and analyzed for cytokines and chemokines.
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4.4. Poly(I:C) Induction of Human Airway Transwell

Prior to induction, human airway Transwells were equilibrated for 24 h in reduced-
hydrocortisone (10 nmol/L) differentiation media. The apical surface of the epithelium was
washed with PBS to remove mucus and cellular debris. A high-molecular-weight poly(I:C)
stock was prepared per manufacturers specifications (Invivogen, San Diego, CA, USA).
The airway epithelial cells were then incubated apically with poly(I:C) (10 µg in 50 µL
PBS) for 1.5 h at 37 ◦C with 5% CO2. After the incubation period, the apical solution was
aspirated and the Transwells were returned to 37 ◦C with 5% CO2. The apical surface of
the epithelium was washed with PBS 4 h and 18 h post-infection and collected for analysis.
The basal supernatant was collected 4 h and 18 h post-infection and analyzed for cytokines
and chemokines.

4.5. Plaque Assay

Plaque assays were used to determine virus titers. Confluent MDCK cell monolayers
in a 12-well plate were washed with PBS, inoculated for 1 h at 37 ◦C with 1 mL of 10-fold
serial dilutions of samples containing influenza virus, and then overlaid with 1 mL of DMEM
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 1.5% low-melting-point
agarose (Sigma-Aldrich) and 2 µg/mL TPCK-treated trypsin (Sigma-Aldrich). Then, 2–4 days
after incubation at 37 ◦C with 5% CO2, cells were fixed with 4% paraformaldehyde (Alfa
Aesar, Haverhill, MA, USA) and stained with crystal violet (Sigma-Aldrich) to visualize the
plaques; virus titers were measured in plaque-forming units per milliliter (PFU/mL).

4.6. Analysis of Cytokines and Chemokines

The basal supernatants were collected and analyzed for a panel of cytokines and
chemokines—IP-10, IL-6, IL-8, RANTES, MCP-1, TRAIL, and IL-37—using custom
ProcartaPlex assay kits (Life Technologies, Carlsbad, CA, USA). The analyte concentrations
were determined using a Luminex 100/200 Flexmap3D instrument coupled with GraphPad
Prism software (San Diego, CA, USA, Version 10.4.1).

4.7. qPCR

Viral RNA was isolated using the QIAamp Viral RNA Kits (Qiagen, Hilden, Germany).
After determining RNA concentrations using a NanoDrop 2000 (Thermo Fisher Scientific),
100 ng of total RNA was used for cDNA synthesis. Reverse transcription was conducted
using the Omniscript RT Kit (Qiagen). Quantitative real-time PCR was performed using the
SsoAdvanced-Universal SYBR Green Supermix (Biorad, Hercules, CA, USA). The specificity
of primers was confirmed by melting curve analysis and gel electrophoresis. qPCR was
performed on a CFX Connect Real Time PCR Detection System (Biorad). The primers for
viral nuclear protein (NP) were as follows: TCAAGTGAGAGAGAGCCGGA (forward)
and TCAAAGTCGTACCCACTGGC (reverse). Relative viral titers were determined using
the delta (Ct) method by comparing with the cycle numbers of the infected control for
each donor.

4.8. Viral Stocks

Influenza virus strains used in this study include A/WSN/33 (H1N1) and A/Hong
Kong/8/68/ (H3N2). All viruses were obtained from the Centers for Disease Control and
Prevention (CDC) or kindly shared by Drs. P. Palese, R.A.M. Fouchier, and A. Carcia-Sastre.
Influenza virus strains were expanded in MDCK.2 cell as previously described [45].

4.9. Drug Study

At 24 h before infection, 1 µM oseltamivir acid (Toronto Research Chemicals, Toronto,
CA, USA) and 1 µM or 10 µM nafamostat (Abcam, Cambridge, UK) were added to the Tran-
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swell basal medium with a final concentration of DMSO at 0.5%. The basal medium, which
contains the drug, was renewed at the time of infection. Viral load or immunofluorescence
staining was performed 48 h post-infection.

4.10. Immunostaining and Confocal Microscopy

Cells were rinsed with PBS(-/-), fixed with 4% paraformaldehyde (Alfa Aesar) for
20 min at room temperature, permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in PBS
(PBSX) for 10 min, blocked with 5% goat serum (Life Technologies, #50062Z) in PBSX for
1 h at room temperature, and then incubated with antibodies diluted in blocking buffer
(5% goat serum in PBSX) overnight at 4 ◦C, followed by incubation with fluorescent-
conjugated secondary antibodies for 1 h at room temperature; nuclei were stained with
DAPI (Thermo Fisher Scientific) after secondary antibody staining. The following antibod-
ies were used: ZO-1 Monoclonal Antibody (ZO1-1A12), Alexa Fluor 555, (Thermo Fisher
Scientific, #MA3-39100-A555); and MUC5AC Monoclonal Antibody (9-13M1), Thermo
Fisher, MA1-35708. Fluorescence imaging was conducted using a confocal laser-scanning
microscope (SP5 X MP DMI-6000, Leica, Wetzlar, Germany) and image processing was
carried out using ImageJ software (Version 2.14.0).

4.11. RNA-seq and Bioinformatic Analysis

RNA-seq was performed at the Molecular Biology Core Facilities at Dana-Farber
Cancer Institute using a standard RNA-seq package that includes polyA selection and
sequencing on an Illumina HiSeq with 150 bp pair-ended reads. Trimmomatic v.0.36
was used to trim sequence reads to remove potential adaptor sequences and low-quality
nucleotides. Using the STAR aligner v.2.5.2b, the trimmed reads were mapped to the
Homo sapiens GRCh38 reference genome. We estimated unique gene hit counts using
featureCounts from the Subread program v.1.5.2 and then performed differential expression
analysis using DESeq2. Gene Ontology analysis was performed using DAVID [46] and
the Enrichplot R package (version 4.2.1). Volcano plots were created using the R package
EnhancedVolcano. The ggplot2 R tool was used to generate heatmaps and scatter plots.
Raw data have been deposited in the Gene Expression Omnibus (GEO) with the accession
number GSE186908.

4.12. Statistics

Data are displayed as mean values ± standard error of mean (SEM), unless noted
otherwise in the figure legends. Graphing and statistical comparison of the data were
performed using Prism 9 (GraphPad Software, San Diego, CA, USA) or R (version 4.2)
using the ggplot2 package (version 3.3.5). Unless otherwise noted, two-group compar-
isons were assessed using the two-tailed Student’s t test or the Mann–Whitney U test
(nonparametric); comparisons of three or more groups were analyzed by one-way ANOVA
with Bonferroni multiple comparisons or the Wilcoxon signed-rank test (nonparametric).
p values less than 0.05 were considered to be statistically significant (*, p < 0.05; **, p < 0.01;
***, p < 0.001; n.s., not significant).

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms26062549/s1.

Author Contributions: H.B., M.R., R.P.-B. and D.E.I. conceived this study. H.B. and M.R. performed
and analyzed all experiments, with L.S., Y.M., J.J., R.P., C.B. and A.J. assisting with experiments and
data analysis. J.D.M. and R.K.P. assisted in RNA-seq data analysis. S.R.R.H. provided assistance in
manuscript writing. H.B. and D.E.I. wrote the manuscript, with all authors providing feedback. All
authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/ijms26062549/s1
https://www.mdpi.com/article/10.3390/ijms26062549/s1


Int. J. Mol. Sci. 2025, 26, 2549 16 of 18

Funding: This work is supported by funding from NIH (1-UG3-HL-141797-01 and 1-UH3-HL-141797-01
to D.E.I.) and the Wyss Institute for Biologically Inspired Engineering at Harvard University (D.E.I.).

Institutional Review Board Statement: All samples were de-identified and the sample number
included in this study cannot reveal the identity of the study subjects. All uses of human material
have been approved by the Harvard Longwood Campus Institutional Review Board.

Informed Consent Statement: Informed consent was waived due to cells were purchased
from vendors.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Zach Herbert at the Molecular Biology Core Facilities at Dana-Farber
Cancer Institute for help in RNA sequencing.

Conflicts of Interest: D.E.I. is a founder, board member, SAB chair, and holds equity in Emulate Inc.
C.B. is a former employee of Emulate, Inc. and holds equity interests in Emulate Inc. The remaining
authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

References
1. Adeloye, D.; Song, P.; Zhu, Y.; Campbell, H.; Sheikh, A.; Rudan, I.; on behalf of NIHR RESPIRE Global Respiratory Health

Unit. Global, regional, and national prevalence of, and risk factors for, chronic obstructive pulmonary disease (COPD) in 2019:
A systematic review and modelling analysis. Lancet Respir. Med. 2022, 10, 447–458. [CrossRef] [PubMed]

2. Agarwal, A.K.; Raja, A.; Brown, B.D. Chronic Obstructive Pulmonary Disease. In StatPearls; StatPearls Publisher: Treasure Island,
FL, USA, 2025.

3. Wang, C.; Zhou, J.; Wang, J.; Li, S.; Fukunaga, A.; Yodoi, J.; Tian, H. Progress in the mechanism and targeted drug therapy for
COPD. Signal Transduct. Target Ther. 2020, 5, 248. [CrossRef] [PubMed]

4. MacLeod, M.; Papi, A.; Contoli, M.; Beghe, B.; Celli, B.R.; Wedzicha, J.A.; Fabbri, L.M. Chronic obstructive pulmonary disease
exacerbation fundamentals: Diagnosis, treatment, prevention and disease impact. Respirology 2021, 26, 532–551. [CrossRef]
[PubMed]

5. Bollmeier, S.G.; Hartmann, A.P. Management of chronic obstructive pulmonary disease: A review focusing on exacerbations.
Am. J. Health Syst. Pharm. 2020, 77, 259–268. [CrossRef]

6. Bouquet, J.; Tabor, D.E.; Silver, J.S.; Nair, V.; Tovchigrechko, A.; Griffin, M.P.; Esser, M.T.; Sellman, B.R.; Jin, H. Microbial burden
and viral exacerbations in a longitudinal multicenter COPD cohort. Respir. Res. 2020, 21, 77. [CrossRef]

7. Cheng, D.O.; Hurst, J.R. COVID-19 and ’basal’ exacerbation frequency in COPD. Thorax 2021, 76, 432–433. [CrossRef]
8. Ritchie, A.I.; Farne, H.A.; Singanayagam, A.; Jackson, D.J.; Mallia, P.; Johnston, S.L. Pathogenesis of Viral Infection in Exacerbations

of Airway Disease. Ann. Am. Thorac. Soc. 2015, 12 (Suppl. 2), S115–S132. [CrossRef]
9. Linden, D.; Guo-Parke, H.; Coyle, P.V.; Fairley, D.; McAuley, D.F.; Taggart, C.C.; Kidney, J. Respiratory viral infection: A potential

“missing link” in the pathogenesis of COPD. Eur. Respir. Rev. 2019, 28, 180063. [CrossRef]
10. Jones-Gray, E.; Robinson, E.J.; Kucharski, A.J.; Fox, A.; Sullivan, S.G. Does repeated influenza vaccination attenuate effectiveness?

A systematic review and meta-analysis. Lancet Respir. Med. 2023, 11, 27–44. [CrossRef]
11. Si, L.; Bai, H.; Rodas, M.; Cao, W.; Oh, C.Y.; Jiang, A.; Moller, R.; Hoagland, D.; Oishi, K.; Horiuchi, S.; et al. A human-airway-

on-a-chip for the rapid identification of candidate antiviral therapeutics and prophylactics. Nat. Biomed. Eng. 2021, 5, 815–829.
[CrossRef]

12. Si, L.; Bai, H.; Oh, C.Y.; Jin, L.; Prantil-Baun, R.; Ingber, D.E. Clinically Relevant Influenza Virus Evolution Reconstituted in a
Human Lung Airway-on-a-Chip. Microbiol. Spectr. 2021, 9, e0025721. [CrossRef] [PubMed]

13. Plebani, R.; Potla, R.; Soong, M.; Bai, H.; Izadifar, Z.; Jiang, A.; Travis, R.N.; Belgur, C.; Cartwright, M.J.; Prantil-Baun, R.; et al.
Modeling Pulmonary Cystic Fibrosis in a Human Lung Airway-on-a-chip. J. Cyst. Fibros. 2021, 21, 606–615. [CrossRef] [PubMed]

14. Barnes, P.J.; Burney, P.G.; Silverman, E.K.; Celli, B.R.; Vestbo, J.; Wedzicha, J.A.; Wouters, E.F. Chronic obstructive pulmonary
disease. Nat. Rev. Dis. Primers 2015, 1, 15076. [CrossRef] [PubMed]

15. Lever, A.R.; Park, H.; Mulhern, T.J.; Jackson, G.R.; Comolli, J.C.; Borenstein, J.T.; Hayden, P.J.; Prantil-Baun, R. Comprehensive
evaluation of poly(I:C) induced inflammatory response in an airway epithelial model. Physiol. Rep. 2015, 3, e12334. [CrossRef]

16. Ji, J.; Hedelin, A.; Malmlof, M.; Kessler, V.; Seisenbaeva, G.; Gerde, P.; Palmberg, L. Development of Combining of Human
Bronchial Mucosa Models with XposeALI(R) for Exposure of Air Pollution Nanoparticles. PLoS ONE 2017, 12, e0170428.
[CrossRef]

https://doi.org/10.1016/S2213-2600(21)00511-7
https://www.ncbi.nlm.nih.gov/pubmed/35279265
https://doi.org/10.1038/s41392-020-00345-x
https://www.ncbi.nlm.nih.gov/pubmed/33110061
https://doi.org/10.1111/resp.14041
https://www.ncbi.nlm.nih.gov/pubmed/33893708
https://doi.org/10.1093/ajhp/zxz306
https://doi.org/10.1186/s12931-020-01340-0
https://doi.org/10.1136/thoraxjnl-2020-216637
https://doi.org/10.1513/AnnalsATS.201503-151AW
https://doi.org/10.1183/16000617.0063-2018
https://doi.org/10.1016/S2213-2600(22)00266-1
https://doi.org/10.1038/s41551-021-00718-9
https://doi.org/10.1128/Spectrum.00257-21
https://www.ncbi.nlm.nih.gov/pubmed/34523991
https://doi.org/10.1016/j.jcf.2021.10.004
https://www.ncbi.nlm.nih.gov/pubmed/34799298
https://doi.org/10.1038/nrdp.2015.76
https://www.ncbi.nlm.nih.gov/pubmed/27189863
https://doi.org/10.14814/phy2.12334
https://doi.org/10.1371/journal.pone.0170428


Int. J. Mol. Sci. 2025, 26, 2549 17 of 18

17. Ji, J.; von Scheele, I.; Bergstrom, J.; Billing, B.; Dahlen, B.; Lantz, A.S.; Larsson, K.; Palmberg, L. Compartment differences of
inflammatory activity in chronic obstructive pulmonary disease. Respir. Res. 2014, 15, 104. [CrossRef]

18. Limburg, H.; Harbig, A.; Bestle, D.; Stein, D.A.; Moulton, H.M.; Jaeger, J.; Janga, H.; Hardes, K.; Koepke, J.; Schulte, L.; et al.
TMPRSS2 is the major activating protease of influenza A virus in primary human airway cells and influenza B virus in human
type II pneumocytes. J. Virol. 2019, 93, e00649-19. [CrossRef]

19. Dittmann, M.; Hoffmann, H.H.; Scull, M.A.; Gilmore, R.H.; Bell, K.L.; Ciancanelli, M.; Wilson, S.J.; Crotta, S.; Yu, Y.; Flatley, B.; et al.
A serpin shapes the extracellular environment to prevent influenza A virus maturation. Cell 2015, 160, 631–643. [CrossRef]

20. Ghosh, M.; Miller, Y.E.; Nakachi, I.; Kwon, J.B.; Baron, A.E.; Brantley, A.E.; Merrick, D.T.; Franklin, W.A.; Keith, R.L.;
Vandivier, R.W. Exhaustion of Airway Basal Progenitor Cells in Early and Established Chronic Obstructive Pulmonary Disease.
Am. J. Respir. Crit. Care Med. 2018, 197, 885–896. [CrossRef]

21. Rao, W.; Wang, S.; Duleba, M.; Niroula, S.; Goller, K.; Xie, J.; Mahalingam, R.; Neupane, R.; Liew, A.A.; Vincent, M.; et al.
Regenerative Metaplastic Clones in COPD Lung Drive Inflammation and Fibrosis. Cell 2020, 181, 848–864.e18. [CrossRef]

22. Sundar, I.K.; Yin, Q.; Baier, B.S.; Yan, L.; Mazur, W.; Li, D.; Susiarjo, M.; Rahman, I. DNA methylation profiling in peripheral lung
tissues of smokers and patients with COPD. Clin. Epigenet. 2017, 9, 38. [CrossRef] [PubMed]

23. Silverman, E.K. Genetics of COPD. Annu. Rev. Physiol. 2020, 82, 413–431. [CrossRef] [PubMed]
24. Schoggins, J.W. Interferon-Stimulated Genes: What Do They All Do? Annu. Rev. Virol. 2019, 6, 567–584. [CrossRef]
25. Hsu, A.C.; Starkey, M.R.; Hanish, I.; Parsons, K.; Haw, T.J.; Howland, L.J.; Barr, I.; Mahony, J.B.; Foster, P.S.; Knight, D.A.; et al.

Targeting PI3K-p110alpha Suppresses Influenza Virus Infection in Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit.
Care Med. 2015, 191, 1012–1023. [CrossRef]

26. Veerati, P.C.; Troy, N.M.; Reid, A.T.; Li, N.F.; Nichol, K.S.; Kaur, P.; Maltby, S.; Wark, P.A.B.; Knight, D.A.; Bosco, A.; et al. Airway
Epithelial Cell Immunity Is Delayed During Rhinovirus Infection in Asthma and COPD. Front. Immunol. 2020, 11, 974. [CrossRef]

27. Johansen, M.D.; Mahbub, R.M.; Idrees, S.; Nguyen, D.H.; Miemczyk, S.; Pathinayake, P.; Nichol, K.; Hansbro, N.G.; Gearing, L.J.;
Hertzog, P.J.; et al. Increased SARS-CoV-2 Infection, Protease, and Inflammatory Responses in Chronic Obstructive Pulmonary
Disease Primary Bronchial Epithelial Cells Defined with Single-Cell RNA Sequencing. Am. J. Respir. Crit. Care Med. 2022,
206, 712–729. [CrossRef]

28. Benam, K.H.; Novak, R.; Nawroth, J.; Hirano-Kobayashi, M.; Ferrante, T.C.; Choe, Y.; Prantil-Baun, R.; Weaver, J.C.; Bahinski, A.;
Parker, K.K.; et al. Matched-Comparative Modeling of Normal and Diseased Human Airway Responses Using a Microengineered
Breathing Lung Chip. Cell Syst. 2016, 3, 456–466.e4. [CrossRef]

29. Watson, A.; Oberg, L.; Angermann, B.; Spalluto, C.M.; Huhn, M.; Burke, H.; Cellura, D.; Freeman, A.; Muthas, D.; Etal, D.; et al.
Dysregulation of COVID-19 related gene expression in the COPD lung. Respir. Res. 2021, 22, 164. [CrossRef]

30. Yamaya, M.; Shimotai, Y.; Ohkawara, A.; Bazarragchaa, E.; Okamatsu, M.; Sakoda, Y.; Kida, H.; Nishimura, H. The clinically used
serine protease inhibitor nafamostat reduces influenza virus replication and cytokine production in human airway epithelial cells
and viral replication in mice. J. Med. Virol. 2021, 93, 3484–3495. [CrossRef]

31. Saglam-Metiner, P.; Yildiz-Ozturk, E.; Tetik-Vardarli, A.; Cicek, C.; Goksel, O.; Goksel, T.; Tezcanli, B.; Yesil-Celiktas, O.
Organotypic lung tissue culture as a preclinical model to study host- influenza A viral infection: A case for repurposing of
nafamostat mesylate. Tissue Cell 2024, 87, 102319. [CrossRef]

32. Zhu, Y.; Zhou, A.; Li, Q. Whole transcriptome analyis of human lung tissue to identify COPD-associated genes. Genomics 2020,
112, 3135–3141. [CrossRef] [PubMed]

33. Wijk, S.C.; Prabhala, P.; Michalikova, B.; Sommarin, M.; Doyle, A.; Lang, S.; Kanzenbach, K.; Tufvesson, E.; Lindstedt, S.;
Leigh, N.D.; et al. Human Primary Airway Basal Cells Display a Continuum of Molecular Phases from Health to Disease in
Chronic Obstructive Pulmonary Disease. Am. J. Respir. Cell Mol. Biol. 2021, 65, 103–113. [CrossRef] [PubMed]

34. Sone, N.; Konishi, S.; Igura, K.; Tamai, K.; Ikeo, S.; Korogi, Y.; Kanagaki, S.; Namba, T.; Yamamoto, Y.; Xu, Y.; et al. Multicellular
modeling of ciliopathy by combining iPS cells and microfluidic airway-on-a-chip technology. Sci. Transl. Med. 2021, 13, eabb1298.
[CrossRef] [PubMed]

35. Boudewijn, I.M.; Faiz, A.; Steiling, K.; van der Wiel, E.; Telenga, E.D.; Hoonhorst, S.J.M.; Ten Hacken, N.H.T.; Brandsma, C.A.;
Kerstjens, H.A.M.; Timens, W.; et al. Nasal gene expression differentiates COPD from controls and overlaps bronchial gene
expression. Respir. Res. 2017, 18, 213. [CrossRef]

36. Agusti, A.; Hogg, J.C. Update on the Pathogenesis of Chronic Obstructive Pulmonary Disease. N. Engl. J. Med. 2019,
381, 1248–1256. [CrossRef]

37. Lao, T.; Jiang, Z.; Yun, J.; Qiu, W.; Guo, F.; Huang, C.; Mancini, J.D.; Gupta, K.; Laucho-Contreras, M.E.; Naing, Z.Z.C.; et al. Hhip
haploinsufficiency sensitizes mice to age-related emphysema. Proc. Natl. Acad. Sci. USA 2016, 113, E4681–E4687. [CrossRef]

38. Lin, X.; Li, Y.; Gong, L.; Yun, J.H.; Xu, S.; Tesfaigzi, Y.; Qiao, D.; Zhou, X. Tempo-spatial regulation of the Wnt pathway by
FAM13A modulates the stemness of alveolar epithelial progenitors. EBioMedicine 2021, 69, 103463. [CrossRef]

39. Chen, Q.; de Vries, M.; Nwozor, K.O.; Noordhoek, J.A.; Brandsma, C.A.; Boezen, H.M.; Heijink, I.H. A Protective Role of FAM13A
in Human Airway Epithelial Cells Upon Exposure to Cigarette Smoke Extract. Front. Physiol. 2021, 12, 690936. [CrossRef]

https://doi.org/10.1186/s12931-014-0104-3
https://doi.org/10.1128/JVI.00649-19
https://doi.org/10.1016/j.cell.2015.01.040
https://doi.org/10.1164/rccm.201704-0667OC
https://doi.org/10.1016/j.cell.2020.03.047
https://doi.org/10.1186/s13148-017-0335-5
https://www.ncbi.nlm.nih.gov/pubmed/28416970
https://doi.org/10.1146/annurev-physiol-021317-121224
https://www.ncbi.nlm.nih.gov/pubmed/31730394
https://doi.org/10.1146/annurev-virology-092818-015756
https://doi.org/10.1164/rccm.201501-0188OC
https://doi.org/10.3389/fimmu.2020.00974
https://doi.org/10.1164/rccm.202108-1901OC
https://doi.org/10.1016/j.cels.2016.10.003
https://doi.org/10.1186/s12931-021-01755-3
https://doi.org/10.1002/jmv.26700
https://doi.org/10.1016/j.tice.2024.102319
https://doi.org/10.1016/j.ygeno.2020.05.025
https://www.ncbi.nlm.nih.gov/pubmed/32470642
https://doi.org/10.1165/rcmb.2020-0464OC
https://www.ncbi.nlm.nih.gov/pubmed/33789072
https://doi.org/10.1126/scitranslmed.abb1298
https://www.ncbi.nlm.nih.gov/pubmed/34233948
https://doi.org/10.1186/s12931-017-0696-5
https://doi.org/10.1056/NEJMra1900475
https://doi.org/10.1073/pnas.1602342113
https://doi.org/10.1016/j.ebiom.2021.103463
https://doi.org/10.3389/fphys.2021.690936


Int. J. Mol. Sci. 2025, 26, 2549 18 of 18

40. Di Stefano, A.; Caramori, G.; Barczyk, A.; Vicari, C.; Brun, P.; Zanini, A.; Cappello, F.; Garofano, E.; Padovani, A.; Contoli, M.; et al.
Innate immunity but not NLRP3 inflammasome activation correlates with severity of stable COPD. Thorax 2014, 69, 516–524.
[CrossRef]

41. Leszczynska, K.; Jakubczyk, D.; Gorska, S. The NLRP3 inflammasome as a new target in respiratory disorders treatment. Front.
Immunol. 2022, 13, 1006654. [CrossRef]

42. Sharma, M.; Joshi, S.; Banjade, P.; Ghamande, S.A.; Surani, S. Global Initiative for Chronic Obstructive Lung Disease (GOLD) 2023
Guidelines Reviewed. Open Respir. Med. J. 2024, 18, e18743064279064. [CrossRef] [PubMed]

43. Song, L.; Li, K.; Chen, H.; Xie, L. Cell Cross-Talk in Alveolar Microenvironment: From Lung Injury to Fibrosis. Am. J. Respir. Cell
Mol. Biol. 2024, 71, 30–42. [CrossRef] [PubMed]

44. Man, Y.; Zhai, Y.; Jiang, A.; Bai, H.; Gulati, A.; Plebani, R.; Mannix, R.J.; Merry, G.E.; Goyal, G.; Belgur, C.; et al. Exacerbation
of influenza virus induced lung injury by alveolar macrophages and its suppression by pyroptosis blockade in a human lung
alveolus chip. bioRxiv 2024. [CrossRef]

45. Balish, A.L.; Katz, J.M.; Klimov, A.I. Influenza: Propagation, quantification, and storage. Curr. Protoc. Microbiol. 2013,
2013, 15G.1.1–15G.1.24. [CrossRef]

46. Huang da, W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics
resources. Nat. Protoc. 2009, 4, 44–57. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1136/thoraxjnl-2012-203062
https://doi.org/10.3389/fimmu.2022.1006654
https://doi.org/10.2174/0118743064279064231227070344
https://www.ncbi.nlm.nih.gov/pubmed/38660684
https://doi.org/10.1165/rcmb.2023-0426TR
https://www.ncbi.nlm.nih.gov/pubmed/38579159
https://doi.org/10.1101/2024.08.13.607799
https://doi.org/10.1002/9780471729259.mc15g01s29
https://doi.org/10.1038/nprot.2008.211

	Introduction 
	Results 
	Human COPD Lung Airway Chips Are More Sensitive to Influenza Virus Infection 
	Increased Influenza Virus Replication and Inflammation in COPD Airway Epithelium 
	COPD Airway Epithelium Has an Intrinsic Enhanced Susceptibility to Influenza Virus Entry 
	Host Serine Protease Inhibition Suppresses Virus Infection and Mucus Production 
	Attenuated Antiviral Innate Immunity in COPD Epithelium 

	Discussion 
	Methods and Materials 
	Human Airway Transwell Culture 
	Human Airway Chip Culture 
	Infection of Human Airway Transwell with Influenza Virus 
	Poly(I:C) Induction of Human Airway Transwell 
	Plaque Assay 
	Analysis of Cytokines and Chemokines 
	qPCR 
	Viral Stocks 
	Drug Study 
	Immunostaining and Confocal Microscopy 
	RNA-seq and Bioinformatic Analysis 
	Statistics 

	References

