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Abstract

Human rhinovirus (RV) is a major risk factor for chronic obstructive
pulmonary disease (COPD) and asthma exacerbations. The
exploration of RV pathogenesis has been hampered by a lack of
disease-relevant model systems. We performed a detailed
characterization of host responses to RV infection in human lung
tissue ex vivo and investigated whether these responses are disease
relevant for patients with COPD and asthma. In addition, impact of
the viral replication inhibitor rupintrivir was evaluated. Human
precision-cut lung slices (PCLS) were infected with RV1B with or
without rupintrivir. At Days 1 and 3 after infection, RV tissue
localization, tissue viability, and viral load were determined. To
characterize host responses to infection, mediator and whole genome
analyses were performed. RV successfully replicated in PCLS airway
epithelial cells and induced both antiviral and proinflammatory

cytokines such as IFNa2a, CXCL10, CXCL11, IFN-g, TNFa, and
CCL5. Genomic analyses revealed that RV not only induced antiviral
immune responses but also triggered changes in epithelial
cell–associated pathways. Strikingly, the RV response in PCLS was
reflective of gene expression changes described in patients with
COPD and asthma. Although RV-induced host immune responses
were abrogated by rupintrivir, RV-triggered epithelial processes were
largely refractory to antiviral treatment. Detailed analysis of
RV-infected human PCLS and comparison with gene signatures of
patients with COPD and asthma revealed that the human RV PCLS
model represents disease-relevant biological mechanisms that can be
partially inhibited by a well-known antiviral compound and provide
an outstanding opportunity to evaluate novel therapeutics.

Keywords: rhinovirus; human lung; epithelial response; asthma;
COPD

(Received in original form August 3, 2020; accepted in final form May 25, 2021)

This article is open access and distributed under the terms of the Creative Commons Attribution Non-Commercial No Derivatives License 4.0.
For commercial usage and reprints, please e-mail Diane Gern.

*These authors shared first authorship.
‡These authors shared last authorship.

A complete list of the U-BIOPRED study group may be found in the data supplement.

The U-BIOPRED consortium receives funding from the European Community and from the European Federation of Pharmaceutical Industries and
Associations as an Innovative Medicines Initiative Joint Undertaking funded project (IMI JU 115010).

Author Contributions: S.W. conceived and designed the study, performed part of the experiments, analyzed data, interpreted results, and drafted and
finalized the manuscript. S.B. performed part of the experiments, analyzed data, interpreted results, and drafted and critically revised the manuscript.
H.O. designed and performed experiments, performed confocal microscopy imaging, analyzed data, and contributed to the draft the manuscript. N.N.B.
and K.A.S. analyzed data and interpreted results. M.G.L. performed statistical analysis. D.S. performed immunohistological analysis. G.W., P.Z., H.-G.F.,
and L.W. provided human lung samples. P.B. and D.J. provided expert pathological assessment of human lung material. E.M.H. analyzed data and
interpreted results and drafted and critically revised the manuscript. A.B. and K.S. supervised the project and contributed to conception of the study,
interpretation of results, and writing of the manuscript. All authors approved the final version of the manuscript.

Correspondence and requests for reprints should be addressed to Sabine Wronski, Dr. rer. nat., Department of Preclinical Pharmacology and
Toxicology, Fraunhofer Institute for Toxicology and Experimental Medicine ITEM, Nikolai-Fuchs-Str. 1, 30625 Hannover, Germany. E-mail:
sabine.wronski@item.fraunhofer.de.

This article has a related editorial.

This article has a data supplement, which is accessible from this issue’s table of content online at www.atsjournals.org

Am J Respir Cell Mol Biol Vol 65, Iss 5, pp 544–554, November 2021

Copyright © 2021 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2020-0337OC on June 28, 2021

Internet address: www:atsjournals:org

544 American Journal of Respiratory Cell and Molecular Biology Volume 65 Number 5 | November 2021

http://orcid.org/0000-0002-2332-226X
http://orcid.org/0000-0002-9284-1100
http://orcid.org/0000-0001-7379-3302
http://orcid.org/0000-0001-7398-7262
http://orcid.org/0000-0003-3673-7779
http://orcid.org/0000-0003-3673-7779
http://orcid.org/0000-0002-5251-2281
http://orcid.org/0000-0002-1142-1463
http://crossmark.crossref.org/dialog/?doi=10.1165/rcmb.2020-0337OC&domain=pdf&date_stamp=2021-10-26
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dgern@thoracic.org
mailto:sabine.wronski@item.fraunhofer.de
http://dx.doi.org/10.1165/rcmb.2021-0268ED
http://www.atsjournals.org
http://dx.doi.org/10.1165/rcmb.2020-0337OC
http://www.atsjournals.org


Viral infections are a major trigger of acute
respiratory diseases, with human rhinovirus
(RV) being the most prominent pathogen
producing common cold symptoms (1). In
healthy individuals, RV infections are usually
self-limiting to the upper respiratory tract. In
contrast, in patients with asthma or chronic
obstructive pulmonary disease (COPD),
underlying pathological changes such as
disrupted epithelial layers, ciliary
dysfunction, andmucus hypersecretion
facilitate transmission of the virus from the
upper to the lower respiratory tract, leading
to more severe, prolonged infections (2).
Respiratory viruses have been detected in up
to 80% of patients with asthma and severe
acute exacerbations and in 22–64% of
patients with exacerbating COPD (2, 3). In
experimentally infected patients with asthma
and COPD, RV both augmented and
prolonged symptoms, including cough,
shortness of breath, wheezing, and airflow
obstruction (4–6). In addition, RV infection
resulted in secondary bacterial infections in
60% of infected patients with COPD (7).

RV is a small, nonenveloped positive
single-strand RNA virus (8) infecting
respiratory epithelial cells as the primary host
cells (3, 9). The infected airway epithelium
rapidly elicits an immune response by
activating signaling pathways via Toll-like
receptors (TLRs) and RIG-I-like receptors
(RLRs). This activation results in secretion of
antiviral and proinflammatory cytokines
(e.g., type I and type III IFN [9–11], IL-1b,
and IL-8 [8]). Collectively, these proteins
restrict viral replication, promote apoptosis
of infected cells, and recruit innate and
adaptive immune cells (12–14).

Although current standard-of-care
therapies are effective in reducing respiratory
symptoms in patients with COPD and
asthma, they are less effective in virus-
induced disease exacerbations. Therefore,
there is a clear unmet need for novel
therapeutics that can address virus-induced
pathophysiological mechanisms, in particular
those that contribute to disease progression
in patients with COPD and asthma. To
discover new therapeutic targets, an
increased understanding of the underlying
disease mechanisms is needed. Given the
important role of both the airway epithelium
and immune cells as drivers of the antiviral
response, we used RV infection of human
precision-cut lung slices (PCLS) to start
addressing these complex interactions in the
natural lung microenvironment.

In this study, we provide, for the first
time, an in-depth characterization of the host
response after successful RV infection of
human lower respiratory tract tissue ex vivo
using whole genome analysis. Moreover, we
compare the RV response observed in lung
slices with gene signatures of bronchial
brushings from patients with COPD and
asthma and identified significant overlap.
The antiviral compound rupintrivir inhibited
disease-relevant immune responses but left
RV-induced epithelial cell changes
unaffected. We propose that RV infection of
human lung slices may provide a unique
opportunity to evaluate novel therapeutics.
Some of the results of these studies have been
previously reported in the form of abstracts
(15, 16).

Methods

Human PCLS Sample Acquisition and
Preparation
Human lung lobes were obtained frommale
and female patients (average age 636
8 years) undergoing surgery (for details, see
Table E1 in the data supplement). The
human biological samples were sourced
ethically, and their research use was in
accordance with the terms of the informed
consent under Ethics Committee-approved
protocol 2701–2015 (Medical School
Hannover, Germany). PCLS were prepared
as previously described (17).

PCLS Infection and
Antiviral Treatment
Human RV serotype 1B (RV1B) was
obtained from the Health Protection Agency
(National Collection of Pathogenic Viruses
#624). Virus replication and purification
were performed as previously described (18).
PCLS were infected with 13 106 IU/mL
RV1B by inoculation at 33�C and 5% CO2.
Controls were sham-infected with ultraviolet
(UV)-inactivated virus or incubated with
medium only. After 2 hours, the supernatant
was replaced by fresh medium and PCLS
cultured for 1 or 3 days. PCLS were treated
with 100 nM rupintrivir (viral 3C protease
inhibitor; AxonMedchem BV) or respective
medium control (with 0.006% DMSO).
Tissue viability was determined using lactate
dehydrogenase (LDH) cytotoxicity assay and
LIVE/DEAD staining (Life Technologies) as
described previously (17).

Immunofluorescence Staining
PCLS were fixed overnight in
paraformaldehyde at 4�C, and
immunohistochemical stainings were
performed as detailed in the data
supplement. Briefly, PCLS were stained for
double-stranded RNA (dsRNA) to detect
replicating virus and pan-cytokeratin to
visualize airway epithelial cells. Imaging
analysis was performed with confocal laser
scanning microscope LSM510Meta (Zeiss)
and IMARIS 7.6.0 software (Bitplane
Scientific Software).

Immunohistochemistry Staining
Paraformaldehyde-fixed PCLS were
embedded in paraffin. Subsequent sections
were stained for Krt5 and digitized with the
Hamamatsu S-210 (Hamamatsu), and whole
slide images were analyzed using Visiopharm
Software.

Mediator Analyses
Mediator analysis was performed from
supernatant or PCLS lysed with 1% Triton
X-100/PBS usingMSDmultiplex
(MesoScaleDiscovery) and ELISA (R&D
DuoSet). Total protein content was analyzed
with BCA Protein Assay Kit (Thermo Fisher
Scientific).

RNA Isolation and Whole Genome
Transcriptomic Analysis
Total RNA was isolated from flash-frozen
PCLS, and RNA quantity and quality were
determined by spectrophotometry and
Agilent 2100 Bioanalyzer. All samples had
acceptable RNA integrity numbers (range,
7.1–9.6; average, 8.7). Total RNA was
converted into double-stranded cDNA and
amplified, and HG-U133_Plus_2.0
microarrays (Affymetrix) were performed.
CEL files were submitted to the National
Center for Biotechnology Information Gene
Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/) avail-
able under accession number GSE137905.
Data were quality-checked, normalized, and
analyzed as described in detail in the data
supplement.

For comparisons of COPD and asthma
datasets, published data (19, 20) were
extracted from the GEO accession viewer
(GSE37147 and GSE76226, respectively) and
processed using the same methods as applied
to our internal microarray dataset, as detailed
in the data supplement.
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Statistics
Data in figures are given as median with
interquartile range, as detailed in figure
legends. Statistical analysis was performed by
Mann-Whitney or the false discovery rate
method, as detailed in the data supplement.

Results

RV Is Capable of Infecting PCLS and
Elicits Robust Antiviral
Host Responses
In RV-infected PCLS, colocalization of
dsRNA and pan-cytokeratin
immunohistochemistry staining
demonstrated active replication of RV in
airway epithelial cells (Figures 1A–1D).
Infection of airway epithelium was observed
to occur in patches instead of homogeneous
distribution, with occasional changes in
epithelial cell morphology and detachment of
cells observed at the spots of infection
(Figures 1A and 1B). Tissues inoculated with
UV-inactivated RV or noninfected tissue
were negative for dsRNA (data not shown).
RV infection did not induce a significant
cytopathic effect, as the majority of the tissue
remained intact and viable up to 72 hours
after infection as demonstrated by LIVE/
DEAD staining (Figure E1A). The intact
tissue structure was further confirmed by
hematoxylin and eosin staining, which
showed a good preservation of the tissue
architecture, including the bronchial
epithelium (Figure E2). Despite this,
increased LDH release was observed in
infected PCLS (Figure E1B), which could
indicate RV-induced epithelial damage at the
spots of infection. However, as no obvious
tissue damage was detected by LIVE/DEAD
and hematoxylin and eosin stainings of PCLS
cross-sections, LDH could be primarily
released from cells located in the peripheral
regions of the slices that may be more
susceptible to infection.

RV infection resulted in the activation
of epithelial cells as well as immune cells.
Resident immune cells, such as macrophages,
T cells, and B cells, are present in PCLS, as
confirmed by immunohistochemistry
staining of uninfected tissue (Figure E3).
Analyses of mediator release showed a
significant induction of IFN-a, CXCL10, and
CXCL11 in RV-infected PCLS compared
with uninfected controls at 24 hours and 72
hours after infection, indicating a strong
induction of a type I IFN-driven antiviral
response (Figure 1E). Proinflammatory

mediators, including IFN-g, TNF-a, and
CCL5, were also significantly upregulated in
RV-infected PCLS compared with controls
(Figure 1E). The antiviral compound
rupintrivir was able to significantly suppress
the RV-induced release of these antiviral and
proinflammatory cytokines at both time
points (Figure 1E). In contrast, the
proinflammatory mediators IL-1b and IL-6
were only minimally induced or not induced
by RV and were not altered by rupintrivir
treatment at either time point (Figure E4).

Whole Genome Analyses of
RV-induced Responses in
Human PCLS
Hierarchical clustering and principal
component analyses of whole genome
transcriptomic data demonstrated a clear
separation between gene expression profiles
observed in RV-infected PCLS and medium-
treated PCLS, demonstrating a robust
response to RV across all donors despite
some donor-to-donor variability (Figures 2A
and 2B). RV infection regulated a large
number of genes when compared with
medium (upregulated: 3,582 probes
corresponding with 2,202 genes;
downregulated: 3,842 probes corresponding
with 2,611 genes; fold change> 1.5;
uncorrected P< 0.05) (Figure 2C). Although
some genes were regulated at both time
points, specific genes showed a clear time
dependency, as they were regulated at either
24 hours or 72 hours after infection (Figure
2C). Figure E5 shows that a large proportion
of transcripts with a P value of less than 0.05
passed false discovery rate correction (Figure
E5A) with virtually no overlap between
upregulated and downregulated probes
(Figure E5B), indicating robustness of the
dataset. A full list of differentially expressed
transcripts is provided in the data
supplement (Table E2).

Partitioning aroundmedoids clustering
was chosen to identify genes with similar
transcriptional profiles across time points
and treatment groups. This resulted in eight
clusters that resolved signatures associated
with specific cell types (Figure 2D). Human
Gene Atlas annotations illustrated that T
cell– and natural killer cell–associated genes
were mostly enriched in Clusters 1 and 2,
andmyeloid cell–associated genes were
mostly enriched in Clusters 3 and 4, while
epithelial cell–associated and related organ-
associated genes were represented in Cluster
6 (Figure 2E). This cluster aligned with
tissues such as the kidney, uterus, and

placenta, as they are rich in epithelial and
stromal cells and thus share molecular
pathways regulating tissue homeostasis and
cellular responses. Clusters 5 and 8 contained
genes associated with endothelial cells and
adipocytes, respectively. No significant cell
type enrichment was detected in Cluster 7.

When gene ontology biological
processes analyses were applied on each
cluster, type I and II IFN responses were
most prominently represented in Cluster 2
and, to a smaller extent, in Clusters 3 and 4,
suggesting a strong antiviral immune
response by epithelial and immune cells
represented in these clusters (Figure 2F).
Cytokine- and inflammation-related
signatures were detected across the immune
response–related Clusters 1–4, whereas
T-cell signaling pathways converged mostly
toward Clusters 1 and 2. Consistent with the
Human Gene Atlas database, epithelial
function–relevant pathways were represented
in Cluster 6 and included epidermis
development, O-linked glycosylation, and
endopeptidase activity. Furthermore, this
analysis revealed ciliation pathways in
Cluster 7 (Figure 2F).

Ex Vivo RV-induced Gene Signatures
Overlap with Asthma and COPD
Disease Data Sets
The purpose of this project was to study the
acute response of “healthy” lower respiratory
tract human lung tissue to RV infection ex
vivo. However, on the basis of our
observations that not only antiviral immune
responses but also epithelial repair processes
were triggered by RV in PCLS ex vivo, we
were interested in exploring potential overlap
with similar processes present in chronic
lung diseases such as COPD and asthma.
Therefore, we compared the observed
RV-induced gene signatures in PCLS ex vivo
with disease signatures from patients with
COPD and asthma. Gene expression profiles
of bronchial brushings from patients with
COPD and asthma generated by Steiling and
colleagues (20) or Kuo and colleagues (19)
were derived from the GEO database, and
differentially expressed genes were calculated
and overlaid with the RV-induced PCLS
gene signature. These analyses demonstrated
a large overlap of COPD and asthma disease-
relevant genes with RV-induced PCLS
responses (52%, 107 of 204 COPD-relevant
genes; 52%, 109 of 210 asthma-relevant
genes) (Figure 3A). Figure 3B visualizes the
fold change of RV-regulated genes in PCLS
at 24 hours versus 72 hours after infection
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Figure 1. Rhinovirus infects airway epithelium and elicits antiviral and proinflammatory host immune responses. (A–D) Replication of rhinovirus
(RV) 1B in viable human lung tissue was detected by dsRNA staining (yellow) (A, B, and D), and localization within AEC was confirmed by
staining of pan-cytokeratin (red) (A, C, and D). Three-dimensional images: scale bars: A, 100 mm; and B–D, 15 mm. (E) Proinflammatory
and antiviral cytokines were detected by human 7-plex tissue culture kit from MesoScaleDiscovery after RV infection with and without antiviral

ORIGINAL RESEARCH

Wronski, Beinke, Obernolte, et al.: RV-induced Lung Tissue Responses Mimic Disease Signatures 547



and their respective overlap with COPD or
asthma disease-relevant genes. The 107
COPD-relevant genes that overlapped with
RV-regulated genes in PCLS demonstrated
mostly similar directionality (Figure 3B, left),
whereas observations for the 109 asthma-
relevant genes upregulated by RVwere more
mixed (Figure 3B, right). Complete lists of
overlapping genes can be found in the data
supplement (Table E3).

Interestingly, the disease-relevant
RV-regulated gene signatures contained
transcripts reflective of epithelial repair or
metaplastic processes that were also
regulated in COPD (e.g., KRT5, SPRR3,
DSC3, DSG3, LMO3 and CEACAM5) or in
asthma (e.g., SPRR1A, SPRR1B, KRT6A, and
CEACAM1/5) (Figure 3C).

Moreover, disease-relevant RV-induced
genes included transmembrane mucins (e.g.,
MUC4, MUC13, andMUC16 for COPD and
MUC15 for asthma). Secreted factors from
epithelial cells, includingMUC5AC, MUC5B,
and SCGB1A1, were also among the disease-
relevant RV-regulated genes overlapping
with asthma. Furthermore, regulators of
proteolytic activity (Serpin family members
B5, B7, B13 in COPD and SERPINB2 and
MMP10 in asthma), barrier integrity
(CLDN10 in COPD and CLND8 in both
COPD and asthma), and oxidative stress
(DUOX2 in both COPD and asthma and
HIF3A in asthma) were detected among
disease-relevant RV-regulated gene
signatures (Figure 3C). Together, these data
demonstrate that RV stimulation of PCLS
not only provides a model in which to
evaluate inflammatory endpoints but also
provides an excellent opportunity to explore
disease-relevant epithelial responses.

To further confirm our findings on the
RV-induced regulation of epithelial repair
processes, IHC staining of the basal cell
marker Krt5 was performed in PCLS from
three additional donors after RV infection
compared with uninfected control samples.
Krt5 was expressed in basal cell regions of
differentiated pseudostratified epithelium
and at higher concentrations in squamous
cells in undifferentiated areas of the

epithelium (Figures 4A and 4B).
Interestingly, Krt5 expression was also
observed in terminal bronchioles (Figure
4B). Overall, automated quantification
demonstrated a significant increase of Krt5
in RV-infected samples compared with
uninfected control samples in all three
donors (Figure 4C), which correlated with
the concentrations of IP-10 induced in these
donors (Figure 4D).

Rupintrivir Inhibits RV-induced Inflam-
mation Whereas Epithelial Responses
are Largely Refractory
To evaluate the impact of viral replication
inhibition on RV-induced responses, we
tested the viral 3C protease inhibitor
rupintrivir in ex vivo infected PCLS. As
shown in Figure 1E, rupintrivir
demonstrated a nearly complete inhibition of
the RV-induced antiviral and
proinflammatory mediator release. In-depth
analyses of the rupintrivir effect on the
transcriptomics profile, however, revealed
that only a fraction of the RV-regulated
genes was responsive to rupintrivir treatment
(at 24 h: 26%, 1,532 of 5,977; at 72 h: 22%,
954 of 4,322) (Figure 5A). Using our
previously defined partitioning around
medoids clusters, we determined the
percentage of rupintrivir-affected probes per
cluster (Figure 5B). Interestingly, on average,
36% of probes in the immune
response–related Clusters 1–4 were
rupintrivir inhibited (Figure 5B), which
constituted, on average, 78% of the
RV-regulated probes affected by rupintrivir.
In contrast, only, on average, 12% of probes
in the epithelial function–related Clusters 6
and 7 were rupintrivir sensitive, equating to
only, on average, 6% of RV-regulated
rupintrivir-inhibited probes (Figure 5B).
Moreover, when rupintrivir-affected probes
were mapped to the disease-relevant
RV-induced gene signatures, we observed
that a large proportion of these genes were
refractory to rupintrivir treatment (73%, 102
of 140 at 24 h; 80%, 108 of 135 at 72 h; Figure
5C). This included epithelial metaplastic
responses and secreted factors,

transmembrane mucins, and regulators of
proteolytic activity and barrier integrity.
Interestingly, genes associated with oxidative
stress, such asDUOX2 andHIF3A, were
rupintrivir sensitive (Figure 5C).

In summary, our data demonstrate that
rupintrivir effectively inhibits inflammatory
mediator release and oxidative stress
pathways but does not affect epithelial
barrier responses to RV infection.

Discussion

RV infection is frequently discussed as the
“missing link” in the pathogenesis of COPD
(21). In this study, we demonstrated that RV
infection in viable human lung slices ex vivo
triggered both immune and epithelial cell
responses, which showed a significant
overlap with disease signatures observed in
patients with COPD and asthma (19, 20).
Surprisingly, disease-relevant immune, but
not epithelial, cell responses were inhibited
by antiviral treatment, pointing toward their
role in disease progression and their
potential as a novel target.

Viral respiratory tract infections induce
profound inflammatory and antiviral
responses that are mediated by both
epithelial and immune cells. Experimental
models reflecting this complex reaction are
essential for in-depth characterization of the
host response. Human PCLS, a complex ex
vivo tissue model, are able to reflect early
events of respiratory diseases (17, 22, 23).
Therefore, we used PCLS to characterize the
host response to RV infection in “healthy”
tissue and mapped the observed patterns to
gene signatures of patients with COPD and
asthma to evaluate whether our ex vivo lung
model could be used to study biological
processes triggered by RV that might also be
relevant in these disease conditions. This
comparison has limitations, and our results
cannot be directly translated to the clinical
situation, as the tissue we were able to use
was mainly derived from “healthy” (i.e.,
tumor-free) tissue from cancer resections.
Lung tissue resections from patients with

Figure 1. (Continued). treatment (I, 100 nM rupintrivir) as compared with Med and UV-RV. Cytokine release from lung tissue is displayed in ng
cytokine/mg whole protein content. Box and whisker plots show median, 25th and 75th percentiles, and minimum and maximum values, showing
all data points. *P , 0.05, **P , 0.005, and ***P , 0.001 according to linear mixed-effects model and false discovery rate method as detailed
in the online supplement. N = 5–6 donors, with duplicate precision-cut lung slices per condition. AEC = airway epithelial cells; dsRNA =
double-stranded RNA; I = inhibitor; Med = medium; UV-RV = ultraviolet-inactivated RV control.
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Figure 2. Whole genome expression analysis reveals RV-induced immune and epithelial cell responses. (A and B) Distinct clustering of
RV-infected samples versus Med and UV-RV is displayed in heat map of differentially expressed genes of Med (black) versus RV (orange),
UV-RV (blue), and RV 1 rupintrivir (green) (A) and principal component analysis of Med (black), RV (orange), UV-RV (blue), RV 1 rupintrivir
(green) (B). (C) Microarray analysis of differentially regulated genes showed prominent response of lung tissue to RV infection ex vivo.
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asthma were not available, and technical
challenges precluded preparation of PCLS
from end-stage disease COPD tissue that
presented with massive emphysema.
However, the purpose of this study was to
characterize the acute response to lower
respiratory tract RV infection, and we
observed a robust response to RV across all
donors, enabling an in-depth
characterization of the involved biological

processes. Nevertheless, we found a
surprisingly large overlap of RV-triggered
differential expressed genes in PCLS ex vivo
with those from COPD and asthma data sets.
As the publications on those patient data sets
do not include any information on potential
virus exacerbation of these patients, we
cannot fully exclude that some of the overlap
we observe might be due to a virus infection
those patients might have experienced

before. On the other hand, we sourced PCLS
from lung surgeries mainly from cancer
resection, but because of mandatory data
protection rules we have no additional
information on potential previous
treatments, history of smoking, or the
potential COPD status of those patients with
cancer, which could also contribute to the
overlap we observed. Nevertheless, the
overlapping signature was not merely a

Figure 2. (Continued). Venn diagram showing the distribution of differentially upregulated (.1.5-fold change; P , 0.05) and downregulated
genes (,1.5-fold change; P , 0.05) by RV infection. (D) Regulated probes were clustered into eight partitioning around medoids (PAM)
clusters. (E and F) Row dendrogram of clusters presents involvement of PAM clusters in biological functions (E) and pathways (F). N = 3 donors
for 24 h after infection and N = 4 donors for 72 h after infection, with two technical replicates each (representing individual analysis of two
separate precision-cut lung slices per condition).
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Figure 3. RV-induced gene signatures in precision-cut lung slices (PCLS) overlap with chronic obstructive pulmonary disease (COPD) and
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baseline condition, but RV infection
specifically triggered the observed
processes robustly across all donors, also in
those with other disease backgrounds. This
strongly indicates that the observed overlap
is not only a coincidence but that specific
processes driven by RV infection are
related to processes present in COPD and
asthma. This opens up new opportunities
to study RV-driven processes in the ex vivo
lung model that are also relevant for COPD
and asthma. As expected, epithelial cell
responses were particularly well reflected,
as the COPD and asthma gene signatures
were sourced from epithelial brushes (19,
20). A recent study investigating gene
expression profiles in nasal epithelial cells
from patients with asthma challenged with
RV16 in vivo found predominantly IFN
responses in the top-regulated genes (24).
These genes were also upregulated in our
RV-infected PCLS, demonstrating the
capability of this ex vivomodel to reflect
the in vivo observed innate antiviral
response to RV infection.

We also observed clear differences
between the RV-triggered response in PCLS
and the compared disease data sets. For
example, chemokines CCL5 and CX3CL1,
both upregulated in RV-infected PCLS, were
downregulated in the asthma data. IFIT,
strongly upregulated by RV in PCLS, was
downregulated in the COPD data.
These differences could be the result of an
impaired antiviral immune response, which
has been discussed widely in asthma and
COPD (5, 25).

The immune cell response to RV
infection was associated with myeloid,
natural killer, and T-cell clusters and linked
to IFN-mediated signaling, release of
proinflammatory and antiviral cytokines,
and activation of immune cells. Small airway
inflammation with increased numbers of
inflammatory cells is a classic feature of
COPD, with lymphocytes andmacrophages
especially driving the inflammatory response
(26). RV infection has been reported to elicit
increased concentrations of inflammatory
cytokines such as IL-6, IL-8, TNF-a,

CXCL10, and CCL5 in COPD (21). PCLS
with intact small airways and resident
immune cells are able to reflect this
inflammatory immune response, as
demonstrated in our study by the
RV-triggered release of cytokines, including
TNF-a, IL-1b, CCL5, CXCL10, and IFN-g.

We used UV-radiated virus as
additional control to discriminate immune
responses triggered by recognition of the
virus itself via pathogen-associated molecular
pattern versus processes depending on active
virus replication. The UV-inactivated,
replication-defective virus can be detected by
endosomal and cytoplasmic pattern
recognition receptors (i.e., TLR7/8- and RIG-
I–recognizing single-stranded RNA) and
induce cytokine release, especially from
macrophages (9). In contrast, TLR3 and
MDA-5 recognize dsRNA, which is only
present if the virus replicates, and are both
necessary to mount a full-blown antiviral
immune response (9).

As tissues of adults were used in this
study, the contribution of preexisting cellular
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Figure 4. RV-induced increase of Krt5 protein expression. (A and B) Immunohistochemistry staining of Krt5 was performed in 4-mm thin
sections of paraffin-embedded PCLS previously infected with RV (A) or Med control (B). Krt5 is shown as red staining with blue hematoxylin
counterstain for nuclei. Scale bars, 50 mm. Arrowheads indicate regions with differentiated airway epithelium and low Krt5 expression, and
arrows highlight areas with squamous shape in undifferentiated areas of the epithelium with high Krt5 expression. Triangle indicates Krt5
expression in terminal bronchioles. (C) Quantification of Krt5 expression (positive per negative pixel count) was performed by whole slide
analysis using Visiopharm Software. (D) IP-10 release was measured 72 h after infection by MesoScaleDiscovery for the same donors. (C and
D) Symbols represent donor-specific individual values of fold change Krt5-positive cells per tissue area (C) or IP-10 release (D) in Medium
versus RV-infected PCLS for N = 3 donors with duplicate samples each. *P < 0.05 using Student’s t test.
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and humoral immunity remains a possibility.
The observed time frame and missing
connection to lymphoid system precludes de
novo activation of naive RV serotype-specific
T cells in lung tissue. Regulation of T
cell–specific genes observed in Clusters 1 and
2 (lymphoid-associated genes) implies that
tissue-resident T cells mounted a recall
response. CD4- and CD8-specific T-cell
responses develop as consequences of RV
infection (8, 27). In line with this, the T-cell
activation marker IL-2 mRNAwas
significantly upregulated by RV in our study.
We have previously shown that T cells are
present in PCLS and react with a strong
recall response to influenza virus antigen
(28). CD81 T-lymphocyte numbers were
increased in small airways and correlated
with severity of airflow obstruction in

patients with COPD (21, 26, 29). In asthma,
the shift toward a Th2-type driven immune
response contributes to the impaired innate
antiviral host response (30) and thus
promotes virus-induced disease progression.
CD81 T cells secreting type 2 and other
proinflammatory cytokines were reported to
be enriched in severe eosinophilic asthma
(31). Thus, in both diseases, a (re)activation
of cytotoxic T cells by RV infection might
contribute to a dysbalanced immune
response, augmenting inflammation and
tissue damage and thereby perpetuating
disease pathology.

Immune cell responses in the lung
inevitably depend on cross-talk with airway
epithelial cells as the main entry site for
invading respiratory viruses. As expected,
recognition of RV induced a strong antiviral

epithelial response and secretion of
mediators recruiting and activating immune
cells. Surprisingly, in addition, genes
associated with repair processes such as
epithelial proliferation, hyperplasia, mucus
hypersecretion, and alteration of barrier
integrity were detected in the epithelial
cell–associated gene cluster. It is likely that
these changes result from cellular death and
regeneration of the epithelium. However,
although this is part of the normal healing
process, it can be deleterious in disease
conditions. In COPD and asthma, the
existing dysfunction and virus-induced
repair of the epithelial layer could mutually
amplify one another.

In COPD, structural changes of the
airway epithelium include squamous
metaplasia and goblet and basal cell
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Figure 5. Differential effect of antiviral treatment on RV-induced disease-relevant responses in immune and epithelial cell clusters. The effect of
antiviral treatment with rupintrivir on RV-induced gene signatures was analyzed and compared for the identified PAM clusters. (A) Venn diagram
illustrating that only a fraction of RV-induced gene expression profiles was affected by antiviral treatment with rupintrivir. (B) Differential
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rupintrivir-responsive genes are located in the lower right quadrant (e.g., CCL5, CX3CL1, and IFIT1), whereas RV-induced genes unaffected by
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hyperplasia, which can persist in the small
airways as the site of airflow obstruction
(32–34). RV infection of PCLS induced genes
associated with epithelial repair processes,
which were also upregulated in the COPD
data (20). These included upregulation of
adhesion molecules such as CEACAM1 and
CEACAM5. CEACAMs are involved in the
regulation of various cellular functions, such
as differentiation, proliferation, and
apoptosis, and have been described to be
associated with squamous cell metaplasia in
COPD (32). Pathogens can use these
molecules for adhesion and to exert
immunosuppressive functions enabling
mucosal colonization. Upregulation of
CEACAMs has been linked to RV-16
infection in human nasal epithelial cell
cultures (35) and toMoraxella catarrhalis
and nontypableHaemophilus influenza
infection of bronchial epithelial cells
(bacterial pathogens associated with COPD
exacerbation) (36). Thus, RV-induced
upregulation of CEACAMsmight provide a
link between infection and squamous cell
metaplasia. Interestingly, a recent study
reported IFN-g–induced inflammatory
responses in airway epithelial cells via
CEACAM1 and PI3K signaling, promoting
cellular growth and proliferation, linking
epithelial transition from inflammation to
cancer (37).

The presence of repair processes in the
airway epithelium were further substantiated
by the basal cell marker Krt5, which was
consistently upregulated not only at the gene
expression level but also the protein level in
RV-infected PCLS. This suggests that RV
infection is sufficient to induce epithelial
damage and an epithelial repair response that
involves upregulation of Krt5. This is in line
with reports showing KRT51 basal cells to

be essential for lung regeneration by
repopulating the damaged alveolar
parenchyma upon influenza infection (38,
39). A recent study also described
upregulation of several squamous cell
metaplasia– andmucus
hypersecretion–related gene modules during
exacerbations of asthma (40). Interestingly,
upregulation of Krt5 was also observed in the
COPD data set.

RV infection has been described to
impair barrier integrity (e.g., in human nasal
as well as airway epithelial cell cultures) by
disrupting tight junctions and adherens
junctions (41–43). Although the expression
of most tight junction proteins was not
significantly altered upon RV infection in
PCLS at this early stage, the tight
junction–sealing protein claudin-8 was
significantly downregulated not only in
PCLS but also in both asthma and COPD
data, indicating a loss of tight junction
integrity. Interestingly, RV infection of
airway epithelial cells of children with
asthma resulted in sustained disruption of
tight junctions and the loss of epithelial
barrier integrity, whereas this was transient
in healthy control subjects (44).

On the basis of the frequently discussed
potential role of RV promoting COPD and
asthma disease progression, antivirals could
be a beneficial therapy for these patients (45,
46). We used the 3C protease inhibitor
rupintrivir to evaluate the effect of antiviral
treatment during acute RV infection in
PCLS. Strikingly, although rupintrivir was
beneficial in subduing the virus-induced
inflammatory immune response, the
epithelial response associated with
squamous, basal, and goblet cell hyperplasia
was largely refractory to antiviral
treatment. This suggests that these disease-

relevant epithelial processes, despite being
initially triggered by RV infection, might
progress autonomously. Current antiviral
and antiinflammatory therapeutics are
unable to revert the RV-triggered
pathological epithelial processes.
Consequently, epithelial cells and
pathological repair and remodeling
processes emerge as potential targets for
novel therapeutics. Recently, bronchial
cells derived from club cell progenitors,
driving epithelial mesenchymal transition
and remodeling, have been suggested as
novel targets for the treatment of chronic
lung diseases (47). Basal cells that are
susceptible to virus infection and
subsequently can alter epithelial
differentiation (48, 49) might represent
another interesting target.

In conclusion, with the in-depth
analysis of RV-infected human PCLS
presented here, combined with the
comparative analysis of patient gene
signatures of patients with COPD and
asthma, we demonstrated that the human
RV PCLSmodel reflects disease-relevant
biological mechanisms and provides an
outstanding opportunity to evaluate novel
therapeutics.�
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