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Alpha-1 Antitrypsin for COVID-19
Treatment: Dual Role in Antiviral
Infection and Anti-Inflammation
Chengliang Yang1, Shaf Keshavjee1,2 and Mingyao Liu1,2*

1Latner Thoracic Surgery Research Laboratories, Toronto General Hospital Research Institute, University Health Network,
Toronto, ON, Canada, 2Institute of Medical Science and Department of Surgery, Faculty of Medicine, University of Toronto,
Toronto, ON, Canada

Many drugs have been approved for clinical trials for the treatment of COVID-19 disease,
focusing on either antiviral or anti-inflammatory approaches. Combining antiviral and anti-
inflammatory drugs or therapies together may be more effective. Human alpha-1
antitrypsin (A1AT) is a blood circulating glycoprotein that is best known as a protease
inhibitor. It has been used to treat emphysema patients with A1AT deficiency for decades.
We and others have demonstrated its role in reducing acute lung injury by inhibiting
inflammation, cell death, coagulation, and neutrophil elastase activation. Recently, A1AT
has been found to inhibit severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection by inhibiting transmembrane serine protease 2 (TMPRSS2), a protease involved in
the entry of SARS-CoV-2 into host cells. This dual role of both antiviral infection and anti-
inflammation makes A1AT a unique and excellent candidate for COVID-19 treatment.
Three clinical trials of A1AT for COVID-19 treatment have recently been approved in several
countries. It is important to determine whether A1AT can prevent the progress from
moderate to severe lung injury and eventually to be used to treat COVID-19 patients with
acute respiratory distress syndrome.

Keywords: alpha-1 antitrypsin (A1AT), severe acute respiratory syndrome coronavirus 2 (SAR-CoV-2), coronavirus
disease 2019 (COVID- 19), acute lung injury, acute respiratory distress syndrome (ARDS), anti-inflammatory therapy,
antiviral therapy

INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic has caused a surge of critically ill patients in
intensive care units across the world. It has been estimated that 1.7 billion people have at least one
underlying condition that puts them at increased risk of severe COVID-19 if infected (Clark et al.,
2020). The underlying mechanisms of COVID-19 are severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) viral infection-induced inflammatory response, cell death, microthrombus
formation, and formation of neutrophil extracellular traps (NETs) (Middleton et al., 2020).
Many clinical trials, therefore, have been focused on drugs that have either antiviral infection or
anti-inflammatory function. It has been suggested that a combination of anti-inflammatory drugs
with direct-acting antivirals could reduce viral infectivity, viral replication, and the aberrant host
inflammatory response (Stebbing et al., 2020). Drugs with a dual role in both anti-inflammation and
antiviral infection could be excellent candidates for COVID-19 treatment.
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CURRENT AVAILABLE TREATMENTS FOR
CORONAVIRUS DISEASE 2019

In a large COVID-19 cohort study, 81% of patients had mild or
moderate disease, 14% had severe disease, and 5% became
critically ill with a life-threatening disease course. The
mortality in critically ill patients with COVID-19 is
approximately 49% (Wu and McGoogan, 2020). Therefore, it
is urgent to have specific, effective, and safe treatments for
COVID-19. Many clinical trials have been conducted to
repurpose existing drugs, such as antiviral agents. To inhibit
SARS-CoV-2 viral infection induced inflammatory responses,
Bruton’s tyrosine kinase inhibitors and Janus kinase inhibitors
have been tested. Moreover, blood-derived products, antibodies
(such as interleukin-1 inhibitor and interleukin-6 inhibitors), and
vaccines (Lurie et al., 2020; National Institutes of Health, 2020;
World Health Organization, 2020), have also been tested
clinically (Table 1). Recently, remdesivir, an antiviral drug
(Beigel et al., 2020), has been approved by the United States
Food and Drug Administration (United States Food and Drug
Administration, 2020). However, people have raised many
questions about its worth (Cohen and Kupferschmidt, 2020).
New drugs should be selected and tested.

HUMAN ALPHA-1 ANTITRYPSIN

Human alpha-1 antitrypsin (A1AT) is a 52-kDa glycoprotein that
is synthesized in the liver, and is circulated in the blood, and is a
natural inhibitor for a set of proteases. Adequate A1AT activity is
critical for the prevention of proteolytic tissue damage (Bristow
et al., 1998). In individuals with one of several inherited
mutations in A1AT, low circulating A1AT levels increase the

risk for destructive diseases, particularly emphysema (Chapman
et al., 2015). Infusion of plasma purified A1AT protein has
proven therapeutic benefits in patients with A1AT deficiency
(Stoller and Aboussouan, 2005; Balbi et al., 2016; McElvaney
et al., 2017). The pharmacokinetics and safety of A1AT have been
well studied. It has been considered safe with infrequent and
generally well-tolerated side effects (Petrache et al., 2009). Recent
works from our group and others have demonstrated that human
A1AT has both anti-inflammatory and anti-SARS-CoV-2 viral
effects (Gao et al., 2014; Iskender et al., 2016; Lin et al., 2018;
Azouz et al., 2020;Wettstein et al., 2020). This dual role makes it a
unique and excellent candidate for COVID-19 treatment.

THE ROLE OF ALPHA-1 ANTITRYPSIN IN
ACUTE LUNG INJURY

In addition to its anti-protease and tissue-protective function,
A1AT also exerts anti-inflammatory effects, including improving
mitochondrial membrane stability, inhibiting apoptosis,
inhibiting nuclear factor kappa B (NFκB) activation,
modulating pro-vs. anti-inflammatory cytokine balance, and
promoting immunologic tolerance. For example, A1AT
suppresses tumor necrosis factor-alpha and matrix
metalloproteinase-12 production (Churg et al., 2007) and
enhances anti-inflammatory cytokine interleukin 10 secretion
in macrophages (Janciauskiene, et al., 2007; Ozeri et al., 2012).
A1AT inhibits thrombin and plays a role in the regulation of
proteases involved in fibrinolysis (Talens et al., 2013). In a graft-
versus-host disease murine model, A1AT promoted tolerance in
animal models by down-regulating early inflammation and
favoring the induction and stabilization of regulatory T cells.
A1AT administration promoted the expansion of donor-derived

TABLE 1 | The current drugs or therapeutics in COVID-19 clinical studies.

Type of treatment Name FDA approval

Antiviral agent Chloroquine Not yet
Hydroxychloroquine Not yet
Lopinavir/ritonavir Not yet
Ivermectin Not yet
Remdesivir Yes

Bruton’s tyrosine kinase inhibitors Acalabrutinib Not yet
Ibrutinib Not yet
Zanubrutinib Not yet

Janus kinase inhibitors Baracitinib Not yet
Ruxolitinib Not yet
Tofacitinib Not yet

Blood-derived products Convalescent plasma Not yet
SARS-CoV-2 immunoglobulins Not yet

Interleukin-1 inhibitor Anakinra Not yet
Interleukin-6 inhibitor Sarilumab Not yet

Tocilizumab Not yet
Siltuximab Not yet

Vaccines Adenovirus type 5 vector Not yet
DNA plasmid vaccine electroporation device Not yet
Inactivated Not yet
Inactivated + alum Not yet
LNP- encapsulated mRNA Not yet
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dendritic cells, regulatory T cells, and natural killer cells, and
increased survival (Tawara et al., 2012).

A1AT protects the lung from acute injury. A1AT directly
inhibited inflammatory responses and caspase three activation,
prevented apoptosis in a human lung epithelial cell culture model
that simulates preservation and reperfusion process in lung
transplantation, and it also protected against ischemia-reperfusion
induced acute lung injury in rat lung transplant models (Gao et al.,
2014). Moreover, it inhibited coagulation activity, with reduced
formation of thrombin-antithrombin complex in plasma, and it
reduced inflammatory cytokines and apoptosis in pig lung
allografts (Iskender et al., 2016). Furthermore, using a pig-lung
transplant survival model, we demonstrated the beneficial effects
of A1AT on animal recovery via the lung transplant procedure. We
further demonstrated that A1AT protected pig donor lungs during ex
vivo lung perfusion (EVLP), a technique used to assess marginal
donor lungs prior to transplantation (Lin et al., 2018). In severely
damaged human lungs declined for clinical transplantation, A1AT
significantly improved lung function and reduced vascular leakage
and pulmonary edema during EVLP. It showed direct therapeutic
benefits to the lung by suppressing multiple cytokines, and inhibiting
a potent vasoconstrictor, endothelin 1. Based on these translational
research studies, a clinical trial for A1AT in human lung
transplantation is in preparation.

ALPHA-1 ANTITRYPSIN AS A BIOMARKER
INCORONAVIRUSDISEASE 2019 PATIENTS

Serum interleukin 6 (IL-6) is involved in the cytokine storm seen
in COVID-19 patients who developed moderate to severe
symptoms (Pedersen and Ho, 2020; Vultaggio et al., 2020).
The IL-6/A1AT ratio may reflect the balance between pro-
and anti-inflammatory mechanisms. The ratio was markedly
higher in COVID-19 patients in the intensive care unit (ICU)
than in stable patients; this ratio was further increased in ICU
patients with poor outcomes and decreased in cases showing
clinical improvement (McElvaney et al., 2020). A1AT has been
included as one of the clinical and biological predictors of
COVID-19 in two clinical studies (Clinical Trial number:
NCT04348396 and NCT04366089) in Italy. Interestingly,
serum A1AT levels in SARS patients were significantly lower
than those in healthy individuals, and truncated forms of A1AT
were significantly higher in sera of SARS patients. The
combination of a lower concentration and lower activity of
A1AT in SARS patients is likely associated with lung failure
and contributes to the development of acute respiratory distress
syndrome (Ren et al., 2004). Whether A1AT is also truncated in
the serum of COVID-19 patients should be determined.

ROLE OF ALPHA-1 ANTITRYPSIN IN
ANTI-SEVERE ACUTE RESPIRATORY
SYNDROME-CORONAVIRUS-2 INFECTION
The entry of SARS-CoV2 and other coronaviruses into host cells
is through the binding of viral S-protein to angiotensin-

converting enzyme 2 (ACE2) located on host cells, which is
mediated by host transmembrane protease serine type 2
(TMPRSS2). TMPRSS2-deficient mice showed decreased viral
spread in the airways after infection with SARS-CoV (Iwata-
Yoshikawa et al., 2019). A1AT inhibits TMPRSS2 proteolytic
activity in a dose-dependent manner (Azouz et al., 2020).
Wettstein et al. screened a peptide/protein library derived
from human bronchoalveolar lavage fluids and identified
A1AT as a specific inhibitor of SARS-CoV-2 infection
(Wettstein et al., 2020). Moreover, A1AT, as the major human
serum protease inhibitor, potently restricts protease-mediated
cellular entry of SARS-CoV-2 (Oguntuyo et al., 2020).

ALPHA-1 ANTITRYPSIN AS A DRUG FOR
CORONAVIRUS DISEASE 2019

The discovery of anti-SARS-CoV-2 infection, together with the
known effects of A1AT on anti-inflammation, anti-cell death,
anti-protease, anti-coagulation and immunomodulation,
promotes its clinical studies in COVID-19 patients (Figure 1).

Currently, there are three ongoing clinical trials to study A1AT
therapy in patients with COVID-19 (Table 2). A phase I
randomized placebo-controlled study has been approved on
May 13, 2020, in Saudi Arabia. Hospitalized COVID-19
patients will receive A1AT through a nebulizer every 12 hours
for 5 days (Clinical Trial number: NCT04385836). A phase II
open labelled study has been approved on July 31, 2020, in Spain.
Hospitalized patients will receive two intravenous infusion doses
of A1AT at 120 mg/kg, on day 1 and day 8 (Clinical Trial number:
NCT04495101). Participants in these two trials are patients with

FIGURE 1 | Proposed mechanisms of alpha-1 antitrypsin (A1AT) in
COVID-19 treatment. The entry of SARS-CoV2 into host cells is through the
binding of viral S-protein to angiotensin converting enzyme 2 (ACE2) located
on host cells, which is mediated by the transmembrane serine protease
2 (TMPRSS2). A1AT inhibits TMPRSS2, thus, reduces SARS-CoV-2 infection.
In addition, A1AT can reduce acute inflammatory responses, cell death,
neutrophil elastase trap formation, coagulative activity, and dysregulated
immune responses.
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moderate COVID-19 only. A similar phase 2 clinical trial was
posted on September 10, 2020 to be conducted in the
United States of America (Clinical Trial number:
NCT04547140). These trials focus on the safety and efficacy of
A1AT in preventing the progression of moderate to severe
manifestations. It will be important to learn whether
intravenous infusion and airway inhalation have similar or
different therapeutic efficacy. The success of these trials may
lead to further studies using A1AT to treat COVID-19 patients
with severe or critical illness. It may also shine light on whether
we should give A1AT to patients with only mild symptoms and
how to manage patients with A1AT deficiency when they are
infected with SARS-CoV-2.

RESEARCH AGENDA

The multiple potential beneficial effects of A1AT makes it a
better candidate than antiviral or anti-inflammatory drugs
alone for COVID-19 treatment. However, several
unanswered questions need to be addressed. First, the
anti-SARS-CoV-2 viral infection of A1AT is mainly based
on in vitro studies. This needs to be validated through in vivo
studies, with either animal models or clinical samples. SARS-
CoV-2 viral titers, TMPRSS2 activities, and levels of ACE2 in
serum, bronchoalveolar lavage fluid or tissue biopsy should
be examined. These can be further developed as biomarkers
for A1AT or other antiviral therapy for clinical prognosis.
Serum IL-6 and A1AT levels and their ratio, neutrophil
elastase activity, and the formation of NETs should be
measured before and during A1AT therapy. Meanwhile,
basic and translational research should be conducted to
elaborate on the safety, timing, and dosing of A1AT. The
potential interactions of A1AT with other drugs should be
determined. Moreover, the underlying mechanisms of A1AT

on anti-viral, anti-inflammation, anti-cell death, anti-
proteases, and anti-coagulation should be studied.
Furthermore, Shapira et al. found a significant positive
correlation between the combined frequencies of the
A1AT deficiency alleles in 67 countries and their reported
COVID-19 mortality rates (Shapira et al., 2020). Given the
important role that A1AT plays in the prevention and
treatment of the pathological process of SARS-CoV-2
infection, patients with A1AT deficiency may be more
susceptible to SARS-CoV-2 viral infection with worse
clinical outcomes. This should be confirmed through
clinical epidemiology studies. These future studies will
provide critical information for the clinical application of
A1AT in COVID-19 patients.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

CY, SK, and ML conceived the design and concepts. CY and ML
wrote the manuscript. All authors contributed to the editing and
revision of the manuscript and approved the submission.

FUNDING

This study was supported by Canadian Institutes of Health
Research (PJT-148847) and Government of Ontario, Canada
(RE-08-029).

TABLE 2 | Approved alpha-1 antitrypsin clinical trials for COVID-19 treatment.

Clinical trial 1 2 3

Trial number NCT04385836 NCT04495101 NCT04547140
Countries Saudi Arabia Spain United States
Randomized
prospective

Yes Yes Yes

Blinded Yes (single) No (open label) Yes (double)
Phase of clinical trial I II II
Placebo-controlled Yes Yes Yes
Number of
participants

150 100 100

Clinical severity Moderate Moderate Moderate
Alpha-1 antitrypsin
dosage

8 ml, every 12 h for 5 days 120 mg/kg ×2 doses, day 1 and day 8 120 mg/kg ×2 doses, day 1 and day 8

Control Usual care plus placebo Usual care Usual care plus placebo
Route of
administration

Inhalation Intravenous infusion Intravenous infusion

Primary measures Clinical improvement at day 21 according to 7-
category ordinal scale

Percentage of participants dying or requiring ICU
admission at day 15

Percentage of participants dying or requiring ICU
admission at day 15
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Bronchopulmonary dysplasia (BPD) is a chronic and debilitating disease that can exert

serious and overwhelming effects on the physical and mental health of premature

infants, predominantly due to intractable short- and long-term complications. Oxidative

stress is one of the most predominant causes of BPD. Hyperoxia activates a cascade

of hazardous events, including mitochondrial dysfunction, uncontrolled inflammation,

reduced autophagy, increased apoptosis, and the induction of fibrosis. These events

may involve, to varying degrees, alterations in SIRT1 and its associated targets. In the

present review, we describe SIRT1-related signaling pathways and their association with

BPD. Our intention is to provide new insights into themolecular mechanisms that regulate

BPD and identify potential therapeutic targets for this debilitating condition.

Keywords: bronchopulmonary dysplasia, hyperoxia, oxidative stress, SIRT1, signaling pathways

INTRODUCTION

Revolutionary advances in perinatology have led to a considerable improvement in the survival
rate of preterm infants. However, the incidence of bronchopulmonary dysplasia (BPD) is steadily
increasing in infants of low gestational age and low birth weight. BPD imposes a heavy burden on
families and society, partly due to its sophisticated pathogenesis and pathology, and partly because
of the absence of a holistic definition for this disease, and the lack of effective treatment options
(1). Oxidative stress is an established high-risk factor for BPD. An imbalance between oxidants
and antioxidants creates an environment of oxidative stress in which reactive oxygen species (ROS)
are produced in a partially reduced state (2). Premature infants are more prone to the induction
of oxidative stress than full-term infants because of their immature lung function, inadequate
pulmonary surfactant, and weak antioxidant enzyme system (3). To maintain healthy levels of
oxygen saturation, it is important that these infants receive oxygen supplementation. However,
this practice generates redundant forms of ROS, including superoxide anion radicals, hydrogen
peroxide, and hydroxyl radicals (4); these act as virulence factors for proteins, carbohydrates,
lipids, DNA, and RNA. In turn, these factors can activate apoptosis, leading to cellular dysfunction
and structural disorders; they can also trigger tissue damage and epigenetic changes (2). These
processes can culminate in the development of BPD, a condition that is characterized by alveolar
epithelial and vascular endothelial cell inactivation, alveolar disorders, the accumulation of
inflammatory factors, stromal cell proliferation, increased vascular permeability, and impaired
capillary development (3).
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Over recent years, an increasing body of evidence has come
to support the association between BPD and alterations in
silencing information regulator 2 related enzyme 1 (SIRT1)
and its associated targets (5–7). As shown in Figure 1, SIRT1-
related signaling pathways involve various biological processes,
including mitochondrial biogenesis, autophagy, apoptosis,
inflammation, and fibrogenesis, which potentially correlate
intimately with BPD. However, this association has yet to
be comprehensively reviewed. In the present review, we
summarize the existing research relating to SIRT1 and other
signaling pathways that may be related to BPD, including
peroxisome proliferator-activated receptor γ co-activator
1α (PGC-1α), p53, protein kinase B (Akt), forkhead box O
(FOXO), transforming growth factor-β (TGF-β), microRNA,
nuclear factor kappa-B (NF-κB), activator protein-1 (AP-
1), adenosine 5’-monophosphate-activated protein kinase
(AMPK), and mammalian target of rapamycin (mTOR). We also
propose potential therapeutic strategies for targeting SIRT1 to
alleviate BPD.

SIRT1 AND BPD

SIRT1 belongs to the family of sirtuins proteins and is a
nicotinamide adenine dinucleotide (NAD+)-dependent
deacetylase that is distributed predominantly in cell nuclei.
The SIRT1 gene is located on chromosome 10q21.3 and encodes
a 120 kD protein that contains two key domains, a highly
conserved Rossmann fold, and a less conserved zinc finger
structure and helix component (8). SIRT1 is engaged in a
variety of cellular processes, including apoptosis, inflammation,
mitochondrial function, and oxidative stress; SIRT1 carries out
these functions by deacetylating histones H1, H3, and H4 and a
range of non-histone proteins, including PGC-1α, NF-κB, p53,
and FOXOs (9).

A vital consideration is that SIRT1 is closely associated with
BPD. In a hyperoxia-induced mouse model of lung injury,

Abbreviations: SIRT1, silencing information regulator 2 related enzyme 1;

PGC-1α, peroxisome proliferator-activated receptor γ co-activator 1α; Akt,

protein kinase B; FOXO, forkhead box O; TGF-β, transforming growth

factor-β; NF-κB, nuclear factor kappa-B; AP-1, activator protein-1; AMPK,

adenosine 5′-monophosphate-activated protein kinase; mTOR, mammalian target

of rapamycin; ROS, reactive oxygen species; NAD+, nicotinamide adenine

dinucleotide; PBMCs, peripheral blood mononuclear cells; PPARγ, peroxisome

proliferator-activated receptor gamma; LPS, lipopolysaccharide; NRF, nuclear

respiratory factor; NF-E2, nuclear factor (erythroid 2)-like; HO-1, heme

oxygenase-1; SOD, superoxide dismutase; TFAM, mitochondrial transcription

factor A; COX1, cytochrome c oxidase 1; COPD, chronic obstructive pulmonary

disease; IGFBP3, Insulin-like growth factor binding protein 3; TNF, tumor

necrosis factor; AECII, type II alveolar epithelial cells; PI3K, phosphatidylinositol 3

kinase; PTEN, phosphatase and tensin homolog deleted on chromosome 10; IKK,

IκB kinase; MDM2, murine double minute 2; PIP3, phosphatidylinositol 3,4,5-

trisphosphate; BALF, bronchoalveolar lavage fluid; Ang1, angiopoietin-1; MIP-

2, macrophage inflammatory protein-2; STAT3, signal transducer and activator

of transcription 3; EGR-1, early growth response protein 1; SP-1, specificity

protein 1; ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated

protein kinase; JNK, c-Jun N-terminal kinase; MCP-1, monocyte chemoattractant

protein-1; RAPTOR, regulatory associated protein of mTOR; ULK1, unc-51 like

kinase 1; p70S6K, ribosomal S6 kinase; TSC, tuberous sclerosis protein; Rheb,

ras homolog enriched in brain; LKB1, liver kinase B1; NAMPT, nicotinamide

phosphoribosyltransferase.

lower levels of SIRT1 were shown to contribute to alveolar
simplification and apoptosis (6). Other research has found
that TNF-α, IL-1β, and NLRP3 inflammasome expression was
upregulated in mouse lung microvascular endothelial cells upon
knockdown of the SIRT1 gene (10). In addition, Mody et al.
(11) reported that the SIRT1 content of leukocytes that were
acquired by aspiration from the trachea was markedly lower
in BPD infants than in non-BPD infants. Furthermore, we
found reduced levels of nuclear SIRT1, along with increased
nucleocytoplasmic shuttling, in peripheral blood mononuclear
cells (PBMCs) from BPD infants and preterm infants treated with
different concentrations of oxygen, suggesting that hyperoxia
or oxidative stress modified the activity and distribution of
SIRT1 (12).

Indeed, oxidative stress probably mediates SIRT1 post-
translational modifications, including phosphorylation,
SUMOylation, S-nitrosylation, carbonylation, and S-
glutathionylation, which reversibly or irreversibly affect
SIRT1 activity (13). For example, the increased carbonylation of
proteins has been shown to be involved in hyperoxia-induced
lung injury in mice (14). SIRT1 levels and activity are reduced
and SIRT1 protein degradation is accelerated in human lung
epithelial cells under oxidative/carbonyl stress (15); these results
contribute to the diminished ability of SIRT1 to acetylate p53,
p65/RelA, and FOXO3, which causes inflammation, senescence,
apoptosis, and endothelial dysfunction (13).

Furthermore, ROS possibly increases the expression of small
ubiquitin-like modifier (SUMO)-specific protease 1 (SENP1),
which attenuates SIRT1 deacetylation by de-SUMOylation of
SIRT1 (7). Research also showed that the SUMOylation of SIRT1
increased its deacetylase activity and the stability of SIRT1
protein. Attenuated SUMOylation of SIRT1 increased stress-
induced apoptosis, while enhanced SUMOylation of SIRT1
retarded cellular senescence (16, 17). In addition, SIRT1
interaction with SUMO1 and SUMO2/3 was significantly
weakened in PBMCs of BPD patients, suggesting that the
SUMOylation of SIRT1 is involved in the disease process (18).

Paradoxically, however, knockdown of the SUMO1 gene
increased pulmonary surfactant proteins, decreased glycogen
content, and promoted lung differentiation in BPD models,
illustrating silencing of the SUMO1 gene protected against
hyperoxia-induced lung injury in rats (19). Furthermore,
SUMO1 and SUMO2/3 expression significantly increased in
PBMCs of BPD infants, whereas SIRT1 expression markedly
decreased (18), suggesting that more complex regulatory
mechanisms regarding SIRT1 need to be further identified.

SIRT1-RELATED SIGNALING PATHWAYS
AND BPD

It is possible that SIRT1 may act as an essential signaling hub
for BPD. Risk factors for BPD such as hyperoxia can trigger
changes in SIRT1 and thus initiate a chain of domino effects. As
shown in Figure 2, these SIRT1-related signaling pathways are
intricately intertwined, and can facilitate or inhibit each other to
varying degrees and in different ways to influence the onset and
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FIGURE 1 | Association of SIRT1-related signaling pathways and BPD. SIRT1 deacetylation activates PGC-1α, which continues to activate NRF1/2 and TFAM in turn,

thus promoting mitochondrial biogenesis to improve BPD. SIRT1 activates AMPK, and after AMPK phosphorylation activates TSC1/2, TSC1/2 activates Nampt, and

inhibits Rheb, thereby inhibiting the role of mTOR in suppressing autophagy. A certain amount of autophagy plays a protective role against BPD. After SIRT1 activates

FOXOs, FOXOs may promote autophagy along with apoptosis, but Akt inhibits the pro-apoptotic effect of FOXOs. SIRT1 directly activates Akt through deacetylation.

SIRT1 also inhibits the inhibitory effect of PTEN on PI3K by deacetylating PTEN, thereby enhancing PI3K phosphorylation of Akt. The activation of Akt ameliorates

BPD by inhibiting apoptosis and inflammation. SIRT1 also inhibits the pro-apoptotic effect of p53. SIRT1 inhibits the pro-inflammatory effects of NF-κB and AP-1 by

deacetylating p65, c-Fos, and c-Jun. The pro-apoptotic effect of AP-1 is also inhibited by SIRT1. SIRT1 inhibits TGF-β by deacetylating Smad, thereby suppressing

fibrogenesis. In addition, the inhibition of TGF-β attenuates its role in promoting mTOR, which is also linked to fibrogenesis.

development of BPD. Herein, we concentrate on the functions of
these signaling pathways in BPD and their specific relationships
with SIRT1.

PGC-1α
Given that ROS are crucial enhancers of oxidative stress, and
that mitochondria are the primary source of ROS (4), the
role of mitochondrial function in BPD is receiving increasing
amounts of research attention. In lung epithelial cells, hyperoxia
exposure altered mitochondrial metabolism and dynamics, as
evidenced by reduced basal and maximal respiration, diminished
electron flow in respiratory chain complexes, and decreased
utilization of metabolites such as glucose, glutamine, and fatty
acids; there was also a significant change in mitochondrial
morphology, distribution and mass. These results probably
involved hyperoxia-induced alveolar simplification in mice (20).
Conversely, enhanced fatty acid oxidation alleviated hyperoxia-
induced endothelial cell apoptosis and lung injury in mice by
attenuating ceramide synthesis and apoptosis (21).

In the BPD model, hyperoxia-exposed mice develop
reduced alveolar counts with delayed development, thus
mirroring the consequences induced by mitochondrial
complex-I inhibitors (22). Similarly, mice under mechanical

ventilation with prolonged high tidal volume showed the
same impaired alveolarization and diminished expression
of vascular endothelial growth factor as mice that had been
insulted by an oxidative phosphorylation uncoupling agent
(causing mitochondrial dysfunction) (23), thus suggesting that
mitochondrial biogenesis exerts impact on lung development.
Additionally, vascular endothelial of BPD-susceptible infants
exhibited lower mitochondrial oxygen consumption, faster
proton leakage, and significant mitochondrial ROS production
and mitochondrial DNA (mtDNA) damage, thus suggesting
that mitochondrial bioenergetics strongly correlates with BPD
(24). MtDNA variants led to hyperoxic hypoalveolarization,
pulmonary mechanical function, and mitochondrial redox
dysfunction, further suggesting that mitochondria exert a
profound impact on alveolar development (25).

Mechanistically, hyperoxia and mechanical ventilation can
inhibit mitochondrial respiratory chain complexes, respiratory
rate, membrane potential, and can also impede oxidative
phosphorylation to reduce adenosine triphosphate (ATP)
production, thereby causing atrophy or the abnormal growth
of developing alveolar cells by depriving them of sufficient
energy; eventually, this will lead to the BPD phenotype (26).
Furthermore, ROS produced by mitochondria are also known to
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FIGURE 2 | Crosstalk between SIRT1-related signaling pathways. Relatively

complex crosstalk exists between SIRT1-related signaling pathways. SIRT1

activates or inhibits its downstream targets, including PGC-1α, p53, Akt,

FOXOs, TGF-β, NF-κB, AP-1, AMPK, and mTOR. Mutual activating or

inhibiting effects exist among the downstream targets of SIRT1. In addition,

some downstream targets of SIRT1 also feedback regulate SIRT1 activity.

MicroRNAs are also involved in the regulation of SIRT1 and its downstream

targets. ROS inhibit the activity of SIRT1, thereby altering the associated

signaling pathways.

self-destruct, thus facilitating mitochondrial oxidative stress and
accelerating lung injury (4).

Another important factor to consider is PGC-1α, a
peroxisome proliferator-activated receptor gamma (PPARγ)-
associated protein that is encoded by the PPARGC1A gene.
PGC-1α is the master regulator of mitochondrial energy
metabolism and quality control (27, 28). A previous study
found that low expression levels of PGC-1α led to an increase
in oxidative stress-induced mitochondrial dysfunction (29),
and conversely, that the activation of PGC-1α mitigated
lung injury from lipopolysaccharide (LPS) by enhancing
mitochondrial biogenesis (30). The protective effect of PGC-1α
on mitochondria is partly caused by the activation of antioxidant
enzymes that attenuate the mitochondrial toxicity of ROS and
prevent oxidative stress-induced apoptosis (8).

SIRT1 deacetylation activates PGC-1α, which subsequently
activates nuclear respiratory factor 1 (NRF1) and NRF2. NRF1
and NRF2, as cell-important transcription factors, can regulate
nuclear DNA (nDNA) to encode mitochondrial transcription
factor A (TFAM). TFAM is transferred to mitochondria after
nucleogenesis to control mtDNA transcription and replication
(31), thus driving the production of mitochondrial respiratory
enzymes and membrane proteins, thus promoting mitochondrial
biogenesis (27, 32) (Figure 1). As an example, SIRT1 was shown
to activate PGC-1α and NRF1 to alleviate hyperoxia-induced

mitochondrial dysfunction in the lung epithelial cells, thereby
reducing apoptosis (5). Moreover, activation of the SIRT1/PGC-
1α/NRF/TFAM signaling pathway improved mitochondrial
membrane potential, enhanced cytochrome c oxidase 1 (COX1)
activity, and increased mtDNA and ATP content (33, 34).
These factors may be involved in the protection against
lung inflammation and oxidative stress in chronic obstructive
pulmonary disease (COPD) mice (35).

Another key transcription factor is the nuclear factor
(erythroid 2)-like (NF-E2), which is capable of modulating
antioxidant response elements. There are 3 members of the
NF-E2 family of proteins: NF-E2 related factor 1 (NF-E2-
1), NF-E2-2, and NF-E2-3 (36). NF-E2-2, also a downstream
molecule of SIRT1, is an essential protective factor against lung
injury (37) and stimulates the expression of antioxidant genes
and directly triggers the formation of antioxidant enzymes,
such as heme oxygenase-1 (HO-1) and superoxide dismutase
(SOD), to exert antioxidant effects (38). For instance, in a
mouse model of lung growth retardation, hyperoxia caused the
compensatory upregulation of NF-E2-2 and HO-1 in order to
counteract oxidative stress (39). Furthermore, a deficiency of
NF-E2-2 suppressed alveolar mitochondrial biogenesis and the
transcription of anti-inflammatory factors (40), thus hampering
alveolar maturation and exacerbating the hyperoxia-induced
lung injury phenotype in mice (41).

On the one hand, SIRT1 activates NF-E2-2 by activating PGC-
1α, thus reducing oxidative stress. For example, the activation
of SIRT1/PGC-1α/NF-E2-2 pathway reduces chromium-induced
lung injury in rats (42). On the other hand, SIRT1 can also
deacetylate NF-E2-2 directly, thus enhancing its stability and
ability to express SOD, catalase, glutathione, and HO-1 (43).
It was found that activating SIRT1/NF-E2-2 delays aging by
alleviating proteins oxidative damage and inflammatory factors
such as IL-6 and TNF-α expression (44).

However, we should highlight the fact that although it has
been established that the SIRT1/PGC-1α signaling pathway can
promote mitochondrial biogenesis in other disease models, there
is a clear lack of research to demonstrate a clear association
between this pathway and BPD. Ongoing research in our own
laboratory aims to address this shortfall.

p53
The p53 protein is encoded by the TP53 gene and has deservedly
earned the nickname “guardian of the genes” on account of its
contribution to genomic stability (45). Nevertheless, p53 is also
associated with several detrimental biological processes in cells.
For instance, p53 blocks cell cycle progression by activating
its downstream target p21 (an inhibitor of cyclin-dependent
kinases) (46, 47). P53 can also mediate several proteins (e.g.,
Bax/Bcl2, Fas/Apol, insulin-like growth factor binding protein
3, and tumor necrosis factor receptors) (8) to induce apoptosis;
these processes may play a critical role in triggering BPD.

Previous research, carried out in baboons, showed that oxygen
supplementation can induce high expression levels of p53 and
p21 and thus encourage apoptosis in lung cells, thus leading to the
inhibition of cell growth and the promotion of a BPD phenotype
(47). In addition, hyperoxia disrupts lung development and

Frontiers in Medicine | www.frontiersin.org 4 February 2021 | Volume 8 | Article 59563414

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Yang and Dong SIRT1-Related Signaling Pathways and BPD

repair by activating p53 and p21 to inhibit the activity of
vascular endothelial growth factor (46), and to facilitate the
senescence of both airway smooth muscle cells (48) and lung
fibroblasts (49). The other direction to consider is that the
p53/p21 signaling axis also modulates senescence. Research has
shown that the expression of the senescence markers p21 and p16
increased in type II alveolar epithelial cells (AECII) from fibrotic
lung disease, while silencing p53 attenuated cellular senescence
by inhibiting p21 (50). Enhanced β-galactosidase activity in
lung tissue from COPD patients represents the presence of
senescence, while low levels of SIRT1 and FOXO3a, and high
levels of p53 and p21 are probably involved in senescence process
(51). Furthermore, post-prandial triglyceride-rich lipoproteins
attenuate SIRT1 deacetylating p53 by increasing oxidative stress,
which leads to the upregulation of acetylated p53 and p21
expression and finally to premature senescence of adipose-
derived mesenchymal stem cells (52). These data suggest that
p53 and p21 may be essential molecular factors in the initiation
and development of BPD. The detection of p53 in ROS-damaged
DNA may represent the beginning of hyperoxia-induced lung
dysplasia (46, 47).

SIRT1 inhibits the transcriptional activity of p53 by
deacetylating the p53 C-terminal lysine-382 residue and
altering the conformation of p53 to reduce its ability to bind to
DNA (Figure 1). Furthermore, SIRT1 diminishes the expression
of the p21 and p53-regulated apoptotic factors to promote
cell repair and survival (53). The reduced levels of histone
deacetylase activity contributes to the upregulation of p53 and
p21, which are involved in cell cycle blockade and epigenetic
alterations in alveolar cells during hyperoxia in mice (54). In
contrast, the SIRT1 agonist SRT1720 was shown to protect lung
function and reduce lung injury in a mouse model of COPD
by down-regulating the levels of p53 to reduce apoptosis in
AECII (55). Furthermore, resveratrol has been shown to activate
SIRT1 to inhibit DNA damage by p53, thus protecting against
architecture disorders in the lungs caused by lung aging (56)
and attenuating hyperoxia-induced apoptosis and alveolar
simplification in neonatal rats (6).

Akt and FOXOs
Akt, a protein that belongs to the AGC family, contains
3 components (a pleckstrin homology domain, a central
kinase, and a regulatory domain) and has 3 isoforms: Akt1,
Akt2, and Akt3. An essential upstream activator of Akt is
phosphatidylinositol 3 kinase (PI3K); phosphatase and tensin
homolog deleted on chromosome 10 (PTEN) has been shown
to reduce Akt activity by dephosphorylating PI3K (57). Akt, as a
survival protein, plays an incredibly important role in protecting
cell survival and proliferation under hyperoxia (58).

Previous research showed that a rat model of hyperoxia-
induced lung injury exhibited reduced levels of Akt activity,
and that activation of Akt dramatically reduced apoptosis and
increased the survival of lung epithelial cells (59). In addition, the
transfection of Akt was shown to improve alveolar development
and attenuate pulmonary arterial hypertension in BPD rats (59).
Conversely, the suppression of PI3K/Akt, or knockdown of
the Akt1 gene, was shown to exacerbate lung injury and lung

inflammation in mice by reducing the levels of Nrf2 (60). It is
not difficult to infer from these data that Akt is an essential
protective factor for BPD. Paradoxically, however, Reddy et al.
(60) reported that PI3K/Akt also promoted lung injury in the
late phases of hyperoxia and did so in a non-Nrf2-dependent
manner. One possible explanation is that this is a manifestation
of decompensation, or that other factors such as inflammation
and oxidants may alter the direction of the PI3K/Akt signaling
pathway. Consequently, it is evident that the regulation of such
signaling pathways in a host is extremely precise and may exert
dramatically divergent outcomes over both time and space.

Once activated by ROS, PI3K can phosphorylate Akt which
then goes on to phosphorylate downstream targets such as
BAD, FOXO3a, IκB kinase (IKK)-kinase, and murine double
minute 2 (MDM2), thus participating in the regulation of
apoptosis, inflammation, and oxidative stress (8, 58). In addition,
the activation of PI3K/Akt may alleviate hyperoxia-induced
oxidative damage in human pulmonary alveolar epithelial cells
by up-regulating HO-1 (61).

SIRT1 is known to activate Akt by deacetylation. Specifically,
SIRT1 reinforces the binding of phosphatidylinositol 3,4,5-
trisphosphate (PIP3) to the pleckstrin homology domain and
the phosphorylation of Akt at Thr308 and Ser473; these are
critical steps in the activation of Akt (62) (Figure 1). Previous
research showed that the inhibition of SIRT1 led to the
suppression of proliferation and survival in neuronal SH-SY5Y
cells by attenuating the PI3K/Akt pathway (63). In contrast, the
activation of SIRT1 was shown to reduce the inhibitory effect
of PTEN on Akt, thus reducing methamphetamine-induced
oxidative stress and apoptosis in alveolar epithelial cells and
protecting alveolar epithelial permeability and barrier function
(64). In addition, resveratrol has been shown to rejuvenate AECII
by activating Akt and MDM2, and by inhibiting p53 and PTEN;
collectively, these processes improved the lung function and
structure in senescent mice (56).

FOXO belongs to a subfamily of FOX transcription factors.
Mammals express FOXO1, FOXO3, FOXO4, and FOXO6;
FOXO1 and FOXO3 are closely related to cell proliferation,
oxidative stress, autophagy, apoptosis, and metabolism (65). As
transcription factors, FOXO proteins may exert both positive
and negative effects in BPD. On the one hand, FOXOs
promote autophagy by activating autophagy genes, by binding
to autophagy proteins, and by altering epigenetic status (66).
FOXOs can also counteract ROS by enhancing the expression
of antioxidant proteins, such as SOD, catalase, thioredoxin, and
glutathione (67). On the other hand, FOXOs can also promote
apoptosis by blocking the cell cycle (68). In addition, previous
research has shown that ROS can mediate the transcription and
regulation of FOXOs, as well as post-translational modifications,
subcellular localization, and protein synthesis (67).

It is important to note that Akt phosphorylates FOXOs to
inhibit their pro-apoptotic activity, and that SIRT1 deacetylates
FOXOs to enhance their autophagic and antioxidant effects.
Akt reduces the binding of FOXO1 and FOXO3 to apoptotic
genes by reducing their transcriptional activity and by inducing
nucleoplasmic translocation (69). Advantageously, the ability of
Akt to phosphorylate FOXO1 and FOXO3 is enhanced after
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activation by SIRT1 deacetylation. A previous study confirmed
that a mouse model of hyperoxia-induced acute lung injury
showed diminished expression of phosphorylated Akt and
FOXO1 (70). This may contribute to increased levels of apoptosis
and thus participate in the BPD phenotype. This conjecture is
supported by the fact that suppression of PI3K/Akt reduces the
expression of phosphorylated FOXO3a, thus increasing the levels
of Bim and Bax and reducing the levels of Bcl-2 and CyclinD1 to
promote apoptosis in AECII (71).

In contrast, activation of the Akt phosphorylation FOXO1
signaling pathway was shown to enable the regeneration of lung
endothelial and epithelial cells in a rat model of LPS-induced lung
injury (68). In a model of BPD, the activation of Akt/FOXO3
was also involved in the development of alveoli and pulmonary
vasculature via the inhibition of apoptosis (69).

SIRT1 is known to enhance the autophagic and antioxidant
capacity of FOXO1 and FOXO3 via deacetylation. FOXO1
and FOXO3 may also facilitate the expression of SIRT1, thus
creating a form of self-feedback (72, 73) (Figure 1). For instance,
resveratrol has been shown to activate FOXOs to resist oxidative
stress in C2C12 cells by increasing levels of SOD and by
decreasing ROS levels (74). Furthermore, when exposed to
cigarettes, SIRT1 agonists were unable to reverse the high
levels of lipid peroxidation products and the low expression of
antioxidants in the lung tissue of FOXO3 knockout mice, but
did so in wild-type mice, thus suggesting that FOXO3 can also
mediate the effects of SIRT1 (75). Surprisingly, the deacetylation
of FOXO3 by SIRT1 was also shown to be involved in the
inhibition of apoptosis in the AECII of the model COPD (55),
thus suggesting that FOXOs may have distinct effects that are
dictated by different modifications.

However, it is important to note that only very limited
research has been undertaken on the role of FOXOs in BPD.
In addition, it is possible that the role of FOXOs may depend
heavily on the function of its upstream targets. Therefore, further
research is urgently needed to investigate the mechanisms that
link FOXOs with BPD.

TGF-β
TGF-β belongs to the superfamily of secreted growth factors,
which also includes a range of other members, including bone
morphogenetic proteins, activins, and growth factors (76). TGF-
β ligands (such as TGF-β1, TGF-β2, and TGF-β3) bind to TβR
II and TβR I receptors in the cell membrane to form complexes,
thus initiating the TGF-β signaling pathway. TβR I is activated
by the phosphorylation of TβR II and then activates Smad2 and
Smad3, which are then bound to Smad4 for translocation to the
nucleus and participate in gene transcription processes such as
cell proliferation, development, and apoptosis (76, 77).

TGF-β is an influential regulator of lung development (78),
but also represents a double-edged sword. The overexpression of
TGF-β, and prolonged changes in the levels of TGF-β, will cause
a series of detrimental effects on the lungs, including reduced
gas exchange and lung function, poor alveolar development
and angiogenesis, the emergence of pulmonary fibrosis, and
BPD (76, 79). Previous research showed that the expression of
TGF-β1 rose significantly with time in the lung tissue of mice

exposed to hyperoxia (80). When transfected with the TGF-β1
gene, experimental mice replicated the BPD phenotype (81).
In monkeys, increased levels of TGF-β1 caused uncontrolled
levels of cell proliferation and collagen deposition, thus leading
to pulmonary fibrosis and lung dysplasia (82). Moreover, over-
activation of the TGF-β signaling pathway has been shown
to be involved in the abnormal development of alveoli and
branches in hyperoxia by inducing DNA methylation and other
modifications (83), thus suggesting that TGF-β can affect lung
development in different ways.

Conversely, the antagonization of TGF-β signals prevented
overexpression of the extracellular matrix and its remodeling
proteins, reduced elastin production, and corrected its abnormal
distribution and heterogeneous accumulation, thus alleviating
hyperoxia-induced alveolar simplification, morphological
defects in alveolar cells, and apoptosis in mice (78, 79). In
addition, inhibition of TGF-β also promoted alveolar formation,
microvascular development, and body weight gain, in the
damaged lungs of mice under hyperoxia (84).

The inhibitory effect of SIRT1 on TGF-β may occur via
the deacetylation of Smad2, Smad3, and Smad4 (85–87); these
are critical downstream targets of TGF-β and are intimately
associated with the formation of tissue fibrosis (88) (Figure 1).
A previous study found that resveratrol attenuated LPS-induced
epithelial-mesenchymal transformation and lung fibrosis
by weakening TGF-β1/Smad signaling (89). Furthermore,
resveratrol has been shown to effectively downregulate TGF-β
expression in bronchoalveolar lavage fluid (BALF) in mice
models of COPD and bleomycin-induced lung fibrosis (90, 91).

miR-34a
MicroRNA (miRNA) is a class of short (21–24 nucleotides
in length), relatively conserved, single-stranded RNAs that are
encoded by endogenous genes. Following transcription miRNAs
are involved in a variety of biological processes, including cell
differentiation, development, proliferation, angiogenesis, and
inflammation; these effects occur in response tomiRNAs exerting
regulatory effects on the expression levels of mRNA and protein
(92, 93). In a previous study, Bhaskaran et al. (93) reported
increased expression levels of miR-21 and miR-34a in the lung
tissue of mice exposed to hyperoxia; in contrast, levels of
miR-342, miR-335, miR-150, miR-126∗, and miR-151∗, were all
reduced. A meta-analysis also showed that miRNA-21, miRNA-
34a, miRNA-431, and Let-7f, were up-regulated in BPD, while
miRNA-335 was down-regulated (92). Predictably, these BPD-
associated miRNAs may represent a new perspective to the
pathogenesis of this disease.

It is important to highlight that of all miRNAs, miR-34a is
known to show the strongest association with BPD. For example,
Syed et al. (94) reported an alleviation of the BPD phenotype
in mice with an overall or AECII specific deletion of miR-
34a and that this was associated with enhanced tolerance to
hyperoxia and reduced levels of inflammatory infiltration and
lung injury. The overexpression of miR-34a, however, evoked
impairment of alveolarization and angiogenesis in mice held

Frontiers in Medicine | www.frontiersin.org 6 February 2021 | Volume 8 | Article 59563416

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Yang and Dong SIRT1-Related Signaling Pathways and BPD

in room air, presumably because hyperoxia promoted the miR-
34a-induced inhibition of the protective effects of angiopoietin-
1 (Ang1) and its receptor, Tie2, on the lung, thereby inducing
apoptosis (94). Importantly, these authors detected increased
levels of miR-34a in tracheal aspirates and samples of lung tissue
from children with BPD (94), thus indicating that miR-34a is a
valuable predictor for BPD.

Furthermore, when exposed to hyperoxia and miR-
34a, platelet-derived growth factor receptor α-expressing
myofibroblasts, which are associated with alveolar formation,
produced an increase in defective elastin, thus resulting in the
simplification of alveoli and thickened intervals. In contrast,
a deficiency of miR-34a in BPD mice, led to the promotion of
alveolar development (95).

Mechanistically, hyperoxia stimulates p53 to activate miR-
34a, which then interferes with a series of signals to induce
the BPD phenotype (96). In particular, miR-34a inhibits SIRT1
to augment the pro-apoptosis of p53, which in turn provides
positive feedback to miR-34a to further reduce the expression of
SIRT1 (96) (Figure 2), thus facilitating bleomycin-induced lung
epithelial injury and fibrosis in mice (97). Furthermore, miR-
34a is known to promote the negative regulation of autophagy
by mTOR (96) and inhibits Ang1/Tie2 phosphorylation of Akt
to induce cell death (94). MiR-34a can also be up-regulated by
TGF-β, thus enhancing the inhibition of SIRT1 (94).

In contrast, the inactivation of miR-34a can enhance the
ability of SIRT1 to counteract ROS and apoptosis (98). The
activation of SIRT1 alleviated miR-34a-mediated endothelial
dysfunction, inflammatory infiltration, and vascular damage, in
a mouse model of LPS-induced lung injury (99).

NF-κB and AP-1
NF-κB, initially discovered in the nuclei of B lymphocytes, is
a transcription factor that binds to a specific sequence of the
immunoglobulin κ light chain (100). NF-κB contains 5 subunits
(p65/RelA, Rel B, cRel, p50, and p52), which form homologous
or heterologous dimers with each other and are among the
most significant regulators of inflammation and redox responses
(100). In the early stages of alveolar development, NF-κB exerts
a protective effect on the lung by reducing inflammation via
the inhibition of macrophage inflammatory protein-2 (MIP-2)
expression (101). Nevertheless, excessive inflammatory irritation
and oxidative stress can shift the action of NF-κB toward a
pathological state; this may represent one of the most critical
steps in the initiation of BPD. Once aberrantly activated by IL-
1β, TNF-α, or ROS, NF-κB translocates to the nucleus (102)
and cooperates with other transcription factors, such as AP-1,
signal transducer and activator of transcription 3 (STAT3), early
growth response protein 1 (EGR-1), and specificity protein 1 (SP-
1), to produce large amounts of chemokines, adhesion molecules,
and pro-inflammatory factors, such as TNF-α, IL-1, IL-6, MIP-
1 (100), thus triggering an uncontrolled inflammatory response.
These processes may trigger the abnormal development of alveoli
and the pulmonary blood vessels.

Previous research found that the levels of NF-κB in tracheal
lavage fluid were excessively high in BPD patients (103).
Other research detected the abnormal expression of NF-κB in

mechanically ventilated alveolar macrophages in preterm infants
(104). The activation of NF-κB promotes the secretion of IL-
1β by lung macrophages; these interfere with the development
of airways in the canalicular and saccular phases, thus causing
the BPD alveolar phenotype (105). NF-κB has also been shown
to significantly inhibit the effect of fibroblast growth factor-
10, a critical factor in molding the typical morphology of the
lung, on airway lengthening and branching (106). In addition,
NF-κB has been shown to be involved in the apoptosis of
lung mesenchymal cells under hyperoxia conditions (107). The
excessive nuclear aggregation of NF-κBp65 is now a known
predictor of BPD severity as this regulates the proliferative
capacity of mesenchymal stromal cells (108).

NF-κB activity is regulated by post-transcriptional
phosphorylation, acetylation, and by methylation modifications.
SIRT1 is also known to mitigate the pro-inflammatory effects
of NF-κB by deacetylating p65 (109) (Figure 1). Because of
this, SIRT1 knockout sepsis mice appear to have active NF-κB,
STAT3, and extracellular signal-regulated kinase (ERK) 1/2,
thus providing the lungs with an unusually strong inflammatory
signal by upregulating a range of pro-inflammatory mediators,
including IL-ip, IL-6, and TNF-α (110). Furthermore, bleomycin
reduced the expression levels of SIRT1 in the BALF of
mice with pulmonary fibrosis; the reduced levels of SIRT1
subsequently elevated the levels of NF-κBp65 and promoted lung
inflammation (111).

Conversely, the activation of SIRT1 attenuated LPS-induced
myeloperoxidase activity and the expression of TNF-α, IL-1β,
and IL-6, in the lungs of mice by inhibiting NF-κB activity
(112). In a similar manner, SIRT1 alleviated sepsis-associated
lung inflammation in mice by inhibiting NF-κB, STAT3, ERK1,
and p38 (113). Furthermore, SIRT1 was shown to inhibit NF-κB
acetylation to reduce the oxidative stress and apoptosis caused by
lung injury in mice (114). However, the interaction of SIRT1 with
NF-κB is not unidirectional. NF-κB is known to inhibit SIRT1
by enhancing the expression of miR-34a and by promoting the
production of ROS and nitric oxide radicals (115).

Notably, AP-1 exerts a synergistic effect with NF-κB to co-
activate the inflammatory response through direct contact, or
by sharing the promoter sequence of pro-inflammatory genes
(100). AP-1 is a member of the basic region/leucine zipper
protein family; this is the common name for several transcription
factors, including Jun, Fos, ATF, MAF, and their subfamilies
(116). AP-1 is involved in a number of biological processes,
including cell growth, differentiation, and apoptosis, and can
be activated by multiple signals, including chemokines, growth
factors, cytokines, hormones, and pathogens, through several
signaling pathways represented by mitogen-activated protein
kinase (MAPK). Stimulatory factors activate MAPK kinases,
which can then phosphorylate MAPK family members such as
ERK1/2, c-Jun N-terminal kinase (JNK), and p38; these can then
activate AP-1 (100, 116). Furthermore, AP-1 is also activated by
TGF-β by the significant elevation of the expression levels of
c-Fos and c-Jun (117).

AP-1 is also an essential regulator of the oxidative stress
response; this is due to its sensitivity to the regulation of
antioxidant genes and stimulation by ROS (100, 118). Previous
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research revealed that activation of AP-1 and its upstream targets,
JNK and p38MAPK, are involved in hyperoxia-induced epithelial
cell death in lungs of mice, and mitochondrial damage (119);
these effects may be caused by the upregulation of AP-1 by
redundant ROS- activated JNK and the subsequent activation
of IL-8 which can cause damage to lung epithelial cells (120).
In addition, the activation of AP-1 and NF-κB by hyperoxia
promotes the expression of TNF-α and IL-1β; these processes are
also involved in the process of lung injury (121).

SIRT1 deacetylates c-Fos and c-Jun to inhibit the ability of AP-
1 to transcribe cyclooxygenase-2 and monocyte chemoattractant
protein-1 (MCP-1) (122, 123) (Figure 1). High levels of
cyclooxygenase-2 and MCP-1 are also known to promote lung
inflammation in a mouse model of hyperoxia-induced lung
injury (124), while the inhibition of cyclooxygenase-2 partially
attenuates the BPD phenotype (125). In addition, Wang et al.
(117) reported that resveratrol attenuated bleomycin-induced
lung fibrosis in mice by inhibiting the MAPK/AP-1 pathway,
possibly because resveratrol reduced the levels of c-Fos and c-
Jun, thereby inhibiting the miR-21-induced activation of TGF-
β/Smad signaling.

AMPK and mTOR
Stable autophagy is a protective measure employed by cells
that involves the transportation of harmful substances, such
as oxidized proteins and lipids, through autophagic vesicles to
lysosomes for self-degradation (8).

Autophagy is essential for the natural shaping of lungs, and
levels of postnatal basal autophagic activity may, in turn, be
regulated by alveolar development (126, 127). However, the
over-activation or inhibition of autophagy, and the retention
of autophagosomes, is likely to trigger an imbalance in
autophagy, thus inducing harmful events such as inflammation
and apoptosis. Neonatal mice exposed to hyperoxia showed
impaired autophagy, resulting in thickened alveolar septa,
increased apoptosis, and disrupted alveolar development;
however, the addition of an autophagy inducer ameliorated
these manifestations (128). Furthermore, autophagy-deficient
mice showed increased susceptibility to hyperoxia-induced
lung injury, with the emergence of high expression levels of
inflammatory mediators and a severe BPD phenotype (127), thus
indicating that a certain amount of autophagy plays a crucial
protective role in BPD.

AMPK and mTORC1 are the two primary modulatory
molecules of autophagy in hyperoxia-induced lung injury and
can positively and negatively regulate autophagy, respectively
(127). MTOR is a serine/threonine-protein kinase and contains
two multiprotein complexes: mTORC1 and mTORC2. Of these,
mTORC1, is the most closely related to autophagy, and includes
several components: mTOR, regulatory associated protein of
mTOR (RAPTOR), MLST8, PRAS40, and DEPTOR (129). The
inhibition of RAPTOR was found to alleviate the hyperoxia-
induced apoptosis of lung epithelial cells and the disruption
of lung tissue structure in mice by enhancing autophagy
(130). MTORC1 is known to negatively regulate autophagy by
inhibiting unc-51 like kinase 1 (ULK1) and phosphoinositide

3-kinase class III complex, thus blocking lysosomal biogenesis-
related genes, activating acetyltransferase p300, and producing
substrate death-associated protein 1 (129).

In addition, mTOR appears to be associated with cell
proliferation and lung fibrosis. It has been shown that the
suppression of mTOR allows neonatal tracheal aspirate-derived
basal-like cells, associated with lung development, to expand
long-term and promote their differentiation into functional
airway epithelial cells (131). Furthermore, TGF-β is known to
increase the activity of mTOR and ribosomal S6 kinase (p70S6K),
a fibrosis-related factor (111), thereby promoting lung fibrosis.
The inhibition of mTOR, however, was shown to attenuate
the fibrosis of lung tissue and lung fibroblasts in mice under
hyperoxia by downregulating the levels of its downstream targets
(p70S6K and 4EBP1) and by decreasing the expression of TGF-β
to diminish collagen deposition (132). Surprisingly, mTOR and
p70S6, which are dependent on Akt activation, are involved in
cell survival by increasing cellular uptake and the utilization of
glucose under early exposure to hyperoxia, thus suggesting that
mTOR also exerts a protective effect on the lung (58). These
findings indicate that these molecular actions are not invariant
but are highly influenced by activators and may exhibit opposite
effects in different stages of the disease.

In other research, Yeganeh et al. (126) reported that during
the development of the lungs in mice, AMPK levels appear to
represent autophagic activity, as suppression of AMPK replicates
the autophagy inhibitor-induced damage to lung branches. Both
mouse and baboon BPDmodels exhibit AMPK underactivity and
hyperactivity of mTORC1; the consequence of these actions is
the impairment of autophagy, thus leading to lung injury (127).
In contrast, activation of the AMPK/mTOR pathway enhanced
autophagic flux and reduced the generation of intracellular ROS,
thus alleviating endothelial dysfunction (133). Collectively, these
data corroborate the positive effect of AMPK on autophagy.

From a mechanistic point-of-view, AMPK (as an AMP-
dependent serine/threonine-protein kinase) promotes autophagy
by phosphorylating tuberous sclerosis protein (TSC) to inactivate
ras homolog enriched in brain (Rheb), and by phosphorylating
RAPTOR to weaken its interaction with the mTORC1 substrate,
respectively. In addition, AMPK also activates the ULK1 complex
and FOXO3, acting on late endosomes/lysosomes and other
pathways to positively regulate autophagy (134).

Interestingly, AMPK also exhibits essential roles in cellular
energy metabolism, inflammation, and apoptosis. AMPK
strengthens the deacetylation of PGC-1α by SIRT1 (9) and can
directly phosphorylate PGC-1α (27) to upgrade mitochondrial
biogenesis. Furthermore, AMPK inhibits the pro-inflammatory
effects of NF-κB by activating SIRT1 to boost the deacetylation of
RelA/p65, activating FOXO3a to inhibit the nuclear translocation
of RelA/p65 (115), and activating PGC-1α to reduce p65
phosphorylation and transcriptional activity (100).

SIRT1 is also a vital regulator of autophagy and is
known to influence autophagy via crosstalk with AMPK and
mTOR (Figure 1). SIRT1 can also promote the maturation
of autophagosomes by deacetylating the autophagy regulator
Beclin1 and microtubule-associated protein 1 light chain 3
(135). The intrinsic relationship between SIRT1 and AMPK is
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bidirectional and positively oriented. On the one hand, SIRT1
up-regulates AMPK by deacetylating liver kinase B1 (LKB1) and
by activating Ca2+/calmodulin-dependent protein kinase kinase
β channels (8). For example, SIRT1/AMPK signaling exhibits
anti-aging effects in human lung epithelial cells by promoting
autophagy and reducing ROS and mitochondrial superoxide
(136). On the other hand, AMPK activates SIRT1 by elevating
NAD+ content and by increasing the NAD/NADH ratio (137).
For instance, activation of the AMPK/SIRT1 signaling pathway
was shown to attenuate lung inflammation and apoptosis in a rat
model of sepsis (138) and ameliorated LPS-induced impairment
of alveolar epithelial barrier function (139).

The crosstalk between SIRT1 and mTOR is bidirectional
and negatively oriented. SIRT1 deacetylates TSC1/TSC2; this
leads to the inactivation of Rheb and the inhibition of mTOR
(140). The interaction between SIRT1 and TSC2 also promotes
high expression levels of nicotinamide phosphoribosyltransferase
(NAMPT), which induces autophagy via the inhibition of
mTORC1 (135). In turn, mTOR directly phosphorylates SIRT1
to reduce its deacetylase activity. In addition, SIRT1 activates the
mTORC1 downstream target S6K1 by deacetylation; S6K1 can
also inhibit SIRT1 by mimicking the activity of mTORC1 (135).

CONCLUSION AND FUTURE PROSPECTS

BPD is a prevalent complication of prematurity. The
pathogenesis and pathology of BPD is complex and can be
confusing. However, research is now providing significant
insight into this condition. SIRT1 is considered to be a long-lived
protein and has been receiving increasing levels of attention
over recent years with regards to BPD. Alterations in SIRT1,
and its associated targets, may be involved in the molecular
events associated with the onset and development of BPD.
The profound association between the SIRT1-related signaling
network in BPD may contribute to the development of new
approaches for the treatment of BPD.

In this review, we described the role of SIRT1 and BPD-
associated signaling pathways, including PGC-1α, p53, Akt,
FOXOs, TGF-β, microRNA, NF-κB, AP-1, AMPK, and mTOR.
These factors are activated simultaneously or sequentially in
response factors that are considered to be high risk for
BPD, including hyperoxia and mechanical ventilation, thereby

inhibiting or promoting the formation of BPD to varying degrees.
The upregulation of SIRT1 may drive these signaling pathways in
a favorable direction. Hence, small-molecule agonists of SIRT1,
such as resveratrol, are expected to become an effective therapy
for BPD.

A range of small molecules are known to activate SIRT1;
the first of these to be discovered was resveratrol, a natural
agonist of SIRT1 (9). Resveratrol is a defensin that is present
in the roots, stems, leaves, and pericarp, of a diverse range
of plants that can sense danger signals (141, 142). Resveratrol
is known for its wide range of targets (e.g., transcription
factors, cytokines, and several enzymes) and its diverse
range of physiological effects (e.g., anti-platelet aggregation,
antioxidant, and anti-inflammatory) (142). Resveratrol has
been demonstrated to enhance mitochondrial biogenesis (143),
ameliorate the endothelial barrier (144), promote autophagy
(145), boost antioxidant capacity (12), attenuate apoptosis
(6), and reduce inflammation (146) by activating SIRT1. In
addition, synthetic SRT1720, SRT2183, and SRT1460, are also
commonly used agonists of SIRT1 (9). Based on the critical
function of SIRT1 in a wide range of diseases, it is evident
that targeted SIRT1 therapy may lead to favorable clinical
outcomes. It is imperative that we develop a new generation of
SIRT1 agonists.

However, we should highlight that the regulatory processes
associated with SIRT1 signaling networks are intricate and
elaborate. Furthermore, their specific function may vary
instantaneously depending on their upstream and downstream
targets, time and space. Therefore, further experimental and
clinical data are now needed to support a more precise role for
these signals in BPD, as well as long-term follow-up results to
validate the value of targeted SIRT1 therapy for BPD.

In summary, gaining an increased understanding of the
SIRT1 signaling network will significantly facilitate our ability to
intervene with the pathogenic processes underlying BPD and will
create novel perspectives for targeting SIRT1 for BPD treatment.
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142. Kuršvietiene L, Stanevičiene I, Mongirdiene A, Bernatoniene J. Multiplicity

of effects and health benefits of resveratrol. Medicina. (2016) 52:148–

55. doi: 10.1016/j.medici.2016.03.003

143. Zhang T, Chi Y, Kang Y, Lu H, Niu H, Liu W, et al. Resveratrol

ameliorates podocyte damage in diabetic mice via SIRT1/PGC-1α mediated

attenuation ofmitochondrial oxidative stress. J Cell Physiol. (2019) 234:5033–

43. doi: 10.1002/jcp.27306

144. Wang K, Zhao J, Zhang W, Zhu M, Xu M, Li D, et al. Resveratrol

attenuates aortic dissection by increasing endothelial barrier function

through the SIRT1 pathway. J Cardiovasc Pharmacol. (2020) 76:86–

93. doi: 10.1097/FJC.0000000000000837

145. Wu Q, Hu Y, Jiang M, Wang F, Gong G. Effect of Autophagy

Regulated by Sirt1/FoxO1 pathway on the release of factors promoting

thrombosis from vascular endothelial cells. Int J Mol Sci. (2019)

20:4132. doi: 10.3390/ijms20174132

146. Li Y, Xi Y, Tao G, Xu G, Yang Z, Fu X, et al. Sirtuin 1 activation alleviates

primary biliary cholangitis via the blocking of the NF-κB signaling pathway.

Int Immunopharmacol. (2020) 83:106386. doi: 10.1016/j.intimp.2020.106386

Conflict of Interest: The 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.

Copyright © 2021 Yang andDong. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org 13 February 2021 | Volume 8 | Article 59563423

https://doi.org/10.1016/j.freeradbiomed.2008.07.006
https://doi.org/10.1016/j.biopha.2020.110345
https://doi.org/10.1074/jbc.M109.038604
https://doi.org/10.26355/eurrev_202006_21482
https://doi.org/10.1016/j.freeradbiomed.2013.04.012
https://doi.org/10.1152/ajplung.00125.2017
https://doi.org/10.1172/JCI127307
https://doi.org/10.1165/rcmb.2019-0445OC
https://doi.org/10.1002/ppul.24047
https://doi.org/10.1007/978-981-15-0602-4_3
https://doi.org/10.1165/rcmb.2015-0349OC
https://doi.org/10.1038/s41390-020-0925-3
https://doi.org/10.17219/acem/76170
https://doi.org/10.1007/s11684-018-0655-7
https://doi.org/10.1007/978-981-15-0602-4_4
https://doi.org/10.1016/j.mce.2017.03.031
https://doi.org/10.4162/nrp.2016.10.1.3
https://doi.org/10.1371/journal.pone.0210654
https://doi.org/10.12659/MSM.919213
https://doi.org/10.1016/j.biopha.2019.109363
https://doi.org/10.1371/journal.pone.0009199
https://doi.org/10.1002/jsfa.10152
https://doi.org/10.1016/j.medici.2016.03.003
https://doi.org/10.1002/jcp.27306
https://doi.org/10.1097/FJC.0000000000000837
https://doi.org/10.3390/ijms20174132
https://doi.org/10.1016/j.intimp.2020.106386
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


The Influenza A Virus H3N2 Triggers
the Hypersusceptibility of Airway
Inflammatory Response via Activating
the lncRNA TUG1/miR-145-5p/NF-κB
Pathway in COPD
You-Hui Tu†1,2, Yan Guo†1,2, Shuang Ji1,2, Ji-Long Shen3 and Guang-He Fei1,2*

1Department of Respiratory and Critical Care Medicine, The First Affiliated Hospital of Anhui Medical University, Hefei, China, 2Key
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Background: Patients with chronic obstructive pulmonary disease (COPD) are more
susceptible to influenza A virus (IAV) with more severe symptoms, yet the underlying
molecular mechanisms of the hypersusceptibility of airway inflammatory response remain
unclear.

Methods: The primary human bronchial epithelial cells (pHBECs) were isolated from
normal and COPD bronchial tissues (NHBE and DHBE) and cultured with/without IAV
infection in vitro. DHBE cells were exposed to IAV for 24 h after knockdown of lncRNA
TUG1 with short hairpin RNA (shRNA). Gain-of-function assays were performed with the
miR-145-5p inhibitor and NF-κBp65 transfection. The expressions of lncRNA TUG1, miR-
145-5p, phospho-NF-κBp65, NF-κBp65, TNF-α, and (Interleukin) IL-1β were examined
with qRT-PCR, Western blotting, and ELISA. The interactions of lncRNA TUG1, miR-145-
5p, and NF-κB were verified with luciferase reporter assay.

Results: The expressions of lncRNA TUG1, phospho-NF-κBp65, TNF-α, and IL-1β were
increased significantly in pHBECs after being infected with IAV for 24 h (all p＜0.05). The
detailed time analysis revealed that the NF-κBp65 in DHBE was activated earlier than that
in NHBE by Western blotting and immunofluorescence. Knockdown of lncRNA TUG1 and
miR-145-5p mimic attenuated the expressions of NF-κBp65, TNF-α, and IL-1β
significantly. The miR-145-5p inhibitor and NF-κBp65 transfection reversed the
attenuated expressions of NF-κBp65, TNF-α, and IL-1β.

Conclusion: The IAV causes the hypersusceptibility of airway inflammatory response,
which may be closely associated with more severe symptoms in AECOPD patients. The
lncRNA TUG1 inhibitor may be a promising therapeutic strategy for AECOPD caused
by IAV.
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a chronic
airway inflammatory disease characterized by progressive
airway inflammation and impaired lung function.
Exacerbation of COPD (AECOPD) is the main source of
hospitalization and mortality in COPD patients (Vogelmeier
et al., 2017). The majority of exacerbation is related to
respiratory viral infection (Wedzicha et al., 2014; Zwaans
et al., 2014); accumulative evidence shows that influenza
virus is one of the most frequently detected pathogens that
induce AECOPD in Asian countries (Dai et al., 2015; Koul et al.,
2017). Exacerbations triggered by viral infections are usually
associated with hypersusceptibility of greater airway
inflammatory response, more severe symptoms, and delayed
recovery compared to those without viral infections (Almansa
et al., 2012; Dickson et al., 2013). However, the underlying
molecular mechanisms of the hypersusceptibility of airway
inflammatory response induced by influenza A virus (IAV)
in COPD patients remain unclear.

Long noncoding RNAs (lncRNAs) are defined as noncoding
RNAs that have a length greater than 200 nucleotides, which
may participate in the gene expressions of many inflammatory
diseases, including COPD (Shi et al., 2013; Tang et al., 2016).
The lncRNA taurine-upregulated gene 1 (TUG1) is a highly
conserved lncRNA, originally identified in taurine-treated
retinal cells. Previous studies have revealed the critical roles
of lncRNA TUG1 played in the progression of various diseases
(Li et al., 2016; Wang et al., 2019a; Su et al., 2020). Gu and
colleagues found a higher expression of lncRNA TUG1 in the
sputum and lung tissues of COPD patients as compared with
nonsmokers (Gu et al., 2019), and lncRNA TUG1 can regulate
the cigarette smoke induced airway remodeling by sponging
miR-145-5p in COPD patients. Active nuclear factor kappa B
(NF-κB) pathway is vital for the progression of the
inflammatory response, and the protection of NF-κB
inhibitor from inflammatory injury may be correlated with
the lncRNA TUG1 (Cao et al., 2020). However, the biological
role that lncRNA TUG1 plays in the hypersusceptibility of
airway inflammatory response induced by respiratory viruses
in COPD is barely reported.

The aim of this study is to investigate the underlyingmolecular
mechanisms that the lncRNA TUG1/miR-145-5p/NF-κB
pathway mediates in the hypersusceptibility of airway
inflammatory response induced by H3N2 in COPD, thus
exploring the underlying mechanisms why AECOPD patients
induced by IAV have more severe symptoms and the possible
therapeutic strategy.

MATERIALS AND METHODS

Study Approval
The study was approved by the ethics committee of the First
Affiliated Hospital of Anhui Medical University (Quick-PJ2019-
15-22); all participants provided their written consent and were
informed the purpose of this study. All experiments that involved

working with the IAV H3N2 were performed according to the
biosafety level two requirements and personal protection equipment
was provided for all the researchers. The characteristics of all subjects
were shown in Supplementary Table S1.

Cell Isolation and Culture
pHBECswere isolated from the bronchial tissues of patients with lung
carcinoma in situ comorbidity with and without COPD (DBHE and
NHBE) according to the method modified from previous studies
(Fulcher et al., 2005; Yamaya et al., 2011). The definition of COPDwas
based on the signs and symptoms and spirometry according to the
2017GOLDguidelines (Vogelmeier et al., 2017). The bronchial tissues
were cut at the site more than 2 cm distant from the edge of lung
carcinoma. The isolated bronchial tissues were cut into pieces and
incubated in solution comprised of 100 μg/ml pronase and 1 μg/ml
deoxyribonuclease (both from Sigma-Aldrich) at 4°C overnight, then
the supernatant was removed, and the tissue was resuspended and
digested in another solution comprising of Ethylenediaminetetraacetic
Acid (EDTA 2 nm), CaCl2 (0.75mg/ml), MgCl2 (1mg/ml), DL-
Dithiothreitol (0.05mg/ml), collagenase (0.25mg/ml), and
deoxyribonuclease (10 μg/ml) (all from Sigma-Aldrich) for 1 h.
The pHBECs were finally isolated from the mixture with a
centrifugation of 500 g 5min and carefully rinsed with phosphate
buffer solution (PBS) and plated on collagen-coated culture dishes
(10 μg/cm2 rat type I collagen; Sigma) in bronchial epithelial growth
medium (BEGM) (Lonza, NJ, United States), comprising bronchial
epithelial basal medium (BEBM) supplemented with bovine pituitary
extract (52 μg/ml), hydrocortisone (0.5 μg/ml), human recombinant
epidermal growth factor (25 ng/ml), epinephrine (0.5 μg/ml),
transferrin (10 μg/ml), insulin (5 μg/ml), retinoic acid (50 nm),
triiodothyronine (6.5 ng/ml), gentamycin (40 μg/ml), amphotericin
B (50 ng/ml), and bovine serum albumin (BSA) (1.5 μg/ml). The
pHBECs were observed in the cultured dishes after 3–5 days, and the
mediumwas replaced once every one or two days. After trypsinization
(passage one), cells were cultured accordingly for different
experiments, and all the experiments performed in this study with
pHBECs were done on monolayer cultures. The identity of the
monolayer as bronchial epithelial cells was confirmed as previously
described (Ji et al., 2020).

IAV Infection
pHBECs were seeded at a density of 1*106 cells/well in 6-well
plates coated with type I rat-tail collagen and cultured for 24 h to
allow monolayer formation. Then cells were infected with IAV
H3N2 (Multiplicity of Infection (MOI) � 2) for 24 h. The
supernatants were collected and stored at −80°C for further
examination; then the cells were rinsed with PBS three times
and the protein or RNA was further extracted.

Quantitative Reverse Transcriptase
Polymerase Chain Reaction
RNA was extracted using TRIzol reagent kit (Invitrogen) and
transcribed to cDNA using the high capacity cDNA reverse
transcription. Quantitative reverse transcriptase polymerase
chain reaction (qRT-PCR) was performed using the SYBR
Premix Ex Taq II (Tli RNaseH Plus) (Takara Biotechnology,
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Dalian, China). The relative expression levels were calculated by
the relative quantification (2−△△Ct) method, and data were
normalized to β-actin as endogenous control. The following
primer sequences were as follows:

TUG1 (human) forward: 5′-TGAGCAAGCACTACCACC
AG-3′, reverse: 5′-ACTCAGCAATCAGGAGGCAC-3′; miR-
145-5p (human) forward: 5′-CAGTCTTGTCCAGTTTTCCCA
G-3′, reverse: 5′-TATGCTTGTTCTCGTCTCTGTGTC-3′;
NF-κBp65(human) forward: 5′-TGTGAAGAAGCGGGACCT
GGAG-3′, reverse: 5′-AAGCAGAGCCGCACAGCATTC-3′;
IL-1β (human) forward: 5′-CTCCACCTCCAGGGACAG
GATATG-3′, reverse:5′-
TCATCTTTCAACACGCAGGACAGG-3′; TNF-α(human)
forward:5′-TGGCGTGGAGCTGAGAGATAACC-3′, reverse: 5′-CGA
TGCGGCTGATGGTGTGG-3′； U6 (human) forward:5′-
TGGAACGCTTCACGAATTTGCG-3′, reverse: 5′-AGACTGCCG
CCTGGTAGTTGT-3′

Plasmid Construction, Lentivirus
Production, and Cell Transduction
miR-145-5p mimic and its negative control mimic (miR-NC) and
miR-145-5p inhibitor and its negative control inhibitor were
purchased from Hanbio Biotechnology Co., Ltd. (Shanghai,
China). The sequences were as follows:

miR-145-5p mimic:5′-GUCCAGUUUUCCCAGGAAUCCCU-
3′ and 5′-AGGGAUUCCUGGGAAAACUGGAC-3′; negative
control:5′-UCACAACCUCCUAGAAAGAGUAGA-3′ and 5′-
UCUACUCUUUCUAGGAGGUUGUGA-3′; miR-145-5p
inhibitor: 5′-AGGGAUUCCUGGGAAAACUGGAC-3′; scrambled
control: 5′-UCUACUCUUUCUAGGAGGUUGUGA-3′.

The coding region of the NF-κBp65 mRNA was cloned into
the pcDNA3.1 vector. The lentiviral vector expressing short
hairpin RNA (shRNA) targeting TUG1 was designed and
constructed by Hanbio Biotechnology Co., Ltd. (Shanghai,
China). All cell transfection procedures were performed with
Lipofectamine 3000 (Invitrogen, CA, United States) according to
the manufacturer’s instructions.

Western Blotting Analysis
Total protein extracts were prepared by using RIPA lysis buffer
(ShangHai Biocolor BioScience Technology Company,
Shanghai, China) with phosphatase and protease inhibitors.
Nuclear proteins were extracted with the nuclear and
cytoplasmic extraction kit (ShangHai Beyotime Biotechnology
Company, Shanghai, China), and the efficacy of the
fractionation was evaluated by the expression of nuclear
protein Histone H3 and cytoplasmic protein β-actin in
nuclear protein with Western blotting. The protein
concentration was determined by BCA assay (Thermo
Scientific, Rockford, IL, United states). Equal amounts of
protein extracts were separated by SDS-PAGE (Bio-Rad,
Hercules, CA, United States) and electrophoretically
transferred to a PVDF membrane (Millipore, Bedford, NY,
United States). After blockade with BSA for 2 h at room
temperature, membrane was incubated with human primary
antibodies specific to phospho-NF-κBp65(Ser536) (1:1,000, Cell

Signaling Technology, MA, United States), NF-κBp65 (1:1,000,
Cell Signaling Technology, MA, United States), Histone H3 (1:
1,000, Cell Signaling Technology, MA, United States), and
β-actin (1:1,000, Cell Signaling Technology, MA,
United States) at 4°C overnight. And subsequent incubation
was done with a secondary horseradish peroxidase- (HRP-)
conjugated antibody (KPL, Gaithersburg, MD, United States) at
1:5,000 dilution for 2 h at room temperature. The specific bands
were visualized using the ECL detection kit (Thermo Fisher
ScientificTM, Cleveland, OH, United States). Protein bands
intensities were analyzed by Quantity One software (Bio-Rad
Laboratories, Hercules, CA, United States).

Cell Immunofluorescence
pHBECs were grown on 15 mm Glass Bottom Cell Culture Dish
(NEST, China) and then infected with IAVH3N2 (MOI � 2); cells
were fixed at different time points (0, 2, 4, and 8 h post infection
(hpi)) for 10 min with 4% phosphate-buffered paraformaldehyde
at room temperature. Then the fixing solution was aspirated off
and cells were rinsed with PBS and permeabilized with 0.5%
Trixton-100 for 10 min. The cells were then rinsed with PBS and
blocked with 5% BSA (FractionV, Beyotime, China) for 1 h. After
incubation with the primary antibody of NF-κBp65 (1:200, Cell
Signaling Technology, Beverly, MA, United States) at 4°C
overnight, cells were rinsed for three times with PBS and
incubated with the secondary antibody conjugated with FITC
at a 1:500 dilution for 1 h at room temperature; the cells were
followed by three rinsing steps for 5 min with PBS. Cells nuclei
were stained using 4, 6-diamidino-2-pheylindole (DAPI, Sigma)
and analyzed using a confocal laser scanning microscope
(Leica SP8).

ELISA
Cell culture supernatants were collected and frozen at −80°C. The
protein expression of proinflammatory cytokines (TNF-α and IL-
1β) was quantified by ELISA kits purchased from Dakewe
Biological Technology Co., Ltd. (Beijing, China), according to
the manufacturer’s instructions.

Luciferase Reporter Assay
Plasmid pmirGLO-TUG1 wildtype (wt) or pmirGLO-TUG1
mutant (mut) (relevant binding sites in miR-145-5p) was
cotransfected with miR-145-5p mimics or miR-NC into
HEK293T cells using a Lipofectamine 3000-mediated gene
transfer. NF-κBp65-wt/mut 3UTR was constructed and
transfected into HEK293T cells along with miR-145-5p
mimic/miR-NC. Luciferase activity was detected using the
Dual-Luciferase Reporter Assay System (Promega, Madison,
WI, United States) according to the manufacturer’s
instructions.

Statistical Analysis
Data were expressed as the mean ± SD. Statistical analysis was
performed using Prism software (version 6, GraphPad Software,
La Jolla, CA, United States); differences between groups were
analyzed by one-way analysis of variance (ANOVA), followed by
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the Student-Newman-Keuls test. Statistically significant
differences were accepted at p < 0.05.

RESULTS

IAVActivates theNF-κBPathway in pHBECs
The activity of NF-κB pathway was measured through the levels
of NF-κBp65 and phospho-NF-κBp65. The expression of
phospho-NF-κBp65 in DHBE was significantly higher than
that in NHBE (p＜0.01); after infection with IAV for 24 h, the
expression of phospho-NF-κBp65 increased significantly in
pHBECs (p＜0.001) (shown in Figures 1A, A1). The detailed
time analysis revealed that the expression of phospho-NF-κBp65
in pHBECs changed in a time-dependent manner (shown in
Figures 1B, B1, C, C1); moreover, the intensity analysis showed
the peak expression of phospho-NF-κBp65 in DHBE was
observed at 8 hpi, earlier than that at 12 hpi in NHBE.
Meanwhile, the IAV induced NF-κBp65 nuclear translocation
was measured by immunofluorescence; as shown in Figure 2A,
the IAV induced NF-κBp65 nuclear translocation in DHBE was
obviously detected at two hpi and sustained up to four hpi, while
in NHBE, the NF-κBp65 nuclear translocation was barely
detected at two hpi and apparently increased at four hpi. The
corresponding expressions of NF-κBp65 in the nucleus were also
detected byWestern blotting, as shown in Figure 2B. The efficacy
of nuclear fractionation in nuclear protein was evaluated by
Western blotting, as shown in Supplementary Figure S1. All

these results may indicate that the NF-κB pathway in DHBE was
activated earlier than NHBE after infection with IAV.

The downstream proinflammatory cytokines (IL-1β and TNF-
α) of NF-κB pathway were quantified by ELISA. As shown in
Figures 1D, E, IAV infection increased the expressions of IL-1β
and TNF-α significantly in a time-dependent manner (p＜0.05).
Moreover, the expressions of IL-1β and TNF-α measured in the
culture supernatants of DHBE were significantly higher than
those of NHBE at different time points.

The Differential Expressions of lncRNA
TUG1 and miR-145-5p in COPD
The relative expressions of lncRNA TUG1 and miR-145-5p in
pHBECs were examined with qRT-PCR. As shown in Figure 3A,
the expression of lncRNA TUG1 measured in DHBE was
significantly higher than that in NHBE (p＜0.05), but opposite
in the expression of miR-145-5p (Figure 3B, p＜0.05). After
infection with the IAV for 24 h, the expression of lncRNA TUG1
in pHBECs increased significantly, whereas the expression of
miR-145-5p decreased significantly.

Knockdown of lncRNA TUG1 Reduced
Airway Inflammation Induced by IAV in
DHBE
To investigate whether the IAV induced airway inflammation
was regulated by the lncRNA TUG1, we pretreated the DHBE

FIGURE 1 | IAV activated the NF-κB pathway in pHBECs. (A,A1) The protein expression and relative intensity of NF-κBp65 and phospho-p65 in pHBECs after
infection with or without IAV for 24 h. (B,B1) The time-dependent protein expression and relative intensity of NF-κBp65 and phospho-p65 in NHBE after infection with
IAV. (C,C1) The time-dependent protein expression and relative intensity of NF-κBp65 and phospho-p65 in DHBE after infection with IAV. (D,E) ELISA analyses of IL-1β
and TNF-α in pHBECs after infection with IAV (*p＜0.05). Each dataset comprises three independent experiments.
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with shRNA specific to lncRNA TUG1 (sh-TUG1). As shown in
Figure 3C, the expression of lncRNA TUG1 in DHBE
attenuated significantly after treatment with sh-TUG1.
Although the mRNA levels of NF-κBp65, IL-1β, and TNF-α
in DHBE were increased significantly after infection with IAV,
this effect was reduced significantly by sh-TUG1
(Supplementary Figure S2); consistent with this result, the
protein expressions of phospho-NF-κBp65, IL-1β, and TNF-α
were also reduced significantly by sh-TUG1 (shown in Figures
3E–H). These results indicated that knockdown of lncRNA
TUG1 reduced airway inflammation induced by the IAV
in DHBE.

lncRNA TUG1 Positively Regulated the IAV
Induced Airway Inflammation by Sponging
miR-145-5p in DHBE
To investigate the mechanisms by which the lncRNA TUG1
regulates the IAV induced airway inflammation, we predicted
the miRNA target sites with bioinformatic database analysis and
identified the miR-145-5p as the lncRNA with relevant binding
site in the TUG1 mRNA. We then constructed luciferase

reporter vectors that contained the wildtype (wt) or mutated
(mut) binding sequences for miR-145-5p in TUG1, and
luciferase reporter assay results displayed that luciferase
activity was suppressed in TUG1-wt cells but was not in
TUG1-mut cells (Figures 4A, B), which suggested that miR-
145-5p is a TUG1-targeting miRNA. Moreover, we
demonstrated that miR-145-5p expression was significantly
upregulated by lncRNA TUG1 knockdown in DHBE
(Figure 3D). Bioinformatic database analysis revealed that
miR-145-5p interacted with the 3UTR of NF-κBp65 mRNA.
Dual-luciferase reporter assay revealed that the luciferase
activity was significantly suppressed when cotransfected with
NF-κBp65-wt and miR-145-5p mimic, whereas cotransfection
with NF-κBp65-mut and miR-145-5p mimic failed to affect the
luciferase activity (Figures 4C, D). The pretransfection of miR-
145-5p mimic in DHBE partially inhibited the activation of NF-
κB pathway induced by IAV infection, as well as the expressions
of IL-1β and TNF-α (shown in Figures 4E–H and
Supplementary Figure S3).

In addition, the lncRNA TUG1 knockdown attenuated the
expressions of phospho-NF-κBp65, IL-1β and TNF-α
significantly in DHBE after infection with IAV, and this effect

FIGURE 2 | IAV activated the NF-κB pathway earlier in DHBE. (A) Cell immunofluorescence of IAV induced NF-κBp65 nuclear translocation in pHBECs measured
at different times. The IAV induced NF-κBp65 nuclear translocation was obviously detected at four hpi in NHBE (left) and two hpi in DHBE (right), scale bar � 50 μm.
Note: hpi: hours post infection, (B) NF-κB/p65 expression and relative intensity in the nucleus of pHBECs after infection with IAV for different times.
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was reversed by miR-145-5p inhibition, as shown in Figures 4I–L
and Supplementary Figure S4. These results suggested that the
lncRNA TUG1 positively regulated the IAV induced airway
inflammation by sponging miR-145-5p in DHBE.

Overexpression of NF-κBp65 Reversed the
Effects of lncRNA TUG1 Knockdown in
DHBE After Infection With IAV
To further investigate the interaction of lncRNA TUG1 and NF-κB
pathway, we performed gain-of-function assays by introducing the
NF-κBp65 overexpression plasmid into DHBE with lncRNA TUG1
knockdown. As shown in Figures 5A, B and Supplementary Figure
S5A, lncRNA TUG1 knockdown attenuated phospho-NF-κBp65
expression in IAV infected DHBE, whereas NF-κBp65
overexpression reversed this effect. Furthermore, NF-κBp65
overexpression attenuated the suppressive effect of lncRNA TUG1
knockdown on the expressions of IL-1β and TNF-α in IAV infected
DHBE (shown in Figures 5C, D and Supplementary Figures S5B,
C). These results revealed that lncRNA TUG1 knockdown might
have a protective effect on the airway inflammatory response by
repressing the activation of NF-κB pathway.We provide a schematic
diagram to better illustrate the interactions among lncRNA TUG1/
miR-145-5p/NF-κB pathway, as shown in Figure 6.

DISCUSSION

COPD patients are more susceptible to influenza virus infection,
but the underlying molecular mechanism of its higher
susceptibility is unknown. Respiratory epithelial cells are the
first physical barrier to defense against respiratory viruses;
they rapidly recognize the virus antigen with a variety of
pattern recognition receptors, trigger the inflammatory
responses by releasing cytokines, and regulate potentially
harmful inflammation (Sajjan, 2013). In the present study, we
demonstrated an earlier activation of NF-κB pathway in DHBE
after IAV infection, accompanied with increased lncRNA TUG1
and decreased miR-145-5p. Knockdown of lncRNA TUG1
significantly attenuated the airway inflammation by inhibiting
the NF-κB pathway and its downstream proinflammatory
cytokines IL-1β and TNF-α. Meanwhile, mechanistic analysis
revealed that the lncRNA TUG1 positively regulates the NF-κB
pathway by sponging miR-145-5p.

NF-κB pathway is a key mediator in inflammatory injury and
has been proven to participate in various cellular signaling
transduction, including the influenza virus infection.
Nimmerjahn and colleagues (Nimmerjahn et al., 2004) showed
that an active NF-κB pathway was a prerequisite for influenza
virus infection. Although previous research has studied the IAV

FIGURE 3 | Knockdown of lncRNA TUG1 reduced the IAV induced airway inflammation in DHBE. (A,B) The expression of lncRNA TUG1 and miR-145-5p was
analyzed in pHBECs with or without IAV infection for 24 h (note: *p＜0.05 as compared to NHBE, ##p＜0.01 as compared to NHBE, &p＜0.05 as compared to DHBE).
(C,D) The mRNA levels of lncRNA TUG1 and miR-145-5p were analyzed in DHBE pretreated with or without sh-TUG1. (E,F) The protein expressions of NF-κBp65 and
phospho-NF-κBp65 were analyzed in DHBE pretreated with or without sh-TUG1 by Western blotting. (G,H) The protein expressions of IL-1β and TNF-α were
analyzed in DHBE pretreated with or without sh-TUG1 by ELISA. (*p＜0.05, **p＜0.01, ***p＜0.001 as compared to DHBE + sh-NC group, ##p＜0.01, ###p＜0.001 as
compared to DHBE + H3N2 group, §§p＜0.01, §§§p＜0.001 as compared to DHBE group, &&p＜0.01, &&&p＜0.001 as compared to DHBE + sh-NC group, $p＜0.05,
$$p＜0.01 as compared to DHBE + sh-NC + H3N2 group). Each dataset comprises three independent experiments.
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induced inflammatory response in pHBECs (Hsu et al., 2017;
Huo et al., 2018), little have investigated the difference of the
hypersusceptibility of airway inflammatory response caused by
IAV between normal and COPD patients. Here we not only
confirmed the activated NF-κB pathway in pHBECs after IAV
infection, but also compared the differences in activation of NF-
κB pathway between NHBE and DHBE at different time points.
We found that the peak expression of phospho-NF-κBp65
observed in DHBE was 4 h earlier than NHBE with Western
blotting, and the IAV induced NF-κBp65 nuclear translocation in
DHBE was 2 h earlier than NHBE with cell immunofluorescence.
The individual variation in susceptibility to virus directly affects

the inflammatory responses of people with different immune
status. An active NF-κB pathway may directly induce the
exaggerated “cytokine storm” in the early stage after IAV
infection (Nimmerjahn et al., 2004), and the inflammatory
cytokines release may be quicker and stronger in COPD
patients. Our results may partially explain the reason why
COPD patients are more susceptible to IAV and have earlier
and more severe symptoms than normal people, as well as the
higher morbidity and mortality of emerging infectious diseases
like Severe Acute Respiratory Syndrome (SARS) (Xu et al., 2020).
All these indicate that we need to pay more attention and

FIGURE 4 | lncRNA TUG1 positively regulated the IAV induced airway inflammation by sponging miR-145-5p in DHBE. (A) The putative miR-145-5p binding
sequence of TUG1 mRNA. (B) Luciferase activity was measured between miR-145-5p (wt and mut) and TUG1 (wt and mut). (C) The putative miR-145-5p binding
sequence of the 3′UTR of NF-κBp65. (D) Luciferase activity was measured between miR-145-5p (wt and mut) and NF-κBp65 (wt and mut). (E,F) The protein
expressions of NF-κBp65 and phospho-NF-κBp65 were analyzed in DHBE pretreated with or without miR-145-5p mimic by Western blotting. (G,H) The protein
expressions of proinflammatory cytokines IL-1β and TNF-α were analyzed in DHBE pretreated with or without miR-145-5p mimic by ELISA (*p＜0.05, **p＜0.01 as
compared to DHBE +miR-NC group, ##p＜0.01, ###p＜0.001 as compared to DHBE + H3N2 group,§§p＜0.01, §§§p＜0.001 as compared to DHBE group, &&p＜0.01,
&&&p＜0.001 as compared to DHBE+ miR-NC group, $$p＜0.01 as compared to DHBE+ miR-NC +H3N2 group). Each dataset comprises three independent
experiments. (I,J) The protein expressions of NF-κBp65 and phospho-NF-κBp65 were analyzed in DHBE pretreated with or without sh-TUG1/miR-145-5p inhibitor by
Western blotting. (K,L) The protein expressions of proinflammatory cytokines IL-1β and TNF-αwere analyzed in DHBE pretreated with or without sh-TUG1/miR-145-5p
inhibitor by ELISA (**p＜0.01, ***p＜0.001 as compared to DHBE group, ##p＜0.01, ###p＜0.001 as compared to DHBE + sh-NC +H3N2 group, $p＜0.05, $$p＜0.01 as
compared to DHBE+ sh-TUG1+H3N2 group, §p＜0.05, §§p＜0.01, §§§p＜0.001 as compared to DHBE+ sh-TUG1+miR-145-5p in+H3N2 group). Each dataset
comprises three independent experiments.
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implement effective strategies to prevent the inflammatory
injuries in the early stage of diseases.

lncRNA regulates the gene expression at the various levels,
including transcriptional and posttranscriptional ones. Aberrant
lncRNA may lead to dysfunction and contribute to the
pathogenesis of various diseases (Chen, 2016). It interacts
with a specific protein and regulates its functions or

activities; moreover, lncRNA may interfere with the
transcription by regulating the encoding sequences of protein
genes (Shi et al., 2013). Furthermore, lncRNA can modulate a
variety of biological activities or functions by acting as a
competing endogenous RNA or miRNA sponge (Gu et al.,
2019). In this study, we predicted the miR-145-5p as the
binding target of lncRNA TUG1 with bioinformatic database

FIGURE 5 |Overexpression of NF-κBp65 reversed the effects of lncRNA TUG1 knockdown in DHBE after infection with IAV. (A,B) The protein expressions of NF-
κBp65 and phospho-NF-κBp65 were analyzed in DHBE pretreated with or without sh-TUG1 and NF-κBp65 plasmid byWestern blotting. (C,D) The protein expressions
of proinflammatory cytokines IL-1β and TNF-α were analyzed in DHBE pretreated with or without sh-TUG1 and NF-κBp65 plasmid by ELISA (**p＜0.01, ***p＜0.001 as
compared to DHBE group, ##p＜0.01, ###p＜0.001 as compared to DHBE + sh-NC +H3N2 group, $$p＜0.01 as compared to DHBE + sh-TUG1+H3N2 group, §p
＜0.05, §§p＜0.01, §§§p＜0.001 as compared to DHBE + sh-TUG1+p65 + H3N2 group). Each dataset comprises three independent experiments.

FIGURE 6 | Schematic diagram to illustrate the interactions of lncRNA TUG1/miR-145-5p/NF-κB pathway.
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analysis. We found that the DHBE had a significantly higher
lncRNA TUG1 expression and lower miR-145-5p expression
than NHBE, and the lncRNA TUG1 could regulate the airway
inflammatory response by sponging miR-145-5p, which was
consistent with Gu’s study (Gu et al., 2019). Zhang et al. (Zhang
et al., 2020) analyzed the expression profiles of lncRNAs and
mRNAs in H3N2 infection by RNA sequencing. Different from
our study, they did not report the expression of lncRNA TUG1
or miR-145-5p; we speculate this difference may be explained by
the different research object we studied, and the pHBECs we
studied may be more similar to the result in vivo. Previous
studies have shown that the miR-145-5p attenuated significantly
after being exposed to cigarette smoke extract and negatively
regulated the proinflammatory cytokines expressions of airway
smooth muscle cells in COPD patients (Pal et al., 2013; O’Leary
et al., 2016). Here we found that the miR-145-5p expression in
the pHBECs decreased significantly after IAV infection,
accompanied with increased lncRNA TUG1 expression,
activated NF-κB pathway, and increased IL-1β and TNF-α.
Furthermore, this effect was significantly reversed by
downregulation of lncRNA TUG1 or miR-145-5p mimic,
which was quite consistent with Wang’s study (Wang et al.,
2019b) that the overexpression of miR-145-5p can inhibit the
secretion of proinflammatory cytokines by suppressing NF-κB
pathway in high glucose-induced retinal endothelial cells. It is
reasonable to speculate that the NF-κB pathway was regulated
positively by lncRNA TUG1 and negatively by miR-145-5p.

CONCLUSION

In conclusion, the present study demonstrated that the IAV can
induce an exaggerated hypersusceptibility of airway
inflammatory response in COPD by activating the lncRNA
TUG1/miR-145-5p/NF-κB pathway in vitro, which may
associate with the more severe symptoms induced by IAV in
COPD. We speculate that the lncRNA TUG1 inhibitor may be a
promising therapeutic strategy for AECOPD caused by IAV.
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Prognosis of patients with cystic fibrosis (CF) varies extensively despite recent advances in
targeted therapies that improve CF transmembrane conductance regulator (CFTR) function.
Despite being a multi-organ disease, extensive lung tissue destruction remains the major
cause of morbidity and mortality. Progress towards a curative treatment strategy that
implements a CFTR gene addition-technology to the patients’ lungs has been slow and not
yet developed beyond clinical trials. Improved delivery vectors are needed to overcome the
body’s defense system and ensure an efficient and consistent clinical response before gene
therapy is suitable for clinical care. Cell-based therapy–which relies on functionalmodification
of allogenic or autologous cells ex vivo, prior to transplantation into the patient–is now a
therapeutic reality for various diseases. For CF, pioneering research has demonstrated
proof-of-principle for allogenic transplantation of cultured human airway stem cells into
mouse airways. However, applying a cell-based therapy to the human airways has distinct
challenges. We review CF gene therapies using viral and non-viral delivery strategies and
discuss current advances towards autologous cell-based therapies. Progress towards
identification, correction, and expansion of a suitable regenerative cell, as well as
refinement of pre-cell transplant lung conditioning protocols is discussed.

Keywords: cystic fibrosis, CFTR, gene therapy, cell-based therapy, therapeutic vectors, stem cells

CFTR CORRECTION STRATEGIES

Cystic fibrosis (CF) is an inherited, multi-organ disease caused by mutations in the CF
transmembrane conductance regulator (CFTR) gene (Rowe et al., 2005). CF is progressive, with
its major pathology impacting the lung, liver, pancreas and intestine. Mortality in CF patients is
mostly due to respiratory failure (Elborn, 2016). The CFTR protein, an anion channel, is expressed in
a diverse range of epithelial tissues (Riordan, 2008). CFTR dysfunction disrupts ion transport
equilibrium, deregulating fluid absorption and secretion processes in epithelial tissue such as the
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airways, resulting in mucus accumulation and recurrent bacterial
infections (Ratjen et al., 2015). Symptomatic therapies such as
airway clearance by physiotherapy, mucus thinning agents,
antibiotics and anti-inflammatories remain crucial for the
management of CF airways (Flume et al., 2007).

Recently, targeted therapies have been approved for CF
treatment. These small molecule compounds modulate CFTR
protein abundance and/or function at the apical epithelial cell
membrane (Davies, 2015). A combination of three CFTR
modulating small molecules–elexacaftor/tezacaftor/ivacaftor–is
the most advanced targeted therapeutic approved for patients
with one or two Phe508del-CFTR alleles–the most common
CFTR mutation in the population. CFTR modulator therapies
result in improved lung function and better quality of life for
patients with CF (Davies et al., 2018). Yet, variable therapeutic
response, inadequate long-term efficacy data, adverse effects and
unavailability of modulators for the 10% of CF patients with
mutations that produce little or no CFTR protein has rekindled
great interest in the development of CFTRmutation-independent
corrective strategies.

In vivo transfer of a functional copy of CFTR has been
envisioned as a CF airway treatment since 1989 when the CFTR
gene was identified as the cause of this multisystemic disease (Tsui
et al., 1985; Wainwright et al., 1985). Gene therapy has received

FDA approval for treatment of monogenic disorders (U.S. Food
and Drug Administration. 2020) such as spinal muscular atrophy
(Kariyawasam et al., 2018), coagulative disorders (Batty and
Lillicrap 2019), and immunodeficiency diseases (Booth et al.,
2019), but not yet for CF. Numerous research programs and
clinical trials have been undertaken to explicate the most
effective vector (viral or non-viral) to deliver CFTR to airway
cells (Griesenbach et al., 2015). However, clinical efficacy of these
vectors in vivo in humans has been insignificant and inconsistent in
improving lung function (Alton et al., 2015a). The greatest barrier
to enabling clinical translation of gene therapy for CF remains the
lack of an effective delivery system to the lungs. A successful gene
therapy system for restoration of CFTR function needs to navigate
the complexities of the lung clearance and innate immunity defense
functions that are further complicated in the CF airways due to
increasedmucus volume and viscosity (reviewed in (Donnelley and
Parsons 2018)). Even if these obstacles are circumvented,
heterogeneous and highly regulated CFTR expression in various
cell types of the lung raises the question of the most appropriate
cellular target.

One proposed strategy to deal with the challenges associated
with in vivo delivery of CFTR to the airway cells is to correct the
airway cells ex vivo followed by transplanting the corrected cells
to repopulate the patient’s lung with CFTR-corrected cells

FIGURE 1 | Schematic representation of CFTR correction strategies for the treatment of cystic fibrosis. Genetic materials (A) are packaged into a therapeutic vector
(B). The therapeutic vector is delivered directly to the patient’s lungs (C) or introduced into cells ex vivo (D). For autologous cell-based therapy, 1) airway cells are isolated
from the patient’s respiratory tract or induced pluripotent stem cells are generated from the patient’s skin fibroblasts or blood. 2) CFTR is corrected in vitro in the collected
cells by a) addition or b) editing strategies. 3) The CFTR-corrected regenerative cells are expanded to reach a therapeutic dose, and then 4) transplanted back to
repopulate the patient lung epithelium.
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(Figure 1). This approach is the basis of the first ex vivo
hematopoietic stem cell gene therapy, Strimvelis, which was
approved for treatment of adenosine deaminase-severe
combined immunodeficiency (Stirnadel-Farrant et al., 2018).
In this review, we will first describe alternative strategies to
CFTR DNA therapy, and discuss the advances in the main
groups of viral and non-viral vectors that have shown promise
in CF therapy. The second part of this review will focus on recent
progress in cell-based therapies, including the gene editing
technologies that facilitate CFTR correction in ex vivo cells.

THERAPEUTIC GENETIC MATERIAL
OTHER THAN DNA: RNA ADDITION AND
REPAIR
The earliest efforts to deliver genetic material into diseased cells
focused on directly introducing therapeutic CFTR DNA as an
addition strategy to subsequently produce functional CFTR
protein (reviewed in (Cooney et al., 2018)). A novel alternative
to DNA therapeutics is based on addition of RNA. Since the
functional site of messenger RNA (mRNA) is the cell cytoplasm,
the challenge of nuclear translocation is eliminated (Hajj and
Whitehead 2017).

Exogenous nucleic acids are susceptible to degradation by
nucleases and can trigger an immune response upon cellular
entry (Alexopoulou et al., 2001; Kariko et al., 2004). Therefore,
current strategies utilize chemical modification of the nucleic acid
bases to reduce immunogenicity and increase stability (Sahin et al.,
2014; Pardi et al., 2015). Manufacturing and addition of
modifications to RNA is easier than DNA, extending the
usefulness of RNA therapy (Kuhn et al., 2012). Yet, repeat RNA
administration remains necessary to sustain therapeutic levels of
protein (Patel et al., 2019b). Successful delivery of chemically
modified CFTR mRNA to patient-derived bronchial epithelial
cells has demonstrated increased CFTR expression at the
plasma membrane and rescue of chloride transport (Robinson
et al., 2018). Aerosolized delivery of in vitro transcribed CFTR
mRNA complexed with lipids to the lungs (Orphan drug
MRT5005) is a therapeutic forerunner currently being tested in
a phase 1/2 trial (NCT03375047) which has highly anticipated
results for in vivo correction of CFTR.

In addition to direct RNA supplementation, an alternative
therapeutic option is to alter the defective RNA to restore proper
CFTR protein function. This can be achieved using antisense
oligonucleotides (ASOs). ASOs are short synthetic
oligonucleotides that are chemically modified to bind to target
RNA, offering a tool for direct mRNA restoration (Oren et al.,
2017). In vivo delivery of ASOs to the airway epithelium of mice
initially resulted in no significant uptake (Griesenbach et al.,
2006). It was postulated that this inefficiency was due to
physical barriers to airway epithelial cell delivery
(Griesenbach et al., 2006). Advances in RNA chemical
modifications have been key to the development of a
successful ASO-mediated therapy, with the accelerated FDA
approval of eteplirsen (Exondys 51) being granted in 2016 for
patients with Duchenne muscular dystrophy that have a

mutation in the dystrophin gene which can be treated by
exon 51 skipping (reviewed in (Bennett et al., 2017)). An
ASO candidate for ASO-directed mRNA restoration,
Eluforsen, binds to and restores the mRNA region encoding
the Phe508 deletion (Beumer et al., 2019). In a phase 1 study,
repeated administration of Eluforsen improved CFTR activity
in patients homozygous for the Phe508 mutation (Sermet-
Gaudelus et al., 2019) (NCT02564354). In the following phase
1b safety study with 70 enrolled participants Eluforsen was
well-tolerated (NCT02532764), supporting the therapeutic
translation of novel mRNA-based therapies for patients
with CF. ASOs have also been tested for their ability to
correct CFTR splicing mutations, which constitute 13% of
disease-causing CFTR mutations, and result in no functional
protein being produced (Igreja et al., 2016). Single-stranded
DNA oligonucleotides designed to hybridize to pre-mRNA
and modify aberrant splicing restored splicing in immortalized
cells expressing the CFTR splicing mutation, c.2657 + 5G > A-
CFTR (Igreja et al., 2016).

Although clinical translation of DNA or RNA therapy has
been proven feasible, the efficient targeting and delivery of these
genetic materials into the lung epithelium for treatment of CF
remains exceedingly challenging.

THERAPEUTIC DELIVERY VECTORS

Nucleic acids are unable to cross the cell membrane because of
their high negative charge, and therefore require assistance for
intracellular delivery (reviewed in (Ni et al., 2019)). Numerous
viral and non-viral delivery systems have been investigated for
their ability to transfer genetic material–RNA (Therapeutic
Genetic Material Other Than DNA: RNA Addition and
Repair), DNA (this section) and gene editing system
components (Gene Editing Technologies)–to the lung. The
main groups of viral and non-viral vectors used in CF therapy
and advances toward their clinical translation will be
summarized below.

Viral Vectors for Airway Gene Therapy
Viral vector-mediated gene delivery systems take advantage of a
virus’s natural ability to evade the lung mucus barrier and
transduce the airway by inserting their DNA into epithelial
cells. The natural tropism of viral vectors enables preferential
targeting of the airway progenitor cells–the basal cells–so that
multi-lineage transgene expression can be achieved (Havenga et al.,
2002). Other advantages and disadvantages of available vectors
have been discussed in depth elsewhere (Miah et al., 2019). Here we
briefly discuss the most commonly used vectors for CF.

Adeno-Associated Virus
In the early 2000s, human CF clinical trials tested aerosolized viral
vectors, including AAV serotype 2 (AAV2). Based on delivery of
CFTR complementary DNA (cDNA) to the human nasal cavity
and lung, AAV was determined safe, but failed to demonstrate
significant clinical benefit in restoration of lung function (Wagner
et al., 2002; Flotte et al., 2003; Moss et al., 2004; Moss et al., 2007).

Frontiers in Pharmacology | www.frontiersin.org March 2021 | Volume 12 | Article 6394753

Allan et al. Progress Towards Cell-Based CF Therapies

36

https://clinicaltrials.gov/NCT03375047
https://clinicaltrials.gov/NCT02564354
https://clinicaltrials.gov/NCT02532764
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


These findings have been attributed to issues regarding the
packaging capacity of the AAV2 genome to encompass a
CFTR expression cassette (Wu et al., 2010) and also low
transduction efficiency of the airway epithelial cells (AECs)
due to the limited binding of AAV2 to the apical surface of
human airway epithelia (Zabner et al., 2000).

To overcome the packaging capacity limitation of AAV, a split
AAV gene delivery approach can be implemented, wherein a large
transgene is split across multiple separate AAV vectors (Patel et al.,
2019a). As a means of screening for AAV serotypes that display
airway tropism and permit efficient gene delivery to the human
lung parenchyma, lung bud organoids–a model of lung
parenchyma derived from human embryonic stem cells–have
been utilized (Meyer-Berg et al., 2020). A 2020 study identified
AAV2 and AAV serotype 6 (AAV6) as having the highly efficient
transduction of the human lung parenchyma. Additionally, it was
recently discovered that unlike other AAV serotypes, AAV6 is
capable of efficiently diffusing through mucus in primary
differentiated CF airway cultures (Duncan et al., 2018). Inhaled
administration of AAV6 provided high-level transgene expression
(mediating roughly 30% airway coverage) in a mouse model with
airway mucus obstruction (Duncan et al., 2018). Yet, the high
immunogenicity of AAV draws concern to the potential for
participants of viral-based gene therapy clinical trials to acquire
AAV immunity, and for potential preexisting immunity in some
patients (reviewed in (Ronzitti et al., 2020). These are major
concerns because immunity to AAV is likely to prevent repeat
administration of AAV gene therapy to patients (George et al.,
2020), therefore risking their eligibility for future AAV-based
therapies. In 2020, the imlifidase (IdeS) enzyme was tested in
rodents and non-human primates and successfully demonstrated
inhibition of the host immune response to AAV resulting from
preexisting immunity and following AAV gene therapy (Leborgne
et al., 2020). If IdeS treatment in human patients were to enable
repeat administration of AAV-based therapies, this could have big
implications for the future course of AAV gene therapy. To
improve the gradual decrease in CFTR expression due to the
transient episomal expression nature of AAV, and avoid the
need for repeat dosing of the AAV vector, Cooney and
colleagues designed a novel integrating AAV-based CFTR-
expressing vector (termed piggyBac/AAV), which demonstrated
efficient transduction and persistent expression in primary human
CF airway cells in vitro and inmouse airways in vivo (Cooney et al.,
2015). A follow-up large animal study delivered aerosolized
piggyBac/AAV-CFTR to CF pig airways and demonstrated
phenotypic restoration of CFTR function (Cooney et al., 2019).

Lentivirus
In comparison to AAVs, lentivirus vectors (LV) have a larger
packaging capacity (approximately 8 kb) whichmakes themmore
compatible for full length CFTR packaging (Castellani and
Conese, 2010). Additionally, LVs can transduce and integrate
into the genome of both dividing and non-dividing cells (Naldini,
Blomer et al., 1996; Wang et al., 1999). Proof-of-principle that a
lentiviral vector could correct the CFTR defect in vivo and
provide persistent CFTR expression was first demonstrated in
mouse airways (Limberis et al., 2002). This was followed by a

demonstration of partially restored in vivo CFTR channel activity
following aerosol delivery of Feline immunodeficiency virus (IV)-
CFTR to CF pig airways (Cooney et al., 2016). More recently,
insertion of a LacZ marker gene into airway basal cells via a LV
vector produced persistent transgene expression and importantly,
the basal cells successfully passed on the introduced gene to their
daughter cells in a mouse airway (Farrow et al., 2018b). In support
of a first-in-man CF trial, a simian IV-based lentiviral vector,
pseudotyped with Sendai virus fusion protein and
Hemagglutinin/Neuraminidase envelope proteins exhibited
efficient transduction of human airway cells in vitro and
murine lung epithelium in vivo (Alton et al., 2017).

Non-viral Vectors
Progression of viral vectors as a clinical therapy for CF remains
contingent on demonstrating successful long-term transduction
efficacy, the safety of delivery to the CF lung and the ability for
repeat dosing (Donnelley and Parsons, 2018). Some of these
barriers have necessitated the development of more cost-effective
non-viral vectors to provide an increased safety profile and
limitless genetic material packaging size, while obtaining more
reproducible delivery outcomes. Non-viral vectors are naturally
produced by the body and can also be engineered in the
laboratory. Despite reduced immunogenicity, the transfection
efficiency of non-viral vectors is still low compared to viral
vectors. Specifically, unmodified non-viral vectors are rapidly
cleared and have low accumulation in target tissues and cells
(Takahashi et al., 2013; Smyth et al., 2015), thus new compounds
are constantly engineered and investigated (Murphy et al., 2019).

Exosomes
Exosomes are naturally occurring nanoscale extracellular vesicles
which, following their release from cells, facilitate intercellular
communication by transporting material to neighboring or
distant recipient cells (Doyle and Wang, 2019). Due to this
ability to function as an endogenous intercellular cargo
transfer system, they have been exploited as vehicles for the
delivery of genetic material, and as such, are a promising vector
for in vivo gene therapy. Exosomes have been demonstrated to
deliver human CFTR mature glycoprotein, as well as CFTR
mRNA, in both Chinese hamster ovarian cells (Gonzalez et al.,
2012) and CFTR-deficient cells derived from CF patients (Vituret
et al., 2016; Villamizar et al., 2019). In both models, CFTR
channel function was shown to be corrected in exosome-
recipient cells. Exosomes have similarly shown utility in
delivering small interfering RNA in well-differentiated human
AECs (Singh et al., 2020), suggesting value beyond gene transfer
for the delivery of gene editing materials. These studies
demonstrated the potential application of exosomes as vectors
for CFTR transfer and functional correction of the genetic defect
in human CF cells.

Liposomes
Liposomes are artificially created vesicles with a lipid bilayer
membrane and an aqueous core (Akbarzadeh et al., 2013). In a
single dose, dose-escalation phase 1/2a safety trial assessment of a
liposomal mixture that included the cationic lipid mixture
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(GL67A) complexed with CFTR complementary DNA, patients
with CF showed improved lung function and no adverse effects
(Alton et al., 2015b). This was followed by a double-blind, placebo-
controlled multi-dose phase 2b trial (NCT01621867) that found
that repeated administration of GL67A liposome significantly, yet
modestly, stabilized lung function in the treatment group (n � 62)
vs. placebo (n � 54) in CF adults or children aged 12 years or older
enrolled in this trial (Alton et al., 2015a). Although this trial
reached its primary efficacy endpoint (lung function
improvement), the magnitude and variability in effect did not
support progression to phase 3 trials. These results established for
the first time a proof of principle that gene therapy was capable of
favorably modulating CF lung function, with no safety concerns
with repeat dosing. However, they also highlighted the need for
more efficacious methods of gene delivery transport, such as viral
vectors, before large-scale clinical translation can be achieved. Gene
delivery systems likely face greater barriers in adults with
established lung disease and irreversible fibrotic scarring in
comparison to children, with less progressed lung disease.
Strong reasoning to include children in gene therapy clinical
trials has been given previously (Jaffe et al., 2006; Delhove et al.,
2020) and may present the most rational avenue forward as a
clinical target age.

Lipid Nanoparticles
Like liposomes, lipid nanoparticles (LNPs) are used to
encapsulate and deliver therapeutic RNA formulations to the
lung via intranasal or systemic routes. However, LNPs differ in
their composition, often carrying cargo within a non-aqueous
core (Kraft et al., 2014). Recent advances have focused on
exploiting the dynamic structure of LNPs to engineer
specialized formulations tailored to increase mucus penetrance
(Nafee et al., 2018; Wan et al., 2018) and evade host immune
detection (Vencken et al., 2019). This work climaxed in the
successful LNP-mediated delivery of chemically modified
CFTR mRNA to CF airway cells (Robinson et al., 2018).
However, it has since been shown that LNPs only modestly
increase CFTR expression in patient-derived human nasal
epithelial cells (Villamizar et al., 2019). It is probable that the
inefficiency of LNP delivery is due to endosome retention (Sahay
et al., 2013), and as such, further work to engineer particles
capable of escaping endosome retention is needed. Since CFTR
expression in the epithelial airway is cell type specific (Plasschaert
et al., 2018), further testing in vitro and in vivo models will be
required before LNPs can be established as efficient and clinically
relevant delivery systems.

CELL-BASED THERAPIES

Cell-based therapies offer an alternative therapeutic opportunity
to in vivo gene therapy. This approach integrates advances in
stem cell biology with the well-established platform of in vitro
gene delivery and repair strategies. The exemplar for cell-based
therapy is hematopoietic stem cell transplantation, which is
successfully performed in over 50,0000 patients per year
world-wide (Gratwohl and Niederwieser 2012). The safety of

correcting a patient’s cells ex vivo via a gene editing technology,
before reintroducing them into the same patient (autologous
transplantation), has been demonstrated in a clinical trial for
hematological malignancies (Stadtmauer et al., 2020). Autologous
cell therapy has also been used for treatment of epidermolysis
bullosa (Eichstadt et al., 2019; Lwin et al., 2019; Marinkovich and
Tang 2019), whilst treatment of insulin-dependent diabetes has
shown success with transplant of allogenic islet cells (Kumagai
et al., 2002; Yamada et al., 2011).

The efficacy of these regenerative cellular therapies has
propagated investigation of cell-based therapy for CF. Yet, in
the CF airways, the volume, viscosity and composition of the
mucus that protects the airway from foreign particles and irritants
is altered in such way that penetrating this barrier poses a great
challenge. Successful clinical translation of a cell therapy
approach will require regenerative cell 1) identification, 2)
CFTR correction (addition or editing), 3) expansion, and 4)
transplantation back into the patient’s lungs (Figure 1). The
remainder of this review will discuss the progress and challenges
toward these milestones.

Identification of Suitable Regenerative Cells
With Differentiation Capacity
One of the obstacles to cell-based therapy for CF is the
identification of an optimal self-renewing cell that can also
differentiate into the cells of the airway epithelium. In this
review we discuss therapeutic perspectives of using adult
tissue-resident basal stem cells, yet first we will briefly describe
advances in the field using mesenchymal and induced pluripotent
stem cells (iPSCs).

Mesenchymal stem cells (MSCs) are an allogenic source of
cells that have been investigated for their application in CF cell-
based therapy due to their immunomodulatory and anti-
inflammatory properties (reviewed in (Caretti et al., 2019)). In
favor of their potential for CF cell therapy, MSCs co-cultured with
CF immortalized airway epithelial cells at air-liquid interface have
demonstrated acquisition of an epithelial phenotype, and
subsequent restoration of functional CFTR protein (Carbone
et al., 2014; Carbone et al., 2018). However, there is concern
over low engraftment levels of administered MSCs in the lung
(Ortiz et al., 2003; Xu et al., 2007). Furthermore, recent studies
suggest that MSCs function transiently to reduce inflammation
via the secretion of extra-cellular vesicles such as exosomes (Zhu
et al., 2014; Zulueta et al., 2018) that can be used for delivery of
drugs or gene editing material (reviewed in (Almeida-Porada
et al., 2020)). Exosomes derived from MSCs genetically
engineered to carry a transcription activator protein have
demonstrated success in targeting and activating CFTR
transcription in primary human bronchial epithelial cells from
patients with CF (Villamizar et al., 2021). Further in vitro and in
vivo studies are needed before this approach is considered viable.
Until then, there remains uncertainty surrounding the capacity of
MSCs to effectively restore CFTR function in the respiratory
epithelium.

iPSCs are routinely generated from skin or blood cells that are
reprogrammed back into an embryonic-like pluripotent state. In
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addition, they are amenable to gene editing and expansion,
thereby providing a large potential source of gene-corrected
cells which upon differentiation into lung basal stem cells can
be engrafted into the lung for therapeutic use. Two iPSC-derived
cell populations have been isolated for the purpose of CF cell
therapy: one- airway epithelial cells (AECs) or 2-basal stem cells.
The strengths and limitations of both these will be discussed here
briefly. Firstly, several reports have demonstrated successful
directed differentiation of human iPSCs into AECs in vitro
(Firth et al., 2014; Huang et al., 2014; Dye et al., 2015; Konishi
et al., 2016; McCauley et al., 2017). The iPSC-derived AEC
cultures are a heterogenous cell population containing limited
numbers of basal cells with self-renewing capacity (McCauley
et al., 2017). As such, transplanting AECs will only provide a
short-term solution, even if engraftment of cells was successful.
Therefore, although this method can generate ample AECs,
transplantation of terminally differentiated AECs would not be
an effective CF cell therapy.

More recently, iPSCs have been differentiated into basal cells,
termed induced basal cells (iBCs) (Hawkins et al., 2020). These
iBCs are functionally indistinct from native basal cells and have
been shown in vitro to differentiate into a pseudostratified airway
epithelium exhibiting CFTR activity (Hawkins et al., 2020).
However, the rarer cell types of the epithelium such as the
CFTR-expressing ionocytes, and brush cells, were not observed
in vitro cultures of iBCs differentiated at air-liquid interface
(Hawkins et al., 2020). Furthermore, the long-term effects of
these manipulations are not well understood, and several
questions regarding the in vivo competence of iBCs remain
unanswered. For these reasons, development of additional
screening assays similar to the dual fluorescent transporter
assay used by Hawkins and colleagues will be necessary to
verify the cellular phenotype and differentiation capacity of
iBCs in comparison to their endogenous counterparts both
in vitro and in vivo before clinical translation of iPSC-based
CF cell therapy can be considered viable.

To improve the chances of successful cell transplantation to
the lung, it is possible that tissue-resident adult stem cell from the
lung itself would be a better suited candidate. For some time,
there had been a lack of clarity as to the identity of airway stem
cells. However, increased knowledge of stem cell biology together
with the characterization of lung progenitor lineage has brought
emerging consensus that basal cells are a stem cell or progenitor
cell of the airway epithelium (Rock et al., 2009; Bertoncello, 2016).
Importantly, basal cells have the capacity to differentiate into all
the cell types of the pseudostratified airway epithelium, including
the rare population of CFTR high-expressing ionocytes (Montoro
et al., 2018; Plasschaert et al., 2018). This means that upon CFTR
correction of basal cells, multi-lineage expression of the corrected
CFTR could be achieved in the airway epithelium.

The existence of multiple progenitors with various
differentiation capacities has been detected in human bronchial
xenografts (Engelhardt et al., 1995). This is in concordance with
reports that mouse tracheal basal cells comprise two molecularly
distinct subpopulations of multipotent stem cells and committed
secretory precursors (Hong et al., 2004; Watson et al., 2015). More
recently, a single-cell RNA-seq study on human airway epithelial

cells identified a heterogenous population of basal cells that include
multipotent and secretory-primed subsets (Carraro et al., 2020).
However, it remains unknown whether secretory-primed basal
cells represent a transitory state of basal cells or a phenotypically
stable state. The implication is that cell therapy approaches will
have to account for basal cell subtypes when selecting a suitable cell
to target.

Correcting CFTR in Regenerative Cells
Correction of CFTR in vitro in airway epithelial cells can be
achieved by direct addition of genetic material as discussed in the
sections above (Therapeutic Genetic Material Other Than DNA:
RNAAddition and Repair and Therapeutic Delivery Vectors). An
alternative to introducing new material is to correct the defective
CFTR via gene editing.

Gene Editing Technologies
The advent of gene editing technologies has refueled excitement
over gene therapy and is an area of vast development. The three
major gene editing technologies are clustered regularly
interspaced short palindromic repeat (CRISPR)–Cas-associated
nucleases, programmable nucleases, such as zinc-finger nucleases
(ZFNs) and transcription activator-like effector nucleases
(TALENs). The first in vivo application of CRISPR/Cas9 was
employed for a person with a mutation in the CEP290 gene which
causes retinal degeneration (Ledford, 2020). Clinical trials are also
underway to evaluate these therapeutic approaches for treatment
of cancer and sickle cell disease (Ernst et al., 2020). In the context
of CF, emerging gene editing technologies hold the potential to
repair specific CFTR gene mutations and restore their function,
offering the ultimate opportunity for precision medicine.
However, to date, gene editing technologies for CF remain in
the preclinical realm.

The first study of CRISPR/Cas9 as a potential therapy for CF
used site-specific knock-in of the correct CFTR sequence to
robustly restore CFTR function in human intestinal stem cell
organoids derived from patients homozygous for the Phe508del
mutation (Schwank et al., 2013). This approach has since been
implemented in cell culture by Ruan and colleagues to achieve
greater than 20% repair of patient-derived induced pluripotent
stem cells (iPSCs) (Ruan et al., 2019). Furthermore, in recent
advancements, an AAV-delivered Cas9 gene editing platform
facilitated correction of >30% Phe508del-CFTR in patient-
derived airway basal cells, prior to transplantation to an ex
vivo engraftment scaffold and near-normal levels of CFTR
function were restored (Vaidyanathan et al., 2020).
Considering reports that suggest as little as 4.7% of WT CFTR
expression can lead to a milder CF phenotype (Ramalho et al.,
2002), prospects for clinical translation are promising. However,
a shortcoming of these gene editing technologies is that they are
mutation specific. As such, different mutations must be
individually corrected, with some being more amenable to this
strategy than others.

CRISPR/Cas9 has successfully corrected CFTR splicing
mutations (Sanz et al., 2017) and mutations leading to the
formation of a premature termination codon that produce no
functional CFTR protein (Erwood et al., 2020). As such, an
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approach for allele-specific editing has been outlined. Gene
editing using Zinc finger nucleases (ZFNs) has also facilitated
the correction of iPSC-derived CF AECs (Crane et al., 2015).
Crane and colleagues showed that CFTR-corrected iPSCs,
following induced differentiation in vitro, expressed functional
CFTR protein (Crane et al., 2015). A similar study used ZFNs to
correct Phe508del and demonstrated restored CFTR protein
expression and function in air-liquid interface cultures
established from the edited basal cells (Suzuki et al., 2020).
TALEN technologies have also been used to restore normal
CFTR expression and activity in organoids derived from
Phe508del patient-derived iPSCs (Fleischer et al., 2020). The
ability to achieve CFTR correction in additional stem/
progenitor cells such as airway basal cells, either as primary
airway basal cells or those derived from iPSCs, has specific
relevance for progress toward cell-based therapies for CF.

Expansion of CFTR-Corrected
Regenerative Cells That Retain
Differentiation Capacity
Irrespective of which regenerative cell type or in vitro correction
method is to be used, cell-based therapy will require large
numbers of viable cells to repopulate the lung by replacing the
CFTR defective endogenous AECs. Hayes and colleagues have
estimated that 60 million regenerative cells will be required to
treat a human patient with cystic fibrosis cell therapy (Hayes et al.,
2019). However, procurement of basal lung epithelial cells via
bronchial lavage, sputum collection or endobronchial biopsy
provides only low cell numbers (Mou et al., 2012; Pollock
et al., 2013; Butler et al., 2016). To overcome the issue of low
initial cell numbers, extensive cell expansion will be required
prior to implantation.

Bronchial basal cells have a limited lifespan (Ghosh et al.,
2011) with differentiation capacity that decreases over time
in vitro (Gentzsch et al., 2017). Various culture protocols for
cell expansion have been adapted to overcome these limitations
(reviewed in (Awatade et al., 2018)). The conditionally
reprogrammed cell (CRC) methodology (Liu et al., 2012) is
one approach to increase bronchial cell yield (Martinovich
et al., 2017) and maintain differentiation potential for multiple
passages (Lee et al., 2020). CF and non-CF bronchial basal cells
have been expanded to a therapeutic dose of 60 million cells via a
modified CRC method, albeit the frequency of regenerative cells
having decreased to 20% by the time the therapeutic dose was
reached (Hayes et al., 2019). Importantly, the bronchial basal cells
were demonstrated to retain their differentiation potential from
passages 2 to 15 using this approach (Hayes et al., 2019). Yet,
further concern is raised by reports of in vitro basal cell expansion
altering CFTR functional activity (Awatade et al., 2021) and
differentiation cell-fate composition, leading to a reduced
number of ciliated cells in expanded cells compared to freshly
isolated cells (Eenjes et al., 2018). If expanded basal cells
differentiate to pseudostratified epithelium with an altered cell
type composition, this would have implications for their
suitability for cell therapy, therefore necessitating further
investigation.

Another challenge faced by cell expansion for the purpose of
CF cell-based therapy is reports that differentiated cultures
established from extended in vitro expansion of basal cells
often have decreased CFTR ion transport function (Peters-Hall
et al., 2018). Lee and colleagues report that although CRC
expanded cells have increased CFTR ion transport compared
to conventionally expanded cells, short-circuit current (a proxy
for CFTR function) still decreased by passage three in CRC
expanded cells (Lee et al., 2020). A better understanding of the
impact of extended cell expansion on CFTR function is required.

Transplantation of CFTR-Corrected
Regenerative Cells
Basal cells are located within the surface epithelium, adjacent to
the basement membrane, and their differentiation leads to the
cellular diversity of the airway epithelium. As such, if CFTR-
corrected basal cells are to be the basis of a cell therapy, then
they would need to be engrafted onto the basement membrane
of the airway epithelium. This should replenish the airways with
CFTR-corrected ciliated and secretory cells, and ionocytes.
Meanwhile, the engrafted basal cells, corrected by integrating
CFTR addition or mutation-specific gene editing, would retain
their capacity for self-renewal to establish a long-term corrected
cell population.

Studies of hematopoietic stem cell transplantation show that
transplanted cells compete with endogenous bone marrow
stroma cells (Abbuehl et al., 2017). Similar concerns have been
raised for competition between endogenous and transplanted
cells used to repair the lung epithelium. In a competitive
repopulation assay, a mixed culture of CF and healthy (non-
CF) basal cells were differentiated at air-liquid interface to
generate a pseudostratified airway epithelium in vitro (Lee
et al., 2020). Lee and colleagues found that non-CF cells
outcompeted CF donor cells, suggesting that endogenous
airway epithelial repair and regeneration is likely to hinder cell
engraftment. However, more work is required to fully
comprehend and address factors such as these which may
impact stable integration of transplanted cells.

The innate barrier properties of the CF airway epithelium–the
thick mucus layer and the ciliated pseudostratified multi-layered
nature of the epithelial tissue–will likely make the delivery of the
corrected basal cells to the basement membrane difficult. An
effective cell delivery method will need to first overcome the
mucus layer covering the epithelial surface. Whilst aerosolization
of stem cell MSCs has demonstrated feasibility as a new method
of cell delivery in vivo in rabbit airways (Kardia et al., 2014; Kardia
et al., 2018; Halim et al., 2019), this technique has not been trialed
using basal stem cells. Most studies of basal cell engraftment
delivered via intratracheal instillation (Ghosh et al., 2017) or
injection (Millerl et al., 2018) use rodent models (Ghosh et al.,
2017; Miller et al., 2018). However, these animal models are
limited in their capacity to accurately recreate human CF airway
pathogenesis. Evidently further testing in appropriate in vivo
animal models is required to determine an effective approach for
cell delivery capable of overcoming the altered mucus barrier in
CF. Yet, even if an optimal method is achieved, it is anticipated
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that disruption of the epithelial cell layer via conditioning or
transient injury will be necessary to facilitate effective cell
transplantation. Similar strategies have been successful for
conditioning of the bone marrow prior to haemopoietic stem
cell transplantation (Gyurkocza and Sandmaier, 2014).

Experimental evidence for successful donor cell engraftment in
the lungs of animal models has been shown with various injury
protocols. Following conditioning with naphthalene, both iPSCs
(Miller et al., 2018) and airway basal cells (Ghosh et al., 2017)
successfully transplant into mouse airways and persist for up to six
weeks. Comparatively, partially stripping the AECs by treatment
with polidocanol, an agent that creates a larger site for donor cell
engraftment than naphthalene, has enabled basal cells to engraft
into live mouse airways and the transplanted cells remained viable
for at least three weeks (Farrow et al., 2018a). The long-term effect
of these conditioning protocols upon cell engraftment is yet to be
examined. In the context of CF, no ideal strategy has yet been
developed. To injure the already inflamed and infected lungs of CF
recipients might appear counterintuitive. The question remains:
what is the optimal conditioning scenario that will cause minimal
injury, whilst facilitating effective engraftment of corrected cells in
sufficient numbers to restore lung function?

CONCLUSION

There are clear challenges to the successful translation of gene and
cell therapies designed to correct the CFTR defect in the airways.
Various novel viral and non-viral therapeutic vectors have advanced
to clinical trials; however, no significant clinical benefit has been
achieved. The greatest barrier to the success of these gene
therapeutics is their delivery to the human airways. Overcoming
this barrier will be central to ongoing research and paramount to the
achievement of an efficacious in vivo CF gene therapy.

Cell-based therapies represent a promising alternative strategy
wherein CFTR is corrected ex vivo. Yet, questions remain
unanswered. Even if regenerative basal cells that are corrected
via integrating CFTR addition or mutation-specific gene editing
can efficaciously transplant at the basement membrane of the
airway epithelium, how safe are these ex vivo-corrected cells? We
know that reprogramming, expansion, and editing increases the

probability of tumorigenicity (reviewed in (Berical et al., 2019)).
Can basal cells only be expanded to the necessary therapeutic
dose at the cost of preserving the transcriptome, epigenome, and
differentiation capacity of these basal cells? Long-term
investigations are needed to confirm transplanted basal cells
are free from mutations, that they are stably engrafted and
that CFTR function is retained. Future studies to investigate
and improve the findings discussed in this review are required
to validate the feasibility of cell-based therapy for treatment of CF.

Moreover, challenges will likely be met in transitioning gene-
and cell-based therapies to clinical care. Discussions of the
difficulties in developing and sustaining a successful business
model for cell-based therapies, and the changes in clinical care
necessary to make this potentially transformative therapeutic
approach accessible to patients, are ongoing (Elverum and
Whitman, 2019). As we continue to forge ahead in this era of
personalized medicine, improvements to current CFTR
modulator drugs will likely herald increased patient benefit.
However, clinical translation of gene or cell-based therapies,
though still an ambitious goal, offers future promise of a
mutation-agnostic cure for CF.
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Biomaterials intentionally designed to support the expansion, differentiation, and three-

dimensional (3D) culture of induced-pluripotent stem cells (iPSCs) may pave the way to

cell-based therapies for chronic respiratory diseases. These conditions are endured by

millions of people worldwide and represent a significant cause of morbidity and mortality.

Currently, there are no effective treatments for the majority of advanced lung diseases and

lung transplantation remains the only hope for many chronically ill patients. Key opinion

leaders speculate that the novel coronavirus, COVID-19, may lead to long-term lung

damage, further exacerbating the need for regenerative therapies. New strategies for

regenerative cell-based therapies harness the differentiation capability of human iPSCs

for studying pulmonary disease pathogenesis and treatment. Excitingly, biomaterials are

a cell culture platform that can be precisely designed to direct stem cell differentiation.

Here, we present a closer look at the state-of-the-art of iPSC differentiation for pulmonary

engineering, offer evidence supporting the power of biomaterials to improve stem

cell differentiation, and discuss our perspective on the potential for tissue-informed

biomaterials to transform pulmonary regenerative medicine.

Keywords: disease modeling, regenerative medicine, pulmonary, hydrogel, tissue-informed engineering,

biomaterials

INTRODUCTION

Chronic respiratory diseases are the third leading cause of global morbidity and mortality,
impacting an astonishing 7.4% of the world’s population (1). Despite progress in therapeutic
development for these conditions, current treatments merely control symptoms and exacerbations.
The urgency for new treatment options cannot be underestimated as escalating urban
environmental risk factors and tobacco use, have caused a substantial increase in the exacerbation
and mortality rates of chronic lower respiratory diseases (2). This growth is exemplified by the
39.8% increase chronic respiratory disease cases since 1990, which includes a 3.9% global increase
in chronic obstructive pulmonary disease (COPD) and a 3.6% increase in asthma (2). Increased air
pollution exposure also heightens the risk for exacerbations in COPD and idiopathic pulmonary
fibrosis (IPF) (3, 4). Furthermore, researchers have projected that survivors of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), responsible for the recent global pandemic,
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will have an increased prevalence of chronic respiratory
conditions due to severe lung damage caused by acute respiratory
distress syndrome (ARDS) (5). Collectively, airway damage
and scarring of gas-exchange surfaces in the lungs will
require innovative therapeutic strategies for airway regeneration.
Nevertheless, progression of new therapeutic approaches for
these diseases is hindered by a lack of reproducible in vitro
models that closely reflect in vivo physiology.

Respiratory diseases present with significant heterogeneity
among patients, creating considerable variability in disease onset,
severity, and progression (6). Patient-specific regenerative cell-
based therapies provide an attractive avenue to study pulmonary
disease pathology and evaluate effective treatment regimes.
However, progress is currently limited by materials that are not
conducive to optimization through controlled modification. To
support the complex cell culture processes required to build
these models, we present here the perspective that precisely
engineered biomaterials will increase the reproducibility
and efficiency of patient-derived induced pluripotent stem
cells (iPSCs) differentiation, facilitating the fabrication of
three-dimensional (3D), patient-specific models of pulmonary
regeneration and disease. Figure 1 depicts a long-term vision
for how tissue-informed biomaterials can improve pulmonary
regenerative medicine and discovery of new therapeutic
targets. First, patient-specific cells can be isolated, expanded,
reprogrammed into pluripotent stem cells, and differentiated
into mature lung cells using engineered biomaterial cell culture
platforms. Biomaterial microenvironments can be tailored
to differentiate cells to either healthy lung cells/tissues for
transplantation, or diseased lung phenotypes for modeling and
evaluating the impact of treatments on chronic respiratory
conditions. We predict that this versatility will enable
researchers to tissue-informed biomaterials and patient-
derived cells to address the unique challenges of each individual
respiratory disease.

CURRENT STRATEGIES FOR MODELING
HUMAN LUNG DEVELOPMENT AND
REGENERATION

Animal Models for Studying Respiratory
Disease
Animal models are widely used to study lung development
and disease pathology. Murine models, for example, have
been fundamental in examining physiological processes such
as branching morphogenesis, which develops lung architecture
and tubular structures (7). Nevertheless, there are discrepancies
between rodent and human lung development, physiology,
and pathophysiology which have led to numerous successful
preclinical animal therapeutic successes that later fail in human
clinical trials (8). Murine models, although capable of developing
some lung disease phenotypes, such as goblet cell hyperplasia
and airway mucus obstruction in COPD, do not develop
spontaneous bacterial infections or have equivalent levels of
disease severity (9). One example of the limitations of rodent
models are those created to study cystic fibrosis (CF), a

respiratory disease caused by mutations within the cystic fibrosis
transmembrane conductance regulator (CFTR) gene, resulting
in the inability to effectively transport chloride across the
cell membrane and the accumulation of thick mucus that
obstructs airways. In these models, mice generally present a less-
severe lung phenotype due to activity of alternative chloride
channels that can mitigate the burden of mutated CFTR (10).
A transition to large-animal model systems, specifically ferrets
and pigs, has improved recapitulation of human lung disease
(11, 12). Pigs and ferrets more closely resemble human lung
anatomy and morphology, with airways that exhibit similar
bacteria and immune cell infiltration (13, 14). Moreover, they
are capable of developing spontaneous lung disease and similar
lung pathologies such as airway obstruction, inflammation, and
mucus buildup to humans (12, 14). While these models have
been beneficial in studying disease onset and pathogenesis, they
are costly and not ideal for high-throughput therapeutic studies
or screening.

Patient-Derived Cells for Studying
Respiratory Disease
Patient-derived primary lung epithelial cells have been used
as an in vitro alternative to animal models due to their
ability to replicate in vivo cell morphology, physiology, and
functionality (15, 16). Significant advances have been made
in the development of procedures for procuring lung tissue
explants and bronchoscopy samples, isolating human airway
epithelial cells (HAECs), and optimizing media and culture
conditions for their expansion. The cell types that comprise
the airway epithelium are summarized in Table 1. Protocols,
such as those developed by (32), support the growth and
mucociliary differentiation of HAECs at the air-liquid interface
(ALI) (33). Similar methods have grown patient primary
epithelial cells for therapeutic testing. For example, Neuberger
et al., isolated human bronchial epithelial cells (HBECs)
from CF patients to perform preclinical tests for CFTR
modulators (15). Nevertheless, there are many challenges to
working with primary HAECs, including limited access to
patient samples, particularly those with rare diseases and
genotypes. Furthermore, in vitro expansion of primary cells
is limited due to decreased proliferation over time, changes
in morphology, and loss of multipotency of the predominant
airway epithelium progenitor cell, the basal cell, which has the
capacity to regenerate the airway epithelium of the trachea to the
bronchioles (34, 35).

The invention of iPSCs in 2007 created an alternative
approach to obtaining patient-specific cells capable of self-
renewal, large-scale expansion, and multilineage differentiation
(36–38). Investigation of effective methods to differentiate
human iPSCs into mature airway epithelium has been crucial
to developing functional cells for effective disease modeling
and therapeutic screening. iPSCs have been directed to
mimic embryonic lung development and differentiate into
functional airway epithelium (17, 18, 27, 39, 40) through
sequential addition of factors that regulate activin/nodal,
bone morphogenic protein (BMP), fibroblast growth factor

Frontiers in Medicine | www.frontiersin.org 2 April 2021 | Volume 8 | Article 64783447

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Campbell et al. Tissue-Informed Biomaterials Advance Pulmonary Medicine

FIGURE 1 | Engineering tissue-informed biomaterials to advance pulmonary regenerative medicine and model respiratory disease. This schematic illustrates the

potential for tissue-informed biomaterials to advance pulmonary regenerative medicine through two complementary pathways: (1) by using tissue-informed biomaterial

cell culture platforms to differentiate patient-specific stem cells into healthy, implantable lung cells and tissue (left); and (2) engineering biomaterial-based platforms to

induce differentiation of these same patient-specific stem cells into diseased phenotypes for disease modeling and evaluation of precision medical treatments (right).

(FGF), transforming growth factor-beta (TGFβ), wingless
(Wnt) and sonic hedgehog (Shh) signaling (Table 1). These
strategic methods of differentiation to lung cell lineages have
primarily focused on two-dimensional (2D) monolayer cultures
and have varying levels of efficiency based on induction
of NK2 homeobox 1 (NKX2.1) expressing primordial lung
progenitor cells. Currently, 2D systems are not capable of
proper spatial tissue organization and epithelial-mesenchymal
associations (41).

Cell culture substrates with physiological mechanical
properties and 3D architecture may improve differentiation
efficiency and the formation of mature cells from stem or
progenitor cells that are more similar to their primary cell
counterparts in gene expression and DNA methylation profiles,
with studies having largely focused on natural materials, such
as basement membrane extracts (41), decellularized precision-
cut lung slices (42), and hydrogels derived from extracellular
matrix (ECM) (43) to differentiate human lung progenitor cells
and evaluate the resulting cellular structure and function. A
summary of lung ECM components, cellular binding regions,

and common strategies for incorporating these biochemical cues
into biomaterials can be found in Table 2.

An investigation by Young et al. compared the epithelial
barrier function of human basal epithelial stem cells cultured
on combinations of a variety of proteins, including collagen
I, fibronectin, laminin, and decellularized extracellular matrix
(dECM). The combination that produced the highest barrier
function as measured by trans-epithelial electrical resistance
(TEER) was dECM supplemented with laminin (58). In another
study by Greaney et al. human basal progenitor cells were seeded
and epithelial differentiation was compared on various platforms
including sections of decellularized lung tissue from trachea
and distal lung, Matrigel, and traditional ALI culture (59). The
study found that cells seeded on sections of decellularized lung
tissue sections exhibited regionally specific indicators of epithelial
regeneration such as detection of relevant airway epithelial
cell markers cytokeratin 5 (KRT5, basal cells), mucin 5AC
(MUC5AC, goblet cells), and acetylated alpha tubulin (ATUB,
ciliated cells) on decellularized tracheal sections using single
cell RNA sequencing (scRNA-seq). These 3D culture systems
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TABLE 1 | Summary of human airway structure, cellular composition, cellular characteristics, differentiation potential, and derivation from embryonic stem cells (ESC) and

induced pluripotent stem cells (iPSC).

Human

airway

structure

Cell type Function Differentiation

potential

Isolation/markers Putative

derivation from

ESC/iPSC

References

Upper airway Basal Airway

progenitors/junctional

adhesion/inflammatory

response

Airway epithelium Bronchial

brushing, pronase

digestion/TRP63,

KRT5, NGFR+,

Pdpn

Yes (17–22)

Club Progenitor cells/

secrete

surfactants

Ciliated, goblet,

AT1, and AT2

Basal cell

differentiation/Scgb1a1

Yes (17, 22–25)

goblet Mucus production

and secretion

None Basal cell

differentiation/MUC5AC

Yes (17, 22, 26)

Ciliated Mucociliary

clearance

None Basal cell

differentiation/FOXJ1,

acetylated tubulin

Yes (17, 22, 27, 28)

Lower airway AT1 Gas exchange/ion

and fluid transport

None Elastase digestion,

magnetic sorting,

FACS/RTI- 40

Yes (17, 29)

AT2 Alveolar stem

cells/secrete

pulmonary

surfactant/ ion

transport

AT1 Elastase digestion,

magnetic sorting,

FACS/RTII- 70

Yes (17, 29–31)

outperformed 2D culture on basement membrane extracts
(Matrigel) and traditional ALI culture. Another recent study
investigated seeding of primary human epithelial progenitor
cells into hybrid bioinks composed of alginate reinforced with
dECM. This hybrid approach allowed for the creation of bioinks
with higher viscosities at low shear rates when compared to
normal alginate. Epithelial progenitor cells were seeded into
this hybrid bioink and 3D printed as a hollow tube and
then subjected to ALI differentiation for 28 days. The study
found that the hybrid bioink allowed for the differentiation of
progenitor cells into ATUB-expressing ciliated cells and that
the constructs remained stable and patent for the full 28 days
(60). In contrast, culturing human lung organoids (HLOs)
derived from pluripotent stem cells within Matrigel enabled cells
to spontaneously form physiologically elaborate 3D structures
in vitro. These cultures were composed of both epithelial
and mesenchymal lineages that corresponded to the cellular
composition and structural attributes of the human fetal lung.
The approach by Dye et al. produced 3D structures resembling
bronchi and bronchioles using HLOs derived from human
pluripotent stem cells. However, in a comparable study carried
out by Goetzke et al., significant differences in the epigenetic
regulation of the cells were observed in iPSCs differentiated on
2D fibrin-based hydrogels compared to 3D culture in the same
material. In fact, iPSCs differentiated into induced mesenchymal
stem cells (iMSCs) in the 2D condition and were a closer match
to primary MSC than the 3D differentiated cells. The cells
differentiated in 3D had a notable upregulation of genes related
to the cardiovascular system and neurogenesis (61). These results
indicate that even though 3D systems are more physiologically

relevant and represent an increased complexity compared to 2D
systems, these platforms still need further optimization to be
more physiologically precise.

Limitations of Current Substrates for iPSC
Differentiation
Currently, iPSC differentiation protocols rely extensively on
natural, xenogenic materials such as Geltrex and Matrigel,
which are basement membrane extracts rich in laminin-111,
collagen IV, entactin, and perlecan (55). These extracts act
as a substrate for cellular adhesion and present biological
moieties that influence cell growth and differentiation at
an epigenetic level (62). Unfortunately, these materials also
exhibit major translational limitations. Geltrex and Matrigel
are both derived from murine tumor tissue, resulting in
a high potential for immunogenicity and poorly defined
composition with reports of batch-to-batch variability from
the manufacturers (63). This heterogeneity contributes to
lower differentiation efficiency and limits scalability in future
drug development work. Most importantly, these materials
lack the capacity for tunability, or customization, required to
optimize the substrates for reproducible and efficient iPSC to
lung progenitor cell differentiation (64). Synthetic biomaterials
designed using tissue-informed engineering strategies can
overcome the limitations of traditional materials such as
Matrigel and increase the efficiency of differentiating iPSCs
into mature cells for further study (30, 65). Specifically, the
following section highlights the implementation of tissue-
informed hydrogels to support iPSC differentiation protocols for
pulmonary regenerative medicine.
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TABLE 2 | Introduction to common ECM components found in the lung, cell binding sites, and common practices for incorporation into biomaterials.

ECM macromolecule Cell binding site Representative peptide

sequence or component

for incorporation into

biomaterials

Function in lungs References

Collagens

Col I and III

Col IV

α1β1, α2β1, α3β1

α1β1, α2β1

gly-phe-hyp-gly-glu-arg

(GFOGER)

glu-phe-tyr-phe-asp-leu-

arg-leu-lys-gly-asp-

lys (EFYFDLRLKGDK)

Central airways,

Alveolar ducts, and

Interstitium of the

parenchyma

Basement membrane

(44–48)

Elastic fibers

Elastin, Fibrillin-1, Fibrillin-2,

and Fibulin-5

Elastin microfibril

interface-located

proteins (EMILINs)

αVβ3

αVβ3, α5β1

val-ala-pro-gly (VAPG)

arg-gly-asp (RGD)

Interstitium of the

parenchyma

(44, 45, 49–52)

Laminins α3β1, α5β1, α6β4 tyr-lle-gly-ser-arg (YIGSR)

lle-lys-val-ala-val (IKVAV)

Basement membrane (47, 53, 54)

Fibronectin αVβ3, α5β1 arg-gly-asp (RGD) Basement membrane (45, 47, 52–56)

Glycosaminoglycans (GAGs)

Heparin/Heparan Sulfate

Hyaluronic Acid

Chondroitin Sulfate

Dermatan Sulfate

Keratan Sulfate

Non-integrin

binding

GAGs can be incorporated

into hybrid-hydrogels or

used as coatings

Interstitium of the

parenchyma

(44, 56, 57)

OPPORTUNITIES FOR TISSUE-INFORMED
BIOMATERIALS TO ADVANCE
PULMONARY REGENERATIVE MEDICINE

Tissue-informed engineering strategies are a bottom-up
approach to engineering materials meant to elicit specific cellular
responses (66). First, key facets of tissues are characterized,
including the extracellular matrix structure, mechanics, and
composition. Next, the intrinsic and extrinsic properties
of biomaterials are specifically engineered to replicate the
tissues that support cellular expansion, differentiation, and
maintenance within a 3D tissue-like architecture. Hydrogels,
such as poly(ethylene glycol) PEG, have emerged as a promising
candidate for the tissue-informed engineering process. Hydrogels
are a single molecule network composed of cross-linked polymer
chains. This cross-linking confers an advantage to hydrogels:
the ability to swell in water without dissolving allows these
materials to closely mimic the mechanical properties and water
content of human tissue. Hydrogels have intrinsic and extrinsic
properties that can be engineered and optimized using an
iterative design process to achieve cellular responses appropriate
for each application (67, 68). Intrinsic properties include stiffness
(elastic modulus), degradability, and viscoelasticity. Extrinsic
properties include dimensionality, topography, and presentation
of biomolecules (69).

Tuning the intrinsic and extrinsic properties of these materials
takes various forms, ranging from optimizing a static 2D
hydrogel cell culture substrate to designing a stimuli-responsive,
3D material system that can be altered by user-controlled inputs

or endogenous signals from embedded cells (70, 71). The elastic
modulus (E) or stiffness of the hydrogel microenvironment is one
physical (intrinsic) property that has been modified by exploiting
user-controlled stimuli including light, temperature, or even
ultrasound (71). A photodegradable PEG-based crosslinker
developed by the Anseth research group, for instance, facilitated
dynamic hydrogel softening from E > 30 kPa to E < 3 kPa upon
exposure to ultraviolet (UV) light (72, 73). This material was used
to study gastrointestinal crypt formation by iPSCs embedded in
3D PEG hydrogels compared to 3D Matrigel constructs. The
study found that crypt formation, size, and number per colony

were functions of matrix softening. It also showed that colony
survival was dependent on elastic modulus, with the greatest

survival occurring in matrices with a modulus of 1.3 kPa (74).

Similarly, one extrinsic property to leverage when designing
synthetic materials is the incorporation and release of biological

molecules with spatial and temporal control. These moieties
include but are not limited to growth factors (75), peptides (76),

protein fragments (77), and small molecules (78). For example,

Ovadia et al. fabricated PEG-norbornene hydrogel matrices
crosslinked with a cell-degradable peptide that presented pendant
peptides inspired by proteins and integrins found in Matrigel
to cells grown within these constructs. This research found that
certain peptide combinations, specifically YIGSR (mimicking
laminin) and PHSRNG10RGDS (replicating fibronectin-binding
sites) enhanced viability of iPSCs and allowed for differentiation
into neural progenitor cells (NPCs) when cultured in 3D over
1 week (79). Another study by Lam et al. used a design of
experiments approach to optimize peptide concentrations in
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engineered biomaterials to maximize the differentiation of iPSCs
to NPCs (67). These examples highlight significant progress
in the differentiation of iPSCs using biomaterials for non-
pulmonary engineering applications.

Tuning the intrinsic and extrinsic properties of biomaterials
using a tissue-informed approach has the potential to pave the
way for a transformation in pulmonary regenerative medicine.
Although there are currently fewer examples, engineered
biomaterials have been incorporated into pulmonary medical
research platforms for tissue regeneration and disease modeling.
Bailey et al. systematically evaluated PEG-based hydrogels
for supporting extended ex vivo culture of precision-cut lung
slices, specifically the maintenance of alveolar epithelial type
II (ATII) cells, a progenitor cell capable of differentiation into
alveolar epithelial type I (ATI) cells, the cells lining the gas
exchange surfaces of the lung. This research demonstrated
that incorporation of two short peptide sequences that bind
β1-class integrins (0.2mM YIGSR and 0.1mM RGDS) supported
production of surfactant protein c, that is, maintained the
functionality of ATII cells within PLCS for up to 21 days, in
contrast to unembedded controls that only survive ∼7 days in
culture (53). In a recent example of pulmonary disease modeling,
a dynamically responsive PEG-α-methacrylate (PEGαMA)
hybrid-hydrogel containing proteins from decellularized lung
extracellular matrix was stiffened in situ using light to increase
the elastic modulus of the material from healthy (E = 3.6 ± 0.24
kPa) to fibrotic ranges (E = 13.4 ± 0.82 kPa). These stiffened
hydrogels induced a significant increase in the expression of
myofibroblast transgenes within primary murine fibroblasts
(80). Likewise, Lewis et al. exploited photodegradable PEG-
based hydrogel microspheres to template lung epithelial cells
within a biomaterial platform to create open cyst-like structures
(81). These 3D model systems were used to demonstrate that
fibroblasts in the surrounding hydrogel matrix responded to
changes in epithelial cell activity by increasing proliferation
and migration when co-cultured with a human tumor-derived
epithelial cell line (A549) (82).

It is exciting to imagine a future where tissue-informed
biomaterials can incorporate and release biomolecules to
sequentially guide stem cell differentiation pathways such as
integrin-binding peptides, cytokines, or small molecules (79,
83). This tunability of intrinsic material properties could enable
more efficient patient stem cell differentiation toward mature
lung tissue. During the progression of many chronic respiratory
diseases, considerable changes to the mechanical properties
of the lung tissue have been characterized (66). In fibrotic
diseases such as idiopathic pulmonary fibrosis and pulmonary
arterial hypertension, an aberrant healing response and excess
collagen deposition lead to increases in lung stiffness from
1–5 kPa (healthy) to over 10 kPa (fibrotic) (84, 85), while
COPD results in an overall decrease in tissue organization and
stiffness (85). Biomaterials mimicking these dynamic changes
in extracellular matrix mechanics could be readily designed to
provide sophisticated in vitro models of patient-specific disease

and treatment (80, 86). Currently, the strength of tissue-informed
biomaterials has not been harnessed in pulmonary medicine,
but the opportunities are substantial and should continue to be
investigated in the future.

OUTLOOK

The number of persons affected by chronic respiratory disease
worldwide has grown significantly in the last three decades.
The COVID-19 pandemic has provided clinical data showing
pulmonary fibrosis in those that survive the infection (5, 87).
It is hypothesized that this fibrotic response will not regress,
leading to a latent burgeoning of chronic respiratory disease
in the future. To improve quality of life in patients with
chronic diseases, we must understand the disease so that
we may engineer the proper treatments. As of now, lung
transplantation is the only effective treatment for patients
with severe chronic respiratory disease, and the current need
far outweighs the available supply. We envision that the
solution sits at the intersection of patient-derived stem cells
and tissue-informed biomaterials. By engineering biomaterials
that can mimic human tissue, we can guide patient stem cells
in differentiation toward regeneration of healthy lung tissue
or disease models for studying precision medical treatments.
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Ellagic Acid Attenuates BLM-Induced
Pulmonary Fibrosis via Inhibiting Wnt
Signaling Pathway
Xiaohe Li1,2†, Kai Huang1†, Xiaowei Liu1,2†, Hao Ruan1,2†, Ling Ma1,2, Jingjing Liang1,2,
Yunyao Cui1,2, Yanhua Wang1, Shuyang Wu1, Hailong Li1, Yuli Wei1, Zeping Li1,2,
Jingjing Gao2, Bo Yang3, Xiaoping Li3, Guang Yang1*, Honggang Zhou1,2* and
Cheng Yang1,2*

1State Key Laboratory of Medicinal Chemical Biology, College of Pharmacy and Tianjin Key Laboratory of Molecular Drug
Research, Nankai University, Tianjin, China, 2Tianjin Key Laboratory of Molecular Drug Research, Tianjin International Joint
Academy of Biomedicine, Tianjin, China, 3Department of Thoracic Surgery, Tianjin First Central Hospital, Tianjin, China

Idiopathic pulmonary fibrosis is a progressive lung disease with high mortality and limited
therapy that is characterized by epithelial cell damage and fibroblast activation. Ellagic acid is a
natural polyphenol compoundwidely found in fruits and nuts that hasmultiple pharmacological
activities. In this study, we explored the potential effects and mechanisms of Ellagic acid on
pulmonary fibrosis in vivo and in vitro. In vivo studies showed that Ellagic acid significantly
alleviated bleomycin (BLM)-induced pulmonary fibrosis in mice. In vitro experiments indicated
that Ellagic acid could suppress Wnt signaling and attenuate Wnt3a-induced myofibroblast
activation and the phosphorylation of Erk2 and Akt. Further studies showed that Ellagic acid
could induce autophagy formation in myofibroblasts mainly by suppressing mTOR signaling
and promoting apoptosis of myofibroblasts. In vivo experiments revealed that Ellagic acid
significantly inhibited myofibroblast activation and promoted autophagy formation. Taken
together, our results show that Ellagic acid effectively attenuates BLM-induced pulmonary
fibrosis in mice by suppressing myofibroblast activation and promoting autophagy and
apoptosis of myofibroblasts by inhibiting the Wnt signaling pathway.

Keywords: pulmonary fibrosis, ellagic acid, myofibroblasts, autophagy, apoptosis, wnt

INTRODUCTION

Idiopathic pulmonary fibrosis is a progressive, fatal and age-associated disease, and the average
survival time of IPF patients is only 2–5 years after diagnosis (Directors and Committie, 2000;
Thannickal et al., 2004; Mora et al., 2017). In Europe and North America, the incidence range is 3–9
cases per 100,000 per year (Hutchinson et al., 2015). Although the pathogenesis is not completely
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understood, many researchers believe that myofibroblast
activation, autophagy and apoptosis are essential factors in
fibrotic progression (Wynn, 2011).

The Wnt/β-catenin signal transduction pathway is essential
for adult life and could control a myriad of biological phenomena
throughout development (Clevers and Nusse, 2012). Wnt
signaling also plays an essential role in fibrotic disease, and
inhibiting this pathway could suppress fibrotic progression
(Distler et al., 2019). In lung epithelial cells and fibroblasts,
β-catenin is overexpressed under fibrotic conditions (Baarsma
and Konigshoff, 2017). Many studies have revealed that Wnt
ligands induce fibroblast activation and collagen synthesis and
that blocking Wnt/β-catenin signaling attenuates BLM-induced
pulmonary fibrosis (Konigshoff et al., 2008). Overactive
fibroblasts can produce abundant extracellular matrix (ECM)
proteins and inducing apoptosis of overactive fibroblasts is
regarded as an effective method to alleviate fibrotic diseases
(Hosseinzadeh et al., 2018). In breast cancer cells, blockade of
Wnt signaling significantly induces cellular apoptosis (Bilir et al.,
2013). Hence, inhibiting fibroblast activation and promoting
myofibroblast apoptosis could attenuate pulmonary fibrosis by
suppressing Wnt/β-catenin signaling.

There is an intimate relationship between autophagy and
pulmonary fibrosis. The three main types of autophagy are
chaperone-mediated autophagy, microautophagy and
macroautophagy (Rubinsztein et al., 2007). Here, we focus on
macroautophagy (hereafter referred to as autophagy), and the
autophagic pathway is the catabolic mechanism for cytoplasmic
organelles and degrading long-lived cellular proteins (Levine and
Kroemer, 2008). Recent studies indicate that disruption of the
beclin1-BCL2 complex is an effective mechanism to promote
autophagy formation, which prevents premature ageing and
improves the health span of mammals (Fernandez et al., 2018).
Insufficient autophagy might result in the senescence of pulmonary
epithelial cells and the activation of myofibroblasts in pulmonary
fibrosis (Araya et al., 2013), and autophagy was inhibited in IPF
patients (Patel et al., 2012). In lung epithelial cells, bleomycin could
induce pulmonary fibrosis in mice by impeding TFEB-mediated
autophagic flux (Wang et al., 2018). AMPK-dependent activation of
autophagy enhances collagen turnover to deactivate myofibroblasts,
which attenuates BLM-induced pulmonary fibrosis (Rangarajan
et al., 2018). mTOR is a key regulator of growth in animals,
regulating the balance of apoptosis and autophagy when cells are
exposed to physiological stimulation and is also the downstream
Wnt signal (Park et al., 2019). Sirolimus, a mTOR (mammalian
target of rapamycin) inhibitor, attenuates BLM-induced pulmonary
fibrosis in rats (Simler et al., 2002). Therefore, inhibiting Wnt/
mTOR signaling could promote autophagy formation, and this is an
effective method to attenuate pulmonary fibrosis.

Ellagic acid (EA) is generated by hydrolysis of complex
polyphenolic compounds named ellagitannins and is found in
a wide variety of fruits and nuts, such black currants, grapes,
raspberries, and strawberries (De Ancos et al., 2000; Priyadarsini
et al., 2002). Ellagic acid has shown multiple protective effects
during fibrotic diseases such as liver fibrosis, pancreatic fibrosis
and cardiac fibrosis (Buniatian, 2003; Suzuki et al., 2009; Lin et al.,
2019). Ellagic acid promoted apoptosis and autophagy and

suppressed Wnt/β-catenin and mTOR pathways in tumour
cells (Li et al., 2005; Edderkaoui et al., 2008; Duan et al.,
2019). In addition, previous studies have reported that Ellagic
acid could attenuate BLM-induced pulmonary fibrosis in rats
(Thresiamma and Kuttan, 1997; Saba et al., 2013), but the
therapeutic effect of BLM-induced pulmonary fibrosis in mice
and its mechanism are not clear. In our studies, we demonstrated
that Ellagic acid could alleviate BLM-induced pulmonary fibrosis
in mice mainly by inhibiting fibroblast activation and inducing
myofibroblast autophagy and apoptosis, and its main mechanism
is regulating the Wnt pathway.

METHODS AND MATERIALS

BLM-Induced Animal Model of Pulmonary
Fibrosis
Fifty 7- to 8-week-old male C57BL/6J mice were purchased from
Charles River (Beijing, China). All mice were housed and cared
for in a pathogen-free facility at Nankai University. The mice
were acclimatized in a roomwith constant temperature (25 ± 2°C)
and relative humidity (60 ± 2%) and allowed free access to food
and water. All animal experiments were approved by the Animal
Care and Use Committee (IACUC) at Nankai University (Permit
No. SYXK 2014-0003). The mice were randomly divided into five
groups (n � 10 per group): Control, BLM, Pirfenidone-treated
(200 mg/kg), Low-Ellagic acid-treated (10 mg/kg), and High-
Ellagic acid-treated (20 mg/kg) groups. Pirfenidone was
purchased from Dalian Meilun Biotechnology (Dalian, China),
Ellagic acid was purchased fromMacklin Biochemical (Shanghai,
China). The mice were orally exposed to Ellagic acid, pirfenidone
and water once a day for 7–13 days. For BLM administration,
mice were anesthetized and then intratracheally injected with
bleomycin (Nippon Kayaku Co., Ltd., Tokyo, Japan) at a dose of
2 U/kg body weight for analysis of the fibrotic response. The
sham-operated group received intratracheal injections of the
same amount of saline. The drug administration group were
administered daily from the seventh day of modeling to the 13th
day. Mice were sacrificed on day 14. In brief, after anesthetized,
the hearts were perfused with PBS through the right ventricle
until lungs cleared of blood, and then the right lung tissues were
isolated for hydroxyproline assay (three lung lobes) and western
blot assay (one lung lobe), the left lung tissues were inflated with
0.5 ml of 10% neutral buffered formalin and went through
histology assay.

The Isolation of Primary Pulmonary
Fibroblasts (PPF) and Cell Culture
A mouse lung fibroblast cell line (Mlg), mouse embryonic
fibroblast cell line (NIH-3T3) (kindly supplied by Professor
Wen Ning, Nankai University) were cultured in DMEM
(Solarbio, Beijing, China) supplemented with 10% fetal bovine
serum (FBS, Biological Industries, Israel) and antibiotics (100 mg/
ml streptomycin and 100 U/ml penicillin G) in a 37°C atmosphere
of 95% humidified air and 5% CO2. Primary pulmonary
fibroblasts (PPFs) were isolated from NaCl- and BLM-treated
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C57BL/6J mice as mentioned earlier (Ning et al., 2004). Briefly, the
lungs were lavaged three times with 1 ml of PBS, digested with
2.5 mg/ml diepase II (Roche, United States), and 2.5 mg/ml
collagenase Type 4 (Worthington, United States) for 30min at
37°C and then centrifuged. The cell pellet was resuspended in
DMEM containing 10% FBS and cultured in 5% CO2 at 37°C in a
humidified atmosphere. PPF cells at passages two to five were used
for various assays. Chloroquine (Klionsky et al.) was purchased
fromMacklin (Shanghai, China), and bafilomycin A1 (Baf A1) was
purchased from Cayman Chemical (Wuhan, China).

Western Blot
Lung tissue and cell samples were homogenized in RIPA lysis
(Beyotime Biotechnology, Shanghai, China) buffer with PMSF
and NaF (phosphatase inhibitor; added when extracting the
phosphorylating protein) and then centrifuged (10,000 rpm,
10 min) to obtain supernatants. The total protein
concentration was measured by a BCA Protein Assay kit
(Beyotime Biotechnology, Shanghai, China). The secondary
antibodies were goat anti-rabbit IgG-HRP (Abcam, Share,
United Kingdom) and goat anti-mouse IgG-HRP (Abcam,
Share, United Kingdom). The relative density of each band
was analyzed by ImageJ. The following primary antibodies
were used:

Quantitative Real-Time PCR (qRT-PCR)
Total RNA was extracted using TRIzol Reagent (Invitrogen,
Carlsbad, CA, United States). cDNA was obtained from total
RNA through reverse transcription. qRT-PCR was performed by
using SYBR GreenER qPCR SuperMix Universal (Invitrogen,
Carlsbad, CA, United States) according to the manufacturer’s
protocols. The relative quantification of gene expression (a-SMA,
Collagen I, Fibronectin, Cyclin D1, MMP7, and Wisp1) was
measured relative to the endogenous reference gene β-actin
using the comparative CT method in the experiment.
Sequences of the specific primer sets are as follows:

Hematoxylin-Eosin (H and E) and Masson
Staining
Left lungs were fixed in 10% formalin for 24 h and embedded in
paraffin. Then, lung sections (5 µm) were prepared and stained

with hematoxylin-eosin or Masson’s trichrome with commercial
kits according to the manufacturers’ instructions (Solarbio,
Beijing, China). The digitized images of the slides were
collected using an upright microscope (Leica DM1000,
Germany). Quantification of pulmonary fibrosis was
performed as described previously (Jiang et al., 2004). In brief,
Masson staining slides were examined under high power (×10
objective), and five random fields per specimen were captured.
Then, digitized images were opened in Image-Pro Plus Version
6.0 (Media Cybernetics, Inc., United States), and the software
selection tool was used to select the entire lung tissue area and
automatically calculate the total pixel (Pw) of the region. Then,
the same method was used to calculate the total pixel (Pf) of the
fibrosis region, fibrosis ratio � fibrosis area pixel (Pf)/total lung
pixel (Pw).

GFP-LC3 and Cherry-GFP-LC3
Transfections and Immunofluorescence
GFP-LC3B (mouse) and Cherry-GFP-LC3B (mouse) plasmids
were transfected into NIH-3T3 cells using PEI according to the
supplier’s protocol (Sino Biological Inc., Beijing, China). Cells
were fixed in 4% paraformaldehyde for 20 min, washed with PBS,
permeabilized with 0.2% Triton X-100 in PBS, blocked with 5%
BSA and incubated with α-SMA antibodies. Cells were washed
with PBS, and FITC was used for immunofluorescence
visualization. Next, tissues were incubated with anti- α-SMA
and anti-Col1 antibodies overnight at 4°C and then with
secondary FITC- or rhodamine (TRITC)-labelled antibodies for
30min. Fluorescein (FITC)-conjugated AffiniPure goat anti-mouse
IgG (H + L) and rhodamine (TRITC)-conjugated Affinipure goat
anti-rabbit IgG (H + L) were purchased from Jackson
ImmunoResearch (Pennsylvania, Unites States). Nuclei were
stained with DAPI (Solarbio, Beijing, China), and cells and tissues
were photographed with a TCS SP8 confocal microscope (Leica).

Dual Luciferase Assay
TCF/LEF promoters were cloned into the pGL4.49 luciferase
reporter vector, and NIH-3T3 cells were transfected with
luciferase reporter plasmids using PEI. Renilla-luciferase was
used as an internal control. Cells were treated 18 h after
transfection with a series of EAs for 8 h. Cells were harvested,

TABLE 1 | The list of primary antibodies.

Antibody Company and Item No. Antibody Company and Item No.

GAPDH Affinity, AF7021 P62 Proteintech, 8420-1-AP
β-tubulin Affinity, T0023 Atg16L1 CST, 8089T
β-catenin CST, 8480T LC3A/B CST, 12741S
p-β-catenin (s33/37/Thr41) CST, 9561T mTOR Abcam, ab32028
p-β-catenin (Thr41/Ser45) CST, 9565T p-mTOR (S2448) Abcam, ab109268
α-SMA Affinity, BF9212 S6 ribosomal protein (S6RP) Affinity, AF7831
Collagen I Affinity, AF7001 p-S6 ribosomal protein (S235/S236) CST, 4858T
Fibronectin Affinity, AF5335 Caspase3 CST, 9662S
Akt SANTA CRUZ, sc-56878 Cleaved-Caspase3 CST, 9664T
p-Akt (Ser473) SANTA CRUZ, sc-514032 Caspase9 CST, 9009T
Erk1/2 SANTA CRUZ, sc-514302 Cleaved-Caspase9 CST, 9504T
p-Erk1/2 (Thr202/Thy204) SANTA CRUZ, sc-81492
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and the luciferase activity of cell lysates was determined using a
luciferase assay system (Promega, United States) as described
by the manufacturer. Total light emission was measured using
a GloMax®-Multi Detection System (Promega, United States).

Immunohistochemistry
The tissue sections were pre-treated in a microwave, blocked
and incubated using a series of antibodies, and stained with
DAB and hematoxylin. The results were captured using a
microscope (Nikon, Japan). The method of counting the
positive area is as follows: 1) Using ImageJ to open a
picture, click “Image” and “type”, change “RGB Color” to
“RGB stack”; 2) Click “Image”, drop down and click
“adjust”, change the B and W in the “Default” column to
“Red”; 3) adjust the upper and lower pulleys to select the
positive signal area, click “set”, click “ok”; 4) Then, click
“analyze”, click “set measurement”, choose “area fraction”;
5) Begin to count positive results, click “Control + M” on the
keyboard, the number of “the% Aera” is the result.

Flow Cytometric Analysis of Apoptosis
NaCl-PPF or PPF-BLM cells/ml (1 × 106) were seeded into six-
well plates and left for 24 h in an incubator to resume
exponential growth. The extent of apoptosis was measured
using an annexinV-FITC apoptosis detection kit (Beyotime,
Shanghai, China) as described by the manufacturer’s
instructions. Cells were exposed to the drug and incubated
for 24 h. Then, they were collected and washed with PBS twice,
and gently resuspended in annexin-V binding buffer and
incubated with annexinV-FITC/PI in the dark for 15 min.
The number of apoptotic cells was detected by CytoFLEX S
(Beckman Coulter, United States).

Hydroxyproline Assay
The collagen contents in the right lungs of mice were measured
with a conventional hydroxyproline method (Taylor et al., 2002).
In brief, the right lungs were dried and acid-hydrolyzed, the residue
was filtered, and the pH value was adjusted to 6.5–8.0.
Hydroxyproline analysis was performed using chloramine-T
spectrophotometric absorbance as previously described.

Evaluation of Pulmonary Function
C57BL/6J mice were administered BLM (2 U/kg) on day 0; orally
exposed to Ellagic acid, pirfenidone and water once a day for days
7–13; and finally, sacrificed on day 14. After the mice were
anesthetized, we carefully cut the neck skin with a scalpel
(trying not to bleed, otherwise it would affect the experimental

data of lung functions) and subsequently used the surgical line to
fix the cannula. The mice were transferred into the
plethysmography chamber, and functions were analyzed using
the Anires2005 system (Biolab, Beijing, China). This system
automatically calculates and displays pulmonary function
parameters, including forced vital capacity (FVC), dynamic
compliance (Cydn), inspiratory resistance (Ri) and expiratory
resistance (Re).

Statistical Analysis
Statistical analyses was performed using GraphPad Prism 6.0
software. One statistical approach that was One-way ANOVA
with Greenhouse-Geisser correction followed by Dunnett’s
multiple comparisons test was used to calculate the significance
of the differences between group means, and all data expressed as
mean ± (Standard Error of Mean) SEM, *p < 0.05, **p < 0.01,
***p < 0.001, and NS: nonsignificant (one-way ANOVA).

RESULTS

Ellagic Acid Attenuates BLM-Induced
Pulmonary Fibrosis in Mice
To determine the therapeutic impact of Ellagic acid on
pulmonary fibrosis in mice, a BLM-induced pulmonary
fibrosis mouse model was established, and mice were
treated with Ellagic acid after exposure to BLM. Pirfenidone
is one of the listed drugs for the treatment of IPF and was used
as a positive drug. We treated C57BL/6 J mice with Ellagic acid
(10 mg/kg, 20 mg/kg) from day 7 to day 13 after administrating
BLM, and mice were sacrificed on day 14. Hematoxylin-eosin
and Masson staining results indicated that Ellagic acid
improved alveolar structure distortion and decreased the
fibrotic percent (Figures 1A,B). The dead ratio of mice
sharply increased and reached up to 60% when the mice
were exposed to BLM, and Ellagic acid was able to increase
the survival percentage of mice (Figure 1C). In addition, in the
right lung tissue, Ellagic acid reduced the level of
hydroxyproline (Figure 1D). Lung functions are a key
indicator of treatment efficiency in clinical trials. Ellagic
acid has positive impacts on lung functions such as forced
vital capacity (FVC), dynamic compliance (Cydn), expiratory
resistance (Re), and inspiratory resistance (Ri) (Figures
1E–H). These data indicate that Ellagic acid effectively
attenuated BLM-induced pulmonary fibrosis in mice and
that the therapeutic effect of Ellagic acid was better than
that of the positive drug pirfenidone.

TABLE 2 | The list of gene primers.

Gene Forward primer sequence Reverse primer sequence

α-SMA (NM_007392.2) GCTGGTGATGATGCTCCCA GCCCATTCCAACCATTACTCC
Fn (NM_010233.1) GTGTAGCACAACTTCCAATTACGAA GGAATTTCCGCCTCGAGTCT
Col1 a1 (NM_007742.3) CCAAGAAGACATCCCTGAAGTCA TGCACGTCATCGCACACA
Cyclin D1 (NM_007631) GCGTACCCTGACACCAATCT CAGGTCTCCTCCGTCTTGAG
Wisp1 (NM_018865) CAGCACCACTAGAGGAAACGA CTGGGCACATATCTTACAGCATT
β-actin (NM_007393.3) AGGCCAACCGTGAAAAGATG AGAGCATAGCCCTCGTAGATGG
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Ellagic Acid Inhibits the Wnt Signaling
Pathway
Ellagic acid could attenuate Wnt signaling in other disease
models, such as brain injury, HBP carcinomas and skin
photoaging (Anitha et al., 2013; Liu et al., 2017; Moon
et al., 2018), but whether Ellagic acid inhibits Wnt signaling
in pulmonary fibrosis has not been definitely proven. Hence,
we explored the effect of Ellagic acid on canonical Wnt
signaling in pulmonary fibroblasts. We tested the ability of
Ellagic acid to inhibit β-catenin/TCF reporter activity, which
was measured with reporter genes harboring TCF/LEF-
binding sites. Ellagic acid dose-dependently inhibited
Wnt3a-induced TOPFlash activity in NIH-3T3 cells
(Figure 2A) and inhibited the expression of Wnt signaling
target genes, including CyclinD1 and Wisp1 in NaCl-PPF cells
(Figures 2B,C). Further investigations indicated that Ellagic
acid increased the ratio of phospho-β-catenin (Ser33/37/Thr41
and Thr41/Ser45) to β-catenin (Figures 2D–F). In vivo
experiments also indicated that Wnt3a and β-catenin were
overexpressed in lung tissues at day 7 and day 14 after BLM
treatment and Ellagic acid inhibited the overexpression of

Wnt3a and β-catenin (Supplementary Figure S1). We
further tested the expression of β-catenin in BLM-PPF cells
and the result was consistent with that of in vivo
(Supplementary Figure S2). Therefore, these data
demonstrate that Ellagic acid suppresses the canonical Wnt
signaling pathway.

Ellagic Acid Suppresses Wnt3a-Induced
Fibroblast Activation and ECM
Accumulation by Regulating the
Phosphorylation of Erk and Akt
We further explored whether Ellagic acid could decrease
Wnt3a-induced myofibroblast activation and ECM
production and its underlying mechanism. The results
indicate that Ellagic acid could significantly decrease
Wnt3a-induced Col 1 expression in Mlg cells and NaCl-
PPF cells (Figures 3A,B). The immunofluorescence results
also revealed that Ellagic acid suppressed Wnt3a-induced
expression of α-SMA in Mlg and NaCl-PPF cells (Figures
3C,D). Ellagic acid also downregulated Wnt3a-induced mRNA
levels of α-SMA, Col1 a1 and Fn in Mlg and NaCl-PPF cells

FIGURE 1 | Ellagic acid attenuates BLM-induced pulmonary fibrosis in mice. Ellagic acid (10 mg/kg, 20 mg/kg) and pirfenidone (200 mg/kg) were given orally once
a day from day 7–13 after BLM treatment and lungs were harvested on day 14 (A) Representative images of hematoxylin-eosin (H and E) and Masson staining of lung
tissue sections. Scale bars: 50 μm (B) Percentages of fibrotic area in each group (C) Percentages of surviving mice were plotted from day 7–13 after BLM treatment (D)
Hydroxyproline contents in right lung tissues (E–H) Parameters of lung function such as forced vital capacity (FVC), dynamic compliance (Cydn), expiratory
resistance (Re) and inspiratory resistance (Ri). Data (Figures 1B–H) are means ± Standard Error of Mean, n � 6, *p < 0.05, **p < 0.01, ***p < 0.001, and NS:
nonsignificant (one-way ANOVA).
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(Figures 3E,F). To further explore the mechanism, we
detected whether Ellagic acid could affect downstream
Wnt signaling. Since Wnt3a activates the proliferation of
fibroblast cells via activation of both the Erk and Akt
pathways (Yun et al., 2005; Kim et al., 2007), we further
confirmed that Ellagic acid significantly decreased the
Wnt3a-induced proportions of p-Erk1 (Thr202)/Erk1,
p-Erk2 (Tyr204)/Erk2, and p-Akt (Ser473)/Akt in Mlg
cells (Figure 3G), and BLM-PPF (BLM-primary
pulmonary fibroblasts) cells incubated with Ellagic acid
also showed similar results (Figure 3H). These results
show that Ellagic could significantly decrease Wnt3a-
induced pulmonary fibroblast activation and ECM
production by inhibiting the activation of Erk1 (Thr202),
Erk2 (Tyr204), and Akt (Ser475) in pulmonary fibroblasts.

Ellagic Promotes Pulmonary Fibroblast
Autophagy by Inhibiting the Wnt-mTOR
Signaling Pathway
The Wnt pathway is a well-known pathway and involves the
regulation of autophagy (Ma et al., 2005; Semenov et al.,
2007; Saiki et al., 2011). To explore whether Ellagic acid
impacts autophagy and downstream Wnt signaling (mTOR
signaling), we established a cellular model of inhibitory
autophagy. p62 protein accumulation suggests that
autophagy activity was decreased (Katsuragi et al., 2015).
The two autophagy inhibitors, Chloroquine (CQ) and
Bafilomycin a1 (Baf a1), could increase the expression
levels of p62 (Supplementary Figure S3), and Ellagic acid

significantly downregulated CQ and Baf A1-induced p62
protein expression in Mlg cells (Figures 4A,B). GFP-LC3B
and mCherry-GFP-LC3B plasmids were used to detect
autophagic flux. LC3B, its N terminus with a fluorescent
protein such as GFP (GFP-LC3B), has been used to monitor
autophagy through fluorescence microscopy, and the
number of green puncta in cells indicated the quantity of
GFP-LC3B puncta (Klionsky et al., 2016). A method that is
designed to detect autophagy flux on the use of a tandem
monomeric mCherry-GFP-tagged LC3B, and the number of
green puncta and yellow puncta after merging mCherry and
GFP indicated the quantity of autophagosomes and
autolysosomes, respectively, (Klionsky et al., 2016). Our
results showed that Ellagic acid increased Wnt3a-induced
GFP-LC3B puncta in NIH-3T3 cells (Figure 4C). To
corroborate these findings, we used mCherry-GFP-LC3B
reporters to measure the formation of autophagosomes
(Cherry+ GFP+ signal) and autolysosomes (Cherry+

GFP–signal) in NIH3T3 cells. As expected, Ellagic acid
treatment significantly increased Wnt3a-induced Cherry+

GFP–puncta (autolysosomes) (Figure 4D). In addition, we
found that Ellagic acid promoted the expression of
autophagy-related proteins such as Atg16 L, Beclin1, and
LC3-II (LC3 lipidation) (Figure 4E). The mTOR pathway is
the downstream Wnt signaling pathway and is related to
autophagy formation, so we examined the protein expression
of mTOR and S6RP (S6 ribosomal protein) and their
phosphorylation by Western blot. Our studies revealed
that the administration of Ellagic acid reduced
phosphorylation levels of mTOR (S2248) and S6RP (S235/

FIGURE2 | Ellagic acid inhibitsWnt/β-catenin signaling pathway (A)NIH-3T3 cells were transfectedwith the TOPFlash plasmids. After 18 h of transfection, the cells
were treated with Wnt3a (100 ng/ml) and/or Ellagic acid at various concentrations for 8 h and then lyzed for luciferase assays (B,C) NaCl-PPF cells were incubated with
Ellagic acid (5 µM, 10 µM) and/or Wnt3a (100 ng/ml) for 12 h to analyze the mRNA levels of Wisp1 and Cyclin D1 by using quantitative real-time PCR (D) NaCl-PPF cells
were treated with Ellagic acid (5 µM, 10 µM) and/or Wnt3a (100 ng/ml) for 4 h, p-β-catenin (Ser33/37/Thr41) and p-β-catenin (Thr41/Ser45) were detected by
Western blot. Densitometric analyses were shown beside. Data (Figures 2B–F) are means ± Standard Error of Mean, n � 3, *p < 0.05, **p < 0.01,
***p < 0.001, and NS: nonsignificant (one-way ANOVA). β-tubulin was used as a loading control.
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S236) in BLM-PPF cells (Figure 4F). Therefore, these data
suggest that Ellagic acid induced autophagy formation by
suppressing the Wnt-mTOR signaling pathway in pulmonary
fibroblasts.

Ellagic Acid Promotes the Apoptosis of
Pulmonary Myofibroblasts
To detect whether Ellagic acid contributed to apoptosis,we analyzed
the number of apoptotic cells using flow cytometry. BLM-PPF cells

FIGURE 3 | Ellagic acid decreasesWnt3a-induced pulmonary fibroblasts activation and ECM accumulation (A,B)Mlg and NaCl-PPF cells were exposed to Wnt3a
(100 ng/ml) and/or Ellagic acid (5 µM, 10 µM) 24 h to detect expression level of Col1 by using Western blot. Densitometric analyses were shown beside (C,D)Mlg and
NaCl-PPF cells were exposed toWnt3a (100 ng/ml) and/or Ellagic acid (5 µM, 10 µM) 24 h to detect the α-SMA expression level by immunofluorescence, the analyses of
mean gray value were shown beside (E,F)Wnt3a (100 ng/ml) and/or Ellagic acid (5 µM, 10 µM) were incubated withMlg and NaCl-PPF cells for 12 h, and cell lysate
was used to analyze the mRNA levels of α-SMA, Col1 and Fn by using quantitative real-time PCR(n � 3) (G,H)Mlg and NaCl-PPF cells were exposed to Wnt3a (100 ng/
ml) and/or Ellagic acid (5 µM, 10 µM) for 12 h, BLM-PPF cells were treated with Ellagic acid (5 µM, 10 µM) for 12 h to evaluate protein expression levels of p-Akt (Ser473),
Akt, p-Erk1/2 (Thr202/Tyr204)and Erk1/2 by western blot. Densitometric analyses were shown beside. Data (Figures 4A–H) are means ± Standard Error of Mean, n � 3,
*p < 0.05, **p < 0.01, ***p < 0.001, and NS: nonsignificant (one-way ANOVA). β-tubulin or GAPDH was used as a loading control.
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were exposed to Ellagic acid to analyze the number of apoptosis cells
by using flow cytometry, and double negative (not add PI and
Annex-V-FITC staining) and single negative (add PI and not add
Annex-V-FITC staining) were important tests to draw the gate.
Treatment with Ellagic acid resulted in an increase in annexin V+/
PI−cells (early apoptosis) but no change in Annexin V+/PI+ (late
apoptosis) or annexin V−/PI+ cells (necrosis) (Figure 5A). In
addition, caspase proteins are tightly related to cellular apoptosis.
Our experiments indicated that Ellagic acid increased the expression
of cleaved caspase-9 and cleaved caspase-3 in PPF cells (Figure 5B)
andWnt3a-induced the expression of cleaved caspase-9 in Mlg cells
(Figure 5C). Hence, Ellagic acid could promote the apoptosis of
pulmonary myofibroblasts.

Ellagic Attenuates BLM-Induced Fibroblast
Activation and ECM Accumulation in vivo
The mice were treated with Ellagic acid on day 7 to day 13, and
we employed immunohistochemistry to identify that Ellagic
acid had a negative impact on the expression of α-SMA, Col 1
and Fn in lung sections, which were equal to the results of the

positive drug pirfenidone (Figure 6A). Our
immunofluorescence results also showed inhibitory
expression of α-SMA and Col1 in lung sections (Figures
6B,C). In addition, we used a tissue homogenizer to lyse
lung tissues, and α-SMA, LC3-1Ⅰ/Ⅱ, p-mTOR, and mTOR
protein levels were analyzed by using Western blotting.
Ellagic acid decreased α-SMA expression and the ratio of
p-mTOR/mTOR and increased the ratio of LC3-II/LC3-I
(Figure 6D). Together, these data identified that Ellagic acid
significantly inhibited myofibroblast activation and mTOR
signaling and promoted autophagy formation in vivo.

DISCUSSION

Idiopathic pulmonary fibrosis is a chronic, fatal lung disease, and
many IPF patients experience respiratory failure (Mora et al.,
2017). The importance of the Wnt signaling pathway has been
identified in pulmonary fibrosis, and the main reason is that
aberrant Wnt signaling could induce fibroblast activation and
ECM production (Morrisey, 2003; Baarsma et al., 2011). When

FIGURE 4 | Ellagic acid promotes pulmonary fibroblast autophagy mainly via inhibiting Wnt-mTOR signaling pathway (A,B)Mlg cells were exposed to CQ (20 µM)
and Baf A1 (100 nM) with or without Ellagic acid (5 µM, 10 µM) to analyze the p62 expression level by using western blot. Densitometric analyses were shown beside
(C,D) The plasmids of GFP-LC3B and mCherry-GFP-LC3B were transfected to NIH3T3 cells with PEI, and these cells were subsequently exposed to Ellagic acid (5 µM,
10 µM) and/or Wnt3a (100 ng/ml) for 12 h. DNA was counterstained with DAPI (blue). Quantitative analyses are showed beside. Scale bars: 50 μm (E) BLM-PPF
cells were treated with Ellagic acid (5 µM, 10 µM) for 24 h, and the Atg16L1, Beclin1 and LC3-II/I expression levels were detected by Western blot. Densitometric
analyses were shown below (F) BLM-PPF cells were treated with Ellagic acid (5 µM, 10 µM) for 12 h, and protein expression levels of mTOR, S6RP and their
phosphorylation were detected by Western blot. Densitometric analyses were shown below. Data are means ± Standard Error of Mean, n � 3, *p < 0.05, **p < 0.01,
***p < 0.001, and NS: nonsignificant (one-way ANOVA). β-tubulin or GAPDH were used as a loading control.
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Wnt signaling is abnormally activated, β-catenin is translocated
into the nucleus to upregulate related target genes such as Cyclin
D1, MMP7, and Wisp1 (Crawford et al., 1999; Konigshoff et al.,
2009; Zhang et al., 2012). In our studies, Ellagic acid inhibited the
Wnt/β-catenin signaling pathway by decreasing the expression of
Cyclin D1, MMP7, Wisp1, and nuclear β-catenin and increasing
the phosphorylation of β-catenin.

Collagen, a main component of extracellular protein, maintains
the basic structure of the lung. However, there are overactivated
fibroblasts and overexpressed ECM proteins in fibroblastic foci, and
inhibiting this condition could effectively attenuate pulmonary
fibrosis (Snijder et al., 2019). Excessive ECM proteins result in
the formation of lung scars, which might accelerate the decline in
force vital capacity (Bates et al., 2007; King et al., 2011). Previous
studies showed that Wnt ligands promoted fibroblast activation and
collagen synthesis (Konigshoff et al., 2008) and increased the
phosphorylation levels of Akt and Erk (Yun et al., 2005; Kim
et al., 2007). Therefore, there is an effective method to inhibit
fibroblast activation and ECM accumulation by downregulating
Wnt3a-induced activation of Akt and Erk. Our experimental
results revealed that Ellagic acid significantly inhibited fibroblast

activation and ECM production by decreasing the translation and
transcription levels of α-SMA, Col 1 and Fn in vivo or in vitro, and
the underlying mechanism was mainly the inhibitory Wnt/Akt and
Erk signaling.

Insufficient autophagy plays an essential role in the
pathogenesis of IPF. Many researchers focus on fibroblast
activation because selected autophagy could promote collagen
turnover (Rangarajan et al., 2018). The PB1 domain of the p62
protein is involved in the degradation of polyubiquitinated,
misfolded, aggregated proteins and dysfunctional organelles by
regulating autophagy formation in mammalian cells (Moscat and
Diaz-Meco, 2009). Our studies showed that Ellagic acid could
increase the expression of p62 in pulmonary fibroblasts. LC3-II, a
processed form of LC3, is localized in the membrane of
autophagosomes and is regarded as a powerful marker for
autophagosomes (Kabeya et al., 2000). During the formation of
early autophagosomes, some complexes formed by LC3-II and
other autophagy-related proteins are required (Tanida et al., 2004).
In addition, Atg16 L1 and beclin1 are essential factors in autophagic
flux and its biological function (Matsushita et al., 2007; Wirawan
et al., 2012). In BLM primary pulmonary fibroblasts, Ellagic acid

FIGURE 5 | Ellagic acid promotes the apoptosis of pulmonary myofibroblasts (A) BLM-PPF cells incubated with Ellagic acid (5 µM, 10 µM) and/or Wnt3a (100 ng/
ml) for 24 h, and Annexin V/PI staining was subsequently performed to estimate early, late apoptosis and necrosis by flow cytometry (B)BLM-PPF cells were treated with
Ellagic acid (5 µM, 10 µM) for 24 h, Lysates were immunoblotted for Caspase3, Cleaved-Caspase3, Caspase9 and Cleaved-Caspase9. Densitometric analyses were
shown below (C) Mlg cells were treated with Ellagic acid (5 µM, 10 µM) and/or Wnt3a (100 ng/ml) for 24 h, Lysates were immunoblotted for Caspase9 and
Cleaved-Caspase9. Densitometric analysis were shown beside. Data in (B,C) are means ± Standard Error of Mean, n � 3, ***p < 0.001, and NS: nonsignificant (one-way
ANOVA). β-tubulin was used as a loading control.
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treatment increased LC3-II, Atg16 L1 and beclin1 expression. The
mTOR pathway also plays an important role in regulating balanced
growth and autophagy in response to environmental stress, and
this signal is regulated by Wnt signaling (Yang and Guan, 2007).
Interestingly, our results showed that Ellagic acid significantly
inhibited Wnt3a-induced activation of mTOR signaling in
pulmonary fibroblasts. Hence, Ellagic acid could induce
autophagy, and this process might be regulated by the Wnt/
mTOR signaling pathway in pulmonary fibrosis. Inhibition of
autophagy (by knockout of Atg3, Atg5, Atg7 and mutation of
Atg1, Atg13, vsp34) suppresses the induction of apoptosis (Nezis
et al., 2010; Rubinstein et al., 2011; Young et al., 2012). Autophagy
can degrade catalase and promote necrotic cell death (Yu et al.,
2006). In chronic lymphocytic leukaemia cells, downregulating the

Wnt signaling pathway promoted cell apoptosis (Lu et al., 2011).
Ellagic acid induced apoptosis by increasing the number of early
apoptotic cells and promoting the activation of Caspase3 and
Caspase9 in Mlg and PPF cells.

In conclusion, we identified that Ellagic acid alleviated BLM-
induced pulmonary function and improved lung function in
mice. In vitro experiments revealed that Ellagic acid could
inhibit fibroblast activation and ECM production and promote
myofibroblast autophagy and apoptosis by downregulating the
Wnt signaling pathway. Ellagic acid also inhibited myofibroblast
activation and promoted autophagy formation in vivo. Therefore,
our studies support for the use of Ellagic acid as a candidate
compound for anti-pulmonary fibrosis drugs and provide more
potential therapeutic options for IPF patients.

FIGURE 6 | Ellagic acid attenuates BLM-induced fibroblasts activation and ECM accumulation in vivo. The mice were treated with Ellagic acid (10 mg/kg,
20 mg/kg) from day 7–13 after administrating BLM (A) Immunohistochemistry was used to analyze the expression levels of α-SMA, Col1 and Fn (n � 3). Quantitative
analysis was shown beside. Scale bars: 50 μm (B–C) The expression levels of α-SMA and Col1 were detected by immunofluorescence in lung sections. The analyses of
mean gray value were shown beside. Scale bars: 50 μm (D) Lung homogenization was used to analysis the α-SMA, LC3-II/I and p-mTOR (S2248), mTOR
expression levels by Western blot (n � 6). Densitometric analyses were shown beside. Data in (A,D) are means ± Standard Error of Mean, *p < 0.05, **p < 0.01,
***p < 0.001, and NS: nonsignificant (one-way ANOVA). β-tubulin was used as a loading control.
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Harnessing the ECM
Microenvironment to Ameliorate
Mesenchymal Stromal Cell-Based
Therapy in Chronic Lung Diseases
Linda Elowsson Rendin*, Anna Löfdahl, Måns Kadefors, Zackarias Söderlund,
Emil Tykesson, Sara Rolandsson Enes, Jenny Wigén and Gunilla Westergren-Thorsson

Lung Biology Unit, Department of Experimental Medical Science, Lund University, Lund, Sweden

It is known that the cell environment such as biomechanical properties and extracellular
matrix (ECM) composition dictate cell behaviour including migration, proliferation, and
differentiation. Important constituents of the microenvironment, including ECM molecules
such as proteoglycans and glycosaminoglycans (GAGs), determine events in both
embryogenesis and repair of the adult lung. Mesenchymal stromal/stem cells (MSC)
have been shown to have immunomodulatory properties and may be potent actors
regulating tissue remodelling and regenerative cell responses upon lung injury. Using MSC
in cell-based therapy holds promise for treatment of chronic lung diseases such as
idiopathic pulmonary fibrosis (IPF) and chronic obstructive pulmonary disease (COPD).
However, so far clinical trials with MSCs in COPD have not had a significant impact on
disease amelioration nor on IPF, where low cell survival rate and pulmonary retention time
are major hurdles to overcome. Research shows that the microenvironment has a
profound impact on transplanted MSCs. In our studies on acellular lung tissue slices
(lung scaffolds) from IPF patients versus healthy individuals, we see a profound effect on
cellular activity, where healthy cells cultured in diseased lung scaffolds adapt and produce
proteins further promoting a diseased environment, whereas cells on healthy scaffolds
sustain a healthy proteomic profile. Therefore, modulating the environmental context for
cell-based therapy may be a potent way to improve treatment using MSCs. In this review,
we will describe the importance of the microenvironment for cell-based therapy in chronic
lung diseases, how MSC-ECM interactions can affect therapeutic output and describe
current progress in the field of cell-based therapy.

Keywords: chronic objective pulmonary disease, MSC, extracellular matrix, artificial lung scaffolds, idiopathic
pulmonary fibrosis

INTRODUCTION

Chronic lung diseases such as idiopathic pulmonary fibrosis (IPF) and chronic obstructive
pulmonary disease (COPD) are life-threatening progressive lower respiratory diseases that are
increasing world-wide. COPD alone is the 3rd cause of death, and complicated by co-morbidities
such as cardiovascular disease and lung cancer (Sin et al., 2006). COPD patients are mainly treated
with bronchodilators and inhaled corticosteroids to help reduce symptoms, however, disease
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progression is not halted (Yawn et al., 2021). The complex
pathology exhibits a diverse spectrum of phenotypes with
formation of fibrosis and/or emphysema and current
treatment options involve only strategies to slow down the
disease progression, and to improve quality of life (Negewo
et al., 2015; Barrecheguren and Miravitlles, 2016). IPF,
affecting 3 million people world-wide (Martinez et al., 2017) is
also associated with cardiovascular comorbidities (Caminati et al.,
2021) and share the risk factors of smoking and inhaled toxins
with COPD. IPF, being a chronic fibrosing interstitial lung disease
(ILD) with unknown etiology, is characterized by the
histopathological pattern of usual interstitial pneumonia (UIP).
The abnormal wound healing in response to epithelial distress
results in exaggerated mesenchymal cell activities including
build-up and turnover of ECM, causing the altered
biomechanics and increased stiffness of the lung tissue. This
ultimately disrupts gas exchange and lung function (Raghu et al.,
2011). No treatment today affects the mortality associated with
IPF to a great extent, but merely prolongs life, with patients still

rarely exceeding 3–5 years after IPF diagnosis (Raghu et al., 2011).
IPF is primarily treated with the antifibrotic drugs Nintedanib or
Pirfenidone, which generate prolonged life-span, but treatment
adherence is unfortunately low due tomultiple side effects. Future
treatment strategies include combining drugs to manage several
activated cellular pathways that may differ between patients (Gao
et al., 2021). Therefore stratifying patients in more detail may
uncover novel therapeutic targets, which is reviewed in
Trachalaki et al. (Trachalaki et al., 2021). The lack of curative
treatments for both IPF and COPD therefore opts for new
efficient strategies that not only affect disease severity but also
inhibit progression or at best reverse the deterioration entirely
and healing the lung. This is a priority for individual patients as
well as for society (Hilberg et al., 2018), and the socioeconomic
costs due to these diseases could be significantly reduced by
minimizing prevalence and severity (Anees Ur and et al., 2020).

Common to both diseases is the structural remodeling of the
lung tissue, resulting in impaired gas exchange that leads to
decline in lung function. To date, the knowledge of the

FIGURE 1 | The composition and mechanoelastic properties of ECM affect cell response and activity and therefore, moderating the microenvironment of
therapeutic mesenchymal stem cells (MSC) may provide a novel approach to affect cell retention time, and improve therapeutic properties. Affecting the ECM in situ or
providing an artificial microenvironment to enhance MSC therapeutic potential are future lines of research to affect the distorted lung tissue and reduce lung inflammation,
and optimally heal emphysematic and fibrotic lesions to restore oxygen uptake.
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inherent capacity of the lung to repair is limited, but
mesenchymal stromal cells (MSC) have been proposed to have
a therapeutic potential due to their regenerative and
immunomodulatory abilities in combination with their low
immunogenicity attributed to low or absent human leukocyte
antigen (HLA) expression (Lee et al., 2014). The structurally
remodeled ECMmay have a larger impact on cellular behavior in
the local microenvironment than previously anticipated. An
altered ECM actively affects the biomechanical properties of
the lung tissue (Elowsson Rendin et al., 2019) and its function,
creating an inherent vicious feedback loop that further propagate
these diseases (Figure 1). Therefore, approaching the
microenvironment of the lung to control local pathological cell
responses that may also enhance therapeutic activities of local
MSC, is an appealing therapeutic thought that can revolutionize
treatment of serious chronic lung diseases such as IPF and COPD.
This review elaborates on ways to modulate the pulmonary
microenvironment of the therapeutic MSCs to improve and
control efficacy of MSC treatment. This could mean providing
an injectable cell-instructive artificial milieu (scaffold), or by
directly affecting in situ environment of the injected MSC.

MSC BASED THERAPY IN IPF AND COPD

MSCbased therapy has been explored in clinical trials in both IPF
and COPD using intravenous (i.v.) or intratracheal routes of
administration of bone marrow, umbilical cord or adipose tissue
derived MSC in a dosage range of 106–108 cells per dose, single
dose or in some cases, up to 4 doses. Completed trials using
primarily one dosage regimen show in COPD trials a safe profile
and ameliorated clinical parameters in up to 50% of patients
(Cruz and Rocco, 2020). In a small human trial in IPF, patients
demonstrated that allogeneic MSC treatment is safe and tolerable
upon applying a single injected dose of bone marrow derived
MSC up to 200 x 106 cells (Glassberg et al., 2017). Similarly, low
adverse effects were also shown when using placenta derived
MSC (i.v. infusion) or adipose derived stromal cells from stromal
vascular fraction (endobronchial infusion) in a phase 1b study in
IPF patients (Tzouvelekis et al., 2013; Chambers et al., 2014). A
recent study examined the efficacy of repeated i. v. administered
MSC, showing improved lung function and 6°min walk test in
patients with moderate to severe IPF(Averyanov et al., 2020).
Collectively, pre-clinical studies demonstrate antifibrotic effects
with MSC treatment, however, the long-term beneficial effects
and feasibility of MSC as a therapeutic strategy in IPF patients are
yet to be determined, where the few existing clinical trials
demonstrate an acceptable safety profile. According to
ClinicalTrials.gov, there are currently 5 clinical trials recruiting
for stem cell treatment of pulmonary fibrosis. Of these, one is
carried out at the University of North Carolina, Chapel Hill,
United States, with the aim to evaluate safety and efficacy of
infusing autologous lung spheroid stem cells derived from trans-
bronchial biopsy specimens in IPF patients.

Several animal studies show promising results in treating
pulmonary fibrosis with MSC or derivates thereof such as
exosomes and extracellular vesicles (EVs), alleviating fibroblast

activation and ECM deposition along with anti-inflammatory
outcomes (Reddy et al., 2016; Mansouri et al., 2019; Gad et al.,
2020; Wan et al., 2020). Pre-clinical studies on COPD
demonstrate that MSCs reduce inflammation and improve
histological lung structure (Cruz and Rocco, 2020), which have
been translated into several human clinical trials for treatment of
COPD(Ribeiro-Paes et al., 2011; Weiss et al., 2013; Stolk et al.,
2016; de Oliveira et al., 2017; Armitage et al., 2018). These clinical
trials all had safety as their primary endpoint and was not
powered for detection of efficacy. Although the clinical trials
failed to reproduce the promising pre-clinical results, they all
demonstrated that MSC administration was well tolerated among
COPD and emphysema patients (Ribeiro-Paes et al., 2011; Weiss
et al., 2013; Stolk et al., 2016; de Oliveira et al., 2017; Armitage
et al., 2018). Interestingly, Armitage et al. demonstrated that
MSCs radiolabeled with indium-111 reached the lungs within
30 min and remained detectable for 24 h after administration
(Armitage et al., 2018). This should mean that the effect of MSCs
on damaged lung tissue and resident cells need to be rapid.
Moreover, an increasing body of research suggests that the MSC
therapeutic functions depend on the microenvironment
encountered (Kusuma et al., 2017; Abreu et al., 2019; Islam
et al., 2019; Abreu et al., 2020). Therefore, it is tempting to
speculate that by modifying the microenvironment it would be
possible to enhance the therapeutic time-frame for MSCs by
increasing residency in the COPD lungs and thereby increasing
the potency of the infused MSCs. Currently, there are three
clinical trials recruiting patients to evaluate MSC for the
treatment of COPD. A comprehensive overview of ongoing
and completed human trials in IPF and COPD is searchable at
ClinicalTrials.gov. These trials are encouraging and gives great
hope to the scientific community to increase the therapeutic
potential of MSC.

THE MECHANISM OF MSC

Anti-Inflammatory Function
MSCs are extensively explored as cell therapy candidates and are
known for their potential to differentiate into multiple cell
lineages, however their major therapeutic mechanism is from
interactions via paracrine signaling and cell-cell contact (Murphy
et al., 2013; Gao et al., 2016). MSCs have demonstrated both anti-
inflammatory and anti-fibrotic capacity, which could be of
importance for tissue repair and regeneration in chronic lung
diseases (Cruz and Rocco, 2020). The observed anti-
inflammatory properties of MSCs include effects on several
cells of the immune system, including T-cells, B-cells,
dendritic cells, monocytes, macrophages, and natural killer
(NK) cells. For example, MSCs can suppress T-cell
proliferation via Indoleamine-2,3dioxygenase (IDO) secretion,
which mediates tryptophan depletion causing cellular stress in
T cells (Meisel et al., 2004; Laing et al., 2019), or by inducing a
switch toward a regulatory T-cell phenotype (Bartholomew et al.,
2002; Benvenuto et al., 2007; Casiraghi et al., 2008). In an
inflammatory setting, MSCs are able to direct macrophage
polarization from a proinflammatory (M1) to an anti-
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inflammatory phenotype (M2). This occurs through feedback-
loop involving MSC secreted prostaglandin E2 (PGE2) (reviewed
in) (Prockop, 2013). In addition, MSCs are able to affect resident
macrophages to reduce their secretion of pro-inflammatory
mediators through a different negative feedback-loop, by
secreting tumor necrosis factor (TNF)-α stimulated gene 6
(TSG-6) (Prockop, 2013).

While the anti-inflammatory effect of MSCs has been
extensively used as a rationale for MSC-based therapy,
their anti-fibrotic qualities could further motivate the use
of MSC-based therapy in chronic diseases. In animal models
of lung fibrosis, it has been shown that MSC administration
can reduce the extent of fibrosis (reviewed in (Srour and
Thébaud, 2015). Increased levels of the hepatocyte growth
factor (HGF) has been linked to the anti-fibrotic properties of
MSCs. In vitro, HGF inhibited epithelial-mesenchymal-
transition (EMT) through inhibition of transforming
growth factor β (TGF-β) signaling (Mias et al., 2009;
Shukla et al., 2009). Interestingly, administration of MSC
has been associated with changes in levels of ECM modifying
enzymes such as metalloproteases (MMPs) and tissue
inhibitor of metalloproteases (TIMPs), and the balance of
these enzymes is important in both fibrosis and emphysema
development (Mias et al., 2009; Moodley et al., 2009; Semedo
et al., 2009).

Operating Neighboring Cells: Extracellular
Vesicles
In addition to the secretion of anti-inflammatory and anti-
fibrotic mediators, MSCs are also known to communicate
with other cells by secretion of EVs (reviewed in (Farhat et al.,
2019)). EVs are a heterogenous group of small lipid vesicles
with cargoes containing mediators for intercellular
communication such as proteins, microRNAs, and lipids
(Thery and et al., 2018; van Niel et al., 2018). An
increasing body of literature suggests that MSC-derived
EVs possess immune regulatory functions (Farhat et al.,
2019). MSC-derived EVs have been demonstrated to
mitigate allergic hyperresponsiveness (Cruz et al., 2015),
enhance M1 to M2 macrophage phenotype polarization,
macrophage bioenergetics, and phagocytosis (Phinney
et al., 2015; Jackson et al., 2016; Morrison et al., 2017), as
well as to have an inhibitory effect on T-cell proliferation
(Blazquez et al., 2014; Pachler et al., 2017; Mardpour et al.,
2019). Moreover, MSC-derived EVs have been shown to
decrease the influx of inflammatory cells in an E. coli
endotoxin-induced acute lung injury model. This
therapeutic effect was at least partly mediated through
keratinocyte growth factor (KGF/FGF7)(Zhu et al., 2014).
Interestingly, in an E. coli-induced acute lung injury rat
model, it was demonstrated that EVs isolated from MSCs
pre-exposed to IFN-g were more effective in attenuating lung
injury compared to EVs isolated from naïve, non-exposed
MSCs (Varkouhi et al., 2019). These data suggest that the EV
cargo released by MSCs can vary significantly based on the
microenvironment the cells have encountered.

Restore Cellular Function: Mitochondrial
Transfer
Another possibility of MSCs potential in cell therapy is to use
their mitochondria. The first evidence that MSCs have the
capacity to transfer mitochondria to other cells was published
in 2006 (Spees et al., 2006). In this study MSCs were able to
restore the aerobic respiration in epithelial cells lacking functional
mitochondria (Spees et al., 2006). Since then, it has been shown
that MSCs can transfer mitochondria via EVs, microtubules, and
tunneling nanotubes (TNTs) (Spees et al., 2006; Phinney et al.,
2015; Morrison et al., 2017). For example, mitochondria
transferred from MSCs to macrophages partly via TNTs,
modulated macrophage phagocytosis both in vitro and in vivo
(Jackson et al., 2016). MSC mitochondrial transfer has also been
reported to reduce lung injury in a cigarette smoke-induced
emphysema model (Li et al., 2014). Furthermore, Islam et al.
reported that MSCs could protect against acute lung injury
through mitochondrial transfer via Cx43-dependent alveolar
attachment (Islam et al., 2012). Interestingly, Mahrouf-Yorgov
et al. observed that MSCs had the capacity to sense, and
subsequently engulf and degrade mitochondria from damaged
cells. This process enhanced mitochondrial biogenesis and
mitochondrial transfer by the MSCs (Mahrouf-Yorgov et al.,
2017). Taken together, future directives using MSC based
therapy in chronic lung diseases needs to consider the
engraftment in the lung for therapeutic efficacy (Behnke et al.,
2020).

THE INTRINSIC PROPERTIES OF THE
LUNG-ECM

MSCs and other mesenchymal cells are the main producer of
ECM. Interestingly, the role of the ECM is receiving increasing
recognition as an important element in controlling cellular
behavior during homeostasis and in disease progression (Deng
et al., 2020). Apart from providing mechanical and structural
support, the complex 3D structure of the ECM, consisting of
glycoproteins, collagens, glycosaminoglycans (GAGs),
proteoglycans, dictate cell migration, polarity, proliferation,
differentiation, and survival, where the dynamics of the ECM
molecules play a critical part (Wigén et al., 2019). Some proteins
e.g., elastin fibers are stable over almost a lifetime (Shapiro et al.,
1991), while certain collagens have a short turnaround, changing
every day (Laurent, 1987). In the pulmonary interstitial layer, the
major structural components are fibrillar collagens type I, III, IV,
V, and XI (extensively reviewed by Laurent, 1987; Sherman 2015)
that make up the core structure and contribute to the tensile
strength, and elastin along with fibrillin contribute to the
compliance of the tissue (Laurent, 1987; Sherman et al., 2015).
This intricate meshwork of fibers is also composed of
glycoproteins, GAGs, and proteoglycans providing the tissue
with its viscoelastic properties. In the alveolar space, the
epithelial and endothelial cells are anchored to a basement
membrane primarily consisting of collagen type IV, laminins,
and proteoglycans. Both in IPF and COPD the basement
membrane and the interstitial layer are affected with altered
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structural properties affecting the biomechanics. In IPF, the
alveolar basement membrane is fragmented and the interstitial
layer is thickened, while in COPD, the ECM components are
degraded and the structural properties are lost (Burgess et al.,
2016)

Glycosaminoglycans and Growth Factors
While the most studied group of ECM molecules are the various
collagens, lately however the family of proteoglycans have drawn
large attention. Proteoglycans are proteins decorated with
covalently attached linear polysaccharides, GAGs. The
proteoglycans are heterogeneous molecules-both in terms of
the core protein structure, as well as the chain length and
chemical structure of the GAG side chains. These side chains
strongly decide the physical properties of the proteoglycans. The
main classes of proteoglycan-bound GAGs in the human lung are
heparan sulfate/heparin (HS/hep) chondroitin/dermatan sulfate
(CS/DS) and keratan sulfate (KS) (Papakonstantinou and
Karakiulakis, 2009). A fourth type of GAG, hyaluronan (HA),
is also prevalent in the lung, but is not bound to a core protein
(Couchman and Pataki, 2012). All four types of GAGs contain
disaccharide motifs, which are repeated throughout the polymer.
For HS/hep, CS/DS and KS the disaccharide units can be
modified by sulfation at various positions, giving rise to
motifs/domains (Persson et al., 2020), which in turn are
important for binding of specific mediators to be involved in
chronic lung diseases such as TGF-b, HGF, and TNF-a (Esko
et al., 2015). In this way the GAGs play an important role in
interacting with growth factors, where the GAGs build gradients
during embryonic development but also during tissue repair and
delivering of growth factors to receptors. Interestingly, alterations
in sulfation pattern, or induction of deacetylations and
epimerizations in the GAG chains affect their role in tuning
growth factor gradients, which alter cell activities (Wigén et al.,
2019). In IPF, an increase in sulfation of both HS and CS/DS has
been recognized in the border zone toward fibrotic lesions
(Westergren-Thorsson et al., 2017). This may reflect an altered
pulmonary landscape, navigating nearby cells toward regions of
activated repair process, promoting a profibrotic phenotype.

ECM Bound Growth Factors
Arguably one of the most important interactions between cells is
mediated through growth factors and cytokines. These factors
travel large distances in the body to recruit and direct cells where
they are needed. A largely overlooked process is how growth
factors interact with the ECM via GAGs and how the ECM can
increase or decrease the cell response to growth factors. Thus, the
ECM serves as a reservoir for growth factors, which are slowly
released over time. At the same time the growth factors bound to
the ECM via the GAGs become protected from circulating
proteases. Because of these properties, if the ECM is injured
the release of growth factors will be instant, thus triggering an
immediate cell response. For example, latent TGF-β (Saito et al.,
2018) in the ECM become activated upon injury and is known to
be one of the factors activating mesenchymal cells that in
fibrosing diseases such as IPF lead to an over production of
ECM. Another example of ECM bound factor is fibroblast growth

factor (FGF)-2, which binds on a nanomolar level to HS
(Ibrahimi et al., 2004). This GAG-growth factor complex
increases the binding to the FGF receptor 1 and is crucial for
adequate cell signaling (Yayon et al., 1991) and may be
immunomodulatory factor in COPD (Tan et al., 2020).
Therefore, the ECM and growth factor complexes works to
fine-tune cell responses and control timing, making it an
important target in the development of therapies in chronic
lung diseases.

Cell-ECM Interaction
Even though lung cells derived from patients with chronic lung
disease have shown to have inherent cellular features such as gene
expression and proteomic profile (Hallgren et al., 2010; Woldhuis
et al., 2020), the microenvironment of the tissue, however,
appears to be the dominating factor in regulating cellular
behavior, at least in vitro (Elowsson Rendin et al., 2019). It
has been demonstrated that the pathological reconstructed
ECM in IPF overrules intrinsic cellular characterizations,
ultimately repr ogramming cells for fibrogenesis (Parker et al.,
2014; Philp et al., 2018; Rodriguez et al., 2018). The wavy and
aligned collagen structures of the ECM in distal IPF tissue alter
migration patterns and cell morphology, creating elongated
human lung fibroblasts with increased migratory speed (Tisler
et al., 2020). Lung fibroblasts engrafted on fibrotic or
emphysematous lung tissue readily adapt to surrounding
structures and ECM niches of the lung with high
morphological plasticity (Burgstaller et al., 2018). Non-
cultured fibroblasts, isolated from lungs of IPF patients,
demonstrated an altered genomic profile in comparison to
healthy fibroblasts (Emblom-Callahan et al., 2010), as do
epithelial cells when cultured on bronchial-ECM derived from
COPD (Hedström et al., 2018). The positive feedback-loop
created between cells and ECM is manifested quickly with
marked differences in cellular activity, inducing a shift in the
production of ECM proteins that steers the cellular response
toward a continuous rebuild of fibrotic tissue with altered
basement membrane structures (Elowsson Rendin et al., 2019).
The constant changes in ECM composition during disease
progression, resulting in pathological differences in lung
architecture creates a disease specific proteomic change where
the local microenvironment signals for continuous tissue
reconstruction (Westergren-Thorsson et al., 2017; Åhrman
et al., 2018).

The deformed lung tissue, caused by either excessive tissue
repair or the lack thereof, also has an immense impact on the
mechanical properties of the tissue, where mechanical forces
sensed by surrounding cells activate mechanosensitive
pathways (e.g., YAP/TAZ) and influence cell behavior (Asano
et al., 2017; Haak et al., 2018). Tomaintain tissue homeostasis, the
cells require anchoring to the ECM via integrin binding through
which the cells sense the microenvironment and activate
signaling transduction pathways, inducing mechanical and
chemical intracellular signaling through the actin cytoskeleton
(reviewed by Vogel, 2018 (Vogel, 2018)). Changes in the local
mechanical properties create a mechanical gradient that affects
cellular behavior such as migration, proliferation and
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differentiation. Integrins are also thought to be involved in
growth factor signaling, acting synergistically with receptors
for different growth factors. More specifically, the integrins are
known to bind to Arg-Gly-Asp (RGD) motifs found
predominantly on fibronectin (FN), but also in ECM proteins
e.g., laminin, tenascin, and vitronectin (Widhe et al., 2016;
Miron-Mendoza et al., 2017). Integrins are also the main
receptors forming focal adhesions and are thought to be
required for cell motility. The local microenvironment has
been found to be decisive for the size and concentration of
focal adhesions, which further impact on cell behavior
(Wozniak et al., 2004; Costa et al., 2013).

MODULATING THE 3D ENVIRONMENT FOR
TREATMENT

There are several in vitro studies showing how MSC are
differently affected by the environment the cells encounter.
Increasing research is focused on how to control the
therapeutic effect of MSC, where one option being explored is
by modulating the microenviroment in situ or by injectable
biomaterials.

Hydrogel Encapsulation
Encapsulating MSC in injectable hydrogels is extensively
explored to increase retention time and to modulate the
cellular activity in situ (Farhat et al., 2019; Wong et al., 2020)
by providing the cells with a 3D microenvironment that protects
and promotes an anti-inflammatory and regenerative response,
see outline in Figure 1. Techniques range from single cell
encapsulation to larger scaffolds with macroporous structure
(Kim et al., 2019). Efforts have been made to mimic the
mechanical properties of the ECM to steer cellular behavior in
health and disease (de Hilster et al., 2020; Pouliot et al., 2020). So
far, hydrogels have been by far the most produced and studied
substrate, where ECM-based hydrogels frommurine, porcine and
human tissues have been developed with different
decellularization methods. In order to mimic the natural tissue
when designing an artificial matrix, it is vital to maintain the
components of the ECM, often measured as the GAG-DNA
content ratio, as well as the viscoelastic properties (Uhl et al.,
2020). Apart from hydrogels based on decellularized tissue, there
are various natural, synthetic and hybrid (meaning combining
natural, synthetic or ECM components) polymers that are being
explored, including proteins, polysaccharides, recombinantly
expressed peptides, and polyethylene glycol (Uhl et al., 2020).
The advantage of hydrogels is that the structural properties can be
easily modified through the crosslinking of the hydrophilic
polymer chains. In addition, the biomaterial can be modulated
by incorporating cell-instructive factors e.g. growth factors, RGD
domains, and ECM proteins. Recombinantly produced
biomaterials such as the elastin-like recombinamer polymer
allows for the precise composition of structural and chemical
properties, with gene technology introducing sequences for cell
attachment andMMP degradation and at the same time exposing
functional groups for binding of for example growth factors to

promote or maintain the MSC therapeutic effect (Ibáñez-Fonseca
et al., 2020). De Santis et al. recently demonstrated the functional
outcome of a 3D bioprinted hybrid hydrogel combining
decellularized lung tissue with alginate to form human airways
containing primary human airway epithelial progenitor cells (De
Santis et al., 2020). Transplanted in mice, the cells showed
evidence of differentiation into mature epithelial cells. The
hydrogel properties both had matched biomechanical
properties and contained ECM instructive factors from the
native lung tissue (De Santis et al., 2020). Hydrogels based on
collagen type I, one of the major structural components of tissues,
has been extensively explored in combination with other
materials such as silk, a highly elastic protein, to improve the
mechanical properties to mimic the viscoelastic properties of
tissues (Sanz-Fraile et al., 2020). As discussed above, GAGs
multiple functions in cell signaling and in tissue homeostasis
and have been explored as biomaterials. CS that have modifiable
functional groups for covalent and non-covalent bonding has
been used for the development of injectable hydrogels to tune for
different physical properties as well as release of therapeutic
factors (Ornell et al., 2019).

Macroporous Scaffolds
In contrast to solid hydrogels, macroporous biomaterials or
scaffolds introduces a more complex 3D environment, where
the surface properties of the scaffold can be tuned to functionalize
cell attachment, differentiation and migration, as well as to
enhance cell diffusion to the scaffold.

In a recently published article, a collagen-based scaffold was
developed with macroporous structures to mimic the distal lung
tissue. The scaffold was functionalized with collagen binding
HGF to enhance the regeneration of alveolar-like structures
(Wang et al., 2020). When making a porous scaffold, pore size
is often determined by changing the initial concentration of the
reagents, which in turn changes the bulk stiffness. By adding an
antifreezing agent (e.g., DMSO), pore size can be kept constant
regardless of the initial concentration (Jiang et al., 2019). Jiang
et al. could show that larger and stiffer pores induced an anti-
inflammatory phenotype of macrophages (Jiang et al., 2019).
Shamskhou et al. has shown that local delivery of IL-10 using a
hyaluronan and heparin-based hydrogel system had an anti-
inflammatory effect in bleomycin-treated mice (Shamskhou
et al., 2019).

Pre-Conditioning of MSC to Enhance
Therapeutic Effect
There are increasing evidence that MSC have a cellular memory,
with sustained responses to preceding stimuli, which may
influence the desired effect of MSC-based therapies (Yang
et al., 2014). MSC cultured on substrates with different ECM
molecules have been shown to affect the paracrine function of
MSC. For example, De Lisio et al. showed that cell cultures on
collagen reduced the gene expression of inflammatory factors in
MSC compared to culturing on laminin (De Lisio et al., 2014).
Preconditioning of the MSC prior to administration has also been
investigated, where low doses of toxic or lethal factors or
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exposures to hypoxic or nutrient deprived environment triggered
a beneficial effect of the cells with increased expression of
immunomodulatory, anti-inflammatory and repair factors
(Silva et al., 2018; Nonaka et al., 2020). In a recent study,
lung-derived MSCs were biophysically preconditioned to
modulate their paracrine signaling by culturing the cells in a
natural microenvironment, on lung scaffolds, and subjecting
them to cyclic stretch prior to being injected into a rat model
for acute respiratory distress syndrome (ARDS). Compared to
non-preconditioned MSCs, rats treated with biophysically
preconditioned MSCs had an improvement in lung elastance
and reduced amounts of inflammatory cytokines in the
bronchoalveolar lavage fluid (Nonaka et al., 2020). In a recent
study biophysical and biochemical cues were combined to explore
the immunological effect of MSC. Bone marrow-derived MSC
were encapsulated in alginate-based hydrogels with different
stiffnesses and pre-cultured prior to exposure to the
inflammatory cytokine TNF-α. MSC preconditioned in the
softer hydrogel in combination with TNFα had an improved
effect in controlling monocyte turnover (Wong et al., 2020).
These studies demonstrate how intrinsic cues of the
microenvironment impact cellular behavior that can be
harnessed in improving the therapeutic potential of MSCs.

FUTURE DIRECTIONS

For MSC therapy to become an efficient alternative to current
medicine in IPF and COPD, it is essential to ensure the functional
outcome of the cells in the diseased tissue. One way is to control
the microenvironment in which the cells are delivered. Recent
advances have demonstrated that MSC actively interact and
modify their pericellular environment, that there is an active
interplay between the surrounding properties, both in terms of
structural properties and chemical composition, thus will play a
role in directing MSC function (Ferreira et al., 2018; Loebel et al.,
2019). Several obstacles remain with current MSC therapy.
Ensure long-term retention of the MSCs in the lung is one,
although they do get trapped in pulmonary capillaries after
systemic administration, they are considered cleared within
24 h (Wang et al., 2009). MSCs are also vulnerable to the
inflammatory microenvironment, which affect their restorative
potential (Silva et al., 2018). Therefore, we foresee a future, where
we are able to increase the retention time in the organ and control
the therapeutic effect of MSCs by providing a microenvironment
that supports these properties. Research into the field of artificial
scaffolds for medicinal purposes that can retain a particular
therapeutic property is warranted to push forward this line of
novel therapies for chronic lung diseases. Modifying the

microenvironment in situ may hold difficulties in its approach
in retaining tuned levels of cell mediators or in adapting specific
ECM components in the location of transplanted MSC.
Identifying key elements or biological properties of the ECM
warrants further investigation as this would allow for more
precise and directed manipulation of the pathological tissue in
situ. The environmental responsiveness of the MSCs creates both
challenges and opportunities in applying transplanted MSC as a
cell-based therapy in lung diseases that are marked with massive
structural and compositional tissue remodeling. Thus, pre-
conditioning of MSC may hold a more transient approach in
overcoming the powerful influential impact of surrounding tissue
on cellular behavior, providing a more instant regenerative
response.

The artificial scaffolds hold great promise in future therapeutic
purposes as it can combine cell-instructive cues together with a
supporting microenvironment, delicately designed in both
structure and biomechanics, that together yield an optimal
curative setting for MSC. The purpose of a controlled
microenvironment is to create an interim support as well as in
situ cell guidance over time as the scaffold is degraded and
replaced with functional lung tissue. By providing structural
support, we anticipate that both the MSC retention time will
be greatly improved with remained activity and allowing
endogenous cells to repopulate lost tissue area.

Altogether, harnessing the microenvironment holds promise
to ameliorate future cell therapeutic regimens to be able to induce
lung regeneration and healing of lung tissue in chronic lung
diseases marked with massive structural remodeling like IPF
and COPD.
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Recent advances in cell based therapies for lung diseases and critical illnesses offer
significant promise. Despite encouraging preclinical results, the translation of efficacy to the
clinical settings have not been successful. One of the possible reasons for this is the lack of
understanding of the complex interaction betweenmesenchymal stromal cells (MSCs) and
the host environment. Other challenges for MSC cell therapies include cell sources, dosing,
disease target, donor variability, and cell product manufacturing. Here we provide an
overview on advances and current issues with a focus on MSC-based cell therapies for
inflammatory acute respiratory distress syndrome varieties and other inflammatory lung
diseases.

Keywords: cell therapy, mesenchymal stromal cells (MSCs), mscs, lung diseases, respiratory diseases and
disorders

INTRODUCTION

Severe respiratory diseases such as the acute respiratory distress syndrome (ARDS) and other
inflammatory lung diseases remain a significant cause of mortality worldwide. For many of these
end-stage diseases, there is no cure and current treatments aim to treat symptoms and/or delay
disease progression. New treatment strategies are therefore critically needed. Mesenchymal stromal
cells (MSCs) have been widely studied in the field of regenerative medicine for applications in the
treatment of lung diseases and critical illnesses. MSCs are multipotent progenitor cells with the
potential to secrete a spectrum of anti-inflammatory mediators, such as cytokines and extracellular
vesicles (EVs). However, due to a lack of basic understanding of the in vivo modes of action and of
scientific consensus concerning manufacturing, disease target, and study design the translation of
efficacy from preclinical studies to the clinical settings have not yet been successful. Despite
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fundamental discoveries regarding the potential benefits of MSCs
in pre-clinical models of lung diseases and other critical illnesses,
more effort needs to be made to understand the in vivo fate of
infused MSCs, particularly in clinical settings. Importantly, in
addition to the MSC cell product, conditioned media and
bioactive products such as EVs isolated from MSC cultures
have been used in pre-clinical settings with promising results,
however, these have been reviewed extensively in other
publications (Abreu et al., 2016; Abreu et al., 2021) and will
not be discussed further. Understanding how the diseased
environment affects MSC therapeutic potential will make it
possible to design more efficient clinical trials and to include
patients that are more likely to respond to this type of treatment.
This is particularly relevant for ARDS in which there may be
different inflammatory phenotypes (Reilly et al., 2019). Here, we
identify and summarize strategies to enhance the therapeutic
potential ofMSCs in respiratory diseases and provide a discussion
regarding challenges in the manufacturing process and the
importance of patient selection.

STRATEGIES TO ENHANCE THERAPEUTIC
POTENTIAL OFMESENCHYMAL STROMAL
CELLS IN RESPIRATORY DISEASES
Despite the enormous interest in using MSCs in clinical settings
to treat respiratory lung diseases, the knowledge regarding the
exact mechanism of action is limited. Today, the generally
accepted hypothesis is that MSCs modulate the immune
system through different paracrine effects (such as cytokines
and extracellular vesicles), a hypothesis mainly based on pre-
clinical studies [reviewed in (Fernanda Ferreira Cruz, 2019)].

Inflammatory Environmental Effects on
Therapeutic Behaviors
Preclinical evidence suggests that MSCs sense the environment
through various damage-associated and pathogen-associated cell
surface receptors and respond differentially depending on the
environmental requirements (Traggiai et al., 2008; Romieu-
Mourez et al., 2009; Waterman et al., 2010). For example,
stimulation of Toll-like receptor 3 (TLR3) and Toll-like
receptor 4 (TLR4) evoked very different MSC responses and
appeared to polarize MSCs into two different immune regulatory
phenotypes (Waterman et al., 2010). By exposing MSCs to LPS (a
TLR4 agonist) the human MSCs differentiated toward a more
pro-inflammatory phenotype with release of the cytokines IL-6
and IL-8. Poly (I:C) on the other hand (a TLR3 agonist), activated
a more anti-inflammatory phenotype with release of mediators
such as IDO, PGE2, and RANTES (Waterman et al., 2010). In
addition, activation of MSC TLR4 signaling was demonstrated to
be critical for MSC survival and therapeutic effect in a pre-clinical
model of E. coli-induced acute lung injury, where MSCs isolated
fromTLR4 deficient mice had impaired survival under conditions
of inflammatory stress in vitro, and were not therapeutically
active in vivo. Mechanistically, it was shown that TLR4
pathway regulates signaling through PAR1 on MSCs and

TLR4 stimulation leads to expression and secretion of
prothrombin by MSCs (Gupta et al., 2018).

To understand the mechanisms by which MSCs act in vivo,
Islam et al. induced ARDS by intratracheal installation of
hydrochloric acid, mechanical ventilation, or a combination of
the two methods (two-hit model). Following lung injury, MSCs
were administered and the outcome was evaluated for each
different lung injury model with relevant markers including
Ashcroft lung injury score, pulmonary elastance, and lung
collagen content (Islam et al., 2019). The authors found that
the therapeutic effect of MSCs depended on the
microenvironment at the time of administration. For example,
MSCs administered into the mechanical ventilation induced
ARDS were found to be protective. In contrast, no beneficial
effect of MSC administration was noted following hydrochloric
acid induced ARDS. To further investigate the microenvironment
in the different models, a proteomic analysis of the BALF samples
was performed. It was clearly demonstrated that the most
enriched clusters of proteins upregulated in the hydrochloric
acid model, in which the MSCs did not have a beneficial effect,
consisted of proteins involved in inflammation, coagulation, and
fibrosis. These proteomic data are somewhat surprising and
contradictory since it would seem reasonable that injected
MSCs would have effects on at least the inflammatory proteins.

In line with the findings by Islam et al., humanMSCs (hMSCs)
exposed to clinical bronchoalveolar lavage fluid (BALF) samples
obtained from patients with ARDS were less effective in
promoting an anti-inflammatory monocyte phenotype than
hMSCs exposed to BALF obtained from patients with other
lung diseases including acute respiratory exacerbations of
cystic fibrosis (CF) (Abreu et al., 2019a). Interestingly,
neutralizing IL-6 resulted in promotion of the anti-
inflammatory monocyte phenotype (Abreu et al., 2019b). This
was a proof-of-concept study and the primary etiology on the
ARDS patients used in these experiments were described as either
pneumonia or other, and therefore it is not possible to compare
these data with the results from the Islam et al. study. In another
study, Morrison et al. exposed hMSCs to pooled samples from
ARDS patients and found that ARDS-exposed MSCs promoted
anti-inflammatory macrophage marker expression and increased
the phagocytic capacity of human macrophages. The increased
phagocytic capacity was partly attributed to the acquisition of the
phagocytic receptor CD44 expressed in extracellular vesicles
secreted by MSCs after exposure to ARDS BALF (Morrison
et al., 2017). In similarity with the Abreu et al. study, the
details of the etiology of ARDS were not well described,
making it difficult to compare findings from the two studies.
Moreover, the monocytes used in each study came from different
species (murine RAW cells vs. human monocyte-derived
macrophages), which might explain why different pathways
were activated and thereby different outcomes were obtained.
Another important difference is that the control group to which
the results were compared to were very different, hMSCs exposed
to BALF from other lung diseases vs. hMSCs exposed to healthy
control BALF samples.

In parallel, hMSCs exposed ex vivo to BALF samples obtained
from cystic fibrosis patients who had Aspergillus infection were
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rapidly killed. This effect on hMSCs was at least partly related to
the mycotoxin, gliotoxin, produced by the fungus (Sara
Rolandsson Enes, 2020). In line with these findings, exposure
to serum from asthmatic mice resulted in increased levels of MSC
cell death. Interestingly, in addition to increased cell death,
exposure to serum also induced increased expression of anti-
inflammatory mediators including IDO-1, TSG-6, IFN-γ, and
IL-10. Administration of these pre-exposed MSCs into house
dust mite (HDM)-induced allergic asthma model demonstrated
that serum-exposed MSCs improved lung mechanics to a
greater extent that unexposed MSCs (Abreu et al., 2019a).

The notion that the ability to “react” to MSCs is associated
with their potential therapeutic benefit is supported by results
from patients with graft-versus-host disease (GvHD) treated with
MSCs. In these patients, only those who demonstrated high
cytotoxic activity against the infused MSCs responded to the
treatment. Using a murine GvHD model, it was demonstrated
that recipient cytotoxic cells activatedMSCs to undergo apoptosis
through a perforin-dependent pathway. Perforin-induced MSC
apoptosis was then further demonstrated to induce
immunosuppression via indoleamine 2,3-diocygenase (IDO)
production in recipient phagocytes (Galleu et al., 2017). This
illustrates a growing appreciation that, whatever the MSCs
themselves might do, the host responses to dead or dying
MSCs can play a significant role in mitigating inflammation
and injury (Weiss et al., 2019). Collectively, these studies
demonstrate that an inflammatory microenvironment plays an
important role in activating MSCs to induce different therapeutic

and/or apoptotic phenotypes, which further highlight the need to
understand the complex interaction between MSCs and the host
environment (Figure 1).

Pre-Activation of Mesenchymal Stromal
Cells Prior to Administration
One way to take advantage of the current knowledge that MSCs
are being activated by the inflammatory environment, is to pre-
activate MSCs before administration. This could be done using
different approaches; however, the most common method is to
expose MSCs ex vivo to inflammatory cytokines such as IFN-γ
and TNF-α (English et al., 2010). For example, MSCs exposed to
IFN-γ had an increased immunosuppressive effect on
T-lymphocytes. This suppressive effect was inhibited when an
IFN-γ blocking antibody was added to the system (Krampera
et al., 2006). Similarly, by using an IFN-γ knock out system it was
demonstrated that endogenous IFN-γ was essential for MSC
actions (Polchert et al., 2008). Functionally, pre-stimulation of
hMSCs had superior protective effects in a humanized mouse
model of acute GvHD (Tobin et al., 2013). In another study,
MSCs stimulated with TNF-α demonstrated increased IL-6, IL-8,
IL-2, and IFN-γ production compared to control MSCs. In this
study, the investigators were also able to demonstrate that TNF-α
was more important than IFN-γ regarding MSC secretion of IL-8
(Hemeda et al., 2010). By exposing MSCs to TNF-α in
combination with IL-1β Murphey et. al observed that the
immunomodulatory effects were enhanced compared to
control cells (Murphy et al., 2019). In a recent study, it was
demonstrated that TNF-α/IFN-γ/IL-1β exposed MSCs had a
stronger IL-8 secretion than MSCs exposed to TNF-α/IFN-γ
only. Moreover, this increased expression of IL-8 enhanced
neutrophil recruitment, a recruitment that was suggested to be
mediated trough activation of STAT5 and p38-MAPK signaling
(Hackel et al., 2020). This is but one example of potential means
of pre-activating MSCs.

Although hypoxia and high levels of oxidative stress are often
seen in tissues with pathological inflammation and it is well
known that oxygen levels can affect cell function (Cooper et al.,
1958; Ivanovic et al., 2000; Choi et al., 2014; Choi et al., 2015),
MSCs tend to be cultured at normal atmospheric oxygen levels.
MSCs cultured at oxygen levels that better recapitulate the
“destination” environment after administration significantly
impacted their function. For example, MSCs cultured at low
oxygen levels formed a greater number of colonies, had higher
proliferation rates, and secreted higher levels of cytokines such as
VEGF and FGF compared to MSCs cultured at 20% oxygen
(Lennon et al., 2001; Choi et al., 2017; Kwon et al., 2017; Elabd
et al., 2018). Moreover, MSCs co-cultured with bone marrow-
derived lineage positive blood cells under hypoxic condition
contributed to an increased proliferation and differentiation
toward anti-inflammatory macrophages (Takizawa et al.,
2017). More recently, the metabolic pathway used by MSCs
has been shown to be important in determining
immunomodulatory capacity (Liu et al., 2019). HIF-1α, the
master hypoxia inducible transcription factor, regulated MSC
immunomodulation and was associated with a metabolic switch

FIGURE 1 | A schematic illustration describing the role of the
microenvironment (healthy vs. inflamed) in activating MSCs to induce different
therapeutic Phenotypes. Abbreviations: MSC, mesenchymal stromal cell.
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from oxidative phosphorylation to glycolysis (Contreras-Lopez
et al., 2020). These are all very interesting results, however,
additional studies are needed in order to understand whether
hypoxia activates an angiogenic phenotype that could be more
appropriate for issue healing rather than immune modulatory.
Altogether, modulating culture condition oxygen levels is an
interesting approach to pre-activate MSCs, however there are
still limited knowledge on this topic, particularly with respect to
use of MSCs in respiratory diseases, and further studies are
warranted.

Another physiological condition which frequently develops in
chronic lung diseases or due to low tidal volume mechanical
ventilation is hypercapnic acidosis. A study by Fergie et al. have
demonstrated that culture of MSCs in 15% CO2 induced
significant mitochondrial dysfunction and inhibited MSCs
ability to promote reparative capacity of primary human
pulmonary endothelial and distal lung epithelial cells (Fergie
et al., 2019).

Genetic Engineering of Mesenchymal
Stromal Cells to Enhance Therapeutic
Properties
Genetic engineering has been used to enhance MSC survival and
therapeutic potential. Genetic engineering of MSCs has been used
to induce expression of different cytokines, growth factors,
transcription factors, miRNA, and enzymes (Damasceno et al.,
2020). For example, overexpressing the pluripotent genes Oct4
and Sox2 in MSCs using liposomal transfection resulted in
increased proliferation and differentiation capacity (Han et al.,
2014). Moreover, rat bone marrow-derived MSCs transfected
with the nerve growth factor receptor tropomyosin receptor
kinase A (TrkA) showed increased survival and Schwann-like
cell differentiation (Zheng et al., 2016), as well as improved nerve
functional recovery and enhanced efficacy in vivo (Zheng et al.,
2017). In a separate study, it was demonstrated that MSCs
overexpressing insulin-like growth factor I (IGF-I) decreased
collagen deposition in a liver fibrosis model compared to
animals treated with GFP-MSCs or recombinant IGF-I (Fiore
et al., 2015). Genetically engineered MSCs overexpressing anti-
inflammatory cytokines such as IL-10 resulted in a reduction of
pro-inflammatory cytokines such as IL-1β and TNF, and
increased viability (Meng et al., 2018). Interestingly, MSCs
overexpressing angiopoietin-1 were demonstrated to prevent
LPS-induced acute lung injury and were more potent in
decreasing inflammatory cells in bronchoalveolar lavage fluid
(BALF) compared to untreated MSCs and saline treated groups.
Also, levels of proinflammatory cytokines measured in BALF
were further reduced in mice treated with angiopoietin-1
overexpressing MSCs compared to non-treated control MSCs
(Mei et al., 2007).

Mesenchymal Stromal Cells functional
Heterogeneity and Tissue-specificity
Another important factor that likely plays a role in the absence of
success of clinical trials is the lack of consistency between

different studies such as use of MSCs isolated from different
tissues and organs. Increasing evidence demonstrates that MSCs
are tissue-specific cells that retain many tissue- and organ-specific
functions and properties [reviewed in (Sara Rolandsson Enes,
2019)]. For example, MSCs isolated from bone marrow, skeletal
muscle, periosteum, and perinatal cord blood differed in their
transcriptomic signatures and in vivo differentiation profiles
(Sacchetti et al., 2016). Moreover, MSCs isolated from lung
tissue have also been demonstrated to differ from bone
marrow-derived MSCs regarding proliferation rate, colony-
forming potential, in vivo bone formation capacity, gene
expression profile, secretome profile, and protein profile
(Rolandsson et al., 2014; Rolandsson Enes et al., 2016;
Rolandsson Enes et al., 2017). Although, tissue-specific
properties have been observed by several investigators (Abreu
et al., 2017), further parallel studies comparing MSCs from
different sources need to be performed in order to roll out if
one source is better than others to treat lung diseases. In addition
to the MSC tissue-specificity, MSCs are also known to be a very
heterogenous population, at least after standard in vitro tissue
culture expansion. Whether it is possible to sort out specific MSC
sub-populations with increased or specific therapeutic properties
remains to be further explored.

STRATEGIES TO IMPROVE THE
MANUFACTURING PROCESS AND
CLINICAL OUTCOME
Given the fairly high number of MSC-based clinical trials
performed to date, it is surprising that there are no established
consensus concerning MSC product manufacturing, dosing
strategies, and which patient group or groups to target. It is
well known that MSC properties change depending on the
isolation process, number of passages, seeding density, culture
surface, and if they have been cryopreserved or not. Regardless of
this knowledge, a survey provided by the MSC committee of the
International Society of Cell and Gene Therapy discovered that
the current MSC manufacturing practice differs significant
among different US academic centers (Phinney et al., 2019).
Comparable lack of harmonization exists among MSC
manufacturing facilities in Europe when a similar survey was
performed (Trento et al., 2018). In this section, we will summarize
and discuss some of the current strategies that could be used to
improve the manufacturing process and clinical outcome.

The Impact of Donor Variance on
Mesenchymal Stromal Cells Properties
In addition to the above mentioned challenges such as source,
seeding density, and cryopreservation, it is important to
acknowledge the impact of donor variance on MSC numbers,
but more importantly, on the MSC therapeutic potential. It is well
known that MSC properties are affected by factors such as donor
age, gender, and harvest site (Zaim et al., 2012; Martin et al., 2016;
Rolandsson Enes et al., 2016; Mehrian et al., 2020). For example,
MSCs isolated from donors at different ages will have different
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proliferation rates and in vitro differentiation potentials (Zaim
et al., 2012;Mehrian et al., 2020). Therefore, it is important to take
this into account when manufacturing MSCs for both basic
studies and clinical trials and to find strategies that facilitate
easy identification of clinically potent MSCs. One such strategy
could potentially be to maximize the number of batches that
one can obtain from a good donor. However, it is important to
remember that MSCs manufactured in large quantities can
become ineffective or altered, even from that single donor.
When finally obtaining expanded MSCs of desired qualities
from a good donor, it is important to pay attention to how the
cells are being stored and finally administered to patients. In
the report from the MSC pre-conference organized by the
International Society of Cell Therapy (ISCT) held in 2018, the
difference in potency between cryopreserved MSCs given as a
“bedside thaw” formulation and cultured MSCs was
highlighted (Nolta et al., 2020). Further, it has also been
demonstrated by Francois et. al. that cryopreserved MSCs
need a recovery phase before infused to patients in order to
retain their immunomodulatory activity in vitro (Francois
et al., 2012). However, interestingly recent data by Tan
et al. demonstrated that there was comparable
immunomodulatory efficacy of fresh and thawed MSCs
(Tan et al., 2019).

Predicting the Best Suited Mesenchymal
Stromal Cells Cell Product Using Machine
Learning
Artificial intelligence, including machine learning, is an
interesting area of research which has been given a lot of
attention during the last years. Machine learning algorithms
and other artificial intelligence approaches may be trained to
recognize underlaying relationships in a dataset and thereby
perform tasks such as classification, recognition, and counting
of lung nodules on chest CT to predict cancer risk and navigate
clinical decision options (Khemasuwan et al., 2020). This
approach has also been tested in an attempt to characterize
MSCs as a step forward toward improved MSC manufacturing
process and a better MSC cell product. In a recent study, machine
learning was used to profile MSCs based on cell morphology.
Here, images of MSCs at low and high passages from 10 different
donors exposed to different doses of IFN-γ (0, 10, and 50 ng/ml)
were taken and analyzed using visual stochastic neighbor
embedding (viSNE) technique. Several morphological sub-
populations of MSCs were found after IFN-γ exposure, and it
was further suggested that this model could be used to predict
immunosuppressive capacity of different MSC lots (Marklein
et al., 2019). In another study, machine learning was used to
predict MSC population doubling time using ex vivo expanded
MSCs from multiple donors at different ages and passages. Data
from 131 donors from all ages were used to build a predictive
model for culturedMSC population doubling time in passage 1 to
4. As suggested by the authors, this model can be used as a tool
during the manufacturing process in order to predict the time it
takes to reach a desired number of MSCs from a specific donor
(Mehrian et al., 2020). This is a new and very exciting area, which

hopefully can lead to improvements, standardization, and
simplifications in the MSC manufacturing process.

The Importance of Predicting Clinical
Responders
In addition to optimizing MSC manufacturing and potential pre-
conditioning, it is equally important to predict patients that are
more likely to respond to this type of treatment. In previous
clinical studies, MSCs have been administered to patients with a
variety of lung diseases including both chronic and acute diseases
(Tzouvelekis et al., 2013; Weiss et al., 2013; Chambers et al., 2014;
Zheng et al., 2014; Wilson et al., 2015; Glassberg et al., 2017).
However, based on the general hypothesis that MSCs mainly act
via secreted factors in combination with the fact that MSCs have
been demonstrated to be cleared from the lungs within a few days,
makes it unlikely that MSC-based therapy can remodel destroyed
tissue found in patients with end-stage chronic lung diseases
(Armitage et al., 2018; Rolandsson Enes and Weiss, 2020). It is
more likely that patients with lung diseases involving acute
inflammatory response and/or infection such as sepsis/septic
shock and ARDS will respond better to this type of treatment.
Even if preferentially well suited for the treatment of acute lung
injury, patient heterogeneity as in the case of ARDS is critical and
identifying those individuals or sub-populations that are more
likely to benefit from MSC treatment is critical. For example, in a
multicenter phase II clinical trial using MSCs to treat graft-
versus-host disease (GvHD) it was demonstrated that a sub-
population of MSC-treated patients had a complete response, and
those patients further had an increased survival rate compared to
partial-responders and non-responders (Le Blanc et al., 2008).
Similarly, in a retrospectively study of children suffering from
GvHD that were treated with MSCs, it was observed that
complete responders had an increased survival rate compared
to partial-responders and non-responders (Ball et al., 2013).
Therefore, it would be very interesting, and important, to
identify biological factors that differentiate the complete
responders from the other two groups. While there may be
different strategies to accomplish this, Martin et al. makes a
compelling argument on investing more resources on
mechanistical studies and the design of future clinical trials
based on molecular markers found in subpopulations of
patients (Martin et al., 2019).

The Importance of Large-Scale Cell
Manufacturing and Successful Cell Delivery
For clinical translation several challenges need to be addressed
including how to generate the high number of good quality MSCs
needed for large human trials, as well as how to produce and store
MSCs for future clinical treatments. For example, ARDS is an
acute severe disease with a very rapid onset and there is
insufficient time to start cultivating MSCs when the patient is
admitted to hospital thus the cell product needs to be a
cryopreserved ready-to-use product. Furthermore, isolation
processes, passage number, density strategies, growth media
and cultivation properties (e.g., plastic vs 3D environments)
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each can influence the biological properties of MSCs (reviewed in
(Sara Rolandsson Enes DJW and Burgess IHH, 2019)) are
necessary to ensure therapeutic efficient MSCs. Another
challenge is that the lung is a complex organ, and it is critical
to find the most optimal delivery route where MSCs reach all
compartments in the lung. In preclinical studies of lung diseases,
the most common delivery route is still intravenous
administration, however for lung diseases there are a number
of examples in which intratracheal administration can be as or
even more effective (Sally Yunsun Kim WC and Burgess IHH,
2019). For example, using a naphthalene-induced airway injury
model Wong et al. demonstrated that a larger number of
epithelial cells reached the lung when they were administered
through transtracheal delivery over intravenous cell delivery
(Wong et al., 2007). It is however important to remember that
some lung diseases, such as COPD and ARDS, are systemic
diseases and therefore different delivery routes might be good
for some but not others.

Challenges Related to Conducting Clinical
Trials During the COVID-19 Outbreak
The global coronavirus pandemic has increased the number of
initiated MSC clinical trials dramatically, and there are a number
of challenges related to the conducting trials such as having a
good cell product, as discussed above, enrolling patients, assessing
outcomes, and ethical issues. For example, a global pandemic aim
to find a rapid and effective treatment however it is important
that this occurs in a transparent manner following appropriate
ethical guidelines (Khoury et al., 2020; Khoury et al., 2021). As
discussed by Khoury et al. it is also very important to include
recognized end-point such as length of ICU, ventilator-free days,
and overall mortality. Another important issue to considerate,
especially for treatment of COVID-19 induced ARDS, is when to
enroll patients and when to initiate MSC treatment, but also
which COVID-19 patient population to target (Khoury et al.,
2020). The issues discussed in this section is highly relevant for
the ongoing COVID-19 MSC clinical trials, however they are
equally important to consider in all cell-based therapies for
pulmonary diseases.

SUMMARY AND FINAL REMARKS

The enthusiasm for using MSC-based therapy to treat severe lung
disorders is great and it is currently increasing due to the COVID-19

pandemic. Unfortunately, the very promising pre-clinical
studies performed in animal models of lung diseases has
not yet translated into improved clinical outcomes in
clinical trials. The field is still struggling with the lack of
knowledge regarding the fate of administered MSCs, lack of
standardized protocols for manufacturing of MSCs, and how
to determine which patients are more likely to respond to this
type of treatment. Despite these limitations, there are several
interesting studies demonstrating that MSCs can be activated
and modified in order to enhance their therapeutic efficacy
using either genetic modifications or environmental factors
including inflammatory cytokines and hypoxia. Moreover,
recent studies have used artificial intelligence as a tool to
predict which MSCs are better to be used in clinical trials, a
strategy that would improve the manufacturing process
substantially and hopefully lead to a better and more
effective MSC cell product. We can conclude that currently
there is no clear path to reconcile the issues discussed in this
review, however one potential solution might be that
investigators begin to combine all aspects of potential
benefits into a unified effort to establish a greater search for
where benefit could occur.
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Asthma is a widespread disease characterized by chronic airway inflammation. It causes
substantial disability, impaired quality of life, and avoidable deaths around the world. The
main treatment for asthmatic patients is the administration of corticosteroids, which
improves the quality of life; however, prolonged use of corticosteroids interferes with
extracellular matrix elements. Therefore, cell-based therapies are emerging as a novel
therapeutic contribution to tissue regeneration for lung diseases. This study aimed to
summarize the advancements in cell therapy involving mesenchymal stromal cells,
extracellular vesicles, and immune cells such as T-cells in asthma. Our findings provide
evidence that the use of mesenchymal stem cells, their derivatives, and immune cells such
as T-cells are an initial milestone to understand how emergent cell-based therapies are
effective to face the challenges in the development, progression, and management of
asthma, thus improving the quality of life.

Keywords: chronic lung diseases, asthma treatments, cell-based therapies, mesenchymal stromal cells,
extracellular vesicles, immune cells

INTRODUCTION

Chronic inflammation can affect the respiratory system in many ways, causing damage to the lungs
and airways. Asthma is the most common condition that affects the airways, contributing to high
absenteeism at work and school. It is the major respiratory disease affecting children (Guibas et al.,
2015). Without a known cause, asthma has a multifactorial background and many risk factors
associated with its development. Most of the risk factors are related to early life events, such as
genetics, several pathogens, and environmental exposures like tobacco smoke and air pollution
(Toskala and Kennedy, 2015; World Health Organisation, 2018; Tiotiu et al., 2020). Asthma is an
inflammatory and heterogeneous chronic disease. It causes hyperresponsiveness of the airways and
exacerbated mucous secretion. It is characterized by recurrent events of cough, wheezing, shortness
of breath, and chest tightness, which persistently lead to airflow limitation. (Toskala and Kennedy,
2015; Papi et al., 2018; Mattiuzi and Lippi, 2020). Asthma prevalence has been increasing over the
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past 50 years affecting around 340 million people worldwide,
both adults and children (Mattiuzi and Lippi, 2020). In low
and lower-middle-income countries, it accounts for most
asthma-related deaths (World Health Organisation, 2018). The
mortality rates of this disease have declined recently. However,
there are still some associated comorbidities, such as systemic
arterial hypertension and pulmonary hypertension, both of which
are related to the number of asthma deaths (Kaplan et al., 2020;
Miethe et al., 2020; Branco et al., 2020).

There are many recognized phenotypes designating asthma.
However, they can be summarized into i) allergic, in early onset,
mild, or moderate-to-severe remodeled asthma or ii) non-allergic
with late-onset eosinophilic asthma or non-eosinophilic asthma
(Kaur, Chupp, 2019). Moreover, asthma can be categorized by
endotypes related to the biomarkers involved in the disease
mechanisms (Chung, 2018). The traditional asthma treatment
is corticosteroid drugs, which have been used since the middle of
the last century (Baldwin et al., 1961). For many patients, inhaled
corticosteroids, in combination or not with long-acting β2
agonists, are an effective treatment, suppressing airway
inflammation and constriction, although it is not curative.
However, 5–10% of asthmatic patients do not respond to
steroid-based therapies (Wang et al., 2010). This leads to
severe steroid-resistant asthma (SSR), which is associated with
non-eosinophilic endotypes of the disease, including neutrophilic
asthma (Kim et al., 2017) As demonstrated in Figure 1, some
alternatives to the classical treatment of choice for asthma have
arisen and most research has focused on cell-based therapies. The
most common is the use of mesenchymal stem cells. However,
studies on extracellular vesicles and immunemodulation by using
T-cells are recently increasing. Although these options are mainly
in the pre-clinical step, they may be a promising approach,
especially in cases of refractory asthma, in which the use of
corticosteroids is no longer a viable option.

Cell-Based Therapies in Asthma
Initial studies of cell-based approaches to repair a damaged lung
started two decades ago, using hematopoietic stem cells. Since
then, other types of cells have been explored, such as
mesenchymal stem cells, endothelial progenitor cells, or even

embryonic stem cells (Kim et al., 2017). In this review, we
summarized the advancements in cell therapy involving
mesenchymal stem cells, extracellular vesicles, and immune
cells (T-cells) in pre-clinical and clinical trial studies (Table 1).

Mesenchymal Stromal Cells
Because of reparative and immunological properties, such as the
potential to attenuate allergic immune diseases safely, mesenchymal
stem cells (MSCs) are being considered as a good approach to treat
asthma (Weiss, 2018). MSCs are multipotent, nonhematopoietic,
and found in both adult and neonatal tissues. They have different
sources, such as bone marrow, adipose tissue, placenta, umbilical
cord, and organs such as the lungs (Sueblinvong et al., 2008).
However, each source of MSCs can present different anti-
inflammatory or regenerative effects (Abreu et al., 2017). This
results in various potential mechanisms of the action of MSCs
from different sources in asthma. Even with a limited number, the
bone marrow-derived mesenchymal stem cells (BM-MSCs) have
been commonly used and are well characterized in experimental
asthma models (Lathrop et al., 2014; Cruz et al., 2015). Habibian
and colleagues (2018) demonstrated that injection of BM-MSCs
into the vein reduced eosinophilia and inhibited expressions of Th2
and Th17 cytokines. In addition, it elevated levels of regulatory
T cells (Tregs) cytokines in an experimental model of allergic
asthma induced by ovalbumin (OVA). On the other hand, the
intratracheal (IT) route delivers cells directly to affected airways.
The BM-MSCs IT injection in OVA-induced asthma decreased
eosinophilia, lymphocyte, total protein, IL-13, and IL-17A levels
and significantly decreased airway remodeling, which persisted for
14 days after the injection (Boldrini-Leite et al., 2020).

OVA-induced asthma is widely used as an asthma model.
However, it is not clinically relevant to humans compared with
allergen and grass pollen. Therefore, allergens such as house dust
mite (HDM) have been considered more clinically relevant,
exhibiting inflammatory and ultrastructural changes in lung
parenchyma and the airways, similar to human disease (Kitoko
et al., 2018). However, the IT injection of BM-MSCs cannot reduce
lung parenchyma inflammation, airway hyperresponsiveness, or
mucus hypersecretion in HDM-induced asthma (Kitoko et al.,
2018). Considering this limitation, a recent study demonstrated
that a pre-treatment with eicosapentaenoic acid (EPA) could
potentiate the BM-MSC-based therapy in HDM-induced
asthma. This leads to the modulation of macrophages toward
an anti-inflammatory phenotype, increased secretion of pro-
resolution and anti-inflammatory mediators, consequently
reducing the remodeling process (Abreu et al., 2018). The
cockroach extract (CE) is another allergen that can lead to
asthma and increase asthma morbidity in children (Pomés
et al., 2019). In a murine cockroach allergen (CRE)-induced
asthma model, the injection of BM-MSC modulate macrophage
differentiation from a pro-inflammatory phenotype (M1) to an
anti-inflammatory phenotype (M2), apparently by aryl
hydrocarbon receptor (AhR) signaling activation. The AhR is a
ligand-activated receptor that mediates the toxicity of
environmental pollutants and can induce molecular cascade
mediated by BM-MSC immunosuppression. Future studies
should be addressed to understand the link between MSC and

FIGURE 1 | Summary of cell-based therapies for Asthma.
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AhR during immunomodulation activity in asthma (Cui et al.,
2020).

Due to the high immunomodulatory capacity in BM-MSC,
adipose-derived mesenchymal stem cells (ADMSCs) could have

therapeutic potential in asthma. ADMSCs injected into the vein
of a mouse with OVA-induced asthma decreased airway
responsiveness, infiltrations of inflammatory cells that are
associated with impaired regulation of Foxp3, interleukin (IL)

TABLE 1 | Cell-based therapies in Asthma.

Author Study type Route Therapy Results

Kitoko et al. (2018) PC- HDM IT BM-MSCs Did not reduce lung parenchyma inflammation, airway hyperresponsiveness or mucus
hypersecretion in asthma model

Habibian, et al. (2018) PC- OVA IV BM-MSCs Reduced eosinophilia, inhibited expressions of Th2 and Th17 cytokines and elevated
levels of regulatory T cells (tregs) cytokines

Abreu et al. (2018) PC- HDM IT BM-MSCs Modulated macrophages toward an anti-inflammatory phenotype, increased secretion of
pro-resolution and anti-inflammatory mediator, consequently reducing the remodeling
process in asthma model

Boldrini-Leite et al.
(2020)

PC-OVA IT BM-MSCs Decreased eosinophilia, lymphocyte, total protein, IL-13, IL-17 A levels and decreased
airway remodeling, which persisted 14 days after injection in asthma model

Cui et al. (2020) PC- CE IT BM-MSCs and
macrophages

Polarized macrophages to an anti-inflammatory phenotype (M2), apparently by aryl
hydrocarbon receptor (AhR) signaling activation in asthma model

Dai et al. (2017) PC-OVA IV AD-MSCs Decreased airway responsiveness, infiltrations of inflammatory cells with are associated
impaired regulation of Foxp3, IL17, IL10 and RORγ expression and restored the
percentage of CD4+CD25 + Foxp3+ tregs in the spleen in asthma model

Dai et al. (2018) PC-OVA IT AD-MSCs The restoration of Th1/Th2 cell balance in asthma model
Halim et al. (2019) PC-OVA Aerosol AD-MSC-pANGPT1 Reduced the expression of pro-inflammatory cytokine genes (IL- 4, TNF, TGF-β, and

MMP-9) in asthma model
Hur et al. (2020) PC-OVA IV AD-MSCs or BM-MSCs Increased Th2 levels and inflammation cell infiltration in asthma model
Li et al. (2017) PC-OVA IV hPMSC Showed a Th17/Treg rebalance mediated by increased IL-10 levels in asthma model
Li et al. (2018) PC-OVA IV hPMSC Decreased of notch pathway in asthma model
Dalouchi et al. (2021) PC-OVA IV hAMSC Decreased in oxidative stress, serum levels of immunoglobulin E (IgE), interleukin 4 (IL-4),

transforming growth factor (TGF-β) and increased interferon gamma (IFN-γ) and IL-10 in
asthma model

Yao et al. (2018) PC-OVA IT iPSC-MSCs Connexin 43 regulate TNTs formation by mediating the mitochondria transfer from iPSC-
MSCs to epithelial cells. The mitochondria prevented epithelial cells apoptosis reducing
the allergic airway inflammation in an asthma model

Zhong et al. (2019) PC-OVA IV iPSC-MSCs Reduced collagen deposition and airway thickening via regulating the expression of
signaling molecules of the TGF-β1/Smad pathway in asthma model

Lin et al. (2018) PC-OVA IV hESC-MSCs Decreased Th2 and treg cells by 47 protein-coding mRNAs in asthma model
Du et al. (2018) PC-

PBMCs
In vitro Exosomes secreted by BM-

MSCs
Tregs modulation in IL-10 and TGF-β1 increase, probably due to antigen presenting cells
(APCs) modulation and not CD4+ T cells in asthma in vitro model

Lin et al. (2019) PC-
PBMCs

In vitro hPMSCs Reduced the CD4+ and CD8+T activation and proliferation and significantly decreased IL-
5 levels in asthma in vitro model

Aguiar et al. (2020) CT IV BMMCs No serious adverse events. Lung function remained stable throughout. A slight increase in
ventilation of the right lung

Zhuansun et al. (2019) PC-
PBMCs

In Vitro Exosomes secreted by BM-
MSCs

miR-1470 which promote the differentiation of CD4+CD25 + FOXP3+ tregs in PBMCs of
asthmatic patients by inducing the expression of P27KIP1

Cruz et al. (2015) PC- AHE IV EVs by hBM-MSC and
mMSCs

EVs from hMSCs demonstrated be more potent than those from mMSCs in asthma
model

de Castro et al. (2017) PC-OVA IV EVs by AD-MSC EVs acting different fromMSCs regarding to lung mechanic, pro-inflammatory mediators,
and regulatory T cells in asthma model

Fang et al. (2020b) PC- OVA IV sEV by iPSC-MSCs Reduced M2 macrophages in an asthma model and suggested that EVs presents 312
proteins that can be involved in the therapeutic effects

Dong et al. (2021) PC-OVA IV EVs by hUC- MSC Increased of miR-146a-5p acting on inflammation and airway remodeling by decrease
pro-inflammatory mediators (IL-13and IL-4) and the expression of pro fibrogenic markers
(α-SMA, collagen-1, and TGF-β1-p-smad2/3 signaling pathway in asthma model

Hoshino et al. (2019) CT SLIT HDM tablet Reduced FeNO (fractional exhaled nitric oxide), eosinophilic airway inflammation and
improved the airflow limitation in asthmatic patients

Xian et al. (2020) CT SLIT and
SCIT

Der-p and der-f SLIT and SCIT upregulated CD4+CD25 + FoxP3+ tregs, however only SLIT showed
clinical improvement related to tregs in asthmatic patients

Skuljec et al. (2017) PC- OVA IV CAR tregs CAR tregs reduced airway hyper-reactivity, eosinophilic airway inflammation and cell
infiltrates in the lung. Moreover, prevented excessive mucus production and increased
allergen-specific IgE and Th2 cytokine levels

BM-MSC, bonemarrow-derivedmesenchymal stromal cells; AD-MSCs, adipose-derivedmesenchymal stem cells; hAMSC, human amniotic membrane; IT, intratracheal; IV, intravenous;
hPMSCs, placental-derived mesenchymal stromal cells; iPSC-MSCs human induced pluripotent stem cell; hESC-MSCs, human embryonic stem cells; PBMCs, peripheral blood
mononuclear cells; EVs, Extracellular vesicles; sEV, small extrecallular vesicles; UC-MSC, umbilical cord mesenchymal stromal cells; PC, Pre-clinical; CT, Clinical trial; HDM, house dust
mite; OVA, ovalbumine; CE, cockroach extract; AHE, Aspergillus fumigatus hyphal extract; SLIT, sublingual immunotherapy; SCIT subcutaneous immunotherapy; Der-p,
Dermatophagoides pteronyssinus; Der-f, Dermatophagoides farina.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6485063

Cereta et al. Cell-Based Therapies for Asthma

88

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


17, IL10, and RORγ expression and restored the percentage of
CD4+CD25 + Foxp3+ Tregs in the spleen (Dai et al., 2017). The
restoration of Th1/Th2 cell balancemediated by ADMSCsmay be
the mechanism associated with airway responsiveness and
inflammation decrease in OVA-induced asthma (Dai et al.,
2018). However, ADMSCs can be enhanced by gene
transfection. The MSC-pANGPT1 (angiopoietin 1 gene) were
aerosolized in a rabbit OVA-induced asthma and reduced the
expression of pro-inflammatory cytokine genes (IL-4, TNF, TGF-
β, and MMP-9), which can be an additional beneficial effect in
asthma treatment (Halim et al., 2019). Apart from cell source, the
cell dose, cell injection frequency, and injection site are crucial in
MSC therapy. Hur and colleagues (2020) showed that double
injection of ADMSCs and BM-MSCs in OVA-induced asthma
increased Th2 levels and inflammatory cell infiltration. Therefore,
both ADMSCs and BM-MSCs can be used for asthma treatment.
However, the frequency of injection should be used carefully.

MSCs derived from adult tissues can present limited
therapeutic benefits due to their cell variability quality from
different donors and their limitation in proliferative capacities
(Crisostomo et al., 2006). Hence, human placenta MSCs
(hPMSCs) could be an alternative source of stem cells for
therapeutic use. The hPMSCs have few ethical issues, are
easily obtained, and demonstrate prominent inhibitory effects
on T cells compared with BM-MSCs (Li et al., 2014). The hPMSC,
from the placental tissue of a healthy pregnant mother, was
injected into a rat OVA-induced asthma for the first time in
2017. It showed a Th17/Treg rebalance mediated by increased IL-
10 levels (Li et al., 2017). A further study suggested that the Notch
pathway, associated with the induction of Th2 in asthma,
decreased its expression after treatment with hPMSC (Li et al.,
2018). Moreover, a recent study demonstrated that the human
amniotic membrane (hAM) could be an ideal mesenchymal
source. This is because it can decrease oxidative stress, serum
levels of immunoglobulin E (IgE), IL4, transforming growth
factor (TGF-β), and increase interferon-gamma (IFN-γ) and
IL-10 in the OVA-induced asthma model (Dalouchi et al., 2021).

It is well known that human-induced pluripotent stem cells
(iPSC-MSCs) have emerged as another valuable mesenchymal
source compared with MSCs derived from adult tissue due to
their higher proliferative and differentiation capacity, longer life
span, and more substantial immune privilege (Gao et al., 2017). A
study using an OVA-induced asthma model showed that
connexin 43 regulates TNTs formation by mediating the
mitochondria transfer from iPSC-MSCs to epithelial cells. The
mitochondria prevent epithelial cell apoptosis, reducing the
allergic airway inflammation in an asthma model (Yao et al.,
2018). Furthermore, iPSC-MSC administered in a chronic
asthma model can reduce collagen deposition and airway
thickening via regulating the expression of signaling molecules
of the TGF-β1/Smad pathway (Zhong et al., 2019). This shows a
potential therapeutic effect in the treatment of acute or chronic
asthma. However, iPSCs present genetic instability and
tumorigenicity after reprogramming in vivo (Tan et al., 2014).
Nonetheless, this requires further studies before their use in
clinical applications. On the other hand, MSCs derived from
human embryonic stem cells (hESC-MSCs) present the same

advantages as iPSC-MSC with less risk of genetic instability. This
may decrease Th2 and Treg cells by 47 protein-coding mRNAs,
which are potential targets for asthma treatment in a future
clinical study (Lin et al., 2018).

According to previous demonstrations, the use of MSCs to
treat asthma has been successful in different animal models.
However, there are still some issues that must be addressed
before translating this therapy to humans. To the best of our
knowledge, there is only one study (Aguiar et al., 2020) that
demonstrated the potential efficacy of MSCs in patients with
asthma and one ongoing clinical trial (NCT03137199). However,
these studies (Aguiar et al., 2020) have limitations, such as a small
sample size with no placebo-control and inflammatory
biomarkers. Procedures for cell culture need to be
appropriately standardized to produce a satisfactory number of
cells and should be proliferative and maintain their regeneration
properties. Also, the source of the MSCs and their effects must be
accurately known as they may vary according to different types of
MSCs (Yu et al., 2020). Therefore, the major challenge is to define
efficient protocols to harvest, culture, and deliver the MSCs to
obtain a proper therapy. Likewise, effort must be applied in future
studies to finally address MSCs in human asthma treatment.

Extracellular Vesicles
Extracellular vesicles (EVs) are secreted by many types of cells,
including MSCs. They circulate in the extracellular space and
include exosomes, microvesicles, and apoptotic bodies. These
vesicles are implicated in cell-cell communication and are
considered essential for homeostasis. EVs usually contain
intracellular proteins, lipids, and nucleic acids, as well as
miRNAs, cytokines or chemokines, tissue factors, or caspases
(Bartel et al., 2020; Nagano et al., 2019; Andres et al., 2020; Cañas
et al., 2019; van den Berge and Tasena, 2019). Therefore, the
biological factors secreted by MSCs can be the key mechanism in
asthma treatment. Furthermore, MSC-EVs are better defined, less
complicated, and easier to store compared with MSCs (Konala
et al., 2016). The first experiments with EVs in asthma models
demonstrated that EVs acted differently from MSCs regarding
lung mechanics, pro-inflammatory mediators, and regulatory
T-cells (de Castro et al., 2017). Moreover, EVs from hMSCs
were more potent than those from mMSCs (Cruz et al., 2015).
Therefore, their use must be encouraged with further
investigation.

Recent data have shown that intravenous treatment in an
experimental model of asthma with EVs derived from iPSC-
MSCs can prevent the increase of group 2 innate lymphoid cells
(ILC2s), which is responsible for the initiation and maintenance
of type 2 allergic airway inflammation, probably through miR-
146a-5p. In addition, a protocol of anion-exchange
chromatography for isolation of MSC-EVs was standardized in
this study. This study demonstrated some advantages when
compared with the ultracentrifugation protocol due to the
scalable approach and feasibility of application in industrial
production (Fang et al., 2020a). Based on this protocol for
isolation of MSC-EVs, the same group showed for the first
time that this approach reduced M2 macrophages in an
asthma model and suggested that EVs present 312 proteins
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that can be involved in therapeutic effects (Fang et al., 2020b).
Conversely, considering that miR-146a-5p is abundant in human
umbilical cord MSCs (hUCMSC-EVs) (Song et al., 2017), these
EVs could be a potential choice for asthma treatment. Dong and
colleagues (2021) demonstrated for the first time that a hypoxia
environment for EVs extraction from hUCMSCs can increase the
miR-146a-5p level evenmore inmice with OVA-induced asthma.
The increase of miR-146a-5p acts on inflammation and airway
remodeling by decreasing pro-inflammatory mediators (IL-
13and IL-4) and the expression of profibrogenic markers
(α-SMA, collagen-1, and TGF-β1-p-smad2/3 signaling
pathway) in OVA mice. Therefore, oxygen depletion can play
an important role during the EV secretion. It should, therefore, be
considered during asthma treatment with EVs.

On the other hand, Exosomes derived from MSCs presents
similar immunomodulatory effect as MSCs. The peripheral blood
mononuclear cells (PBMCs) of patients with asthma have mainly
been used associated with exosomes in in vitro studies. One study
where exosomes secreted by BM-MSCs were isolated and
cultured with PBMCs from patients with asthma demonstrated
Tregs modulation in IL-10 and TGF-β1 increase. This was
probably due to antigen-presenting cell (APC) modulation and
not CD4+ T cells. Thus, BM-MSC exosomes may prevent the
disadvantages of BM-MSCs and be a potential therapeutic agent
for asthma (Du et al., 2018). Moreover, BM-MSC exosomes
presents high level miR-1470 which promote the
differentiation of CD4+CD25 + FOXP3+ Tregs in PBMCs of
asthmatic patients by inducing the expression of
P27KIP1(Zhuansun et al., 2019) In another recent study,
hPMSCs were cultured with PBMCs from children with
asthma, reducing CD4+ and CD8+T activation and
proliferation and significantly decreasing IL-5 levels (Lin et al.,
2019). Therefore, considering the inadequate response to
conventional treatment, administration of hPMSCs could be a
good option.

After all, it seems that EVs secreted by MSCs are a promising
cell therapy for asthma. However, these results should be
interpreted with caution because of the limited number of
studies. Thus, more evidence is needed.

Immune Cell Treatment: T-Cells
In response to an asthma attack, there is an elevation in the
number of inflammatory cells, activated eosinophils, and T cells.
The T cells are responsible for the recognition and reaction
against specific antigens, which stimulate the differentiation of
naive CD4+ T cells into Th2 cells and Tregs. These Tregs suppress
an excessive immunological response of Th2. However, when the
Tregs are dysfunctional and cannot control Th2, asthma can
develop (Kawayama et al., 2018). In this sense, treatment based
on Tregs by increasing their number and enhancing their
suppression function could be a good alternative for asthmatic
patients.

Antigen-specific immunotherapy (ASIT) is the most used
method for Tregs induction, and it can be administrated by
sublingual immunotherapy (SLIT) (Hoshino et al., 2019) and
subcutaneous immunotherapy (SCIT) (Lozano et al., 2014).
There are promising clinical trials regarding the use of SCIT

in asthmatic patients and HDM (house dust mite), where SLIT
tablets are often used. Hoshino et al., 2019 showed that HDM
SLIT tablet reduced fractional exhaled nitric oxide (FeNO),
eosinophilic airway inflammation, and improved the airflow
limitation in patients with asthma. On the other hand, the
administration SLIT and SCIT for Dermatophagoides
pteronyssinus (Der-p) and Dermatophagoides farinae (Der-f),
the most common allergens in patients with asthma in China,
demonstrated similar efficacy in an asthmatic patient, mediated
from different mechanisms. SLIT and SCIT upregulated
CD4+CD25 + FoxP3+ Tregs. However, only SLIT showed
clinical improvement related to Tregs (Xian et al., 2020).
Despite these results, SCIT is just recommended as an adjunct
to pharmacotherapy in individuals with asthma, and SLIT is not
recommended (Cloutier et al., 2020).

On the other hand, Tregs can be engineered ex vivo with a
chimeric antigen receptor (CAR) (Hombach et al., 2009) and
provide more specificity regarding to diversity of asthma
antigens. Skuljec and colleagues (2017) showed that injection
of CAR Tregs in a mouse OVA-induced asthma was effective in
reduced Th2, mucus hypersecretion, airway hyper-reactivity and
allergen-specific IgE.Further studies should be addressed to
identify asthma triggers and improve treatments based on Treg.

CONCLUSION

Animal models and clinical trials suggest that cell-based
therapies are a potential strategy for asthma treatment,
although these therapies are still on preliminary studies or
the pre-clinical testing phase. The use of mesenchymal stem
cells to treat asthma is still a major discussion because it lacks
translation to humans. To date, most of the evidence relies on
animal studies and only a few on human subjects, including an
ongoing clinical trial.

Another possibility is the use of extracellular vesicles or T-cell.
However, current studies still lack profound knowledge on the
effects of EVs. In conclusion, the effects of these cells and
derivatives can be addressed to reduce responsiveness and
inflammation according to preliminary studies. This can
contribute to improving lung function, immunity response,
and tissue regeneration/repair at the bronchial level. Although
research on these topics is still at the initial stage, more evidence
and research efforts are warranted.

The use of mesenchymal stem cells, their derivatives, and
immune cells such as T-cells are just the initial milestones to
understand how emergent cell-based therapies are effective to
face the challenges of the development, progression, and
management of asthma, thus improving the quality of life.
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Gene Therapy: A Possible Alternative
to CFTR Modulators?
J. Mercier1, M. Ruffin1, H. Corvol1,2 and L. Guillot1*

1Sorbonne Université, Inserm, Centre de Recherche, Saint Antoine, F-75012, Paris, France, 2Pneumologie Pédiatrique, APHP,
Hôpital Trousseau, Paris, France

Cystic fibrosis (CF) is a rare genetic disease that affects several organs, but lung disease is
the major cause of morbidity and mortality. The gene responsible for CF, the CFTR (Cystic
Fibrosis Transmembrane Conductance Regulator) gene, has been discovered in 1989.
Since then, gene therapy i.e., defective gene replacement by a functional one, remained
the ultimate goal but unfortunately, it has not yet been achieved. However, patients care
and symptomatic treatments considerably increased CF patients’ life expectancy ranging
from 5 years old in the 1960s to 40 today. In the last decade, research works on CFTR
protein structure and activity led to the development of new drugs which, by readdressing
CFTR to the plasma membrane (correctors) or by enhancing its transport activity
(potentiators), allow, alone or in combination, an improvement of CF patients’ lung
function and quality of life. While expected, it is not yet known whether taking these
drugs from an early age and for years will improve the quality of life of CF patients in the long
term and further increase their life expectancy. Besides, these molecules are not available
(specific variants ofCFTR) or accessible (national health policies) for all patients and there is
still no curative treatment. Another alternative that could benefit from new technologies,
such as gene therapy, is therefore still attractive, although it is not yet offered to patients.
Faced with the development of new CFTR correctors and potentiators, the question arises
as to whether there is still a place for gene therapy and this is discussed in this perspective.

Keywords: cystic fibrosis, gene therapy, ivacaftor, lumacaftor, tezacaftor, personalized medicine

INTRODUCTION

Cystic fibrosis (CF) is a rare genetic disease caused by pathogenic variants in the CFTR (Cystic
Fibrosis Transmembrane Conductance Regulator) gene, which encodes for a chloride channel
expressed ubiquitously within epithelia. As a result, ionic and hydric imbalances across epithelia are
observed in several organs, affecting their function. Specifically, manifestations can occur in the
pancreas, liver, kidneys, and intestine, but lung disease is the main cause of morbidity and mortality
of CF patients.

Since the CFTR gene discovery in 1989, more than 2000 variants of the CFTR gene have been
identified. They were classified into six classes depending on their consequences on the CFTR
protein. CF patients’ life expectancy increased considerably between the 1960s and the beginning of
the 21st century mainly due to symptomatic treatment development and to patient management
standardization. However, even if new promising drugs (called “CFTR modulators”) directly
targeting the CFTR protein are already available for some CF patients, there is still no curative
treatment. Gene therapy, as defined by the delivery of a wild-type CFTR gene in cells, might be this
curative treatment but is not yet available.
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This perspective briefly describes the latest development of
CFTR modulators and CFTR gene delivery strategies and
discusses whether gene therapy is a still relevant alternative to
be considered with respect to these promising molecules.

CFTR Modulators
In the last decade, new drugs called “CFTR modulators”
addressing the direct consequences of CFTR variants on the
CFTR protein have been identified thanks to high-throughput
screening (extensively reviewed in (Lopes-Pacheco, 2019)). The
two major types of CFTR modulators are correctors and
potentiators. Correctors are intended to improve CFTR
trafficking to the plasma membrane, while potentiators are
designed to increase CFTR channel conductance. Thus,
correctors and potentiators can only be effective on certain
classes of CFTR variants i.e., those affecting CFTR protein
trafficking (class II) and conductance (class III and IV). CFTR
class I variants, that result in the absence of protein synthesis, and
CFTR class V and VI variants, that lead to decreased CFTR
protein quantity production, are excluded from modulator
therapies. CFTR modulators approval represents a
breakthrough in CF care because a significant improvement in
patient’s lung function (evaluated by measurements of FEV1
(forced expiratory volume in 1 s)) has been observed (Table 1).

Ivacaftor, the first potentiator designed to target the G551D
gating variant (the most prevalent CFTR class III gating variant),
showed in phase 3 clinical trial that patients gain more than 10%
of FEV1 (Ramsey et al., 2011). Ivacaftor was then validated for
other CFTR class III gating variants. A few years after, modulators
targeting the most common CFTR variant called F508del (a class
II variant) emerged. The combination of the corrector lumacaftor
with the potentiator ivacaftor was approved for patient
homozygotes for the F508del variant but showed limited FEV1
improvement. New correctors and combinations emerged
further, which have more interesting effects on FEV1, allowing
to address patients carrying only one F508del variant (Table 1).
The latest combination (elexacaftor/tezacaftor/ivacaftor) showed
indeed impressive results with a 14% increase in FEV1
(Heijerman et al., 2019; Middleton et al., 2019). Even if the
level of increased lung function remains the principal
measurement of treatment efficiency, these modulators have
also been shown to be beneficial for other clinical parameters
including increased body-mass index, improved life quality, and
decreased exacerbations frequency.

Altogether, based on their age and genotype, around 80% of the
patients reported in the Cystic Fibrosis Foundation Patient Registry
are eligible for CFTR modulators (https://www.cff.org/Research/
Researcher-Resources/Patient-Registry/). According to this
registry, 10% of the patients are still too young to be eligible for
CFTRmodulators; and the remaining 10% carryCFTR variants not
currently known to be responsive to modulators or have unknown
or incomplete genotypes. Among these patients, it has been
estimated that 7% may require genetic-based therapy.

In this new promising era, some other concerns remain. For
example, it should be noted that the hindsight on these treatments
is limited, which makes it difficult to assess their long-term
efficacy and tolerance. According to national health policies,
the cost of these treatments might also be an obstacle to their
access for all CF patients. Finally, as shown in a recent
retrospective study, among 845 CF patients who initiated
lumacaftor/ivacaftor, 22.8% fully or temporarily discontinued
their treatment mostly because of respiratory adverse events
(Burgel et al., 2020). This could result in limiting the total
number of patients who can benefit from these treatments.

The latest generation ofmodulator, the triple therapy, elexacaftor/
tezacaftor/ivacaftor, showed impressive results leading us to question
in this perspective whether gene therapy is still attractive.

GENE THERAPY: WHAT’S UP?

Gene therapy consists of introducing a functional gene into host
cells to replace a defective gene. Theoretically, this could be a
perfect match for the needs of a monogenic disease as CF and
could lead to a universal treatment for CF patients. Especially
since Johnson and colleagues stated in 1992 that 6–10% of CFTR-
corrected cells are sufficient to observe a therapeutic effect in vitro
(Johnson et al., 1992), we can speculate that correction of all CF
airway cells may not be mandatory to observe the same effect in
vivo. However, the race for CF gene therapy turned out to bemore
challenging than expected so far.

Lungs: Barriers to Delivery
The lung represents an organ of choice for the delivery of organ-
specific treatments due to its ease of access. Therefore, aerosol
administration has been widely used in previous clinical trials of
pulmonary gene therapy as reviewed by Resnier et al. (Resnier
et al., 2016). However, the major difficulty encountered in these

TABLE 1 | CFTR modulators available for the treatment of CF patients. ppFEV1: percent-predicted Forced Expiratory Volume in 1 s; m.o.: months old; y.o.: years old. *only
initial Phase III studies are cited. [detailed in (Lopes-Pacheco, 2019)].

Molecules First approval date Eligibility age Indication* Absolute
change in ppFEV1

Ivacaftor 2012 ≥6 m.o. G551D/other Ramsey et al. (2011) 10.6%
Class III variants/Other Davies et al. (2013) 12.5%

Lumacaftor/ivacaftor 2015 ≥2 y.o. F508del/F508del Wainwright et al. (2015) 2.8%
Tezacaftor/ivacaftor 2018 ≥6 y.o. F508del/F508del Taylor-Cousar et al. (2017) 4%

F508del/residual function variant in trans Rowe et al. (2017) 6.8%
Elexacaftor/tezacaftor/ivacaftor 2019 ≥12 y.o. F508del/minimal function variant in trans Middleton et al. (2019) 13.8%

F508del/F508del Heijerman et al. (2019) 10.4%
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trials is the delivery of the gene into airway epithelial cells. Indeed,
mucus, mucociliary clearance, and lung immune responses
complicate the entry of the gene transfer agent into target
cells, and the few that succeed encounters a new obstacle: the
nuclear membrane (Yonemitsu et al., 2000; Stern et al., 2003;
Schuster et al., 2014; Xia et al., 2014). Moreover, since the airway
epithelium renews itself gradually, another challenge is to target
progenitor cells to obtain a permanent treatment and avoid
repeated required deliveries (Gill and Hyde, 2014).

CFTR Gene Delivery Methods: Advantages
and Limitations
Only 1 year after the CFTR gene discovery in 1989 (Kerem et al.,
1989; Riordan et al., 1989; Rommens et al., 1989), two groups
independently showed that it was possible to produce a functional
CFTR protein by using a viral vector to introduce the full-length
CFTR gene in vitro (Drumm et al., 1990; Rich et al., 1990). This
proof of concept paved the way for the beginning of CF gene
therapy clinical trials (Figure 1). To efficiently introduce a
normal CFTR gene into cells, various delivery strategies have
been developed for three decades, including viral and non-viral
vector systems, and are briefly presented after (recently reviewed
in detail by (Cooney et al., 2018; Schneider-Futschik, 2019; Yan
et al., 2019)).

Viral Vectors
Viruses have a high natural capacity to infect host cells and were
modified by scientists to decrease their pathogenicity. Thus,
recombinant vectors expressing a foreign antigenic protein or

a functional protein were created and used for vaccines or gene
therapy, respectively.

Recombinant Adenovirus Vector
Recombinant Adenovirus-based vectors (rAd-vector) were the
first viral vectors used in CF gene therapy clinical trials. They are
non-enveloped viruses with a linear and double-stranded DNA
genome. Commonly, two serotypes are observed beyond Ad -
type 2 (Ad2) or type 5 (Ad5) which allow host-cell binding. In
vivo studies showed that Ad-vectors were transduced in all airway
epithelial cell types (Mastrangeli et al., 1993) and also in
submucosal glands (Pilewski et al., 1995). The first use of Ad-
vectors with CFTR gene in CF gene therapy clinical trial showed
that their delivery was safe, with little or no immune response and
a partial correction of Cl− transport defect (Zabner et al., 1993;
Zabner et al., 1996). Crystal et al. showed that rAd-CFTR protein
was expressed in the airway epithelium 4 days after intra-
bronchial administration. They tested doses up to 2 × 109 pfu,
which led to short-term adverse events such as transient systemic
inflammation (Crystal et al., 1994). No other adverse event was
reported after a 6-months follow-up. Another trial showed no
evidence of CFTR functional defect correction, probably due to
inflammatory responses (Knowles et al., 1995). Thus, rAd-vectors
are capable of transducing and occasionally correcting Cl−

transport defect in CF human airway epithelial cells. Yet, some
inflammatory responses were observed. Besides, rAd-vector DNA
does not integrate the host cell genome but rather persists within
the cells as episomal DNA (Athanasopoulos et al., 2017). Finally,
rAd-vector DNA is not replicated upon cell divisions, requiring
multiple deliveries for patients.

FIGURE 1 | Summary of CF gene therapy clinical trials. Colors represent vector agent used (red: Ad, purple: AAV, yellow: liposome). Vectors agent made with
biorender: https://biorender.com.
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Recombinant Adeno-Associated Virus Vector
Recombinant adeno-associated virus vectors (rAAV) are
characterized by their ability to transduce both dividing and
quiescent cells and by their high transduction efficiency in
primary human airway (Yan et al., 2013). Those vectors are
less immunogenic than Ad-vectors and were the most used
vectors in CF gene therapy clinical trials, showing a strong
safety profile record but failed in improving the lung function
(Wagner et al., 1999; Wagner et al., 1998; Aitken et al., 2001;
Wagner et al., 2002; Flotte et al., 2003; Moss et al., 2007)
(Figure 1).

A limitation of rAAV vector is its packaging capacity limited
to 4.8 kb (Blacklow et al., 1988; Wu et al., 2010). The small size of
this vector may give it an advantage to enter cells more easily but
considering that the size of the CFTR gene is 4.6 kb, there is
almost no space left for regulatory sequences allowing CFTR gene
expression enhancement. As reviewed by Cooney and coll., the
shortening of the CFTR gene and other cassette sequences led to a
generation of modified AAV vectors that expressed
functional CFTR.

Moreover, rAAVs vectors genome integrates into the human
genome (Kotin et al., 1991; Samulski et al., 1991; Kotin et al.,
1992; Rivadeneira et al., 1998; Ding et al., 2003; Janovitz et al.,
2014) and can also persist as episomal DNA in post-mitotic
tissues when the replication protein rep is absent
(Athanasopoulos et al, 2017). Besides, rAAV-mediated
transduction has been proved to induce a long-lasting gene
expression up to several months in pigs (Steines et al., 2016)
and better rAAV vectors allowing an increased packaging
capacity and higher tropism for airway epithelial cells are
developed (Yan et al., 2019).

Helper-Dependent Adenovirus Vector
Helper-dependent adenovirus (Hd-Ad) vectors, which have had all
viral genes deleted, were developed to circumvent inflammatory
properties of rAd-vectors (Parks et al., 1996). With a 36 kb
packaging capacity (Cots et al., 2013), they circumvent little
packaging capacities of rAAV-vectors. Multiple serotypes of
Hd-Ad vectors have been tested but serotype 5 showed effective
transduction in vivo in airways basal cells in mouse and pig models
and, in vitro, in primary human airway epithelial cell cultures (Cao
et al., 2018; Palmer et al., 2020).

Lentivirus
Finally, the last type of viral vector used for CF gene therapy
studies is lentiviral vector, which could allow a genomic
integration and provide a long-term expression (Naldini et al.,
1996) without repeated administrations. Even if LV vectors seem
less likely to be destroyed by immune system than rAAVs,
because of no-prexisting immunity (neutralizing antibodies),
they activate the immune system as the other viral vectors
(Nayak and Herzog, 2010). LV-mediated transgene integration
site into the host genome can be multiple, extremely variable and
potentially leading to proto-oncogenes activation. This property
led to the interruption of a clinical trial in severe combined
immunodeficiency patients (Hacein-Bey-Abina et al., 2003a;
Hacein-Bey-Abina et al., 2003b; Fischer et al., 2004; Fischer

and Cavazzana-Calvo, 2005; Hacein-Bey-Abina et al., 2008). In
order to circumvent this, LV vectors design was then improved
with self-inactivating (SIN) of long terminal repeats (LTRs),
reducing the genotoxic risk of these strong enhancer-promoter
sequences (Modlich and Baum, 2009; Milone and O’Doherty,
2018). Thus, lentiviruses still seem to be interesting vectors for CF
gene therapy as some lentiviral vector pseudotypes demonstrated
high vector production and apical tropism to airway epithelium
in vitro and in vivo (Sinn et al., 2005; McKay et al., 2006). Plus,
repeated administration was possible without blocking antibody
immune responses (Sinn et al., 2008; Griesenbach et al., 2012) and
LV efficiency was demonstrated in several animal models
including mice, ferret and pigs (Oakland et al., 2013; Yan
et al., 2015; Cooney et al., 2016). Recently, a study with a
promising lentiviral vector developed by the United Kingdom
Cystic Fibrosis Gene Therapy consortium showed a 14% airway
cells transduction efficiency in vitro, low toxicity and an
integration site profile supporting a future first-in-man trial
(Alton et al., 2017).

Nevertheless, viral vectors use can be limited by several factors.
Firstly, neutralizing antibodies to Ad or AAV, due to the immune
response to previous natural infection, are frequently found in
patients, rendering them ineligible for this kind of treatments
(Erles et al., 1999). Secondly, viral vectors internalization into
host cells requires receptors such as αV integrins (Wickham et al.,
1993), Coxsackie-Adenovirus Receptor (Bergelson et al., 1997),
heparan sulfate glycosaminoglycans (Dechecchi et al., 2001) or
fibroblast growth factor receptors (Duan et al., 1998) that are
expressed on the basolateral membrane of bronchial epithelial
cells, thus explaining the lack of transduction efficiency (Duan
et al., 1998; Pickles et al., 1998; Marquez Loza et al., 2019).
Pseudotyping viral vectors with proteins able to interact with
apical membrane receptors of airway epithelial cells is thus
required to enhance delivery efficiency.

Non-Viral Vectors
Non-viral vectors allow genomic material delivery into cells by
direct administration as naked DNA or associated with different
compounds. Those vectors have theoretically no size restrictions
and have mainly three possible configurations: lipid-based,
peptide-based or polymer-based delivery. They can carry
plasmid or linear DNA as well as RNA molecules. A non-viral
strategy for CFTR delivery was considered as an alternative to
viral vectors. Indeed, several studies showed that cationic lipids
were safe delivery vehicles for gene transfer (Kollen et al., 1996;
Fasbender et al., 1998; McDonald et al., 1998), their main issue
remaining the limited transgene delivery into the nucleus
(Brisson et al., 1999). However, as recently reviewed (Cooney
et al., 2018), several clinical trials using cationic lipids showed
transient expression of vector related-CFTR for few days and
partial restoration of nasal potential differences in CF patients
without significant clinical effect on lung function (Caplen et al.,
1995; Gill et al., 1997; Porteous et al., 1997; Zabner et al., 1997;
Alton et al., 1999; Noone et al., 2000; Ruiz et al., 2001; Konstan
et al., 2004). In 2015, Alton and colleagues reported an increase in
FEV1 of 3.7% (0.07–7.25%) after using pGM169/GL67A cationic
lipid (Alton et al., 2015b) in patients who received nebulized
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vector at 28 days intervals for 12 months (Alton et al., 2015a).
However, as FEV1 improvements observed were only comparable
to those obtained with some CFTR modulators, trial did not result
in the current clinical application for CF patients. Alton et al. now
focused on alternative lentiviral vectors candidates, such as the
lentiviral vector based on simian immunodeficiency virus (SIV)
pseudotyped with Sendaï virus envelope proteins Fusion (F) and
Hemagglutinin-Neuraminidase (HN) (rSIV.F/HN), which retains
90–100% transduction efficiency and leads to a functional CFTR
expression in preclinical models (Alton et al., 2016; Alton et al.,
2017).

GENE THERAPY STILL TO CONSIDER?

To date, CF gene therapy clinical trials have not been conclusive,
with a weak effect observed on CF patients’ lung function,
associated with important immune responses, which may
render the treatment ineffective. Moreover, as mentioned
previously, the recent developments of effective drugs such as
the triple combination elexacaftor/tezacaftor/ivacaftor, which
greatly improves patients’ lung function and quality of life, has
given rise to the idea that “cystic fibrosis is almost cured”. Thus, it
is therefore legitimate to wonder to what extent gene therapy still
has a place in the treatment of CF. However, it should be
remembered that the drugs currently on the market still leave
aside at least 10% of CF patients without curative treatment, as
highlighted by the Cystic Fibrosis Foundation patient registry. In
addition, current CFTR modulators are not well tolerated by all
eligible patients and real-life studies show that numerous patients
stop their treatment. Besides, we do not have enough hindsight to
predict effectiveness of these promising drugs in the long term.

Over the last 20 years, gene therapy has shown successful
transient or permanent results for several diseases such as
X-linked severe combined immune deficiency (Cavazzana-
Calvo et al., 2000), adenosine deaminase deficiency (Cicalese
et al., 2016), Leber congenital amaurosis (Cideciyan et al.,
2013), hemophilia (Nathwani et al., 2011), severe beta-
Thalassemia (Cavazzana-Calvo et al., 2010; Persons, 2010), but
also Parkinson’s disease (Palfi et al., 2014) or leukemia, with 27
children who experienced complete remission after treatment
(Maude et al., 2014). In 2012, the first viral gene-therapy
treatment was approved in Europe for treatment of lipoprotein
lipase deficiency (Yla-Herttuala, 2012) and showed good results

even years later (Gaudet et al., 2016). Recently, gene therapy also
showed promising results for Leber hereditary optic neuropathy
by improving bilateral vision in patients over 96 weeks of follow-
up after a unilateral intravitreal injection (Yu-Wai-Man et al.,
2020). These successful trials were carried out on easily accessible
hematopoietic stem cells or by direct vectors injections into
specific tissues, which may explain previous trials failure in CF
compared to other diseases.

In addition to wild-type CFTR gene delivery strategy, CFTR
gene editing with CRISPR/Cas9 technology emerged as a
promising therapeutic option for CF patients (Hodges and
Conlon, 2019). New strategies are also currently tested in on-
going trials, such as RESTORE-CF phase I/II clinical trial (http://
ClinicalTrials.gov Identifier: NCT03375047), which evaluates
safety and tolerability of MRT5005, an RNA-based therapy.
RNA-based therapy has the advantage of not disturbing the
genome, however would require repeated doses. Another
promising strategy is to combine gene therapy with
pluripotent stem cells (iPSCs). As a proof of concept, Hawkins
et al. succeeded to derive airway basal cells from human iPSCs, to
perform an engraftment and to allow epithelial regeneration in
vivo using a tracheal xenograft model in immune-compromized
mice, with similar structure and composition than in vivo airways
(Hawkins et al., 2020). The long-term goal is to obtain a de novo
generation of the full diversity of lung lineages and transplantable
3D lung tissues, that could be corrected by gene therapy and
transferred into CF patients (Kotton, 2012).

In conclusion, CF gene therapy still has a bright future ahead.
The main current challenge is to circumvent technical problems
of transduction encountered in the lung. If this happens one day,
not only will CF be truly cured, but the gene therapy might also be
applied to other lung genetic diseases.
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(2011). A CFTR potentiator in patients with cystic fibrosis and
theG551DMutation. N. Engl. J. Med. 365 (18), 1663–1672. doi:10.1056/
NEJMoa1105185

Resnier, P., Mottais, A., Sibiril, Y., Le Gall, T., and Montier, T. (2016). Challenges
and successes using nanomedicines for aerosol delivery to the airways. Cgt 16
(1), 34–46. doi:10.2174/1566523216666160104142013

Rich, D. P., Anderson, M. P., Gregory, R. J., Cheng, S. H., Paul, S., Jefferson, D. M.,
et al. (1990). Expression of cystic fibrosis transmembrane conductance
regulator corrects defective chloride channel regulation in cystic fibrosis
airway epithelial cells. Nature 347 (6291), 358–363. doi:10.1038/347358a0

Riordan, J. R., Rommens, J., Kerem, B., Alon, N., Rozmahel, R., Grzelczak, Z., et al.
(1989). Identification of the cystic fibrosis gene: cloning and characterization of
complementary DNA. Science 245 (4922), 1066–1073. doi:10.1126/science.
2475911

Rivadeneira, E. D., Popescu, N. C., Zimonjic, D. B., Cheng, G. S., Nelson, P. J., Ross,
M. D., et al. (1998). Sites of recombinant adeno-associated virus integration. Int.
J. Oncol. 12 (4), 805–810. doi:10.3892/ijo.12.4.805

Rommens, J., Iannuzzi, M., Kerem, B., Drumm, M., Melmer, G., Dean, M., et al.
(1989). Identification of the cystic fibrosis gene: chromosome walking and
jumping. Science 245 (4922), 1059–1065. doi:10.1126/science.2772657

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6482037

Mercier et al. Gene Therapy versus CFTR Modulators

99

https://doi.org/10.1128/JVI.03419-13
https://doi.org/10.1128/JVI.03419-13
https://doi.org/10.1038/ng0992-21
https://doi.org/10.1038/ng0992-21
https://doi.org/10.1126/science.2570460
https://doi.org/10.1056/NEJM199509283331302
https://doi.org/10.1089/hum.1996.7.13-1577
https://doi.org/10.1089/hum.2004.15.1255
https://doi.org/10.1002/j.1460-2075.1992.tb05614.x
https://doi.org/10.1002/j.1460-2075.1992.tb05614.x
https://doi.org/10.1016/0888-7543(91)90470-y
https://doi.org/10.1016/0888-7543(91)90470-y
https://doi.org/10.1164/rccm.201202-0228PP
https://doi.org/10.1164/rccm.201202-0228PP
https://doi.org/10.3389/fphar.2019.01662
https://doi.org/10.3389/fphar.2019.01662
https://doi.org/10.3390/genes10030218
https://doi.org/10.1172/JCI116175
https://doi.org/10.1056/NEJMoa1407222
https://doi.org/10.1023/a:1011902532163
https://doi.org/10.1023/a:1011902532163
https://doi.org/10.1038/sj.gt.3302715
https://doi.org/10.1056/NEJMoa1908639
https://doi.org/10.1056/NEJMoa1908639
https://doi.org/10.1038/s41375-018-0106-0
https://doi.org/10.1172/jci38831
https://doi.org/10.1089/hum.2007.022
https://doi.org/10.1378/chest.125.2.509
https://doi.org/10.1126/science.272.5259.263
https://doi.org/10.1056/NEJMoa1108046
https://doi.org/10.1056/NEJMoa1108046
https://doi.org/10.1038/gt.2009.148
https://doi.org/10.1006/mthe.1999.0009
https://doi.org/10.1038/mtna.2012.60
https://doi.org/10.1016/S0140-6736(13)61939-X
https://doi.org/10.1016/j.omtm.2020.01.014
https://doi.org/10.1016/j.omtm.2020.01.014
https://doi.org/10.1073/pnas.93.24.13565
https://doi.org/10.1038/467277a
https://doi.org/10.1128/JVI.72.7.6014-6023.1998
https://doi.org/10.1152/ajplung.1995.268.4.L657
https://doi.org/10.1038/sj.gt.3300390
https://doi.org/10.1038/sj.gt.3300390
https://doi.org/10.1056/NEJMoa1105185
https://doi.org/10.1056/NEJMoa1105185
https://doi.org/10.2174/1566523216666160104142013
https://doi.org/10.1038/347358a0
https://doi.org/10.1126/science.2475911
https://doi.org/10.1126/science.2475911
https://doi.org/10.3892/ijo.12.4.805
https://doi.org/10.1126/science.2772657
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Rowe, S. M., Daines, C., Ringshausen, F. C., Kerem, E., Wilson, J., Tullis, E.,
et al. (2017). Tezacaftor-ivacaftor in residual-function heterozygotes with
cystic fibrosis. N. Engl. J. Med. 377 (21), 2024–2035. doi:10.1056/
NEJMoa1709847

Ruiz, F. E., Clancy, J. P., Perricone, M. A., Bebok, Z., Hong, J. S., Cheng, S. H., et al.
(2001). A clinical inflammatory syndrome attributable to aerosolized lipid-
DNA administration in cystic fibrosis.Hum. Gene Ther. 12 (7), 751–761. doi:10.
1089/104303401750148667

Samulski, R. J., Zhu, X., Xiao, X., Brook, J. D., Housman, D. E., Epstein, N., et al.
(1991). Targeted integration of adeno-associated virus (AAV) into human
chromosome 19. EMBO J. 10 (12), 3941–3950. doi:10.1002/j.1460-2075.1991.
tb04964.x

Schneider-Futschik, E. K. (2019). Beyond cystic fibrosis transmembrane
conductance regulator therapy: a perspective on gene therapy and small
molecule treatment for cystic fibrosis. Gene Ther. 26 (9), 354–362. doi:10.
1038/s41434-019-0092-5

Schuster, B. S., Kim, A. J., Kays, J. C., Kanzawa, M.M., Guggino,W. B., Boyle, M. P.,
et al. (2014). Overcoming the cystic fibrosis sputum barrier to leading adeno-
associated virus gene therapy vectors. Mol. Ther. 22 (8), 1484–1493. doi:10.
1038/mt.2014.89

Sinn, P. L., Arias, A. C., Brogden, K. A., and McCray, P. B., Jr. (2008). Lentivirus
vector can be readministered to nasal epithelia without blocking immune
responses. Jvi 82 (21), 10684–10692. doi:10.1128/JVI.00227-08

Sinn, P. L., Penisten, A. K., Burnight, E. R., Hickey, M. A., Williams, G., McCoy, D.
M., et al. (2005). Gene transfer to respiratory epithelia with lentivirus
pseudotyped with Jaagsiekte sheep retrovirus envelope glycoprotein. Hum.
Gene Ther. 16 (4), 479–488. doi:10.1089/hum.2005.16.479

Steines, B., Dickey, D. D., Bergen, J., Excoffon, K. J. D. A., Weinstein, J. R., Li, X.,
et al. (2016). CFTR gene transfer with AAV improves early cystic fibrosis pig
phenotypes. JCI Insight 1 (14), e88728. doi:10.1172/jci.insight.88728

Stern, M., Ulrich, K., Geddes, D. M., and Alton, E. W. F. W. (2003). Poly (D,
L-lactide-co-glycolide)/DNA microspheres to facilitate prolonged transgene
expression in airway epithelium in vitro, ex vivo and in vivo. Gene Ther. 10 (16),
1282–1288. doi:10.1038/sj.gt.3301994

Taylor-Cousar, J. L., Munck, A., McKone, E. F., van der Ent, C. K., Moeller, A.,
Simard, C., et al. (2017). Tezacaftor-ivacaftor in patients with cystic fibrosis
homozygous for Phe508del. N. Engl. J. Med. 377 (21), 2013–2023. doi:10.1056/
NEJMoa1709846

Wagner, J. A., Messner, A. H., Moran, M. L., Daifuku, R., Kouyama, K., Desch, J. K.,
et al. (1999). Safety and biological efficacy of an adeno-associated virus vector-
cystic fibrosis transmembrane regulator (AAV-CFTR) in the cystic fibrosis
maxillary sinus. Laryngoscope 109 (2 Pt 1), 266–274. doi:10.1097/00005537-
199902000-00017

Wagner, J. A., Moran, M. L., Messner, A. H., Daifuku, R., Conrad, C. K.,
Reynolds, T., et al. (1998). A phase I/II study of tgAAV-CF for the
treatment of chronic sinusitis in patients with cystic fibrosis. Stanford
University, Stanford, California. Hum. Gene Ther. 9 (6), 889–909. doi:10.
1089/hum.1998.9.6-889

Wagner, J. A., Nepomuceno, I. B., Messner, A. H., Moran, M. L., Batson, E. P.,
Dimiceli, S., et al. (2002). A phase II, double-blind, randomized, placebo-
controlled clinical trial of tgAAVCF using maxillary sinus delivery in patients
with cystic fibrosis with antrostomies. Hum. Gene Ther. 13 (11), 1349–1359.
doi:10.1089/104303402760128577

Wainwright, C. E., Elborn, J. S., Ramsey, B. W., Marigowda, G., Huang, X., Cipolli,
M., et al. (2015). Lumacaftor-Ivacaftor in patients with cystic fibrosis

homozygous for Phe508del CFTR. N. Engl. J. Med. 373 (3), 220–231. doi:10.
1056/NEJMoa1409547

Wickham, T. J., Mathias, P., Cheresh, D. A., and Nemerow, G. R. (1993). Integrins
αvβ3 and αvβ5 promote adenovirus internalization but not virus attachment.
Cell 73 (2), 309–319. doi:10.1016/0092-8674(93)90231-e

Wu, Z., Yang, H., and Colosi, P. (2010). Effect of genome size on AAV vector
packaging. Mol. Ther. 18 (1), 80–86. doi:10.1038/mt.2009.255

Xia, E., Munegowda, M. A., Cao, H., and Hu, J. (2014). Lung gene therapy-How to
capture illumination from the light already present in the tunnel. Genes Dis. 1
(1), 40–52. doi:10.1016/j.gendis.2014.06.001

Yan, Z., Lei-Butters, D. C. M., Keiser, N. W., and Engelhardt, J. F. (2013). Distinct
transduction difference between adeno-associated virus type 1 and type 6
vectors in human polarized airway epithelia. Gene Ther. 20 (3), 328–337.
doi:10.1038/gt.2012.46

Yan, Z., McCray Jr, P. B., Jr., and Engelhardt, J. F. (2019). Advances in gene therapy
for cystic fibrosis lung disease. Hum. Mol. Genet. 28 (R1), R88–R94. doi:10.
1093/hmg/ddz139

Yan, Z., Stewart, Z. A., Sinn, P. L., Olsen, J. C., Hu, J., McCray, P. B., Jr., et al. (2015).
Ferret and pig models of cystic fibrosis: prospects and promise for gene therapy.
Hum. Gene Ther. Clin. Dev. 26 (1), 38–49. doi:10.1089/humc.2014.154

Ylä-Herttuala, S. (2012). Endgame: glybera finally recommended for approval as
the first gene therapy drug in the European Union. Mol. Ther. 20 (10),
1831–1832. doi:10.1038/mt.2012.194

Yonemitsu, Y., Kitson, C., Ferrari, S., Farley, R., Griesenbach, U., Judd, D., et al.
(2000). Efficient gene transfer to airway epithelium using recombinant Sendai
virus. Nat. Biotechnol. 18 (9), 970–973. doi:10.1038/79463

Yu-Wai-Man, P., Newman, N. J., Carelli, V., Moster, M. L., Biousse, V., Sadun, A.
A., et al. (2020). Bilateral visual improvement with unilateral gene therapy
injection for Leber hereditary optic neuropathy. Sci. Transl. Med. 12 (573),
eaaz7423. doi:10.1126/scitranslmed.aaz7423

Zabner, J., Cheng, S. H., Meeker, D., Launspach, J., Balfour, R., Perricone, M. A.,
et al. (1997). Comparison of DNA-lipid complexes and DNA alone for gene
transfer to cystic fibrosis airway epithelia in vivo. J. Clin. Invest. 100 (6),
1529–1537. doi:10.1172/JCI119676

Zabner, J., Couture, L. A., Gregory, R. J., Graham, S. M., Smith, A. E., and Welsh,
M. J. (1993). Adenovirus-mediated gene transfer transiently corrects the
chloride transport defect in nasal epithelia of patients with cystic fibrosis.
Cell 75 (2), 207–216. doi:10.1016/0092-8674(93)80063-k

Zabner, J., Ramsey, B. W., Meeker, D. P., Aitken, M. L., Balfour, R. P., Gibson, R. L.,
et al. (1996). Repeat administration of an adenovirus vector encoding cystic
fibrosis transmembrane conductance regulator to the nasal epithelium of
patients with cystic fibrosis. J. Clin. Invest. 97 (6), 1504–1511. doi:10.1172/
JCI118573

Conflict of Interest: The 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.

Copyright © 2021 Mercier, Ruffin, Corvol and Guillot. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6482038

Mercier et al. Gene Therapy versus CFTR Modulators

100

https://doi.org/10.1056/NEJMoa1709847
https://doi.org/10.1056/NEJMoa1709847
https://doi.org/10.1089/104303401750148667
https://doi.org/10.1089/104303401750148667
https://doi.org/10.1002/j.1460-2075.1991.tb04964.x
https://doi.org/10.1002/j.1460-2075.1991.tb04964.x
https://doi.org/10.1038/s41434-019-0092-5
https://doi.org/10.1038/s41434-019-0092-5
https://doi.org/10.1038/mt.2014.89
https://doi.org/10.1038/mt.2014.89
https://doi.org/10.1128/JVI.00227-08
https://doi.org/10.1089/hum.2005.16.479
https://doi.org/10.1172/jci.insight.88728
https://doi.org/10.1038/sj.gt.3301994
https://doi.org/10.1056/NEJMoa1709846
https://doi.org/10.1056/NEJMoa1709846
https://doi.org/10.1097/00005537-199902000-00017
https://doi.org/10.1097/00005537-199902000-00017
https://doi.org/10.1089/hum.1998.9.6-889
https://doi.org/10.1089/hum.1998.9.6-889
https://doi.org/10.1089/104303402760128577
https://doi.org/10.1056/NEJMoa1409547
https://doi.org/10.1056/NEJMoa1409547
https://doi.org/10.1016/0092-8674(93)90231-e
https://doi.org/10.1038/mt.2009.255
https://doi.org/10.1016/j.gendis.2014.06.001
https://doi.org/10.1038/gt.2012.46
https://doi.org/10.1093/hmg/ddz139
https://doi.org/10.1093/hmg/ddz139
https://doi.org/10.1089/humc.2014.154
https://doi.org/10.1038/mt.2012.194
https://doi.org/10.1038/79463
https://doi.org/10.1126/scitranslmed.aaz7423
https://doi.org/10.1172/JCI119676
https://doi.org/10.1016/0092-8674(93)80063-k
https://doi.org/10.1172/JCI118573
https://doi.org/10.1172/JCI118573
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Breaching the Delivery Barrier:
Chemical and Physical Airway
Epithelium Disruption Strategies for
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The lungs have evolved complex physical, biological and immunological defences to
prevent foreign material from entering the airway epithelial cells. These mechanisms can
also affect both viral and non-viral gene transfer agents, and significantly diminish the
effectiveness of airway gene-addition therapies. One strategy to overcome the physical
barrier properties of the airway is to transiently disturb the integrity of the epithelium prior
to delivery of the gene transfer vector. In this study, chemical (lysophosphatidylcholine,
LPC) and physical epithelium disruption using wire abrasion were compared for their
ability to improve airway-based lentiviral (LV) vector mediated transduction and reporter
gene expression in rats. When luciferase expression was assessed at 1-week post LV
delivery, LPC airway conditioning significantly enhanced gene expression levels in rat
lungs, while a long-term assessment in a separate cohort of rats at 12 months revealed
that LPC conditioning did not improve gene expression longevity. In rats receiving physical
perturbation to the trachea prior to gene delivery, significantly higher LacZ gene expression
levels were found when compared to LPC-conditioned or LV-only control rats when
evaluated 1-week post gene transfer. This proof-of-principle study has shown that airway
epithelial disruption strategies based on physical perturbation substantially enhanced LV-
mediated airway gene transfer in the trachea.

Keywords: lentiviral vector, gene therapy, airway, epithelium, rat

INTRODUCTION

Airway gene-addition therapy is currently under development for treatment of a range of hereditary
and acquired pulmonary disorders. Of particular interest is the development of a gene therapy to
treat airway disease caused by the genetic disorder cystic fibrosis. Gene-addition therapy employs a
vector (non-viral or viral) to deliver wild-type gene copies to the relevant airway cells, with the
ultimate goal of correcting the disease pathophysiology that results from the defective gene. While
gene vectors can be readily delivered into the lung airways, physical, anatomical, and immune
barriers have evolved to protect the host airway cells against airborne pathogens. These natural
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defences are also directed towards gene transfer vectors, thus
limiting gene transduction in the airway epithelium.

Major hurdles to efficient viral-vector mediated gene transfer
include a polarised epithelium, paucity of viral receptors on the
apical membrane, and the presence of airway tight-junctions that
prevent vectors from accessing receptors located on the
basolateral side (Copreni et al., 2004). One way to overcome
these barriers is to perform epithelial perturbation prior to, or in
conjunction with gene transfer vector delivery. Perturbation
methods act to disrupt tight-junction integrity, allowing vector
particles access to basolateral receptors, thus enhancing vector-
mediated gene transfer (Johnson et al., 2000; Pickles, 2004; Kim
et al., 2016). Epithelial perturbation can also potentially expose
cells for transduction that are not in direct contact with the airway
lumen, particularly the basal cells, which function as tissue-
specific stem cells (Rock et al., 2009).

To achieve basolateral access, airway conditioning with a
chemical “tight-junction opener” can be employed to increase
paracellular permeability. Airway conditioning with compounds
including ethylene glycol tetraacetic acid (EGTA) (Chu et al.,
2001), perfluorochemicals (Li et al., 2007), sodium caprate
(Gregory et al., 2003), and sulphur dioxide inhalation
(Johnson et al., 2000) have proven effective for disrupting
tight-junctions and increasing viral-vector mediated gene
transfer in proof-of-principle animal studies (Castellani and
Conese, 2010). Another compound that has been investigated
extensively for this purpose is lysophosphatidylcholine (LPC)
(Limberis et al., 2002; Koehler et al., 2005; Cmielewski et al., 2010;
Cao et al., 2013; Cmielewski et al., 2014). LPC is a natural
component of lung surfactant that can be used to transiently
open cellular tight-junctions when applied to the airway surface.
A two-step dosing regimen employing LPC conditioning prior to
the delivery of a HIV-1-derived lentiviral (LV) vector
pseudotyped with the vesicular stomatitis virus glycoprotein
(VSV-G) has proven effective at increasing airway gene
transfer in mouse nasal airways (Cmielewski et al., 2010;
Cmielewski et al., 2014), but has not yet been assessed in rat
lower airways.

Chemical conditioning approaches have disadvantages when
it comes to performing LV-mediated gene transfer. LV vectors are
highly fragile due to the presence of an outer lipid envelope
(Bandeira et al., 2012) and can be inactivated upon contact with
conditioning agents such as LPC. Although two separate
administrations–one to deliver the conditioning compound,
and then a second to deliver the vector after the chemical
effect occurs–can be used to enable LV vectors to take
advantage of this delivery enhancement effect, this two-step
process increases procedure time and complexity. Additionally,
transduction may be variable as there is no guarantee that the
conditioning compound and the vector will localise to the same
regions (Flotte et al., 2007).

An alternative strategy to disrupt the integrity of the airway
epithelium is via physical perturbation techniques. An early
airway gene therapy study employing an adenoviral vector
demonstrated that externally applied mechanical injury to the
airway epithelium via use of fine forceps is a simple and
effective way to produce strong reporter gene expression in

the trachea of mice. Mechanical perturbation also resulted
in high levels of basal cell transduction as this technique
removed the superficial transduction-resistant columnar
cells thus exposing underlying basal cells to the vector
(Pickles et al., 1996). While early studies validated the
potential efficacy of a physical perturbation strategy, it has
not been investigated further for pre-clinical development,
likely due to the perceived impracticalities of performing
controlled airway-surface perturbation in animal models.
To our knowledge there are no reports of physical airway
injury being used in combination with LV vectors for in vivo
gene delivery.

In this study, physical airway epithelium perturbation was
explored as a strategy to improve in vivo gene transfer levels in the
trachea of rats and this method was compared to standard LPC-
conditioning and a perturbation-free LV-only control group.
Additionally, we provide the first evidence of the effectiveness
of LPC conditioning and LV vector delivery in rat lungs over both
short-term (1-week) and long-term (12-month) durations.

MATERIALS AND METHODS

Multiple treatment groups were employed in this project. The
first study assessed whether LPC had an effect on short- and
long-term gene expression levels. In this study, rats received
LPC conditioning or a PBS-sham treatment, followed by a
HIV-1 derived EF1α-3XFLAG-fLuc-F2A-eGFP vector (LV-
FLAG-Luc-GFP) vector. In one cohort (n � 6 per group)
luciferase expression was measured 1-week following gene
delivery, and in a separate cohort (n � 12 per group)
expression was measured 12-months after LV delivery. To
investigate and compare airway epithelial disruption
strategies, separate groups of rats received either no
epithelial disruption (control group), physical perturbation,
or standard 0.1% LPC conditioning, followed by delivery of a
HIV-1-MPSV-nlsLacZ vector (LV-LacZ) (n � 6 per group).
Gene expression levels were assessed 1-week post gene transfer
in this cohort of animals, as it was expected that the damaged
airway epithelium would be largely regenerated and that gene
expression would be readily apparent by this stage (Shimizu
et al., 1994; Pickles et al., 1996).

Lentiviral Vector Production
LV vector was produced using previously described
methods (Rout-Pitt et al., 2018; McCarron et al., 2019). The
bicistronic LV-FLAG-Luc-GFP vector expressed firefly luciferase
and enhanced green fluorescent protein (eGFP) genes under
control of the EF1α promoter, together with three epitope
FLAG tags. The LV-LacZ vector construct expressed a
nuclear-localised β-galactosidase gene directed by the MPSV
(myeloproliferative sarcoma virus) promoter. LV-FLAG-Luc-
GFP was titered by quantifying the proportion of GFP
positive cells using flow cytometry (McCarron et al., 2019).
The titre of the LV-LacZ vector was determined using real-
time quantitative PCR as previously described (Anson et al.,
2007).
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Animals
All animal procedures were approved by the University of
Adelaide Animal Ethics Committee under applications M-
2016–086 and M-2019–061. Female and male Sprague Dawley
rats aged >8 weeks were used. For all LV-dosing procedures, rats
were anaesthetised with medetomidine (0.4 mg/kg) and ketamine
(60 mg/kg) by intraperitoneal injection. Following anaesthesia,
the rats were non-surgically intubated with a 16-gauge
intravenous cannula (Terumo, SR-FF1651, Japan) acting as an
endotracheal (ET) tube, positioned with the tip just past the
vocal cords so that the majority of the tracheal tissue was exposed
to the conditioning or perturbation and LVvector. Rats that
received physical airway perturbation were given subcutaneous
administration of meloxicam (1 mg/kg) for precautionary pain
relief. After procedure completion anaesthesia was reversed with
atipamezole (1 mg/kg).

Intratracheal Administration of LPC and
Lentiviral Vector
Animals were placed in a supine position and received either
25 µL of 0.1% LPC (Sigma-Aldrich, L4129, USA) or PBS. Fluid
was administered to the trachea via the ET tube using a gel-
loading pipette tip that was lengthened with fine polyethylene
tubing marked to reach the distal tip of the ET tube. LV vector
delivery was performed either without any pre-treatment or one
hour following LPC conditioning (or PBS-sham) as this is the
time when LPC epithelial tight-junction opening effects are
apparent (Cmielewski et al., 2010). LV-FLAG-Luc-GFP (1 ×
109 TU/mL) or LV-LacZ (2 × 109 TU/mL) were delivered to
the trachea in two aliquots of 25 µL (50 µL total per animal).

Physical Epithelial Perturbation
With the intubated animal in the supine position, a pliable wire-
basket (NCircle® Nitinol Tipless Stone Extractor NTSE-022115-
UDH, Cook Medical, USA; Figure 1) was fed in the retracted

position down the ET tube to approximately the carina (based on
an average trachea length measurement). The basket was then
extended, fully expanded, and drawn up and down the trachea
(approximately 10 times per animal) for 30 seconds followed by
withdrawal. Two 25 µL aliquots of LV-LacZ (2 × 109 TU/mL)
were delivered via the ET tube within ten minutes of the
perturbation event.

Bioluminescence Imaging (BLI)
Either 1-week or 12-months following LV-FLAG-Luc-GFP
delivery rats were anaesthetised with 2.5% inhaled isoflurane.
Once unconscious, 200 µL of 15 mg/mL D-luciferin (Cayman
Chemicals, United States) was delivered to the nostrils as a bolus.
Each animal was imaged in the supine position (IVIS Lumina
XRMS in vivo imaging system, PerkinElmer, United States) while
maintained with 1.5–2% isoflurane. Animals were imaged with an
automatic exposure at 5-minute intervals for up to 15 minutes
post D-luciferin delivery. The animals were then humanely killed
with intraperitoneal delivery of sodium pentobarbital
(150–300 mg/kg). The trachea and lungs were immediately
excised and imaged separately in a petri dish containing PBS.
Bioluminescence flux (photons/second) was measured using the
contour tool (Living Image, version 4.7.2, PerkinElmer,
United States).

Assessment of LacZ Gene Expression
Animals were humanely killed by carbon dioxide asphyxiation
and the airway tissues harvested for LacZ staining. Tissues were
fixed in 4% PFA and stained for β-galactosidase (LacZ) activity
using X-gal as previously described (Cmielewski et al., 2017).
Following X-gal staining, the trachea was cut and opened
longitudinally, and separated into two halves. En face images
of the tissue were acquired with a Nikon SMZ1500 stereo
microscope; DigiLite 3.0 MP Camera and TC capture software
(Tucsen Photonics, China). Illumination intensity was not altered
between samples. Tracheas were subsequently paraffin-
embedded, sectioned at 5 μM, and counterstained with nuclear
fast red. Histology images were captured with a Nikon Eclipse
E400 microscope, DS-Fi2-U3 camera and NIS-elements D
software (version 5.20.00).

Immunohistochemistry
X-gal stained sections were deparaffinised and subjected to
heat-mediated antigen retrieval in sodium citrate buffer
(10 mM sodium citrate, 0.05% Tween 20, pH 6.0) at
95–100°C for 20 minutes. A peroxidase blocking step was
performed using 3% hydrogen peroxide followed by
permeabilisation with 0.3% Triton X-100 for 10 minutes.
Protein blocking was performed with 10% goat serum in
PBS. Primary and secondary antibodies were diluted in 1%
bovine serum albumin and 0.1% Triton X-100 in PBS. Sections
were probed with rabbit anti-cytokeratin 5 antibody (Abcam,
ab52635, UK) (1:400 dilution) and were incubated overnight at
4°C. Tissues were washed and subsequently incubated with
goat anti-rabbit IgG HRP (Abcam, ab97051, UK) (1:500
dilution) for 1 hour at room temperature followed by
staining with 3,3′-Diaminobenzidine.

FIGURE 1 | Flexible wire basket used to physically perturb the tracheal
airway epithelium. The basket is 1 cm in diameter at full expansion and 1.5 cm
in length. Scale bar � 5 mm.
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Digital Quantification of LacZ Staining in en
Face Trachea Images
The amount of LacZ staining in the en face images of the trachea
was quantified using a custom-written script in Matlab (R2020a,
MathWorks) that calculated the area of the trachea that was the
specific shade of blue/green of LacZ-positive cells. Briefly, images
were converted from the RGB to HSV colour space, and separate
thresholds were applied to the hue (0.45 <H < 0.6) and saturation
(s > 0.4) channels. The value channel was not used because the
illumination across the sample was uneven and did not help
discriminate the transduced cells. A binary mask was created
from the regions of the image that satisfied both criteria. The
mask area was converted from pixels into mm.

Statistical Analyses
Statistical analyses were performed using either R v4.0.0 (Team,
2020) or GraphPad Prism v8 (GraphPad Software, Inc.).
Statistical significance was set at p ≤ 0.05. For the short-term
study, comparisons of flux between PBS and LPC groups were
performed using Welch two sample t-tests on log-transformed
data. To compare flux between the PBS and LPC treatments for
the long-term study, a hurdle regression model was fitted using
the hurdle function in the pscl package in R (Zeileis et al., 2008).
The hurdle regression model is a two-part model; a binary logit
model to distinguish between the positive counts and those below
the detection limit (assigned the value 100), and a zero-truncated
negative binomial model for the positive counts. Treatment (PBS,
LPC) was fitted as the regressor in both parts of the model.
Differences between the groups were assessed using a Wald Chi-
Squared test. The LacZ staining area measurements from the en
face images was analysed using a one-way ANOVA with Tukey’s
multiple comparisons test.

RESULTS

Animal Procedures
Chemical and physical airway perturbation techniques were well-
tolerated by the rats with all animals surviving the procedures.
Animal weight, health and wellbeing characteristics were assessed
daily for the duration of the study using a score-based animal
monitoring system, with no significant effects on animal health
noted. Expected transient weight loss was similar in all
experimental groups (LPC, physical and LV-only), irrespective
of whether airway perturbation was performed (data not shown).

Luciferase Gene Expression Assessed
1-week Post Gene Transfer
In the short-term assessment, rats received either PBS or LPC
conditioning and were imaged 1-week following a single LV gene
delivery. Bioluminescence was predominantly observed in the
lungs in vivo, with only one animal exhibiting signal in the
trachea region (Figure 2). Statistical analysis of the in vivo
data revealed that LPC conditioning resulted in significantly
higher flux when compared to animals that received the PBS

sham treatment (Figure 4A). Upon excision of the tissues and
subsequent imaging, bioluminescence was observed in the
trachea (Figure 3A) and lungs (Figure 3B) of all animals.
Analysis of the ex vivo data indicated that there was no
difference in flux between the LPC and PBS conditioned
groups for the trachea, while the excised lungs revealed that
LPC airway conditioned rats had significantly greater flux levels
(Figure 4A), regardless of the sex of the animals.

Luciferase Gene Expression Assessed
12-months Post Gene Transfer
In the long-term study assessing chemical conditioning, few
animals from either the LPC or PBS group had detectable
levels of in vivo bioluminescence at the 12-month time point
(data not shown), therefore statistical comparisons could not be
performed on this data. Ex vivo imaging of the trachea also
revealed insufficient animals with bioluminescence present to
perform statistical analysis. Imaging of the ex vivo lungs showed
that close to half the animals from both LPC and PBS groups had
values recorded at the limit of bioluminescence detection.
Additionally, the flux levels measured in the ex vivo lungs at
12 months were substantially lower compared to the animals
imaged at 1-week post-delivery. Ex vivo lung imaging revealed
that there was no significant difference in flux between LPC
conditioned and PBS-sham animals’ 12-months following LV-
delivery (Figure 4B).

Tracheal LacZ Gene Expression Following
Chemical Conditioning and Physical
Perturbation
En face observations of the trachea revealed different levels of
LacZ staining as a result of the perturbation or conditioning
method used. Visually, rats that received physical perturbation
prior to LV-delivery demonstrated greatly enhanced LacZ
staining in the trachea when compared to rats that received
LPC conditioning or LV vector-only (Figure 5). Interestingly,
one animal in the physical perturbation group exhibited much
lower staining levels compared to the others, indicative of
potential variability with this technique. The transduction
patterns observed as a result of physical perturbation were not
uniform in appearance. Striated regions of increased staining over
the intercartilaginous ligaments were apparent in all specimens,
possibly reflecting the presence of cilia-rich zones that overlay the
ligament segments in rats (Oliveira et al., 2003) and preferential
transduction of ciliated cells by the VSV-G pseudotyped LV gene
transfer vector. Varying LacZ staining patterns and strong
expression were observed in animals that received physical
perturbation (Figures 6A–F). Notably, rats in the LPC and
LV-only groups demonstrated the highest levels of staining in
the proximal trachea (Supplementary Figure S1), likely due to
unintentional ET tube-induced epithelial damage in this region,
providing further support for the effectiveness of physical
perturbation in boosting airway gene transfer.

Digital quantification of the blue-green coloured regions in the
en face trachea images demonstrated significantly greater levels of
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LacZ staining in the physical perturbation group, when compared
to LPC conditioned and LV vector-only control rats (Figure 7).
The physical damage group demonstrated more than a 1000-fold
increase in the area of LacZ staining when compared to the
control group. There was no statistically significant difference in
staining area between LPC conditioned rats and controls that
received only LV vector with no epithelial disruption prior to
delivery.

Histological Observations Arising From
Physical Perturbation
A range of different cell types were transduced as a result of
performing physical perturbation prior to LV vector delivery.
LacZ-positive ciliated and non-ciliated cells were observed in the

tracheal epithelium (Figures 8A,B) and immunohistochemical
staining for cytokeratin 5 confirmed the presence of transduced
basal cells (Figure 9). Cells within the lamina propria were also
transduced, including suspected macrophages (Figure 8C) and
regions of connective tissue (Figure 8D). Histologically, the
tracheal tissue demonstrated evidence of repair processes
caused by damage to the epithelium and surrounding areas.
Most regions of the tracheal epithelium had fully regenerated
by 1-week post treatment, consistent with the timing observed in
previous studies (Shimizu et al., 1994; Pickles et al., 1996).
However, occasionally areas of epithelium were found to still
be undergoing repair, as indicated by an attenuated appearance,
lack of cilia and rounding of the columnar cells (Figure 8E), or in
other regions, proliferation of connective tissue (Figure 8F).
Goblet cell hyperplasia was also apparent at the carina and

FIGURE 2 | In vivo bioluminescence images acquired 1-week following LV-FLAG-Luc-GFP delivery in PBS-sham and LPC conditioned rats. Localisation of
bioluminescence in vivo was predominantly in the lung region in both PBS and LPC pre-treated animals.

FIGURE 3 | Ex vivo bioluminescence images acquired 1-week following LV-FLAG-Luc-GFP delivery in PBS-sham and LPC conditioned rats. Ex vivo images of (A)
the trachea and (B) lungs following removal of the trachea.
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upper bronchi of two animals (Figure 8G). Interestingly, many of
these hyperplastic goblet cells appeared to be LacZ-positive
(Figure 8H).

DISCUSSION

Gene-addition therapy is a promising option for treatment of
certain pulmonary diseases, but there are still many challenges
to successful translation to the clinic. Adequate delivery of
therapeutic agents to cells of the airway epithelium remains
one of the greatest challenges to achieving effective lung-based
genetic therapies, including gene-addition and gene editing
strategies. The lung has evolved mechanisms to resist invasion
by foreign bodies, with the airway epithelium acting as a
physical barrier that significantly reduces the efficacy of
airway gene transfer. Many viral vectors used for airway
gene therapies have a natural tropism toward receptors
located on the basolateral membrane and thus produce

limited transduction via the apical surface when applied to
an intact airway epithelium.

To overcome inefficient transduction, strategies have been
employed to disrupt the integrity of the airway epithelium prior
to gene delivery, allowing the vector access to basolateral
membrane-located receptors, and to cells that are not in direct
contact with the airway lumen such as basal cells (Pickles, 2004).
Given our recent generation of two cystic fibrosis rat models
(McCarron et al., 2020), the work reported here employed normal
rats to develop and assess chemical and physical airway
perturbation methods. In these studies, the trachea was used a
surrogate for the lower conducting airways, as it is easily accessible
for physical perturbation techniques and the cellular architecture
is similar to human lower airways (Mercer et al., 1994).

In this work, the effectiveness of LPC conditioning was
assessed for the first time in rat airways. While mouse studies
have shown enhanced gene expression when using LPC
conditioning prior to LV gene transfer (Cmielewski et al.,
2014; Cmielewski et al., 2017), its effects in rat airways were

FIGURE 4 | Bioluminescence flux (log scale) acquired 1-week and 12 months following LV-FLAG-Luc-GFP delivery in PBS-sham and LPC conditioned rats. (A) In
vivo and ex vivo bioluminescence flux acquired 1-week post gene transfer. Statistical analyses of the in vivo and ex vivo lung data revealed significant differences in flux
between PBS and LPC conditioned groups, with p � 0.0002 and p � 0.005, respectively. Statistical analysis of the ex vivo trachea indicated there was no significant
difference in flux between LPC and PBS groups, p � 0.2. The plot shows the estimated median and 95% confidence intervals. n � 5-6 animals per group,Welch two
sample t-test, ns � not significant, **p ≤ 0.01, ***p ≤ 0.001. (B) Ex vivo lung bioluminescence flux acquired 12 months following gene transfer. The dashed line indicates
the limit of detection of the IVIS machine (102). No significant difference in flux was observed between animals in the PBS and LPC groups, p � 0.6. n � 11–12 animals per
group, Wald Chi-squared test, ns � not significant.
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unknown. In this study, gene expression levels were found to be
significantly increased in the lungs of rats that received LPC
conditioning when assessed 1-week post vector delivery. Upon in
vivo imaging, only one animal exhibited bioluminescence signal
within the trachea, but following excision of the tissues and
subsequent ex vivo imaging, bioluminescence was observed in
the trachea of all animals, albeit at varying levels. When imaged ex
vivo the flux emitted from the trachea was substantially lower
than the ex vivo lung, therefore the low bioluminescence in
combination with the need to detect the signal through the
overlying skin and tissue may explain the lack of tracheal
bioluminescence upon in vivo imaging. Notably, when the
trachea was excised and imaged, LPC did not appear to
enhance bioluminescence flux when compared to the PBS-
sham group.

Long-term gene expression was assessed in a separate cohort
of rats, which revealed that luciferase gene expression persisted in
the lungs of some animals for up to 12 months following a single
LV-delivery, irrespective of whether LPC airway conditioning
was performed. These two studies indicate that while LPC
conditioning initially improves transduction levels in the
lungs, it does not increase the longevity of gene expression,
suggesting that basal cell transduction was not substantially

enhanced with use of LPC. Nevertheless, it is likely that basal
cells, or other known lung stem cell types (e.g., club cells, alveolar
type II cells), were transduced in animals from both LPC and
PBS-sham groups, as the duration of gene expression exceeds the
four month lifespan of terminally differentiated tracheal-
bronchial epithelium described in adult rodents (Rawlins and
Hogan, 2006).

While LV-mediated gene transfer demonstrated persistent
luciferase gene expression in a proportion of rats, many
individuals from both the LPC conditioning and PBS-sham
groups had undetectable flux by 12 months. The lack of gene
expression observed at the 12 month time point could potentially
be attributed to transgene silencing (Ellis, 2005), alternatively,
loss of gene-expressing cells with natural cell-turnover may
explain this observation. We do not have data that can explain
why some individuals responded better than others, though this
phenomenon is consistently observed in airway gene therapy
animal studies. Possible factors include but are not limited to, the
proportion of basal cells transduced, varying host immune
responses to the vector and formulation, size of the animal
(which dictates the surface area to vector volume ratio),
vector-fluid dynamics and animal respiration rate/depth,
which can result in variable gene vector distribution within
the airways, and the amount of time that the vector is in
contact with the airway surface. An improved understanding
of the basis of these variable individual responses to airway gene-
addition therapy would provide significant value for progressing
to clinical trials.

In the second study employing LV-LacZ vector, physical
perturbation of the airway epithelium resulted in very high
levels of gene transduction in the trachea when compared to
animals receiving LPC chemical conditioning or LV vector-only.
Moreover, LPC conditioning did not significantly enhance
tracheal LacZ expression above the control (LV-only) group,
consistent with the short-term bioluminescence study where LPC
use did not result in a significant increase in tracheal flux when
compared with the PBS-sham group. However, it is important to
note that the LPC conditioning protocol used here had been
previously established for mice, therefore the concentration or
volume employed may not have been optimal for rats.

As with many viral receptors, the VSV-G receptor (low-
density lipoprotein) is located on the basolateral surface, and
transduction via the apical surface is typically low level
(Finkelshtein et al., 2013). While the mechanisms here are not
fully understood, it is likely that physical perturbation increases
gene transfer via two potential routes: 1) disruption of the
integrity of the epithelial tight-junctions allowing the gene
transfer vector entry to epithelial cells via basolateral
receptors, or 2) removal of transduction-resistant columnar
cells and exposure of more susceptible cell types on the
basement membrane (e.g., basal cells). In this study, physical
damage was confirmed to produce basal cell transduction.
Additionally, both en face and histological examination
revealed distinct clusters of LacZ-positive cells, reminiscent of
basal cell clonal expansion observed in previous studies of
induced regeneration following polidocanol epithelial stripping
(Mitomo et al., 2010; Farrow et al., 2018). These clusters suggest

FIGURE 5 | Comparison of en face LacZ staining using physical
perturbation, chemical conditioning with 0.1% LPC, or LV vector-only
assessed 1-week post gene transfer. Images show the trachea from each
individual animal longitudinally cut into two sections to reveal the LacZ
staining present within the lumen. The images display the middle portion of the
trachea and are oriented to show the proximal trachea on the right. n � 6 rats
per group. Scale bar � 1.5 mm.
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that one or more basal stem cells have been transduced and
subsequently differentiated into a LacZ expressing
pseudostratified epithelium, consistent with previous studies
showing the timing of epithelial regeneration in rat airways
following mechanical injury (Shimizu et al., 1994). However,
further work including lineage tracing studies would be necessary
to confirm this hypothesis. Alternatively, it is possible that
clusters of LacZ-expressing cells may be due to strong focal
damage or repetitive contact with the basket, making these
areas more susceptible to LV-transduction.

Physical perturbation of the airway surface may provide gene
transfer vectors with improved access to basal cells. An airway gene-
addition therapy that transduces only the terminally differentiated
airway surface cells could result in an inevitable waning of transgene
expression with normal cell turnover, and the need for vector
readministration. While repeated administration is unlikely to be
completely avoided, multiple deliveries of a viral-based gene therapy
is undesirable as immune responses may be elicited thus reducing
the efficacy of subsequent doses (Sinn et al., 2009; Mitomo et al.,
2010). Basal cells are multipotent stem cells of the conducting
airways and have the capacity for self-renewal, clonal expansion,
and the ability to differentiate into epithelial cells types to maintain
homeostasis and repair following injury (Hong et al., 2004; Rock

FIGURE 6 | Physical perturbation reveals varying patterns of LacZ staining. (A, B) LacZ staining is increased in the areas overlying the inter-cartilage segments
(C–F) Basket-induced perturbation creates regions of strong staining. High magnification images were acquired from the samples shown in Figure 5 and indicate
staining patterns present in multiple animals. Scale bars A, B � 1.5 mm; C-F � 0.75 mm.

FIGURE 7 | Quantification of LacZ staining area (log scale) from en face
trachea images shown in Figure 5. Physical perturbation had a significantly
greater area of tracheal LacZ staining after 1-week when compared to LPC
conditioned (p � 0.001) and LV vector-only control animals (p � 0.0008).
There was no significant difference in the area of LacZ staining between LPC
conditioned animals and those that received only LV vector (p � 0.1). The plot
indicates the median. n � 6 animals per group, one-way ANOVA with Tukey’s
post-hoc test, ns � not significant, ***p ≤ 0.001. Note that two animals are not
observable on the plot as the quantified area was zero.
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et al., 2009; Rock et al., 2010; Hogan et al., 2014). Successful
transduction of basal cells has the ability to produce enduring
gene expression, as the gene-corrected progeny will repopulate
the surface epithelium following natural cell turnover. It is
therefore desirable to develop an airway gene-addition therapy
that not only produces efficient gene transfer but can also
transduce basal cells (Cao et al., 2018; Farrow et al., 2018).

Following use of physical perturbation, cells within some
regions of the tracheal lamina propria appeared to be
transduced. While a certain degree of epithelial injury was
expected, these findings suggest that in some areas the

physical perturbation extended too far into the airway surface,
likely due to forces produced by the wire basket or repetitive
contact. Goblet cell hyperplasia was also noted in some animals, a
protective response that can occur as a result of mucosal surface
irritation (Herbert et al., 2018). Notably, the animals that
displayed goblet cell hyperplasia had many LacZ-positive
goblet cells within these regions, suggesting that intact basal
cells were transduced and subsequently differentiated into
goblet cells upon epithelial regeneration. Our previous short-
term assessments have shown that VSV-G pseudotyped LV
vectors rarely transduce goblet cells (Limberis et al., 2002;
Farrow et al., 2018), so their presence further indicates likely
expansion and differentiation of transduced basal cells.

One major benefit of physical perturbation noted in this study is
the ability to achieve high transduction levels from a relatively small
number of LV particles per animal (1 × 108 TU). By using physical
epithelial disruption methods to improve gene transfer efficacy, the
LV titres required to achieve therapeutic levels of gene correction
could be reduced, thus improving the feasibility of an in vivo gene
therapy approach. Moreover, such reductions in vector titre would
provide the benefits of lower LV production time and cost, as well as
lessened immune responses. The advantages of physical
perturbation could also be applied to improving the efficacy of
other lung-based genetic therapies including delivery of gene editing
machinery, nanoparticle-based gene transfer systems, and stem cell-
transplantation strategies. For instance, airway engraftment of
transplanted cells could be facilitated via use of physical
perturbation methods rather than chemical agents, which have
previously been employed pre-clinically to achieve epithelial
disruption (King et al., 2020), but have disadvantages such as
toxicity and poor delivery control.

While the results of this tracheal physical perturbation study
provide promising proof-of-principle data, the target for cystic
fibrosis airway gene-addition therapy will be the lower
conducting airways, as this is where disease pathophysiology
occurs. Accordingly, further pre-clinical work in rats is needed
to assess the feasibility of this approach in the lower airways, with
our previously established rat bronchoscopy methods offering a
potential option for enabling access to these small airways for
perturbation. Our minimally invasive miniature bronchoscope
technique provides access to at least the fourth generation of
branching in an adult rat, therefore perturbation-devices could be
guided via the bronchoscope working channel to the small
airways (McIntyre et al., 2018). In addition to rat studies,
investigations using larger animals such as pigs or sheep will
be necessary to identify the features of a perturbation device that
would be considered safe and effective for human clinical use.

Histological assessment of the airway tissue immediately post-
damage, and the time-course of epithelial regeneration following
physical perturbation, will also provide value for understanding the
mechanisms that result in improved gene transfer with this
approach. Future studies should aim to establish more refined
techniques to improve control and reduce the intensity of the
perturbation, so that off-target cell transduction and disruption to
the subepithelial tissue is minimised. Ultimately, a careful balance
between safety, tolerability, and efficacy aspects will be critical in
pursuing this type of physical perturbation approach for human

FIGURE 8 | Histological observations in the tracheal epithelium of rats
that received physical perturbation prior to LV-LacZ vector delivery assessed
1-week post gene transfer. (A) LacZ staining was discontinuous throughout
the tracheal epithelium with some areas of intense staining observed. (B)
A range of LacZ-positive surface epithelial cell types were noted including
ciliated (black arrow) and non-ciliated (white arrow) cells. Transduced regions
were noted within the lamina propria including (C) suspected macrophages
and (D) connective tissue. While most of the tissue demonstrated full
regeneration, some regions showed (E) a flattened epithelial layer lacking
pseudostratification, while other regions demonstrated (F) connective tissue
proliferation (fibrosis) in response to healing (denoted by asterisk). (G) Goblet
cell hyperplasia was found at the carina of two animals with (H) a proportion of
these goblet cells exhibiting LacZ staining. Goblet cells were identified by a
distinct goblet shape and granules filled with mucus. Images are shown from
selected animals. Nuclear fast red counterstain. Scale bar � 10 μM.
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airway gene therapy clinical trials. In the interim however, there
remains considerable research value in developing physical
perturbation approaches for pre-clinical investigation.

In summary, although LPC conditioning initially increased
gene expression levels in rat lungs, it did not appear to improve
reporter gene expression longevity. Even without conditioning, a
proportion of rats had measurable flux present in the lungs
12 months following dosing, indicating that a single LV
delivery can provide persistent gene expression, albeit at low
levels. Physical perturbation to the trachea immediately prior to
LV-mediated gene transfer resulted in a 1000-fold increase in
LacZ staining when compared to animals that did not receive any
airway perturbation, demonstrating that this approach can
provide significant benefit for improving gene transfer efficacy
and warrants further development and investigation.
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On the Corner of Models and Cure:
Gene Editing in Cystic Fibrosis
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Cystic fibrosis (CF) is a severe genetic disease for which curative treatment is still lacking.
Next generation biotechnologies and more efficient cell-based and in vivo disease models
are accelerating the development of novel therapies for CF. Gene editing tools, like
CRISPR-based systems, can be used to make targeted modifications in the genome,
allowing to correct mutations directly in the Cystic Fibrosis Transmembrane conductance
Regulator (CFTR) gene. Alternatively, with these tools more relevant disease models can
be generated, which in turn will be invaluable to evaluate novel gene editing-based
therapies for CF. This critical review offers a comprehensive description of currently
available tools for genome editing, and the cell and animal models which are available
to evaluate them. Next, we will give an extensive overview of proof-of-concept applications
of gene editing in the field of CF. Finally, we will touch upon the challenges that need to be
addressed before these proof-of-concept studies can be translated towards a therapy for
people with CF.

Keywords: cystic fibrosis, CFTR, gene therapy, gene editing, CF cell models, CF animal models, humanized CF
animals

INTRODUCTION

Cystic fibrosis (CF) is a rare genetic disease affecting approximately 80,000 people worldwide
(Jackson and Goss, 2018). More than 2,100 mutations have been identified in the CFTR (Cystic
Fibrosis Transmembrane conductance Regulator) gene (www.genet.sickkids.on.ca), of which
currently 360 reported as disease-causing (www.CFTR2.org). The gene encodes a chloride/
bicarbonate channel that plays an essential role in the fluid and electrolyte balance across
secretory epithelia. Mutations in CFTR can disrupt the function of the protein through a variety
of mechanisms, ranging from reduced or absent protein synthesis to normal apical expression of
proteins with defective chloride and bicarbonate gating or conductance (De Boeck and Amaral, 2016;
Veit et al., 2016). The protein loss-of-function results in dehydration of the surface liquid lining the
epithelia of various organs, such as the airways, the gastrointestinal and reproductive tracts and the
sweat glands. The respiratory phenotype is characterized by recurrent cycles of mucostasis,
inflammation and infection that progressively destroys the lung architecture leading to
respiratory failure and death (Boon et al., 2016). As CFTR is expressed in a variety of exocrine
epithelia, with some of the disease symptoms already starting just after birth, or even in utero, this
multisystemic disease requires an early, multidisciplinary management (reviewed in (Carlon et al.,
2017)). Despite better symptomatic care, the median age at death remains in the early forties
(Wanyama and Thomas, 2018). The development of effective CFTR modulator drugs which either
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improve CFTR processing (correctors) or channel gating
(potentiators), brings the prospect of further increasing life
quality and expectancy (Ramsey et al., 2011; Wainwright et al.,
2015; Taylor-Cousar et al., 2017; Keating et al., 2018; Heijerman
et al., 2019; Middleton et al., 2019). Currently, four modulator
regimens are approved, consisting of Kalydeco™, a potentiator
monotherapy, and three combination therapies consisting of one
potentiator with one or two correctors with distinct mode of
action (Orkambi™, Symdeko™, and Trikafta™). Together, they
can functionally correct approximately 184 different CF-causing
mutations, accounting for 90% of individuals with CF. Clinical
benefits range from significant increases in lung function, to
modest or even absent clinical improvements. Indeed, even the
highly effective Trikafta™ showed variable clinical responses in
patients with at least one F508del (c.1521–1523delCTT) allele
(Heijerman et al., 2019; Middleton et al., 2019), likely influenced
by the individual genetic and environmental background.
Besides that, adverse events have been reported, such as chest
tightness, diarrhea and drug-drug interactions, which in the
context of a life-long intake is not desirable (Wainwright et al.,
2015; Talamo Guevara and McColley, 2017; Guimbellot et al.,
2018; Burgel et al., 2020). For Kalydeco™, the clinical benefits
have been monitored over many years already, showing that
after a significant increase in lung function at treatment onset,
CF lung disease continues to worsen, although at a slower pace
(Volkova et al., 2020). Finally, therapeutic options that tackle
the CFTR defect are still missing for approximately 91% of
CFTRmutations covering 10% of people with CF (PwCF). These
carry two minimal function mutations, comprising frameshifts,
large insertions and deletions (indels), nonsense and drug-
refractory missense mutations. While pharmacological
advances have greatly improved life quality of PwCF, and
very likely will increase life expectancy as well, none of these
treatments provide a cure.

Since the discovery of the CFTR gene 30 years ago (Kerem
et al., 1989; Riordan et al., 1989; Rommens et al., 1989), scientists
have been trying to bring gene therapy to PwCF. In contrast to
CFTR modulators, gene therapy aims to restore the defect at the
DNA level, thus providing a long-term correction. Traditionally,
gene therapy efforts were focused on delivering a copy of the
CFTR cDNA, providing cells with mutation agnostic means to
produce wild type (WT) CFTR protein (Vidovic et al., 2016;
Alton et al., 2017). Clinical trials investigating different gene
addition strategies have not resulted in meaningful clinical benefit
(reviewed in (Sondhi et al., 2017)). However, successes in other
genetic diseases leading to the market approval of gene
therapeutic agents, such as for retinal dystrophy (Russell et al.,
2017), spinal muscular atrophy type 1 (Mendell et al., 2017), and
β-thalassemia (Harrison, 2019), have in part revived the interest
for CF gene therapy research. Indeed, the current priority of the
CF community is to develop a causal therapy and preferably even
a cure for all individuals with CF, as underscored by the Cystic
Fibrosis Foundation’s “Path to a Cure” mission statement (CFF,
2019).

In this review, we will discuss the most recent advances in gene
editing with respect to both the development of human-relevant
disease models of CF as well as proof of concept studies that have

shown the feasibility and safety of correcting a variety of CFTR
mutations. Furthermore, we discuss some of the hurdles and open
questions which need to be solved, to allow further progress of
these promising but early gene editing studies. Finally, we discuss
possible strategies that would facilitate the further development of
an in vivo or ex vivo gene therapeutic approach toward its future
clinical application.

HOW TO EDIT THE GENOME: GENE
EDITING TOOLS

Advances in gene editing tools have made targeted genome
modifications widely available. Zinc finger nucleases (ZFN),
transcription activator-like effector nucleases (TALEN) and in
particular CRISPR (clustered regularly interspaced short
palindromic repeats) systems have opened up a seemingly
endless variety of possible alterations to be introduced into the
genome. Correcting mutations at their endogenous loci heralds a
new era of personalized medicine and treatment of monogenetic
diseases, by correcting the underlying cause of the disease.
Alternatively, mutations can be introduced in a targeted
manner, allowing elucidation of disease mechanisms and
testing of potential therapies. Especially when a monogenic
disorder is caused by many, exceedingly rare mutations, as is
the case for CF, introducing mutations into relevant cell and
animal models provides a unique opportunity to study these
mutations when primary material is not easily obtained.
Besides, samples are usually not available in a homozygous
manner, due to the low prevalence of each individual
mutation, and analysis of compound heterozygous samples
is complicated by the presence of another mutation on the
other allele. Different editing strategies however, will be
required to cover all base conversions and indels that cause
CF, both for the development of gene editing-based therapies
as well as new CF model systems. In the following part, we will
briefly discuss the different tools available for gene-editing.
Proof-of-concept applications of these tools will be discussed
in the section Gene Editing to Correct Mutations in CFTR.

ZFN, TALEN, and Cas Nucleases
Programable nucleases like ZFN, TALEN, and CRISPR associated
(Cas) nucleases, are all used to generate targeted double strand
breaks (DSBs) in the genome. Editing at these sites relies on repair
of the DSB by cellular DNA damage repair mechanisms. Most
commonly, DSBs are repaired by a process called non-
homologous end joining (NHEJ) where the two ends are re-
ligated (Guirouilh-Barbat et al., 2004). As this process is
imperfect, some bases can get deleted or inserted, creating
indels. This can result in frameshifts disrupting the coding
sequence, effectively knocking out proteins, which has been
useful to study the function of genes. In the era of
personalized medicine however, models harboring specific
mutations are often preferred as they allow to study the
disease-causing mutations in detail as well as test potential
rescue strategies for these mutations. The therapeutic potential
of NHEJ is rather limited since it can only be used to correct
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defects in certain cases e.g., gain-of-function mutations and
mutations resulting in cryptic splice sites in introns where
indels are tolerated. Many genetic diseases, however, including
CF, are caused by loss-of-function mutations which cannot be
repaired by NHEJ, with the exception of a couple of intronic
splicing mutations. Introduction of specific edits relies on the
alternative DNA damage repair mechanism: homology directed
repair (HDR). A template, a DNA molecule containing the
desired edit and homology arms on both sides, is used by the
HDR machinery to repair the DSB and introduce the edit to the
genome (reviewed in (Hsu et al., 2014)). HDR however is less
efficient compared to NHEJ and is only active in dividing cells, as
it normally protects cells against DNA damage during DNA
replication. Therefore, its use in many adult cell types is limited.
For a schematic overview of the two repair pathways and their
possible applications, we refer to (Pranke et al., 2019; Maule et al.,
2020).

The different nuclease-based gene editing tools differ mainly
in their nuclease and the way specific DNA sequences are
recognized. ZFNs were the first available “molecular scissors”
and were built using multiple zinc finger domains (that each
recognize a three bp DNA motif) fused to the FokI nuclease
(reviewed in (Urnov et al., 2010)). The DNA is cleaved when two
ZFNs are recruited to a target sequence, resulting in the
dimerization of the FokI nuclease domains. Similarly, TALENs
use transcription activator-like effectors (TALEs) rather than zinc
fingers to recognize specific DNA sequences, also fused to the
FokI nuclease (reviewed in (Joung and Sander, 2013)). Both ZFNs
and TALENs require custom protein design for each target, in
contrast to CRISPR-Cas based systems. Cas nucleases were first
described as a gene editing tool in 2012 (Gasiunas et al., 2012;
Jinek et al., 2012) and CRISPR-Cas gene editing rapidly became
one of the cornerstones of modern biomedical research. It was
hardly surprising that Jennifer Doudna and Emmanuelle
Charpentier were awarded the 2020 Nobel prize in Chemistry
for their pioneering work in the development of this highly
versatile editing tool (Ledford and Callaway, 2020). The most
used and best studied Cas protein is derived from Streptococcus
pyogenes (SpCas9) and finds its DNA target using a short RNA,
the single guide RNA (sgRNA), which consists of a 20 nucleotide
spacer and a scaffold which it uses to interact with the Cas9
protein. Once the Cas9-sgRNA complex is formed, it will scan the
DNA for sequences (the protospacer) that match the sgRNA-
spacer motif at sites where protospacer adjacent motifs (PAM,
NGG for SpCas9) are present, and if a match is found, the
nuclease activity of Cas9 is activated. Cas9 however has some
leniency toward mismatches between spacer and protospacer,
which might result in unwanted off-targets, requiring further
investigation, in particular with regard to therapeutic
applications. A combination of in silico off-target prediction
tools as well as experimental set-ups e.g., GUIDE-seq (Tsai
et al., 2015), allow to identify (potential) off-target sites, which
can then be evaluated by deep sequencing. For an overview of
different Cas proteins and optimizations, for example to increase
the number of targetable sites or improve efficacy or specificity,
we refer to (Anzalone et al., 2020; Makarova et al., 2020; Maule
et al., 2021).

Base Editing
Although CRISPR-Cas editing itself was still relatively new,
CRISPR-Cas derived techniques rapidly emerged, one of which
is base editing. One of the largest assets of base editors is the
ability to perform targeted base modifications without
introducing DSBs into the genome. Besides, base editing does
not rely on HDR and can therefore also be performed in cells that
are not actively dividing. Base editors employ a Cas9n (nickase) in
which one of the nuclease sites has been knocked out (D10A)
fused to a deaminase. For cytosine base editors (CBE), this is a
rAPOBEC deaminase which will deaminate cytosines after the
Cas9n-sgRNA complex has guided the deaminase to the target
(Komor et al., 2016). Deamination results in uracil which is
repaired to thymine while the Cas9n will nick the non-edited
strand, pushing DNA damage repair toward incorporating the
edit. Inhibition of the base excision repair (BER) pathway by
adding an uracil glycosylase inhibitor (UGI) to the CBE, further
increased C-to-T editing efficiencies. Alternatively, instead of
inhibiting the uracil DNA glycosylase (UNG) which initiates
BER, promoting it often results in uracil to guanine repair,
effectively creating C-to-G base editors (CGBE) (Kurt et al.,
2020; Zhao et al., 2020). Adenine base editors (ABE) on the
other hand, use the adenine deaminase TadA to install A-to-G
edits (Gaudelli et al., 2017). Combined, these editors can restore
many disease-causing mutations, in particular ABE which can
repair naturally occurring C-to-T edits. Base editing takes place
in a specific window, the editing window, which is usually
around four nucleotides. This somewhat limits the use of
base editors, since the gRNA should place the target
nucleotide within this window. Besides, if multiple cytosines
or adenines, for CBE/CGBE and ABE, respectively, are present
in this window, all of them can theoretically be edited, resulting
in bystander edits that might alter the amino acid sequence of
the protein. Prediction tools have been designed, such as BE-
Hive (Arbab et al., 2020), to determine which bases will be
edited most efficiently. As with Cas9 nucleases, new base editors
are constantly being developed with altered PAM recognition or
adjusted editing windows, to increase the number of mutations
that can be corrected, or improve their specificity and efficacy as
well as reduce off-targets. For an overview, we refer to (Huang
et al., 2021).

Prime Editing
In 2019, another CRISPR-based tool was introduced: the prime
editor (PE). Here, rather than a deaminase, a reverse transcriptase
(RT) is fused to Cas9n (H840A) (Anzalone et al., 2019). In
combination with a prime editing gRNA (pegRNA) that
contains not just a spacer and scaffold but also a primer
binding site (PBS) and an RT template, it allows to re-write
all base conversions and also small insertions or deletions.
Following a nick at the targeted region, the PBS anneals and
the RT template is reverse transcribed. This results in an
intermediate, with a 3′ and a 5′ ssDNA flap, where the
former contains the edit. If this edited flap is ligated, it will
create a heterodimer that can subsequently be repaired to allow
incorporation of the edit. Optimizing the PE (PE2) and adding
a gRNA to nick the non-edited strand (PE3) improved the
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efficiency of PE (Anzalone et al., 2019). In general, pegRNA
design is more complicated than gRNA design for Cas9
nucleases and base editors, since there is no consensus yet on
the optimal lengths of both PBS and RT. Tools have been
developed to assist in the design of pegRNAs (Kim et al.,
2020) but currently, multiple guides should still be
empirically tested for each target.

CELL AND ANIMAL MODELS OF DISEASE

Before we discuss in detail the published proof-of-concept
studies showing the feasibility to correct a variety of CFTR
mutations, we first will discuss the available cell and animal
models of CF, in which gene editing and a phenotypic rescue can
be assessed. Cell and animal models have been invaluable for
unraveling disease mechanisms in CF. They have allowed to
gain insights into CF pathophysiology both at the cellular and
the organ level, and have aided in the development of novel
therapies to alleviate symptoms or treat the mutational defect on
the DNA, RNA or protein level. For an overview of the use of
different models for tailoring CFTR modulators to specific
mutations, we refer to (Clancy et al., 2019). In the next
section, we will discuss the different types of CF models and
focus on the potential of both cell and animal models to assess a
genetic correction by CRISPR-Cas or other DNA-directed
editing therapies.

Cell Models
Different sorts of cell models have been used extensively to study
CF(TR). Each cell model has its own advantages and limitations,
balancing the ease of use with the possibility to employ specific
read-outs and the translatability of the data gained (Figure 1).
Usually, combining different complementary models allows
gathering in the most complete manner all information
needed to reliably confirm identified disease mechanisms and
new therapeutic strategies.

CFTR Overexpressing Cell Models
In heterologous cell models a CFTR cDNA or minigene is
overexpressed under an exogenous promoter. For this purpose,
immortalized laboratory cell lines of human e.g., Human
Embryonic Kidney (HEK)293T cells, or non-human e.g.,
Fischer Rat Thyroid (FRT) cells, origin are often used. The
endogenous CFTR is usually not expressed in these models
and thus allows functionally studying CFTR mutants, in the
absence of endogenously expressed WT-CFTR. Some cell lines,
such as FRT cells, can be grown into a polarized epithelium which
allows electrophysiological read-outs like short-circuit current
(Isc) measurements (Sheppard et al., 1994). Non-polarized cell
lines can still be used to study CFTR function, albeit indirectly, by
halide-sensitive yellow fluorescent protein (HS-YFP) quenching
among others (Galietta et al., 2001). Protein maturation and
subcellular localization can be evaluated using biochemical assays
such asWestern blotting and other antibody-based methods (e.g.,

FIGURE 1 | Cystic fibrosis cell models for the evaluation of gene editing strategies. Different cell-based models are available to evaluate gene editing for CF. While
heterologous, CFTR overexpressing models allow the study of any CFTR variant, and are easiest to work with, their read-outs are limited to molecular and functional
analysis of CFTR and genetic correction at the cDNA or minigene level. Immortalized cells, expressing the endogenous CFTR, allow correction of theCFTR gene, but are
only available for a limited number of the more common CFTR genotypes. Gene editing however, has allowed to generate immortalized lines for additional
genotypes (*) (Valley et al., 2019). Primary cell models are the most relevant, since they can be used for CF specific read-outs that are important in the CF phenotype,
includingmucus and immune defects. Traditional molecular CFTR endpoints remain challenging for primary cells. Depending on the origin of the primary cells, genotypes
might be exceedingly hard to acquire i.e., human bronchial epithelial (HBE) cells from explant lungs. On the other hand, human intestinal organoids (HIO) and human nasal
epithelial (HNE) cells are more readily obtained via minimally invasive procedures. Alternatively, iPSCs were edited (†) to generate isogenic lines with different genotypes
(Ruan et al., 2019). A combination of different models allows the most complete cell-based evaluation of novel gene editing strategies. Abbreviations: FIS, forskolin
induced swelling; HBE, human bronchial epithelial; HIO, human intestinal organoids; HNE, human nasal epithelial; ICC, immunocytochemistry; iPSCs, induced
pluripotent stem cells; Isc, short circuit currents; HS-YFP, halide sensitive yellow fluorescent protein.
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ELISA, immunocytochemistry, flow cytometry) (Okiyoneda
et al., 2013; Botelho et al., 2015; Ensinck et al., 2020).

The parental cell line however, is not the only consideration
when choosing a heterologous cell model. The timing of
expression and form in which CFTR is expressed (cDNA or
minigene) are equally important. Overexpression can be either
transient e.g., by plasmid transfection or electroporation, or
stable, via integration into the genome after retroviral
transduction or stable transfection. While transient
overexpression is the quickest and most flexible method,
obtained expression levels are often variable. Stable cell lines
on the other hand allow to study CFTR in a more standardized
manner, and have been extensively used for high throughput
screening (Van Goor et al., 2006; Pedemonte et al., 2011; Liang
et al., 2017) and characterization of molecular defects of CFTR
mutations and responses to compounds (Sosnay et al., 2013; Van
Goor et al., 2014; Ensinck et al., 2020) (reviewed in (Veit et al.,
2016)). Results in cell lines are indicative of treatment responses
in PwCF, and have been used by the FDA to evaluate repurposing
of existing CFTR modulators to rare mutations. Label extensions
were approved for Kalydeco™ (2017/2020), as well as Symdeko™
(2020) and Trikafta™ (2020) based on a functional rescue,
measured by Isc, to at least 10% of WT current in FRT cell
models (FDA, 2017; Vertex, 2020). These FRT cells express
different CFTR mutations integrated at the same site using the
Flp recombinase system to allow targeted cassette exchange at Flp
recombination target sites (Flp-In™, Invitrogen) (Van Goor et al.,
2014). In this way, isogenic CFTR-variant cell lines of choice can
be rapidly generated, all with an identical genetic background.
While recombinases are commonly used to generate heterologous
cell models, Cas9 in principle also supports cassette exchange
although with slightly altered characteristics, such as a higher risk
of knock-out alleles, or insertion of extra pieces of DNA alongside
the integrated transgene (Phan et al., 2017).

The CFTR cDNA is mostly chosen for overexpression since
the CFTR gene spans at least 180 kb, although the exact size of
CFTR’s regulatory elements is not strictly defined. In any case, it is
too large to be introduced efficiently into cells, unless using
artificial chromosome delivery strategies (Auriche et al., 2002).
The CFTR cDNA (4.4 kb) contains the entire CFTR coding
sequence but is still small enough to easily transfer into most
cell types, even when an external promoter and possibly a protein
tag or antibiotic selection marker are added to the construct.
Protein tags like small epitopes e.g., FLAG or hemagglutinin
(HA), and fluorescent proteins, e.g. green fluorescent protein
(GFP), facilitate the detection of CFTR (Ensinck et al., 2020), as
CFTR antibodies often have low sensitivity or specificity (Mendes
et al., 2004). While CFTR cDNA allows to study the biogenesis
and function of the CFTR protein, there are aspects, like splicing
and nonsense-mediated mRNA decay (NMD) for nonsense
mutations (also see the section Nonsense Mutations), which
are not recapitulated in these models. Minigenes are (partial)
CFTR cDNAs in which at least one intron is included, and used to
investigate splicing mutations as well as nonsense mutations
sensitive to NMD (Sharma et al., 2014; Sharma et al., 2018). It
can however be difficult to identify all mutations with splicing
defects based on the DNA sequence alone. For example, the CFTR

mutation G970R (c.2908G>C) was considered a stereotypical
class III gating mutant based on its normal CFTR biogenesis and
response to the potentiator Ivacaftor in cDNA overexpression
models (Caputo et al., 2009; Yu et al., 2012). After treatment
responses to Kalydeco™ in people with this G970R mutation
were lower than expected, G970R was re-investigated, this
time in a primary cell model, which revealed a predominant
splicing defect that resulted in exon skipping or the retention
of an intron (Fidler et al., 2020). This underscores that while
heterologous cell models allow to elucidate many of the
molecular aspects of CFTR mutants, they should still be
complemented with other, preferably primary cell models
that naturally express the CFTR gene.

For the evaluation of gene editing in heterologous cell models,
the same principle holds true. These models can be used as a first
proof-of-concept, to validate guide design for example or test
multiple guides or editing strategies in an easy-to-use model.
Read-outs will mainly include detection of editing on the cDNA
or minigene level, when allele-specific (i.e., mutation is part of the
target recognition sequence, such as the protospacer) or
footprint-free (i.e., CFTR gene is already WT and thus
‘correction’ cannot be evaluated) editing strategies are used.
Targeted integration of super-exons (also see the section
Correcting Multiple Mutations at Once) for example could be
investigated on the genomic level, although the lack of
endogenous CFTR expression in these models precludes any
further analysis on the RNA or protein level. If a protospacer
spans an exon-boundary, gRNAs should be tested on a minigene
rather than on the cDNA so that gRNA design resembles the
genomic sequence. Also, when splicing mutations are edited,
minigene systems are particularly interesting as they allow to not
only evaluate editing of the minigene, but importantly also
restoration of mRNA splicing (Sanz et al., 2017; Maule et al.,
2019). Alternatively, the use of cDNA models allows to
characterize the CFTR biogenesis and function of edited cells
in heterologous cell models not naturally expressing CFTR.

Immortalized Models Expressing CFTR
Cells that endogenously express CFTR provide a good
complement to heterologous cell models. They are more
relevant as the CFTR gene is expressed at its normal level and
with its usual regulation. Besides, these cells usually retain more
epithelial features, such as their ability to form polarized epithelia
that can be grown as ALI cultures, and are of human origin (in
contrast to, for example, FRT cells). The endogenous CFTR
expression, for example in the cystic fibrosis bronchial
epithelium cell line CFBE41o- (F508del/F508del), allows to
correlate genomic CFTR correction with functional rescue at
the protein level. One major disadvantage however is the lack of
models for most of the >2100 CFTRmutations. To overcome this
issue, several of the more common CFTR mutations have been
introduced in the non-CF 16HBE14o-parental cell line (see the
section Introducing Mutations into CFTR) (Valley et al., 2019).
Eight genotypes are currently available, all within the same
isogenic background through the CFF (CFF, 2020). To date,
one of them i.e., the W1282X (c.3846G>A) human bronchial
epithelium cell line 16HBE14o-, has been used to study a
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therapeutic rescue using ABE (also see the sections Nonsense
Mutations and Introducing Mutations into CFTR) (Jiang et al.,
2020).

Primary Cell Models of CF
Cell models directly derived from CF patients remain the golden
standard for pre-clinical testing of new therapies for CF. Since CF
is a multi-organ disorder which does not exclusively affect
epithelia but also for example innate immune and endothelial
cells (reviewed in (Declercq et al., 2019; Lara-Reyna et al., 2020),
respectively), cells from many different organs can be used to
understand the diverse CFTR-associated phenotypes and study a
correction by rescue strategies. Human intestinal organoids, for
example, are three-dimensional stem-cell based structures
derived from the crypts of rectal biopsies (Sato et al., 2009).
While this is an intestinal rather than an airway-based model, it is
frequently used in the study of CF therapeutics, since the
stimulation of these organoids with cAMP-agonist forskolin
results in CFTR-dependent organoid swelling (Dekkers et al.,
2013). This correlates well with improvements in PwCF in clinical
trials (Ramalho et al., 2020), and this model is therefore often
used for the evaluation of new small molecules and proof-of-
concept gene-editing (Dekkers et al., 2016; Maule et al., 2019;
Geurts et al., 2020a; Geurts et al., 2020b). HBE cultures are a
logical and frequently used primary cell model in CF as lung
disease is associated with most morbidity and mortality in CF
patients. HBE cells are usually isolated from explant lungs, thus
limiting the availability of genotypes with many of the rare
mutations. When fully differentiated, these HBE cells form
pseudostratified epithelia resembling the in vivo epithelium.
Importantly they also contain the recently identified rare but
high CFTR expressing ionocyte (Montoro et al., 2018; Plasschaert
et al., 2018), a cell type therefore suggested important for gene
targeting. While Isc measurements are classically used to assess
CFTR’s function as an anion channel by measuring Cl− transport,
investigating HCO3- transport is becoming increasingly
important, due to the demonstrated linear relationship
between CFTR levels, HCO3- transport and host defense
properties (Shah et al., 2016a). Indeed, while a plateau of Cl−

transport is reached when 10–50% of cells express CFTR
(Dannhoffer et al., 2009), explained by a limitation in Cl−

entry into cells at the basolateral membrane, a 50:50 mix of
CF and non-CF porcine epithelial cells transported HCO3− at half
the rate of non-CF epithelia (Shah et al., 2016a). These findings
suggest that indeed, overexpression in a smaller fraction of cells,
might still result in a clinical benefit due to the strong link
between HCO3− transport and the host’s ability to fight
bacterial infections. Host innate defense mechanisms of the
airway epithelium can be measured in vivo or ex vivo, using a
variety of assays, ranging fromASL pH and height, to mucociliary
clearance, mucus release from the submucosal glands (SMG) and
bacterial killing (for an overview, we refer to (Carlon et al., 2017)).

While the airway epithelium is the first line of defense against
invading pathogens and other inhaled particulates, these cells
orchestrate the further regulation of both innate and adaptive
immune responses to these challenges (reviewed in (Cohen and
Prince, 2012)). CF airway epithelial cells (AEC) show intrinsic

immune defects, such as aberrant Toll-like Receptor trafficking,
increased nuclear factor-κB (NF-κB) signaling and increased pro-
inflammatory cytokine transcription (Bruscia et al., 2011; Lara-
Reyna et al., 2020). A longstanding question has been whether
impaired innate immune responses of immune and endothelial
cells similarly, are directly linked to CFTR impairment, or rather
secondary induced. On the one hand neutrophils are recruited to
inflamed CF airways, even in the absence of infection, due to
continuous NF-κB signaling and pro-inflammatory cytokine
secretion, however, neutrophils also show a primary defect
linked to CFTR dysfunction. Indeed, CFTR plays an important
role in their phagocytic capacity by moving Cl− ions into the
phagolysosome to produce the bactericidal substance,
hypochlorous acid (HOCl), a process which is impaired in CF
(Zhou et al., 2013). Also, for monocytes and activated
macrophages, exaggerated inflammatory responses (Meyer
et al., 2009) and decreased phagocytic capacity have been
reported in CF, although whether these dysfunctions are
intrinsic or extrinsic, requires further investigation. In that
context, CFTR modulator treatment has been reported to
improve the ability of macrophages to sequester iron, which is
critical to prevent both oxidative tissue damage and bacterial
growth (Hazlett et al., 2020). Likewise, their ability to phagocytose
and kill pathogens like Pseudomonas eruginosa was enhanced by
modulator therapy (Barnaby et al., 2018). Both studies thus
provide further support for an intrinsic CFTR defect in CF
macrophages. In line with these findings, a similar pro-
inflammatory phenotype was identified in CFTR-deficient
endothelial cells using a transcriptomic approach, which was
partially reversed by CFTR modulators (Declercq et al., 2020).
Altogether, it is clear that multiple cell types contribute to the
hyper-inflammatory phenotype observed throughout multiple
organs in CF, requiring a broad therapeutic approach that
allows correcting the multiple innate immune defects
associated with dysfunctional CFTR.

Besides the eminent progressive lung disease PwCF suffer
from, pancreatic insufficiency (PI) affects about 85% of the CF
population. Most of them are PI soon after birth, with evidence
for even structural abnormalities in utero (reviewed in (Singh and
Schwarzenberg, 2017)). PI is caused by damage and obstruction
of the pancreatic ducts. Normally, CFTR is highly expressed in
pancreatic ductal epithelial cells (PDECs) and allows anions and
fluid to enter the ductal lumen. This ensures that the digestive
enzymes produced by the acinar cells remain in a soluble state,
which is not the case in severe forms of CF (reviewed in
(Wilschanski and Novak, 2013)). Besides exocrine PI, also the
endocrine pancreas is frequently affected, leading to CF-related
diabetes (CFRD). Whether a lack of CFTR function in PwCF is
directly linked with CFRD remains unclear. In that context, Mun
and colleagues have developed a patient-derived pancreas-on-a-
chip to allow studying in a co-culture set-up if impaired cell-cell
signaling between PDECs and islet cells leads to CFRD (ShikMun
et al., 2019). Their study indeed showed that insulin secretion was
strongly decreased by inhibition of CFTR function in PDECs.
This organ-on-chip system will thus allow broadening the
concept of personalized medicine for CF from the well-
established primary lung and intestinal cultures to a pancreatic
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model for studying epithelial and/or endocrine dysfunctions.
Even more organ-specific cell models are emerging, such as
extrahepatic and intrahepatic cholangiocyte organoids
(Verstegen et al., 2020), which collectively will allow to better
understand the pathological mechanisms and study a therapeutic
rescue in the many organs affected in CF.

In conclusion, proof-of-concept gene editing studies have
mainly focused on correcting the ion channel defect of CFTR
in primary cell cultures to date (see the section Gene Editing to
Correct Mutations in CFTR). This section however points out the
importance of evaluating a therapeutic rescue beyond
electrophysiological end-points as ideally all pleiotropic defects
caused by CFTR dysfunction should be corrected, in order to
substantially improve the multi-organ nature of CF.

CF Animal Models: Possibilities for
Evaluating Genetic Rescue Strategies
Even though cell models are increasing in complexity to better
mimic the in vivo organ structure and function, none of them
provide the same level of complexity as present in animal
models of disease. Therefore, despite limitations in the
translatability to humans, animal models still are of great
value to study genotype-phenotype relationships and
determine bioavailability, pharmacokinetics and drug efficacy
in the different organs affected. In the next section, we will
review the different animal models generated, from Cftr knock-
out (KO) to knock-in (KI) of human CFTR mutations to
humanized animal models of CF. For each of them, we will
discuss their value and limitations in the context of studying a
genetic correction of the gene defect in CF by gene editing
technology.

Cftr Knock-Out Animal Models of CF
Since the identification of the CFTR gene, numerous animal
models have been developed and widely reviewed (Grubb and
Boucher, 1999; Wilke et al., 2011; Lavelle et al., 2016; Rosen et al.,
2018; Semaniakou et al., 2018; McCarron et al., 2021). The
conservation of this gene in mammals has made it possible to
generate KO models from many different species, including
mouse (Snouwaert et al., 1992; Colledge et al., 1995; Hasty
et al., 1995; Rozmahel et al., 1996; van Heeckeren et al., 2004),
rat (Tuggle et al., 2014; Dreano et al., 2019), rabbit (Xu et al.,
2021), ferret (Sun et al., 2008; Sun et al., 2010), sheep (Fan et al.,
2018) and pig (Meyerholz et al., 2010). These different models
show large species-specific, and in the case of rodents, even strain-
specific, phenotypic variability. For example, the KO pig and
ferret present with very severe digestive and respiratory
symptoms, requiring intensive postnatal symptomatic
treatment such as ileostomy and antibiotics and therefore do
not fully recapitulate disease progression in humans (reviewed in
(Rogers et al., 2008; Sun et al., 2010)). However, these models
have been extremely valuable to unravel the origin of CF lung
disease (Stoltz et al., 2010; Sun et al., 2014; Keiser et al., 2015;
Stoltz et al., 2015). Impaired bicarbonate secretion and reduced
airway surface liquid (ASL) pH were shown to lie at the basis of
viscous mucus secretions, mucostasis, impaired innate immune

responses and thus the inability to efficiently clear pathogens
(Stoltz et al., 2010; Hoegger et al., 2014). Mice and rats on the
other handmainly suffer from severe gastrointestinal obstruction,
which requires an early and continued treatment with laxatives
(Clarke et al., 1996). They show little or no respiratory phenotype,
although the impairment of CFTR channel activity, measured by
nasal potential difference (NPD) (Grubb and Boucher, 1999;
Lubamba et al., 2008; Saussereau et al., 2013), confirms the
loss of Cftr function. NPD is a non-invasive, translational
read-out also applied in humans (Leal et al., 2008; Vermeulen
et al., 2015), which allows assessing a functional rescue by gene
therapy. This read-out has been used to assess the efficacy of
many different gene addition rescue strategies, tested both in CF
animal models (McNeer et al., 2015; Vidovic et al., 2016) and in
clinical trials (Hay et al., 1995; Alton et al., 1999). For a complete
overview of all Cftr KO animal models and their multi-organ
phenotypes, we refer to the following reviews (Wilke et al., 2011;
McCarron et al., 2018; Rosen et al., 2018; Semaniakou et al.,
2018).

Species-Specific Differences Influence CF Lung Disease
Phenotype
Several reasons have been put forward to explain the
difference in lung disease severity between rodents and the
larger CF animal models, such as the ferret and pig. A first
reason relates to anatomical differences in SMG distribution
throughout the proximal airways, which in rodents is
restricted to the nose and the most proximal part of the
trachea. CF airway pathology however has been shown to be
largely attributed to defects in the SMGs as CFTR dysfunction
is associated with abnormal mucus secretion and defective
innate immunity (Stoltz et al., 2010; Hoegger et al., 2014;
Keiser et al., 2015). It is also in that light that SMGs are
proposed as one of the targets for gene therapy. Second,
compensatory ion channels have been shown to alleviate the
CFTR defect in CF mice. Besides Ca2+-activated chloride
channels which provide another source of Cl− secretion,
ATP12A, the non-gastric form of the H+/K+-ATPase, is
hardly expressed in mice, explaining the absence of ASL
acidification (Shah et al., 2016b). By contrast, in CF humans
and CF pigs, ATP12A leads to unchecked acidification of the
ASL (Shah et al., 2016b; Scudieri et al., 2018), which is not
neutralized by CFTR-mediated bicarbonate transport in the case
of CF, leading to prominent lung disease. A third concept relates
to differences in CFTR homology and the effect of revertant or
suppressive mutations contributing to a milder lung phenotype
in CF mice. For example, mouse and rat CFTR show only 78 and
76% amino acid sequence homology, respectively, compared to
humans (Semaniakou et al., 2018). This difference is postulated
to explain why the murine CFTR channel exhibits some
alterations in pharmacological and gating properties to
human CFTR (Bose et al., 2019). Among these sequence
differences, suppressive or reverting variants have been
identified that attenuate or reverse the severity of a pre-
existing disease-causing CFTR mutation (Hoelen et al., 2010;
Dong et al., 2012; Xu et al., 2014). In the nucleotide binding
domain 1 (NBD1) sequence, the amino acid at position 539
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differs between species with an isoleucine in humans, ferrets
and pigs vs. a threonine in mice. The molecular consequence of
this amino acid substitution was investigated in heterologous
cell models expressing a chimeric hCFTR-F508del in which the
human NBD1 was substituted by murine NBD1 (Dong et al.,
2012), showing that the F508del protein maturation defect was
attenuated in the chimeric construct. This observation
supports the hypothesis that co-expression of isoleucine at
position 539 and the F508del mutation presents a possible
strategy to develop novel ‘humanized’ CF mouse models with

more prominent lung disease, a topic that will be discussed in
the section Humanized CFTR Animal Models of CF.

Value of Cftr KO Animal Models to Validate Gene Therapy
Efficacy
Besides the possibility to correct molecular and functional end-
points related to CFTR activity, these KO models and in
particular those with a prominent lung phenotype, allow
studying a possible improvement of human-relevant lung
disease. Two different gene addition rescue strategies

TABLE 1 | Knock-in CF animal models.

Species Mutation Editing
technology

Insertion CF phenotype References

Mouse F508del Plasmid HR Peritonitis, intestinal obstruction Colledge et al. (1995)
Electrophysiological abnormalities in trachea and colon epithelium
Distention and mucus hyper-accumulation in intestinal glands and colon
mRNA expression lower than WT

Mouse F508del Plasmid HR Growth retardation van Doorninck et al. (1995)
Hypertrophy of goblet cells in intestine
Residual CFTR function in nasal, intestinal and gallbladder epithelium

Mouse F508del Plasmid HR Growth retardation Zeiher et al. (1995)
Peritonitis, intestinal obstruction
Electrophysiological abnormalities in nasal, intestinal and pancreatic
epithelium
Inflammatory cells in broncho-alveolar lavage

Mouse G551D Plasmid HR Intestinal obstruction, peritonitis Delaney et al. (1996)
Electrophysiological abnormalities in nasal, tracheal and intestinal epithelium

Mouse G480C Plasmid HR Hypertrophy of goblet cells in intestine Dickinson et al. (2002)
Electrophysiological abnormalities in nasal epithelium

Mouse R117H NR HR Growth retardation van Heeckeren et al. (2004)
Electrophysiological abnormalities in nasal epithelium

Pig F508del rAAV HR Intestinal obstruction Rogers et al. (2008), Ostedgaard
et al. (2011)Liver steatosis

Pancreatic abnormalities
CF lung disease: Airway obstruction, host-defense defect
Residual CFTR function in nasal and pancreatic epithelium

Mouse G542X CRISPR/Cas9 HR Growth retardation McHugh et al. (2018)
Intestinal obstruction
No CFTR activity in airway and intestinal epithelium

Rat F508del CRISPR/Cas9 HR Growth retardation Dreano et al. (2019)
Abnormal dentition
Intestinal obstruction
Residual CFTR function in airway and colon epithelium

Ferret G551D rAAV HR Intestinal obstruction mRNA expression reduced in lung and intestine Sun et al. (2019)
Protein expression reduced in lung
Electrophysiological abnormalities in intestinal organoids, jejunum and
pancreatic ductal epithelium
Airway obstruction
Reproductive tract malformations

Rat F508del CRISPR/Cas9 HR Growth retardation McCarron et al. (2020)
Abnormal dentition
Intestinal obstruction
Residual CFTR function in nasal epithelium
Reproductive tract malformations

Rat G542X CRISPR/Cas9 HR Growth retardation Sharma et al. (2020)
Abnormal dentition
Intestinal obstruction
No CFTR activity in airway and intestinal epithelium mRNA
degradation (NMD)

Abbreviations: CRISPR/Cas, Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR associated protein; HR, Homologous recombination based on the presence of flanking
homology arms; KO, Knock-out; NMD, Nonsense-mediated decay; NPD, Nasal potential difference; WT, Wild-type.
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conducted in the newborn gut-corrected Cftr KO pig, reported
on the reversal of impaired bacterial killing and reduced ASL
pH, two important hallmarks of CF lung disease (Cooney et al.,
2016; Steines et al., 2016). These studies provide the first and
exciting evidence that gene therapy holds promise to improve
lung disease in a large animal model of CF, with human-relevant
lung disease. Extending the use of Cftr KO animal models to
correct the endogenous CFTR locus by gene editing is rather
limited in that sense that most gene editing strategies are
designed to correct a human disease-causing mutation. The
KO models thus can only be of value for gene editing strategies
aiming to integrate a super-exon (Bednarski et al., 2016; Suzuki
et al., 2020) in the Cftr locus (also see the section Correcting
Multiple Mutations at Once), that in case of a therapeutic super-
exon encompasses all the necessary exons to correct the specific
Cftr KO present in the animal model (Wilke et al., 2011;
McCarron et al., 2018; Rosen et al., 2018; Semaniakou et al.,
2018).

Human Relevant CFTR Mutations in the Animal
Orthologue: Knock-in CF Animal Models
The development of genetic engineering tools has made it
possible to generate different models expressing a human
relevant CFTR mutation. Several frequent disease-causing
CFTR mutations have been inserted into the animal Cftr gene
to generate knock-in models (Table 1). Of the currently
2100 CFTR mutations reported, only five have been used to
date to develop CF animal models, including R117H
(c.350G>A), G480C (c.1438G>T), F508del, G542X
(c.1624G>T), and G551D (c.1652G>A). Overall, these models
have a generally less severe phenotype than that observed in
humans, likely due to the above discussed reasons, and also less
severe than their respective KO counterparts per species. As with
the KO models, a difference in phenotype is observed according
to species (Table 1).

Regarding the F508del mutation, rodent models show little
airway pathology, but rather a predominant intestinal
obstruction, which can be improved by a laxative diet, in
contrast to the F508del pig. Although the F508del pig shows
very severe digestive and lung pathology, the poor survival of this
model makes longitudinal studies challenging (Rogers et al.,
2008). Similarly to F508del, the G480C mutation shows
impaired processing and trafficking (Smit et al., 1995; Ferec
and Cutting, 2012) and likewise is coupled to a severe
phenotype in patients (Kristidis et al., 1992). Contrary to
human disease, the G480C mouse model only showed
hypertrophy of goblet cells in the intestine and an organ-
specific electrophysiological defect (defective Cl− transport in
the nose but not in the cecum) (Dickinson et al., 2002). These
species-specific phenotypic differences can likely be attributed to
the differences in anatomy, ion channel composition and CFTR
protein sequence, as discussed above. A complete overview of all
knock-in animal models of CF and their organ-specific
phenotypes is given in Table 1. Despite these species-specific
variations, these models remain of interest for the preclinical
evaluation of new therapies, as well as for unraveling the
mechanisms of disease initiation and progression, while

considering the limitations and differences with respect to
their translation to humans (Shah et al., 2016b; Scudieri et al.,
2018). First, a major asset of these different animal models is that
they recapitulate the complex multi-organ disease seen in PwCF
and thus allow to evaluate treatment efficacy in different organs
(Sun et al., 2019). Second, the complex pulmonary environment
of PwCF represents a major extracellular barrier to drug and gene
therapy delivery which cannot be fully recapitulated in in vitro
models, underscoring the need to study drug penetration through
the multiple barriers in relevant animals with severe lung disease
(Stoltz et al., 2010; Hoegger et al., 2014; Sun et al., 2014; Keiser
et al., 2015). Finally, they allow to address long-standing
questions which remained unanswered even in primary cell
models, such as the presumed irreversibility of exocrine
pancreas insufficiency and the obliteration of the vas deferens,
both already present prenatally. The first in utero administration
of potentiator Ivacaftor (VX-770) in the G551D ferret allowed to
improve pancreatic exocrine function, as well as rescue vas
deferens and epididymis development, suggesting an
important role for CFTR early in life in establishing organ
function (Sun et al., 2019).

Value of Animal Models with Knock-in of Human CFTR
Mutations to Validate Gene Therapy Efficacy
The availability of human relevant CFTR mutations in animal
models is advantageous for evaluating mutation-specific
treatments such as gene editing aiming at an in vivo delivery
approach, at least for those mutations currently modeled in
animals (Table 1). In that regard, successful in vivo gene
editing of the F508del mutation in mice has been
demonstrated using triplex-forming peptide nucleic acids
(PNA) (also see the section F508del) (McNeer et al., 2015). By
NPD, a partial but significant recovery in CFTR function was
demonstrated in the nose. In the lung, a reduction in the number
of inflammatory cells in broncho-alveolar lavage fluid (BALF)
was indicative of a rescue by F508del-specific PNA treatment.
This study hence presents promising work on the first steps
toward an in vivo gene editing therapy, here tailored to the most
common F508del mutation, further showing which read-outs can
be used in a knock-in mouse model without prominent lung
pathology.

In general, the severe morbidity and mortality associated with
CF lung disease, have guided gene therapy efforts toward a lung-
directed approach since decades (reviewed in (Carlon et al., 2017;
Sondhi et al., 2017)). In that regard, animal models that
recapitulate more prominent lung disease and the thereby
associated extracellular barriers hampering efficient gene
transfer, such as viscous mucus, chronic inflammation and
infection, underscore the importance of including these
models in the therapeutic development pipeline (Cooney et al.,
2016; Steines et al., 2016) (and reviewed in (Mottais et al., 2017).
A limitation of current knock-in models, is that despite the CFTR
gene being phylogenetically conserved between mammals,
sequence variations require a species-dependent gRNA, ZFN
or TALEN design. Indeed, McNeer and colleagues had to
construct two distinct PNA and donor templates to correct
either the human F508del in primary HBEs or the murine
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F508del in the CFmouse model used (McNeer et al., 2015). While
at first sight, this species-specific testing might limit the direct
translation of editing tools to humans, other factors likely are of
more importance, such as the delivery vehicle which determines
tropism and targeting efficiency. Nevertheless, one of the
strategies to overcome cross-species genotype and phenotype
variations, is to develop humanized animal models of CF.

Humanized CFTR Animal Models of CF
Humanized CFTR animal models of CF can be divided in two
main classes (Table 2). The first class includes transgenic models
with a random insertion of the human CFTR cDNA or full gene
into the genome ofCftrKOmice. The second class corresponds to
humanized models in which the Cftr mouse gene is replaced by
the human CFTR cDNA via homologous recombination
strategies. A first transgenic mouse model was developed in
1994, the so-called ‘gut rescued’ KO mouse, where the human
CFTR cDNA under control of the intestinal fatty acid binding
protein (FABP) promoter was randomly inserted into a Cftr KO
model (Zhou et al., 1994). The local expression of this transgene
made it possible to rescue CF intestinal pathology and thus
increase the survival of these transgenic mice, thereby
increasing the overall applicability to study therapeutic
interventions among others. In a similar manner, a gut-
rescued KO ferret and pig were made, though with the animal
orthologue (Sun et al., 2010; Stoltz et al., 2013). Also, human
relevant CFTR mutations have been introduced into humanized
CF animal models, a first one being the most prevalent nonsense
mutation, G542X. Similar to the gut corrected models, this
transgenic mouse was constructed from a Cftr KO model in
which the G542X-CFTR cDNA under the control of the FABP
promoter ensured local expression of G542X-CFTR in the gastro-

intestinal tract. So far, this model has been used to test
translational read-through inducing drugs in their ability to
pharmacologically correct premature termination codons
(PTCs) in CFTR (Du et al., 2002; Du et al., 2006). These
corrections were measured by analysis of survival rate, CFTR
function (Isc) and hCFTR expression in the intestine.

Two other transgenic models have been generated using yeast
artificial chromosomes (YAC) (Manson et al. (1997)) and
recently also bacterial artificial chromosomes (BAC) (Gawenis
et al., 2019). They have as most prominent advantage the
possibility to incorporate the entire hCFTR gene, including all
necessary regulatory elements that control its expression, which is
impossible using plasmid or viral vector technology. The BAC
transgenic mouse with functional hCFTR was generated with the
specific purpose to enable the subsequent generation of mouse
models with hCFTRmutations, to support future in vivo testing of
new CF therapies, pharmacologic or gene therapeutic (Gawenis
et al., 2019). Phenotypically, all CF-specific organ pathologies
were rescued to WT levels, with the exception of the abnormal
dentition. Follow-up studies will likely follow, reporting on the
introduction of human CFTR mutations in this BAC transgenic
mouse model, which will allow studying mutations and rescue
strategies in a congenic background.

Recently, a humanized transgenic G551D rat model was
generated (Birket et al., 2020), the rationale being that
pharmacological responses are often species-specific, such as
the differential Ivacaftor response of mouse vs. human
F508del-CFTR (Bose et al., 2019). A hCFTR cDNA super-
exon, spanning exon 2–27 was inserted using ZFNs with a 5′
insertion site into the rat Cftr gene just beyond intron 1. This
targeted insertion allows G551D-CFTR expression from the
endogenous rat promoter. The G551D rat model developed a

TABLE 2 | Introduction of human CFTR to generate humanized CFTR animal models.

Species Background Mutation Construction Insertion CF phenotype References

Mouse CftrtmUnc null
mice

hCFTR cDNA under control of
FABP promoter

Plasmid Random
insertion

Gastro-intestinal pathology rescued by gut-
specific expression of hCFTR under the FABP
promoter

Zhou et al.
(1994)

Mouse Cftrtm1Cam null
mice

hCFTR full gene + regulatory
elements (70 kb of flanking
sequence)

YAC Random
insertion

Different function according to the founder Manson et al.
(1997)CFTR function rescued in colon, jejunum and

cecum with hCFTR expression under
endogenous promoter

Mouse Cftrtm1Cam null
mice

hG542X-CFTR cDNA under
control of FAPB promoter

Plasmid Random
insertion

Growth retardation Du et al. (2002)
Intestinal obstruction
Occasional weak cAMP-stimulated current in
intestinal epithelium

Mouse CftrtmUnc null
mice

hCFTR full gene + regulatory
elements (40.1 kb

BAC Random
insertion

Abnormal dentition Gawenis et al.
(2019)

At 5′; 25 kb at 3′ end of hCFTR
gene)

Morphological and functional (nasal and intestinal
mucosa) rescue with hCFTR expression under
endogenous promoter

Rat WT sprague-
dawley rat

hG551D-CFTR cDNA (2–27
exons) under control of
endogenous promoter

ZFN and super-
exon

HR Growth retardation Birket et al.
(2020)Abnormal dentition

Intestinal obstruction
ASL depletion, PCL decrease, mucus transport
decrease and presence of viscous mucus

Abbreviations: ASL, airway surface liquid; BAC, Bacterial artificial chromosome; FABP, Fatty acid binding protein; hCFTR, human CFTR; HR, Homologous recombination; KO, Knock-out;
PCL, periciliary liquid; YAC, yeast artificial chromosome; WT, wild-type; ZFN, Zinc finger nuclease.
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CF phenotype similar to the KO rat and responded, as
hypothesized, to potentiator Ivacaftor with a restoration of
nasal and tracheal potential difference. Besides a functional
recovery of CFTR, also lung disease relevant parameters were
normalized, such as airway mucus viscosity, mucociliary
clearance and ASL height, the latter implying a restored
hydration of the airways.

Value of Humanized CF Animal Models to Validate Gene
Therapy Efficacy
Generating humanized animal models of disease is an interesting
approach that is gaining ground in biomedical research because
of several advantages. First, disease phenotypes might more
closely resemble human disease, compared to knock-in models
where mutations are introduced into the animal orthologue, as
interspecies sequence variations and reverting mutations are
abolished. However, other confounding factors remain, such as
differences in anatomy and ion channel composition. Second,
expressing the human protein in an in vivomodel is advantageous
for studying drug responses, both small molecules and gene
therapies, as pharmacodynamics and -kinetics ultimately
determine the net uptake and tissue-specific responses to the
drug. Third, the delivery of very large inserts by artificial
chromosomes (YAC, BAC) opens up possibilities to not only
insert cDNA, mini-genes or super-exons, but even complete
genes with their regulatory elements that contribute to the
tissue-specific and dynamic expression of hCFTR. This level of
transcriptional control allows a more faithful and human-
relevant evaluation of specific therapies for which the non-
coding elements contribute to the rescue efficacy, such as PTC
modulating agents and therapies aiming to correct splicing
mutations (reviewed in (Clancy et al., 2019)).

On the other hand, humanized animal models hold possible
limitations which should be considered. A potential risk is that
the humanized protein e.g., CFTR, might interact differently
with the animal-specific cellular environment, for example
based on altered protein-protein interactions. In that light,
the humanized G551D rat did not show a difference in the
amiloride-sensitive transepithelial potential difference
compared to WT-CFTR (Birket et al., 2020). We hypothesize
that this might reflect a distinct, non-inhibiting interaction
between human CFTR and the murine epithelial Na+

channel. Another potential limitation of humanized models
is that the animal transcription factor orthologues might not
bind the inserted human regulatory regions with the same
specificity, potentially resulting in altered hCFTR expression.
Further, other cellular mechanisms, such as RNA splicing or
chaperone-assisted CFTR folding could potentially differ
between species and hinder the utility of reliable humanized
animal models (Zhu et al., 2019). These theoretical limitations
should be kept in mind and experimentally verified during the
development process of the humanized animal model to ensure
their value in the therapeutic discovery pipeline.

Possible future perspectives include the development of even
closer animal mimics of human CF disease such as compound
heterozygous genotypes (i.e., two different mutant CFTR alleles),
which is frequently the case in CF patients. This would allow a

better understanding of the complex genotype-phenotype
relations leading to organ-specific CF pathophysiology, as well
as more reliable functional responses in the development of new
therapeutics.

GENE EDITING TO CORRECT MUTATIONS
IN CFTR: WHAT HAS BEEN DONE?

Gene editing to correct mutations at the endogenous CFTR locus
remains a rather recent field, compared to other therapeutic
strategies for CF, like gene addition and CFTR modulators.
Nevertheless, many proof-of-concept studies in CF cell
models, including primary intestinal organoids, airway cultures
and induced pluripotent stem cells (iPSCs), have already shown
that correction of CFTR mutations is feasible. A comprehensive
overview of all these studies is given in the next section.

Currently, the use of nucleases combined with HDR has been
most widely investigated. Gene editing usually is highly mutation
specific, and since CF is caused by at least 360 different mutations,
covering base conversions as well as small and large insertions
and deletions, multiple strategies will be needed to model all
mutations or develop a treatment for all PwCF. For an overview
of howmany mutations can theoretically be covered by each gene
editing strategy, we refer to (Maule et al., 2021). The CFTR gene
spans a >180 kb region and some parts will be more suited for
editing compared to others e.g., when it comes to the availability
of PAM sites or GC content. Therefore, most likely different
strategies will need to be tested and tailored to each specific
mutation.

Before these proof-of-concept studies can be translated toward
a therapy, further optimizations are needed and additional
questions remain to be addressed. For example, many
strategies to date used antibiotic selection to enrich edited
cells, which is not compatible with in vivo therapies. Will
genetic treatment be most effective when editing tools are
delivered in vivo, or rather as an ex vivo cell therapeutic
approach, requiring successful engraftment in the target
organ? For some disorders this is easily decided, such as the
ex vivo route for hematological disorders (Corbacioglu et al.,
2020) and the in vivo strategy for inherited blindness (Editas,
2020), but for CF this question remains unanswered. Delivery of
the editing machinery will have to be optimized since plasmid,
mRNA or ribonucleoprotein (RNP) transfection or
electroporation, while efficient in cell culture, does not
translate to direct in vivo delivery to patients. Unlike the
highly specific gene editors themselves, translation from proof-
of-concept editing in cells toward a patient-directed therapy will
likely be more generic, as one or a few optimized delivery vehicles
can incorporate any given gene editing tool set.

Despite the current lack of immediate translational potential,
these proof-of-concepts report on the efficiency and safety of
editing specific CFTR mutations in relevant cell and animal
models of CF. These preliminary but encouraging studies have
set the stage to further invest in the translation of gene editing
toward its future in patient use. Importantly, gene editing
technology has leveraged the generation of CF cell and animal
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models, which allows gaining better insights into CF disease
mechanisms which might be mutation specific, and hence
require a tailored therapeutic intervention. In the next section
we will first discuss different proof-of-concept gene editing
examples for CF, correcting F508del, intronic splicing
mutations, nonsense mutations, and the possibility to correct
multiple mutations at once with super-exons, as well as
introducing these mutations to generate CF models. Next, we
will also discuss how these could be translated into therapies.

Proof-of-Concept Gene Editing for CF
F508del
So far, most CF gene editing efforts have focused on restoring
F508del, as this is the most common CFTRmutation, accounting
for ∼70% of all CF alleles. Early studies used ZFNs to target the
F508del region in heterologous cell lines, to validate this region
could be targeted by ZFNs but did not yet correct the mutation
(Maeder et al., 2008). Several years later, F508del was corrected
using ZFNs and a donor DNA template containing the wild type
(WT) sequence in CF tracheal epithelial cells, albeit with
efficiencies below 1% (Lee et al., 2012). This could be
improved to 1.9% with the use of Cas9 and an optimized
repair template (Hollywood et al., 2016). Since the latter
contained the complete exon 11 (containing the F508del
mutation) this same strategy could potentially also be applied
to any of the other twenty CF-causing mutations in this exon.
Correction of F508del and I507del was also obtained using HDR
following ZFN-induced DSBs in iPSCs from PwCF who were
compound heterozygous for both mutations (Crane et al., 2015).
Corrected cells were enriched by including a puromycin-
thymidine kinase cassette in the HDR template, which allowed
positive puromycin selection and subsequent negative selection
with ganciclovir after excision of the selection cassette by Cre
recombinase. When corrected clones were subsequently
differentiated into epithelial cells, they expressed CFTR which
matured correctly and functionally responded in Isc
measurements like WT samples. A similar selection cassette
was used to correct F508del/F508del iPSCs using a Cas9
nuclease, but excision was mediated via a piggyBac
transposase rather than Cre, thereby providing footprint-free
editing with ∼15% efficacy (Firth et al., 2015). When
differentiated into proximal airway epithelial cells these clones
showed corrected CFTR maturation and function, by Western
blot and Isc analysis, respectively.

Alternatively, F508del-containing iPSCs were corrected using
TALENs and an SDF (small/short DNA fragment) donor of
around 500 nt (Sargent et al., 2014; Suzuki et al., 2016). After
several rounds of selection-marker-free selection, corrected
clones were differentiated into airway cells, demonstrating
functional CFTR. F508del homozygous iPSCs were also
corrected using Cas9 and F508del-specific sgRNAs with ∼2.4%
efficacy (Smirnikhina et al., 2020). Recently, puromycin selection
of TALEN-corrected iPSCs resulted in ∼10% F508del correction
efficiency (Fleischer et al., 2020). Clones were differentiated into
intestinal organoids and their functional rescue was shown by
CFTR-dependent organoid swelling upon stimulation with the
cAMP agonist forskolin. Primary intestinal organoids

homozygous for the F508del mutation had previously also
directly been edited using Cas9 and an HDR template with a
puromycin selection cassette (Schwank et al., 2013).

All of these examples have in common however, that either
F508del was gene edited at low efficiency or that one or multiple
rounds of selection were required in order to enrich the edited
cells. Moreover, analysis of CFTR function took place on
sequencing-verified, corrected clones. Neither selection nor
screening of clones is translatable into an in vivo gene therapy
approach, so for this strategy, editing efficiencies should be
further improved. By optimizing electroporation of CRISPR-
Cas9 components as RNPs combined with a single strand
oligodeoxynucleotide (ssODN) repair template, F508del
correction efficiencies of ∼22% could be achieved without
selection in iPSCs (Ruan et al., 2019). When repaired clones
were differentiated into proximal lung organoids, forskolin-
induced organoid swelling confirmed the genetic correction of
F508del to WT or carrier (the latter phenotypically similar to
WT). Also, nuclease-independent HDR-mediated editing of
F508del by means of triplex-forming peptide nucleic acids
(PNAs) has been described (McNeer et al., 2015). Formation
of a PNA/DNA/PNA triplex will initiate DNA repair mechanisms
to allow recombination. For an overview of the use of PNAs in
gene editing we refer to (Ricciardi et al., 2018). CFBE41o-cells, a
frequently used human F508del/F508del cell line, were corrected
with an efficiency of 9.2%, while mouse F508del-Cftr was
corrected in vivo at efficiencies of 5.7 and 1.2% in nasal and
pulmonary epithelium, respectively, after intranasal delivery of
nanoparticles (McNeer et al., 2015). The in vivo editing partially
rescued CFTR function in the nasal epithelium, as measured
by NPD.

Recently, studies have focused on correcting F508del-CFTR in
airway progenitor cells, i.e. basal cells, a potentially interesting cell
type for ex vivo stem cell therapy (Suzuki et al., 2020;
Vaidyanathan et al., 2020). RNP electroporation and delivery
of a donor template by adeno-associated viral vector serotype 6
(AAV6) transduction resulted in F508del correction in 28% of
alleles in F508del/F508del samples and 42% in compound
heterozygous samples (Vaidyanathan et al., 2020). ALI cultures
derived from these upper airway basal cells (UABCs) showed
rescued CFTR maturation and function. Alternatively, ZFN
mRNA electroporation in combination with AAV6 donor
template transduction resulted in 31% allele correction and
restoration of CFTR expression and function in ALI cultures
(Suzuki et al., 2020).

Due to the fact that F508del results from a three-nucleotide
deletion, it cannot be corrected by base editing. However, it is an
interesting target for prime editing, as this editor allows installing
small insertions, like the CTT insertion needed to correct
F508del. Very recently, the first prime editing attempts for the
F508del mutation were reported in primary intestinal organoids,
currently still a pre-print (Geurts et al., 2020b). Although
efficiencies were very low compared to HDR gene editing,
electroporation of PE3 (optimized prime editor, pegRNA and
additional ngRNA) plasmids resulted in a genetic correction and
recovery of CFTR channel function in a few corrected organoid
clones.
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Intronic Splicing Mutations
As CF is caused by loss-of-function mutations throughout the
CFTR gene, the use of nucleases to correct disease-causing
mutations without subsequent repair by HDR is restricted to a
small group of specific mutations. Intronic mutations can create
cryptic donor or acceptor splice sites which result in the
incorporation of extra nucleotides into the CFTR mRNA.
Often, this causes frameshifts, completely disrupting the
remainder of the protein sequence. However, as low levels of
transcripts get normally spliced, these intronic or cryptic splicing
mutations are generally associated with relatively mild CF (as
determined by pancreatic sufficiency) (CFTR2, 2021). Since
intronic regions are less conserved compared to exons and do
not code for proteins, removal of the cryptic splice site can be
achieved by NHEJ which is more efficient than HDR and
abolishes the need to deliver a donor template. Excising or
disrupting the cryptic splice site by inducing indels is hence
sufficient to restore the WT CFTR mRNA. In that regard, the
feasibility of correcting the intronic splicing mutations 1811 +
1.6kbA > G (c.1680-886A > G), 3272-26A > G (c.3140-26A > G)
and 3849 + 10kbC > T (c.3718–2477C > T) has been shown by
excising these mutations using SpCas9 and two flanking sgRNAs
in cell lines overexpressing the respective CFTR minigenes. This
resulted in up to 90% of corrected minigene splicing depending
on the mutation targeted (Sanz et al., 2017). In patient-derived
airway cells and intestinal organoids 3272-26A > G and 3849 +
10kbC > T were corrected making use of a single mutation-
specific sgRNA in combination with Cas12a (Maule et al., 2019).
Specifically, 85% of mutant alleles were successfully edited in
compound heterozygous organoids, while less than 1% of the
other CFTR allele was targeted. CFTR activity of gene edited
organoids reached similar levels as those transduced with a
lentiviral vector encoding WT-CFTR cDNA without the need
for prior enrichment, underscoring the efficiency and safety of
this gene editing approach. While for CF this strategy to treat
intronic splicing mutations has only been studied as a proof-of-
concept so far, a similar strategy to cure Leber congenital
amaurosis is currently already being investigated in a clinical
setting (EDIT-101, NCT03872479 (Maeder et al., 2019)).

Nonsense Mutations
Nonsense mutations account for ∼5% of disease-causing alleles in
CF and are associated with severe CF (CFTR2, 2021). They
introduce PTCs which give rise to truncated proteins. Due to
the presence of the PTC there are exon boundaries on the pre-
mRNA after the stop codon, which often subjects it to NMD
(reviewed in (Kurosaki and Maquat, 2016)). NMD leads to very
low expression levels of mutant transcripts, further complicating
rescue by small molecules. To date, no causal therapies have been
approved for nonsense mutations in CF. However, drug discovery
efforts are ongoing to identify more effective translational read-
through inducing drugs than the most advanced drug tested so far
in clinical trials i.e., Ataluren, which due to lack of efficacy in
patients was discontinued (Kerem et al., 2014). In parallel, also
gene editing strategies are being pursued as an alternative with the
potential of even providing a cure. In that light, ABE was
evaluated to correct a number of nonsense mutations (R553X

(c.1657C > T), R785X (c.2353C > T), R1162X (c.3484C > T) and
W1282X) in primary intestinal organoids (Geurts et al., 2020a).
ABE plasmids were electroporated and treated cells were enriched
via selection. This resulted in editing efficiencies between 1.43 and
8.8%, depending on the mutation. Individual corrected organoids
showed CFTR dependent swelling upon forskolin stimulation,
confirming their functional correction and allowing to
phenotypically select corrected organoids. Interestingly in a
pre-print, for the R785X mutation, correction efficiencies were
compared between HDR, ABE and prime editing in primary
intestinal organoids. ABE resulted in approximately 6 times more
forskolin-responsive organoids than HDR and prime editing, the
latter both showing similar efficiencies (Geurts et al., 2020b).

W1282X, the second most common CF-causing nonsense
mutation, has also been corrected by mRNA electroporation of
ABE in a W1282X-encoding cell line, resulting in ∼26% base
conversion which rescued 10% of CFTR protein expression (Jiang
et al., 2020). Of note, the editing window contained a second
adenine, which was edited more efficiently than the target
adenine (∼45%) and introduced a missense mutation
(Q1281R). This bystander edit, however, did not preclude a
functional rescue of CFTR activity when both edits were
present on the same allele. Nevertheless, it shows the
importance of functionally evaluating the effect of possible
bystander edits when applying base editing. An alternative
approach for W1282X that focused on rescuing its expression
by preventing NMD has also been described. The simultaneous
use of two gRNAs, the first targeting exon 23 in an W1282X-
specific manner, and the second exon 27, induced a 24 kb deletion
which removed the exon boundaries downstream from the
W1282X mutation, thereby preventing NMD (Erwood et al.,
2020). Indeed, this deletion resulted in a 2.4-fold increase in
the expression of the truncated mRNA and protein in human
bronchial epithelial cells. The truncated protein could
functionally be rescued by existing CFTR correctors and
potentiators, providing a novel combination treatment
potentially applicable to patients harboring this C-terminal
nonsense mutation. While this approach thus allows to
functionally rescue W1282X, it will likely not be translatable
to other, more N-terminally located nonsense mutations, such as
the most common nonsense mutation G542X, because this
strategy is based on downstream deletion of the remainder of
the CFTR gene.

Correcting Multiple Mutations at Once: Super-Exons
Most examples that have been discussed so far have focused on
highly mutation-specific strategies using nucleases, base and
prime editors. There is however another strategy that uses
HDR to potentially correct not one but many mutations at the
same time: targeted integration of a super-exon (reviewed in
(Mention et al., 2019)). Super-exons code for the part of the CFTR
cDNA downstream of the integration site, which get integrated
into the endogenous CFTR locus. In this way, regulation of
protein expression remains unaltered which is potentially
advantageous over classical gene addition where an entire
CFTR cDNA under control of an external promoter is
randomly integrated into the host genome. Super-exons allow
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to correct all mutations included into this partial cDNA, so
ultimately the integration site will determine which mutations
are rescued by a super-exon strategy. In order to rescue F508del
(and all other mutations located in exons 11–27 ofCFTR) a super-
exon was integrated into exon 11 in CFBE41o-cells using ZFNs
followed by HDR (Bednarski et al., 2016). The super-exon also
contained a puromycin cassette which allowed selection of edited
clones and resulted in ∼10% integration efficiency. In a corrected
clone, CFTR activity was comparable to a non-CF sample.
Recently, a similar approach was investigated by integrating a
cDNA containing exons 9–27 into intron 8 or exons 8–27 into
intron 7 of CFTR, using ZFN electroporation combined with
AAV6 transduction to deliver the repair template in patient
derived airway basal cells (Suzuki et al., 2020). Integration
efficiencies ranged from ∼36 (in intron 7) to ∼56% (in intron
8), restoring CFTR activity to ∼30 and ∼40% of non-CF levels,
respectively, in ALI.

Introducing Mutations into CFTR
Gene editing can also be applied to create new CF models by
introducing disease-causing mutations into the CFTR gene. One
such application is to generate isogenic cell lines i.e., CF and non-
CF lines with the same genetic background, to allow studying the
molecular defects of CFTR mutations in the absence of variable
donor backgrounds. This is of particular interest in CF as
responses to CFTR modulators have been highly variable
between patients with the same CFTR genotype in clinical
trials (Heijerman et al., 2019; Middleton et al., 2019), as well
as in patient-derived samples (Dekkers et al., 2016), likely due to
modifier genes and differences in the cellular environment.
Isogenic cell lines have been generated starting from the often-
used 16HBE14o-cell line, using CRISPR-Cas RNPs and a ssODN
donor template to install the F508del, G542X, and W1282X
mutations into the CFTR gene (Valley et al., 2019).
Subsequently, the polymorphism V470M was introduced into
the gene edited F508del cells, as F508del is exclusively associated
with M470 which might influence disease characteristics. G542X
and W1282X edited cells showed NMD levels in line with
primary cell material, and responded well to NMD inhibition
or PTC readthrough agents, underscoring the translational
potential of these gene edited isogenic cell lines. Of note, while
homozygous editing was obtained, deep sequencing of the CFTR
gene revealed an intronic insertion from the immortalization
process of the parental 16HBE14o-cells on one of the two alleles,
which was consequently knocked out. Alternatively, the F508del,
G551D and G542X mutations have been introduced into non-CF
iPSCs, using a similar strategy, as well as the compound
heterozygous F508del/G551D genotype (Ruan et al., 2019).
While so far, the focus has been on generating models for the
more common CFTR mutations, gene editing opens up
opportunities to also model rare CFTR mutations. As
homozygous samples are often not available and the presence
of the other mutant CFTR allele (most commonly F508del)
confounds the interpretation of the functional response
measured, isogenic cell lines will allow to unbiasedly
determine the molecular defect and treatment responses of
each of these mutations.

From Proof-of-Concept to Therapy
As proof-of-concept studies have shown the feasibility to correct
CF at the genomic level, enthusiasm and expectations are
booming to rapidly translate these studies into therapies.
However, before gene editing can be translated toward a
treatment for PwCF, several questions need to be addressed.
As mentioned previously, gene editing for CF could either be ex
vivo or in vivo. So far, gene editing that has made it into clinical
trials mainly consists of ex vivo examples (reviewed in (Hampton,
2020; Hirakawa et al., 2020)). Ex vivo cell therapy for CF however
is a recent field, and no clinical trials were performed yet, either
for gene editing or classical gene addition gene therapy. After
sufficiently efficient correction, it will be key to successfully
engraft the edited cells into the airway epithelium. Particularly
in CF, this airway is severely inflamed and covered with thick
mucus, which will further complicate this process. Nevertheless,
edited UABCs from an F508del/F508del donor could be grown
on an FDA-approved biodegradable scaffold while maintaining
their differentiation potential and CFTR expression, a first step
toward translation to an ex vivo cell therapy (Vaidyanathan et al.,
2020). For an overview of the challenges for cell-based therapies
for CF, we refer to (Berical et al., 2019). For in vivo gene therapy
on the other hand, there have been many clinical trials in the past
investigating gene addition gene therapy for CF (reviewed in
(Sondhi et al., 2017)), although eventually all were discontinued.
From these studies however, it became evident that sufficient
numbers of cells need to be targeted, preferably progenitor cells
i.e., basal cells, to provide long-term CFTR correction rather than
the transient effects that were observed in clinical trials so far.
Alternatively, if long-term correction cannot be achieved,
repeated administrations will be necessary to maintain a
functional “cure” for CF. Immune responses, both innate and
pre-existing or acquired neutralizing antibodies, against vector
components (reviewed in (Shirley et al., 2020)), gene editing
components (reviewed in (Mehta and Merkel, 2020)), or even the
CFTR protein (Figueredo et al., 2007; Limberis et al., 2007), might
hamper efficacy of gene therapies and should be taken into
consideration.

Delivery of the gene editing components into target cells also
needs to be considered and will likely depend on the chosen strategy
i.e., in vivo or ex vivo. Nuclease, guide (and donor template) should
be expressed simultaneously in order to allow editing, but expression
of the nuclease should, at the same time, be restricted in time so as to
reduce the chance of off-targets. Gene editing components can be
delivered either as plasmids, nuclease mRNA (with sgRNA) or RNP
(reviewed in (Lino et al., 2018)). Equally important is the packaging
of these components, so that they can efficiently reach and enter the
target cells. Packaging can be either viral or non-viral (reviewed in
(Maule et al., 2021)). Viral vectors are the most efficient in delivering
cargo to target cells. As such, lentiviral vectors have been used to
deliver Cas12a to intestinal organoids for correcting intronic splicing
mutations (Maule et al., 2019). Depending on the viral vector,
tropisms and immune responses vary, but transgene expression is
usually medium to long-term, which is not preferred for nucleases.
As an alternative, virus-like particles (VLPs) are developed to
combine efficient delivery with transient transgene expression.
VLPs mimic the protein structures of viruses but lack a viral
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genome, and can be filled with an RNAor protein cargo (reviewed in
(Roldão et al., 2017)). Finally, non-viral vectors provide an
alternative to deliver gene editing components to cells. They
contain lipid, polymeric or inorganic particles which are less
immunogenic than viral vectors and unlike viral vectors are not
restricted in their packaging capacity, allowing to incorporate large
cargos (reviewed in (Wilbie et al., 2019)). Non-viral nanoparticle-
based delivery of PNA/DNA was used to correct mouse F508del in
CFmice (McNeer et al., 2015). Independent of the gene therapy and
delivery method, it is of the utmost importance that these are
evaluated well preclinically in available cell and animal models. A
summary of how the different cell and animal models of CF can be
included in the preclinical evaluation of gene editing strategies is
given in Figure 2.

DISCUSSION

The advent of highly effective CFTR modulator therapies for
approximately 90% of CF patients has been amajor game changer
for PwCF. Besides that, it has transformed therapeutic

development efforts to redirect their focus to the last 10% of
patients carrying two minimal function mutations, not
responsive to the market approved CFTR modulators
developed by Vertex Pharmaceuticals. As many of these
minimal function mutations are not rescuable by current small
molecules, requiring minimal amounts of CFTR protein to
further enhance their folding, function, or stability, other
therapies need to be developed. Gene therapy, in the form of
gene addition of a healthy copy of the human CFTR cDNA, has
been investigated in more than 25 clinical trials since the early
nineties. The most recent of these trials was based on the delivery
of monthly doses of a liposome CFTR cDNA formulation, and led
to a stabilization in lung function, providing hope that further
improvements in gene therapy tools will increase the efficacy of
such a therapy.

Correcting mutations at the endogenous CFTR locus heralds a
new era of personalized medicine, which has increased hopes and
expectations even more as this technology holds promise to cure
the disease, if sufficient numbers of progenitor cells can be
targeted in a safe manner. While many promising proof-of-
concept studies have shown the feasibility to efficiently and

FIGURE 2 | Gene editing strategies for CF from proof-of-concept to their translation into a therapy. Gene editing for CF consists of correcting mutations in CFTR
either by an ex vivo stem cell therapy approach or by directly editing target cells in vivo. To transfer gene editors as nucleic acids or proteins into cells, it is likely necessary,
particularly for the in vivo approach, to encapsulate themwith a vector in order to protect them and facilitate their entry into target cells. For their clinical translation, in vitro/
ex vivo and in vivomodels are essential to determine the best formulation that allows efficient and safe gene editing. In vitro and ex vivomodels allow evaluating gene
editing efficacy at three levels: genomic, protein and physiological. Summarized, this starts by demonstrating a genetic correction with low off-targets, followed by a
normalization of CFTR expression, folding and function, to end with a rescue of pathophysiological defects induced by mutant CFTR. Patient derived cell models
furthermore allow developing personalized formulations for each patient. Animal models mimicking CF pathophysiology are amajor asset to study the efficacy of the gene
editing delivery vehicle in a clinically relevant environment. This, as extracellular barriers must be overcome such as thick and viscous mucus, pathogens or
endonucleases to allow efficient gene transfer. Knock-out, knock-in and humanized models each have their specific advantages and limitations that should be
considered for an in vivo evaluation. Abbreviations: ASL, airway surface liquid; BAC, bacterial artificial chromosome; Cas, CRISPR associated protein; KI, Knock-in
models; KO, Knock-out models; PCL, periciliary liquid; sgRNA, single guide RNA; YAC, yeast artificial chromosome.
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safely repair human CFTRmutations in primary cell models, only
limited studies have progressed toward an in vivo or ex vivo stem
cell therapy approach. Indeed, there lie the biggest hurdles which
require further investigation in order to progress from proof-of-
concept to a real therapy. How to deliver in the presence of
prominent extracellular barriers in the most affected organ in CF,
the lung, remains one of themajor hurdles to be tackled. Solutions
being pursued in that direction are to treat earlier, before
established chronic inflammation, infection and remodeling, or
alternatively, to pretreat the lungs with mucolytic or hydrating
solutions such as hypertonic saline or mannitol. While the holy
grail would be to achieve a life-long correction, repeated doses
will likely be necessary, which is only possible if immune
responses to vector and gene editors can be controlled. The
continuous developments in delivery vehicles, ranging from
viral vectors to virus like particles and synthetic vectors
provides a broad portfolio for balancing the targeting
efficiency with a limited expression of the editing machinery
to ensure transient and thus safer gene editing. It is clear that
while primary cell models will allow to elucidate which mutations
are correctable by the broad portfolio of gene editing tools, animal
models will play a crucial role in answering the open questions on
delivery, longevity of CFTR correction and how to deal with
induced immune responses.

Finally, while single cell transcriptomic approaches have
identified rare but high CFTR expressers in the lung, the
ionocyte, it is not yet clear how important it will be to target
specific cells within the lung, as each cell type plays an important
role in protecting the airways from infection. Nevertheless, the
prospect of gene editing is exciting and likely in the coming years,

many of the open questions and currently identified hurdles will
have obtained answers that further guide the development of a
gene therapy for all PwCF.
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GLOSSARY

ABE adenine base editors

ALI air-liquid interface

ASL airway surface liquid

BAC bacterial artificial chromosome

BALF broncho-alveolar lavage fluid

Cas CRISPR associated nuclease

CBE cytosine base editors

CF cystic fibrosis

CFBE cystic fibrosis bronchial epithelium

CFF cystic fibrosis foundation

CFTR cystic fibrosis transmembrane conductance regulator

CGBE C-to-G base editors

CRISPR clustered regularly interspaced short palindromic repeats

DSB double strand break

FRT Fisher rat thyroid

GFP green fluorescent protein

HA hemagglutinin

HBE human bronchial epithelium

hCFTR human CFTR

HS-YFP halide sensitive yellow fluorescent protein

HDR homology directed repair

HEK human embryonic kidney

iPSCs induced pluripotent stem cells

Isc short-circuit current

KI knock-in

KO knock-out

NBD nucleotide binding domain

NHEJ non-homologous end joining

NMD nonsense-mediated mRNA decay

NPD nasal potential difference

PAM protospacer adjacent motif

PBS primer binding site

PCL periciliary liquid

pegRNA prime editing gRNA

PNAs peptide nucleic acids

PTCs premature termination codon

PwCF people with CF

rAAV recombinant adeno-associated viral vector

RT reverse transcriptase

SDF small/short DNA fragment

sgRNA single guide RNA

SMG submucosal gland

ssODN single strand oligodeoxynucleotide

TALE(N) transcription activator-like effector (nuclease)

UGI uracil glycosylase inhibitor

UNG uracil DNA glycosylase

WT wild-type

YAC yeast artificial chromosome

ZFN Zinc finger nuclease
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Implications for Extracellular Matrix
Interactions With Human Lung Basal
Stem Cells in Lung Development,
Disease, and Airway Modeling
Shana M. Busch1, Zareeb Lorenzana1 and Amy L. Ryan1,2*

1Hastings Center for Pulmonary Research, Division of Pulmonary, Critical Care and Sleep Medicine, Department of Medicine,
University of Southern California, Los Angeles, CA, United States, 2Department of Stem Cell Biology and Regenerative Medicine,
University of Southern California, Los Angeles, CA, United States

The extracellular matrix (ECM) is not simply a quiescent scaffold. This three-dimensional
network of extracellular macromolecules provides structural, mechanical, and
biochemical support for the cells of the lung. Throughout life, the ECM forms a
critical component of the pulmonary stem cell niche. Basal cells (BCs), the primary
stem cells of the airways capable of differentiating to all luminal cell types, reside in close
proximity to the basolateral ECM. Studying BC-ECM interactions is important for the
development of therapies for chronic lung diseases in which ECM alterations are
accompanied by an apparent loss of the lung’s regenerative capacity. The
complexity and importance of the native ECM in the regulation of BCs is highlighted
as we have yet to create an in vitro culture model that is capable of supporting the long-
term expansion of multipotent BCs. The interactions between the pulmonary ECM and
BCs are, therefore, a vital component for understanding the mechanisms regulating BC
stemness during health and disease. If we are able to replicate these interactions in
airway models, we could significantly improve our ability to maintain basal cell stemness
ex vivo for use in in vitro models and with prospects for cellular therapies. Furthermore,
successful, and sustained airway regeneration in an aged or diseased lung by small
molecules, novel compounds or via cellular therapy will rely upon both manipulation of
the airway stem cells and their immediate niche within the lung. This review will focus on
the current understanding of how the pulmonary ECM regulates the basal stem cell
function, how this relationship changes in chronic disease, and how replicating native
conditions poses challenges for ex vivo cell culture.

Keywords: airwaymodeling, chronic lung disease, cellular niche, extracellular matrix, basal stem cells, regeneration

INTRODUCTION

The extracellular matrix (ECM) is a three-dimensional (3-D) network of extracellular
macromolecules that provides structural, mechanical, and biochemical support for the cells and
tissues that make up complex organisms. It is becoming increasingly apparent that the ECM plays a
vital role in development and maintenance of healthy adult tissues. This review will focus on the
ECM of the tracheo-bronchial airways, discussing our current knowledge of how the pulmonary
ECM facilitates lung development, influences the stem cell niche, changes with chronic disease, and
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poses challenges for cell culture in an ex vivo environment. If we
are to look forward to regenerative strategies for the human lung
it is critical that we understand the mechanisms by which the
immediate cellular environment of the basal airway stem cell
regulates its long-term regenerative capacity for restoring
functional mucociliary clearance.

The pulmonary ECM changes significantly throughout lung
development. In addition to providing a progressive scaffold for
the complex structure of the lung from the trachea to alveoli, the
ECM influences stem cell specification and differentiation to the
diverse cell types of the adult lung (McGowan, 1992; Burgstaller
et al., 2017; Zhou et al., 2018). This is thought to occur through
compartment-specific ECM composition, substrate-stiffness, and
other mechanical properties, as well as biochemical signaling
(Yayon et al., 1991; McGowan, 1992; Coraux et al., 2002; Izvolsky
et al., 2003; Arteaga-Solis et al., 2012; Enomoto et al., 2013;
Burgstaller et al., 2017; Zhou et al., 2018). Several growth factors
and cytokines have been shown to influence lung development
and regulate ECM deposition and basal cell (BC) phenotype.
Fibroblast growth factor 10 (FGF10) and transforming growth
factor beta 1 (TGF-β1) are both examples of such factors that
interact with and/or influence the pulmonary ECM (Yayon et al.,
1991; Sekine et al., 1999; Izvolsky et al., 2003; Alcorn et al., 2008;
Arteaga-Solis et al., 2012; Li et al., 2017; Schittny, 2017; Velden
et al., 2018). In the adult lung, the ECM forms a critical
component of the pulmonary stem cell niche. Basal cells
(BCs), the primary stem cells of the airways, reside in close
proximity to the basolateral ECM and will be the primary
focus of this review due to their interactions with the
basement membrane and importance in regeneration of the
mucociliary epithelium of the airways. While BCs are known
to have the capacity to regenerate all the cells comprising the
epithelium of the cartilaginous airways, the mechanisms
regulating this are still poorly understood. There is increasing
evidence that supports the existence of multiple sub-types of BCs
in vivo with varying capacity for differentiation (Watson et al.,
2015; Greaney et al., 2020; Travaglini et al., 2020; Carraro et al.,
2020a; Carraro et al., 2020b) and distinct phenotypic changes in
disease (Watson et al., 2015; Greaney et al., 2020; Travaglini et al.,
2020; Carraro et al., 2020a; Carraro et al., 2020b). Despite an
increase in our knowledge of both the pulmonary ECM and lung
BCs there is still a paucity of information on how the ECM may
influence BC stemness. As such, it is imperative that we develop a
better understanding of the interactions between BCs and the
ECM. Studying BC-ECM interactions is also important for the
development of therapies for chronic lung diseases in which ECM
alterations are accompanied by an apparent loss of the lung’s
regenerative capacity (Gohy et al., 2015; Jonsdottir et al., 2015;
Burgstaller et al., 2017; Ghosh et al., 2017). Such disorders include
asthma. chronic obstructive pulmonary disease (COPD) and
idiopathic pulmonary fibrosis (IPF) (Burgess et al., 2016;
Burgstaller et al., 2017).

The impact of the ECM on cell survival and phenotype
becomes apparent in an ex vivo culture environment. While a
variety of culture matrices have been developed commercially,
such as Matrigel® and PureCol®, to recreate the native ECM
composition and mechanical properties, numerous studies have

reported significant differences in phenotype and differentiation
between native BCs and those expanded ex vivo (Zabner et al.,
2003; Cortiella et al., 2010; Greaney et al., 2020; Carraro et al.,
2020a; Carraro et al., 2020b). Furthermore, these matrices are
poorly defined and thus variable batch to batch. Such
discrepancies pose a great challenge for both healthy and
diseased airway modeling, as we are unable to determine, for
instance, whether a change in BC phenotype during ex vivo
culture reflects the same BC attrition observed with aging or
injury in vivo or is just an artifact of inadequate culture
conditions. The complexity and importance of the native ECM
in the regulation of BCs is highlighted as we have yet to create an
in vitro culture model that is capable of the long-term expansion
of BCs while maintaining their phenotypic stability (Zabner et al.,
2003; Cortiella et al., 2010; Liu et al., 2012; Mou et al., 2016;
Gentzsch et al., 2017; Peters-Hall et al., 2018; Greaney et al., 2020;
Carraro et al., 2020b). To circumnavigate the difficulties of
culturing airway cells on an artificial matrix, some have turned
to decellularization and recellularization of the lung or trachea
(Cortiella et al., 2010; Ott et al., 2010; Price et al., 2010; Badylak
et al., 2011b; Au - Bonvillain et al., 2013; Keane et al., 2015;
Uriarte et al., 2018; Greaney et al., 2020). Decellularization
methods attempt to remove all cellular material, leaving
behind the intact ECM (Ott et al., 2010; Price et al., 2010;
Badylak et al., 2011b; Uriarte et al., 2018). With present
techniques, some DNA and other cytoplasmic and/or nuclear
material is usually retained by the scaffold, but the composition
and mechanical properties of the ECM are largely preserved
(Badylak et al., 2011b; Uriarte et al., 2018). Several laboratories
have attempted to repopulate the ECM with ex vivo expanded
cells (Cortiella et al., 2010; Au - Bonvillain et al., 2013; Gilpin
et al., 2014; Keane et al., 2015; Burgstaller et al., 2018; Gilpin and
Wagner, 2018; Uriarte et al., 2018; Greaney et al., 2020; Ravindra
et al., 2021). While this has yielded promising results, there are
many aspects, particularly in the recellularization process, that
must be refined before decellularization/recellularization can be
widely used in clinical applications.

Determining the precise nature of the interactions between the
pulmonary ECM and BCs is, therefore, a vital component of BC
regulation in lung development, regeneration, and disease
pathogenesis. As lungs age, or acquire disease, their capacity
for functional regeneration depletes; understanding how ECM-
BC interactions are altered by aging or disease should inform new
therapeutic approaches for restoring long-term airway function.
In addition, improving ex vivo cell culture will create a more
physiological model of disease offering a superior platform for
evaluating the mechanisms that drive chronic lung disease and
providing a pathway to breakthroughs in the development of
regenerative therapeutics, including cellular therapy. In this
review, the role of the ECM in lung development, disease, and
as a niche for basal stem cells will be reviewed and complement
recent reviews focusing more on the ECM in the distal-alveolar
airspace (Tschumperlin, 2015; Gu et al., 2018; Zhou et al., 2018).

Lung Development and the ECM
To understand the importance of the ECM in regulating BCs, it is
essential to first discuss its role as a key component in regulating
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lung development and maintaining homeostasis (McGowan,
1992; Zhou et al., 2018). The composition of the pulmonary
ECM changes with maturation from the fetal, to neonatal, and
subsequently adult lung tissue (McGowan, 1992; Coraux et al.,
2002; Burgstaller et al., 2017; Gilpin et al., 2017; Zhou et al., 2018).
There are two principal concepts surrounding the role of ECM in
lung development: 1) it provides a scaffold for cells and
contributes to the mechanical properties of the lung, while
supporting signaling between multiple cell types, and 2) its
production and deposition is controlled by many cells
throughout lung development (McGowan, 1992). In early lung
morphogenesis, a respiratory diverticulum (or lung bud), is
generated from the foregut endoderm in the human embryo
approximately 5 weeks after conception (Warburton et al., 2010;
Zhou et al., 2018). In humans, development then continues in
four stages: pseudoglandular (5–17 weeks of gestation),
canalicular (16–25 weeks), terminal saccular (24–32 weeks),
and alveolar (32 or 36 weeks extending to childhood or early
adolescence) (Burri, 1984; Warburton et al., 2010; Schittny, 2017;
Zhou et al., 2018). Each stage is briefly discussed below, and we
also refer the readers to comprehensive reviews on airway
development (Burri, 1984; McGowan, 1992; Mund et al., 2008;
Warburton et al., 2010; Schittny, 2017).

The Pseudoglandular Stage
The pseudoglandular stage is marked by airway branching.
Branching morphogenesis is facilitated by ECM components
including fibronectin, syndecan, laminin, and tenascin, along
with interactions between the epithelium and mesenchyme
(McGowan, 1992; Zhou et al., 2018). The cells primarily
responsible for the production of such ECM proteins are
pulmonary fibroblasts (Blaauboer et al., 2014; Kendall and
Feghali-Bostwick, 2014; White, 2015). Epithelial branching can
be induced by transplanting mesenchyme from an actively
branching region into a normally unbranched region,
demonstrating the importance of epithelial interactions with
the mesenchyme (Shannon et al., 1998). The ECM expresses
proteoglycans (PGs) decorin, lumican, and biglycan, along with
collagens I, III, and VI at the epithelial-mesenchymal interface
forming a sleeve around the bronchiolar ducts (Godoy-Guzman
et al., 2012). Sulfated proteoglycans, heparin sulfates (HS), in the
ECMmay also contribute to the regulation airway branching due
to their ability to regulate growth factor binding and signaling
(Yayon et al., 1991; Aviezer et al., 1994; Izvolsky et al., 2003;
Zhang et al., 2012). FGF-10 deficient mice do not survive post-
natal due to lack of lung development, while the trachea is
formed, pulmonary branching morphogenesis is disrupted
(Yayon et al., 1991; Sekine et al., 1999; Izvolsky et al., 2003).
HS are expressed in the lungmesenchyme at prospective bud sites
in close proximity to FGF-10 expressing regions, and highly
sulfated HS are also found in the basement membranes of
epithelial tubule branches (Izvolsky et al., 2003; Zhang et al.,
2012). This suggests that FGF-10′s ability to induce budding is
significantly changed by the developmental patterns of HS
sulfation (Izvolsky et al., 2003). By the conclusion of the
pseudoglandular stage, all of the prospective conducting
airways have been formed and the acinar outlines have

appeared (Coraux et al., 2002; Warburton et al., 2010;
Schittny, 2017).

The Canalicular and Saccular Stage
There are three critical events that occur during the canalicular
stage: 1) the appearance of the distal alveolar air sac (acinus), 2)
the development of the air-blood interface and differentiation of
the pulmonary epithelium, and 3) the commencement of
surfactant production (McGowan, 1992). Type 1 and 2
alveolar epithelial cells (AT1 and AT2 respectively), the latter
being responsible for surfactant synthesis, arise from the
differentiation of the glycogen-rich cuboidal epithelial cells of
the future alveolar ducts (Schittny, 2017). AT1s, with AT2s
integrated between them, form the thin lining of the alveolar
ducts and sacculi (Schittny, 2017). The future air-blood barrier
will form at the locations where the capillary endothelium comes
into close contact with the AT1s (Schittny, 2017). By the end of
the canalicular stage, the airways have been divided to form the
future alveolar, also known as transitory, ducts (McGowan, 1992).

During the terminal saccular stage, air spaces continue to
widen, and the air-blood interface becomes more closely related
through the rearrangement of capillaries (McGowan, 1992;
Warburton et al., 2010; Schittny, 2017). A significant decrease
in the mass of the mesenchymal ECM accompanies this
sophistication of the membrane between the capillary and
alveolar wall (Burri, 1984; McGowan, 1992). This process
seems to be mediated by elastin, as an organized deposition of
elastin fibrils occurs beneath the transitory duct epithelium
(McGowan, 1992; Schittny, 2017). Elastin, a structural ECM
protein, is principally responsible for the elasticity of the
alveolar walls and its deposition is maximal along the sites of
future secondary crests (McGowan, 1992). To facilitate alveolar
septation the precursor of elastin, tropoelastin, is produced and
cross-linked by lysyl oxidase (Zhou et al., 2018). The elevation
and suspension of the secondary crests that subdivide the primary
saccules is a consequence of elastin deposition (Amy et al., 1977;
Zhou et al., 2018). The importance of elastin for developing lung
structure during the saccular stage is demonstrated when
epithelial-driven inflammation is induced in murine models.
Such inflammation disrupts elastin fiber organization and
causes a decreased regulation in elastin assembly components
such as fibulins 4/5, lysyl oxidase, and fribrillin-1 leading to
impaired structural development during the saccular stage
(Benjamin et al., 2016). Inflammation, as a result incomplete
lung development, has also been implicated in human infants
born prematurely (Kramer et al., 2009). The saccular stage
appears to be an intermediate stage in which branching is
concluded and the scaffold for future alveolarization is set
into place.

The Alveolar Stage
In humans, alveolarization begins at approximately 20 weeks
post-conception and is not completed until at least 7 years of
age; in mice however, alveolarization takes place entirely
postnatally (Mund et al., 2008; Warburton et al., 2010). The
saccules are divided into alveoli by the formation of secondary
crests that appear as narrow ridges (Amy et al., 1977; Branchfield
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et al., 2016). It has been demonstrated that secondary crests
develop, through the deposition of elastic tissue, at the
juxtaposition of a capillary, AT1 cell, and an epithelial cell
(Amy et al., 1977). These observations suggest that portions of
the primary saccular wall are tethered by the elastin and collagen
fibers in the expanding secondary crest while the free regions of
the wall enlarge outward into alveoli (Amy et al., 1977). FGF
signaling is considered to be the director of elastin deposits during
this stage by restricting the expression of the elastogenic
machinery in the mesenchyme to allow for controlled and
ordered formation of elastic ECM (Li et al., 2017). Alveolar
myofibroblasts are considered to be the elastin producing cells
of the lung due to their physical proximity to sites of elastin
deposition (Vaccaro and Brody, 1978; Noguchi et al., 1989). In
addition, platelet derived growth factor subunit A (PDGF-A) has
been demonstrated to have an essential and highly specific
function in lung development by promoting differentiation of
fibroblasts to alveolar myofibroblasts and, as a consequence,
alveolarization (Bostrom et al., 1996). PDGF-A deficient mice
surviving birth show failed alveolar septation leading to lung
emphysema (Bostrom et al., 1996; Lindahl et al., 1997). This
appears to be the result of a lack of alveolar myofibroblasts and
their associated elastin deposits (Bostrom et al., 1996). The degree
of sulfation of proteoglycans (PGs) is also thought to play a role in
alveolus formation. Sulfation of PGs is affected by sulfatases,
activated by sulfatase-modifying factor 1 (SUMF1), through the
removal of sulfate groups (Arteaga-Solis et al., 2012). Mice
lacking the SUMF1 enzyme show normal lung development
until the start of alveolarization when an increase in sulfated
PGs is detected in the lung parenchyma along with a decrease in
alveolar septa formation (Arteaga-Solis et al., 2012). These mice
also showed an increase in TGF-β1 signaling (Arteaga-Solis et al.,
2012). Removal of sulfatase activity seems to increase the
deposition of sulfated PGs which leads to a deregulation of
TGF-β1 signaling and a halt in alveolarization (Arteaga-Solis
et al., 2012).

Adult Lung ECM Composition
Two major structural types compose the adult pulmonary ECM.
First, basement membranes, thin glycoprotein sheets, line the
basal surface of the epithelia and endothelia, and also envelop
muscle, peripheral nerve cells, and fat (Sannes and Wang, 1997;
Moore et al., 2005; Burgstaller et al., 2017). Second, interstitial
matrices interconnect structural cells and maintain 3-D structure
and biomechanical characteristics through a loose, fibril-like
meshwork (Burgstaller et al., 2017). ECM proteins,
glycosaminoglycans, and modifying enzymes assemble into
insoluble composite materials to provide a binding interface
for the hundreds of secreted proteins within the lung
(Burgstaller et al., 2017; He et al., 2017; Wigen et al., 2019).
This allows for the complex signaling that is thought to direct cell
function and differentiation. Collagen and elastin are the two
major ECM proteins of the lung. While collagens (types I, II, III,
V, and XI) provide overall structure to the lung, elastic fibers are
responsible for elastic recoil (Burgstaller et al., 2017; Mereness
et al., 2018). Glycoproteins, fibulins, elastin microfibril interface-
located proteins, and elastin-crosslinking lysyl oxidases are other

proteins that are associated with elastic fibers (Ge et al., 2015; Liu
et al., 2016; Burgstaller et al., 2017; Philp et al., 2018; Ito et al.,
2019). PGs contribute to the viscoelasticity of the lung due to their
hydrophilic nature (Burgstaller et al., 2017; Iravani et al., 2020).
Post-translational modifications of ECM proteins, such as
enzymatic or chemical crosslinking, glycation and
glycosylation, and oxidation, allow for further structural and/
or function diversity (Burgstaller et al., 2017; Merl-Pham et al.,
2019; Rani et al., 2021). The remainder of this review will focus on
current knowledge of how the ECM regulates lung stem cell
function, and we refer readers to Burgstaller and colleagues
(Burgstaller et al., 2017) for an in-depth review of the adult
pulmonary ECM composition.

The ECM and Regulation of Stem Cells
Decoding the regenerative capacity of the lungs is a vital step
toward identifying potential therapies for chronic lung diseases.
This has proven to be difficult because the lung is relatively
quiescent under normal conditions with infrequent divisions of
progenitor cells to maintain the respiratory epithelium (Beers and
Morrisey, 2011; Stabler and Morrisey, 2017). As such, it is
challenging to study epithelial regeneration under steady-state
conditions, especially in relevant human cells, and artificial injury
to activate stem cells and regenerate airways is required in animal
models (Zhu et al., 2007; Rock et al., 2009; Mereness et al., 2018;
Yuan et al., 2019). Additionally, there are limited studies on how
the ECM facilitates and regulates stem cell differentiation and
maintenance, and the relationship between changes in ECM
composition in diseased states and the impact on the stem cell
niche has yet to be fully elucidated. As BCs are known to be the
major stem cell population in the conducting airways, we will
focus on their interactions with the ECM in vivo and in ex vivo
models.

The Pulmonary Stem Cell Niche
BCs are multipotent stem cells that reside in close proximity to
the basal lamina in the pseudostratified epithelium of the
tracheobronchial tree (Rock et al., 2009; Donne et al., 2015).
They are present in approximately equal proportions to ciliated
and secretory cells in the conducting airways (Rock et al., 2009;
Donne et al., 2015). With their ability to self-renew and
differentiate into all luminal cell types (Hong et al., 2004;
Rock et al., 2009), BCs are thought to be important in
maintaining epithelium homeostasis. As previously mentioned,
the lung has a relatively slow cell-turnover rate during
homeostasis (Beers and Morrisey, 2011; Stabler and Morrisey,
2017). To date BCs have been characterized by their expression of
transcription factor tumor protein 63 (TP63), cytokeratin 5
(KRT5), podoplanin (PDPN), nerve growth factor receptor
(NGFR), and cytokeratin 14 (KRT14) (Rock et al., 2009;
Donne et al., 2015); however, the situation is likely more
complex. New transcriptomic data has emerged that suggests
the presence of a number of BC subpopulations (Watson et al.,
2015; Smirnova et al., 2016; Carraro et al., 2020a). Each sub-type
of BC may have a different physiological and functional role in
airway maintenance and regeneration. A collaborative study by
Carraro et al. has identified 5 BC sub-types in the native human
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proximal epithelium (Carraro et al., 2020a). The sub-types
include one highly expressing canonical markers such as TP63,
KRT5, and cytokeratin 15 (KRT15), and another with
proliferative characteristics including DNA topoisomerase II
alpha, and the marker of proliferation antigen Ki-67 (Carraro
et al., 2020a). Of the various BC sub-populations, it has been
suggested that ciliated and secretory “primed” cells exist as
intermediates between BCs and their differentiated progeny
(Watson et al., 2015; Carraro et al., 2020a). Watson et al.
proposes that multipotent BCs give rise to luminal precursors
(BLPs) that show upregulation of cytokeratin 8 (KRT8), and that
these BLPs eventually differentiate to secretory or ciliated cells
(Watson et al., 2015). Furthermore, the concept of “hillock” cells,
originally described by Montoro and colleagues, was reconfirmed
in a study that identified two populations within this KRT13
expressing “hillock” population, one which was notably high in
markers of squamous/cornified epithelium (Montoro et al., 2018;
Deprez et al., 2020). Further studies will be required to determine
the precise functional differences that specifically define the BC
sub-populations observed and determine if they are universally
expressed in humans and other species.

Due to the important role of the ECM in directing lung
development, it is thought to perform an equally important
role in the maintenance of the pulmonary stem cell niche and
the regulation of regeneration. These mechanisms and
interactions between BCs and the ECM are historically poorly
studied and defined; however, in more recent years there has been
a greater push to advance our understanding in this area. Age
related changes in the ECM have been shown to have a significant
impact on epithelial phenotype and gene expression (Godin et al.,
2016; Gilpin et al., 2017). Isolated human BCs demonstrated
higher proliferative markers, PCNA and Ki67, and a higher
percentage of living cells when cultured on a scaffold derived
from a human early post-natal lung than an adult lung (Gilpin
et al., 2017). The glycoproteins Fibrillin-2 and Tenascin-C were
found to be significantly enriched in the post-natal lung and
labeled as potential mediators of the reported results (Gilpin et al.,
2017). Lung growth that occurs most robustly during the early
post-natal period may explain why proliferation-stimulating
ECM components are more highly expressed during this
phase. In another study, collagen VI (COLVI) was found in
vivo in a position to interact with epithelial cells in both the
airways and alveoli (Mereness et al., 2018). In an in vitro
experiment, primary human lung epithelial cells displayed a
heightened rate of “healing” in response to scratch injury
when plated on COLVI as opposed to Matrigel, collagen I
(COLI), or a combination of Matrigel and COLI or COLVI
(Mereness et al., 2018). Studies that follow up on these initial
observations to determine the precise BC-ECM interactions that
occur in early post-natal lung compared to the adult lung. This
knowledge could inform on the development of better in vitro
culture systems as well as identify new regulators of BC stemness
and proliferation.

One of the early studies on the airway BC transcriptome
identified gene clusters postulated to be associated with the
cells ability to maintain the structural integrity of the airway
epithelium (Hackett et al., 2011). Over 201 genes in the focal

adhesion pathway overlapped with BCs inclusive of these
associated with adherens junction formation, ECM-receptor
interactions, and regulation of the actin cytoskeleton. Among
these genes overrepresented in BCs were 5 laminin subunits (α,
β1, β3, γ1, γ3), and 6 integrin subunits (α3, α5, α6, β1, β4, β6)
associated with cell-cell and cell-ECM interactions (Evans et al.,
2001; Hackett et al., 2011). To date most transcriptomic studies
have included minimal validation of the findings with no specific
functional characterization (Hackett et al., 2011; Hackett et al.,
2012; Xu et al., 2016; Carraro et al., 2020a; Carraro et al., 2020b).
The BC signature highlights the array of integrins, extracellular
laminins and collagen, and adaptor proteins including actinin,
vinculin and filamin essential for functional interaction with
other cells and the ECM and also demonstrates differences
between mouse and human BCs. For example, ITGA5 and
ITGB6 are expressed in human, but not mouse BCs and, in
humans, ITGA5 is known to mediate fibronectin-dependent
epithelial cell proliferation through activation of EGFR
(Kuwada and Li, 2000). Recently we have gained significant
transcriptomic insight into BC subpopulations, however the
field now needs to determine the regional-specific distribution
and also validate the functional properties, cell: cell, and cell:
ECM interactions that are relevant to homeostasis and to disease
pathogenesis. Information acquired at the transcriptomic level
does not always correlate to changes at the functional and
physiological level (Kuwada and Li, 2000).

Understanding how the ECM influences the regeneration of
an injured airway epithelium is a pre-requisite to the
development of regenerative therapeutics for patients with
acute and chronic lung disease. The scratch injury, mentioned
above, is one model of airway wound repair in which epithelial-
ECM interactions can be evaluated. Initial migration of airway
BCs involves the formation of heterodimers of integrin α and β
subunits, with the ECM expressing the ligands for integrins
expressed on BCs regulating ECM-cell adhesion (Coraux et al.,
2008; Hamilton et al., 2020). The importance of the various
integrin subunits for BC migration directly depends on the
ECM and, therefore, many ex vivo culture systems do not
accurately reflect the specific process of in vivo airway
regeneration. Matrix proteins, especially cellular fibronectin,
are key in the successful migration of BCs and blocking their
function substantially impairs wound repair (Hocking and
Chang, 2003). It has been long established that as lungs age
there is an age dependent change in the expression of fibronectin
in the alveolar regions of the lung (D’Errico et al., 1989) and
recent studies have supported such changes in the ECM, however
there is still a paucity of information on how such age-related
changes correlate to tissue formation and degradation and how
ECM signals regulate injury repair and disease progression
(Meiners et al., 2015; Brandenberger and Mühlfeld, 2017;
Burgess et al., 2019). Given the increasing amount of data
documenting ECM changes in the aging lung it is important
that we start to understand the aging-related signature and its
implications in the repair and regeneration of the lung
epithelium.

In addition to being regulated by the matrix, BCs are also
implicated in the production of ECM. During wound repair, the
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production of matrix components by BCs is influenced by the
secretion of factors, such as TGF-β, either from BCs themselves
or from inflammatory cells in the airways. The functional
implications of these secreted factors remain somewhat
unclear. For example, treatment with TGF-β impairs airway
epithelial sheet migration due to increased cellular adhesion
via integrins (Neurohr et al., 2006) and, conversely, TGF-β1
has also been shown to upregulate MMP2 accelerating the rate
of epithelial repair (Coraux et al., 2008). Matrix
metalloproteases (MMPs) regulate ECM secreted by the
wound closing migratory BCs, these include MMP-9 (also
known as gelatinase B), MMP-3 and MMP-11. These
reparative BC often also express vimentin suggesting that
acquisition of a mesenchymal phenotype is needed for
effective wound closure via cell migration. Studies of mouse
tracheal BCs have also demonstrated similar upregulation of
markers of an epithelial to mesenchymal transition (EMT)
(Velden et al., 2018). BCs subsequently plated on matrix
secreted by TGF-β1-treated BCs have increased expression
of EMT markers and acquire a spindle-like, fibroblastic
appearance (Alcorn et al., 2008; Gohy et al., 2015; Velden
et al., 2018; Adams et al., 2020).

BC-ECM interactions, although extensively investigated in the
process of would repair, have been substantially less studied in the
subsequent differentiation and restoration of functional
mucociliary clearance. As BCs progress toward potential
cellular therapy applications a detailed understanding of such
interactions will be critical. Furthermore, determining the
mechanisms driving changes in cellular phenotype and
stemness during the ex vivo expansion of BCs will rely upon
this information to design methods for effective cellular
expansion while maintaining BC stemness. Many ex vivo
culture systems study epithelial function and regeneration in
monocultures comprising of epithelium alone. While these
models can be used to study cell-matrix interactions critical
modulation by exogenous influences such as inflammatory
cells and their secreted mediators, and the surrounding
mesenchyme limits the physiological interpretation of the
model system. In the next section we will focus on how ECM
components and mechanics are critical for maintaining BC
stemness in an in vitro culture environment.

Culture and Airway Modeling
A variety of medias, matrices, and techniques are commonly used
to culture BCs and/or drive differentiation into airway epithelium
via culture at an air-liquid-interface (ALI) (Jiang et al., 2018) or in
3-D organoids or spheroids (Barkauskas et al., 2017).
Commercially available ECMs used for BC expansion include
Matrigel® (a protein mixture including laminin, collagen IV, and
enactin that is derived from mouse tumor cells) (Hughes et al.,
2010; Greaney et al., 2020) and PureCol® (a combination of
collagens I and III) (Dodmane et al., 2018). A more extensive
inventory of ECMs suitable for BC expansion and differentiation
can be found in Table 1. However, BCs that are isolated and
expanded ex vivo lose stemness within a few passages,
differentiation capacity is reduced, and expression of genes
that are critical for function, such as the cystic fibrosis
transmembrane regulator (CFTR), decline (Zabner et al., 2003;
Peters-Hall et al., 2018). In ALI cultures, primary BCs show a
rapid linear decrease in CFTR function and ciliated cell formation
with increased passages (Zabner et al., 2003; Peters-Hall et al.,
2018). Often by passage 4, a significant decrease in differentiation
capacity and CFTR expression/function is observed, and by
passage 10 growth tends to stop (Zabner et al., 2003; Peters-
Hall et al., 2018). In addition, airway epithelium produced by
differentiation at ALI shows notable deviations from native
samples. In the Carraro et al. study, 5 BC subtypes were
identified in native human bronchial epithelium; however,
only four subtypes were found in their ALI generated epithelia
(Carraro et al., 2020a). While three subtypes were similar between
the native and ALI samples, the fourth ALI subtype was high in
KRT14 and lacked a native counterpart (Carraro et al., 2020a).
The presence of a unique BC subtype in the ALI generated
samples suggests that this subtype developed in response to
culture conditions and demonstrates that the ALI culture
platform may not be completely analogous to in vivo airway
conditions.

Advancedmedia formulations have also extended our capacity
to effectively maintain stem cell characteristics over prolonged
in vitro expansion. The addition of a combination of three small
molecules to the media, Rho-associated protein kinase (ROCK)
inhibitor, dorsomorphin homolog 1 (DMH-1) [inhibitor of bone
morphogenic proteins (BMP) signaling], and A-83-01 (inhibitor

TABLE 1 | Matrices available for the culture of pulmonary basal stem cells.

Matrix (ECM) Composition Biological source References

Matrigel®a

Geltrex®a

Cultrex®b

Laminin, collagen IV, enactin, heparin sulfate
proteoglycans, growth factors

Murine engelbreth-holm-swarm tumor Hughes et al. (2010); Badylak et al.
(2011b)

PureCol® 97% Type I atelocollagen, 3% Type III collagen Bovine hide Dodmane et al. (2018)
Type I Collagen Collagen I Rat tail Mereness et al. (2018)
Type IV
Collagen

Collagen IV Human cell culture Gilpin et al. (2017)

Fibronectin Fibronectin (Human plasma) Human plasma Hamilton et al. (2020)
Laminin Laminin Human placenta, human fibroblasts, murine engelbreth-

holm-swarm tumor
Hamilton et al. (2020)

aMultiple varieties available including high concentration and reduced growth factor.
bVariety optimized for stem cell culture available.
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of TGF-β1 signaling), allows for extended airway BC expansion in
the undifferentiated state; this is thought to be the result of dual
SMAD inhibition (Mou et al., 2016). Cells grown in this media
were positive for TP63 and KRT5, markers of multipotent
epithelial BCs, and also expressed cell proliferation marker Ki-
67, expanding for 18–25 passages without a loss of replicative
potential (Mou et al., 2016). BMP and TGF-β1 inhibitors
produced similar results when added to commercially available
stem cell culture mediums bronchial epithelial cell growth
medium (BEGM) and primary human airway epithelial cell
media (HTEC) (Mou et al., 2016).

Prior to the addition of dual SMAD inhibitors to the media,
the gold standard for preservation of stemness across serially
passaged human bronchial epithelial cells (HBECs) was the
addition of Rho kinase inhibitor (Y-27632) and co-culture on
a layer of fibroblast feeder cells, specifically NIH-3T3-J2 cells (Liu
et al., 2012; Gentzsch et al., 2017; Peters-Hall et al., 2018). Cells
reprogrammed in this way are referred to as “conditionally
reprogrammed cells” (CRCs). They retain a normal karyotype
and remain non-tumorigenic (Liu et al., 2012). However, ALI
cultures derived from CRC cells still show morphological
differences and reduced CFTR expression compared to non-
CRC ALIs (Gentzsch et al., 2017). Recently, a modified CRC
(Mod-CRC) method has been presented that demonstrates
improved preservation of differentiation capacity and CFTR
function of HBECs (Peters-Hall et al., 2018). In a modified-
CRC method, BEGM is used along with 2% O2, as opposed to a
serum free expansion media and 21% O2 used in traditional CRC
expansion (Peters-Hall et al., 2018).

To overcome culture constraints and improve the viability of
BCs ex vivo, researchers are now exploring the decellularization of
lung and airway tissues to more closely recapitulate the ECM and
mechanical properties seen in vivo (Ott et al., 2010; Price et al.,
2010; Wagner et al., 2014; Gilpin and Wagner, 2018).
Decellularization methods strive for total removal of the
cellular material, while preserving the structure, protein and
molecular composition, and mechanical properties of the ECM
scaffold (Badylak et al., 2011b; Keane et al., 2015; Uriarte et al.,
2018). The ultimate goal is to re-populate this scaffold with stem
cells to completely regenerate a functional organ or tissue
(Badylak et al., 2011b; Uriarte et al., 2018). While currently
practiced methods of decellularization leave much of the ECM
intact, including the structural geography of the airways, alveoli
and vessels, there is a reduction in many components such as
elastin, collagen, and sulfonated PGs (Price et al., 2010; Pouliot
et al., 2016). Creation of a functional tissue from a decellularized
scaffold has been attempted for multiple organs including heart,
liver, urinary bladder, trachea, and lung (Cortiella et al., 2010;
Badylak et al., 2011b). Decellularized lungs have been successfully
re-populated with cells (Cortiella et al., 2010; Ott et al., 2010; Au -
Bonvillain et al., 2013; Halabi and Mecham, 2018); however,
keeping distinct cell populations in their proper areas and
creating functional gas-exchange units has not been achieved
(Uriarte et al., 2018). Ott and colleagues were successful in
perfusing repopulated rat lung scaffolds with blood and
performing ventilation, however transplantation of the lungs
was only able to maintain gas exchange for 6 h (Ott et al.,

2010). Although bio scaffolds generated from ECM of
decellularized source tissues have been successfully used in the
clinic (Badylak et al., 2011a; Dziki et al., 2016; Keane et al., 2017),
for the trachea they have been unsuccessful due to the immediate
need for a complete epithelium capable of functional mucociliary
clearance. While an exciting advance to the field there is still a
long way to go before the concept of a bioartificial lung will be a
therapeutic reality.

Although decellularization and recellularization techniques
must be significantly refined before they are capable of
generating a functional lung, researchers are demonstrating
that there are advantages to using a native ECM scaffold for
BC culture and epithelium generation (Figure 1A). Recently, a
study by Greaney et al. compared the differences in
differentiation of murine BCs across four different culture
platforms: organoid, ALI, decellularized trachea, and
decellularized lung (Greaney et al., 2020). They concluded that
the decellularized or “engineered” scaffolds produced the most
mature epithelial tissues in vitro over the artificial culture
platforms (Greaney et al., 2020). Demonstrating the regional
specificity of ECM and effect on differentiation, the engineered
trachea contained the most mature proximal epithelium and
ciliated cells, while the engineered lung showed early
surfactant production suggesting distalization (Greaney et al.,
2020). In the artificial platforms, the organoid culture presented a
less developed epithelium and a non-physiological EMT
population was observed at ALI (Greaney et al., 2020). This
study supports the results of previous work by Cortiella et al.
which compared the attachment, differentiation, and
development of complex tissue of murine embryonic stem
cells (ESCs) when expanded on several artificial culture
matrices, including Matrigel and COLI, and whole
decellularized lung (Cortiella et al., 2010). The lung scaffold
produced more differentiated ESCs of epithelial and
endothelial lineages, retained a higher ratio of living cells, and
showed evidence of differentiated ESCs arranging into 3-D
structures similar to those seen in vivo (2010). Such
comprehensive studies have yet to be carried out for human
airways and will be essential if a functional lung derived from a
repopulated ECM scaffold is to become reality.

Instead of using a decellularized lung a scaffold for
repopulation, some researchers are further processing native
ECM into a hydrogel for 2-D or 3-D culture. These hydrogels
exhibit characteristics such as self-assembly, architecture, and
mechanical properties of the native tissue (Pouliot et al., 2016; de
Hilster et al., 2020; Petrou et al., 2020). Mesenchymal stem cells,
for example, encapsulated in hydrogels derived from porcine lung
demonstrate attachment, proliferation, and viability at a
comparable or greater level than cells grown in commercially
available collagen-based matrices (Pouliot et al., 2016). Hydrogels
have also been generated from human lungs that retained native
stiffness in the range of 15–60 Pa (Pouliot et al., 2016; de Hilster
et al., 2020). Changes in ECM-derived hydrogel stiffness induce
significant changes in cultured cells. Petrou et al. reported that on
hydrogels with increased elastic moduli, similar to native fibrotic
ECM, ECM producing myofibroblasts showed heightened
expression of myofibroblast transgenes and fibroblasts
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FIGURE 1 | Strategies for utilizing airway basal stem cells in regenerative medicine approaches. (A) Methods for ex vivo expansion and differentiation of
airway basal cells. Basal cells (BCs) can be isolated from the human lung epithelium and expanded in 3-D culture, co-culture with 3T3 fibroblasts, or potentially on
specifically designed hydrogels or extracellular matrix (ECM)-derived from decellularized lungs. Expanded basal cells are capable of complete differentiation into a
pseudostratified airway epithelium at the air-liquid interface, in 3-D spheroid cultures or in decellularized lung scaffolds. (B) Decellularization and recellularization
of human lungs for autologous transplantation. Decellularization of human donor lungs, followed by recellularization with patient-derived cells (generated via methods
described in panels c (primary airway cell expansion) and d (iPSC-derived basal cell generation. The concept is designed to achieve functional lung tissues or indeed,
entire lungs, for autologous transplantation. (C) Ex vivo expansion of human airway basal cells. BCs can be isolated from human lung biopsy or bronchoscopy and
expanded on defined ECM tomaintain stemness and phenotype. The goal is to engraft these stem cells into the lung to restore airway function.Generation of autologous
iPSC-derived basal cells. Using accessible cells such as peripheral blood mononucleocytes (PBMCs) or fibroblasts from skin biopsies, iPSC can be generated via
reprogramming. Protocols now exist for their precise differentiation to lung basal cells (Hawkins et al., 2020) generating a potentially unlimited source of autologous cells
for engraftment.

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6458588

Busch et al. Lung Cell and Matrix Interactions

141

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


demonstrated a 60% increase in levels of collagen 1a1 and alpha
smooth muscle actin compared to soft matrices (Petrou et al.,
2020). These results may have significant implications for the
understanding of cellular changes in response to fibrotic lung
diseases. Further development of 2-D culture matrices derived
from native pulmonary ECMwill have important implications for
2-D culture of BCs and airway modeling, however, to date, there
have been relatively few studies investigating the culture of airway
BCs on these hydrogels. One recent study by Ravindra and
colleagues compared HBEC attachment and functional
differentiation on tracheal and urinary bladder ECM
substrates. (Ravindra et al., 2021). Both hydrogels successfully
supported cell proliferation and generation of a continuous
basement membrane, however, while both substrates
supported epithelial differentiation, this was not quantified or
functionally evaluated. Critical next steps are to understand the
components of the hydrogels that specifically support functional
specification of the tracheal epithelium (Ravindra et al., 2021).

Most recently, progress in the development and use of
synthetic ECM materials for cell culture have emerged.
Biomaterial inks have been developed from regenerated silk
fibroin (SF) and 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)-oxidized bacterial cellulose (OBC) nanofibrils and
engineered for 3D printing of lung tissue scaffolds (Huang
et al., 2020). Another group has developed a tissue-specific
hybrid bioinks from the naturally occurring polymer alginate
along with ECM derived from decellularized tissue (De Santis
et al., 2021). In both models HBECs were able to adhere and
proliferate, maintaining expression of basal cell markers TP63
and KRT5. De Santis and colleagues evaluated differentiation
over a month on 3D bio-printed human airways composed of
regionally specified airway smooth muscle and human bronchial
epithelial cells and observed basolateral localization of BCs and
evidence of differentiation to mucus-producing cells
(MUC5AC+) and ciliated cells shown directly through
scanning electron microscopy and alpha-tubulin expression
(De Santis et al., 2021). The results of this study do
demonstrate that a combination of exogenously and
endogenously derived ECM materials supports epithelial
development and offers the potential of printing customized
airway scaffolds which has not yet been achieved with native
ECM alone. Huang suggested that by manipulating the alignment
of the OBC nanofibrils within the scaffold, ECM remodeling
could be recreated and consequently manipulate cell fate (Huang
et al., 2020). Unfortunately, neither study comprehensively
evaluated functional differentiation, mucociliary clearance, and
regenerative capacity, all core criteria in creating bio scaffolds for
lung repair. (Huang et al., 2020) (Huang et al., 2020). While
extensive validation is necessary before the creation of functional
organs derived from decellularized ECM scaffolds is feasible,
these studies do support the notion that ECMs derived from
native tissues produce more physiologic BC populations and
airway epithelia in an in vitro setting.

Disease Pathogenesis
It is becoming increasingly apparent that changes in the ECM are
associated with the development of many chronic lung diseases.

As such, increasing our understanding of the role ECM
alterations play in disease pathogenesis offers a new potential
route for the development therapies for chronic conditions.
COPD, IPF, asthma, and lung cancers are several diseases in
which significant changes in the pulmonary ECM have been
observed (Fukuda et al., 1989; Bensadoun et al., 1996; Black et al.,
2008;Merrilees et al., 2008; Löfdahl et al., 2011; Estany et al., 2014;
Eurlings et al., 2014; Abdillahi et al., 2015; Burgess et al., 2016;
Burgstaller et al., 2017; Elowsson Rendin et al., 2019). There are
very few viable treatments available for these diseases and, in their
most serious forms, complete lung transplantation is often the
only option (Arcasoy and Kotloff, 1999). Unfortunately, there is a
significant lack of suitable donors and, at most, a lung
transplantation is a temporary cure with post-transplant
survival averaging only 5 years (Arcasoy and Kotloff, 1999;
Cypel et al., 2015). Regenerative therapeutic options include:
1) decellularization and repopulation of donor lung and/or
animal sourced organs with patient specific stem cells
(Cortiella et al., 2010; Badylak et al., 2011b; Au - Bonvillain
et al., 2013) (Figure 1B), 2) engraftment of ex vivo expanded
autologous BCs (Ghosh et al., 2016; Ma et al., 2018) (Figure 1C),
3) derivation of autologous iPSC-derived airway cells (Figure 1C)
(Firth et al., 2014; Huang et al., 2014; Miller et al., 2018; Hawkins
et al., 2020; Kanagaki et al., 2020; Yamamoto et al., 2020) or 4)
activation of endogenous basal stem cells to repair the damaged
tissues. We refer the readers to Ikonomou et al. who have
thoroughly reviewed the current state of cell-based therapies
for respiratory diseases (Ikonomou et al., 2019). All of these
options rely upon a receptive cellular microenvironment to
preserve BC stemness and the ECM is likely a critical
component for this. Our current knowledge of the ECM
changes linked to asthma, COPD and IPF will be reviewed
primarily focusing on changes in the proximal airways.

Asthma
Asthma is a chronic inflammatory disease of the airways marked
by hyperresponsiveness of the airways to triggers or irritants such
as allergens, viruses, and exercise resulting in exaggerated
narrowing of the airways (Mims, 2015; Quirt et al., 2018).
This causes the individual to experience recurrent bouts of
wheezing, breathlessness, feeling tightness in the chest, and/or
coughing varying in intensity from mild to, in some cases, fatal
severity (Mims, 2015; Quirt et al., 2018). These symptoms are the
result of wide-spread airflow obstruction within the lungs.
Despite extensive evaluation of changes in airway smooth
muscle (ASM) phenotype and ECM interactions there is
relatively little known about how ECM changes in asthma
regulate epithelial-mesenchymal communication and
subsequently BC function. We will summarize some of the key
findings specific to the regulation of airway BCs and ECM in
asthmatic airways.

It is clear that the profile of ECM proteins in altered in
asthmatic airways with the degree of ECM remodeling
correlating to the severity of the patient’s symptoms. The
deposition of fibronectin, tenascin, hyaluronan, versican,
laminin α2/β2, and collagens I, III, and V has been shown to
increase, while the deposition of collagen IV and elastin is
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decreased (Bousquet et al., 1992; Chetta et al., 1997; Roberts and
Burke, 1998; Araujo et al., 2008; Nihlberg et al., 2010; Weitoft
et al., 2014). When investigating asthma, it is critical to consider
complex interactions within the immediate microenvironment of
the airway epithelium, a structural and immunological barrier
known as the epithelial mesenchymal trophic unit (EMTU)
(Vignola et al., 2000; Heijink et al., 2014). Furthermore, the
change in deposition of ECM can have considerable changes
on matrix stiffness which, in turn, can differentiate fibroblasts to
myofibroblasts leading to further matrix production (Shi et al.,
2013). In vitro experiments replicate this phenotype with TGF-
β-stimulated fibroblasts grown on polydimethylsiloxane (PDMS)
substrates having increased expression of collagen 1 and alpha-
smooth muscle actin indicative of their differentiation to
myofibroblasts. As myofibroblast differentiation increased,
substrate stiffness also increased from 1 to 50 kPa (Shi et al.,
2013). Cells involved in the inflammatory response underlying
asthma can interact with, and induce, structural changes in the
airway, including synthesis of ECM by fibroblasts (Chan et al.,
2006; Shi et al., 2013; Osei et al., 2020). Interleukin signaling has
been shown to be one of the key pathways that can stimulate
changes in the secretion of ECM proteins including fibronectin
and collagen (Chan et al., 2006; Osei et al., 2020). IL-1 expression
is increased in asthmatic HBECs compared to those cultured
from non-asthmatic lungs, this has a significant impact of pro-
inflammatory responses in airway fibroblasts, production of
collagen, fibronectin and periostin and leads to abnormal
collagen remodeling of the asthmatic-EMTU. Further studies
need to be carried out to fully evaluate IL-1 signaling as a
therapeutic option for treating chronic asthma (Osei et al.,
2020). Another potential target is fibulin-1 (Fbln1) which has
recently been shown to both stabilize collagen and other ECM
proteins and to regulate the expression of mucins including
MUC5AC, and inflammatory mediators, such as CXCL1, in
airway epithelial cells (Liu et al., 2017). Another example of
changes in asthmatic HBEC regulating the ECM is highlighted
in work studying the production of Hyaluronan (HA) a non-
sulfate glycosaminoglycan synthesized at the cell membrane.
Studies have shown that HA is increased in both
bronchioalveolar fluid (Bousquet et al., 1991; Zhu et al., 2010;
Ge et al., 2018) and in ECM produced when HBECs of asthmatics
are cultured with human lung fibroblasts (Reeves et al., 2018). Its
ability to suppress airway inflammation and mucus secretion,
indicating that HA may be a potential therapeutic option for
reducing remodeling in asthma (Ko et al., 2020).

Other mechanisms driving abnormal ECM composition
include increased synthesis of new ECM proteins, decreased
activity of ECM-degrading enzymes [metalloproteinases
(MMPs) in particular] (Bajbouj et al., 2021), and upregulation
of the tissue-specific inhibitors of metalloproteinases (TIMP)
(Bajbouj et al., 2021). The role of MMPs in asthma
pathogenesis is not as simple as it may seem with
disagreement in the field on the destructive vs protective
impact of MMPs in chronic lung diseases like asthma (Grzela
et al., 2016). Discrepancies may be attributed to the severity of the
disease or localization of specific MMP responses (Araujo et al.,
2008), significant research still needs to be carried out in this area

and likely requires the use of more complex, human tissue-level
studies comprising of all the cells in an EMTU. MMP-9 and
MMP-12 are increased in the airway smooth muscle of the large
airways in fatal cases of asthma (Araujo et al., 2008) and it has
been shown that HA may play a role in suppressing MMP9
production and be of potential therapeutic benefit (Ko et al.,
2020). More recently a role for MMP2, expressed by HBECs, has
been considered in ECM remodeling and data suggests that
MMP2 may be key in mediating crosstalk between HBEC and
their underlying myofibroblasts in the EMTU and that a net
change in MMP2 activity in asthma may promote fibrosis and
increased deposition of ECM, despite its role in ECM degradation
(Xu et al., 2002). This contrasts data from mice where MMP2 is
proposed to provide a protective role (Takahashi et al., 2019).
Most recently a study of over 80 bronchial biopsies identified
significant overexpression of MMP-10 and MET in biopsies with
high mucosal eosinophil numbers. These genes are involved in
ECM organization and their increased expression in these tissues
corelated to increased submucosal thickness (Kuo et al., 2019).
Mechanisms pertaining to MMP regulation and function in
asthma remain to be fully validated and regulation of MMP
production is likely to be a potential therapeutic option in the
treatment of chronic asthma (Kuo et al., 2019).

The data in in vitro models of asthma are supported by
changes observed in the lungs of asthmatic patients. Recently,
Vieira Braga et al. completed a comprehensive scRNAseq profile
of biopsies from asthmatic airways. The data revealed a
significant increase in goblet cell numbers compared healthy
control samples supporting prior observations in asthmatic
lung tissues (Vieira Braga et al., 2019). The transcriptome of
the goblet cells was deviant from goblet cells from control lungs
with an up regulation of proinflammatory and remodeling genes
including nitric oxide synthase 2 (NOS2), Carcinoembryonic
antigen-related cell adhesion molecule 5 (CEACAM5), and
Cystatin-SN (CST)1. Furthermore, asthmatic airways present a
novel cell state the authors label as mucous ciliated cells which
resemble ciliated cells (FOXJ1 expressing), but also co-express
some mucous genes including MUC5AC and CEACAM5 (Vieira
Braga et al., 2019). In addition, these mucous ciliated cells express
the genes CST1 and Periostin (POSTN) that have been previously
shown to play a role in the remodeling of asthmatic airways.
Clinical trials to evaluate allergen exposure in asthmatic patients
have also shown that exposures correlate with significant
transcriptomic changes in the airway epithelium, including
upregulation of markers of cell proliferation, and
differentiation, as well as extracellular proteins, interleukin
receptors, and transcription factors in subjects clinically
diagnosed with asthma (Lilly et al., 2005). These genetic
changes suggest that the epithelial response to allergens
involves genes likely to change the function of airway
epithelial cells. Despite detailed analysis of changes in the
extracellular matrix and cellular phenotype being studied in
asthma there is still a paucity of data to understand how the
changes in ECM influence the changes in BC phenotype and
differentiation that have been observed.

Inhaled corticosteroids and beta-2-agonists are commonly
used as asthma treatments to reduce inflammation and relax
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the airway smooth muscle; these treatment options are effective at
preventing exacerbations, but they are not able to treat airway
remodeling (Castillo et al., 2017). More recently, therapy routes
are being explored that seek to target the ECM and airway smooth
muscle as a means to reverse asthmatic airway remodeling
(ClinicalTrials.gov Identifier: NCT03388359). While still in
early development, this seems to be the most promising
avenue for restoring asthmatic airways and potentially
eliminating completely the associated symptoms.

Chronic Obstructive Pulmonary Disease
COPD is a progressive disease that is characterized by
emphysema, reduction of gas exchange within the lung,
chronic bronchitis, constant irritation, inflammation, and
excess mucus production in the airways. Cigarette smoking is
the primary cause of COPD with around 75% of the patients
being current or past smokers. COPD is currently the 4th leading
cause of death in the United States, and it is predicted that it will
soon be the 3rd. The ECM of COPD patients shows abnormalities
in both structure and composition. Finely disrupted fibers,
electron-dense deposits and vacuoles, and indications of
abnormal elastogenesis are seen in the elastic fibers (Fukuda
et al., 1989). Further, the overall presence of elastic fibers is
reduced in the small airways, possibly contributing to the
development of airflow obstruction in the alveoli (Black et al.,
2008; Merrilees et al., 2008; Eurlings et al., 2014). In contrast,
other ECM elements, including tenascin-C (Löfdahl et al., 2011;
Annoni et al., 2012), fibronectin (Annoni et al., 2012), versican
(Merrilees et al., 2008), and collagens (Eurlings et al., 2014;
Abdillahi et al., 2015) have been shown to be overexpressed in
COPD. It is suspected that the changes in the ECM contribute to
the dysfunction of the airway epithelium observed in COPD by
regulating the function of airway BCs, possibly by acting as
storage for inflammatory mediators, growth factors and
cytokines. Basal stem cell number, self-renewal, and
multipotency are all reduced in COPD, with impaired lung
function as a consequence of impaired BC differentiation
(Ghosh et al., 2017). Instead of a multipotent basal stem cell a
more differentiated progenitor cell progeny persists. Squamous
metaplasia is a hall mark of COPD lungs in which an increase in
proliferative TP63 expressing basal cells contributes to significant
airway thickening (Araya et al., 2007). Upregulation of squamous
cell markers including IVL and KRT6 is observed in the absence
of mucociliary differentiation and correlates to the severity of
COPD (Araya et al., 2007). Several studies have suggested that a
partial EMT transition is part of this process and characteristic of
COPD occurring through TGF-β1-dependent regulation of BCs
(Gohy et al., 2015). In these instances, the EMT transition is
characterized by upregulation of EMT associated markers Twist1,
Twist2, Snai2 vimentin and N-cadherin and a reduction in the
expression of E-cadherin (Nishioka et al., 2015). In in vitro assays,
however, the abnormal mesenchymal phenotype only persists for
two weeks in ALI models, after which mesenchymal markers
progressively declined, suggesting that there are other in vivo
microenvironmental factors necessary to maintain EMT or that
EMT is specific to in vitro culture systems which mimic airway
epithelial repair (Gohy et al., 2015). In this particular study there

was a significant difference in EMT between control and COPD
patient derived basal cells suggestive of an augmented EMT
phenotype in COPD and this is supported by evidence of
active EMT in patient tissues (Sohal et al., 2011). EMT has
previously been described as an active process in the large and
small airways of patients with mild to moderate COPD validating
these observations (Sohal et al., 2010; Soltani et al., 2010; Soltani
et al., 2012; Milara et al., 2013; Nishioka et al., 2015). Most
recently, Cullin4A (CUL4A), an E3 ubiquitin ligase associated
with EMT in non-small cell lung cancer, is also overexpressed in
the lung epithelium of COPD patients and could be associated
with the poor differentiation and function of the small airway
epithelium (Ren et al., 2019) There still remains some controversy
over the specific role for an active EMT transition in the
pathogenesis of COPD. What can be concluded is that a
significant change in the matrix associated genes and a
reprogramming of airway BCs are core factors in COPD
pathophysiology, however significantly more work needs to be
completed to fully understand the mechanisms driving this BC
dysfunction.

A role for TGF-β1 impairing mucociliary differentiation of
ALI cultures, offers a potential explanation for the reduced
number of ciliated cells observed in COPD patient airway
samples (Gohy et al., 2019). Interestingly, HBECs grown on
decellularized bronchial scaffolds from COPD patients show
patterns of gene expression during early differentiation that
deviate from cultures on healthy scaffolds (Hedström et al.,
2018). These differences indicate altered activity of upstream
mediators of regeneration and remodeling through hepatocyte
growth factor (HGF) and TGF-β1 respectively (Hedström et al.,
2018). HGF activity was down regulated which impairs
proliferation and survival of airway epithelial cells, while
several genes known to be induced by TGF-β1 were
upregulated indicating increased TGF-β1 activity and
consequently ECM dysregulation (Hedström et al., 2018).
While the precise mechanisms have yet to be unraveled, these
results indicate that the ECM changes that accompany or prelude
COPD are involved in the further progression of the disease. A
decrease in ciliated cell differentiation is likely congruent with
squamous BC metaplasia that is also associated with COPD as a
result of smoking and is thought to be induced, at least in part,
through chronic inflammation (Herfs et al., 2012). Compared to
healthy pseudostratified epithelium from non-smoking patients,
squamous metaplasia and epithelial hyperplasia are accompanied
by a significant increase in proinflammatory cytokines TNF-α,
IL-1β, and IL-6 (Herfs et al., 2012). Changes in signaling
mediated by extracellular vesicles from (Herfs et al., 2012;
Gohy et al., 2015; Brandenberger and Mühlfeld, 2017) HBECs
are able to induce fibroblast differentiation to myofibroblasts in
in vitro experiments (Xu et al., 2018). It will be interesting to
further study these effects in in vivomodels (Fujita et al., 2015; Xu
et al., 2018). Such increases in the myofibroblast population in the
lungs may in part explain the elevated levels of some ECM
components observed in COPD. The study by Xu and
colleagues also demonstrates how changes induced in one cell
type, in this case HBECs, can significantly impact other cell types
(Ghosh et al., 2017). Refining our understanding of the
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relationship between ECM changes and abnormal BC phenotype
in COPD can open new possibilities for the early identification
and treatment of the disease.

Idiopathic Pulmonary Fibrosis
IPF is another chronic lung disease in which significant
modifications of the ECM and changes in BC phenotype have
been observed. IPF is characterized by significant deposition of
ECM components throughout the alveolar parenchyma and, to a
lesser extent, the terminal airways (Burgess et al., 2016). This
process is facilitated by fibroblastic foci, which are clusters of
myofibroblasts and fibroblasts, neighboring apoptotic or
hyperplastic alveolar epithelial cells (Burgess et al., 2016;
Burgstaller et al., 2017). Abnormal populations of both
fibroblasts and myofibroblasts are present in the foci.
Fibroblasts exhibit increased expression of hyaluronan
synthase 1 (HAS1), hyaluronan synthase 2 (HAS2), fibrillin 1
(FBN1), and chemokine ligand 14 (CXCL14), and myofibroblasts
fibrillar collagens and smooth muscle alpha-2 actin (ACTA2)
(Adams et al., 2020). An overall decrease in the proportion of
alveolar epithelial cells is reported as well (Adams et al., 2020).
Repeated lung injury and repair are responsible for ongoing
destruction of the elastic parenchymal lung tissue which is
then replaced by scar tissue that develops into fibroblastic foci
(Burgstaller et al., 2017). As the lung tissue is progressively
remodeled, bronchiectasis, thicken interlobular septae, and
subpleural honeycombing develop (Burgstaller et al., 2017).

Similar to the response to acute lung injury, the development
of fibrosis in IPF seems to result from exudate within the
airspaces, and fibroblasts increase collagen and fibronectin
synthesis throughout the process (Kuhn et al., 1989; Elowsson
Rendin et al., 2019). The ECM compounds versican and tenascin
C have also been shown to be upregulated in the fibroblastic foci
(Bensadoun et al., 1996; Estany et al., 2014). However, the
basement membrane portion of the ECM is depleted of
proteins such as laminin and collagen IV and shows overall
disorganization (Elowsson Rendin et al., 2019). Increases in the
elastic fiber proportion of the ECM associated with IPF have been
correlated to worse patient survival outcomes because excess
elastin alters the stiffness of the lungs which increases the
effort of breathing due to higher elastic recoil (Enomoto et al.,
2013). IPF lungs show a 60% increase in stiffness and three-fold
increase in tissue density compared to healthy lungs (Elowsson
Rendin et al., 2019).

The ECM changes originating from the fibrotic foci seem to
have a significant effect on the overlying basal epithelium. The
airway epithelium over the fibrotic foci contains a layer of TP63-
positive BCs and lacks ciliated and goblet cells (Jonsdottir et al.,
2015; Adams et al., 2020). Increased expression of KRT14,
Vimentin, and N-cadherin is also observed in the epithelial
cells; however, the underlying foci shows N-cadherin and
E-cadherin-positive cells (Jonsdottir et al., 2015). These
alterations indicate that BCs acquire mesenchymal traits due
to signals originating from the foci or, alternatively, that the
EMT of the epithelium directly contributes to foci formation
(Jonsdottir et al., 2015). Distally, IPF lungs demonstrate a larger
population of KRT5 positive cells, a subpopulation of KRT5/

KRT14 positive cells, and morphological changes in these BCs
(Smirnova et al., 2016). In this study, KRT5/KRT14/TP63
positive BCs were totally absent in the healthy distal lungs,
while they were abundantly found in the IPF lungs (Smirnova
et al., 2016). The KRT14 positive population also did not express
bronchial or alveolar differentiation markers in IPF (Smirnova
et al., 2016). In a recent publication, Adams et at. demonstrated a
more precise characterization of the abnormal BC phenotypes
observed in IPF lungs (Adams et al., 2020). They report a
population of BCs, aberrant BCs, unique to IPF that express
BCmarkers TP63, cytokeratin 17 (KRT17), laminin subunit beta-
3 (LAMB3), and laminin subunit gamma-2 (LAMC2), but also
lack other accepted BC markers such as KRT5 and KRT15
(Adams et al., 2020). These aberrant BCs also show evidence
of EMT, senescence-related genes, and high expression of IPF-
associated molecules including matrix metallopeptidase 7
(MMP7) (Adams et al., 2020). Aberrant BCs are found
consistently in the epithelial layer covering fibroblastic foci
(Adams et al., 2020). The exact mechanisms of IPF
development related to abnormal ECM production and BC
phenotype remain unknown, however the significant
upregulation of ECM-related (such as FN1, COL1A1 and
VCAN) and ECM-interacting genes (such as Integrins B8, AV
and B6) in the aberrant basaloid cells suggests that changes in the
ECM may influence the change in cellular phenotype. The
publication of large scRNA sequencing studies comparing IPF
basal cells to non-IPF basal cells may start to provide clues
regarding the phenotypic switch in basal cell phenotypes;
however further studies will be essential to uncover the
relationship between ECM changes and BC phonotype if
effective therapies are to be developed (Carraro et al., 2020b).

Conclusion and Future Implications
An absolute understanding of the pulmonary ECM and its
interactions with, and effects on, the cells of the lung may be
the key to developing everything from a physiological airway
model to a functional recellularized lung. The ECM is part of the
complex environment of the lung, with regional variations, that
supports and maintains the overlying tissue. As BCs are the
primary stem cells of the lung and are positioned to have the most
direct contact with the ECM, deciphering their reliance on the
ECM for the maintenance stemness and differentiation capacity
will allow for advancements in airway modeling and
understanding of disease pathogenesis. Regional variations in
BC distribution, function and ECM localization to specific BC
niches are still relatively poorly understood. Furthermore, we
need a greater understanding of how age-related changes in ECM
correlate to changes in basal cell function as we progress toward
cellular therapy and regenerative therapeutics for the lung.
Continued research in the areas discussed in this review will
have momentous implications for the modeling of healthy and
diseased airways, understanding the relationship between ECM
alterations and abnormal BCs in chronic lung disease, therapy
development for such diseases, and decellularization/
recellularization capacity.

The current standard methods of BC culture and airway
modeling fall short in producing cells and tissue that fully
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maintain their native phenotype. While commercial culture ECMs,
medias, and differentiation platforms, such as Matrigel®, BEGM
with Y-27632, and ALI inserts respectively, have improved the
culture of airway cells considerably, abnormal gene expression
and differentiation is still observed. If our airway models do not
entirely simulate in vivo cells and conditions, there are caveats
associated with experiments conducted on them. By improving
our understanding of the in vivo pulmonary ECM and how it
supports BCs and other cell types, we will become better equipped to
create an ex vivo culture ECM that supports native conditions.
Variables such as stiffness, stretch, and molecular composition are
proving to be of particular importance. A promising direction of
ECM research is the conversion of the 3-D native lung ECM scaffold
into a hydrogel that can be plated on a 2-D surface. Ideally, this will
allow for the preservation of the ECM components and stiffness
found in vivo. This technique also offers the option of using ECM
from diseased lungs to study disease-specific ECM alterations and
the subsequent changes in cellular response. It will be interesting to
follow this, and the progression in 3-D bioinks where the impact of
3-D structure and curvature of the airways can also be accounted for
in the regulation of BC function. Complete understanding of BC-
ECM interactions may have a significant impact on our capacity to
efficiently repopulate decellularized lungs/tracheas to generate
functional tissues for engraftment. While there has been
substantial progress made on techniques for decellularization and
recellularization there is still a paucity in the characterization of the
ECM, adherence and functional quality of the recellularized tissues
[reviewed in (Uriarte et al., 2018)]. Current protocols for
decellularization vary considerably in reagents used and length of
digestion which pose challenges in balancing the structural and
chemical composition of the ECM with complete cellular removal.
Evaluation of the remaining ECM including the level of residual
proteins will require more quantitative proteomic approaches
(Schiller et al., 2015; Gilpin et al., 2017), in addition to a more
complete understanding of basal stem cell homing, niche, subtypes
and differentiation will be critical as the field of lung tissue
engineering moves forward.

Abnormal ECM and BC phenotype appear to be closely
related in the context of chronic lung disease. As such, BCs
have become a target for regenerative therapy development in
conditions such as COPD and IPF where lung transplantation is
currently the only curative option. Engraftment of ex vivo
expanded autologous BCs, derivation of autologous iPSC-
derived BCs, and activation of endogenous basal stem cells to
repair damaged tissues are currently under investigation as
patient-specific cell therapies that could provide a superior

alternative to transplantation. However, these techniques rely
upon a receptive cellular microenvironment for both ex vivo
expansion and in vivo engraftment, further highlighting the
necessity for improved knowledge of ECM mechanisms in the
context of native physiology and culture platforms.

Perhaps the most impressive and challenging application of
ECM-BC research is the potential to repopulate a
decellularized ECM scaffold to create a functional lung.
Decellularization of donor lungs and recellularization with
autologous stem cells is thought to be a solution to overcome
the deficiency of donor lungs suitable for direct
transplantation and avoid complications such as organ
rejection. While there has been some success with simpler
structures such as the trachea alone, researchers still face
significant challenges in the complex and diverse structural
and biochemical environment of the whole lung. Such
challenges include the effective removal of cellular material
while preserving the structural and mechanical properties of
the ECM, seeding of cells to maintain compartmentalization
(i.e., airways vs. vasculature), and differentiation to produce
functional gas exchange units. Advancements in our awareness
of the often subtle, differences in ECM composition in
different regions of the lung and how these differences
produce diverse tissue types will aid in our ability to
contain seeded cells to their designated area and direct
them to differentiate appropriately.

While at the surface level the ECM may appear to be simple
scaffold, in reality it plays a critical role in lung physiology
through mechanical and biochemical factors. Further study of
the pulmonary ECM and its relationship with cells will progress
airway modeling, therapy development for chronic diseases, and
overall understanding of lung physiology.
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Single-Dose Lentiviral Mediated Gene
Therapy Recovers CFTR Function in
Cystic Fibrosis Knockout Rats
Nicole Reyne1,2,3*, Patricia Cmielewski 1,2,3, Alexandra McCarron1,2,3, Juliette Delhove1,2,3,
David Parsons1,2,3† and Martin Donnelley1,2,3†

1Adelaide Medical School, University of Adelaide, Adelaide, SA, Australia, 2Respiratory and Sleep Medicine, Women’s and
Children’s Hospital, North Adelaide, SA, Australia, 3Robinson Research Institute, University of Adelaide, Adelaide, SA, Australia

Cystic fibrosis (CF) is a genetic disease caused by mutations in the CF transmembrane
conductance regulator (CFTR) gene, resulting in defective ion transport in the airways.
Addition of a functioning CFTR gene into affected airway cells has the potential to be an
effective treatment for lung disease. The therapeutic efficacy of airway gene transfer
can be quantified in animal models by assessing ion transport in the treated nasal
epithelium using the nasal potential difference (PD) measurement technique. The nasal
PD technique is routinely used in CF mice, however when applied to a recently
developed CF rat model those animals did not tolerate the initial nasal PD
assessment, therefore the procedure was firstly optimised in rats. This study
evaluated the effect of lentiviral (LV)-mediated CFTR airway gene delivery on nasal
PD in a CFTR knockout rat model. LV gene vector containing the CFTR gene tagged
with a V5 epitope tag (LV-V5-CFTR) was delivered to the nasal epithelium of CF rats,
and one week later nasal PD was analysed. This study demonstrated for the first time
that LV-V5-CFTR treatment produced a mean correction of 46% towards wild-type
chloride response in treated CF rats. Transduced cells were subsequently identifiable
using V5 immunohistochemical staining. These findings in the nose validate the use of
airway gene therapy for future lung based experiments.

Keywords: cystic fibrosis, lentival vector, nasal potential difference (NPD), Rat, gene therapy

INTRODUCTION

Cystic fibrosis (CF) is a common, life-shortening, recessive genetic disorder, resulting from mutations in
the cystic fibrosis transmembrane conductance regulator (CFTR) gene (Davis, 2006). CF affects multiple
organs and despite symptomatic treatments and CFTRmodulator therapies that improve quality of life it
remains incurable, with lung disease the major cause of mortality (Carlon et al., 2017). The
pathophysiology of CF results from a loss of CFTR chloride channel function and via its interaction
with other ion channels such as the epithelial sodium channel (ENaC). Together these channels regulate
chloride and sodium ionmovement across the epithelial surface of many organs, maintaining osmolarity.
In CF airways an imbalance of these ions creates altered movement of water, causing the mucus layer
lining the airways to become dehydrated and vicious. The resulting viscous mucus is thick, difficult to
clear, and the ideal environment for bacteria and other pathogens to grow. Thus, CF airways experience a
continuous cycle of infection and inflammation, leading to permanent lung damage and ultimately
respiratory failure (Chmiel et al., 2002).
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Correcting CFTR dysfunction at the genetic level, by the
addition of a functioning CFTR gene into affected airway cells,
has the potential to be an effective treatment for CF lung disease.
As CF is monogenic, addition of one correct copy of the CFTR
gene into the cells should be sufficient to halt disease or prevent it
if initiated early in life (Villate-Beitia et al., 2017). A range of viral
and non-viral vectors can be used to facilitate the transfer of a
gene to the airway epithelial cells. Lentiviral vectors (LV) are
attractive vehicles as they can transduce dividing and non-
dividing cells, integrate into the host genome providing long
term expression, and generate little immune response (Castellani
and Conese, 2010).

Our group has utilised a vesicular stomatitis virus type G
(VSV-G) pseudotyped LV vector and two-step dosing procedure
that involves conditioning the airways with
lysophosphatidylcholine (LPC) prior to vector delivery. Using
this approach, we have shown that nasal delivery of LV-CFTR can
successfully correct CFTR function in a CFmousemodel for up to
12 months after a single dose, and improves survival of the treated
animals (Cmielewski et al., 2014). The nasal airway region is used
because the ion transport defects in the CF mouse nasal airway
epithelium closely resemble those of the human CF lung (Ferrari
et al., 2002). Additionally, the nasal cavity is easily accessed,
which makes it a suitable site to test ion transport function as a
representation of the lower airways (Rowe et al., 2011). CF mouse
models have predominantly been used in CF research, however
they do not exhibit the human lung pathophysiology, so further
lung investigations can be limited (McCarron et al., 2018;
McCarron et al., 2020).

Nasal PD has been used as a CF diagnostic method in
humans for over 25 years, as it is well tolerated (Knowles et al.,
1981). It has been adapted for use in some CF animal models,
particularly mice, to test the efficacy of various therapeutic
strategies. A CFTR knockout (KO) rat model was recently
developed by CRISPR/Cas9 gene editing as an alternative CF
animal model for researchers (McCarron et al., 2020).
Preliminary data from this model showed altered function
of the nasal epithelial ion channels that is consistent with the
CF profile (McCarron et al., 2020). Those preliminary nasal PD
investigations were performed as non-recovery procedures due
to rats displaying a heightened sensitivity to fluid in the
airways and respiratory difficulties following the procedure,
meaning that recovery was not possible. The initial nasal PD
assessments in rats were performed in the same manner as for
mice, with the animal hung by the dorsal incisors in a vertical
position (Limberis et al., 2002). This orientation proved to be
problematic, as all nasally delivered solutions collected in the
lungs, resulting in respiratory distress. Other factors limiting
the first nasal PD investigations in rats included the poor
integrity of the existing nasal PD fluid delivery perfusion
tubing arrangement. Therefore, the nasal PD measurement
technique in rats needed to be optimised to achieve improved
reliability so that the effect of treatments such as airway gene-
addition therapy could be assessed.

In this study we firstly optimised the technique of performing
nasal PD measurements in rats to test ion channel function. We
then investigated whether a single dose of our LV-V5-CFTR

vector delivered after conditioning with LPC recovers CFTR
function in the nasal epithelium of CF KO rats.

METHODS

Animals
This project was conducted under the approval from the
University of Adelaide Animal Ethics Committee (M-2017-
056). All rats were maintained in conventional cages with a
12-h light/dark cycle. Food and water were provided ad
libitum, with all rats receiving a 50:50 mix of normal and high
fat (10%) rodent chow. CF rats received water containing 4.5%
ColonLytley (Dendy Pharmaceuticals, Australia) to minimise CF
related gut obstructions. Female and male CF KO rats (510X
genotype) (McCarron et al., 2020) were used.

Nasal PD
Ion channel function was measured using a newly optimised
nasal PD technique adapted from mouse protocols (Limberis
et al., 2002; Cmielewski et al., 2010) and early CF rat
characterisation studies (McCarron et al., 2020). Rats were
anesthetized with 60–75 mg/kg of a mixture of ketamine
(Ceva, Australia) and medetomidine 0.4 mg/kg (Ilium,
Australia), delivered by intraperitoneal injection. Rats were
then placed on a customised nasal PD platform, in the prone
orientation. Upper incisors were hooked over a wire loop,
resulting in their mouth being open, rather than vertical with
an endotracheal tube as in the initial rat PD method.

Our old PD system was constructed using long thin
polyethylene tubes and cut-down needles sealed with
superglue or silicone sealant where connections were required.
This perfusion tubing had poor integrity, with bubbles and
blockages regularly interrupting the continuous electrical
circuit, leading to erroneous PD readings. New perfusion lines
(Instech, United States) were made using 25 ga tubing (#BTPE-
25), PinPorts (#PNP3F25) and PinPort connectors (#PNP3M-50)
designed for minimal dead space volumes, as well as three-way
tubing connectors (#SCY25), to create an enclosed system that
prevented bubble formation. A micropositioner provided fine tip
positioning and firmly held the nasal cannula in place, thus
limiting movement while the cannula sat in the nose. Excess
perfusion fluid coming out of the nasal cavity and/or mouth was
absorbed with tissue. A 15 ml centrifuge tube was placed under
the neck to create a slight downwards bend of the head and nose
tip to help prevent fluid from moving distally and entering the
trachea. The cannula was inserted 4–7 mm into the nasal cavity,
based on identification of the location of nasal respiratory
epithelium using dissected rat heads (not shown) and
comparison to rat nasal diagrams (Mery et al., 1994). The
reference electrode inserted subcutaneously into the abdomen,
and connected to calomel electrodes (Hg2Cl2 in 3 M KCl, Cole-
Parmer Instruments, United States) (Limberis et al., 2002;
Cmielewski et al., 2010).

The optimised nasal PD method was then tested in wild-type
(WT) and CF KO rats. PD data was recorded using a optically
isolated high-impedance millivolt meter (ISOMIL, World
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Precision Instruments) connected to an eight channel Powerlab,
combined with Labchart software (Version 8, ADInstruments).

The nasal cavity was perfused at a rate of 10 μL/min with the
following solutions: 1) normal Krebs-Ringer buffer (basal KRB),
2) KRB containing 100 µm amiloride, 3) low chloride KRB with
100 µm amiloride, and 4) low chloride KRB containing 100 µm of
amiloride and 100 µm of isoproterenol. Each solution was
perfused for 10–15 min until a plateau of 1–2 min was
obtained. The change in PD (ΔPD) was calculated by
subtracting the PD values at the plateau for each different
solution. PD traces were rejected if they were non-responders.

Vector Production
This study employed a third generation, HIV-1 derived, VSV-G
pseudotyped, CFTR gene vector with a V5 epitope tag located on
the N-terminus. Gene expression was driven by the EF1α
promoter (CCL-EF1α-V5-CFTR) The vector will be referred to
as LV-V5-CFTR. LV vector was produced as described previously
(Rout-Pitt et al., 2018). Briefly, HEK 293T cells seeded in 10-layer
cell factories were transiently transfected using a five-plasmid
system and calcium phosphate co-precipitation. Two days post-
transfection the vector supernatant was harvested and purified by
anion exchange chromatography, followed by
ultracentrifugation. Vector was formulated in 0.1% heat-
inactivated rat serum in 0.9% saline.

Vector Titre
The titre of the LV-V5-CFTR vector was determined by flow
cytometric detection of V5 expressing-cells. HEK 293 T cells
were transduced with a serially diluted (1:2,500–1:320,000)

vector followed by collection 72 h post-transduction. Cells
were fixed in 4% paraformaldehyde, permeabilized with ice
cold 90% methanol, and resuspended to a concentration of 1 ×
106 cell/mL for staining. Primary antibody rabbit anti-V5 Tag
(#13202, Cell Signaling Technologies, United States) and
secondary antibody goat anti-rabbit IgG (Alexa Fluor 568)
(a11011, Invitrogen, United States of America) were added to
the cells separately for 1 h and 30 min respectively at room
temperature. Cells were washed between antibody staining
and after, then resuspended in PBS. Cells were analysed using
flow cytometry (LSRFortessaTM; Becton Dickinson,
United States). The proportion of V5-positive cells was
used to calculate functional titre in transducing units per
ml (TU/mL). A titre of 8 × 106 TU/ml was used for rat nasal
dosing.

Nasal Vector Dosing
Rats were anaesthetised as described above. Lubricating eye
ointment was placed onto the eyes to minimise drying. Rats
were placed on a heating mat for the duration of the procedure
and recovery period. Instillations were performed into the
right nostril using a micropipette and thin gel tip (No:
5,242,956.003, Microloader, Eppendorf, Germany). Airway
conditioning was performed with 2 × 5 µL aliquots of 0.3%
LPC (#L4129 Sigma, United States), delivered 1 h prior to 2 ×
10 µl aliquots of LV-V5-CFTR vector. Anaesthesia was
reversed using 1 mg/kg atipamezole (Jurox, Australia).
Baseline PD was performed at least one week before LV-
CFTR delivery on the untreated nostril. One week after LV-
CFTR delivery, PD measurement was performed on the treated

FIGURE 1 | Nasal PDmeasurements fromWT and CF KO rats. Nasal PDmeasurements in WT and CF KO rats for (A) basal KRB (B) the ΔPDNa (C) ΔPDCl and (D)
ΔPDIso (n � 6–10 animals/group; **p ≤ 0.01, ***p ≤ 0.001, unpaired t-test). Data represented as the mean −/+ SEM.
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nostril. All PD tracings were interpreted by an experienced
assessor blinded to the treatment.

Immunohistochemistry
Rats were humanely killed by intracardiac sodium pentobarbital
overdose (300mg/kg) while under anaesthetic. To examine the nasal
passageways the heads were collected and immersion fixed in 10%
neutral buffered formalin followed by decalcification in 25% EDTA
(pH 7.4) for 7–14 days at 37°C. Heads were cut, paraffin-embedded,
sectioned at 5–7 μm, and deparaffinised using standard histological
procedures. Antigen retrieval was performed using 10mM sodium

citrate buffer (pH 6.0) for 20 min followed by permeabilisation in
0.3% Triton-X 100 in PBS for 10 min. Sections were blocked for 1 h
at room temperature with 1% BSA in PBS and then incubated with
goat anti-V5 primary antibody (1:300) (ab95038, Abcam) in 1%BSA
+ 0.05% Tween overnight at 4°C. Sections were rinsed and incubated
in donkey anti-goat (IgG) Alexa Fluor 568 (1:400) (ab175704,
Abcam) made in 1% BSA and 0.1% Tween incubated at room
temperature for 1 h. Samples were washed with 0.1% Tween-PBS,
counterstained with DAPI for approximately 10min, washed, and
mounted with ProLongTM Diamond antifade mounting media
(#P36961, Life Technologies, United States). Slides were visualised

FIGURE 2 |Representative nasal PD tracing ofWT, CF KO and treated CF KO rat. When compared toWT, CF KO rats demonstrate classic CF electrophysiological
defects in nasal respiratory epithelium. Treated CF KO rats demonstrate a PD trace showing the corrected bioelectrical defect.

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6822994

Reyne et al. Gene Therapy Recovers CFTR Function

155

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


for the presence of V5 staining using an Olympus BX51 Research
grade optical microscope DIC with AnalySIS Life Sciences software.

Statistical Analysis
Statistical analysis was performed using Graphpad Prism V9.0
(GraphPad Software Inc.). Statistical significance was set at p ≤
0.05 and a statistical power greater than 0.80 was required. Paired
t-tests were used to compare the treated and untreated nostril in
each rat. In text values are reported as mean ±SD.

RESULTS

Nasal PD Assessment Was Optimized in
Rats
To improve nasal PD assessments in rats we developed an
optimised testing method. In the preliminary nasal PD studies
(McCarron et al., 2020), rats readily inhaled the nasally
delivered solutions into the lung, often leading to
respiratory distress. This was a critical limitation, as rats
could not be recovered from anaesthesia following the
procedure. Several measures aimed at reducing that original
procedure-associated complication were successfully trialed,
including placing the rats in their naturally prone position, and
absorbing the excess fluid from the nasal cavity. Using tubing
with a smaller bore diameter reduced the volume of fluid in the
system and enabled perfusion fluids to be rapidly changed,
without excessive fluid delivery to the nose. Subsequently, rats

did not show signs of respiratory distress and no mortality was
associated with the nasal PD procedures.

Confirmation of WT and CF Rat Nasal PD
Profiles
This study provides an improved characterisation of the airway
bioelectric profile in our CF KO rats (McCarron et al., 2020),
with the greater power revealing that there was a statistically
significant difference in the isoproterenol response between
WT and KO CF rats (p ≤ 0.01, Figure 1). Under basal
conditions, CF KO rats demonstrated a significant negative
PD when compared to the WT rats. When the ENaC inhibitor
amiloride was perfused, CF KO rats exhibited a more enhanced
depolarisation response than WT rats, indicating increased
luminal retention of sodium. Low chloride and isoproterenol
solutions produced either no response or a small depolarisation
in CF (whereas a hyperpolarisation was observed in WT
rats) suggesting the absence of CFTR-mediated chloride
transport.

Ion channel function can be restored in
nasal epithelium of CF KO rats after
treatment with LV-V5-CFTR
Figure 2 depicts representative PD traces fromWT, CF KO and a
treated CF KO rat, showing the correction of the bioelectrical in
the treated CF KO rat.

FIGURE 3 | Pre-treatment and post-treatment nasal PD results following LV-V5-CFTR vector delivery to nasal epithelium of CF KO rats. Nasal PDmeasurements in
CF KO rats for (A) basal KRB (B) ΔPDNa (C) ΔPDCl, and (D) ΔPDIso. Dot/dash line indicates the WT average (*p ≤ 0.05, **p ≤ 0.01, paired t-test; n � 14–16). Data
represented as the mean with −/+ SEM.
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Seven days after delivery of LV-V5-CFTR to CF KO rats (n �
16), the basal KRB (−24.2 ± 7.8 mV) response exhibited a
significantly smaller depolarisation compared to pre-treatment
(−32.8 ± 7.9 mV), which was closer to a WT response (p ≤ 0.05)
(Figure 3). The amiloride response in treated (13.0 ± 6.7 mV) CF
KO rats had an improvement of 51% toward the WT value when
compared to the pre-treatment (18.2 ± 5.3 mV) (p ≤ 0.05).
Treated CF KO rats also showed a more negative low chloride
response (0.6 ± 4.7 mV), which was significantly different from
the pre-treatment response (5.9 ± 3.6 mV) (p ≤ 0.01) (Figure 3).
The isoproterenol response did not reach statistical significance
between pre- and post-LV treatment (0.08 ± 3.6 and −1.5 ±
4.4 mV respectively).

Immunostaining with an anti-V5 antibody demonstrated the
presence of the transgene in the right side (treated) of the nasal
epithelium one week post-delivery, whereas no staining was
observed in the left nostril (untreated). V5 positive staining
was detected in the ciliated cells of the nasal epithelium
(Figure 4).

DISCUSSION

Nasal PD measurement methods have been developed for use in
mice, ferrets and pigs, and enable reliable repeated measurements
in the same animal with low procedure-associated mortality
(Beka and Leal, 2018; Kaza et al., 2017; Salinas et al., 2004).
We have demonstrated that our newly optimised technique and
equipment for conducting electrophysical measurements, can
provide a reliable tool for evaluating airway gene therapy
effects in CF rat nasal airways. The nasal PD baseline data
collected from WT and CF KO rats confirmed that the CF
KO rat displays a bioelectrical defect consistent with the CF
profile (McCarron et al., 2020).

The nasal PD response to the low chloride gradient is used to
both discriminate non-CF from CF animals (Figure 2), and more
commonly to assess the response to therapeutics in vivo (Leonard
et al., 2012). It has been suggested that a relatively small number
of gene corrected airway cells (10%) can restore transepithelial
chloride function to therapeutically significant levels, potentially
providing dramatic improvements in pulmonary function
(Johnson et al., 1992; Marquez Loza et al., 2019). Moreover,
those CF patients with ‘mild’ mutations and residual CFTR
function have less severe lung disease (Griesenbach et al.,
2008) indicating that not all cells are required to be corrected.
Our previous CFmouse study showed a 12–54% correction in PD
towards WT CFTR function as assessed by chloride transport
(Cmielewski et al., 2014), and in this present rat study, a mean of
46% correction was observed. The isoproterenol response did not
reach statistical significance in this study, however larger studies
or a higher level of correction may provide sufficient power to
detect a difference. Importantly, this study showed for the first
time that a single delivery of LV-V5-CFTR could achieve in vivo
correction of nasal airway epithelium ion transport in a CF KO
rat model.

CF epithelial ion transport is characterised by a greater
hyperpolarisation (more negative) measurement of basal KRB
due to the increased activity of ENaC, a large depolarisation in the
presence of a sodium channel blocker, and a small or absent
response to low chloride and isoproterenol solutions. Gene
therapy efforts have focused on the correction of chloride
function and some suggest that the direct interaction between
CFTR and ENaC should be normalised for therapeutic outcomes
(Johnson et al., 1995). Johnson et al. indicated with in vitro studies
using ALI cultures that a majority of the cell monolayer is
required to be expressing CFTR for ENaC transport to be
corrected (Johnson et al., 1995), while another in vitro study
suggested that 60% of ciliated cells may be enough to normalise
sodium ion transport (Zhang et al., 2009). We noted there was a
statistically significant mean correction of 51% towardsWT in the

FIGURE 4 | Immunohistochemical detection of V5-CFTR in the rat nasal
epithelium. (A,B) V5 IHC enables localisation of CFTR (red) in the right nostril
(treated) one week after delivery of LV-V5-CFTR. (C) No staining was
observed on the left (untreated) side of the rat nose. Scale bar 20 μm.
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amiloride response after LV vector treatment in CF rats. This may
suggest that the sodium hyperabsorption defect present in CF rats
may have been improved, however, further studies utilising
Ussing chamber assessments are needed to link altered sodium
absorption to the insertion of a functioning CFTR channel.

The HIV-1 virus-based vector system has been extensively
modified to improve safety and efficacy for use in gene therapy
(Milone and O’Doherty, 2018). While our previous CFTR
airway gene-addition studies employed second generation
LV vectors with internal viral promoters (e.g., SV40), for
the first time this study used a third generation vector with
an EF1α promoter, tagged with V5 for immunodetection. For
these reasons this vector system is more appropriate for
clinical application than those used in our previous mouse
studies (Cmielewski et al., 2014). Importantly, the use of the
V5 tag did not interfere with functionality of the CFTR
protein, as demonstrated by significant correction of
bioelectric defect as measured by nasal PD.

This study had some limitations. Firstly, it was designed to be a
short-term assessment and did not investigate the ability to
achieve long term correction of nasal ion transport. For gene
therapy to be successful the expression of CFTR needs to be
permanent and life long, and this study sets the stage for future
long-term investigations in CF rats. Assessing persistence of gene
expression over long durations in CF rats and the ability to re-
dose if correction wanes are all next steps. Secondly, the total
number of CFTR transduced cells was not quantified here, but in
future studies where histological outcomes are not required the
nasal epithelium could be removed, the cells dissociated and the
V5 positive cell population quantified by flow cytometry. CFTR
protein expression could also be further examined by Western
blot. Thirdly, the use of a non-CFTR LV vector control could be
employed to verify that the delivered CFTR gene was responsible
for the effects observed here. Lastly, a CFTR inhibitor might be
used to further discriminate CFTR function, although one study
suggests that CFTRinh-172 does not have an effect in rats
(Dreano et al., 2019).

In summary, using our optimised PD protocols we showed
successful correction of the bioelectrical defect in our newly
established CF KO rat model for the first time. Future studies
will focus on assessing long-term CFTR correction, to help
validate the effectiveness of this LV vector for translation to
the clinic as a potential and fundamental treatment for CF lung
disease.
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Idiopathic pulmonary artery hypertension (IPAH), chronic thromboembolic pulmonary
hypertension (CTEPH), and acute pulmonary embolism (APTE) are life-threatening
cardiopulmonary diseases without specific surgical or medical treatment. Although
APTE, CTEPH and IPAH are different pulmonary vascular diseases in terms of clinical
presentation, prevalence, pathophysiology and prognosis, the identification of their
circulating microRNA (miRNAs) might help in recognizing differences in their outcome
evolution and clinical forms. The aim of this study was to describe the APTE, CTEPH, and
IPAH-associated miRNAs and to predict their target genes. The target genes of the key
differentially expressed miRNAs were analyzed, and functional enrichment analyses were
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carried out. The miRNAs were detected using RT-PCR. Finally, we incorporated plasma
circulating miRNAs in baseline and clinical characteristics of the patients to detect
differences between APTE and CTEPH in time of evolution, and differences between
CTEPH and IPAH in diseases form. We found five top circulating plasma miRNAs in
common with APTE, CTEPH and IPAH assembled in one conglomerate. Among them,
miR-let-7i-5p expression was upregulated in APTE and IPAH, while miRNA-320a was
upregulated in CTEP and IPAH. The network construction for target genes showed 11
genes regulated by let-7i-5p and 20 genes regulated by miR-320a, all of them regulators of
pulmonary arterial adventitial fibroblasts, pulmonary artery endothelial cell, and pulmonary
artery smooth muscle cells. AR (androgen receptor), a target gene of hsa-let-7i-5p and
has-miR-320a, was enriched in pathways in cancer, whereas PRKCA (Protein Kinase C
Alpha), also a target gene of hsa-let-7i-5p and has-miR-320a, was enriched in KEGG
pathways, such as pathways in cancer, glioma, and PI3K-Akt signaling pathway. We
inferred that CTEPH might be the consequence of abnormal remodeling in APTE, while
unbalance between the hyperproliferative and apoptosis-resistant phenotype of
pulmonary arterial adventitial fibroblasts, pulmonary artery endothelial cell and
pulmonary artery smooth muscle cells in pulmonary artery confer differences in IPAH
and CTEPH diseases form. We concluded that the incorporation of plasma circulating let-
7i-5p and miRNA-320a in baseline and clinical characteristics of the patients reinforces
differences between APTE and CTEPH in outcome evolution, as well as differences
between CTEPH and IPAH in diseases form.

Keywords: microRNA, RNA-sequencing, blood plasma, pulmonary hypertension, thromboemboilc disease

INTRODUCTION

Acute pulmonary thromboembolism (APTE), chronic
thromboembolic pulmonary hypertension (CTEPH) and
idiopathic pulmonary artery hypertension (IPAH) are
pulmonary vascular diseases, that can reveal a
pathophysiological continuum. On the other hand, they are
rather different pulmonary vascular diseases in terms of
clinical presentation, prevalence, pathophysiology, and
prognosis. Acute pulmonary thromboembolism is
characterized by acute obstruction of the pulmonary artery
usually leading to pulmonary artery hypertension (PH), being
the third most common cause of acute cardiovascular death
(Douma et al., 2010; Goldhaber et al., 2012; Konstantinides
et al., 2014). However, due to the non-specific clinical
symptoms and signs, the diagnosis of APTE is often missed or
delayed (Kostadima and Zakynthinos, 2007). CTEPH, a
complication of APTE and the fourth types of PH, is
characterized by the remodeling of the pulmonary arteries by
fibro-organized tissue Connell et al., 2015 (Simonneau et al.,
2018). The incidence of CTEPH in APTE survivors is about
3–9%, and 2 years survival in untreated patients with a mean
pulmonary artery pressure greater than 50 mmHg was as low as
10% (Simonneau et al., 2018). However, the early recognition of
CTEPH progression is difficult due to the gradual beginning and
absence of effective biomarker (Guo et al., 2014; Miao et al.,
2017). IPAH is a rare but life-threatening cardiopulmonary
disease of unknown etiology, with progressive loss of quality

of life, showing a 5 years overall survival rate of 50% (Berger et al.,
2011; Simonneau et al., 2018; Koudstaal et al., 2020). IPAH
characterizes by progressively increased pulmonary artery
pressure and pulmonary vascular resistance, and up to now,
there is no specific treatment (Santos-Ferreira et al., 2020;
Zhang et al., 2020). Thus, comprehensive analyses of potential
mechanisms with possible implications in time of evolution and
disease form in APTE, CTEPH and IPAH are urgently needed.
Interestingly, they share common pathophysiology changes,
including fibrinolysis, pulmonary artery endothelial cell
(PAEC) proliferation; pulmonary artery smooth muscle cell
(PASMC) proliferation, migration, and contraction;
inflammation; and pulmonary arterial adventitial fibroblasts
(PAAF) proliferation, activation, and migration. Therefore,
there should be some differences between these three
pulmonary vascular diseases at molecular level, especially
microRNAs (miRNAs).

MicroRNAs (miRNAs) are small, non-coding endogenous
RNA molecules consisting of approximately 20 nucleotides
that suppress gene expression post-transcriptionally by binding
to the ‘‘seed sequences’’ in 39 untranslated regions (UTRs)
mRNAs (Chen et al., 2008; Kosaka et al., 2010). Identified as
stable cell-free miRNAs in serum or plasma, circulating miRNAs
are discharged passively and selectively to blood by various cells,
and may play as receiver or messenger in cell communication
(Kosaka et al., 2010). Through illness, miRNAs in the sick cells are
released into the circulation, and the circulating miRNA profile is
adopted with the disease characteristics (Chen et al., 2008).
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Therefore, circulating miRNAs have been widely explored as
potential blood-based biomarkers for individual cardiovascular
diseases diagnosis. Furthermore, it is also reasonable to assume
that identification of molecular pathways and axon guidance
enriched by differentially expressed miRNAs target genes and
interactions between them provide a molecular basis for the
unbalance between hyperproliferative and apoptosis-resistant
phenotype particularly in the three principal pulmonary artery
cell involved including PAEC, PASMC, and PAAF (Graham et al.,
2010; Chen and Jiang, 2018; Yuan, 2019; Santos-Ferreira et al.,
2020). Thus, we hypothesize that analyzing different circulating
plasma miRNAs in APTE, CTEPH and IPAH, we can describe
the early APTE evolution to CTEPH, as well as irreversible fibro-
cellular narrowing of pulmonary arteries in diseases form,
including CTEPH and IPAH.

This study aimed to describe the APTE, CTEPH, and IPAH-
associated miRNAs. miRNAs differentially expressed in APTE,
CTEPH, and IPAH samples, compared with healthy samples
were identified, and the target genes were predicted. The target
genes of the key differentially expressed miRNAs were analyzed,
and functional enrichment analyses were carried out. The
miRNAs were detected using RT-PCR. Finally, we
incorporated plasma circulating miRNAs in baseline and
clinical characteristics of the patients to detect differences
between APTE and CTEPH in time of evolution, as well as
differences between CTEPH and IPAH in diseases form.

METHODS

Diagnosis and Clinical Characterization of
Patients and Healthy Subjects
The Research Ethics Committee of Botucatu Medical School,
Botucatu, Brazil (CAAE: 27704714.4.0000.5411) approved this
study, and all participants provided their written informed
consent for study participation under the Declaration of
Helsinki. This study is reported in accordance with the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guideline.

The New Generation Sequencing (NGS) cohort was
composed of 19 APTE, 14 CTEPH, 14 IPAH patients and 13
healthy subjects (CTR). For RT-PCR confirmation, 5 APTE, 6
CTEPH, 6 IPAH patients and 4 healthy subjects were included.
The patients were recruited over approximately 3 years (from
2015 to 2018) from the Pulmonary Hypertension Center and the
Emergency Room of University Hospital of Botucatu Medical
School (FMB-UNESP, Botucatu, Brazil). To participate of the
study, healthy subjects should present normal tricuspid annular
plane systolic pressure (TAPSE) by echocardiogram. In patients
with APTE, the study was performed with less than 48 h in
relation to the acute episode. Only CTEPH patients with distal
thrombotic lesions participated in the study. Reported
characteristics of patients were assessed at diagnosis moment.
Hemodynamic and clinical classification of idiopathic
pulmonary hypertension was done according to the 2018
World Symposium on Pulmonary Hypertension (Simonneau
et al., 2019). Patients with CTEPH were inoperable and

managed with targeted IPAH therapy according to the 2018
guideline (Simonneau et al., 2019).

Table 1 summarizes the baseline and clinical characteristics of
our NGS cohort and healthy subjects.

Blood Plasma Collection and RNA Isolation
Blood samples (6 ml each) were collected into EDTA anticoagulant
tubes and mixed by upside-down rotation ten times. After a two-
step centrifugation process (1,100 g at 4°C for 10min, followed by
1,300 g at 4°C for 20 min), the plasma was transferred into rnase/
DNase-free tubes and stored at −80°C until further analysis. We
obtained RNA plasma using the miRNeasy Serum/Plasma kit
(QIAGEN, Hilden, Germany) according to the manufacturer’s
instructions. The RNA quantity and integrity were determined
by Qubit® 3.0 Fluorometer (Invitrogen, Life Technologies, CA,
United States) and the Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, United States), respectively.

Library Preparation and High-Throughput
Sequencing
Small RNA library was built with TruSeq Small RNA Library Prep kit
(Illumina Inc, San Diego, CA, United States) following the
manufacturer’s recommendations. We transcribed the RNA to
cDNA and amplified it using a common primer and a primer
containing the barcode index sequences. This cDNA was separated
by PAGE 6%. Libraries was recovered via purification and quality
checked on Bioanalyzer 2100 (Agilent Technologies). Library
concentration was confirmed (>2 nmol/L) by qPCR using the
KAPA Library Quantification kit (KAPA Biosystems). Indexed small
RNA libraries were multiplexed in equimolar amounts, denatured, and
loaded on flow-cell lanes for sequencing. All samples were sequenced at
the Institute of Biotechnology (IBTEC-UNESP, Botucatu, Brazil) using
the Illumina NextSeq 500 according to the manufacturer’s instructions
consisting of 36bp single-end reads in 50 cycles.

Bioinformatic Analysis
Screening of Differentially Expressed miRNAs
Small RNA sequencing raw data was translated into a raw FASTQ
sequence one. Then, we filtered the FASTQ format reads to
remove rows with low quality via adaptor sequences and
sequences inclusion with a quality score <20, using Fastx-
Toolkit (http://hannonlab.cshl.edu/fastxtoolkit/). We aligned
the filtered reads against the reference human genome, version
hg19, using Bowtie v2.0.6. Then, the reads from each individual
were merged to identify mature miRNAs using miRDeep2.0.0.8.
In detail, the reads were mapped and quantified using the
miRDeep2 mapper. pl module and quantifier. pl module,
respectively, with standard parameters. Mature miRNAs were
downloaded from mirbase v21 (http://www.mirbase.org). The
differentially expressed miRNAs (DEmiRNAs) between the
samples were normalized and identified by the Bioconductor/R
DESeq2 package using ten counts per miRNA as a detection
threshold. The criteria for microRNA expression level measuring
was CPM (counts per million) value, and we adjusted p values to
control the false discovery rate (FDR). We identified significant
DEmiRNAs using log2 (fold change) >1 and adjusted FDR.
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Functional Enrichment Analysis for Differentially
Expressed miRNAs
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) were used to assess the functional
annotation of the DEmiRNAs and their enrichment in
different biological pathways, respectively. Functional
annotation and miRNAs pathways were performed using
the DIANA-miRPath v3.0 database according to the
published instructions (Vlachos et al., 2015). The Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) were used to assess the functional
annotation of the DEmiRNAs and their enrichment in
different biological pathways, respectively. The functional
annotation and miRNAs pathways were performed using
the DIANA-miRPath v3.0 database according to the
published instructions (Vlachos et al., 2015).

Construction of the Differentially Expressed
miRNAs-Gene Regulatory Network
In order to predict the DEmiRNA target genes (Hamberg et al.,
2016), we used the miRTargetLink (www.ccb.uni-saarland.de/
mirtargetlink) to predict the DEmiRNA target genes (Hamberg
et al., 2016). Then, we calculated and visualized the mirtarbase
and miRanda interaction network information (Enright et al.,
2003; Chou et al., 2016). Thus, we only considered the validated
targets with strong evidence. The Venn diagram indicating the

intersected targets genes was generated by a Draw Venn Diagram
online tool (http://bioinformatics.psb.ugent.be/webtools/Venn/).

Quantitative Reverse-Transcription PCR
Confirmation
For quantitative real-time reverse transcription PCR (qRT-PCR)
confirmation, we selected the miRNAs with the highest significant
differences in expression revealed by next-generation sequencing
experiment. Then, we performed the quantification of miRNA
expression usingmiScriptmiRNAPCR primer assays andmiScript
SdYBRGreen PCR kit (Qiagen, Valencia, CA, United States) on a
StepOnePlus™ Real-Time PCR System (Applied Biosystems,
Foster, United States) following the manufacturer’s instructions.
Finally, we calculated each miRNA levels using the comparative
cycle threshold method (ddCT method) relative to the mean of
miR-16 and miR-483. All samples were performed in triplicate.

Statistical Analysis
The chi-square or Fisher’s exact test were performed to assess
differences in clinical variables. In addition, General Linear
Model was applied to evaluate the associations between
miRNAs and clinically related parameters. The statistical
software program IBM SPSS (version 22; Armonk, NY,
United States of America) performed all analyses. p value <
0.05 was considered as statistically significant.

TABLE1 | Baseline and clinical characteristics of the NGS cohort and healthy subjects.

Characteristic CTR N = 13 APTE N = 19 CTEPH N = 14 IPAH N = 14 P-valuea

Age (yr. Median and interval quartile) 42 (32–52) 55 (39–71) 53 (42–68) 45 (25–65) 0.85
Gender (female/%) 11/84% 17/89% 10/71% 11/78% 0.07
Race category 0.90
White 11/84% 13/68% 7/50% 10/71%
Black 2/16% 6/32& 7/50% 4/29%
Smoking 0 3/16% 4/28% 1/7% 0.20
DVT (positive/total) 0 1/5% 3/21% 2/14% 0.13
mPAP (mmHg), mean ± SD – – 25.2 ± 13.4 43.3 ± 12.3& 0.02
sPAP (mmHg), mean ± SD – – 75.4 ± 9.4 89.2 ± 8.6# 0.01
PVR (dyn s cm−5) – – 336 ± 2.48 586 ± 5.38&& 0.009
Oxygen saturation, mean ± SD – 95.42 ± 2.4 90.92 ± 8.07 89.42 ± 6.22## 0.001
Respiratory rate, mean ± SD – 20.89 ± 5.34 18.64 ± 3.02 19.14 ± 3.48 0.05
Heart rate, mean ± SD – 92.05 ± 18.38† 81.71 ± 15.19 78.78 ± 11.53 0.001
CI (L min−1 m−2) 0.05
>4 – – 12/85% 5/36%
WHO functional class 0.002
>2 – – 9/14† 5/14
TAPSE (mm) 16.9 ± 0.4 17.6 ± 0.6 15.1 ± 1.3 14.2 ± 1.5### 0.001
NTproBNP (pg/ml)*1 – 74.6 ± 4.2 182 ± 7.7&&& 47 ± 5.3#### 0.001
CRP (mg/L)*I – 17.33 ± 2.35†† 6.14 ± 1.34 4.2 ± 1.2 0.009
D-dimer (µg/L) – 8,161.86 ± 1729.89††† 217.78 ± 92.12 – 0.001

Abbreviations: CTR, controls; APTE, acute pulmonary thromboembolism; CTEPH, chronic pulmonary thromboembolismwith pulmonary hypertension; PAH, idiopathic pulmonary arterial
hypertension; DVT, deep venous thrombosis; mPAP, mean pulmonary arterial pression; sPAP, systolic pulmonary arterial pressure; PVR, pulmonary vascular resistance; CI, cardiac index;
TAPSE, tricuspid annular plane systolic excursion; NTproBNP, N-terminal pro-brain natriuretic peptide; CRP, C-reactive protein.
aThe Mann–Whitney U test, two-sample Kolmogorov–Smirnov test were used to examine differences between two groups.
Chi-square test were used to examine differences between categorical variables. Multiple comparison was done by non-parametric Kruskall–Wallis test. & � mPAP different between
CPTEH and PAH; # � sPAP different between PAH and CPTEH; && � PRV different between CPTEH and PAH; ## � oxygen saturation different between CTR and PAH;† � Heart rate
different from CTR; † �WHO Functional Class different between CPTEH and PAH; ### TAPSE different from PAH to CPTEH and APTE; &&& �NTproBNP different from CTR, CPTEH and
PAH; †† � CRP different from CTR, CPTEH and PAH; ††† � D-dimer different between APTE and CPTEH.
Bolded values are statically significant.
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RESULTS

Screening of Differentially Expressed
miRNA
Overall, 299 known mature miRNAs were identified in our NGS
cohort according to the QC inclusion criteria (Supplementary
Table S2; Figures 1A,B). Among these, a total of 21 differentially
expressed miRNAs were obtained according to the cut-off criteria

(p adj <0.05, |log 2 (foldchange)| >1) (Supplementary Table S2).
The heat map of these differentially expressed miRNAs is shown
in Figure 2.

Target Gene of Differentially Expressed
miRNA Prediction Analysis
The top five results for the number of target genes regulated by
differentially expressed miRNAs are shown in Figure 3. Of the 21
miRNAs, let-7i-5p, miR-320a miR-320b-1, miR-320b-2, and
miR-1291 regulated the most target genes. The heatmap
represents all of them (Figure 3). The five miRNAs-let-7i-5p,
miR-320a, miR-320b-1, miR-320b-2, and miR-1291 were up-
regulated in APTE and, with exception of miR-320b-1, down-
regulated in CTEPH (Table 2 and Figure 3). In IPAH, we found
miRNA-320a and miR-1291 down-regulated and up-regulation
of let-7i-5p and miR-320b-1 (Table 2 and Figure 3).

Functional Enrichment Analysis for
Differentially Expressed miRNAs
As shown in Supplementary Tables S1–S3 and Figure 4, the
upregulated miRNAs in APTE (let-7i-5p, miR-320a, miR-320b-1,
miR-320b-2, and miR-1291) and CTEPH (miR-320b-1) were
significantly enriched in pathways of cancer, glioma, and
PI3K-Akt signaling pathway, whereas the downregulated
miRNAs in CTEPH (let-7i-5p, miR-320a, miR-320b-2, and
miR-1291) and IPAH (miR-320a and miR-1291) were mainly
enriched in pathways of cancer and apelin signaling pathway.
Among them, let-7i-5p and miR-320a were significantly enriched
in pathways of cancer and axon guidance.

The Network Construction for Target Genes
Regulated by Differentially Expressed
miRNAs
We constructed the miRNA-Target network for the differentially
expressed miRNAs. MiRTargetLink found 126 genes targeted by
two or more of the selected microRNAs (Figure 5A). We
performed the Venn diagram to indicate the possibly targeted
intersected genes upregulated in APTE, down-regulated in
CTEPH and IPAH (Figure 5B). Finally, we evaluated the
potential targets for each miRNA. The let-7i-5p presented 11
possible targets: IL13, EIF2C1, TLR4, COPS8, NEUROG1, BMP4,
ASCL1, COPS6, IGF1, GPS1, and SOCS1 (Figure 5C). The miR-
320a showed 20 targets: MAPK1, TAC1, RAC1, GNAI1, HSPB6,
BMI1, AQP4, NPR1, ITGB3, ARF1, AQP1, NRP1,MCL1, TRPC5,
IGF1R, POLR3D, NFATC3, TFRC, PTEN, and BANP
(Figure 5D). There were no strongly evident targets for miR-
320b-1/b-2 (Figure 5E). Lastly, miR-1291 possibly targeted the
SLC2A1, ERN1, and ABCC1 genes (Figure 5F).

Functional Enrichment Analysis of the
Target Genes of the Key miRNAs
The target genes regulated by upregulated differentially expressed
miRNAs in APTE (let-7i-5p, miR-320a, miR-320b-1, miR-320b-

FIGURE 1 | (A) Flowchart showing the strategy for detection of
differentially expressed miRNAs through next-generation technology. (B)
Hierarchical clustering of the four experimental groups based on their miRNA
expression patterns (p adj <0.05, |log 2 (foldchange)| > 1) filtering of next-
generation sequencing results. 299 miRNAs were subjected to hierarchical
clustering by average linkage method calculating with Pearson distance.
Green and red colors represent increased and decreased expression levels
(transformed into z-scores), respectively, when compared with the average
level of each miRNA. Columns and lines represent samples and miRNA,
respectively. APTE, acute pulmonary thromboembolism; CTEPH,
thromboembolic pulmonary hypertension; PAH, idiopathic pulmonary
hypertension; and CTR, Controls.
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2, and miR-1291) and CTEPH (miR-320b-1) were mainly
enriched in 11 GO terms (Supplementary Table 1S) and
5 KEGG pathways (Supplementary Table 3S), and the target
genes regulated by downregulated differentially expressed
miRNAs in CTEPH (let-7i-5p, miR-320a, miR-320b-2, and
miR-1291) and IPAH (miR-320a and miR-1291) were mainly
enriched in 40 GO terms and calcium signaling pathway.
Androgen receptor (AR), a target gene of hsa-let-7i-5p and
has-miR-320a, was enriched in pathways in cancer. Protein
kinase C Alpha (PRKCA), also a target gene of hsa-let-7i-5p
and has-miR-320a, was enriched in 14 of 18 KEGG pathways,
such as pathways in cancer, glioma, and PI3K-Akt signaling
pathway.

Detection of miRNAs Using RT-PCR
The expression of let-7i-5p and miRNA-320a in APTE samples
was significantly higher than that of the control samples (p � 0.01
and p � 0.02, respectively; Figures 6A,B). In contrast, the
expression of let-7i-5p and miRNA-320a was significantly
lower in CTEPH compared to the control samples (p � 0.02
and p � 0.01, respectively; Figures 6C,D). IPAH samples
presented significant higher expression of let-7i-5p than
control samples (p < 0.01; Figure 6E) and significant lower

expression of miRNA-320a compared to the control samples
(p � 0.02; Figure 6F).

Baseline and Clinical Characteristics of
Patients and Healthy Subjects
Table 1 summarizes the baseline and clinical characteristics of
patients and healthy subjects. Patients and healthy subjects
presented a similar distribution of age, gender, race, and
tobacco history. Deep venous thrombosis was detected in six
out of 47 (13%) patients. In patients who underwent right cardiac
catheterization, the level of mean pulmonary artery pressure
(mPAP) in IPAH was significantly higher than CTEPH.
Equally significant was the increased systolic pulmonary artery
pressure (sPAP) in IPAH compared to CTEPH. Furthermore,
pulmonary vascular resistance (PVR) was significantly increased
in IPAH compared to patients with CTEPH. Oxygen saturation
and heart rate were lower in IPAH patients than CTEPH groups.
The WHO functional class major than two was significantly
associated with CTEPH patients. Tricuspid annular plane
systolic excursion (TAPSE) done by echocardiography, was
reduced in patients with IPAH when compared to APTE.
Brain natriuretic peptide (BNP) or its stable inactive pro-

FIGURE 2 | Circulating miRNAs signature in APTE, CTEPH, PAH patients, and healthy controls. Hierarchical clustering and heatmap diagram of the optimum
circulating miRNAs from APTE (n � 7), CTEPH (n � 8), PAH (n � 5), and healthy controls (n � 2). Green and red colors represent increased and decreased expression
levels (transformed into z-scores), respectively, when compared with the average level of each miRNA. Columns and lines represent samples and miRNA, respectively.
APTE, Acute Pulmonary Thromboembolism; CTEPH, Chronic Thromboembolic Pulmonary Hypertension; PAH, Pulmonary artery Hypertension; and CTR,
Controls.
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hormone (NT-proBNP) was higher in CTEPH than IPAH
patients. Patients with APTE presented a significantly
increased level of CRP and D-dimer compared to CTEPH
and PAH.

Association Between Circulating Plasma
miRNA Expression, Clinical and Baseline
Characteristics of the Patients
Differentially expressed miRNAs were associated with baseline
and clinical characteristics of the patients, as shown in Table 3.
Expression of let-7i-5p > 2.30 and miRNA-320a >2.58 was
associated with APTE, high level of C-reactive protein and
D-dymer. In contrast, miRNA-320a expression ≤2.58 was
associated with CTEPH (p � 0.04) and IPAH (p � 0.03).

DISCUSSION

Rationale of the Study
We described five highly expressed circulating plasma miRNAs
present in APTE, CTEPH and IPAH assembled in one
conglomerate. APTE, CTEPH and IPAH are rather different

pulmonary vascular diseases in terms of clinical presentation,
prevalence, pathophysiology, and prognosis, making it difficult to
extrapolate the results among them. However, incorporating
miRNA panel into baseline and clinical characteristics of the
patients, we provide additional information about outcome
evolution (APTE and CTEPH) and the disease form (CTEPH
and IPAH), which may have implications in life-threatening
cardiopulmonary disease, and specific surgical or medical
treatment. To our knowledge it is an innovative study
suggesting a differential spectrum of evolution and form of the
disease among APTE, CTEPH and IPAH.

Among the miRNA 5-signature, let-7i-5p and miR-320a were
the most expressed and functionally enriched by cancer, glioma,
and PI3K-Akt signaling pathways. The network construction for
target genes showed 11 genes regulated by let-7i-5p and 20 genes
regulated by miR-320a. These genes regulated by let-7i-5p and
miR-320a are modulators of PAAF, PAEC, and PASMC,
respectively involved in proliferation, vasoconstriction,
inflammation, and DNA damage. These target genes regulated
by differentially expressed miRNAs were mainly enriched in GO
terms and KEGG pathways. AR (androgen receptor), a target
gene of hsa-let-7i-5p and has-miR-320a, was enriched in
pathways in cancer, whereas PRKCA (Protein kinase C
Alpha), also a target gene of hsa-let-7i-5p and has-miR-320a,
was enriched in KEGG pathways, such as pathways in cancer,
glioma, and PI3K-Akt signaling pathway.

Taken together, the interaction between genes and their
miRNA may play important roles in the time of evolution and
disease form in pulmonary hypertensive and thromboembolic
diseases, as discussed below.

Outcome Evolution in Pulmonary
Thromboembolism (APTE and CTEPH)
Our results demonstrated that miR-let-7i-5p expression was
upregulated in APTE and downregulated in CTEPH.
Furthermore, these upregulated miRNAs in APTE were
significantly enriched in cancer, glioma, and PI3K-Akt
signaling pathways, whereas the downregulated miRNAs
observed in CTEPH were mainly enriched in cancer and
apelin signaling pathways.

Yang’s group showed that 24 miRNAs were upregulated, and
22 miRNAs were downregulated (including miR-let-7i-5p) in
CTEPH compared with APTE (Miao et al., 2017). Likewise, Guo

FIGURE 3 | Heatmap and box plots graphs representing the five
miRNAs—let-7i-5p, miR-320a, miR-320b-1, miR-320b-2, and miR-1291
significantly associated with the APTE group compared to the CTEPH group
after testing adjustment by FDR (Benjamini–Hochberg). Red and blue
colors represent increased and decreased expression levels (transformed into
z-scores), respectively, when compared with the average level of eachmiRNA.
APTE, acute pulmonary thromboembolism; CTEPH, thromboembolic
pulmonary hypertension; PAH, idiopathic pulmonary hypertension; and CTR,
Controls.

TABLE 2 | miRNAs with ID starting with “ENSG” are known miRNAs.

Id logFC PValue FDR

ENSG00000199179 3.16 0.00023 0.02525
2_dna:REF_16,302 4.53 0.00024 0.2525
ENSG00000211543 4.26 0.00025 0.2525
ENSG00000208037 4.50 0.00028 0.2525
ENSG00000281842 5.21 0.00071 0.04868
ENSG00000221406 4.29 0.00082 0.04868

The only one with a different ID “2_dna: REF_16,302” is a likely new miRNA. LogFC
represents how many times the miRNA is expressed in the APTE group in relation to
CTEPH. FDR is a statistical method for correcting the p-value for multiple tests.
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et al. also found that miR-let-7i-5p was downregulated in CTEPH
patients when compared to healthy controls, as well as miR-140-
3p, miR-93, miR-22, miR-106b; and that miR-1260, miR-602,
miR-129-5p, miR-1908 and miR-483-5p were upregulated (Guo
et al., 2014). As a tumor suppressor or tumor promoter, miR-let-
7b has been found to halt cell proliferation, adhesion, and
invasion by targeting Protein Code Gene (PKA1),
Diaphanous Related Formin 2 (DIAPH2), Radixin (RDX),
RAS, MYC, and High Mobility Group A2 (HMGA2) genes
and their respective proteins. Let-7b expression is also
differently regulated in breast cancer and the data reveal its
possible role in DNA repair capacity during breast
carcinogenesis (Hu et al., 2013). Similarly, miR-let-7b was
shown to be significantly downregulated in osteosarcoma
tissues and cell lines and the functional studies revealed that
the antitumor effect of miR-let-7b was probably due to targeting
and suppressing Insulin Like Growth Factor 1 Receptor (IGF1R)
expression (Zhang et al., 2019). Wang et al. demonstrated that
miR-let-7b binds the 3′-UTR of Angiopoietin (ANGPT2) to

induce migration and tube formation of Human Umbelical Vein
Endothelial Cells (HUVECs), and Human Cardiac Progenitor
Cells (hCPFs)-exosome transport to endothelial cells expressing
relatively low amounts of miR-let-7b, promoting angiogenesis
through upregulation of Angiopoietin 2 (ANGPT2) (Wang et al.,
2015).

MiR-let-7i-5p has been reported as pivotal in regulating cell
proliferation and migration. In fact, investigations have
demonstrated that PASMCs excessively proliferate and migrate
to the intima layer of pulmonary artery after APTE, remodeling
the pulmonary vasculature and increasing pulmonary vascular
resistance (Douma et al., 2010; Goldhaber et al., 2012;
Konstantinides et al., 2014). Thus, we hypothesize that
upregulation of miR-let-7i-5p may be intimately associated
with excessive proliferation and migration of PASMCs
following APTE which may evolve to CTEPH. Ham et al.
showed that the levels of miR-let-7i-5p were upregulated in
APTE compared with CTEPH, thus suppressing apoptosis via
caspase in HUVECs (Ham et al., 2015).

FIGURE 4 | Hierarchical clustering based on predicted target genes of upregulated miRNAs in APTE samples. (A)Ontology-based hierarchical clustering of genes
identified as predicted targets of upregulated miRNAs in APTE. Using mirPath from DIANA tools, the upregulated miRNAs APTE samples were used to prepare a
heatmap based on the gene ontology of predicted target genes. (B) Pathways based hierarchical clustering of predicted target genes as part of upregulated miRNAs in
APTE samples. Kyoto Encyclopedia of Genes and Genomes (KEGG) based mapping of putative target genes in various pathways as part of the upregulated
miRNAs and their canonical target genes.
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In this way, we have also shown that 11 genes were a direct
target of miR-let-7i-5p, which upregulation modulates the
proliferation of human PASMCs. Among them, Interleukin13
(IL13) upregulation induces PASMCs in the pulmonary artery
through signal transducer and activator of transcription STAT6
or through phosphatidylinositol 3-kinase (PI3K), STAT3 and
mitogen activated protein kinase (MAPK) pathways (Yuan,
2019). Oxidant, arginase 2 (ARG2) and hypoxia-inducible
factor 1α (HIF1) are also involved in the proliferation of
PASMCs (Yuan, 2019). The experimental Schistosomiasis-
associated PAH potentially depends on upregulation of IL-13,

which can activate TGF-β1 via phospho-STAT6 signaling, or via
increased matrix metalloproteinase-inducing muscular
hypertrophy and periadventitial fibrosis in pulmonary arteries
(Graham et al., 2010). The human eukaryotic initiation factor
EIF2C1 gene downregulates protein synthesis in response to
amino acid starvation, hypoxia, and viral infection but up-
regulated specific stress response proteins. EIF2C1 expression
is increased in smooth muscle cells in the vessel wall and
interstitial tissue (Chen and Jiang, 2018). Toll-Like Receptor
four Signaling (TLR4) has a prominent functional impact on
platelet activity, hemostasis, and thrombosis (Vallance et al.,
2017). Bone morphogenetic protein-4 (BMP4) acts
downstream of HIF-1 and mediates hypoxia-induced up-
regulation of transient receptor potential canonical (TRPC),
leading to increased basal [Ca2+]i in pulmonary arterial
smooth muscle cells (PASMCs), promoting chronic hypoxia-
induced pulmonary hypertension pathogenesis (Wang et al.,
2015).

The up-regulation in miR-let-7i-5p observed only in APTE
and the downregulation of miR-let-7i-5p observed only in
CTEPH reinforces the abnormal remodeling between APTE
and CTEPH. These differences may be associated with time of
evolution, since differences were observed in cardiac index,
C-reactive protein and D-dimer.

Disease Form in Pulmonary Artery
Hypertension (CTEPH and IPAH)
IPAH is an isolated small-vessel disease comprising
vasoconstriction, remodeling, and thrombosis of distal vessels.
On the other hand, CTEPH is characterized by large-vessel
occlusion with a concomitant small-vessel disease following
thromboembolism event. The pulmonary microvascular
disease as a common denominator of IPAH and CTEPH
probably plays a major role in pathophysiology (Berger et al.,
2011; Koudstaal et al., 2020).

In the current study, we carried out NGS analysis and
detection of miRNAs to understand the key miRNAs
associated with disease form in CTEPH and IPAH. We found
that let-7i-5p and miR-320a were down-regulated in CTEPH,
while let-7i-5p was up-regulated in IPAH. Furthermore, 20 target
genes were coregulated by miR-320a and other miRNAs.
Androgen receptor (AR), a target gene of hsa-miR-320a, was
enriched in cancer pathways. Protein kinase C Alpha (PRKCA),
also a target gene of hsa-let-7i-5p and has-miR-320a, was
enriched in 14 of 18 KEGG pathways, such as in cancer,
glioma, and PI3K-Akt signaling pathway.

Recent studies have shown that miRNA dysregulation plays an
important role in the hyperproliferative and apoptosis-resistant
phenotype of pulmonary vascular cells in PH, including PAAF,
PAEC, and PASMC respectively involved in proliferation,
vasoconstriction, inflammation, and DNA damage (Santos-
Ferreira et al., 2020). Previous studies have also uncovered
that dysregulation of miRNAs such as miR-204 and miR-21
was associated with the pathobiology of IPAH (Courboulin
et al., 2011; Rhodes et al., 2013; Bienertova-Vasku et al., 2015),
suggesting that miRNAs may configure novel therapeutic targets.

FIGURE 5 | The target and predicted genes of the upregulated miRNAs
in APTE samples (A) The bioinformatics tool miRTargetLink Human executed
the network. (B) The Draw Venn Diagram online tool generated the Venn
diagram. (C) The central node represents the hsa-let-7i-5p. (D) the hsa-
mir-320a. (E) the hsa-mir-320b; and (F) the hsa-mir-1291 surrounded by the
validated target with predicted targets in yellow, weak (blue), and strong
(green) evidence, which was highlighted in circles.

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6487699

Fabro et al. miRNAs: Thromboembolic and Hypertensive Diseases

168

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


In this line, the downregulation of miR-let-7i-5p has also been
observed elsewhere (Wang et al., 2013). While miR-let-7i-5p was
downregulated in CTEPH, it was upregulated in IPAH and this
inverse association may be crucial to differentiate both disease
forms. As a tumor promoter, miR-let-7b has been found to
enhance cell proliferation, adhesion, and invasion by targeting
the genes of PKA1, DIAPH2, RDX, RAS,MYC, and HMGA2 and
respective proteins, creating an unbalance between
hyperproliferative and apoptosis-resistant phenotype of PAAF,
PAEC and PASMC in IPAH.

Moreover, in the present study, we demonstrated that 20
genes were a direct target of miR-320a. It has been reported
these miRNA regulates cell proliferation, differentiation, and
invasion in human colon cancer (Sun et al., 2012), and
erythroid differentiation (Mittal et al., 2013) as well as
bladder carcinoma (Shang et al., 2014) and when
upregulated, miRNA-320a act toward proliferation of
human PASMCs. Among the 20 target genes, a family of
water-selective membrane channels promoting endothelial
cell migration and angiogenesis (aquaporin—AQP) was
found to be overexpressed in PAH patients, indicating its
potential role in the treatment of PH (Saadoun et al., 2005;
Schuoler et al., 2017; Gräf et al., 2018).

Considering the above evidence, we inferred that unbalance
between the hyperproliferative and apoptosis-resistant phenotype
of PAAF, PAEC and PASMC in pulmonary artery confer
differences in IPAH and CTEPH about the diseases form. The
incorporation of miRNA-320a and the unbalance of miR-let-7i-
5p in baseline added by clinical characteristics signatures
reinforce differences between CTEPH and IPAH.

CONCLUSION

We concluded that circulating plasma miRNA and clinical/
hemodynamic characteristics provide additional predictive
information about the evolution outcome and the form of
pulmonary thromboembolic and hypertensive diseases.
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AGR3 Regulates Airway Epithelial
Junctions in Patients with Frequent
Exacerbations of COPD
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Department of Pulmonary and Critical Care Medicine, Shengjing Hospital of China Medical University, Shenyang, China

Background: The mechanisms underlying differences in the susceptibility to chronic
obstructive pulmonary disease (COPD) exacerbations between patients are not well
understood. Recent studies have shown that the patients with frequent COPD
exacerbations is related to specific protein expression in lung tissue. Anterior gradient
3 (AGR3) is expressed in airway epithelial cells in the lung and proteomic analysis revealed
that its expression is decreased in patients with frequent COPD exacerbations. Moreover,
the loss of epithelial integrity might facilitate trans-epithelial permeability of pathogens in
such patients. This study was performed to determine that AGR3 protein play a role in
COPD frequency exacerbators.

Methods: Human lung tissues were collected from current-smoking patients (Control;
n � 15) as well as patients with infrequent COPD exacerbations (IFCOPD; n � 18) and
frequent COPD exacerbations (FCOPD; n � 8). While AGR3 protein expression was
measured by immunohistochemistry and western blotting, AGR mRNA expression was
determined by real time quantitative polymerase chain reaction (RT-qPCR). Furthermore,
adherent junctions (AJs) and tight junctions (TJs) protein expression in human lung tissues
were measured by immunohistochemistry. The effects of cigarette smoke extract (CSE) on
AJ and TJ protein and mRNA expression in BEAS-2B cells were assessed by western
blotting and RT-qPCR. In addition, the effect of AGR3 overexpression and knockdown on
AJ and TJ protein expression was determined.

Results: AGR3 was mainly expressed in the airway epithelium and AGR3-positive
products were localized in the cytoplasm. Western blotting and RT-qPCR results
showed that AGR3 protein (p � 0.009) and mRNA (p � 0.04) expression in the
FCOPD group was significantly lower than that in the IFCOPD group. Moreover,
E-cadherin, occludin, and zonula occludens-1 (ZO-1) expression was lower in the
FCOPD group than in the IFCOPD group. The protein and mRNA expression of
E-cadherin, occludin, and ZO-1 was decreased within 24 h post-CSE exposure. AGR3
overexpression rescued CSE-induced downregulation of E-cadherin, occludin, and ZO-1.
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Conclusion: Difference in AGR3 expression in the lung tissue might be correlated with
increased susceptibility to COPD exacerbation. AGR3 can prevent CSE-induced
downregulation of E-cadherin, occludin, and ZO-1 in airway epithelial cells. Loss of
AGR3 might promote viral and bacterial infection and induce immune inflammation to
increase COPD exacerbation.

Keywords: COPD, AGR3, frequent exacerbator, human lung tissue, airway epithelial barrier

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a worldwide
public health problem that accounts for 5% of all deaths each year
and is associated with increasing morbidity and mortality (Wang
et al., 2018). Among various COPD phenotypes, the frequent-
exacerbation phenotype has the most marked impact on
accelerating the decline of lung function, reducing physical
activity, decreasing quality of life, and increasing mortality
(Donaldson et al., 2002). The frequent-exacerbation phenotype
of COPD was first described by Hurst et al., in 2010 and its
clinical importance was demonstrated (Hurst et al., 2010; From
the Global Strategy for the Diagnosis, Management and
Prevention of COPD, Global Initiative for Chronic Obstructive
Lung Disease (GOLD), 2018). So far it is no primary outcome that
reduces the frequency and severity of COPD exacerbations for
almost any development of new drugs in COPD, especially for
target therapies. Unfortunately, two kinds of monoclonal
antibodies that bind to receptors related to eosinophil
reduction were found to be ineffective in their clinical trials in
COPD patients, including frequent exacerbation phenotype
(Pavord et al., 2017; Criner et al., 2019). The underlying
mechanisms and predisposing factors of the frequent-
exacerbation COPD phenotype are still unclear. A previous
study on the proteomics of lung tissues in patients with
frequent COPD exacerbations identified 23 differentially
expressed proteins (Sun et al., 2019), including anterior
gradient 3 (AGR3).

The AGR protein family consists of three subfamilies: AG1,
AGR2, and AGR3. The AGR family proteins share high sequence
homology to the non-secreted protein disulphide isomerase
(PDI) family proteins (Ivanova et al., 2013). The PDI family
proteins harbor core thioredoxin folds (CxxC or CxxS motifs),
which can promote protein folding via modulation of disulphide
bond formation and calcium homeostasis in the endoplasmic
reticulum (Persson et al., 2005). AGR3, also known as HAG-3,
AG3, or BCMP11, was first identified in breast cancer cell
membrane fractions using a proteomics screen (Adam et al.,
2003). AGR3 is a highly related homologue of pro-oncogenic
AGR2, and both genes are located on chromosome 7p21 (Petek
et al., 2000). The effects of AGR3 on ciliary beat frequency in
airway epithelial cells were demonstrated using a knockout
mouse model (Bonser et al., 2015). However, limited
information is available about AGR3 function in the
respiratory system. AGR3 is involved in mucociliary system
which plays an important role in defense to foreign pathogens.
Epithelial tight junctions (TJs) and adherens junctions (AJs) also

plays an important role in host defense against foreign pathogens
(Nawijn et al., 2011). The disruption of these structures might
increase the susceptibility of patients with COPD to viral and
bacterial infection. Most patients with COPD exacerbations have
viral and bacterial infection (Hiemstra et al., 2015). To our
knowledge, the effect of AGR3 on airway epithelial barriers in
patients with frequent COPD exacerbations has not been studied.
The present study was conducted to identify potential therapeutic
targets of patients with frequent COPD exacerbations.
Furthermore, AGR3 expression was measured in the lung
tissues of patients with frequent and infrequent COPD
exacerbations and the role of AGR3 on epithelial junctions
was determined both in lung tissues and vitro.

MATERIALS AND METHODS

Lung Tissue Sample Collection
The study was approved by the Ethics Review Committee for
Human Studies at Shengjing Hospital of China Medical
University, and informed written consent was obtained from
each patient (2016PS342K). The inclusion criteria for patients
with COPDwere as follows: 1) 40–80 years of age; 2) history of 10
or more pack-years of smoking; 3) ratio of forced expiratory
volume in 1 s (FEV1) to forced vital capacity (FVC) (FEV1/FVC
ratio) of 70% or less after bronchodilator use (Wang et al., 2019);
and 4) stable clinical pulmonary condition of COPD, with no
acute exacerbations for at least 4 weeks prior to enrollment. The
severity of airway limitation was graded based on FEV1post%, as
described in the GOLD guidelines (Wang et al., 2018). Patients
with COPD were assigned to two groups based on their medical
history: infrequent exacerbations (IFCOPD) and frequent
exacerbations (FCOPD). Patients in the FCOPD group must
have experienced at least two or more exacerbations per year
that required treatment with additional antibiotics or a systemic
steroid, or hospitalization (Wang et al., 2018). Each exacerbation
must have occurred at least 4 weeks after the end of treatment for
the previous exacerbation or 6 weeks after its onset (Spencer and
Jones, 2003; Soler-Cataluña and Rodriguez-Roisin, 2010). These
criteria were included to distinguish a new exacerbation from a
“treatment failure” (Soler-Cataluña and Rodriguez-Roisin, 2010).
In addition, subjects with normal lung function and current-
smoking history >10 pack-years were enrolled as the control
group. Patients with other respiratory diseases such as asthma,
pulmonary fibrosis, and hilar lung cancer, or other chronic
diseases such as rheumatoid arthritis and chronic colitis were
excluded from the study. Two professional pulmonologists
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assembled a detailed clinical history for each patient and
conducted comprehensive lung function tests using standard
spirometric techniques. Lung tissue specimens were retrieved
from Biobank, Shengjing Hospital of China Medical University.
All biopsy tissues were obtained from patients who underwent
pulmonary lobectomy. These resected tissue samples included
non-diseased regions near lung nodules and tumors, bullectomy
(at least 5 cm from the tumor edge) and appeared to be normal
when inspected as previously described (Bi et al., 2015). The
location and amount (approximately 1 cm3) of each sample were
standardized and paired according to tumor type and grade
(Kelsen et al., 2008). The resected samples were immediately
frozen in liquid nitrogen and stored at −80°C until use.

Immunofluorescence and
Immunohistochemistry
Lung tissue blocks were fixed in 10% neutral buffered formalin for
24 h and embedded in paraffin wax. Immunohistochemical
analysis was performed on 2.5-μm-thick sections cut from
formalin-fixed, paraffin-embedded archival tissue blocks. These
sections were mounted on slides, deparaffinized in xylene, and
rehydrated in phosphate-buffered saline (PBS) through a graded
ethanol series. Endogenous peroxidase activity was quenched in
3% H2O2 in PBS for 15 min. Antigen retrieval was performed in
citrate buffer, pH 6 at 100°C for 7.5 min. For AGR3
immunodetection, the sections were incubated overnight at
4°C with rabbit monoclonal anti-AGR3 (1:200, Proteintech,
Chicago, IL, United States), anti-E-cadherin (1:1,000,
Proteintech), anti-ZO-1 (1:400, Proteintech), and anti-occludin
(1:500, Proteintech). A streptavidin–biotin peroxidase detection
system was used according to the manufacturer’s protocol
(Ultrasensitive™ S-P Kit, Maxim Biotechnologies, Fuzhou,
China) for immunohistochemical studies. In addition, each
section was stained using the DAB color reagent kit (ZSGB-
BIO, Beijing, China).

For immunofluorescence, primary antibodies were rabbit
monoclonal anti-AGR3 (1:200, Proteintech), monoclonal anti-
cytokeratin (1:100, Sigma-Aldrich, Darmstadt, Germany), rabbit
anti-E-cadherin (1:100, Proteintech), anti-ZO-1 (1:100,
Proteintech), and anti-occludin (1:100, Proteintech) and Alexa
Fluor-conjugated secondary antibodies were goat anti-rabbit
(488 nm) (1:100, Proteintech), goat anti-mouse (594 nm) (1:
100, Proteintech) and donkey anti-rabbit (594 nm) (1:100,
Sigma-Aldrich). Immunofluorescence staining was visualized
under Olympus FV1000 confocal microscope with a 60× oil-
immersion objective. Images were acquired and analyzed by NIS-
Elements F 3.0 and NIS- Elements Br 3.0.

Western Blot
Total protein was extracted from frozen lung tissues using RIPA
and phenylmethylsulfonyl fluoride (PMSF) (99:1) (Beyotime,
Shanghai, China). Protein concentrations were determined
using the BCA kit (Beyotime). Protein extracts were subjected
to SDS-PAGE and visualized with SuperSignal West Pico
Chemiluminescent substrate (Thermo Fisher, MA,
United States). The following primary antibodies were

purchased from Proteintech and used for western blotting:
anti-GAPDH (1:5,000), anti-AGR3 (1:500), anti-E-cadherin (1:
8,000), anti-occludin (1:5,000), and anti-ZO-1 (1:5,000).

Real Time Polymerase Chain Reaction
The primers used for real time polymerase chain reaction (RT-
PCR) are shown in Table 1. Total RNA was extracted from lung
tissues using TRIzol reagent (Takara, Ohtsu, Shiga, Japan),
according to the manufacturer’s instructions. The transcribed
cDNA concentration was adjusted to 120 ng/ml with RNase-free
water before PCR analysis. PCR was performed using the SYBR
Green PCR Kit (Takara) with a Roche 480 Real-Time PCR
System (Roche, Basel, Switzerland). The PCR cycling
parameters were as follows: pre-incubation for 2 min at 42°C
and 40 cycles of denaturation at 95°C for 5 s. RT-PCR was
performed in triplicate for both endogenous controls and each
target gene. Relative gene expression was calculated using the
2−△△ct method. Melting curve analysis and 2% agarose gel
electrophoresis were performed to confirm the PCR product.

Cell Culture
BEAS-2B (CRL-9609) cell line was obtained from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China) and cultured
in high-glucose Dulbecco’s Modified Eagle’s Medium
(H-DMEM) supplemented with 10% foetal bovine serum,
100 U/ml penicillin, and 100 mg/ml streptomycin (growth
medium) at 37°C in a 5% CO2, 95% air atmosphere. Unless
otherwise stated, cells were grown to 70–80% confluency prior to
treatment.

TABLE 1 | RT-PCR primers.

Gene Sequence Length (nt)

GAPDH-F 5′-CCTGGTATGACAACGAATTTG-3′ 131
GAPDH-R 5′-CAGTGAGGGTCTCTCTCTTCC-3′
AGR3-F 5′-CATCACCTGGAGGATTGTCAATAC-3′ 91
AGR3-R 5′-TGAACTTATTCTGAGCCATTTCTTGT-3′
Occludin-F 5′-TGCATGTTCGACCAATGC-3′ 235
Occludin-R 5′-AAGCCACTTCCTCCATAAGG-3′
ZO-1-F 5′-AAGATGTCCGCCAGAGCTGC-3′ 80
ZO-1-R 5′-AGCGTCACTGTATGTTGTTCCC-3′
E-cadherin-F 5′-AGGGGTTAAGCACAACAGCA-3′ 161
E-cadherin-R 5′-GGTATTGGGGGCATCAGCAT-3′

TABLE 2 | Demographic characteristics of patients.

Control IFCOPD FCOPD p

(n=15) (n=18) (n=8)

Age 57.87 ± 6.97 59.00±6.94 65.00±6.41 0.061
Gender (M/F) 11/4 15/3 7/1
Packs/year 26.67 ± 15.99 30.61 ± 15.67 37.50 ± 11.65 0.275
FEV1 (%predict) 100.49 ± 18.27 71.80 ± 14.75 57.92 ± 14.95 0.051a

FVC (%predict) 101.57 ± 12.68 91.91 ± 15.48 80.06 ± 15.44 0.062a

FEV1/FVC 80.77 ± 10.26 62.48 ± 6.65 56.86 ± 5.97 0.113a

All values are represented as mean ± SD.
ap > 0.05 in FEV1 (%predict), FVC(%predict), and FEV1/FVC between IFCOPD and
FCOPD groups.
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Plasmid Construction and Cell Transfection
For lentiviral AGR3 overexpression in BEAS-2B cells, full-length
AGR3 was cloned into the pHBLV-CMV-MCS-3FLAG-EF1-
ZsGreen-T2A-PURO vector. Lentivirus packaging, cellular
transfection, and selection of puromycin-resistant cells were
performed according to the instruction manual provided by
Hanbio Biotechnology (Shanghai, China). shAGR3 and shNC
were purchased form GenePharma (Suzhou, China). Cells were
transfected with Lipofectamine 3,000 (Invitrogen), following the
product manual. The nucleotide sequences of all constructed
plasmids were confirmed by DNA sequencing.

Cigarette Smoke Extract Preparation
Cigarette smoke extract (CSE) was prepared by bubbling smoke
from two filtered cigarettes (Hongmei cigarettes, tobacco type, tar:
10 mg, nicotine content: 0.8 mg, and carbon monoxide fumes:
12 mg; Hongta Tobacco Industry LLC, Yunnan, China) in a 50-ml

centrifuge tube containing 20ml H-DMEM by vacuum extraction.
The extracts were sterilized by passing through a 0.22-μm filter and
considered full concentrations of CSE (Kelsen et al., 2008).

Statistical Analysis
Statistical analyses were performed using SPSS 22.0 software
(Chicago, IL, United States) and GraphPad Prism 7 (La Jolla,
CA, United States). Data are expressed as the mean ± SD.
ANOVA was used to compare differences between groups.
p < 0.05 was considered statistically significant.

RESULTS

Patient Information
Lung tissues from 41 patients (15 controls, 18 IFCOPD, and 8
FCOPD) were collected from September 2016 to September 2018.

FIGURE 1 | AGR3 expression in airway epithelial cells of frequent COPD exacerbators. The control group included subjects with normal lung function and a current
smoking history of >10 pack years. (A) Immunofluorescence staining for AGR3 (green) and cytokeratin (red) in human airway epithelial cells (B) Immunohistochemical
staining for AGR3 in human airway epithelial cells of Control (n � 15), IFCOPD (n � 18), and FCOPD (n � 8) groups. The control group included subjects with normal lung
function and a current smoking history of >10 pack years. Cells were stained with anti-AGR3 antibody. AGR3 expression in the airway epithelium of patients with
COPD and control subjects was determined by IHC (400×). (C,D) Western blot analysis of AGR3 expression in FCOPD, IFCOPD, and control groups. pp < 0.05. (E)
qPCR analysis of AGR3 mRNA expression in lung tissues of FCOPD, IFCOPD, and control groups. pp < 0.05.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 6694034

Ye et al. AGR3 in COPD Frequent Exacerbator

175

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


There were no significant differences in the age or gender between
the three groups. In addition, there were no significant differences
in FEV1 (%predict), FVC (%predict), and FEV1/FVC between
the IFCOPD and FCOPD groups (Table 2).

AGR3 Is Downregulated in the Airway
Epithelial Cells of Patients with Frequent
COPD Exacerbation
Histological analysis showed that AGR3 is mainly expressed in the
airway epithelial cells of the lung tissue and AGR3-positive products
are localized in the cytoplasm (Figure 1A). AGR3 protein expression
in the IFCOPD and FCOPD groups was significantly lower than that
in the control group (Figures 1A,B, p � 0.009). Moreover, AGR3
mRNA expression in the FCOPD group was lower than that in the
IFCOPD group (Figure 1C, p � 0.04).

Epithelial Junction Proteins are
Downregulated in Patients with Frequent
COPD Exacerbation
Epithelial junction proteins in the bronchial epithelium consist of
apical TJ proteins such as occludins, zonula occludins (ZO), and
claudin family and junctional adhesion molecule, and AJ proteins
such as E-cadherin (Heijink et al., 2014). The expression of E-cadherin,
occludin, and ZO-1 was assessed by immunohistochemistry in the

FCOPD and IFCOPD groups. Compared to Control group, the
expression of E-cadherin in airway epithelial cells was decreased in
COPD groups (p � 0.004) and markedly lower in IFCOPD group (p �
0.006). As same as the expression of E-cadherin, the expression of
occludin, and ZO-1 was respectively decreased in COPD groups (p �
0.001and p � 0.001), and markedly lower in IFCOPD group (p � 0.03
and p � 0.004) (Figure 2).

CSE Downregulates TJ and AJ Proteins in
Airway Epithelial Cells
The effects of CSE exposure on the expression of TJ proteins (occludin
and ZO-1) and an AJ protein (E-cadherin) were determined. BEAS-
2B cells were treated with 5 and 10% CSE for 24 h. The gene and
protein expression of occludin, ZO-1, and E-cadherin were analyzed
by qPCR andwestern blotting, respectively. The treatment of cells with
10% CSE significantly decreased gene and protein expression of
occludin, ZO-1, and E-cadherin (Figure 3).

AGR3 Rescue CSE-Induced
Downregulation of AJs and TJs in Airway
Epithelial Cells
The ability of AGR3 to rescue CSE-induced downregulation of
TJs and AJs in bronchial epithelial cells was assessed. At first,
AGR3 was overexpressed or silenced in BEAS-2B cells. Western

FIGURE 2 | Immunohistochemical analysis of E-cadherin, occludin, and ZO-1 expression in the airway epithelium cells of Control (n � 15), IFCOPD (n � 18), and
FCOPD (n � 8) groups. The control group included subjects with normal lung function and a current smoking history of >10 pack years. Cells were stained with anti-E-
cadherin, anti-occludin, and anti-ZO-1 antibody. All subjects were determined by IHC (400×). Data are displayed as mean ± SD, *p < 0.05 by one-way ANOVA. Results
represent significant differences in the expression of E-cadherin, occludin, and ZO-1 in airway epithelium cells, compared to the Control group.
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blot analysis showed that the expression of occludin, ZO-1, and
E-cadherin was significantly increased in AGR3-overexpressed
BEAS-2B cells and decreased in AGR3-silenced BEAS-2B cells.
Next, the ability of AGR3 to rescue CSE-induced downregulation
of TJ and AJ proteins was determined. Western blot analysis
showed increased expression of occludin, ZO-1, and E-cadherin
in CSE-exposed AGR3-overexpressing cells (Figure 4).

DISCUSSION

COPD is characterized by airway inflammation with periods of
symptom exacerbation that leads to irreversible airflow

limitation, lung damage, and mucus hypersecretion. The
treatment strategies for patients with COPD remain a
challenge due the wide range of COPD phenotypes and their
unpredictable clinical course (Wang et al., 2018). The frequency
of COPD exacerbation can determine COPD phenotype. Patients
with more than two exacerbations per year have been defined as
having frequent COPD exacerbations. These individuals have
high levels of inflammatory cytokines such as interleukin-6 in
sputum (Bhowmik et al., 2000), and show a high risk of adverse
health outcomes. In our previous study on patients with frequent
COPD exacerbations, proteomics analysis showed low expression
of several proteins in lung tissues (Sun et al., 2019). Moreover,
AGR3 was significantly decreased and previous study (Bonser

FIGURE 3 |Western blotting and real-time quantitative reverse-transcriptase PCR results showing TJ and AJ protein expression in BEAS-2B cells in the presence
or absence of 5 and 10%CSE for 24 h. Band intensity was quantitated using densitometry. All results are representative of at least three independent experiments. Data
are shown as the mean ± SD. *p < 0.05 by one-way ANOVA.
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FIGURE 4 | Effects of AGR3 on E-cadherin, Occludin, and ZO-1 expression in BEAS-2B cells. (A) AGR3 overexpressed and silenced in BEAS-2B cells. (B) Protein
expression of occludin, ZO-1, and E-cadherin in AGR3 overexpressed and silenced BEAS-2B cells. (C) Immunofluorescence staining for E-cadherin, Occludin, and ZO-
1 in Control cells or AGR3 overexpressed cells with 10% CSE exposed for 24 h. (D)Western blot analysis for E-cadherin, Occludin, and ZO-1 in Control cells or AGR3
overexpressed cells with 10%CSE exposed for 24 h. Band intensity was quantitated using densitometry. All results are representative of at least three independent
experiments. Data are shown as the mean ± SD. *p < 0.05 by one-way ANOVA.
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et al., 2015) showed AGR3 expressed in the respiratory airway
epithelium.

In this study, we first measured AGR3 expression in the lung
tissue of patients with frequent COPD exacerbations.
Histochemical analysis revealed that AGR3 proteins are
predominantly expressed in airway epithelial cells. In addition,
AGR3 protein and mRNA expression in lung tissues of patients
with frequent COPD exacerbations was significantly lower than
that of patients with infrequent COPD exacerbations. Thus,
AGR3 protein and gene expression is downregulated in
patients with frequent COPD exacerbations.

AGR3 belongs to the PDI family and is a highly related
homologue of pro-oncogenic AGR2. Unlike AGR2, the
functional role of AGR3 remains unclear. A previous study
has shown that AGR3 is expressed in ciliated cells and is
required for mucociliary clearance and calcium-modulated
ciliary beat frequency (Bonser et al., 2015). Airway epithelial
barriers are required for innate immunity as the first line of
defense against microbial invasion in the lung. Other studies have
shown that COPD at a high risk of exacerbations is associated
with excessive microbiota colonization in the lower respiratory
track (Miravitlles et al., 1999; Yawn et al., 2013). Thus, we
speculated that the downregulation of AGR3 might predict the
reduction of airway microbiota clearance or innate immune
system, and then inducing lung microbiota easy to be inhaled
into low respiratory track and colonized. These event increases
the risk for COPD exacerbations.

However, AGR3 have also been detected in no multiciliated
organs such colon, stomach, prostate, and liver (Persson et al.,
2005; Brychtova et al., 2014). A recent study showed that AGR3
can promote stemness of colorectal cancer by modulating Wnt/
β-catenin signaling (Chi et al., 2020). Wnt signaling functions in
branching morphogenesis and airway formation in the
developing lung, maintains an epithelial cell phenotype, and
forms proper cell-cell junctions (Pongracz & Stockley, 2006).
The junctional complexes between neighboring cells consist of
TJs and AJs, which also maintain airway epithelial barriers
(Nawijn et al., 2011). Previous studies have shown that
occludin, ZO-1, and E-cadherin expression in bronchial
epithelial cells and lung tissue sections from patients with
COPD is lower than that in healthy individuals (Heijink et al.,
2014; Nishida et al., 2017; Aghapour et al., 2018). The disruption
of airway epithelial barriers can promote translocation of inhaled
particles into the subepithelial space, thereby inducing airway
inflammation and innate immune cell response (Rezaee and
Georas, 2014). However, to our knowledge, the effect of AGR3
on airway epithelial junction proteins in patients with frequent
COPD exacerbations has not been studied. Histochemical
analysis showed that the expression of occludin, ZO-1, and
E-cadherin in airway epithelial cells of the lung tissue from
patients with frequent COPD exacerbations was lower than
that from patients with infrequent COPD exacerbations. These
results suggest that the injured junction complexes in the airway
epithelium of patients with frequent COPD exacerbations
damage the airway epithelial physical barrier and promote
microbial invasion, leading to COPD exacerbation.

Despite evidence of the association between AGR3 and Wnt
signaling (Chi et al., 2020), there have been no reports about the
effects of AGR3 on airway epithelial cell junction protein
expression. Our results showed that AGR3 silencing or
overexpression can decrease or increase the expression of
occludin, ZO-1, and E-cadherin. Furthermore, AGR3
attenuated CSE-induced downregulation of occludin, ZO-1,
and E-cadherin expression. AGR family was first found from
X. laevis. In X. laevis, the XAG family of genes appear to be
important factors during differentiation of the cement gland (Sive
et al., 1989), and human AGR genes had shown to be involved in
the epithelial barrier function in inflammatory bowel disease
(Zheng et al., 2006). Previous studies showed that AGR2 play a
crucial role for maintaining the epithelial phenotype by
preventing the expression of E-cadherin (Sommerova et al.,
2017), and the E-cadherin-mediated adhesion was shown to
specifically promote cell signaling toward formation of other
junctions (van Roy and Berx, 2008). AGR3 is a highly related
homologue of AGR2, and may be involved in the formation of
epithelial junctions through maintaining the expression of
E-cadherin. Moreover, AGR3 had shown to promote Wnt/
β-catenin signaling (Chi et al., 2020) which play a role to
form cell-cell junctions. Although the protective mechanism of
AGR3 remains unknown, future studies are warranted to identify
the molecular role of AGR3 in cellular junction activity and
signaling.

A strict selection criterion for enrollment of eligible patients
was implemented in our study. To eliminate individual
differences within a group, the patients were grouped
according to age, sex, lung function, and tumor type. All lung
tissues were tumor free and were obtained from areas away from
the tumor. Despite our promising results, our study has several
limitations. It was not possible to collect sufficient sputum and
BALF samples in patients with stable COPD for AGR3 analysis in
future studies. Moreover, comparison between the exacerbation
stage and stable stage for frequent COPD exacerbations was not
performed due to inability to obtain lung tissue sample during the
COPD exacerbation stage.

In our previous study, proteomic analysis showed that AGR3
expression in the lung tissues of patients with frequent COPD
exacerbations were low. Herein, we showed that the expression of
AGR3 and cell junction proteins (occludin, ZO-1, and
E-cadherin) in the lung tissues of patients with frequent
COPD exacerbations were decreased. AGR3 plays a role in
regulating the expression of junction proteins and can revert
CSE-induced downregulation of occludin, ZO-1, and E-cadherin.
Thus, AGR3 deficiency can disrupt airway epithelial barriers and
enhance translocation of inhaled particles into the subepithelial
space to induce airway inflammatory responses, which might
increase susceptibility to COPD exacerbation.
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Salvage Therapy With Low-Dose
Ruxolitinib Leads to a Significant
Improvement in Bronchiolitis
Obliterans Syndrome in Patients With
cGVHD After Allogeneic
Hematopoietic Stem Cell
Transplantation
Yanmin Zhao1,2, Guifang OuYang3, Jimin Shi1,2, Yi Luo1,2, Yamin Tan1,2, Jian Yu1,2,
Huarui Fu1,2, Xiaoyu Lai1,2, Lizhen Liu1,2 and He Huang1,2*
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University, Ningbo, China

Bronchiolitis obliterans syndrome (BOS) is a life-threatening pulmonary manifestation of
chronic graft versus host disease (cGVHD) post-allogeneic hematopoietic stem cell
transplantation (HSCT), without clear standard of care. This study included 30 patients
undergoing an allogeneic HSCT for a hematological malignancy and the outcomes with
post-HSCT BOS treated with ruxolitinib as a salvage treatment were reviewed. After a
median duration of ruxolitinib therapy of 9.25 (1.5–27) months, the best overall response
(BOR) rate was 66.7%: three patients (10.0%) achieved complete remission, and 17
(56.7%) achieved partial remission. The median time from initiation of ruxolitinib to achieve
the best responses was 3months. Since initiating ruxolitinib, forced expiratory volume in
1 s of predicted (FEV1%pred) slightly increased after 3 and 6months compared with
measurements before ruxolitinib in responders. Only FEV1%pred mild decline before
ruxolitinib with a ratio ≤15% was an independent predictor to achieve a response to
ruxolitinib. Eleven patients (36.7%) had severe pulmonary infection of ≥3 grade. Following a
median follow-up of 318 days after ruxolitinib, the 2-years incidence of nonrelapse
mortality and 2-years overall survival rate after ruxolitinib among patients with BOS
was 25.1 and 62.6%, respectively. Ruxolitinib is a promising treatment option to
improve the prognosis of post-HSCT BOS.

Keywords: ruxolitinib, bronchiolitis obliterans syndrome, allogeneic hematopoietic stem cell transplantation,
chronic graft versus host disease, pulmonary function
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INTRODUCTION

Bronchiolitis obliterans syndrome (BOS) is a pulmonary
fibroproliferative disorder characterized by irreversible
narrowing and obliteration of the small airways. (Barker et al.,
2014). In the setting of allogeneic hematopoietic stem cell
transplantation (allo-HSCT), BOS is the most common
pulmonary manifestation of moderate/severe chronic graft
versus host disease (cGVHD), and the overall prevalence of
BOS is up to 14% among patients who develop cGVHD (Au
et al., 2011). BOS remains a leading cause of late morbidity and
mortality as well as impaired quality of life after allo-HSCT.
(Dudek et al., 2003; Williams et al., 2009; Chien et al., 2010;
Barker et al., 2014).

Historically, systemic corticosteroids have formed the
backbone of therapy for BOS, but their side effect profile
makes them disadvantageous for prolonged use.
Combination of inhaled corticosteroids and
bronchodilators, azithromycin and montelukast early in
BOS therapy could reduce total corticosteroids exposure
(Bergeron et al., 2015; Kim et al., 2016; Williams et al.,
2016). Other regimens include calcineurin inhibitors
(CNIs); extracorporeal photopheresis (ECP) (Lucid et al.,
2011; Del Fante et al., 2016; Hefazi et al., 2018); rituximab;
(Brownback et al., 2017); etanercept; (Yanik et al., 2012); and
tyrosine kinase inhibitors, mainly for their inhibitory effect on
fibrosis via the platelet-derived growth factor pathway
(Watanabe et al., 2015; Bergeron et al., 2017; Watanabe
et al., 2017). Young patients with refractory severe BOS
despite all interventions and best supportive care, may be
evaluated for lung transplantation (Vogl et al., 2013; Greer
et al., 2018). However, no consensus has been reached
regarding the optimal therapy for BOS because of
suboptimal responses to medical therapies, and effective
therapeutic strategies are therefore needed to stabilize lung
function, reduce corticosteroid dosing, and improve quality of
life for patients with BOS after HSCT.

Ruxolitinib, a Janus-associated kinase (JAK) 1/2 inhibitor
approved for the treatment of patients with intermediate-2 or
high-risk primary myelofibrosis (Harrison et al., 2012), has
shown excellent response rates in steroid-refractory GVHD
(Zeiser et al., 2015; Khoury et al., 2018; Zhao et al., 2020a;
Escamilla Gómez et al., 2020; Wu et al., 2021). Presently,
studies on ruxolitinib administration in patients with BOS are
still in a preliminary stage, with only two published case series,
which indicated ruxolitinib is an effective steroid sparing agent in
BOS due to cGVHD (Schoettler et al., 2019; Streiler et al., 2020).
However, the effect of ruxolitinib on pulmonary function, its
toxicity profile, and factors affecting its response have not been
fully determined. All these concerns must be addressed urgently.
Thus, this retrospective study aimed to investigate whether
ruxolitinib therapy would lead to stabilization or even
improvement in pulmonary function in patients with steroid-
refractory BOS. Additionally, it sought to observe the infectious
events during ruxolitinib therapy. It also determined the effect of
ruxolitinib in corticosteroid dosing in these patients and the
clinical factors affecting the response to ruxolitinib.

METHOD

Patients
All patients who underwent an allogeneic HSCT for a
hematological malignancy between January 2014 and June
2019 at the First Affiliated Hospital of Zhejiang University
School of Medicine and Ningbo Hospital of Zhejiang
University were retrospectively screened. Data was retrieved
from the transplant databases and electronic medical. The
inclusion criteria were as follows: 1) patients aged ≥14 years;
2) diagnosed with BOS related to cGVHD according to the
criteria of the National Institute of Health (NIH) consensus; 3)
treated with systemic glucocorticosteroids (GCSs) in
combination with therapy using inhaled corticosteroids
fluticasone, azithromycin, and montelukast (FAM) with/
without CNIs, and had worsening lung function, which was
defined as a decline in forced expiratory volume in 1 s of
predicted (FEV1%pred) from baseline by 5% or more; and 4)
treated with ruxolitinib as a salvage treatment for at least 30 days.
The exclusion criteria were as follows: 1) Responsive to other
salvage therapy except ruxolitinib; 2) other pulmonary or
infectious diseases, such as asthma, lung cancer, chronic
obstructive pulmonary disease, pneumonia, or tuberculosis;
and 3) a history of using other JAK inhibitors. All procedures
were in accordance with the Declaration of Helsinki and
approved by the ethics review committee of Zhejiang
University. The author had full access to the data and took
responsibility for its authenticity.

BOS and cGVHD Diagnosis
BOS was diagnosed according to the National Institutes of
Health 2014 criteria (Jagasia et al., 2015), namely 1) FEV1
<75% of that predicted or ≥10% absolute FEV1 decline over
less than 2 years; 2) FEV1/forced vital capacity (FVC) < 70%;
3) absence of infection in the respiratory tract; and 4) one of
the following two features of air trapping, that is, residual
volume (RV) or predicted RV/total lung capacity >120% or
evidence of air trapping on high-resolution computed
tomography. cGVHD was defined according to the NIH
Consensus Guidelines and classified as mild, moderate, or
severe. (Jagasia et al., 2015).

Pulmonary Function Test
Pulmonary function test (PFT) was routinely performed before
HSCT and at any time when complaining of respiratory
symptoms, such as dry cough, wheezing or dyspnea. After
initiation of ruxolitinib, PFT was carried over time (0, 3, and
6 months) during the period of ruxolitinib therapy, using body
plethysmography (MasterScreen PFT System, Jaeger Corp,
Germany). If a patient had an episode of infection at the
indicated time points, PFT was postponed to allow the
resolution of infection.

Ruxolitinib Therapy
Ruxolitinib was recommended at a dose of 5 mg orally, twice daily
(BID), for patients weighing ≤60 kg, and 10 mg BID for patients
weighing >60 kg. Adverse events were graded according to the
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Common Terminology Criteria for Adverse Events (CTCAE v4).
If CTCAE grade 3 cytopenia occurred after ruxolitinib, the dose
could be reduced according to the clinical situation. When
ruxolitinib was started, the initial steroid was maintained for
at least 4 weeks, after which a tapering schedule was commenced
up at the discretion of the managing physician according to
response.

Therapeutic Response Definitions
The response to ruxolitinib was defined as complete response
(CR) when clinical symptoms decreased, and FEV1%pred
increased by >75%; partial response (PR) was considered
when FEV1%pred levels increased or symptoms improved
with the stabilization of FEV1%pred (among partial
responders, good responders were those patients reaching
FEV1%pred levels above 60%); and nonresponse (NR)
consisted of progression disease (PD) and stable disease (SD).
PD was considered when clinical and functional findings (mainly
FEV1%pred decrease from baseline by 5% or more) worsened,
while SD was considered when FEV1%pred decreased to less than
5% with stable symptoms.

Statistical Analysis
Univariable analyses for treatment response risk factors were
performed using the Fisher exact test and chi-square test. Logistic
regression analysis was used to perform multivariable analysis for
risk factors with p < 0.1 in univariate analysis. OS was defined as
the time from stem cell infusion to death from any cause and
calculated by Kaplan-Meier method. SPSS was used for the
survival analysis (SPSS version 22.0.01; IBM, NY,

United States). The proportional-hazards method was used to
estimate the cumulative incidence of relapse and nonrelapse
mortality (NRM). Relapse and nonrelapse mortality were
competing risks for each other. The R statistical software
(version 3.4.3; http://www.r-project.org) was used for the
competing risk analysis.

RESULTS

Patient Characteristics
A total of 640 patients aged ≥14 years who were transplanted
between January 2014 and June 2019 was screened. Eighty-nine
patients were diagnosed with BOS related to cGVHD, not related
to other pulmonary or infectious disease. Among these 89
patients, 30 patients who were refractory disease to first-line
GCSs plus FAM and treated with ruxolitinib as second-line or ≥
third-line therapy, were retrospectively enrolled in this analysis
(Figure 1). The patient characteristics are shown in Table 1. The
median age was 27 (range 15–54) years at the time of
transplantation. All the patients received a myeloablative
conditioning regimen consisting of busulfan and
cyclophosphamide. Antithymocyte globulin was also used in
22 (73.3%) patients, mainly for haploidentical stem cell
transplantation. Fourteen (46.7%) patients received donor
lymphocyte infusion as prophylaxis or preemptive intervention
for relapse. Acute GVHD occurred in 21 patients, including 14
with I–II degree and 7 with III–IV degree disease. Chronic GVHD
was present in all the 30 patients and graded as moderate in 6
(20%) and severe in 24 (80%) patients. For cGVHD, more than

FIGURE 1 | Flow diagram of the study cohort. Eighty-nine patients were diagnosed with BOS related to cGVHD, not related to other pulmonary or infectious
disease. Among these 89 patients, 30 patients who were refractory disease to first-line glucocorticosteroids plus FAM and treated with ruxolitinib as ≥ second-line
therapy, were retrospectively enrolled in this analysis. cGVHD, chronic graft versus host disease; BOS, bronchiolitis obliterans syndrome.
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half of patients (56.7%) had three or more organs involved apart
from the lungs. The prophylaxis for fungal disease included
fluconazole (n � 11), voriconazole (n � 8), or
posaconazole (n � 11).

Before SCT, all the patients had normal PFTs, with FEV1%
pred ranging from 81.2 to 125.1 (mean, 99.6). The median time
from transplantation to the onset of BOS was 453 (range,
106–1902) days. At the time of BOS diagnosis, most patients
presented with moderate or severe obstruction (mean FEV1%
pred: 55.5%, range 39.2–76.0%). All the patients received systemic
prednisone after the diagnosis of BOS, with a median dose of 0.48
(range, 0.25–0.9) mg/(kg · day), along with FAM therapy and/or
CNIs, as a first-line treatment regimen. Therapies beyond front-
line GCS, FAM, and CNIs included MMF (n � 14), imatinib (n �
12), MSCs infusion (n � 5), rituximab (n � 2), recombinant
human α receptor antibody fusion protein of tumor necrosis
factor (rhRPTN, etanercept) (n � 1), and pirfenidone (n � 1).
Despite the aforementioned therapeutic intervention, these 30

patients had worsening lung function (decreased FEV1%pred
from baseline by 5% or more), with or without worsening clinical
symptoms; therefore, they switched to ruxolitinib.

Therapeutic Response to Ruxolitinib
Ruxolitinib was given after a median time of 125 (range 27–1,598)
days from BOS diagnosis, as the second and ≥ third line of
therapy in 33.3% (10/30) and 66.7% (20/30) of patients,
respectively. After a median duration of ruxolitinib therapy of
9.25 (1.5–27) months, the best overall response rate (BOR) was
66.7%: three patients (10.0%) achieved a CR, and 17 (56.7%)
achieved a PR. The ORR at 180 days was 56.7%. The median time
from initiation of ruxolitinib to achieving the best responses was 3
(range, 1.5–8) months. Ten patients (33.3%) were nonresponders,
including four with SD and six with progression. At the last
follow-up, ruxolitinib was stopped in 16 patients due to
continuous good response (FEV1%pred >60%, n � 2; FEV1%
pred >75%, n � 2), bone marrow relapse of primary malignancy
(n � 3), severe infectious complications (n � 3), and BOS
progression (n � 6) (Figure 2).

Before the initiation of ruxolitinib, the mean FEV1%pred was
43.8 (range, 25.8–71.2). Since initiating ruxolitinib, PFTs
improved over time in the 20 responders, whose FEV1%pred
increased after 3 and 6 months compared with measurements
before ruxolitinib (mean FEV1%pred in month 0 vs. month 3 vs.
month 6: 49.5 vs. 53.0 vs. 60.5; month 0 vs. month 6: p � 0.029)
(Figure 3A). An average reduction in prednisone dose of 44.3%
after 3 months of ruxolitinib therapy and 80.9% after 6 months of
ruxolitinib therapy was reported (Figure 3B). After a median
follow-up of 318 (range, 53–730) days after ruxolitinib, nine
responders (9/20, 45%) were able to stop steroids and 11 were able
to wean steroids to 0.2 mg/(kg · day) with stable symptoms.

Patients with FEV1%pred >39% when receiving ruxolitinib
were more likely to achieve a response compared with those with
FEV1%pred ≤39%. (ORR 89.5 vs. 27.3%, p � 0.001). Also, the
decline ratio of FEV1%pred from BOS diagnosis to ruxolitinib
initiation ranged from 6.6 to 56.6%, with a median value of 15.0%.
The mild-decline group with the FEV1%pred decline ratio ≤15%
showed a significantly higher response rate compared with the
severe-decline group whose FEV1%pred decline ratio was more
than 15% (ORR 100 vs. 28.6%, p < 0.001). Other features related
to a better response might be the use of ruxolitinib as the second
line of therapy, compared with ≥third line (ORR 90.9 vs. 52.6%,
p � 0.037). No difference in ORR was observed between early
ruxolitinib group (interval from BOS diagnosis to ruxolitinib <6
months) and late ruxolitinib group (interval from BOS diagnosis
to ruxolitinib ≥6 months) (61.1 vs. 75%, p � 0.350). Also, no
significant differences related to response in age, sex, donor type,
DLI history, chronic GVHD sites, BOS onset time and steroid
dose at start of ruxolitinib were found. Variables with p < 0.05 in
the univariate analysis were included in the later multivariate
logistic regression analysis: FEV1%pred at ruxolitinib initiation;
FEV1%pred decline ratio from BOS diagnosis to ruxolitinib
initiation; ruxolitinib as different lines of salvage treatment.
Only FEV1%pred mild decline before ruxolitinib was an
independent predictor to achieve a response to ruxolitinib.
(HR � 0.096, 95% CI 0.026–0.353, p � 0.001) (Table 2).

TABLE 1 | Characteristics of the study cohort at baseline.

Characteristic N = 30

Gender, male, n (%) 13 (43.3%)
Recipient age at SCT (yrs), median (range) 27 (15–54)
Hematologic malignancy, n (%)
AML/AMLL 16 (53.4%)
ALL 12 (40%)
MDS 1 (3.3%)
NK/T lymphoma 1 (3.3%)

Disease status at SCT, n (%)
CR 27 (90%)
NR 3 (10%)

Donor type, n (%)
matched unrelated 1 (3.3%)
matched sibling 8 (26.7%)
haplo-identical related donor 21 (70%)
Stem cell source, PBMSC, n (%) 30 (100%)
Conditioning regimens, MAC, n (%) 30 (100%)
ATG in conditioning regimens, n (%) 22 (73.3%)

Prophylaxis for GVHD
CSA, MTX plus MMF 23 (76.7%)
FK506, MTX plus MMF 7 (23.3%)
Donor lymphocyte infusion, n (%) 14 (46.7%)

Acute GVHD grade, n (%)
0 9 (30%)
I-II 14 (46.7%)
III-IV 7 (23.3%)

Chronic GVHD sites (except lung)
Skin 20 (66.7%)
Oral 19 (63.3%)
eyes 14 (46.7%)
Liver 6 (20%)
Joints 6 (20%)
GI 5 (16.7%)

Extrathoracic cGVHD, n (%)
1–2 13 (43.3%)
≥3 17 (56.7%)

Chronic GVHD grade, n (%)
Moderate 6 (20%)
Severe 24 (80%)
Time to BOS from SCT, days, median (range) 452 (106–1902)
FEV1 at the time of HSCT, mean (range) 99.6 (81.2–125.1)
FEV1 before ruxolitinib, mean (range) 43.8 (25.8–71.2)
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FIGURE 2 | Swimmer plot depicting response, duration of response, and patient outcome with ruxolitinib for all 30 patients.

FIGURE 3 | (A) Distribution of FEV1%pred over time in ruxolitinib responders and nonresponders. (B) Distribution of FEV1% pred and prednisone daily dose over
time in all ruxolitinib-treated patients. All the parameters were represented by the mean values and 95%CI. FEV1%pred, forced expiratory volume in 1 s of predicted;
BOS, bronchiolitis obliterans syndrome; SCT, stem cell transplantation.

TABLE 2 | Clinical univariate and multivariate analysis for achieving a response to ruxolitinib.

Variable Univariate Multivariate

ORR (%) P Hazard
ratio (CI 95%)

P

Ruxolitinib salvage therapy 0.037
2nd line 90.9
≥3rd line 52.6
FEV1 at ruxolitinib initiation
≤39% 27.3 0.001
>39% 89.5

FEV1 decline ratio from BOS diagnosis to ruxolitinib initiation
≤15% 100 0.001 0.096 (95% CI 0.026–0.35) 0.001
>15% 28.6 1
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ADVERSE EVENTS

Any grade hematological toxicities were observed in 4 (13.3%)
patients, and for grade ≥3 cytopenia, only one patient had grade
≥3 anemia. Regarding the nonhematological toxicities, two
patients developed grade 3 hypertriglyceridemia. Infection-
related events were frequent in the present cohort. Of the 30
patients, 100% were cytomegalovirus (CMV) IgG positive, with a
CMV-seropositive donor. CMV reactivation indicated as CMV
DNAemia was observed in three patients (10%). Epstein–Barr
virus (EBV) reactivation was observed in 11 patients (36.7%).
None of the patients developed CMV disease or EBV post-
transplant lymphoproliferative disorder. Hepatitis B virus was
re-activated in two patients (6.7%), both of whom were hepatitis
B surface antigen-negative (HBsAg-)/hepatitis B core antibody-
positive (HBcAb+)/hepatitis B surface antibody negative
(HBsAb-) without any hepatitis B prophylaxis. Fourteen
patients (46.7%) were complicated with pulmonary infection
≥2 grade, including invasive pulmonary fungal diseases in 10
patients, pulmonary bacterial in three patients, and mixed
infection (nocardiosis/Aspergillus fumigatus/Klebsiella
pneumoniae) in one patient. The risk for pulmonary fungal
infection was 54.5% in fluconazole prophylaxis group and
26.3% in voriconazole or posaconazole group (p � 0.238). The
incidence of pulmonary infection was higher in the
nonresponders than in the responders (89.0 vs. 46.7%, p �
0.019). No bacteremia occurred in this cohort.

RELAPSE AND SURVIVAL AMONG
PATIENTS WITH BOS TREATED WITH
RUXOLITINIB

After a median follow-up of 318 (range, 53–730) days after
ruxolitinib initiation, 4 out of 30 patients experienced a relapse of
primary malignancy, including three bone marrow relapse and one
with isolated extramedullary relapse. The cumulative 1-year
incidence of relapse of the underlying malignancy was 14.7%
(95%CI: 4.4–30.9%) after ruxolitinib. Eventually, eight patients
died (26.7%), with causes of death predominantly resulting from

infection (severe pulmonary infection/respiratory failure, n � 4;
severe hepatitis B/hepatorenal syndrome, n � 1) and bone
marrow relapse of original malignant disease (n � 3). The 2-years
incidence of NRM and 2-years OS rate after ruxolitinib among
patients with BOS were 25.1% (95%CI: 8.8–45.5%) and 62.6% (95%
CI: 45.0–80.2%), respectively. There is no statistically significant
difference in survival rate in ruxolitinib-responders and no
responding patients (1-year OS rate: 72.9 vs. 42.9%, p � 0.27)
(Figure 4).

DISCUSSION

Ruxolitinib, a potent anti-GVHD drug, might be a
promising therapeutic option for BOS after HSCT. The
present study added to a growing body of evidence for
the use of ruxolitinib in SR-BOS related to cGVHD. In
these heavily pretreated patients with BOS, ruxolitinib
induced a relatively high response (ORR 66.7%),
including FEV1 improvement and steroid sparing. The 2-
years OS rate after ruxolitinib among patients with BOS was
62.6%. The present study suggests such heavily pretreated
patients might benefit from salvage therapy with ruxolitinib.
More importantly, relapse of the underlying malignancy in
ruxolitinib-exposed patients was low (14.7%). This
frequency is comparable to other currently applied
immunosuppressive drugs, and other data from murine
models proved that ruxolitinib does not impair the graft-
vs.-leukemia (GvL) activity of alloreactive donor T cells,
(Choi et al., 2014), indicating that ruxolitinib treatment is
not linked to a higher relapse risk.

The pathophysiology of BOS following allo-HSCT is still
not completely understood. Current evidence suggests that
regulatory T (Treg) cells are effective in controlling chronic
GVHD and BOS, as this cell subset can inhibit alloreactive
T-cell and germinal center (GC) B-cell reactions to produce
pathogenic antibodies for deposition in BOS lesion sites.
(McDonald-Hyman et al., 2016). Due to the key role of
JAK1/2-STAT3 pathways on T cells activation, JAK 1/2
inhibitor ruxolitinib may reduce donor alloreactive T-cell
expansion and inflammatory cytokine production, and

FIGURE 4 | (A) Cumulative incidence of relapse and nonrelapse mortality of all the patients with BOS receiving ruxolitinib; (B) Overall survival curve of all ruxolitinib-
treated patients; (C) Overall survival of ruxolitinib-responders and nonresponders.
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meanwhile preserve or even promote Treg recovery post-
transplantation through sparing JAK3-STAT5 pathway
(Spoerl et al., 2014), explaining the mechanism of action of
ruxolitinib to ameliorate cGVHD related BOS. Furthermore,
some components such as several chemokines, and other
profibrotic factors accumulate in the airway, facilitate
macrophage infiltration and collagen deposition, and hence
lead to airway remodeling, and eventually, airway obstruction
(Liu et al., 2001; Barker et al., 2014). In GVHD models,
ruxolitinib was shown to decrease the production of
chemokines and profibrotic cytokine (Spoerl et al., 2014),
and in the neutrophilic asthma mouse model, it decreased the
IL-17A level in bronchoalveolar lavage fluid (BALF), reduced
the proportion of Th17 cells in lung tissue, and finally reduced
airway inflammation. As for macrophages, ruxolitinib was
shown to inhibit macrophage infiltration and prevent the
upregulation of various proinflammatory cytokines in human
macrophages (Maschalidi et al., 2016; Febvre-James et al.,
2018). Collectively, the potent immunosuppressive and anti-
inflammatory activities of ruxolitinib might be valuable for
the management of BOS in the allogeneic stem cell
transplantation setting.

This study demonstrated that while many patients showed
an improvement in PFT with ruxolitinib, a substantial
proportion of patients failed to respond to this treatment.
Identifying potential responders may be more important
than implementing ruxolitinib across the board in patients
with BOS. Theoretically, early “inflammatory” phase might
be more prone to respond to ruxolitinib than late “fibrotic”
phase due to the potent anti-inflammatory effect of the drug.
Actually, in our retrospective study, there is no significant
difference in ORR between early ruxolitinib group and
delayed ruxolitinib group. Only one element was identified
to be independently related to achieving responses: FEV1%
pred mild-decline before ruxolitinib with the FEV1%pred
decline ratio ≤15%. It was consistent with a previous study by
Kwok et al., who found that patients with BOS who
manifested initial rapid lung function decline within
3 months of BOS diagnosis had significantly poorer lung
function and worse OS compared with those with a
gradual decline (Kwok et al., 2019). Unfortunately, despite
interventions, a rapid persistent decline in FEV1 was
associated with poor prognosis (Ahn et al., 2015). The
ability of ruxolitinib to reverse the natural history of BOS
in the FEV1 rapid decline cohort was not observed.
Considering that the majority of early ruxolitinib group
who moved quickly to ruxolitinib therapy belonged to the
BOS progressive population, with a severe deteriorating
pulmonary function, thereby the advantage of early
inflammatory nature might be obscured by the more
important element: rapid lung function decline. And the
causes of the rapid deterioration of lung function need to
be clarified and other treatment strategies need to be
explored.

Ruxolitinib might increase the incidence of infections,
which remained a major concern. Increasing evidence
suggests that ruxolitinib may impair both innate and

adaptive immunity. In detail, ruxolitinib was shown to
reduced and functionally impaired dendritic cell (DC)
leading to impaired T-cell activation (Heine et al., 2013a).
Inhibition of JAK1 impairs cytokine production, which may
result in reduced control of silent infections and increased
risk of reactivation of latent infections (Heine et al., 2013b)
In particular, ruxolitinib drastically reduces the quantity of
natural killer (NK) cells (Schönberg et al., 2015). All these
effects may result in varying degrees of immunodeficiency,
leading to high risks for infectious complications. Besides,
it’s worth noting that the incidence of pulmonary infection
(46.7%) in patients with BOS in the present study was
obviously higher than that in patients with
myeloproliferative neoplasms receiving ruxolitinib form
Comfort II/JUMP (5.3–13.1%) and that in another cohort
receiving ruxolitinib as GVHD prophylaxis (Lussana et al.,
2018; Zhao et al., 2020b). indicating this high rate of
coinfections was not only attributed to the effects of
JAK1/2 inhibition on immunosurveillance but also
associated with the innate characteristics of BOS. Like
patients with bronchiectasis from other causes, patients
with BOS can be colonized with Gram-negative organisms
and fungus (mostly Aspergillus) (Hayes et al., 2013).
Interestingly, in the present study, the incidence of
pulmonary infection was higher in the nonresponders than
in the responders. For nonresponders who relied on long-
term high-dose steroids, ruxolitinib might worsen the
infection status, inciting chemokines, accelerating BOS
progression, and finally forming a vicious circle (Shino
et al., 2013). Also, in our study, patients receiving
fluconazole as antifungal prophylaxis might be even more
at risk from fungal infection, indicating strong consideration
should be given to voriconazole or posaconazole for
prophylaxis, as mentioned by Williams, K.M (Williams,
2017). Taken together, the present study highlighted the
importance of the assessment of risk factors for infectious
events, along with anti-infective prophylaxis prior to
initiation of ruxolitinib in patients who were already
immunocompromised.

As it is considered standard of care, that every patient is
required to monitor PFTs after allogeneic SCT, and in the long
time, this implementation is highly recommended, thus the
main limitation of the study is insufficient monitoring of PFTs
in asymptomatic patients due to inadequate medical resources.
The second imitation is that a small number of subjects and a
retrospective nonrandomized design of this study might make
a bias. However, our data still indicated ruxolitinib as a
promising treatment option to improve the prognosis of
post-HSCT BOS, with pulmonary function stabilization or
even improvement and steroid sparing. This approach
might provide a reference for the treatment of BOS in other
causes including autoimmune and post lung transplantation.
Also, the substantial clinical benefits and efficacy of ruxolitinib
on BOS need to be balanced against infection risks. Further,
hopefully prospective randomized controlled trials, are needed
to definitely prove the efficacy of ruxolitinib in treatment of
cGVHD-related BOS.
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Idiopathic pulmonary fibrosis (IPF) is one of the most aggressive forms of idiopathic
interstitial pneumonias, characterized by chronic and progressive fibrosis subverting the
lung’s architecture, pulmonary functional decline, progressive respiratory failure, and high
mortality (median survival 3 years after diagnosis). Among themechanisms associated with
disease onset and progression, it has been hypothesized that IPF lungs might be affected
either by a regenerative deficit of the alveolar epithelium or by a dysregulation of repair
mechanisms in response to alveolar and vascular damage. This latter might be related to
the progressive dysfunction and exhaustion of the resident stem cells together with a
process of cellular and tissue senescence. The role of endogenous mesenchymal stromal/
stem cells (MSCs) resident in the lung in the homeostasis of these mechanisms is still a
matter of debate. Although endogenous MSCs may play a critical role in lung repair, they
are also involved in cellular senescence and tissue ageing processes with loss of lung
regenerative potential. In addition, MSCs have immunomodulatory properties and can
secrete anti-fibrotic factors. Thus, MSCs obtained from other sources administered
systemically or directly into the lung have been investigated for lung epithelial repair
and have been explored as a potential therapy for the treatment of lung diseases including
IPF. Given these multiple potential roles of MSCs, this review aims both at elucidating the
role of resident lung MSCs in IPF pathogenesis and the role of administered MSCs from
other sources for potential IPF therapies.
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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive
fibrosing lung disease of unknown cause that occurs primarily
in older adults with a median survival of 3 years after diagnosis. It
is diagnosed by clinicopathological criteria, including (Raghu
et al., 2011) the radiographic and/or histological hallmark
pattern of usual interstitial pneumonia (UIP). Prognosis
remains extremely poor with most patients dying from
progressive respiratory failure, often precipitated by acute
events, namely disease exacerbations (Collard et al., 2016). As
a therapeutic strategy, the two antifibrotic drugs Pirfenidone and
nintedanib can slow down the respiratory functional decline of
IPF patients, and according both the real-word data and
randomized controlled trials, such as CAPACITY and
ASCEND improve survival in patients (Guenther et al., 2018;
Jo et al., 2017). Despite that, IPF still has a high mortality rate and
that survival times are quite heterogenous (Noble et al., 2011;
Glaspole et al., 2014; Sgalla et al., 2016; Richeldi et al., 2017;
Lederer and Martinez, 2018; Cerri et al., 2019).

The pathogenesis of IPF is complex and far from being
fully understood (Ley et al., 2011; Ryu et al., 2014). Current
hypotheses center on alveolar epithelial and vascular
endothelial injuries that lead to fibroblast activation,
abnormal matrix collagen deposition (King et al., 2011;
Bellaye and Kolb, 2015; Bitterman, 2018), aberrant repair
mechanisms, inflammation, and a regenerative deficit of the
alveolar tissue (Noble et al., 2011; Betensley et al., 2016).
According to more recent studies, the onset and progression
of IPF is due to the aberrant damage and activation of alveolar
epithelial cells (AECs) that lead to the secretion of pro-
fibrotic, coagulant, and inflammatory cytokines controlling
the proliferation, activation and differentiation of fibroblasts
into myofibroblasts and the consequent secretion and
deposition of extracellular matrix (ECM) proteins (Selman
and Pardo, 2020). These mechanisms translate into increased
overall lung structural rigidity and thickening of the alveolar-
capillary barrier with decline in alveolar gas exchange
function. Since current evidence indicates epithelial cells as
primers of disease and myofibroblasts as the key effectors in
perpetrating fibrosis, recent investigations have focused on
the cellular origin of the myofibroblasts including the
potential role of resident mesenchymal progenitors as
major source (Selman and Pardo, 2020). In particular,
among myofibroblasts precursors, lung resident MSCs (LR-
MSCs) have recently been gaining attention as to whether
their aberrant behavior might be crucial in the fibrotic
process (Agha et al., 2014; Enes et al., 2017; Cao et al.,
2019). While research on resident lung MSCs as key
protagonists in the pathogenesis of lung fibrosis is still
emerging, there are many studies focusing on different
roles of MSCs obtained from other sources outside of the
lung namely their therapeutic potential given a range of
immunomodulatory and anti-inflammatory properties
(Uccelli et al., 2008; Mastrolia et al., 2019). To this
purpose, a large number of pre-clinical investigations
demonstrated efficacy of systemically or intratracheally

administered MSCs obtained from bone marrow, adipose
tissue, and other sources in a range of lung injury models.
This has led to consideration and initial clinical
investigations in IPF and other chronic lung diseases.
(Weiss and Ortiz, 2013; Burgess and Irene, 2019). In
parallel, a growing number of clinical investigations have
been exploring systemic MSCs administration for the
potential treatment of acute lung injury including the
acute respiratory distress syndrome (ARDS) as well as
most recently as potential treatment of COVID-19
respiratory failure (Golchin et al., 2020; Meng et al., 2020;
Zumla et al., 2020). Although the mechanism of actions of
MSCs in lung diseases have not yet been fully elucidated, and
are likely to be different depending on the disease, the
beneficial effects seem to be mainly dependent on
paracrine mechanisms including release of bioactive
molecules (soluble proteins, nucleic acids, lipids) and
extracellular vesicles (EVs) (Kim et al., 2012; Chen et al.,
2018; Cruz and Patricia, 2020; Harrell et al., 2019; Beer et al.,
2017; Vizoso et al., 2017). In general, the EVs consists of
exosomes, micro-vesicles (MVs), and apoptotic bodies that
can be discriminated by their size and origin in the cells.
Exosomes contain several molecules such as protein, lipids,
mRNA, miRNA (Valadi et al., 2007), mitochondrial DNA
(Guescini et al., 2010) and others non coding RNAs
(Ferguson and Nguyen 2016). MSCs-derived exosomes
have demonstrated immunoregulatory (Dabrowska et al.,
2021), angiomodulatory (Lee et al., 2013; Alcayaga-
miranda et al., 2016) and anti-apoptotic effects that
control tissue repair and regeneration (Vishnubhatla et al.,
2014; Lou et al., 2017) in both tissue culture and animal
models. This includes a growing literature in which MSCs-
derived EVs can be as effective as the MSCs themselves in pre-
clinical models of lung injuries (Cruz and Patricia, 2020;
Harrell et al., 2019; Beer et al., 2017; Vizoso et al., 2017).

In this dualistic scenario, the aim of this review is to
explore the updated evidence on the molecular
mechanisms of IPF from the alveolar epithelium damage
to fibrotic changes, highlighting the role of resident lung
MSCs as emerging key cellular determinant in IPF onset and
progression and providing an overview of the potential role of
MSCs from different sources and their secretome in cell-
based therapies for lung fibrosis.

KEY MOLECULAR MECHANISMS OF
IDIOPATHIC PULMONARY FIBROSIS AS
AN EPITHELIUM DRIVEN DISEASE

Nowadays IPF is described as an epithelium-driven disease
characterized by aberrant functional epithelium due to aging
and exposure to alveolar injuries in combination with
compromised lung tissue regeneration, leading to abnormal
repair with an imbalance between profibrotic and antifibrotic
factors. Notably, this aberrant reparative mechanism leads to
an increased fibroblast proliferation and myofibroblast activity
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resulting in ECM deposition. It is known that the lung consists
of quiescent tissue with little cell turnover at rest, compared for
example to intestinal epithelial tissues. However, after injury it
has the capability to efficiently regenerate the damage in both
airway and alveolar niches (Beers and Morrisey, 2011). In
normal lung, alveolar injuries are followed by depletion of type
1 alveolar epithelial cells (AECI) that are located at the
interface with vascular endothelium and participate in
alveolar gas exchange function. The lack of AECI is
compensated by the alveolar epithelial cell 2 (AECII) that
normally secrete the pulmonary surfactant to maintain the
surface tension, but also have capacity to proliferate and
differentiate into AECI, restoring the alveolar epithelium
once injured (Fomby et al., 2010). The abnormal reparative
response to injury of epithelial cells in IPF represents an initial
and crucial mechanism of disease. The epithelial secretion of
pro-fibrotic factors promotes fibroblast migration,
proliferation, activation and differentiation into
myofibroblasts with deposition of exaggerated ECM and
subsequently distortion of the lung architecture. Several
mechanisms and molecular pathways in lung IPF
epithelium have been demonstrated to contribute to the
development of the disease. Among these, abnormal AECII
hyperplasia in response to injury results in the formation of
mucus-filled microcystic structures that can evolve into
macrocysts, compromising epithelial differentiation and
alveolar epithelial cell function (Seibold et al., 2013;
Vaughan et al., 2015). Indeed, in the damaged alveolar
epithelium of IPF lungs the process named
“bronchiolization” leads to migration of abnormal basal
cells with accumulation of nuclear β-catenin (basal-cell
hyperplasia) from adjacent bronchioles toward areas of
alveolar injury colonizing them leading to aberrant re-
epithelialization and contributing to disease progression.
The integrity of the alveolar epithelium is severely disrupted
in IPF lungs where abnormal epithelium covering the
fibroblastic foci displayed a bronchiolar immunophenotype
(Chilosi et al., 2003) Different works support the concept that
bronchiolar abnormalities in IPF are due to changes in lung
epithelial cell differentiation (Plantier et al., 2011). In
particular, abnormal basal cells may differentiate into non-
ciliated Club cells or ciliated FoxJ1 expressing bronchial cells,
resulting in bronchiolization of damaged alveoli. Thus,
bronchiolization of enlarged alveolar ducts, cysts and
alveoli, results in the typical honeycombing that can be seen
in the lung of IPF patients (Plantier et al., 2011).

Recently, it has been shown that the oncogene epithelial cell
transforming sequence 2 (ECT2), a guanine nucleotide exchange
factor (GEF) for Rho GTPases, is upregulated in hyperplastic
AECII of IPF patients, and can contribute to the hyperplastic and
proliferative lung epithelial cell phenotype (Ulke et al., 2019). In
addition, pro-fibrotic mediators including transforming growth
factor beta-1 (TGF-β1), platelet-derived growth factor (PDGF),
tumor necrosis factor (TNF), endothelin-1, connective tissue
growth factor (CTGF), osteopontin, and CXC chemokine
ligand 12 (CXCL12) (Pardo et al., 2005; Selman and Pardo,
2020) are up-regulated in AECs and can contribute to the

progression of fibrosis and aberrant extracellular matrix
remodeling.

TGFβ SIGNALING AND CROSS-TALK WITH
WNT AND SONIC HEDGEHOG PATHWAYS
ACTIVATED IN EPITHELIAL CELLS OF
IDIOPATHIC PULMONARY FIBROSIS
PATIENTS

TGFβ can be considered a key regulator of fibrotic process
favoring migration, proliferation, and activation of fibroblasts,
differentiation into myofibroblasts, and deposition of ECM
proteins (Meng et al., 2016; Horowitz and Thannickal, 2019).
Indeed, TGFβ receptor complex activation leads to downstream
canonical (SMAD2 & 3) (Massagué, 2014) and non-canonical
signaling cascades (PI3K, MEK, mTOR, etc) (Hu et al., 2018),
which orchestrate the transcription of profibrotic mediators,
growth factors, microRNAs, and ECM proteins
(Andrianifahanana et al., 2013). Furthermore, cross-talks exists
with TGFβ1 signaling and pathways overexpressed by epithelial
cells of IPF patients such as Wnt and Sonic hedgehog (Shh)
(Bolaños et al., 2012; Cigna et al., 2012). Zhou et al. (2012) found
that TGF-β1 and Wnt/β-catenin crosstalk played a role in IPF
pathogenesis since TGF-β1 activate Wnt/β-catenin pathway and
together with Wnt/β-catenin signaling induced epithelial-
mesenchymal transition and myofibroblast activation (Zhou
et al., 2012). Hasaneen et al.; found that TGF-β1 triggered the
release of a glycosylated transmembrane protein named
EMMPRIN (Extracellular Matrix metalloproteinase Inducer)
that increases the expression of some matrix metalloproteinase
(MMP) and activates β-catenin/canonical Wnt signaling
pathway. Here, EMMPRIN overexpression led to an anti-
apoptotic and pro-fibrotic phenotype in lung fibroblasts of IPF
patients (Hasaneen et al., 2016). Indeed, ICG-001, an inhibitor of
T-cell factor (TCF)/β-catenin transcription, has been shown to
repress TGFβ1-induced EMT and reverse pulmonary fibrosis in
mice (Henderson et al., 2010). More recently, it was demonstrated
that chronic Wnt/β-catenin activity in the IPF lung increased
AECII senescence, leading to further progenitor cells dysfunction
and impaired lung repair (Lehmann et al., 2020). In contrast,
previous studies have shown that a particular lineage of Wnt
responsive alveolar epithelial progenitor cells within the AECII
population acted as a central player in lung regeneration after
acute injury, being able to self-renew (Zacharias et al., 2018).
Bolanos et al. (2012) found that Shh pathway is activated in IPF
lungs and might contribute to IPF pathogenesis by increasing
fibroblast proliferation, migration and ECM production. They
measured the expression of Shh, Patched-1, Smoothened, and
transcription factors glioma-associated oncogene homolog GLI1
and GLI2 in IPF and normal lungs finding that most of themwere
overexpressed in IPF (Bolanos et al., 2012). Further, TGF-β1
modulates the expression of key components of the hedgehog
pathway in lung fibroblasts, while the activity of the transcription
factor GLI from the primary cilium is required to induce and
maintain myofibroblast differentiation (Cigna et al., 2012).
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Among other pathways involved, PDGF showed mitogenic and
chemoattractant effects on fibroblasts while connective tissue
growth factor (CTGF) was found to promote the progression
of fibrosis either activating fibroblasts or through TGF-β pathway
(Allen and Spiteri 2002).

TNF-α, OSTEOPONTIN, CXCL12, AND
MATRIX METALLOPROTEASES
INVOLVEMENT IN THE IDIOPATHIC
PULMONARY FIBROSIS PATHOGENESIS

Tumor necrosis factor-alpha (TNF-α) was found to cause loss
of fibroblast Thy-1 surface expression, thus contributing to
myofibroblast differentiation (Kis et al., 2011). Selman and

Pardo reported that osteopontin acted on both neighboring
epithelial cells and fibroblast to trigger a migratory and
proliferative phenotype (Selman and Pardo, 2020).
Recently CXCL12 was reported to act on CXCR4, which is
expressed in advanced form of interstitial lung diseases,
particularly when cystic lesions are present (Jaffar et al.,
2020). Furthermore, matrix metalloproteases (MMPs)
showed to play a role in the progression of IPF.
Particularly, MMP1 and MMP7 are strongly expressed in
the IPF epithelial cells compared to the epithelium in normal
tissue. MMP1 increases cell proliferation and protects
epithelial cells from apoptosis (Herrera et al., 2013), while
MMP7 is involved in the fibrotic response upon osteopontin
(Pardo et al., 2005). Figure 1 summarizes the different
pathways involved in alveolar epithelial response to lung
injury in normal and IPF lung.

FIGURE 1 | Different response from the epithelium to lung injury in normal and IPF lung. In normal lung, the depletion of alveolar epithelial cells 1 (AECI) that play a
pivotal role in gas exchange with the adjacent blood vessels after injuries, is compensated/replenished by/upon the differentiation of alveolar epithelial cells 2 (AECII) in
AECI, restoring the alveolar epithelium. In lung epithelium of IPF patients, the regeneration of AECI by AECII progenitors is compromised, leading to impaired alveolar re-
epithelialization. Together with the aberrant repair mechanisms the AECs start to secrete pro-fibrotic mediators that through different molecular pathway and down-
stream effectors lead to fibroblast migration, proliferation, activation and differentiation into myofibroblasts with deposition of exaggerated ECM that drastically
compromise the lung biomechanics properties.
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HIPPO PATHWAY IN THE LUNG FIBROSIS
PROGRESSION

It has been reported that Yes-associated protein (YAP) and the
transcriptional coactivator with PDZ-binding motif (TAZ) that
belong to the Hippo pathway are aberrantly activated in lung
fibrosis. In particular, YAP/TAZ that act as sensors of mechanical
forces in cell microenvironment, are activated in fibroblasts of
fibrotic lung due to ECM stiffness thus subjected to mechanical
stretch, leading to the secretion of profibrotic mediators and ECM
proteins (Noguchi et al., 2018; Marchioni et al., 2020). This feed-
forward loop enhances the lung fibrosis progression. Indeed, in
epithelial cells, YAP/TAZ are also activated with the disruption of
cell polarity and increased ECM stiffness in fibrotic tissues
(Noguchi et al., 2018). To this purpose, (Xu et al., 2016b) after
performing single-cell RNA sequencing of epithelial cells from
IPF patients (Xu et al 2016), through Pathway analysis showed
that the YAP/TAZ, TGF-β, Wnt, and PI3K signaling pathways
were aberrantly activated in epithelial cells of IPF lung patients
(Gokey et al., 2018). They suggested that YAP interacted with
mTOR/PI3K/AKT signaling increasing the proliferation and
migration of lung epithelial cells. Then, YAP/TAZ pathway
contributes to the pathogenesis of IPF in lung fibroblasts and
epithelial cells. Recently, Sun and collaborators have shown that
Hippo/TAZ signaling also affects the regenerative capacity of
AECII progenitors. TAZ also named WW Domain Containing
Transcription Regulator 1(WWTR1) plays a crucial role in AECII
to AECI differentiation and thus contribute to the maintenance of
alveolar integrity after injury. Notably, conditional deletion of
TAZ in AECII dramatically reduced AECI regeneration during
recovery leading to exacerbated alveolar lesions and fibrosis in a
bleomycin induced lung injury model. In addition, TAZ signaling
can activate pro-fibrotic responses in fibroblasts (Sun et al., 2019).

Despite all these insights, the complete molecular mechanisms
behind/underlying the differentiation of AECII in AECI after
acute lung injury and how this is dysregulated in IPF are far from
being fully understood.

CELLULAR SENESCENCE, GENETIC AND
ENVIRONMENTAL RISKS IN THE
PATHOGENESIS OF IDIOPATHIC
PULMONARY FIBROSIS

As described above, epithelial damage and activation can drive
myofibroblasts proliferation and the release of pro-fibrotic
factors. What causes initial epithelial damage during the
onset of IPF is not fully understood. To date, an integral
model of IPF pathogenesis has been proposed where the
presence of rare or common gene variants (genetic), cellular
senescence and epigenetic reprogramming, converge to the
initiation and progression of the disease (Michalski and
Schwartz, 2020; Selman and Pardo, 2020). Indeed, aging-
associated alterations as mitochondrial dysfunction and
altered proteostasis could promote epithelial and fibroblast
senescence in IPF lungs through the loss of proteome

integrity and the shortening of telomeres (Mora et al., 2017;
Lederer and Martinez, 2018). Cellular senescence leads to
replicative arrest, apoptosis resistance, and the acquisition of
a senescence-associated secretory phenotype (SASP), that
involves the release of several inflammatory, growth-
regulating and tissue-remodeling factors and could thus
contribute to pro-fibrotic responses (Kirkland and Tchkonia,
2017). Hence, it has been shown that the epithelial cells from
IPF lungs strongly expressed cellular senescence markers p16
and p21 together with an increased secretion of SASP factors as
insulin growth factor binding proteins (Igfbp) 3, 4 and 7 and
MMP 3, 12 and 14 (Lehmann et al., 2017). Then, cellular
senescence, might lead both to exhaustion of stem/progenitor
cell renewal (dysfunction) with loss of regenerative abilities and
to the secretion of pro-inflammatory and matrix-remodeling
cytokines, such as IL-6, TGF-β, and matrix metalloproteases
related to SASP, thus perpetrating fibrosis (Pardo and Moisé s
Selman, 2021). Some of the mechanisms that have been shown
to induce AECII senescence as driver of IPF progression involve
the overexpression of Wnt/β-catenin signaling, DNA damage
and telomere shortening (Mora et al., 2017). Recently, it has
been demonstrated that loss of PTEN (phosphatase and tension
homolog deleted on chromosome ten) triggers senescence in
AECs through the activation of the protein kinase B (Akt)
signaling pathway leading to a reduction of the autophagy. In
particular, in a murine model of bleomycin induced AECs
senescence, repression of Akt2 with the pharmacological
inhibition of the Akt pathway (LY294002 and MK2206),
resulted in ameliorating fibrotic lesions. The cellular
senescence in IPF lungs was then found to be modulated by
Akt/PTEN pathway (Qiu et al., 2019). Recently, Yao and
collaborators have shown the transcriptomic features of
cellular senescence characterizing the AECII isolated from
IPF lung tissue. In particular, they showed how the
conditional loss of Sin3a in adult mouse brought to p53-
dependent cellular senescence of AECII, cell depletion, and
spontaneous and progressive pulmonary fibrosis. The authors
suggested that progressive fibrosis might be caused by
senescence rather than loss of AECII and that targeting of
p53 could block fibrogenesis (Yao et al., 2020). To this
purpose, with the advanced technology of single-cell RNA-
seq, Adams and collaborators identified a new population of
IPF lung epithelial cells that was transcriptionally distinct from
any epithelial cell type previously described in the lung, named
aberrant basaloid cells, characterized by senescence-related
genes including CDKN1A, CDKN2A, CCND1, CCND2,
MDM2, and GDF15 (Adams et al., 2019). Besides the direct
role of senescence of epithelial cells in the progression of IPF, it
has been demonstrated that senescence of lung fibroblasts might
decrease the AECII proliferation and promote migration in
wound healing, affecting the re-epithelialization process after
injury in IPF lung (Blokland et al., 2020). It has been widely
demonstrated that genetic susceptibility together with the
environmental risks play a pivotal role in disease initiation
and progression in both sporadic and familial IPF. In this
context, the most validated and strongest genetic risk factor
for both familial and sporadic IPF, is represented by the single
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nucleotide polymorphism rs35705950 in the promoter region of
the mucin 5B (MUC5B) gene (Steele et al., 2011; Allen et al.,
2017; Allen et al., 2020). Normally, together with mucin 5AC
(MUC5AC), MUC5B plays a crucial role in the muco-ciliary
clearance (MCC) that is essential for removing inhaled debris
and pathogens in the normal lung homeostasis (Roy et al., 2013;
Bonser and Erle 2017). In vivo studies have demonstrated that
full-length murine MUC5B overexpression in AECII of two
lines of C57BL/6 mice resulted in muco-ciliary clearance
dysfunction thus worsening bleomycin-induced lung fibrosis
(Hancock et al., 2018). Indeed, in genetically susceptible
individuals bearing the rs35705950 SNP that cause MUC5B
overexpression and impaired MCC, it might happen that
exposure to inhaled pro-fibrotic particles could compromise
the epithelial repair response to cell injury (Ley et al., 2017).
Genome wide-association studies have revealed several
common and rare variants associated with sporadic and
familial IPF (Fingerlin et al., 2013; Allen et al., 2017; Allen
et al., 2020; Dressen et al., 2018). To this purpose, the common
genetic variants associated with IPF are represented by gene
involved in the airway mucin production (MUC5B, MUC2),
cell-cell adhesion (DSP, DPP9) playing a critical role in the
maintenance of epithelial integrity, innate and adaptive immune
response (Toll-Like receptor signaling, TOLLIP, TLR3),
cytokine and growth factor signaling (IL1RN, IL8, IL4,
TGFβ1), telomere maintenance (TERT, OBFC1) and cell
cycle regulation (KIF15, MAD1L1, CDKN1A, TP53)
(Michalski and Schwartz, 2020).

Rare variants of genes encoding proteins involved in
telomere biology and maintenance have been identified in
about 30% of patients with familial IPF whose AECII are
characterized by short telomeres and proteins for surfactant
production and secretion. These proteins include TERT,
TERC (telomerase RNA component) TINF2 (TERF1
interacting nuclear factor 2), DKC1 (dyskerin), RTEL1,
PARN (poly(A)-specific ribonuclease) and NAF1 (nuclear
assembly factor 1 ribonucleoprotein) (Kropski et al., 2014;
Kropski et al., 2015; Alder et al., 2015; Stuart et al., 2015;
Stanley et al., 2016), SFPTA1, SFPTA2, SFPTC (surfactant
protein A1, A2, C) and ABCA3 (ATP Binding Cassette
Subfamily A Member 3) (Nureki et al., 2018; Doubková
et al., 2019; Takezaki et al., 2019).

Finally, as mentioned above there are environmental risks
such as cigarette smoke, inhalation of wood and metal dust, and
other exposures that might contribute to the onset and
progression of IPF, causing injury in the “genetically
susceptible” patients (Barczyk et al., 2015; Phan et al., 2020;
Shull et al., 2020). Indeed, the environmental risks might
result in epigenomic modifications, with the alteration in key
genes regulation contributing to the pathogenesis of IPF. To this
purpose, exposure of cigarette smoke (CS) triggers DNA damage-
related chromatin binding changes, and alterations in DNA
methylation, influencing gene transcription and the
downstream response of cells to injury (Vaz et al., 2017).
Overall, however, the mechanisms and the correlation between
environmental risk factors, genetic predisposition, aging and IPF
pathogenesis need to be further elucidated.

THE EFFECT OF AGING ON
MESENCHYMAL STROMAL/STEM CELLS

The cellular senescence of MSCs is a cellular mechanism that
compromises their regenerative potential involving the oxidative
state of the cell and mitochondrial dysfunction (Li Y et al., 2017).
Despite lack of complete understanding of the molecular
mechanisms and signaling pathways of senescence in MSCs,
the senescence-associated phenotypes are characterized by an
increase in the SA-β-gal activity, in the G1 cell cycle arrest, in the
reactive oxygen species (ROS) production and expression of p53
and p21 (Jiang et al., 2008) and in a compromised autophagy
process. One effect of MSCs aging can be seen in their decreased
osteogenic activity. The molecular pathway behind the osteogenic
activity is related to the expression of the transcription factor
RUNX2/CBFA1 and the PI3K-AKT pathway that both decrease
with age (Atashi et al., 2015). Additionally, it has been
demonstrated that the adipogenic potential of MSCs tend to
decline with aging and after different passages in in vitro culture
mediated in part through the PPARγmodulation, an adipogenic-
specific transcription and cross-talk with Wnt/β-catenin
signaling pathway (Xu C et al., 2016).

Cellular senescence leads to replicative arrest, apoptosis
resistance, and the acquisition of a senescence-associated
secretory phenotype (SASP), that involves the release of
several inflammatory, growth-regulating and tissue-remodeling
factors and could thus contribute to pro-fibrotic responses
(Kirkland and Tchkonia, 2017). Then, cellular senescence,
might lead both to exhaustion of stem/progenitor cell renewal
(dysfunction) with loss of regenerative abilities and to the
secretion of pro-inflammatory and matrix-remodeling
cytokines, such as IL-6, TGF-β, and matrix metalloproteases
related to SASP, causing persistent fibrosis. (Pardo and Moisé
s Selman, 2021). Indeed, a crucial mechanism that leads to MSCs
senescence is the oxidative stress that leads to the production of
free radicals/ROS (reactive oxygen species) the majority of which
are produced by the mitochondrial respiratory chain (Liu et al.,
2020). From a molecular point of view the p38/MAPK axis
triggers MSCs senescence through ROS production and
accumulation initiating the oxidative process that can lead to
mitochondrial dysfunction, DNA damage and protein damage. In
the endoplasmic reticulum (ER) take place correct folding and
assembling of the proteins into their native conformation prior to
be transported to intracellular organelles or cell surface. In
general, during the ER stress the correct protein folding is
impaired and the unfolded or misfolded proteins accumulate
in the ER lumen compromising the ER homeostasis. Then, the
accumulation of aberrant folded proteins activates as a cellular
protective mechanism, the unfolded protein response (UPR)
ameliorating cell hemostasis and survival during ER stress
process. (Schröder and Kaufman, 2005; Cao and Kaufman,
2012). Indeed, it has been demonstrated that accumulation of
misfolded, or unfolded, proteins into the lumen of ER might
contribute to the progression of age-related diseases (Powers
et al., 2009; López-Otín et al.,). Then, the oxidative stress, with
compromised mechanism of UPR, might cause aging in MSCs
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affecting their cell functions and survival (Geissler et al., 2013;
Wang et al., 2018). Recently, it has been demonstrated that a
deficiency in the UPR lead to inactivation of ATF6, which can
contribute to MSCs aging (Wang et al., 2018). In human MSCs,
ATF6 is involved in cellular proteostasis, the process responsible
for the preservation of a functional proteome and telomere
shortening. The inactivation of ATF6 cause the accumulation
of protein aggregates and compromise the integrity of various
membrane organelles (Wang et al., 2018).

Indeed, these aging-associated alterations, including
mitochondrial dysfunction and altered proteostasis, can also
promote epithelial and fibroblast senescence in IPF lungs
(Lederer and Martinez, 2018; Mora et al., 2017). Conceivable
strategies to prevent aging in MSCs, for example genetic
engineering through the knockdown of the tumor suppressor
p16INK4a/CDKN2A (p16, cyclin-dependent kinase inhibitor 2A,
CDKN2A) might lead to increase of proliferation rate and
clonogenicity of MSCs (Gu et al., 2012). However, these might
also increase the tumorigenesis risks. Finally, the use of growth
factors such as exogenous FGF-2, PDGF and EGF have been
demonstrated to reduce MSCs senescence and increase
proliferation (Gharibi and Hughes, 2012). These might also be
potential therapeutic interventions.

THE ROLE OF RESIDENT LUNG
FIBROBLASTS AND BONE MARROW
PROGENITOR CELLS IN PULMONARY
FIBROSIS

Resident lung fibroblasts represent key effector cells in IPF
pathogenesis since under the action of TGF-β can proliferate
and differentiate into myofibroblasts promoting fibrogenesis and
impairing normal alveolar epithelial repair in response to damage
(David and Cory, 2017; Chanda et al., 2019). Here, the resident
fibroblasts increase the synthesis of collagen and mesenchymal
proteins, such as Vimentin and α-SMA with the activation of
Wnt/β-catenin axis favoring the progression of IPF (Shi et al.,
2017). Then, myofibroblasts, expressing α-SMA, trigger ECM
accumulation and deposition with an increase in the structural
rigidity, decrease in contractility of lung tissue, and impaired
support of alveolar repair (Zhang et al., 1996; Wu and Tang,
2021). According to recent studies, it has been shown that there
are several populations of resident lung fibroblasts including
fibroblasts localized in the lung interstitium adjacent to
alveolar epithelial cells and lipofibroblasts, mainly
characterized by neutral lipids, located adjacent to AECII.
Lipofibroblasts are implicated in alveolar maturation and
surfactant production as well as FGF10 secretion, and have
been shown to modulate the epithelial stem-cell niche in adult
mouse lungs (Alam et al., 2015; Agha et al., 2017). These
lipofibroblasts are characterized by specific markers such as
Sca-1, CD248 (Bartis et al., 2016) and PDGFRα (Iwayama
et al., 2015; Wang et al., 2017). Particularly, PDGFRα allows
the discrimination between interstitial resident fibroblasts and
lipofibroblasts from pericytes, mesenchymal cells closely related

to vascular smooth muscle cells (VSMCs) that underlie and
envelop capillaries, forming focal contacts with adjacent
endothelial cells (Green et al., 2016). Recent studies of lineage
tracing revealed that PDGFRα-expressing interstitial fibroblasts
and/or lipofibroblasts can each differentiate into myofibroblasts
after lung injury and that myofibroblast to lipofibroblast trans-
differentiation is required for fibrosis attenuation in the mouse
lung (El Agha et al., 2017).

As myofibroblasts represent key effector cells in lung fibrosis
due to deposition of collagen and formation of scar tissue, their
cellular origin and potential precursors have been extensively
studied (Hinz et al., 2007; Fernandez and Oliver, 2012; Bochaton-
Piallat et al., 2016; Horowitz and Thannickal, 2019). In this
scenario, several population have been analyzed: 1) resident
lung fibroblasts that under the influence of the profibrotic
microenvironment directly differentiate into myofibroblasts
(Phan 2002), 2) epithelial cells that lose their characteristic
markers (such as E-cadherin and zona occludens-1) and
acquire mesenchymal properties (such as fibroblast-specific
protein-1 and α-SMA expression) in a process named
epithelial-mesenchymal transition (EMT) (Willis et al., 2005;
Kim et al., 2006) 3) bone marrow (BM)-derived cells as
circulating fibrocytes (Phillips et al., 2004; Moore et al., 2005)
and 4) pericytes (Scotton and Chambers, 2007; Wipff et al., 2007;
Hinz, 2012; Hung et al., 2013). While more recent investigations
havemoved away from any significant roles of EMT or circulating
fibrocytes as myofibroblast sources (Rock et al., 2011; Kleaveland
et al., 2014; Barron et al., 2016; Chong et al., 2019), cell-lineage
tracing experiments using reporter mouse models have focused
attention on resident mesenchymal cell populations that can
acquire myofibroblastic phenotype. These include:

- interstitial lung fibroblasts localized in the interstitium
immediately adjacent to alveolar epithelial cells (Angeles,
2015; Barron et al., 2016),

- lipofibroblasts, that are lipid-droplet-containing interstitial
fibroblasts located within close proximity to AECIIs (El Agha
et al., 2017; Alam et al., 2015),

- pericytes localized within the capillary basement membrane
connected to each other and with one or more endothelial cells
(Marriott et al., 2014; Barron et al., 2016),

- mesothelial cells from pleural-mesothelium that line the visceral
and parietal pleural surfaces (Karki et al., 2014), and

- resident lung mesenchymal progenitors (Xie et al., 2016), whose
contribution in myofibroblast differentiating process seems
prevalent.

Since the first isolation and characterization of LR-MSCs from
human transplanted lungs, there has been increasing interest in
their characterization with specific molecular markers for
recognition, their exact location in the lung niche, their role in
regulation of lung tissue homeostasis, and their role in the lung
repair and regeneration after injury (Burgess and Irene, 2019;
Sveiven and Nordgren, 2020). In particular, the expression of
mesenchyme-specific t-box transcription factor (TBX4), that
characterizes early mesenchyme progenitors during embryonic
lung development, correlates with the activation and proliferation

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 6925517

Samarelli et al. MSCs in Lung Fibrosis

197

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


of myofibroblast accumulation in lung fibrosis. Then, in the adult
lung the TBX4 positive lineage are fibroblasts, smooth muscle
cells, pericytes, and endothelial cells (Xie et al., 2016). Indeed, it
has been shown that the numbers of LR-MSCs decreases during
experimentally induced fibrosis in mice. This cell population has
also been shown to express ATP-binding cassette sub-family G
member 2 (ABCG2) (Jun et al., 2011) and lineage tracing
experiments revealed that ABCG2+ cells are located in
perivascular regions and in proximity of AECI in the mouse
lung. In a bleomycin mouse model ABCG2+ cells are amplified
and significantly transform into myofibroblasts, contributing to
the progression of lung fibrosis (Marriott et al., 2014). Moreover,
another GLI1 (glioma-associated oncogene homolog 1) positive
perivascular lung resident MSCs population has been shown to
contribute to myofibroblast formation in the bleomycin
pulmonary fibrosis mouse model (Kramann et al., 2015).
Recently in a bleomycin mouse model, Cao et al. showed that
Wnt10a had a pivotal role in pulmonary fibrosis as they found an
increased expression level of Wnt10a secreted by LR-MSCs
undergoing myofibroblastic differentiation. Indeed, after
isolation of LR-MSCs with myofibroblast characteristics from
fibrotic lungs they found an increase in Shh pathway activity in
these cells. They demonstrated that the Shh/glioblastoma (Gli)
pathway was a key regulator of LR-MSCs-to-myofibroblast
transition in pulmonary fibrosis. Finally, they showed that the
suppression of the Shh-Wnt signaling prevented myofibroblast
differentiation from LR-MSCs ameliorating pulmonary fibrotic
lesions (Cao et al., 2019).

Furthermore, the role of lipofibroblasts and their contribution to
the myofibroblast cell population in IPF lungs have been studied in
recent works. Among them, in the study from Kheirollhai and
colleagues they demonstrated that the antidiabetic drug, metformin,
inhibits collagen production in primary human lung fibroblasts and
in ex vivo cultured human IPF model and triggers the myo-to
lipofibroblast transdifferentiation leading to a recovery from fibrosis.
They further demonstrated that treatment of bleomycin-injured
mice with metformin resulted in a resolution of fibrosis altering
the fate of myofibroblasts and enhanced their lipogenic
differentiation (Kheirollahi et al., 2019). Finally, they showed that
the antidiabetic drugmetformin had potent antifibrotic effects in the
lung, through the inhibition of TGFβ1 signaling and collagen
formation together with PPARγ signaling activation and
lipogenic differentiation.

In another study from Zysman and colleagues (Zysman et al.,
2020); they investigated whether the cell-cycle inhibitor
p16INK4a limits lung regeneration after newborn
bronchopulmonary dysplasia (BPD), that lead to the arrest of
alveolar development. They found that p16INK4a decrease leads
to an increase of neutral lipid synthesis promoting lipofibroblast
and AECII development within the lung stem-cell niche. Indeed,
they found that treatment with a PPARγ (peroxisome
proliferator-activated receptor γ) agonist increased
lipofibroblast and AECII, restoring alveolar architecture after
hyperoxia-exposure in mice (Zysman et al., 2020). Thus, the
“plasticity” of myofibroblasts that are able under proper
conditions and treatment to transdifferentiate back into
lipofibroblasts, that contribute to the progression of IPF,

provides the possibility to study novel drugs and compound to
revert the fibrotic process in the lung niche.

To date, the emerging picture in the alveolar niche of IPF lung,
indicates that there is a heterogenous myofibroblast population
that may derive from different sources including interstitial lung
fibroblasts, lipofibroblasts, pericytes, mesothelial cells and lung-
resident MSCs rather than from EMT processes/epithelial or BM-
derived cells (Figure 2).

THE ROLE OF LUNG RESIDENT
MESENCHYMAL STROMAL/STEM CELLS
IN LUNG HOMEOSTASIS, INJURY AND
REPAIR

Adult resident stem cells are distributed in organ-specific niches
which provide an appropriate microenvironment that regulates
their development and functionality. Therefore, MSCs of all tissue
origins have a common cellular signature even if there are also
certain molecular features that seem to be organ-specific
including the lung niche (Klein, 2020). In this regard, the
characterization of human LR-MSCs meets the minimal
suggested ISCT criteria for MSCs (Dominici et al., 2006)
including expression of cell surface proteins as CD29, CD73,
CD90, CD105 and CD146 (Kruk et al., 2021) besides being
negative for hematopoietic markers. In vitro differentiation
experiments have further demonstrated multilineage
differentiation of LR-MSCs isolated from central and
peripheral transbronchial biopsies, into adipocytes, osteoblasts
and chondrocytes (Rolandsson et al., 2014). Nevertheless, it has
been reported that LR-MSCs express higher level of FGFR2 as
compared to BM-MSCs in mouse and rats. FGFR2 is bound by
FGF10 leading to LR-MSCs activation and migration (Agha et al.,
2014; Enes et al., 2017). To this purpose, Tong et al.; showed that
in rats intratracheal administration of FGF-10 in lungs, led to LR-
MSCs mobilization that allowed their collection through
bronchoalveolar lavage. The collected LR-MSCs were cultured
in vitro and then intratracheally delivered to rats after LPS-
induced lung injury with more beneficial effects as compared
to BM-MSCs used as positive control (Tong et al., 2016). Then,
Sveiven and Nordgren in a recent review gave an update on both
differences and similarities between BM-MSCs and LR-MSCs
about the surface protein expression profile, the transcriptome,
proteome and secretome (Sveiven and Nordgren, 2020). In
particular, both the transcriptomic data and the pathway
analysis of proteomic data showed that pathways involving
Wnt, elasticity, motility, MET signaling, and integrins were
more up-regulated in LR-MSCs as compared to BM-MSCs.
Among the differences regarding the secretome, it has been
shown that BM-MSCs secreted significantly less monocyte
chemoattractant protein-1 (MCP-1, CCL2), crucial for
macrophage recruitment, than LR-MSCs, while no significant
differences in immunosuppressive effects on lymphocytes were
observed between the two cell populations (Larsson et al., 2016).
In another study comparing murine LR-MSCs and BM-MSCs in
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an elastase-injury mouse model it was suggested that LR-MSCs
displayed prolonged retention in the lungs upon intravenous
administration, which might be attributed to the specific
expression of adhesion molecules (Hoffman et al., 2011). In a
similar elastase model, effects of murine LR-MSCs, BM-MSCs and
adipose derived (AD)-MSCs were compared. All sources reduced
alveolar epithelial and endothelial cell damage and neutrophil
infiltration and increased elastic fiber content (Figure 2). In
contrast to intravenous delivery, intratracheal MSCs
administration further reduced alveolar hyperinflation and
collagen fiber content, while AD-MSCs and LR-MSCs showed a
more significant reduction in fractional area of alveolar collapse
compared to BM-MSCs (Antunes et al., 2014). In 2012 Ricciardi
et al.; showed that LR-MSCs do not significantly differ from human
BM-MSCs with regards to the immunophenotype, stemness gene
profile and mesodermal differentiation potential. Indeed, in vitro
co-culture of either LR-MSCs and BM-MSCs with activated T cells
orNK cells showed the same inhibitory effect of T-cell andNK cells
proliferation from the two different cell lines. They found that
lung-MSCs expressed higher basal level of the nestin marker;
moreover in vitro treatment with retinoic acid showed that the
LR-MSCs led to higher epithelial cell differentiation and
polarization compared to BM-MSCs (Ricciardi et al., 2012). The
authors evaluated the effect of retinoic acid treatment in vitro on
LR-MSCs and BM-MSCs after 4 weeks of RA culture and through
phase-contrast microscopy. While, both LR-MSCs and BM-MSCs
showed a round-cuboid shape as epithelial cells at the end of the
culture, LR-MSCs cultured with RA displayed a stronger
phenotype. Further, after analyzing LR-MSCs by trans epithelial
electric resistance (TEER) assay after RA treatment tomeasure and

quantify the formation of tight and adherence junctions it was
found a higher polarization tendency in LR-MSCs compared to
BM-MSCs (Ricciardi et al., 2012). Recently, LR-MSCs were isolated
from allografts of human lung transplant recipients (Jarvinen et al.,
2021). In vitro studies demonstrated that these LR-MSCs could
suppress the proliferative capacity of T cells in response to a
mitogenic or an allogeneic stimulus. The authors found that the
immunosuppressive capacity of LR-MSCs was related to the
secretion of PGE2 since it was shown even in the absence of
direct cell contact (Jarvinen et al., 2021).

Among studies aiming at characterizing the functional role of
LR-MSCs, Kruk et al.: showed that human LR-MSCs can also be
forced to differentiate in vitro toward adipocytes (Kruk et al., 2021),
which closely resemble lipofibroblasts that support alveolar epithelial
regeneration by secretion of FGF10 and assist in surfactant
production. Thus, it might be speculated that such events,
depending on cues from the microenvironment, may result in
improved support of alveolar repair. In vitro, LR-MSCs secrete
substantial levels of HFG as well as ECM molecules such as
decorin, which is known to bind and inhibit TGF-β signaling
(Kruk et al., 2021), acquiring of a role in alveolar repair. In vitro
expanded LR-MSCs were also able to engraft decellularized lung
tissue scaffolds and produce growth factors (Kruk et al., 2021).
Concerning the role of LR-MSCs in lung pathologies and in
particular in lung fibrosis several studies highlight a potential
pathological role that is mediated by Wnt signaling. Cao et al.
found that inhibition of the Shh-Wnt pathway in the bleomycin
mouse model prevented LR-MSCs from differentiating into
myofibroblasts and reduced lung fibrosis (Cao et al., 2018).
Summers et al., further report in the same model that genetic

FIGURE2 |Onset andprogression of IPF: themyofibroblast in focus. According to the first hypothesis, the activationof alveolar epithelial cells (AECs) leads to the secretion of
pro-fibroticmolecules, coagulant and cytokines that activate several cells fromdifferent sources: the resident fibroblast, the resident mesenchymal stromal/stem cells, the epithelial
cells that undergo to the epithelial mesenchymal transition, the pericytes and the endothelial cells progenitors. These different cell types in IPF lungs may differentiate into
myofibroblasts with the consequent secretion and deposition of extracellular matrix proteins followed by an overall lung structural rigidity and decline of alveolar function.
According to the most recent publications (Etc 2019; Xie et al., 2016), interstitial lung fibroblasts, pericytes, lipofibroblasts, mesothelial cells and LR-MSCs, whose roles within the
alveolar lung niche are list in the legend within the figure, give rise to the myofibroblast population representing the key cells for the onset and progression of fibrosis.
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activation of Wnt in linage labeled ABCG2 positive pulmonary
mesenchymal vascular progenitor cells (MVPC) drivemicrovascular
dysfunction and exacerbated fibrosis (Summers et al., 2021). In 2011
Jun and collaborators demonstrated that treatment of mice with
bleomycin led to the decrease of endogenous LR-MSCs population
identified as H33342lowCD45neg by flow cytometry and in vivo by
immunostaining to detect the multidrug resistance transporter ATP
binding cassette (ABCG2.) Indeed, they hypothesized that decrease
in the LR-MSCs population favored the progression of fibrosis
measured with Aschroft score inflammation, and pulmonary
arterial hypertension (PAH). The replacement of lung resident
stem cells by intravenous injection of exogenous LR-MSCs
immediately after the intratracheal administration of
bleomycin reduced both the bleomycin-associated fibrosis
and the PAH (Jun et al., 2011). The study from Marriott
et al.; described the functional role of LR-MSCs in IPF. They
found that LR-MSCs were located in the distal lung and
expresses ABCG2 contributing to the myofibroblast
population and lung tissue remodeling in IPF. They found
that in patients with IPF or ILD ABCG2pos cell numbers
were decreased relative to control, possibly because most of
them differentiated into myofibroblasts contributing to the lung
remodeling during IPF (Marriott et al., 2014). In another
functional study, Martin et al. compared LR-MSCs from
donor and IPF patients and found that IPF derived LR-MSCs
presented a decreased genetic profile in the oxidative
phosphorylation pathway and had reduced potential to
induce the repair of a lung epithelial wound in an in vitro
indirect co-culture system (Martin et al., 2020). Thus,
abnormalities in endogenous LR-MSCs may contribute to
aberrant alveolar repair responses in IPF. For their use in
autologous cell-based therapies, more insight into LR-MSCs
function and potential abnormalities in IPF is crucial and may
guide pre-conditioning strategies of LR-MSCs.

Finally, in addition to their molecular and functional properties,
understanding the spatial location of LR-MSCs within the lung is
crucial in order to elucidate their physiological role in maintaining
lung homeostasis. Although the exact location of LR-MSCs remains
under debate, recent studies found that human LR-MSCs express the
so called “HOX code” characteristic of vascular wall MSCs (VW-
MSCs derived from the vascular wall of adult human blood vessels)
therefore pointing at a vascular nature. According to this picture, LR-
MSCswould be locatedwithin two areas: 1. a vascular niche situated at
the perivascular space between the vessels and the surrounding tissue,
and 2. an alveolar niche in close contact with the capillary endothelial
cells and the alveolar epithelial cells (Steens et al., 2021).

To date, given the poor functional characterization of LR-
MSCs related to the bone marrow counterpart, their role in the
lung homeostasis and pathologies should be inferred both
from the studies published on LR-MSCs (Steens et al.,
2021), and essentially from studies based on the comparison
of those to BM-MSCs. Indeed, a deeper characterization of LR-
MSCs, with more in vitro and in vivo studies that will
recapitulate both the spatial location and the functional
effects of these cells in the lung would clarify their role
within lung tissue microenvironment to enrich the
knowledge in the LR-MSCs biology in order to perform
new and effective LR-MSCs-based therapy. (Table 1).

THE ROLE OF EXOGENOUSLY
ADMINISTERED MESENCHYMAL
STROMAL/STEM CELLS IN LUNG REPAIR
AFTER INJURY

MSCs are able to regulate the adaptive and innate immune
systems by either their paracrine effect via soluble factors or

TABLE 1 | In vitro and in vivo studies involving LR-MSCs in lung homeostasis, injury and repair.

Study Method Source of MSCs Outcome

Tong et al. (2016) Intratracheal administration to rat LR-MSCs/BM-MSCs ↓ inflammation after LPS-induced lung injury
Antunes et al.
(2014)

Elastase murine model/intratracheal
administration

LR/AD/BM-MSCs ↓ alveolar hyperinflation
↓Collagen fibers
↓Alveolar area collapse

Ricciardi et al.
(2012)

In vitro co-culture and RA treatment LR-MSCs/BM-MSCs ↓ T-cells/NK cells proliferation
↑LR-MSCs polarization after RA treatment

Jarvinen et al.
(2021)

In vitro studies LR-MSCs/allograft of human lung
transplant

↓ T-cells proliferation
↑immunosuppressive capacity-PGE2 secretion

Kruk et al. (2021)1 In vitro studies-differentiation LR-MSCs ↑ HGF,↑ ECM proteins (decorin), ↑ engraftment of decellularized
lung tissue scaffold

Cao et al. (2019) Inhibition of Shh/WNT sigmalling.in bleomycin
model

Analysis on murine LR-MSCs ↓ myofibroblast differentiation of LR-MSCs
↓lung fibrosis

Summers et al.
(2020)

Knock out mouse model for MVPC Murine MVPC-ABCG2+cells ↑ microvascular dysfunction
↑lung fibrosis

Jun et al. (2011) Intravenous injection of LR-MSCs LR-MSCs ↓ bleomycin-induced fibrosis
↓ arterial hypertension (PAH)

Marriott et al.
(2014)

In vitro functional study/in vivo study bleomycin
mouse model

Human LR-MSCs/ ↓ LR-MSCs cell number in IPF patients
ABCG2+MSC ↑pro-fibrotic reprogramming

Martin et al. (2020) In vitro studies LR-MSCs from donor and IPF
patients

↓ decreased genetic profile in the ox-phospho. Pathway in
LR_MSCs from IPF
↓in vitro repair potential (lung epithelial wound)

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 69255110

Samarelli et al. MSCs in Lung Fibrosis

200

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


by cell–cell contact mechanisms with inhibition of T-lymphocyte
proliferation, modulation of regulatory T-cells (Tregs) function,
maturation of dendritic cells, reduction of B-cell activation and
proliferation, inhibition of proliferation and cytotoxicity of NK
cells, and stimulation of regulatory T cells (Gharibi and Hughes,
2012; Gao et al., 2016). The paracrine effect of different sources of
MSCs is expressed through the secretion of soluble anti-
inflammatory factors including but not limited to TGF-β,
hepatocyte growth factor (HGF), interleukin (IL)-10, IL-1
receptor antagonist (IL-1Ra) prostaglandin E2 (PGE2)
microRNAs (Vishnubhatla et al., 2014; Gazdic et al., 2015;
Maguire, 2013), and factors that drive endothelial and
epithelial repair and regeneration such as angiopoetin 1
(ANGPT1), FGFs (FGF2, FGF10) keratinocyte growth factor
(KGF)/FGF7, hepatocyte growth factor (HGF), epidermal
growth factor (EGF) and vascular endothelial growth factor
alpha (VEGFA). In addition, MSCs can modulate repair
responses by the deposition and remodeling of extracellular
matrix (Kruk et al., 2021) providing cues to instruct cellular
behavior such as survival, migration and proliferation
(Figure 3).There have been a wide range of MSCs anti-
inflammatory and immunomodulatory properties
demonstrated in preclinical models of lung injuries including
pulmonary fibrosis (Behnke et al., 2020). Although BM-derived
MSCs are the most extensively investigated (Zhang et al., 2019),
MSCs from other sources such as umbilical cord, placenta and
adipose tissue have been studied (Aguilar et al., 2009; Yamada

et al., 2004) (Table 2). As one example, in a bleomycin-induced
lung injury model in mice, Moodley et al.; demonstrated that
umbilical cord derived MSCs (uMSCs) can reduce lung
inflammation and prevent fibrosis by up-regulating anti-
inflammatory modulators and downregulating both cytokine
production and pro-fibrotic factor release as measured through
quantitative real-time PCR from whole lung suspensions from
mice at 14 days post-bleomycin (Moodley et al., 2009). Indeed, in
another study using the bleomycin mouse model of lung fibrosis,
placenta-derived MSCs suppressed the infiltration of neutrophils,
mitigated the inflammatory response and promoted lung tissue
regeneration (Cargnoni et al., 2009; Antoniou et al., 2018).
However, as shown in Table 2, in most of the preclinical
studies, MSCs were administered after a few hours or days
following the induction of lung damage and prevented the
development of fibrotic changes (Jenkins et al., 2017). In
contrast, when MSCs were administered at weeks 8, 10, 12,
and 14 after-BLM induction (Moeller et al., 2008), no effect
on lung collagen content was found while only improvement
in Ashcroft score and lung TGF-β levels was reported. These
studies mirror findings in one of the original studies on MSCs
effects in the bleomycin lung model in which MSCs
administration immediately after bleomycin significantly
reduces inflammation, collagen deposition, and MMPs
activation preventing development of fibrosis whereas delayed
application decreased the inflammation but failed to reduce lung
fibrosis (Ortiz et al., 2003). In another pre-clinical study Yu et al.;

FIGURE 3 | Paracrine effects of MSCs in lung disease. Since theMSCs derived EVs play pivotal roles in different pathways that are common in lung disease, several
works describe the effect of their administration for lung diseases treatment. In general, theMSCs derived EVs display antifibrotic, antiapoptotic, anti-inflammatory effects
and counteract fibrosis with different mechanisms where they can either enhance (green head-arrow) or down-regulate (red head-arrow) growth factors and cytokines
secretion as well as functional activity in lungs (e.g., collagen deposition, mitochondria transfer, etc) as summarized in the cartoon.
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further investigated the mechanism and timing of MSCs
administration in bleomycin-induced pulmonary fibrosis. They
demonstrated that BM-MSCs administration at day 3 and day
6 decreased lung fibrosis and inflammation down-regulating
MMP9, TIMP-1, INF-γ and TGF-β to the same extent as after
day 1 of bleomycin treatment. Thus, they stated that delayed
BM-MSCs administration for up to 6 days after bleomycin
treatment might be effective but did not look at longer
intervals (Yu et al., 2015). Ni et al. demonstrated that in a
humanized mouse model of BLM-induced lung fibrosis,
human BM-MSCs administered at day 2 after bleomycin
injection could prevent the progression of pulmonary
fibrosis suppressing bleomycin-induced human T-cell
infiltration and pro-inflammatory cytokine production
targeting the PD-1/programmed death-ligand 1 pathway.
However, BM-MSCs administration at day 7 after BLM
injection did not improve lung function nor reverse
established fibrosis. The authors concluded that human BM-
MSCs administration displayed anti-fibrotic effects only in the
early phase of BLM induced lung damage, namely the
inflammatory phase (Ni et al., 2018). Taken together, these
studies demonstrate that while MSCs are effective in
mitigating acute lung inflammation and preventing

development of lung fibrosis, they do not reverse
established fibrosis. As IPF is usually diagnosed only after
extensive fibrotic changes are present, this raises questions as
to whether MSCs administration will be beneficial in IPF.
However, in a recent study from Zakaria et al. in albino rats
BM-MSCs systemically administered 28 days after bleomycin-
induction of lung damage; resulted in reversion of established
fibrosis, restored lung architecture, and improved lung
functions (Zakaria et al., 2021). The mechanisms by which
these effects occurred need further study and may open up
better understanding that will support use of systemically
administered MSCs in IPF.

To date, the immunomodulatory effects of systemic or
intratracheal administration of allogeneic and also xenogeneic
MSCs on both the innate and adaptive immune response have
been intensively explored (Masterson et al., 2019). In contrast,
less is known about the interaction of lung resident MSCs with
the immune system and role of LR-MSCs in pathogenesis or
repair from lung injuries.

Finally, along with the beneficial role of exogenous MSCs
administration, there are studies using gene therapy to improve
the MSCs potency for the resolution of lung injury in different
animal models. To this purpose, overexpressing of MSCs with

TABLE 2 | Pre-clinical applications of MSCs in lung diseases. DAB � days after bleomycin administration.

Study Lung disease
model

Type of
MSCs

Source of
MSCs

Effect Timing of
administration

Li et al. (2017a) Pulmonary fibrosis Human fpMSCs Placenta ↓ collagen deposition, ↑ pro-fibrotic
cytokines

1 × 105cells-tail vein-3DAB

Cargnoni et al.
(2009)

Pulmonary fibrosis Murine/human
MSCs

Placenta ↓ neutrophil infiltration 1–4X105cells -
intraper.intrajug.intratrach.-15mAB

Moodley et al.
(2009)

ARDS Human MSCs Umbilical cord ↓ TIMP expression, ↓ lung cytokine, ↑ MMP
expression

1 × 106cells-tail vein-1DAB

Jun et al. (2011) Pulmonary fibrosis Murine MSCs Lung ↓ lymphocyte and granulocyte infiltration,
↓ PAH

1.5–2.5 × 106-tail vein-14DAB

Moodley et al.
(2013)

COPD- pulmonary
fibrosis

Murine/human
MSCs

Bone marrow,
amnion

↓ TGF-β, ↑ MMP-9,↑ GM-CSF, ↑ IL-1RA 1 × 106cells-tail vein-3DAB

Huleihel et al.
(2017)

Pulmonary fibrosis Human MSCs Bone marrow ↓ collagen deposition and CD45-positive
cells

5 × 105cells-tail vein-7DAB

Ortiz et al. (2003) IPF Murine MSCs Bone marrow ↓ collagen deposition, ↓ inflammation 5 × 105cells-intrajug. 0-7DAB
Ortiz et al. (2007) ILD Murine MSCs Bone marrow ↓ IL-1 and TNF-α 5 × 105cells-intrajug-0DAB
Huang et al.
(2015)

Pulmonary fibrosis Rat MSCs Bone marrow ↓ oxidative stress and collagen deposition 2,5 × 106cells-tail vein -0-7DAB

Lee et al. (2014) ALI Murine MSCs Bone marrow ↓ TGF-β, ↓ IL-1β, ↓ VEGF, ↓ TNF-α, ↓ IL-6,
↓ NOS

1 × 107-tail vein-4DAB

Ono et al. (2015) IPF Human MSCs Bone marrow ↓ endoplasmic reticulum stress, ↓ oxidative
stress, ↓ TGF-β1

5 × 105cells-tail vein-0-1DAB

Lan et al. (2015) IPF Murine MSCs Bone marrow ↓ inflammation, ↑ lung function 5 × 105cells-intratrach-0-3DAB
Cahill et al.
(2016)

IPF Murine MSCs Bone marrow ↓ IL-1β, ↓ apoptosis, ↑ HGF 5 × 104cells-tail vein-6h-9DAB

Kotani T et al.
(2017)

IP Murine ADSCs Adipose tissue ↓ inflammation, ↓ fibrosis 2,5 × 104cells-tail vein-0-7DAB

Lee et al. (2014) IPF Human ADSCs Adipose tissue ↓ fibrosis, ↓ apoptosis, ↓ TGF-β, ↓ epithelial
cell hyperplasia

3 × 105cells-intraper. 0-DAB

Tashiro et al.
(2015)

IPF Murine ADSCs Adipose tissue ↓ oxidative stress, ↓ fibrosis, ↓ apoptosis, ↓
TGF-β, ↓ MMP-2

5 × 105cells-tail vein-1DAB

Yu et al. (2015) IPF Murine MSCs Bone marrow ↑ lung injury repair↓ fibrosis, ↓ INFγ↓ MMP-1
↓ TGF-β, ↓ MMP-9

2.5 × 106cells-tail vein-1,3,6DAB

Rubio et al.
(2017)

IPF Murine MSCs Adipose tissue ↓lung and skin fibrosis, ↓ miR-
199–3p↑CAV-1

5 × 105cells-tail vein-1DAB
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HGF (HGF-MSCs) which is a growth factor with anti-
inflammatory, antiapoptotic, and reparative properties, have
also been tested in acute lung injury models. To this purpose,
MSC-based hepatocyte growth factor (HGF) has been used as
gene therapy for RILI (radiation-induced lung injury). Mice
receiving single dose radiation with 20 Gy of γ rays locally to
the lung and-HGF-modified MSCs (MSCs-HGF) revealed
improved histopathological and biochemical markers of lung
injury. MSCs-HGF reduced secretion and expression of
proinflammatory cytokines, such as TNF-α, interferon-γ,
interleukin (IL)-6, and intercellular adhesion molecule-1,
increasing the expression level of anti-inflammatory cytokine
IL-10 and decreasing the expression levels of profibrotic
factors TGF-β, Col1a1 and Col3a1 culminating in the
reduction of lung fibrosis progression (Wang et al., 2013) In
another study from Chen and collaborators, rat bone marrow-
derived MSCs transfected to express HGF increased MSCs
viability, and inhibit the proinflammatory phenotype of MSCs
in the inflammatory condition. In the rat model of ischemia/
reperfusion I/R-induced lung injury, MSCs-HGF administration
enhanced PaO2 level and ameliorate lung pathological injury,
compared with MSCs treatment (Chen et al., 2017).

PRE-CLINICAL STUDIES INVOLVING
EXTRACELLULAR VESICLES DERIVED
MESENCHYMAL STROMAL/STEM CELLS
IN LUNG FIBROSIS

Given their ability to reduce inflammation and their action on
myofibroblast activity, MSC-derived secretome and EVs have
been increasingly investigated for development of new
therapeutic strategies for lung fibrosis (Worthington and
Hagood, 2020). In bleomycin-induced fibrosis in
immunocompetent CD1 mice, lung spheroid cell-secretome
(LSC-Sec) and exosomes (LSC-Exo) derived from human
LSCs generated from whole lung samples were administered
by inhalation to treat fibrosis progression. Starting at day 10
mice received daily nebulized inhalations for seven consecutive
days with a dose of 10 mg of secretome protein per kg of body
weight or 10 × 109 exosomes particles per kg of body weight or
an equal volume of PBS (Dinh et al., 2020). The results
demonstrated that both LSC-Sec and LSC-Exo treatments
could attenuate and resolve bleomycin-induced lung fibrosis,
restoring normal alveolar structure and decreasing both
collagen accumulation and myofibroblast proliferation.
Indeed, they showed that LSC-Exo reproduced part of the
regenerative potency of the full secretome, while LSC-Exo
overcame MSC-Exo in resolving pulmonary fibrosis and
healthy lung function (Dinh et al., 2020).

Shentu and co-workers demonstrated in in vitro studies that
MSC-derived EVs can play an antifibrotic role demonstrating
down-regulation of TGF-β induced differentiation of isolated
lung fibroblasts into myofibroblast, interaction with resident
myofibroblasts through Thy 1, and delivery of miRNAs
targeting profibrotic genes. To this purpose, MSC-EVs bearing

miR-630, a powerful suppressor of pro-fibrotic genes in lung
fibroblasts, was used to reduce α-SMA expression in lung
fibroblasts (Shentu et al., 2017; Fujita et al., 2018). Mansouri
and collaborators demonstrated that human BM-MSCs-derived
exosomes prevented and reverted experimental pulmonary
fibrosis along with the modulation of monocyte phenotypes in
bleomycin mice model (Mansouri et al., 2019). In particular, they
initially evaluated the preventive effect of a single dose of human
BM-derived MSCs (Mex) administered concurrently with
endotracheal administration of bleomycin in 14-week-old mice
on day 0. The results demonstrated that at day 7, Mex
administration significantly reduced the bleomycin-induced
pulmonary fibrosis and restored collagen content to levels
similar to their bleomycin untreated-counterparts. In parallel
studies, Mex administration at either day 7 or on day 21
decreased collagen content compared to control animals,
although the administration after 21 days was not able to
decrease the Aschroft score (Mansouri et al., 2019). Since it is
known that in lung diseases LR-MSCs can migrate from their
tissue niche toward the alveolar space and can be recovered from
the BAL fluid, LR-MSCs EVs have been isolated from BAL fluid
(Sinclair et al., 2016; Shah et al., 2019). To this purpose, Martin-
Medina et al.; isolated EVs from BALF collected from mice
14 days after intratracheal bleomycin, IPF patients, non IPF
ILD patients, non ILD patients where BALF was performed
for diagnostic evaluation (unclear cough) and ILD was
excluded, and healthy volunteers as controls. The EVs were
then characterized by transmission electron microscopy,
nanoparticle tracking analysis, and Western blotting which
demonstrated increased number of exosomes, according to
their size distribution, in BALF from experimental lung
fibrosis (bleomycin mouse model) and from patients with IPF
compared to patients with non- ILD/non-IPF ILD. Notably, EVs
from IPF BALF stimulated Wnt5A-mediated proliferation of
primary human lung fibroblasts in in vitro studies (Martin-
Medina et al., 2018).

CLINICAL STUDIES INVOLVING
MESENCHYMAL STROMAL/STEM CELLS
IN LUNG FIBROSIS

Clinical studies of MSCs administration in IPF patients to date
have mainly consisted of small phase I safety investigations.
MSCs are known to express major histocompatibility complex
I (MHC I) and lack MHC II expression, a mechanism that allows
them to escape immune host reaction. However, when MSCs are
systemically infused, the high level of procoagulant tissue factor
(TF) expressed might trigger the instant blood-mediated
inflammatory reaction (IBMIR) with potential lethal
consequences for patients. Thus, it has become crucial to find
strategies aiming at modulating MSCs hemocompatibility in
order to increase safety and efficacy of intravascular MSCs
therapies (Moll et al., 2019). Focusing on IPF, the first phase I
trial performed by Tzouvelekis et al.; showed safety of MSCs
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application. This was a phase Ib, non-randomized, open label
clinical trial to study the safety of three endobronchial infusions
of autologous adipose derived stromal cells (ADSCs)-stromal
vascular fraction (SVF) in patients with IPF (n � 14) of mild
to moderate disease severity. They showed an acceptable safety
profile with attributable serious short and long-term adverse
events in all patients. However, there was no apparent
suggestion of efficacy and the study was not designed to detect
efficacy (Tzouvelekis et al., 2013). Another phase I safety clinical
trial (AETHER) utilized a single intravenous infusion of
allogeneic BM-MSCs in nine patients with mild to moderate
IPF. No serious adverse events as death, pulmonary embolism,
stroke and hospitalization for worsening dyspnea were observed
through 60 weeks although two deaths occurred because of
progression of IPF. Secondary exploratory end points
demonstrated a decline in % predicted FVC and DLCO below
the defined thresholds for IPF disease progression, however, this
non-controlled trial was not designed to evaluate changes in lung
function (Glassberg et al., 2017). However, as the pre-clinical
data, to date, more strongly suggests a potential beneficial role of
MSCs administration in reducing inflammation and preventing
development of fibrosis rather than reversing established fibrosis,
it would be informative to explore the effect of MSCs
administration in an acute exacerbation of IPF for instance
following a respiratory virus infection. However, to the best of
our knowledge there are not as yet pre-clinical studies based on
the induction of experimental respiratory virus infection in mice
with bleomycin-induced fibrosis treated with
administered MSCs.

CONCLUSION AND FUTURE
PERSPECTIVE

There are multiple potential roles of MSCs in lung fibrosis. On
one hand, given the lessons learned from preclinical studies,
further strategies can be developed in which exogenously
administered MSCs might contribute to prevent disease
progression or might even revert established lung fibrosis,
suppressing inflammation and supporting alveolar repair.
This will involve further clarification on the route and timing
of MSCs administration, source and age of MSCs administered
and other factors that have thus far given rise to the
heterogeneous results of available preclinical data. On the
other hand, lung resident MSCs might contribute to IPF
pathogenesis and progression as they might differentiate into

myofibroblast following lung damage. Moreover, whereas the
role of LR-MSCs in lung fibrosis pathology is still being
elucidated, it remains presently unknown whether healthy
LR-MSCs could potentially restore/rescue this function. Since
the microenvironment to which MSCs are exposed seems to
regulate function and to affect further cellular development, it is
arguable that healthy LR-MSCs might have a therapeutical effect
in terms of lung regeneration. Thus, further work on
characterizing MSCs from different sources, including LR-
MSCs, in terms of function, phenotype and secretome will
contribute to a greater understanding of the mechanism of
disease in the aim of developing specialized and targeted
approaches to treat lung fibrosis. Furthermore, besides the
characterization of different MSCs sources, the gene therapy
based on a deeper knowledge of molecular scenario of MSCs
after their administration, would improve their potency and
potentiate their effect to treat specific disease.
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GLOSSARY

IPF idiopathic pulmonary fibrosis

IIPs idiopathic interstitial pneumonias

MSCs mesenchymal stem cells

ECT2 epithelial cell transforming sequence 2

AECI alveolar epithelial cells 1

AECII alveolar epithelial cell 2

AEP alveolar epithelial progenitor

TGF-β1 transforming growth factor beta 1

PDGF platelet-derived growth factor

VEGF vascular endothelial growth factor

FGF fibroblast growth factor

IL-1 interleukin 1

TNF-α tumor necrosis factor-alpha

ERS endoplasmic reticulum stress

EMMPRIN extracellular matrix metalloproteinase inducer

CXCL12 C-X-C motif chemokine 12

CCL2 chemokine C-C motif ligand 2

EMT epithelial mesenchymal transition

α-SMA alpha smooth-muscle actin

Shh sonic hedgehog

PTEN phosphatase and tensin homologuephosphatase and TENsin
homolog

INFγ interferon γ

PDGFRα platelet-derived growth factor receptor A

ABCA3 ATP binding cassette subfamily A member 3

DKC1 dyskerin pseudouridine synthase 1

TP53 tumor protein P53

TOLIP toll interacting protein

MUC5B mucin 5B

ECM extracellular matrix

BM bone marrow

hMSCs human mesenchymal stem cells

KGF keratinocyte growth factor

ARDS acute respiratory distress syndrome

Thy-1 or CD90 cluster of differentiation 90

BAL bronchoalveolar Lavage

SASP senescence associated secretory phenotype

uMSCs umbilical cord derived Mesenchymal Stem Cells

DLCO diffuse lung coefficient for carbon dioxide

Igfb insulin growth factor binding protein

FVC forced vital capacity

CT computed tomography

ADMSCs adipose tissue-derived mesenchymal stem cells

GEF guanine nucleotide exchange factor

CTGF connective tissue growth factor

EV extracellular vesicles

PI3K phosphatidylInositol 3-Kinase

TCF T cell factor

miRNA micro RNA

MVs micro vesicles

MHC I major histocompatibility complex I

HGF hepathocyte growth factor

IDO-1 indolamine 2,3-dioxygenase-1

IL-1Ra IL-1 receptor antagonist

PGE2 prostaglandin E2

PTEN phosphatase and tensin homologuephosphatase and TENsin
homolog

NK natural killer cells

YAP yes-associated protein

TAZ transcriptome coactivator with PDZ-binding motif

ECs endothelial cells

GLI1 transcription factors glioma-associated homologue

MHC-1 major histocompatibility complex I

BLM bleomycin

CS cigarette smoke

SFPTA1 surfactant protein 1

CDKN1A cyclin dependent kinase inhibitor 1A

TERT telomerase reverse transcriptase

MCC mucociliary clearance

MCP1 CCL2 monocyte chemotacticprotein 1

SDF1 stromal cell-derived factor 1

TIMP tissue inhibitors of metalloproteinase

BDNF brain-derived neurotrophic factor

NGF nerve growth factor

CINC-1 cytokine-induced neutrophil chemoattractant 1

AT-MSCs adipose tissue-derived mesenchymal stem cells

COPD chronic obstructive pulmonary disease

LSC-Sec lung spheroid cell-secretome

LSC-Exo lung spheroid cell exosomes

lncRNAs long non coding RNA
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Assessment of Lentiviral Vector
Mediated CFTR Correction in Mice
Using an Improved Rapid in vivo Nasal
Potential Difference Measurement
Protocol
P. Cmielewski 1,2,3*, J. Delhove1,2,3, M. Donnelley1,2,3 and D. Parsons1,2,3

1Respiratory and Sleep Medicine, Women’s and Children’s Hospital, Adelaide, SA, Australia, 2Robinson Research Institute,
University of Adelaide, Adelaide, SA, Australia, 3Adelaide Medical School, University of Adelaide, Adelaide, SA, Australia

Cystic Fibrosis (CF) is caused by a defect in the CF transmembrane conductance
regulator (CFTR) gene responsible for epithelial ion transport. Nasal potential difference
(PD) measurement is a well established diagnostic technique for assessing the efficacy of
therapies in CF patients and animal models. The aim was to establish a rapid nasal PD
protocol in mice and quantify the efficacy of lentiviral (LV) vector-based CFTR gene
therapy. Anaesthetised wild-type (WT) and CF mice were non-surgically intubated and
nasal PD measurements were made using a range of buffer flow rates. Addition of the
cAMP agonist, isoproterenol, to the buffer sequence was then examined. The optimised
rapid PD technique was then used to assess CFTR function produced by second and
third generation LV-CFTR vectors. V5 epitope tagged-CFTR in nasal tissue was identified
by immunohistochemistry. When intubated, mice tolerated higher flow rates.
Isoproterenol could discriminate between WT and CF mice. Improved chloride
transport was observed for the second and third generation LV-CFTR vectors, with
up to 60% correction of the cAMP-driven chloride response towards WT. V5-CFTR was
located in ciliated epithelial cells. The rapid PD technique enables improved functional
assessment of the bioelectrical ion transport defect for both current and potential CF
therapies.

Keywords: gene therapy, lentival vector, potential difference measurement, CFTR, mouse models

INTRODUCTION

Cystic fibrosis (CF) is one of the most common autosomal recessive genetic disorders in the Caucasian
population, with the majority of the mortality and morbidity due to lung disease. CF is caused by a
defect in the CF transmembrane conductance regulator (CFTR) gene, which results in abnormal CFTR
protein levels. CFTR is classified as an adenosine triphosphate (ATP)-binding cassette transporter, and
transports chloride (Cl−) and bicarbonate ions across the membranes of cells predominantly in the
lungs, liver, pancreas, intestinal tract, reproductive tract and skin (Boucher, 2002; Davis, 2006; Quinton,
2008). The CFTR protein is primarily located on the apical surface of epithelial cell membranes, where
the chloride ion channel transports salt and fluid across the epithelium to maintain surface hydration
(i.e., transepithelial transport) (Riordan et al., 1989; Welsh et al., 1992).
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CFTR electrolyte transport can be measured electrically as the
transepithelial potential difference (PD). This technique involves
using a sensitive high-impedance voltmeter to measure the
voltage between a fluid-filled sensing electrode in the nose and
a reference electrode placed elsewhere into the body (Knowles
et al., 1981). The use of a fluid-filled electrode enables solutions
that alter ion channel conductances to be introduced into the
nasal cavity, and the resulting electrical responses related to
specific ion channels can then be assessed.

As a consequence of the Cl− defect in CF airways, a raised PD
measurement can be used as a diagnostic tool (Middleton et al.,
1994). The electrical characteristic of a CF airway is a greater
negative (hyperpolarized) potential across the nasal airway at
baseline, a large depolarization (more positive) in response to the
sodium (Na+) channel blocker amiloride, and a reduced or absent
response to the effect of a chloride-free environment compared to
normal and heterozygous/carriers for CF (Knowles et al., 1981).
There is also an impaired response to Cl− stimulation in the
presence of the β-adrenergic agonist isoproterenol (Iso) in the
nasal airways of CF patients (Wilschanski et al., 2006; Bienvenu
et al., 2010), a finding also noted in the lower airways in both
paediatric and adult CF populations (Davies et al., 2005).

The ability to accurately measure the PD in vivo is
particularly important when assessing therapies that alter
CFTR, such as airway gene therapies that deliver a correct
copy of CFTR to airway cells (De Boeck et al., 2013). To
determine the effectiveness of a lentiviral (LV) gene therapy
in live intact CF mice, we have used a well-established
transepithelial PD technique in the nasal airways, originally
based on the method described by Parsons et al. (2000), and
subsequently used in a longitudinal study to measure the
persistence of CFTR lentiviral airway gene therapy
(Cmielewski et al., 2014). A range of other LV gene therapy
studies for CF have utilised PD measurements as an outcome
measure (Limberis et al., 2002; Stocker et al., 2009; Alton et al.,
2017; Reyne et al., 2021).

The PD method identifies defects in the Cl− transport levels
across nasal epithelia by delivering a range of Krebs-Ringer
Buffers (KRB) in a multi-step process beginning with normal
basal KRB, and then sequentially adding amiloride and then low
chloride (LC) KRB under amiloride. It can be used to assess the
differences between normal and CF CFTR channel function by
measuring Na+ hyperabsorption using baseline KRB and the
response to the Na+ channel blocker, amiloride. An electrical
gradient produced by perfusing LC KRB is required to assess Cl−

movement across the airways, and the change or lack of change in
PD can be a determinant of CFTR function.

CFTR can also regulate other membrane proteins such as the
up-regulation of an alternate outwardly rectifying Cl− channel
(Egan et al., 1992; Gabriel et al., 1993) and the inwardly
rectifying renal outer medullary potassium channel (Hryciw
and Guggino, 2000). The introduction of cyclic adenosine
monophosphate (cAMP) agonists, ATP or CFTR inhibitors
in the perfusion fluid sequence can aid in not only
distinguishing between CF and non-CF, but also quantify the
success of a functional CFTR treatment (Rowe et al., 2011).
However, the use of an increased number of KRBs means that

fluid delivery to a mouse’s nasal airways can accumulate both in
the nasal passages and the lungs, disrupting nasal PD readings
and causing respiratory difficulties. To attempt to mitigate these
interferences we have previously used small volumes and slow
flow rates. However, the result has been that each solution is
slow to achieve a plateau, which typically takes up to 20 min per
solution (e.g., three solutions can take up to 60 min). As a result,
we cannot use as many perfusion choices as desired without
dramatically increasing study time, and increasing the risk of
adverse animal outcomes. Together, all of these issues can
compromise the characterisation of channel function in vivo.
An ideal system would allow more rapid perfusion flow rates to
increase the number of KRB solutions that can be
accommodated in a nasal PD measurement run, such as the
β-agonist Iso, enabling assessment of CFTR function by cAMP-
driven Cl− transport without causing respiratory or anaesthesia
issues.

This study had two objectives. Firstly, we examined whether
the use of non-surgical intubation to maintain a patent airway
throughout the PD procedure would allow higher flow rates and
additional fluid perfusion solutions to be delivered, enabling
improved characterisation. Secondly, we determined the ability
to detect the functional effects of second and third generation LV-
CFTR gene addition vectors in CF murine airways using this new
rapid nasal PD protocol in mice.

METHODS

All animal studies were approved by the Animal Ethics
Committee’s of the University of Adelaide (M-2015–100, M-
2015–101, M-2017–083) and theWomen’s and Children’s Health
Network, Adelaide (AE1007 and AE1008).We first compared our
standard nasal PD perfusion flow rate with increased flow rates in
intubated wild-type (WT) mice to determine the optimum flow
rate. That optimal flow rate was then applied to measuring the
nasal PD in WT and CF mice using our standard KRB solutions.
The addition of the β-agonist, Iso, in the KRB sequence was then
examined in both WT and CF mice, using the newly optimised
intubation assisted rapid PD method, to assess the benefits
provided by this additional perfusion solution.

The new rapid PD method was next tested by assessing the
success of a second generation nasal LV-CFTR gene addition
treatment in CF mice to correct the electrophysiological defect
and determine its repeatability. The efficacy of a more clinically-
relevant third generation LV-CFTR vector with and without an
epitope tag was also examined.

Nasal Potential Difference
The PD measurement system was configured as previously
described (Supplementary Figure 1) (Cmielewski et al., 2010;
Cmielewski et al., 2014). Briefly, the end of a fine microloader
pipette tip (Cat #5242 956.003, Eppendorf™, Germany) was
inserted into one nostril of an anaesthetised mouse to a depth
of 2.5–3 mm, and a fluid circuit was created by attaching the
pipette tip to fine polyethylene tubing (PE-10, Cat # I-10338,
SteriHealth, Australia) connected to agarose bridges (3% w/v in
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0.9% NaCl), and to calomel electrodes (Hg2Cl2 in 3 M KCl, Cole-
Parmer Instruments, United States). The reference needle-
electrode was inserted subcutaneously into the abdomen of the
mouse. The resulting electrical signal was displayed in millivolts
(mV) using an Iso-Millivolt meter (World Precision Instruments,
United States) and recorded using a PASPort Sensor (Pasco
Scientific, United States) connected to a laptop using
DataStudio Version 10 (Pasco Scientific, United States).

Flow Rates
Normal C57Bl/6 wild-type (WT) and knock-out CF (cftr(tm1unc)-
Tg (FABp-CFTR)/1Jaw) mice (2–6 months of age) were
anaesthetised with an intraperitoneal injection of a mix of
medetomidine (1 mg/kg) and ketamine (75 mg/kg). To permit
normal breathing during the increased rate of solution perfusion
the mice were non-surgically intubated with an 20 G cannula (BD
Insyte™ i. v. cannula) and fibre optic light as previously described
(Cmielewski et al., 2017). Following all recovery procedures,
anaesthesia was reversed using atipamezole (1 mg/kg), and
mice were kept warm on a heating mat or in a pre-warmed
incubator until fully recovered.

We first examined the feasibility of infusion rates of 10, 20 and
50 μl/min and compared these to our standard 1 μl/min in the
same animal, using normal basal (B) and LC KRB to determine an
optimal flow rate in WT mice (B, LC; n � 4). The sequence
of infusion rates was performed in the same animal from 1 to
50 μl/min (n � 2) and in the reverse order from 50 to 1 μl/min
(n � 2) to eliminate fluid bias.

The standard slow infusion rate (1 μl/min, non-intubated) was
then compared to the optimal infusion rate (20 μl/min; see
Results) in both WT and CF mice, using the addition of the
Na+ channel blocker amiloride (A) and the cAMP driven Iso to
the fluid sequence (B, B + A, LC + A; n � 9). However, the length
of anaesthesia and fluid overload that occurred when using the
1 μl/min infusion rate resulted in rejection of the nasal PD
recordings due to poor signal quality. Therefore the final
solution of LC + A + Iso was only compared at the higher
infusion rate group in which all mice were intubated (B, B + A,
LC + A, LC + A + Iso; n � 5–9). When PD measurements were
repeated in an animal, a minimum gap of one week was used
between procedures to enable the airway epithelium to recover
from any physical disturbances that may have occurred due to
previous placement of the recording/perfusion cannula.

Cloning of the V5 Epitope Tag Into the
CCL-CFTR Vector
PCR amplification of the third generation lentiviral backbone,
CCL-EF1α-CFTR, was performed using primers containing a
Kozak sequence (bold), the V5 amino acid sequence (underlined),

and a serine/glycine polypeptide linker (italics). The resulting
vector contained an N-terminus V5-tagged CFTR whose
expression was driven by the human elongation factor-alpha
(EF1α) promoter. The V5 tag is used as a surrogate marker of
CFTR as immunological detection of CFTR is generally very
poor, whereas antibodies directed against the V5 epitope have
high binding affinity and specificity (Table 1). The PCR
parameters were: initial denaturation at 98°C for 40 s, followed
by 18 cycles of 98°C for 20 s, 70–65°C (−0.3°C/cycle) for 20 s, 72°C
for 5 min 30 s followed by a further 20 cycles of 98°C for 20 s, 65°C
for 20 s, 72°C for 5 min 30 s, and a final elongation step of 72°C for
10 min. PCR product was fused using In-Fusion cloning to
generate the pCCL-EF1α-V5-CFTR vector (designated CCL-
V5-CFTR).

Vector Production and Titering
Three LV-CFTR vectors pseudotyped with the vesicular
stomatitis virus carrying the glycoprotein G (VSV-G) were
produced by a range of large or small scale production
methods, utilising the transient transfection of HEK293T cells,
depending on experimental needs.

For the repeatability experiment, a second generation HIV-1
based (WT 5′ LTR) LV-CFTR under the EF1α promoter was
produced by calcium phosphate coprecipitation in large-scale
multilayer cell factors with a five plasmid trans-activating
regulatory protein (Tat) dependent system, as previously
described (Rout-Pitt et al., 2018). LV vector was diluted in
FreeStyle™ 293 Expression Medium (Cat # 12338018, Life
Technologies Corp, United States). The titre was determined
by transducing NIH 3T3 cells, followed by quantitative real time
PCR (CFX, BioRad, Australia) of proviral genomic DNA
obtained after 4 weeks of culturing the transduced cells to
dilute out potential contaminating plasmid DNA (Anson et al.,
2007).

For the comparison experiments, small-scale production of
third generation LV, either with or without a V5 tag using a CCL
backbone (partially deleted 5′ LTR fused to CMV enhancer/
promoter) under the EF1α promoter was performed as previously
described (Buckley et al., 2015). Transcription in third generation
vectors is initiated by the chimeric CMV promoter within the
viral LTR (Dull et al., 1998). A deletion in the 3′LTR of the third
generation vector abolishes the probability of full-length viral
mRNA being produced and packaged following initial
transduction (Zufferey et al., 1998), a significant safety feature
that is currently required for any clinical vector. This four
plasmid, tat-independent system consisted of 50 µg transfer
plasmid, 32.5 µg pMDLg/RRE (gag-pol), 17.5 µg pMD2. G
(VSV-G env), and 17.5 µgpRSV-Rev. LV vector was
resuspended in OptiMem (Cat # 31985070, Life Technologies
Corp, United States). Vectors were titered using a p24 ELISA kit

TABLE 1 | Primer and V5 sequences used to PCR amplify the pCCL-EF1α-V5-CFTR vector.

V5-forward ggatagcaccagcggcggcggcggcagcggcggcagcatgcagaggtcgcctctggaaaaggccag
V5-reverse cgccgccgctggtgctatccaggcccagcagcgggttcggaatcggtttgcccatggtggcggtctctcacga

cacctgaaatggaagaaaaaaactttgaaccactg
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(Cat # 080111, ZeptoMetrix, United States) as per manufacturer’s
instructions using dilutions of 10−8.

Immunocytochemistry for V5
The presence of the V5 tag in the third generation CFTR vector
was validated in cell culture via immunocytochemistry (ICC)
prior to delivery to animals. HEK293T cells were transduced
with VSV-G pseudotyped CCL-V5-CFTR lentivirus. Samples
were fixed in 4% paraformaldehyde for 10 min at room
temperature before being washed in PBS. Cells were
permeabilised by incubation in 1% bovine serum albumin
(BSA) in PBS containing 0.1% Triton-X 100 for 10 min at
room temperature. Cells were washed in PBS and blocked
with 1% BSA in PBS for 1 h at room temperature. Samples
were incubated in rabbit anti-V5 antibody (1:600) (Cat # 13,202,
Cell Signalling Technologies, United States) diluted in 1% BSA +
PBS +0.1% Tween-20 (PBST) overnight at 4°C. Samples were
washed with 0.1% PBST before being incubated in donkey anti-
rabbit Alexa Fluor 488 (1:600) (Cat # ab150073, Abcam,
United Kingdom) diluted in 1% BSA + 0.1% PBST for 1 h at
room temperature. Cells were washed in 0.1% PBST before
incubation in DAPI for 5 min followed by rinsing in 0.1% PBST.
The presence of V5 immunofluorescence was confirmed using a
Nikon Eclipse Ts2 microscope with NIS-Elements imaging
software Version 5.20.00.

Nasal LV-CFTR Delivery
In all CFTR gene delivery studies, mice were anaesthetised as
above and suspended by their front incisors and a single bolus of
4 µl 0.3% lysophosphatidylcholine in phosphate buffered saline
(PBS) was pipetted into the right nostril. One hour later, 20 µl (2 ×
10 µl aliquots) of LV-CFTR was delivered to the same nostril in
the same manner. Anaesthesia was reversed, animals were
allowed to recover, and the rapid PD method was tested at
baseline (pre-LV delivery) and at least one week after LV-
CFTR delivery.

A second generation, VSV-G pseudotyped LV vector
expressing CFTR from the constitutively active EF1α
physiological promoter was produced and resuspended in
FreeStyle™ media and tested in CF mice (n � 9). The
repeatability of this new rapid PD method was tested at
baseline, one and two weeks after LV-CFTR delivery. We then
examined the more clinically relevant CCL third generation LV
vector resuspended in OptiMem. Vectors with and without a V5
epitope tag (n � 5) were tested to evaluate histological detection of
the tag as a surrogate for CFTR presence. PD assessment was
performed one week after nasal administration, and compared to
baseline.

After the last PD measurement mice were humanely killed by
carbon dioxide asphyxiation. Following decapitation the fur was
removed and heads were placed into 10% formalin for at least
24 h, and the bone was decalcified with 25% EDTA at 37°C for
2–3 days. Samples were transferred to 70% ethanol and, once the
lower jaw was removed, the heads were sliced into several
standard locations (Mery et al., 1994; Kremer et al., 2007),
paraffin embedded and 5 µm sections mounted onto 0.85%
3-aminopropyltriethoxysilane (Cat #A36487, Sigma-Merck,

United States) coated glass microscope slides prior to V5
epitope immunostaining.

Immunohistochemistry for V5
Sections of mouse nasal samples and archival rat lungs treated
with CCL-V5-CFTR lentivirus as a positive control (McIntyre
et al., 2018; Reyne et al., 2021) were deparaffinised by immersion
in xylene twice for 10 min. Slides were brought to water through
decreasing concentrations of ethanol with a final rinse in distilled
water. Antigen retrieval was performed by heating slides in a
10 mM sodium citrate buffer at pH 6.0 until boiling followed by
simmering for 20 min. Once cooled to room temperature, slides
were rinsed in 0.05% PBST, permeabilised in 0.3% Triton-X 100
in PBS for 10 min and again rinsed with 0.05% PBST. Sections
were blocked for 1 h at room temperature with 1% BSA in PBS
and then incubated with goat anti-V5 primary antibody (1:300)
(Cat # ab95038, Abcam, United Kingdom) diluted in 1% BSA +
0.1% PBST overnight at 4°C. Tissue sections were rinsed in 0.05%
PBST and incubated in donkey anti-goat Alexa Fluor 568 (1:400)
(Cat # ab175704, Abcam, United Kingdom) made in 1% BSA +
0.1% PBST for 1 h in the dark. Samples were washed with 0.05%
PBST, counterstained with DAPI for approximately 10 min,
washed again, and mounted with ProLong™ Diamond
antifade mounting media (Cat #P36961, Life Technologies,
United States). Negative controls of mouse nasal tissue that
did not receive the CCL-V5-CFTR vector were included, as
well as reagent only, and secondary only antibody controls.
Slides were visualised for the presence of V5 under an
Olympus BX51 research-grade optical microscope DIC with
AnalySIS imaging software, with ciliated cells identified based
on their distinct morphology.

Statistics
Statistical analyses were performed using GraphPad Prism
Version 8 (GraphPad Software Inc., United States) with
statistical significance set at p � 0.05 and power ≥ 0.8. All data
are expressed as mean ± SEM, unless stated elsewhere. Standard
paired or unpaired t-tests were performed between pre- and post-
data, or when there were two treatment groups, respectively.
Multiple treatment groups were analysed by one-way analysis of
variance (ANOVA) or repeated measures (RM ANOVA) as
appropriate, with post-test multiple comparisons. If data failed
normality, non-parametric methods were used.

RESULTS

Nasal Potential Difference Flow Rates
When intubated, the mice tolerated the higher flow rates (10,
20, 50 μl/min) without any incidents. For the higher flow
rates there was no significant difference in PD measurements
(Figure 1) for Basal, LC KRB, or the change in nasal PD
(ΔPD) in normal mice under LC conditions, when compared
to our standard infusion rate of 1 μl/min (n.s., RM
ANOVA, n � 4).

The optimal flow rate for rapid and consistently stabilised PD
recordings was the 20 μl/min infusion rate, which resulted in a
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typical mean reduction in PD assessment time for each solution
to reach a stable plateau averaging from 16.4 min/solution (range
of 12–32 min), to 6.5 min/solution (range of 5–12 min),
i.e., 2.5 times faster. This reduction in time allowed for more
KRB solutions to be added in the sequence without health or
welfare issues related to potential morbidities associated with
lengthy anaesthesia.

There was no significant difference in nasal PD when the 20 µl
flow rate was compared to our standard 1 μl/min rate for both
WT and CF mice with the addition of amiloride in the KRB
sequence (Figure 2). When performed at the 20 µl flow rate the
cAMP agonist isoproterenol could also be included in the KRB
sequence for both WT (Figure 3A) and CF mice (Figure 3B)
without any fluid overload issues or anaesthesia related
morbidities. CF and WT mice displayed significantly different
nasal ΔPD responses to the addition of amiloride in basal KRB
(p < 0.0001; Figure 3C) and LC + A perfusion (p < 0.0001;
Figure 3D). The addition of isoproterenol under the LC + A
perfusion was also significantly different between CF and WT
mice (p < 0.01; Figure 3E). These results demonstrate that the

rapid method can characterise the altered nasal ion channel
function in the CF animals.

Nasal LV-CFTR Delivery
Following the successful introduction of the β-adrenergic agonist,
isoproterenol, to the KRB sequence, we next tested if our new rapid
PD technique could detect whether CFTR gene delivery corrected the
electrophysiological defect in CF mouse nasal airways towards a more
normal phenotype, and whether the measurements were repeatable.
Second generation LV-CFTR vector was diluted in FreeStyle™
Medium, and delivered at a titre of 5.3 x108 TU/ml. A typical nasal
PD trace of a mouse that received LV-CFTR after 1 week is shown in
Figure 4A. When compared to baseline there was a significant
depolarisation in ΔPD response to amiloride one week after delivery
of LV-CFTR, but thiswas not detected atweek two (Figure 4B, p< 0.05,
RMANOVA, n � 9). In contrast, a significant hyperpolarisation (more
negative response towards wildtype) to overall Cl− transport was
present after 2 weeks (Figure 4C, p < 0.01, RM ANOVA, n � 9),
corresponding to an approximate 32% correction. Importantly, a
significant hyperpolarisation to the isoproterenol cAMP driven Cl−

FIGURE 1 | Nasal PD measurements at different infusion rates in WT mice. (A) Typical nasal PD trace showing the reproducibility of the rapid PD method (here,
alternating basal and low chloride perfusions) in the same animal. The mean response following (B) Basal (B), (C) Low chloride (LC) KRB and (D) the difference between
LC and Basal (ΔLC), n.s. Dunnett’s RM ANOVA, mean±SEM, n � 4.
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transport was present at both 1 and 2 weeks (Figure 4D, p < 0.01 and
p < 0.05, respectively, RM ANOVA, n � 9), which corresponds to
approximately 60% correction towards a normal wildtype bioelectrical
functional response. These data suggest the chloride ion transport inCF
mouse nasal airways was shifted towards a wildtype response following
delivery of a second generation LV-CFTR vector.

Third Generation LV-CFTR Vectors
To move towards a gene therapy for human CF airway disease a
more clinically relevant LV vector was developed. Third
generation CCL-CFTR vectors were constructed with and
without a V5 tag (∼2.9 × 109 vp/ml).

There was no difference in the ΔPD to the sodium channel
blocker amiloride for all constructs 1 week after LV-CFTR
delivery compared to baseline (Figure 5A) as expected. At one
week, there was a hyperpolarisation of the ΔPD chloride response
in the presence of amiloride however this did not reach
significance for both third generation LV vectors (Figure 5B,
n. s, paired t-test, n � 5).

In the mice that received the third generation CCL-V5-CFTR
vector, but not the CCL-CFTR vector, the addition of the β-agonist
Iso in the KRB sequence resulted in a significant change towards a
normal bioelectrical response (Figure 5C, p < 0.05, paired t-test,
n � 5). Furthermore there was no significant difference between the
CCL-CFTR and CCL-V5-CFTR versions (n. s, unpaired t-test, n �
5), suggesting that the V5 epitope does not compromise exogenous
CFTR functionality.

Immunocytochemistry and
Immunohistochemistry Validation and
Detection of V5
Following cloning of the V5 epitope tag into the CCL-CFTR lentiviral
vector, detection of the V5 tag was performed by ICC.HEK293T cells
were transduced with the modified V5-containing lentiviral vector,
and the V5 tag was clearly detected using a V5-specific antibody
(Figure 6A). V5 was detected in ciliated cells in nasal histological
sections in mice that received the third generation CCL-V5-CFTR

FIGURE 2 | Characteristic nasal PD response of (A,C,E)WT (blue circle) and (B,D,F) CF mice (red triangle) after 1 and 20 μl/min performed 1 week apart following
an infusion of basal KRB (top panels), basal + amiloride (B + A) (middle panels) and Low chloride + amiloride (LC + A) (bottom panels). No significant difference (n.s.)
between 1 vs. 20 µl/min infusion rate, paired t-test, mean±SEM, n � 9).

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 7144526

Cmielewski et al. Rapid nasal PD protocol

217

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


vector, validating its suitability to be used as a surrogate marker for
CFTR protein detection (Figure 6B). Archival samples of rat lung
transduced with the same vector were used as a positive control for
immunohistochemistry (IHC), as they contained V5 staining within
several bronchioles (Supplementary Figure 2). There was no V5
detected in any negative control samples from untreated CF animals.

DISCUSSION

In this paper we describe a rapid nasal PD method in a CF mouse
model, in conjunction with non-surgical lung intubation, which
provides greatly improved nasal PD measurement capability
compared to previously described techniques (Cmielewski
et al., 2014). Use of this approach eliminated potential adverse
effects due to fluid accumulation in the lungs, and improved
animal PD assessment throughput four-fold.

In other studies a slow rate of fluid perfusion, in conjunction with
intubation assisted by oxygen supplementation with the mouse at a 15°

head down tilt angle, has shown to be successful, however their
approach was limited due to anaesthesia constraints (MacDonald
et al., 2008). Other researchers have also used buffer solutions
containing compounds that cannot be used clinically, low buffer

infusion rates that could restrict their timing/recording of solutions,
anddifferent anaesthetics andbodyorientations (daCunha et al., 2016).
In contrast, in the present study we ensured that all infusions came to a
steady-state plateau for accurate PD measurement, and the faster
infusion rate allowed for the overall anaesthesia time to be reduced.

The faster infusion rate also allowed for the inclusion of additional
perfusion solutions to further discriminate specific changes in the
bioelectrical defect responsible for CF. Use of the β-agonist
isoproterenol in the perfusion sequence allowed for measurement
of cAMP directed chloride transport. Isoproterenol KRB is a clinically
relevant perfusion used for phenotyping CF patients and for
measuring the success of new treatments such as CFTR
modulators (Pranke et al., 2017). Our rapid PD technique was
also highly reproducible, enabling the same animal to have
multiple assessments over time, which is a prerequisite for testing
and monitoring CFTR therapies such as gene or cell addition, new
CFTR modulators, or new drug treatments. Together, all of our
changes have improved the quality and speed of nasal PD assessment.

We also demonstrated successful gene correction of the
electrophysiological bioelectrical defect in the nasal airways of CF
mice using a LV-CFTR under the non-viral human physiological
EF1α promoter. Although this new vector was applied at
approximately 40x lower titre than our previous LV-CFTR vector

FIGURE 3 | Nasal PD trace of (A) WT and (B) CF mice following infusion of KRB basal (B), basal + amiloride (B + A), Low chloride + amiloride (LC + A) and Low
chloride + amiloride + isoproterenol (LC + A + Iso). ΔPD in WT (blue circle) and CF (red triangle) mice after (C) the addition of amiloride (B + A), (D) Low chloride (LC + A)
and (E) the agonist isoproterenol (LC + A + Iso) into the sequence at the 20 μl/min infusion rate (**p < 0.01, ****p < 0.0001, t-test, mean±SEM, n � 5–9).
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driven by the simian virus 40 promoter (Cmielewski et al., 2014), the
level of correction of the electrophysiological defect observed here
could provide a therapeutic benefit. Importantly, the third generation
lentiviral vector–with lower titre, non-viral internal promoter and
improved safety profile–provided not only correction of the chloride
defect inmurine nasal airways, but is amore clinically relevant vector
that may be useful for future human CFTR gene therapy trials
(White et al., 2017; Marquez Loza et al., 2019).

We have confirmed for the first time in mice that the
N-terminus epitope tagging with V5 did not affect CFTR
function, and was used to successfully detect CFTR
expressing cells in the desired airway regions, i.e., in mouse
ciliated nasal epithelium. Third generation batch titres were
slightly higher than the second generation, but this may be a
consequence of the titering assay. The method of detection of
viral titre for the third generation vector was based on total p24

FIGURE 4 | (A)Nasal PD trace of a CFTR treated CFmouse following infusion of KRB basal (B), basal + amiloride (B + A), Low chloride + amiloride (LC + A) and Low
chloride + amiloride + isoproterenol (LC + A + Iso). ΔPD in CF mice before (Baseline), 1 and 2 weeks after second generation LV-CFTR gene addition to nasal airways
following (B) Basal + Amiloride (B + A), (C) Low chloride under amiloride (LC + A) and (D) LC + A and isoproterenol (Iso) in KRB at the 20 μl/min infusion rate (*p < 0.05,
**p < 0.01, Mean±SD, Dunnett’s RM ANOVA vs Baseline, n � 9). The ΔPD wildtype level (WT) designated by dashed blue line.

FIGURE 5 | Electrophysiological responses (ΔPD) in CF mice before (baseline) and 1 week after delivery of a third generation CCL-CFTR (purple square), or CCL-
CFTRwith V5 tag (light blue diamond) vectors. Gene addition to nasal airways following (A)Basal + Amiloride (B + A), (B) Low chloride under amiloride (LC + A) and (C) LC+A
and isoproterenol (Iso) in KRB at the 20 μl/min infusion rate (*p < 0.05, Mean±SD, paired t-test vs baseline, n � 5; n.s., unpaired t-test, CCL-CFTR vs CCL-V5-CFTR, n � 5).
The ΔPD wildtype level (WT) designated by dashed blue line.
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antigen concentrations, which overestimates non-functional
empty viral particles compared to the real-time PCR
technique used for the second generation vector that
quantifies functional vector particles. These newer vectors are
now ready for upscaled production (McCarron et al., 2016) for
use in larger rodents and other CF models.

A limitation of this study was the use of a smaller cohort of
mice for the third generation LV vector validation
experiments, which likely reduced the study power. To
adapt this rapid PD method into larger CF species, such as
the CF rat (Tuggle et al., 2014; McCarron et al., 2020) or other
CF models, the coupling of non-surgical intubation with the
faster infusion of greater fluid volumes must first be
optimised to ensure it is well tolerated. This optimisation
will likely differ between species.

Together these data demonstrate an advance in both LV vector
development and in vivo techniques for the detection and
functional assessment of the bioelectrical ion transport defect
for current and potential CF therapies.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal
Ethics Committee of the University of Adelaide, and
Women’s and Children’s Health Network Animal Ethics
Committee.

AUTHOR CONTRIBUTIONS

PC assisted in experimental design, performed all in vivo
experimental procedures, histochemical analyses,
interpretation, statistical analyses and wrote and edited
manuscript. JD assisted in experimental design, performed
LV vector development and production, immuno-
cytochemistry and immuno-histochemistry techniques,
assisted in interpretation and manuscript preparation and
editing. MD and DP assisted in design, interpretation and
manuscript preparation and editing.

FUNDING

This study was supported by the United States CF Foundation
(PARSON18GO) and the NHMRC (GNT1160011).

FIGURE 6 | Validation of the V5 tag following delivery of the CCL-V5-CFTR vector in (A) in vitro samples of HEK293T cells by ICC; (B) in mouse ciliated nasal
epithelium using IHC. All merged images (DAPI blue, V5 green or red) with non-CFTR treated cells or CF animals as negative controls (neg) on left panels, V5 staining
images on right panels.

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 7144529

Cmielewski et al. Rapid nasal PD protocol

220

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


ACKNOWLEDGMENTS

We acknowledge the support of Adelaide Microscopy services
and AHMS histology services. We also thank Nathan Rout-Pitt
for assistance in lentiviral vector production.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.714452/
full#supplementary-material

REFERENCES

Alton, E. W. F. W., Beekman, J. M., Boyd, A. C., Brand, J., Carlon, M. S., Connolly,
M. M., et al. (2017). Preparation for a First-In-Man Lentivirus Trial in Patients
with Cystic Fibrosis. Thorax 72, 137–147. doi:10.1136/thoraxjnl-2016-208406

Anson, D. S., McIntyre, C., Thomas, B., Koldej, R., Ranieri, E., Roberts, A., et al.
(2007). Lentiviral-mediated Gene Correction of Mucopolysaccharidosis Type
IIIA. Genet. Vaccin. Ther 5, 1. doi:10.1186/1479-0556-5-1

Bienvenu, T., Sermet-Gaudelus, I., Burgel, P.-R., Hubert, D., Crestani, B., Bassinet,
L., et al. (2010). Cystic Fibrosis Transmembrane Conductance Regulator
Channel Dysfunction in Non-cystic Fibrosis Bronchiectasis. Am. J. Respir.
Crit. Care Med. 181, 1078–1084. doi:10.1164/rccm.200909-1434OC

Boucher, R. C. (2002). An Overview of the Pathogenesis of Cystic Fibrosis Lung
Disease. Adv. Drug Deliv. Rev. 54, 1359–1371. doi:10.1016/s0169-409x(02)
00144-8

Buckley, S. M. K., Delhove, J. M. K. M., Perocheau, D. P., Karda, R., Rahim, A. A.,
Howe, S. J., et al. (2015). In Vivo bioimaging with Tissue-specific Transcription
Factor Activated Luciferase Reporters. Sci. Rep. 5, 11842. doi:10.1038/srep11842

Cmielewski, P., Anson, D. S., and Parsons, D. W. (2010). Lysophosphatidylcholine
as an Adjuvant for Lentiviral Vector Mediated Gene Transfer to Airway
Epithelium: Effect of Acyl Chain Length. Respir. Res. 11, 84. doi:10.1186/
1465-9921-11-84

Cmielewski, P., Donnelley, M., and Parsons, D. W. (2014). Long-term Therapeutic
and Reporter Gene Expression in Lentiviral Vector Treated Cystic Fibrosis
Mice. J. Gene Med. 16, 291–299. doi:10.1002/jgm.2778

Cmielewski, P., Farrow, N., Devereux, S., Parsons, D., and Donnelley, M. (2017).
Gene Therapy for Cystic Fibrosis: Improved Delivery Techniques and
Conditioning with Lysophosphatidylcholine Enhance Lentiviral Gene
Transfer in Mouse Lung Airways. Exp. Lung Res. 43, 426–433. doi:10.1080/
01902148.2017.1395931

da Cunha, M. F., Simonin, J., Sassi, A., Freund, R., Hatton, A., Cottart, C.-H., et al.
(2016). Analysis of Nasal Potential in Murine Cystic Fibrosis Models. Int.
J. Biochem. Cel Biol. 80, 87–97. doi:10.1016/j.biocel.2016.10.001

Davies, J. C., Davies, M., McShane, D., Smith, S., Chadwick, S., Jaffe, A., et al.
(2005). Potential Difference Measurements in the Lower Airway of Children
with and without Cystic Fibrosis. Am. J. Respir. Crit. Care Med. 171, 1015–1019.
doi:10.1164/rccm.200408-1116OC

Davis, P. B. (2006). Cystic Fibrosis since 1938. Am. J. Respir. Crit. Care Med. 173,
475–482. doi:10.1164/rccm.200505-840OE

De Boeck, K., Kent, L., Davies, J., Derichs, N., Amaral, M., Rowe, S. M., et al. (2013).
CFTR Biomarkers: Time for Promotion to Surrogate End-point. Eur. Respir. J.
41, 203–216. doi:10.1183/09031936.00057512

Dull, T., Zufferey, R., Kelly, M., Mandel, R. J., Nguyen, M., Trono, D., et al. (1998).
A Third-Generation Lentivirus Vector with a Conditional Packaging System.
J. Virol. 72, 8463–8471. doi:10.1128/JVI.72.11.8463-8471.1998

Egan, M., Flotte, T., Afione, S., Solow, R., Zeitlin, P. L., Carter, B. J., et al. (1992).
Defective Regulation of Outwardly Rectifying Cl− Channels by Protein Kinase
A Corrected by Insertion of CFTR. Nature 358, 581–584. doi:10.1038/358581a0

Gabriel, S. E., Clarke, L. L., Boucher, R. C., and Stutts, M. J. (1993). CFTR and
Outward Rectifying Chloride Channels Are Distinct Proteins with a Regulatory
Relationship. Nature 363, 263–266. doi:10.1038/363263a0

Hryciw, D. H., and Guggino, W. B. (2000). Cystic Fibrosis Transmembrane
Conductance Regulator and the Outwardly Rectifying Chloride Channel: a
Relationship between Two Chloride Channels Expressed in Epithelial Cells.
Clin. Exp. Pharmacol. Physiol. 27, 892–895. doi:10.1046/j.1440-
1681.2000.03356.x

Knowles, M., Gatzy, J., and Boucher, R. (1981). Increased Bioelectric Potential
Difference across Respiratory Epithelia in Cystic Fibrosis. N. Engl. J. Med. 305,
1489–1495. doi:10.1056/NEJM198112173052502

Kremer, K. L., Dunning, K. R., Parsons, D. W., and Anson, D. S. (2007). Gene
Delivery to Airway Epithelial Cellsin Vivo: a Direct Comparison of Apical and
Basolateral Transduction Strategies Using Pseudotyped Lentivirus Vectors.
J. Gene Med. 9, 362–368. doi:10.1002/jgm.1025

Limberis, M., Anson, D. S., Fuller, M., and Parsons, D. W. (2002). Recovery of
Airway Cystic Fibrosis Transmembrane Conductance Regulator Function in
Mice with Cystic Fibrosis after Single-Dose Lentivirus-Mediated Gene Transfer.
Hum. Gene Ther. 13, 1961–1970. doi:10.1089/10430340260355365

MacDonald, K. D., McKenzie, K. R., Henderson, M. J., Hawkins, C. E., Vij, N., and
Zeitlin, P. L. (2008). Lubiprostone Activates Non-CFTR-dependent Respiratory
Epithelial Chloride Secretion in Cystic Fibrosis Mice. Am. J. Physiology-Lung
Cell Mol. Physiol. 295, L933–L940. doi:10.1152/ajplung.90221.2008

Marquez Loza, L., Yuen, E., and McCray, P., Jr. (2019). Lentiviral Vectors for the
Treatment and Prevention of Cystic Fibrosis Lung Disease. Genes 10, 218.
doi:10.3390/genes10030218

McCarron, A., Cmielewski, P., Reyne, N., McIntyre, C., Finnie, J., Craig, F., et al.
(2020). Phenotypic Characterization and Comparison of Cystic Fibrosis Rat
Models Generated Using CRISPR/Cas9 Gene Editing. Am. J. Pathol. 190,
977–993. doi:10.1016/j.ajpath.2020.01.009

McCarron, A., Donnelley, M., McIntyre, C., and Parsons, D. (2016). Challenges of
Up-Scaling Lentivirus Production and Processing. J. Biotechnol. 240, 23–30.
doi:10.1016/j.jbiotec.2016.10.016

McIntyre, C., Donnelley, M., Rout-Pitt, N., and Parsons, D. (2018). Lobe-Specific
Gene Vector Delivery to Rat Lungs Using a Miniature Bronchoscope. Hum.
Gene Ther. Methods 29, 228–235. doi:10.1089/hgtb.2018.050

Mery, S., Gross, E. A., Joyner, D. R., Godo, M., and Morgan, K. T. (1994). Nasal
Diagrams: a Tool for Recording the Distribution of Nasal Lesions in Rats and
Mice. Toxicol. Pathol. 22, 353–372. doi:10.1177/019262339402200402

Middleton, P. G., Geddes, D. M., and Alton, E. W. (1994). Protocols for In Vivo
Measurement of the Ion Transport Defects in Cystic Fibrosis Nasal Epithelium.
Eur. Respir. J. 7, 2050–2056. doi:10.1183/09031936.94.07030442

Parsons, D. W., Hopkins, P. J., Bourne, A. J., Boucher, R. C., and Martin, A. J.
(2000). Airway Gene Transfer in Mouse Nasal-Airways: Importance of
Identification of Epithelial Type for Assessment of Gene Transfer. Gene
Ther. 7, 1810–1815. doi:10.1038/sj.gt.3301317

Pranke, I. M., Hatton, A., Simonin, J., Jais, J. P., Le Pimpec-Barthes, F., Carsin, A.,
et al. (2017). Correction of CFTR Function in Nasal Epithelial Cells from Cystic
Fibrosis Patients Predicts Improvement of Respiratory Function by CFTR
Modulators. Sci. Rep. 7, 7375. doi:10.1038/s41598-017-07504-1

Quinton, P. M. (2008). Cystic Fibrosis: Impaired Bicarbonate Secretion and
Mucoviscidosis. The Lancet 372, 415–417. doi:10.1016/S0140-6736(08)
61162-9

Reyne, N., Cmielewski, P., McCarron, A., Delhove, J., Parsons, D., and Donnelley,
M. (2021). Single-Dose Lentiviral Mediated Gene Therapy Recovers CFTR
Function in Cystic Fibrosis Knockout Rats. Front. Pharmacol. 12, 682299.
doi:10.3389/fphar.2021.682299

Riordan, J. R., Rommens, J., Kerem, B., Alon, N., Rozmahel, R., Grzelczak, Z., et al.
(1989). Identification of the Cystic Fibrosis Gene: Cloning and Characterization
of Complementary DNA. Science 245, 1066–1073. doi:10.1126/science.2475911

Rout-Pitt, N., McCarron, A., McIntyre, C., Parsons, D., and Donnelley, M. (2018).
Large-scale Production of Lentiviral Vectors Using Multilayer Cell Factories.
J. Biol. Methods 5, e90. doi:10.14440/jbm.2018.236

Rowe, S. M., Clancy, J. P., and Wilschanski, M. (2011). Nasal Potential Difference
Measurements to Assess CFTR Ion Channel Activity. Methods Mol. Biol. 741,
69–86. doi:10.1007/978-1-61779-117-8_6

Stocker, A. G., Kremer, K. L., Koldej, R., Miller, D. S., Anson, D. S., and Parsons, D.
W. (2009). Single-dose Lentiviral Gene Transfer for Lifetime Airway Gene
Expression. J. Gene Med. 11, 861–867. doi:10.1002/jgm.1368

Tuggle, K. L., Birket, S. E., Cui, X., Hong, J., Warren, J., Reid, L., et al. (2014).
Characterization of Defects in Ion Transport and Tissue Development in

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 71445210

Cmielewski et al. Rapid nasal PD protocol

221

https://www.frontiersin.org/articles/10.3389/fphar.2021.714452/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.714452/full#supplementary-material
https://doi.org/10.1136/thoraxjnl-2016-208406
https://doi.org/10.1186/1479-0556-5-1
https://doi.org/10.1164/rccm.200909-1434OC
https://doi.org/10.1016/s0169-409x(02)00144-8
https://doi.org/10.1016/s0169-409x(02)00144-8
https://doi.org/10.1038/srep11842
https://doi.org/10.1186/1465-9921-11-84
https://doi.org/10.1186/1465-9921-11-84
https://doi.org/10.1002/jgm.2778
https://doi.org/10.1080/01902148.2017.1395931
https://doi.org/10.1080/01902148.2017.1395931
https://doi.org/10.1016/j.biocel.2016.10.001
https://doi.org/10.1164/rccm.200408-1116OC
https://doi.org/10.1164/rccm.200505-840OE
https://doi.org/10.1183/09031936.00057512
https://doi.org/10.1128/JVI.72.11.8463-8471.1998
https://doi.org/10.1038/358581a0
https://doi.org/10.1038/363263a0
https://doi.org/10.1046/j.1440-1681.2000.03356.x
https://doi.org/10.1046/j.1440-1681.2000.03356.x
https://doi.org/10.1056/NEJM198112173052502
https://doi.org/10.1002/jgm.1025
https://doi.org/10.1089/10430340260355365
https://doi.org/10.1152/ajplung.90221.2008
https://doi.org/10.3390/genes10030218
https://doi.org/10.1016/j.ajpath.2020.01.009
https://doi.org/10.1016/j.jbiotec.2016.10.016
https://doi.org/10.1089/hgtb.2018.050
https://doi.org/10.1177/019262339402200402
https://doi.org/10.1183/09031936.94.07030442
https://doi.org/10.1038/sj.gt.3301317
https://doi.org/10.1038/s41598-017-07504-1
https://doi.org/10.1016/S0140-6736(08)61162-9
https://doi.org/10.1016/S0140-6736(08)61162-9
https://doi.org/10.3389/fphar.2021.682299
https://doi.org/10.1126/science.2475911
https://doi.org/10.14440/jbm.2018.236
https://doi.org/10.1007/978-1-61779-117-8_6
https://doi.org/10.1002/jgm.1368
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)-
knockout Rats. PLoS One 9, e91253, 2014. e91253. doi:10.1371/
journal.pone.0091253

Welsh, M. J., Anderson, M. P., Rich, D. P., Berger, H. A., Denning, G. M.,
Ostedgaard, L. S., et al. (1992). Cystic Fibrosis Transmembrane
Conductance Regulator: a Chloride Channel with Novel Regulation. Neuron
8, 821–829. doi:10.1016/0896-6273(92)90196-k

White, M., Whittaker, R., Gándara, C., and Stoll, E. A. (2017). A Guide to
Approaching Regulatory Considerations for Lentiviral-Mediated Gene
Therapies. Hum. Gene Ther. Methods 28, 163–176. doi:10.1089/hgtb.2017.096

Wilschanski, M., Dupuis, A., Ellis, L., Jarvi, K., Zielenski, J., Tullis, E., et al. (2006).
Mutations in the Cystic Fibrosis Transmembrane Regulator Gene and In
VivoTransepithelial Potentials. Am. J. Respir. Crit. Care Med. 174, 787–794.
doi:10.1164/rccm.200509-1377OC

Zufferey, R., Dull, T., Mandel, R. J., Bukovsky, A., Quiroz, D., Naldini, L., et al.
(1998). Self-inactivating Lentivirus Vector for Safe and Efficient In Vivo Gene
Delivery. J. Virol. 72, 9873–9880. doi:10.1128/JVI.72.12.9873-9880.1998

Conflict of Interest: The 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Cmielewski, Delhove, Donnelley and Parsons. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 71445211

Cmielewski et al. Rapid nasal PD protocol

222

https://doi.org/10.1371/journal.pone.0091253
https://doi.org/10.1371/journal.pone.0091253
https://doi.org/10.1016/0896-6273(92)90196-k
https://doi.org/10.1089/hgtb.2017.096
https://doi.org/10.1164/rccm.200509-1377OC
https://doi.org/10.1128/JVI.72.12.9873-9880.1998
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Adipose Stromal Cell-Secretome
Counteracts Profibrotic Signals From
IPF Lung Matrices
Gwenda F. Vasse1,2,3,4‡, Lisette Van Os4,5†‡, Marina De Jager3, Marnix R. Jonker4,5,
Theo Borghuis4,5, L. Tim Van Den Toorn4,5, Pytrick Jellema5, Eric S. White6†,
Patrick Van Rijn1,2, Martin C. Harmsen5, Irene H. Heijink4,5,7, Barbro N. Melgert 3,4*§ and
Janette K. Burgess2,4,5*§
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Introduction: Idiopathic pulmonary fibrosis (IPF) is a fibrotic lung disease characterized by
excess deposition and altered structure of extracellular matrix (ECM) in the lungs. The
fibrotic ECM is paramount in directing resident cells toward a profibrotic phenotype.
Collagens, an important part of the fibrotic ECM, have been shown to be structurally
different in IPF. To further understand the disease to develop better treatments, the signals
from the ECM that drive fibrosis need to be identified. Adipose tissue-derived stromal cell
conditioned medium (ASC-CM) has demonstrated antifibrotic effects in animal studies but
has not been tested in human samples yet. In this study, the collagen structural integrity in
(fibrotic) lung tissue, its interactions with fibroblasts and effects of ASC-CM treatment
hereon were studied.

Methods: Native and decellularized lung tissue from patients with IPF and controls were
stained for denatured collagen using a collagen hybridizing peptide. Primary lung
fibroblasts were seeded into decellularized matrices from IPF and control subjects
and cultured for 7 days in the presence or absence of ASC-CM. Reseeded matrices
were fixed, stained and analyzed for total tissue deposition and specific protein
expression.

Results: In both native and decellularized lung tissue, more denatured collagen was
observed in IPF tissue compared to control tissue. Upon recellularization with
fibroblasts, the presence of denatured collagen was equalized in IPF and control
matrices, whereas total ECM was higher in IPF matrices than in the control. Treatment
with ASC-CM resulted in less ECM deposition, but did not alter the levels of denatured
collagen.
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Discussion: Our data showed that ASC-CM can inhibit fibrotic ECM-induced profibrotic
behavior of fibroblasts. This process was independent of collagen structural integrity. Our
findings open up new avenues for ASC-CM to be explored as treatment for IPF.

Keywords: idiopathic pulmonary fibrosis (IPF), adipose tissue-derived stromal/stem cells (ASCs), decellularized lung
matrices, denatured collagen, collagen hybridizing peptide, extracellular matrix (ECM), primary lung fibroblasts,
conditioned medium

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a progressive and
devastating lung disease with an estimated survival of less than
5 years after diagnosis. It is mainly characterized by excessive and
imbalanced accumulation of extracellular matrix (ECM) proteins
in the interstitium of lung tissue (Lederer and Martinez, 2018).
ECM is a highly dynamic structure that is deposited and
constantly remodeled by surrounding cells with fibroblasts and
myofibroblasts being the most important producers of ECM
proteins in the lung (Burgess et al., 2016; Burgstaller et al.,
2017). In IPF, mainly myofibroblasts contribute to the dense
ECM in characteristic fibroblastic foci (Raghu et al., 2011).
Formation of these fibroblastic foci disrupts blood flow to
alveolar septa, which leads to alveolar septa damage and thus
a decreased gas exchange capacity (Yamaguchi et al., 2017).

Multiple ECM proteins such as fibronectin and periostin are
known to be more abundant in lung tissue of patients with IPF
(Naik et al., 2012; Lehtonen et al., 2016; Tomos et al., 2017; Kudo
and Kii, 2018), but collagens are the most abundant. It is becoming
increasingly evident that not only the amount, but also the folding
and structural integrity of collagen, is different in fibrosis
(Kristensen et al., 2014; Ricard-Blum et al., 2018). Collagen
molecules are triple helical protein structures that can,
depending on the fibrillar or non-fibrillar type of collagen,
assemble into collagen fibrils and larger collagen fibers (Ricard-
Blum, 2011; Chang and Buehler, 2014). In lung tissue from patients
with IPF, collagen fibers are altered structurally: the fibers are
thicker and more mature/organized as compared to collagen fibers
in control lung tissue (Tjin et al., 2017). The recent introduction of
a collagen hybridizing peptide has made advanced imaging of
collagen remodeling on a molecular level possible (Li and Yu,
2013). This peptide specifically binds to a repeating triple-helical
motif that is shared by all 28 collagen types. Upon collagen
denaturation and/or partial degradation, improper folding of the
triple helix exposes the triple-helical motif and allows the labeled
peptide to hybridize with the denatured or structurally disrupted
collagen (Li and Yu, 2013; Hwang et al., 2017a). Using this collagen
hybridizing peptide, augmented levels of structurally disrupted
collagen have been observed in lung tissue of mice with bleomycin-
induced pulmonary fibrosis (Hwang et al., 2017a), but it is still
unclear whether these molecular changes are also present in lung
tissue from patients with IPF and whether these changes play a
notable role in fibrotic responses.

Currently, only two drugs have been approved to treat IPF:
pirfenidone and nintedanib. Although these two drugs can slow
down disease progression in some patients, they do not improve
long-termmortality and patients can suffer from severe side-effects

(Spagnolo et al., 2015). As an alternative or addition to
pharmacological approaches, stem cell-based therapies are being
explored for the treatment of IPF. Adipose tissue-derived stromal
cells (ASCs) have been tested experimentally for the treatment of
various conditions, including IPF (Barczyk et al., 2015). A variety of
studies showed attenuated, but not resolved, fibrosis after ASC
treatment in bleomycin-induced lung fibrosis in mice and rats (Lee
et al., 2014; Jiang et al., 2015; Tashiro et al., 2015; Rathinasabapathy
et al., 2016; Reddy et al., 2016; Llontop et al., 2018; Felix et al.,
2020). Similar results were achieved in other rat models of
pulmonary fibrosis (Fikry et al., 2015; Chen et al., 2018; Zhang
et al., 2019; Radwan et al., 2020). A phase Ib, non-randomized
clinical trial in patients with IPF has shown that even though
administration of ASCs was safe and hinted toward advantageous
short-term effects, the long-term follow-up showed unaltered
disease progression and survival rates (Tzouvelekis et al., 2013;
Ntolios et al., 2018). Interestingly, the regenerative effect of ASCs
lies not only with their differentiation capacity, but mostly in the
soluble factors they produce (Salgado et al., 2010). The secretome of
ASCs consists of various molecules involved in tissue regeneration,
apoptosis, host cell proliferation and angiogenesis (Salgado et al.,
2010; Blaber et al., 2012; Sabin and Kikyo, 2015). ASC-derived
culture medium, also called ASC-conditioned medium (ASC-CM),
can be used to administer only this secretome. The use of ASC-CM
as opposed to ASCs themselves prevents any potential harmful
effects of the ASCs, as ASCs respond to their environment and
could react detrimentally in a profibrotic environment (Yan et al.,
2007; Liu et al., 2018). ASC-CM has been shown to reduce lung
injury in a bleomycin-induced pulmonary fibrosis rat model
(Rathinasabapathy et al., 2016; Felix et al., 2020) and could
therefore be an alternative for ASC treatment in IPF. Yet, to
date no research has been reported on the possible modulating
effect of ASC-CM in human (fibrotic) lungs.

Decellularized matrices can be employed to study the
influence of human (fibrotic) lung ECM on cellular behavior,
as well as the impact of soluble factors on these cell-matrix
interactions. The decellularized matrices can be obtained by
treating lungs with various chemicals in a multistep process,
removing all cells but retaining the majority of the ECM
composition and structure (Booth et al., 2012). Subsequent
culturing of freshly isolated primary human lung cells in these
scaffolds can provide important insights in the response and
matrix remodeling behavior of these cells. Previously, it has been
shown that IPF-derived decellularized matrices direct healthy
lung fibroblasts toward a profibrotic phenotype (Booth et al.,
2012; Parker et al., 2014), emphasizing the ability of ECM to
modulate cell behavior and the importance of this constant two-
way interaction in the fibrotic response.
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In this study, we characterized collagen structural integrity in
native and decellularized human lung tissue from control patients
and patients with IPF, hypothesizing that collagen structural
organization is more disrupted in IPF lungs compared to control
lungs. Furthermore, primary human lung fibroblasts were seeded into
control and IPF-derived decellularized lung matrices to study cell-
ECM crosstalk in the presence or absence of ASC-derived
conditioned medium. We hypothesized that upon recellularization,
fibroblasts would be driven toward profibrotic behavior in the IPF
lung ECM as opposed to the control lung ECM and that
administration of ASC-CM would impair the fibrotic process.

MATERIALS AND METHODS

Human Lung Tissue
Human fibrotic lung tissue was collected with informed consent
from patients with interstitial lung disease (ILD) undergoing lung
transplantation at either the University Medical Center
Groningen (UMCG) or at the Erasmus Medical Center
Rotterdam. Human non-fibrotic control lung tissue was
obtained at the UMCG from patients undergoing surgical
resection for carcinoma. In tumor resections, histologically
normal lung tissue was taken as far distally as possible from
the tumor and assessed visually by a pathologist for the absence of
abnormalities with a standard haematoxylin and eosin staining.
All available donor characteristics are listed in Table 1. In
Groningen, the study protocol was consistent with the
Research Code of the University Medical Center Groningen
(www.umcg.nl/EN/Research/Researchers/General/
ResearchCode/Paginas/default.aspx) and the Dutch national
ethical and professional guidelines (“Code of conduct; Dutch
federation of biomedical scientific societies”; http://www.federa.

org). The Medical Ethical Committee of the Erasmus Medical
Center Rotterdam approved all protocols followed in that center.

Human lung tissue for decellularization was obtained from
non-transplantable donors (control, non-fibrotic) and from
explants of patients with IPF receiving a lung transplant at the
University of Michigan Medical Center. These approaches were
deemed exempt from oversight by The University of Michigan
Institutional Review Board, as all tissues were de-identified and
coming from deceased donors.

Sample Preparation
Pieces of native lung tissue were fixed in formalin, embedded in
paraffin and cut into 5 µm sections using standard procedures.
Prior to staining, sections were deparaffinized also using standard
procedures. Decellularized lung tissue was prepared as described
previously (Booth et al., 2012) and stored in PBS containing 1%
penicillin-streptomycin (Gibco Laboratories, Grand Island, NE,
United States) at 4°C. Decellularized and recellularized matrices
(see below for details) were fixed, embedded in paraffin and
sectioned at 4 µm for staining.

Cell Culture
Primary human lung fibroblasts were isolated from lung tissue of
control individuals at the UMCG as described earlier (Krimmer
et al., 2012). Cells were derived from three donor tissues. An
overview of the donor characteristics is provided in Table 1. The
fibroblasts were cultured in low glucose Dulbecco’s Modified Eagle
Medium (DMEM, Lonza, Basel, Switzerland) supplemented with
10% fetal bovine serum (FBS, Sigma, St. Louis, MI, United States),
100 U/ml penicillin, 100 µg/ml streptomycin (Pen/Strep, Gibco,
Waltham, MA, United States) and 4 mM L-glutamine (Lonza,
Basel, Switzerland). Cells were maintained in an incubator at 37°C
and 5% CO2.

TABLE 1 | Overview of lung tissue and lung fibroblast donor characteristics.

Donor Diagnosis Material Gender Age Smoking status

1 x Control fibroblasts Male 65 Ex-smoker
2 x Control fibroblasts Female 65 Non-smoker
3 x Control fibroblasts Male 50 Non-smoker
4–7 N.A. Control decellularized lung matrix N.A. N.A. N.A.
8–11 IPF IPF decellularized lung matrix N.A. N.A. N.A.
12 NSIP Fibrotic lung tissue Male 61 Non-smoker
13 End-stage fibrosis NOS/NSIP Fibrotic lung tissue Male 53 Non-smoker
14 IPF Fibrotic lung tissue Male 61 Ex-smoker
15 IPF Fibrotic lung tissue Male 64 Non-smoker
16 IPF Fibrotic lung tissue Male 61 Ex-smoker
17 N.A. Fibrotic lung tissue N.A. 48 N.A.
18 Scleroderma-associated pulmonary fibrosis Fibrotic lung tissue N.A. 45 N.A.
19 Non-IPF Fibrotic lung tissue Male N.A. N.A.
20 Methotrexate induced pulmonary fibrosis Fibrotic lung tissue Male 61 N.A.
21 Scleroderma-associated pulmonary fibrosis Fibrotic lung tissue N.A. N.A. N.A.
22 N.A. Fibrotic lung tissue N.A. N.A. N.A.
23 Polymyositis-associated fibrosis Fibrotic lung tissue N.A. N.A. N.A.
24 IPF Fibrotic lung tissue Male 42 N.A.
25 SFTPA2 mutation-associated pulmonary fibrosis Fibrotic lung tissue Female 27 N.A.
26 x Control lung tissue N.A. N.A. N.A.
27 x Control lung tissue N.A. N.A. N.A.
28 x Control lung tissue N.A. N.A. N.A.
29 x Control lung tissue N.A. N.A. N.A.
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Adipose tissue-derived stromal cells (ASCs) were isolated
from liposuction-derived fat tissue as described before
(Przybyt et al., 2013) and grown to confluency in the above-
described supplemented DMEM in an incubator at 37°C and 5%
CO2. At confluency, ASC culture medium was changed to low
glucose DMEM supplemented with 0.1% bovine serum albumin
(BSA, A8806-5g, Sigma, St Louis, United States), 100 U/mL
penicillin, 100 µg/ml streptomycin and 4 mM L-glutamine.
Then, ASC conditioned media (ASC-CM) was prepared as
reported previously (Spiekman et al., 2014). In short, media
was aspirated from a confluent ASC layer after 24 h
incubation, centrifuged and filtered using a 0.22 µm filter.
ASC-CM was derived from cells below passage 8. ASC-CM
was stored at −20°C until further use.

Matrix Recellularization
Primary human lung fibroblasts (Table 1) were seeded in IPF and
control decellularized lung matrices by incubating all matrices
together with the fibroblasts on a rotary mixer at 37°C for 24 h, at a
concentration of 250.000 cells/matrix in low glucose DMEM
supplemented with 0.1% BSA, 100 U/ml penicillin, 100 µg/ml
streptomycin and 4 mML-glutamine (further referred to as
basal medium). Recellularized matrices were then separated for
further experiments. The recellularized matrices were subsequently
incubated in basal medium or in a 1:1 mix of basal medium and
ASC-derived conditioned medium (ASC-CM) at 37°C and 5%
CO2. Aswe sought to investigate the effects of the fibrotic ECM and
ASC-CM on fibroblast behavior in this study, FBS was omitted to
prevent it from activating the fibroblasts and possibly masking any
effects from the ECM or the ASC-CM on the cells. After 7 and
14 days, the recellularized matrices were formalin fixed and
paraffin embedded for further analysis.

CHP Staining
Sections of native lung tissue and pieces of decellularized lung tissue
were stained using collagen hybridizing peptide-Cy3 conjugate
(R-CHP), according to the manufacturer’s protocol (3Helix Inc.,
Salt Lake City, UT, United States). A working solution of 5 μMR-
CHP in PBS was heated at 80°C for 5min and subsequently cooled
down in an ice bath for 15–90 s to prevent heat shock to the lung
tissue upon addition. After adding the R-CHP working solution, the
lung tissues were incubated overnight at 4°C. Decellularized lung
tissues were incubated while gently shaking. After incubation, the
samples were washed three times in PBS for 5min (lung tissue
sections) or 30min (decellularized lung tissue). Decellularized lung
tissue was subsequently kept in PBS and lung tissue sections were
mounted using DePeX mounting medium (Serva, Heidelberg,
Germany). Both sample types were stored at 4°C until further analysis.

Sections of recellularized matrices were stained using collagen
hybridizing peptide-biotin conjugate (B-CHP), according to the
manufacturer’s instructions (3Helix Inc.). Endogenous peroxidases
were blocked by incubating the slides for 30 min in PBS with 0.3%
H2O2. The slides were then washed three times in PBS, followed by
removal of endogenous biotin and avidin binding site using an
Avidin/Biotin blocking kit (Agilent, Santa Clara, CA, United States).
Subsequently, a working solution of 0.02 μMB-CHP was prepared
and added to the slides as described above for R-CHP. After overnight

incubation at 4°C and three PBSwashes, the slideswere incubatedwith
streptavidin peroxidase (Agilent) (1:300) in PBS with 1% BSA and 2%
human AB serum (Sigma-Aldrich, Zwijndrecht, Netherlands) for 1 h.
After a PBS wash, color was developed by incubating 10min with
NovaRED (Vector Labs, Burlingame, CA, United States) followed by
three washes in demi water and an eosin counterstain for 2min. After
dehydration, the slides were mounted in Tissue-Tek Coverslipping
Film with the Sakura Tissue-Tek Film Coverslipper (Sakura, Japan).

Histology
Sections of native lung tissue and decellularizedmatrices were stained
to visualize total collagen using a Masson’s trichrome stain kit
(Sigma-Aldrich) according to the instructions of the manufacturer.
Sections of recellularized matrices were stained with haematoxylin
and eosin staining through consecutive incubation in the following
solutions at room temperature: haematoxylin (Merck, Kenilworth,
United States) for 5min, regular tap water for 5min, eosin (Chroma,
Bellows Falls, United States) for 2min, washed twice in 96% ethanol
and twice in 100% ethanol. After staining, the dehydrated slides were
mounted in Tissue-Tek Coverslipping Film with the Sakura Tissue-
Tek Film Coverslipper.

Microscopy and Image Analysis
R-CHP staining in decellularized lung tissue and native tissue
sections was imaged and captured using a Leica SP2 confocal
microscope. Per subject, at least three fields of view were
acquired from one experimental replicate. Lung tissue had to
cover more than 50% of the image, with focus on alveolar
regions while avoiding large airways and blood vessels.
Decellularized lung tissue had to cover 30% of the image. The
mean grey value of each image was analyzed using Fiji (Schindelin
et al., 2012). Masson’s trichrome, H&E and B-CHP staining were
imaged and captured using a NanoZoomer XR digital slide scanner
(Hamamatsu, Japan). Whole sections were imaged and data were
generated from all pixels in these images. Representative images in
the figures show a magnified part of the whole section. The density
and distribution of the stainings were quantified automated using
Fiji. Color deconvolution vectors were optimized to separate double
stainings accurately (Ruifrok et al., 2003). Total tissue surface area
was measured in grayscale images. The number of pixels above the
threshold was used to calculate the positive staining area, while the
average staining intensity was based on the intensity of these pixels
above the threshold. Thresholds were set to an intensity value where
background is excluded. The total positive staining above the
threshold was divided in three equal categories (weak, moderate
and strong) according to the pixel intensities. Weak, moderate and
strong intensity was calculated as a percentage of the total positive
area. For the Masson Trichrome staining, additional quantification
of the relative amount of collagen in the total image area was carried
out by dividing the number of collagen-positive pixels by the total
number of pixels within the image area. Images were processed in
batches usingmacros. An overview of the image analysis process can
be found in Supplementary Figure 1.

Statistical Analyses
Normality of the datasets was tested with a QQ plot as reported by
Morgan (2017) and a Shapiro-Wilk test. QQ plots can be found in
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Supplementary Figure 2. When normality was confirmed, the
data were tested with an unpaired t-test or a two-way ANOVA
with a post hoc test controlling for the false discovery rate (original
FDRmethod of Benjamini andHochberg). p < 0.05 was considered
significant. Statistical analyses were performed in GraphPad Prism
8.0 (GraphPad Software, La Jolla, CA, United States).

RESULTS

Higher Levels of Denatured Collagen in
Lung Tissue From Patients With Idiopathic
Pulmonary Fibrosis
To examine the levels of denatured collagen (i.e. collagen structural
integrity) in lung tissue from control subjects and patients with ILD
(including IPF), we stained lung tissue sections with the Cy3-
conjugated collagen hybridizing peptide (R-CHP). As a reference,
the total amount of collagen (both intact and denatured) was
visualized with Masson’s trichrome stain (Figure 1A), indicating
higher staining intensity and relative amount of collagen in the
whole imaging area in ILDs compared to control tissues (Figures
1C,E). The staining intensity of total collagen was not different
when comparing only the IPF lung tissues to the control lung tissue
(Figures 1A,D), but the relative amount of collagen was higher in
IPF tissue compared to control lung tissue (Figure 1F). The R-CHP
staining visualized low levels of denatured collagen in control
lung tissue (Figure 1B, left panel), but a wider spread and denser
R-CHP signal was observed in lung tissue from patients with
ILD and especially in IPF (Figure 1B, right panel).
Quantification of the R-CHP signal indicated higher levels of
denatured collagen in fibrotic lung tissue (Figure 1G) and
especially in IPF lung tissue (Figure 1H), as compared to
control lung tissue.

Preservation of Idiopathic Pulmonary
Fibrosis-Related Higher Levels of
Denatured Collagen After Decellularization
To verify whether the difference in collagen denaturation was
preserved after decellularization of lung tissue, decellularized
control and fibrotic lung tissue were also stained using the
same collagen hybridizing peptide and Masson’s trichrome
stain. Decellularized lung tissue from patients with IPF had a
higher amount of collagen, measured as percentage of the
imaged area (Figure 2D), but did not show higher staining
intensity of collagen when compared to control lung tissue
(Figures 2A,C). However, more R-CHP signal was observed
in decellularized lung tissue from patients with IPF
(Figure 2B, right panel) than in control lung tissue
(Figure 2B, left panel) and quantification confirmed
higher levels of denatured collagen in IPF decellularized
lung tissue compared to control (Figure 2E). The fibrotic
decellularized lung tissue contained approximately twice as
much signal as the control decellularized lung tissue,
reflecting the pattern observed in the native lung tissue. This
indicates that the collagen denaturation status is retained in

decellularized lung tissue, confirming its suitability for studying
cell-(IPF) matrix interactions.

Lung Fibroblasts DepositMore Extracellular
Matrix When Seeded in Idiopathic
Pulmonary Fibrosis-Derived Lung Matrices
Primary lung fibroblasts were seeded into the decellularized matrices
and cultured for 7 days to investigate the effects of the altered matrix
in IPF on cellular behavior. Total deposition of ECM by the lung
fibroblasts was visualized by H&E staining of the recellularized tissue
(Figure 3A). Before recellularization, unseeded matrices showed
variable, but similar tissue staining, indicating the heterogeneity of
IPF (Supplementary Figure 3A). After recellularization, more tissue
staining and denser tissue areas, reflecting the characteristics of the
fibrotic foci in IPF, were observed in the IPF matrix compared to the
control matrix (Figures 3A, 5B). As the IPFmatrix with cells showed
both dense andmore open tissue areas, illustrating the heterogeneous
nature of the tissue response in IPF, the intensity distribution of the
staining was analyzed. The outcome of this analysis provides an
indication of the relative amount of dense tissue in a section: areas
with higher staining intensity often consist of denser tissue. After
recellularization, IPF matrices had proportionally more moderate
intensity staining and less weak intensity staining than control
matrices (Figure 3B), indicating that more dense tissue areas are
present in recellularized IPF matrices than in control matrices.
Comparable results were observedwhen extending the culture time
up to 14 days (data not shown). Hence, lung fibroblasts remodel
more ECMwithmore dense areas when seeded in IPF-derived lung
matrices compared to control matrices.

Lung Fibroblasts Equalize the Levels of
Denatured Collagen in Control and
Idiopathic Pulmonary Fibrosis Lung
Matrices
To assess if more ECM deposition and dense tissue areas in IPF
matrices corresponded with an alteration in collagen denaturation
status, the levels of denatured collagen after recellularization were
visualized using a biotin-conjugated collagen hybridizing peptide
(B-CHP) (Figure 4A; Supplementary Figure 3B). Interestingly,
the differences in the level of denatured collagen seen between
control and IPF matrices (Figure 2) were no longer evident after
reseeding (Figure 4B). Still, more moderate and less weak CHP
staining was detected in the recellularized IPF matrices compared
to the recellularized control matrices (Figure 4C). This observation
suggests that fibroblasts were able to remodel the degree of
denatured collagen in both control and IPF matrices, but were
less effective in doing so in the IPF matrices.

Periostin and Fibronectin Do Not Contribute
to the Higher Levels of Extracellular Matrix
Deposition
As no differences were observed in the levels of denatured
collagen between control and IPF matrices after
recellularization, we investigated whether the ECM
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proteins fibronectin or periostin were contributing to the
higher levels of ECM in IPF matrices. However, periostin and
fibronectin levels did not change in the recellularized IPF
matrices when compared to recellularized control matrices

(Supplementary Figures 4, 5). Thus, changes in the levels of
periostin or fibronectin did not play a key role in regulating
the altered matrix deposition in the IPF matrices observed in
this study.

FIGURE 1 | Higher levels of denatured collagen in lung tissue from patients with IPF. Sections of lung tissue were stained using Masson’s trichrome stain or Cy3-
conjugated collagen hybridizing peptide (R-CHP). (A)Representative images of Masson’s trichrome stain in control lung tissue (left panel) and lung tissue of a patient with
idiopathic pulmonary fibrosis (IPF, right panel), showing collagen fibers in blue and cytoplasm in red. Magnified part of the whole tissue section. Scale bar � 250 µm.
(B) Representative fluorescence images of the R-CHP signal in control lung tissue (left panel) and lung tissue of a patient with IPF (right panel), from the same
patients as in (A). (C-F)Quantification of Masson’s trichrome staining, showing the mean staining intensity (C,D) and the relative amount of collagen in the whole imaging
area (E,F). Control lung tissue compared to ILD in general (C,E), as well as specifically to IPF lung tissue [(D,F), data from (C,E) partially repeated for visualization
purposes]. (G,H)Quantification of the R-CHP signal, showing the averagemean fluorescence intensity of at least three images per section. Control lung tissue compared
to ILD in general (G), as well as specifically to IPF lung tissue [(H), data from (G) partially repeated for visualization purposes]. One experimental replicate per subject,
sample size n � 4 (control) and n � 14 (ILD, including 4 lung tissues from patients with IPF). Data represented as min to max box-and-whiskers plots showing all points.
Groups were compared using an unpaired t-test after assessing the normal distribution with use of a QQ plot and a Shapiro-Wilk normality test (Supplementary
Figure 2A). p < 0.05 was considered significant.
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Adipose Tissue-Derived Stromal Cell
Conditioned Medium Attenuates
Extracellular Matrix Deposition by Lung
Fibroblasts in Lung Matrices
To study the potential antifibrotic effect of ASC-CM in this
human in vitro model of IPF, decellularized matrices were
reseeded with primary human lung fibroblasts and incubated

with or without ASC-CM for 7 days. The addition of ASC-CM
clearly resulted in less total ECM in both control and IPF
matrices, as visualized by an H&E staining (Figure 5A).
Quantification indeed revealed a drop in mean staining
intensity (p � 0.0002, Figure 5B), as well as changes in the
staining intensity distribution between recellularized
matrices in the presence and absence of ASC-CM
(Figure 5C). ASC-CM treatment resulted in a shift from

FIGURE 2 | Preservation of IPF-related difference in levels of denatured collagen after decellularization of lung tissue. Decellularized lung tissue was stained using
Masson’s trichrome staining or Cy3-conjugated collagen hybridizing peptide (R-CHP). (A) Representative images of Masson’s trichrome stain in control lung tissue (left
panel) and lung tissue of a patient with idiopathic pulmonary fibrosis (IPF, right panel), showing collagen fibers in blue and cytoplasm in red. Magnified part of the whole
decellularized tissue section. Scale bar � 250 µm. (B) Representative fluorescence images of R-CHP signal in decellularized lung tissue from control patients (left
panel) and from patients with idiopathic pulmonary fibrosis (IPF, right panel). (C,D)Quantification of the Masson’s trichrome staining, showing the mean staining intensity
(C) and the relative amount of collagen in the whole imaging area (D). (E)Quantification of the R-CHP signal, showing the average mean fluorescence intensity of at least
three images per decellularized lung tissue. One experimental replicate per subject, sample size n � 4 for both control and IPF decellularized lung matrices. Data
represented asmin tomax box-and-whiskers plots showing all points. Groups were compared using an unpaired t-test after assessing the normal distribution with use of
a QQ plot and a Shapiro-Wilk normality test (Supplementary Figure 2A). p < 0.05 was considered significant.
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moderate intensity staining to weak intensity staining in both
IPF and control matrices when compared to untreated
reseeded matrices (Figure 5C). The higher levels of weak
staining indicate that there is less dense tissue in the ASC-CM
treated matrices compared to both IPF and control matrices
without ASC-CM. Also, the significant differences in total
tissue and relative amount of dense tissue areas between
control and IPF recellularized matrices (shown in
Figure 3B) were abolished by ASC-CM treatment. Thus,
even though ECM deposition and tissue density were
higher in recellularized IPF matrices compared to control
matrices, the addition of ASC-CM neutralized the profibrotic
signals provided to the fibroblasts by the ECM, thereby
resulting in less ECM remodeling and lower tissue density
to similar levels in control and IPF matrices.

Adipose Tissue-Derived Stromal Cell
Conditioned Medium Does Not Influence
the Levels of Denatured Collagen in
Recellularized Lung Matrices
The levels of denatured collagen after ASC-CM treatment were
assessed with a B-CHP staining. The representative images, mean
staining intensity and the distribution of staining intensity did not
show significant alterations in levels of denatured collagen upon
ASC-CM treatment in comparison to recellularized matrices in
the absence of ASC-CM (Figure 6). This indicates that addition
of ASC-CM does not interfere with the collagen remodeling
activity of primary lung fibroblasts. Similarly, the levels of
periostin and fibronectin were also not altered by ASC-CM
treatment (Supplementary Figures 4, 5).

FIGURE 3 | More ECM deposition in IPF matrices upon recellularization compared to control matrices. Primary lung fibroblasts were seeded into decellularized
matrices and cultured for 7 days. Sections of recellularized lung tissue were stained with haematoxylin (blue) and eosin (pink). (A) Representative images of the stained
recellularized matrices, showing a magnified part of the image of the total tissue section. Scale bar � 250 μm. (B)Quantification of the intensity distribution of the staining.
Groups were compared using a two-way ANOVA followed by the original FDR method of Benjamin and Hochberg post hoc test. p < 0.05 was considered
significant. All matrices are derived from the same control and IPF donor, primary lung fibroblasts were obtained from three different control donors.
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DISCUSSION

In this study, we found that ASC-CM can inhibit IPF lungmatrix-
driven ECM deposition by primary human lung fibroblasts.
While higher levels of denatured collagen were observed in
both native and decellularized lung tissue from patients with
IPF than in control lung tissue, this characteristic was
independent of the factors driving the enhanced matrix
deposition by lung fibroblasts in IPF matrices. Reseeding with
human lung fibroblasts reversed the collagen denaturation status

of the matrices, bringing the denatured collagen in both control
and IPF matrices to comparable levels. We investigated the
potential regulatory role of fibronectin and periostin within
the matrices but found that these levels were not altered,
making these proteins unlikely candidates as the factors
responsible for the modulation of the fibroblast responses.

There is a lot of interest in the potential of stem cells as a
therapeutic approach for lung regeneration in IPF. To date, the
impact of these cells (or their bioactive secreted factors) on
the interactions of resident cells with the fibrotic

FIGURE 4 | Equal levels of denatured collagen in recellularized control and IPF matrices. Primary lung fibroblasts were seeded into decellularized matrices and
cultured for 7 days. Sections of recellularized lung tissue were stained using collagen hybridizing peptide (B-CHP, brown) and an eosin counterstain (pink).
(A) Representative images of the B-CHP stained recellularized matrices, showing a magnified part of the image of the total tissue section. Scale bar � 250 µm.
(B) Quantification of the B-CHP staining, showing the mean staining intensity. Groups were compared using an unpaired t test after assessing the normal
distribution with use of a QQ plot and a Shapiro-Wilk normality test (Supplementary Figure 2A). No significant differences were observed (p > 0.05). (C) Quantification
of the intensity distribution of the B-CHP staining. Groups were compared using a two-way ANOVA followed by the original FDRmethod of Benjamini and Hochberg post
hoc test. p > 0.05 was considered significant. All matrices are derived from the same control and IPF donor, primary lung fibroblasts were obtained from three different
control donors (n � 3, dots connected per n).
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microenvironment, and more importantly vice versa, had not
been elucidated yet. In light of this, we investigated whether
ASC-CM could interfere with fibroblast-(IPF) matrix
interactions and subsequent ECM deposition and
remodeling. Although ASC-CM did not modulate levels of

denatured collagen, fibronectin or periostin, it did result in
less ECM deposition in both control and IPF-derived
decellularized matrices, thus demonstrating an antifibrotic
effect of the ASC-CM. The lack of influence on the
denatured collagen may reflect the fact that cells establish an

FIGURE 5 | Less ECM deposition in recellularized control and IPF matrices upon ASC-CM treatment. Primary lung fibroblasts were seeded into decellularizedmatrices
and cultured in the absence or presence of ASC-CM for 7 days. Sections of recellularized lung tissue were stained with haematoxylin (blue) and eosin (pink).
(A) Representative images of the stained recellularized matrices, showing a magnified part of the whole tissue section. Scale bar � 250 μm. (B) Quantification of the H&E
staining, showing themean staining intensity. (C)Quantification of the intensity distribution of the staining. Groupswere compared using a two-way ANOVA followed by
the original FDR method of Benjamini and Hochberg as a post-hoc test. p < 0.05 was considered significant. All matrices are derived from the same control and IPF donor,
primary lung fibroblasts were obtained from three different control donors (n � 3, dots connected per n).
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FIGURE 6 | Treatment with ASC-CM does not alter the levels of denatured collagen. Primary lung fibroblasts were seeded into decellularizedmatrices and cultured
in the absence or presence of ASC-CM for 7 days. Sections of recellularized lung tissue were stained using collagen hybridizing peptide (B-CHP, brown) and an eosin
counterstain (pink). Data of matrices with cells are repeated from Figure 4 to allow for a clear comparison. (A) Representative images of the stained recellularized
matrices showing amagnified part of the image of the total tissue section. Scale bar � 250 μm. (B)Quantification of the B-CHP staining, showing the mean staining
intensity. (C) Quantification of the intensity distribution of the B-CHP staining. Groups were compared using a two-way ANOVA followed by the original FDR method of
Benjamini and Hochberg as a post-hoc test. p < 0.05 was considered significant. All matrices are derived from the same control and IPF donor, primary lung fibroblasts
were obtained from three different control donors (n � 3, dots connected per n).
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equilibrium achieving a certain degree of spatial arrangement
within the collagen structural organization and that further
collagen remodeling is not required. Further investigation,
beyond the scope of this study, is required to confirm this
hypothesis. The abrogation of tissue remodeling induced by the
ASC-CM is in accordance with animal models of IPF, in which
ASC-CM administration also attenuated lung fibrosis
(Rathinasabapathy et al., 2016; Felix et al., 2020). Of note, it is
of interest that ASC-CM treatment not only contributed to less
total ECM deposition in IPF matrices, but also to a similar level in
control matrices, again suggesting that there is an equilibrium state
for the collagen fiber organization that the cells seek to achieve.
These data illustrate that ASC-CM generally inhibits ECM
deposition by fibroblasts, independent of the fibrotic status of
the ECM. Although this in vitro study indicates that conditioned
media from stem cells could have a therapeutic effect in IPF,
extensive (clinical) validation and safety studies are needed before
considering clinical application.

As this study aimed at investigating the effects of the fibrotic
ECM and ASC-CM on fibroblast behavior, the standard cell
culture media were adapted. Regular FBS in culture medium
can activate fibroblasts and was therefore omitted, as it could have
masked any effects from the ECM or the ASC-CM that we sought
to investigate. Therefore, fibroblasts were cultured in the matrices
in cell culture medium with 1% BSA instead of FBS. However,
H&E staining of the matrices indicated that no fibroblasts were
left in our matrices after 7 days incubation. A limitation of our
study could be that this 1% BSA-containing medium was not an
optimal culture condition for the fibroblasts. However, our results
illustrate that the fibroblasts were able to remodel their
microenvironment during the period they were present in the
lung matrices.

The secretome of ASCs consists of a multitude of factors, which
are involved in different processes such as cell proliferation and
angiogenesis (Salgado et al., 2010; Kapur and Katz, 2013). This is
the main advantage of ASC-CM: instead of administering a single
factor that could potentially inhibit fibrosis, multiple factors are
administered that can have synergistic effects. We have shown
previously that our ASC-CM inhibits TGF-β1-induced
differentiation of human dermal fibroblasts to myofibroblasts
(Spiekman et al., 2014). In the current study, IPF ECM induced
a profibrotic phenotype in lung fibroblasts, as measured by higher
levels of ECM deposition. ASC-CM treatment inhibited this
profibrotic phenotype, allowing less ECM deposition in its
presence. Interestingly, in recent studies, ASCs in culture were
stimulated with either pro-inflammatory factors or a specific
microRNA (miR-146a) resulting in a CM that was more anti-
inflammatory, pro-angiogenic or aided in homing of immune cells
to tumors (Domenis et al., 2018; Li et al., 2019; Waters et al., 2019).
To further enhance the antifibrotic properties of ASC-CM,
addition of specific factors to ASC cultures to precondition
these cells could be an option.

To investigate the effect of ECM on the remodeling behavior of
fibroblasts, we visualized collagen denaturation in IPF and control
matrices. The presence of higher levels of structurally disrupted
collagen in lung tissue from patients with IPF indicates that even
though there is excessive accumulation of collagen, collagen

degradation is still taking place at the molecular level. This is,
to our knowledge, the first study to examine the degree of collagen
denaturation in human lung tissues. Interestingly, the comparable
levels of denatured collagen in IPF and control matrices after cell
seeding indicate that fibroblasts were able to repair or remove
excess denatured collagen found in IPF lung matrices. The cells
sensed their microenvironment and remodeled this as such to a
defined level that was equivalent across the two different starting
matrices. In contrast to our observations regarding cellular
remodeling of denatured collagen, cellular responses to
decellularized scaffolds differed between fibrotic and nonfibrotic
matrices. We found that fibrotic matrix stimulated fibroblasts to
produce and deposit more ECM, confirming the feedback loop in
fibrotic matrices that has been observed previously (Booth et al.,
2012; Parker et al., 2014).

Decellularized (lung) matrices are gaining attention in tissue
engineering as in vitro models to study cellular behavior (Gilpin
and Wagner, 2018; Taylor et al., 2018). However, it is important to
keep in mind that decellularization protocols can affect the
mechanical and morphological properties of the ECM (Petersen
et al., 2012; Hwang et al., 2017b). The collagen hybridizing
peptide used in this study has previously been applied to show
that decellularizing agents can induce collagen denaturation (Hwang
et al., 2017b). In this study, we could not investigate the effect of our
decellularization protocol on the absolute levels of denatured
collagen, as the native and decellularized lung tissues were not
derived from the same patient and processed differently.
Nonetheless, we did observe that the relative difference in levels of
denatured collagen between lung tissue from patients with IPF
and controls was comparable in native and decellularized lung
tissue. The preservation of this IPF-related difference in levels of
denatured collagen emphasizes that decellularized lung tissue is
suitable for in vitro models studying cellular responses to this
denatured collagen.

A major asset of our study is the use of human materials.
Although bleomycin-induced pulmonary fibrosis is currently the
most accepted model to investigate IPF, the different etiology,
disease development, and especially the spontaneous fibrosis
resolution after a period of time, are quite different from the
human condition (Tashiro et al., 2017). Hence, by using human
materials, we represent human disease specifically. However, this
approach also generates several challenges. IPF is associated with a
very heterogeneous pattern, with both control and fibrotic areas
being recognized within lung tissue of the same patient (Travis et al.,
2002; DePianto et al., 2015). This likely contributes to the significant
variation in levels of denatured collagen observed between IPF
samples. Interpatient variability in disease severity could also
contribute to this variation (Raghu et al., 2011). In liver fibrosis,
collagen hybridizing peptide staining has recently been suggested to
have value in quantitatively assessing disease severity and predicting
the need for liver transplantation (Jaramillo et al., 2020).

In conclusion, this study has shown that levels of denatured
collagen are higher in lung tissue from patients with IPF than
from control patients and that this difference is preserved in
decellularized lung tissue. After recellularization, IPF ECM drives
fibroblasts toward profibrotic behavior, which can be
counteracted by administration of ASC-CM. These findings
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further confirm in a human in vitro model that the use of ASC-
CM may be a promising approach to stop fibrotic ECM from
directing profibrotic behavior in fibroblasts in IPF.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors upon reasonable request, without
undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by either the Medical Ethical Committee of University
Medical Center Groningen or the Erasmus Medical Center
Rotterdam. Guidelines from the respective centers and the
Dutch national ethical and professional guidelines were
followed. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

GV, LO, PR, MH, BM, and JB conceived and designed the study.
GV, LO, MDJ, MRJ, TB, LT, and PJ performed the experiments.

MH provided the ASCs, EW provided the decellularized lung
matrices. GV, MRJ, and TB executed the image analysis. GV and
LO analyzed and interpreted the data and wrote the initial draft of
the manuscript. PR, MH, EW, IH, BM, and JB interpreted the
results and thoroughly reviewed the manuscript. All authors read
and approved the final manuscript.

FUNDING

GVwas funded by the Graduate School of Medical Sciences of the
University of Groningen. JB was funded by a Rosalind Franklin
Fellowship co-funded by the EU and the University of
Groningen.

ACKNOWLEDGMENTS

The authors would like to acknowledge Henk Moorlag for
embedding and sectioning the recellularized lung matrices.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.669037/
full#supplementary-material

REFERENCES

Barczyk, M., Schmidt, M., and Mattoli, S. (2015). Stem Cell-Based Therapy in
Idiopathic Pulmonary Fibrosis. Stem Cel. Rev. Rep. 11, 598–620. doi:10.1007/
s12015-015-9587-7

Blaber, S. P., Webster, R. A., Hill, C. J., Breen, E. J., Kuah, D., Vesey, G., et al. (2012).
Analysis of In Vitro Secretion Profiles from Adipose-Derived Cell Populations.
J. Translational Med. 10, 172. doi:10.1186/1479-5876-10-172

Booth, A. J., Hadley, R., Cornett, A. M., Dreffs, A. A., Matthes, S. A., Tsui, J. L., et al.
(2012). Acellular Normal and Fibrotic Human Lung Matrices as a Culture
System forIn VitroInvestigation. Am. J. Respir. Crit. Care Med. 186, 866–876.
doi:10.1164/rccm.201204-0754OC

Burgess, J. K., Mauad, T., Tjin, G., Karlsson, J. C., and Westergren-Thorsson, G.
(2016). The Extracellular Matrix - the Under-recognized Element in Lung
Disease? J. Pathol. 240, 397–409. doi:10.1002/path.4808

Burgstaller, G., Oehrle, B., Gerckens, M., White, E. S., Schiller, H. B., and
Eickelberg, O. (2017). The Instructive Extracellular Matrix of the Lung:
Basic Composition and Alterations in Chronic Lung Disease. Eur. Respir. J.
50, 1601805. doi:10.1183/13993003.01805-2016

Chang, S.-W., and Buehler, M. J. (2014). Molecular Biomechanics of Collagen
Molecules. Mater. Today 17, 70–76. doi:10.1016/j.mattod.2014.01.019

Chen, S., Cui, G., Peng, C., Lavin, M. F., Sun, X., Zhang, E., et al.
(2018). Transplantation of Adipose-Derived Mesenchymal Stem Cells
Attenuates Pulmonary Fibrosis of Silicosis via Anti-inflammatory and
Anti-apoptosis Effects in Rats. Stem Cel. Res. Ther. 9. doi:10.1186/
s13287-018-0846-9

DePianto, D. J., Chandriani, S., Abbas, A. R., Jia, G., N’Diaye, E. N., Caplazi, P.,
et al. (2015). Heterogeneous Gene Expression Signatures Correspond to
Distinct Lung Pathologies and Biomarkers of Disease Severity in Idiopathic
Pulmonary Fibrosis. Thorax. 70, 48–56. doi:10.1136/thoraxjnl-2013-
204596

Domenis, R., Cifù, A., Quaglia, S., Pistis, C., Moretti, M., Vicario, A., et al. (2018).
Pro Inflammatory Stimuli Enhance the Immunosuppressive Functions of

Adipose Mesenchymal Stem Cells-Derived Exosomes. Sci. Rep. 8.
doi:10.1038/s41598-018-31707-9

Felix, R. G., Bovolato, A. L. C., Cotrim, O. S., Leão, P. D. S., Batah, S. S., Golim,
M. A., et al. (2020). Adipose-derived Stem Cells and Adipose-Derived Stem
Cell-Conditioned Medium Modulate In Situ Imbalance between Collagen
I- and Collagen V-Mediated IL-17 Immune Response Recovering
Bleomycin Pulmonary Fibrosis. Histol. Histopathol. 35, 289–301.
doi:10.14670/HH-18-152

Fikry, E. M., Safar, M. M., Hasan, W. A., Fawzy, H. M., and El-Denshary, E.-E. -D.
S. (2015). Bone Marrow and Adipose-Derived Mesenchymal Stem Cells
Alleviate Methotrexate-Induced Pulmonary Fibrosis in Rat: Comparison
with Dexamethasone. J. Biochem. Mol. Toxicol. 29, 321–329. doi:10.1002/
jbt.21701

Gilpin, S. E., and Wagner, D. E. (2018). Acellular Human Lung Scaffolds to Model
Lung Disease and Tissue Regeneration. Eur. Respir. Rev. 27, 180021.
doi:10.1183/16000617.0021-2018

Hwang, J., Huang, Y., Burwell, T. J., Peterson, N. C., Connor, J., Weiss, S. J.,
et al. (2017a). In Situ Imaging of Tissue Remodeling with Collagen
Hybridizing Peptides. ACS Nano 11, 9825–9835. doi:10.1021/
acsnano.7b03150

Hwang, J., San, B. H., Turner, N. J., White, L. J., Faulk, D. M., Badylak, S. F., et al.
(2017b). Molecular Assessment of Collagen Denaturation in Decellularized
Tissues Using a Collagen Hybridizing Peptide. Acta Biomater. 53, 268–278.
doi:10.1016/j.actbio.2017.01.079

Jaramillo, C., Guthery, S. L., Lowichik, A., Stoddard, G., Kim, T., Li, Y., et al. (2020).
Quantitative Liver Fibrosis Using Collagen Hybridizing Peptide to Predict
Native Liver Survival in Biliary Atresia: A Pilot Study. J. Pediatr. Gastroenterol.
Nutr. 70, 87–92. doi:10.1097/MPG.0000000000002505

Jiang, H., Zhang, J., Zhang, Z., Ren, S., and Zhang, C. (2015). Effect of
Transplanted Adipose-Derived Stem Cells in Mice Exhibiting Idiopathic
Pulmonary Fibrosis. Mol. Med. Rep. 12, 5933–5938. doi:10.3892/
mmr.2015.4178

Kapur, S. K., and Katz, A. J. (2013). Review of the Adipose Derived Stem Cell
Secretome. Biochimie 95, 2222–2228. doi:10.1016/j.biochi.2013.06.001

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 66903713

Vasse et al. ASC Secretome Overrides IPF-Matrix Signals

235

https://www.frontiersin.org/articles/10.3389/fphar.2021.669037/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.669037/full#supplementary-material
https://doi.org/10.1007/s12015-015-9587-7
https://doi.org/10.1007/s12015-015-9587-7
https://doi.org/10.1186/1479-5876-10-172
https://doi.org/10.1164/rccm.201204-0754OC
https://doi.org/10.1002/path.4808
https://doi.org/10.1183/13993003.01805-2016
https://doi.org/10.1016/j.mattod.2014.01.019
https://doi.org/10.1186/s13287-018-0846-9
https://doi.org/10.1186/s13287-018-0846-9
https://doi.org/10.1136/thoraxjnl-2013-204596
https://doi.org/10.1136/thoraxjnl-2013-204596
https://doi.org/10.1038/s41598-018-31707-9
https://doi.org/10.14670/HH-18-152
https://doi.org/10.1002/jbt.21701
https://doi.org/10.1002/jbt.21701
https://doi.org/10.1183/16000617.0021-2018
https://doi.org/10.1021/acsnano.7b03150
https://doi.org/10.1021/acsnano.7b03150
https://doi.org/10.1016/j.actbio.2017.01.079
https://doi.org/10.1097/MPG.0000000000002505
https://doi.org/10.3892/mmr.2015.4178
https://doi.org/10.3892/mmr.2015.4178
https://doi.org/10.1016/j.biochi.2013.06.001
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Krimmer, D. I., Burgess, J. K., Wooi, T. K., Black, J. L., and Oliver, B. G. G.
(2012). Matrix Proteins from Smoke-Exposed Fibroblasts Are Pro-
proliferative. Am. J. Respir. Cel. Mol. Biol. 46, 34–39. doi:10.1165/
rcmb.2010-0426OC

Kristensen, J. H., Karsdal, M. A., Genovese, F., Johnson, S., Svensson, B., Jacobsen,
S., et al. (2014). The Role of Extracellular Matrix Quality in Pulmonary Fibrosis.
Respiration 88, 487–499. doi:10.1159/000368163

Kudo, A., and Kii, I. (2018). Periostin Function in Communication with
Extracellular Matrices. J. Cel. Commun. Signal. 12, 301–308. doi:10.1007/
s12079-017-0422-6

Lederer, D. J., and Martinez, F. J. (2018). Idiopathic Pulmonary Fibrosis. N. Engl.
J. Med. 378, 1811–1823. doi:10.1056/NEJMra1705751

Lee, S. H., Lee, E. J., Lee, S. Y., Kim, J. H., Shim, J. J., Shin, C., et al. (2014). The Effect
of Adipose Stem Cell Therapy on Pulmonary Fibrosis Induced by Repetitive
Intratracheal Bleomycin in Mice. Exp. Lung Res. 40, 117–125. doi:10.3109/
01902148.2014.881930

Lehtonen, S. T., Veijola, A., Karvonen, H., Lappi-Blanco, E., Sormunen, R.,
Korpela, S., et al. (2016). Pirfenidone and Nintedanib Modulate Properties
of Fibroblasts andMyofibroblasts in Idiopathic Pulmonary Fibrosis. Respir. Res.
17, 14. doi:10.1186/s12931-016-0328-5

Li, M., Zeng, L., Liu, S., Dangelmajer, S., Kahlert, U. D., Huang, H., et al. (2019).
Transforming Growth Factor-β Promotes Homing and Therapeutic Efficacy of
Human Mesenchymal Stem Cells to Glioblastoma. J. Neuropathol. Exp. Neurol.
78, 315–325. doi:10.1093/jnen/nlz016

Li, Y., and Yu, S. M. (2013). Targeting and Mimicking Collagens via Triple Helical
Peptide Assembly. Curr. Opin. Chem. Biol. 17, 968–975. doi:10.1016/
j.cbpa.2013.10.018

Liu, J., Ren, J., Su, L., Cheng, S., Zhou, J., Ye, X., et al. (2018). Human Adipose
Tissue-Derived Stem Cells Inhibit the Activity of Keloid Fibroblasts and
Fibrosis in a Keloid Model by Paracrine Signaling. Burns 44, 370–385.
doi:10.1016/j.burns.2017.08.017

Llontop, P., Lopez-Fernandez, D., Clavo, B., Afonso Martín, J. L., Fiuza-Pérez, M.
D., García Arranz, M., et al. (2018). Airway Transplantation of Adipose Stem
Cells Protects against Bleomycin-Induced Pulmonary Fibrosis. J. Investig. Med.
66, 739–746. doi:10.1136/jim-2017-000494

Morgan, C. J. (2017). Use of Proper Statistical Techniques for Research Studies
with Small Samples. Am. J. Physiology-Lung Cell Mol. Physiol. 313, L873–L877.
doi:10.1152/ajplung.00238.2017

Naik, P. K., Bozyk, P. D., Bentley, J. K., Popova, A. P., Birch, C. M., Wilke, C. A.,
et al. (2012). Periostin Promotes Fibrosis and Predicts Progression in Patients
with Idiopathic Pulmonary Fibrosis. Am. J. Physiology-Lung Cell Mol. Physiol.
303, L1046–L1056. doi:10.1152/ajplung.00139.2012

Ntolios, P., Manoloudi, E., Tzouvelekis, A., Bouros, E., Steiropoulos, P., Anevlavis,
S., et al. (2018). Longitudinal Outcomes of Patients Enrolled in a Phase Ib
Clinical Trial of the Adipose-Derived Stromal Cells-Stromal Vascular Fraction
in Idiopathic Pulmonary Fibrosis. Clin. Respir. J. 12, 2084–2089. doi:10.1111/
crj.12777

Parker, M. W., Rossi, D., Peterson, M., Smith, K., Sikström, K., White, E. S., et al.
(2014). Fibrotic Extracellular Matrix Activates a Profibrotic Positive Feedback
Loop. J. Clin. Invest. 124, 1622–1635. doi:10.1172/JCI71386

Petersen, T. H., Calle, E. A., Colehour, M. B., and Niklason, L. E. (2012). Matrix
Composition and Mechanics of Decellularized Lung Scaffolds. Cells Tissues
Organs. 195, 222–231. doi:10.1159/000324896

Przybyt, E., Krenning, G., Brinker, M. G., and Harmsen, M. C. (2013). Adipose
Stromal Cells Primed with Hypoxia and Inflammation Enhance Cardiomyocyte
Proliferation Rate In Vitro through STAT3 and Erk1/2. J. Translational Med.
11, 39. doi:10.1186/1479-5876-11-39

Radwan, S. M., Ghoneim, D., Salem, M., Saeed, M., Saleh, Y., Elhamy, M., et al.
(2020). Adipose Tissue-Derived Mesenchymal Stem Cells Protect against
Amiodarone-Induced Lung Injury in Rats. Appl. Biochem. Biotechnol. 191,
1027–1041. doi:10.1007/s12010-020-03227-8

Raghu, G., Collard, H. R., Egan, J. J., Martinez, F. J., Behr, J., Brown, K. K.,
et al. (2011). An Official ATS/ERS/JRS/ALAT Statement: Idiopathic
Pulmonary Fibrosis: Evidence-Based Guidelines for Diagnosis and
Management. Am. J. Respir. Crit. Care Med. 183, 788–824. doi:10.1164/
rccm.2009-040GL

Rathinasabapathy, A., Bruce, E., Espejo, A., Horowitz, A., Sudhan, D. R., Nair, A.,
et al. (2016). Therapeutic Potential of Adipose Stem Cell-Derived Conditioned

Medium against Pulmonary Hypertension and Lung Fibrosis. Br. J. Pharmacol.
173, 2859–2879. doi:10.1111/bph.13562

Reddy, M., Fonseca, L., Gowda, S., Chougule, B., Hari, A., and Totey, S. (2016).
Human Adipose-Derived Mesenchymal Stem Cells Attenuate Early Stage of
Bleomycin Induced Pulmonary Fibrosis: Comparison with Pirfenidone. Ijsc 9,
192–206. doi:10.15283/ijsc16041

Ricard-Blum, S., Baffet, G., and Théret, N. (2018). Molecular and Tissue
Alterations of Collagens in Fibrosis. Matrix Biol. 68-69 (69), 122–149.
doi:10.1016/j.matbio.2018.02.004

Ricard-Blum, S. (2011). The Collagen Family. Cold Spring Harbor Perspect. Biol. 3,
a004978. doi:10.1101/cshperspect.a004978

Ruifrok, A. C., Katz, R. L., and Johnston, D. A. (2003). Comparison of
Quantification of Histochemical Staining by Hue-Saturation-Intensity (HSI)
Transformation and Color-Deconvolution. Appl. Immunohistochem. Mol.
Morphol. 11, 85–91. doi:10.1097/00129039-200303000-00014

Sabin, K., and Kikyo, N. (2016). Microvesicles as Mediators of Tissue Regeneration.
In Translating Regenerative Medicine To the Clinic, 215–224. doi:10.1016/B978-
0-12-800548-4.00014-0

Salgado, A. J., Reis, R. L., Sousa, N. J., and Gimble, J. M. (2010). Adipose Tissue Derived
Stem Cells Secretome: Soluble Factors and Their Roles in Regenerative Medicine.
Curr. Stem Cel. Res. Ther. 5, 103–110. doi:10.2174/157488810791268564

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
et al. (2012). Fiji: An Open-Source Platform for Biological-Image Analysis. Nat.
Methods 9, 676–682. doi:10.1038/nmeth.2019

Spagnolo, P., Sverzellati, N., Rossi, G., Cavazza, A., Tzouvelekis, A., Crestani, B.,
et al. (2015). Idiopathic Pulmonary Fibrosis: an Update. Ann. Med. 47, 15–27.
doi:10.3109/07853890.2014.982165

Spiekman, M., Przybyt, E., Plantinga, J. A., Gibbs, S., Van Der Lei, B., andHarmsen,
M. C. (2014). Adipose Tissue-Derived Stromal Cells Inhibit TGF-B1-Induced
Differentiation of Human Dermal Fibroblasts and Keloid Scar-Derived
Fibroblasts in a Paracrine Fashion. Plast. Reconstr. Surg. 134, 699–712.
doi:10.1097/PRS.0000000000000504

Tashiro, J., Elliot, S. J., Gerth, D. J., Xia, X., Pereira-Simon, S., Choi, R., et al. (2015).
Therapeutic Benefits of Young, but Not Old, Adipose-Derived Mesenchymal
Stem Cells in a Chronic Mouse Model of Bleomycin-Induced Pulmonary
Fibrosis. Translational Res. 166, 554–567. doi:10.1016/j.trsl.2015.09.004

Tashiro, J., Rubio, G. A., Limper, A. H., Williams, K., Elliot, S. J., Ninou, I., et al.
(2017). Exploring Animal Models that Resemble Idiopathic Pulmonary
Fibrosis. Front. Med. 4, 118. doi:10.3389/fmed.2017.00118

Taylor, D. A., Sampaio, L. C., Ferdous, Z., Gobin, A. S., and Taite, L. J. (2018).
Decellularized Matrices in Regenerative Medicine. Acta Biomater. 74, 74–89.
doi:10.1016/j.actbio.2018.04.044

Tjin, G., White, E. S., Faiz, A., Sicard, D., Tschumperlin, D. J., Mahar, A., et al.
(2017). Lysyl Oxidases Regulate Fibrillar Collagen Remodelling in Idiopathic
Pulmonary Fibrosis. DMM Dis. Model. Mech. 10, 1301–1312. doi:10.1242/
dmm.030114

Tomos, I. P., Tzouvelekis, A., Aidinis, V., Manali, E. D., Bouros, E., Bouros, D., et al.
(2017). Extracellular Matrix Remodeling in Idiopathic Pulmonary Fibrosis. It Is
the ’bed’ that Counts and Not ’the Sleepers’. Expert Rev. Respir. Med. 11,
299–309. doi:10.1080/17476348.2017.1300533

Travis,W.D., King, T. E., Bateman, E.D., Lynch,D.A., Capron, F., Center,D., et al. (2002).
American Thoracic Society/European Respiratory Society International
Multidisciplinary Consensus Classification of the Idiopathic Interstitial Pneumonias.
Am. J. Respir. Crit. Care Med. 165, 277–304. doi:10.1164/ajrccm.165.2.ats01

Tzouvelekis, A., Paspaliaris, V., Koliakos, G., Ntolios, P., Bouros, E., Oikonomou,
A., et al. (2013). A Prospective, Non-randomized, No Placebo-Controlled,
Phase Ib Clinical Trial to Study the Safety of the Adipose Derived Stromal Cells-
Stromal Vascular Fraction in Idiopathic Pulmonary Fibrosis. J. Translational
Med. 11, 171. doi:10.1186/1479-5876-11-171

Waters, R., Subham, S., Pacelli, S., Modaresi, S., Chakravarti, A. R., and Paul, A.
(2019). Development of MicroRNA-146a-Enriched Stem Cell Secretome for
Wound-Healing Applications.Mol. Pharmaceutics 16, 4302–4312. doi:10.1021/
acs.molpharmaceut.9b00639

Yamaguchi, M., Hirai, S., Tanaka, Y., Sumi, T., Miyajima, M., Mishina, T., et al.
(2017). Fibroblastic Foci, Covered with Alveolar Epithelia Exhibiting Epithelial-
Mesenchymal Transition, Destroy Alveolar Septa by Disrupting Blood Flow in
Idiopathic Pulmonary Fibrosis. Lab. Invest. 97, 232–242. doi:10.1038/
labinvest.2016.135

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 66903714

Vasse et al. ASC Secretome Overrides IPF-Matrix Signals

236

https://doi.org/10.1165/rcmb.2010-0426OC
https://doi.org/10.1165/rcmb.2010-0426OC
https://doi.org/10.1159/000368163
https://doi.org/10.1007/s12079-017-0422-6
https://doi.org/10.1007/s12079-017-0422-6
https://doi.org/10.1056/NEJMra1705751
https://doi.org/10.3109/01902148.2014.881930
https://doi.org/10.3109/01902148.2014.881930
https://doi.org/10.1186/s12931-016-0328-5
https://doi.org/10.1093/jnen/nlz016
https://doi.org/10.1016/j.cbpa.2013.10.018
https://doi.org/10.1016/j.cbpa.2013.10.018
https://doi.org/10.1016/j.burns.2017.08.017
https://doi.org/10.1136/jim-2017-000494
https://doi.org/10.1152/ajplung.00238.2017
https://doi.org/10.1152/ajplung.00139.2012
https://doi.org/10.1111/crj.12777
https://doi.org/10.1111/crj.12777
https://doi.org/10.1172/JCI71386
https://doi.org/10.1159/000324896
https://doi.org/10.1186/1479-5876-11-39
https://doi.org/10.1007/s12010-020-03227-8
https://doi.org/10.1164/rccm.2009-040GL
https://doi.org/10.1164/rccm.2009-040GL
https://doi.org/10.1111/bph.13562
https://doi.org/10.15283/ijsc16041
https://doi.org/10.1016/j.matbio.2018.02.004
https://doi.org/10.1101/cshperspect.a004978
https://doi.org/10.1097/00129039-200303000-00014
https://doi.org/10.1016/B978-0-12-800548-4.00014-0
https://doi.org/10.1016/B978-0-12-800548-4.00014-0
https://doi.org/10.2174/157488810791268564
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.3109/07853890.2014.982165
https://doi.org/10.1097/PRS.0000000000000504
https://doi.org/10.1016/j.trsl.2015.09.004
https://doi.org/10.3389/fmed.2017.00118
https://doi.org/10.1016/j.actbio.2018.04.044
https://doi.org/10.1242/dmm.030114
https://doi.org/10.1242/dmm.030114
https://doi.org/10.1080/17476348.2017.1300533
https://doi.org/10.1164/ajrccm.165.2.ats01
https://doi.org/10.1186/1479-5876-11-171
https://doi.org/10.1021/acs.molpharmaceut.9b00639
https://doi.org/10.1021/acs.molpharmaceut.9b00639
https://doi.org/10.1038/labinvest.2016.135
https://doi.org/10.1038/labinvest.2016.135
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Yan, X., Liu, Y., Han, Q., Jia, M., Liao, L., Qi, M., et al. (2007). Injured
Microenvironment Directly Guides the Differentiation of Engrafted Flk-1+
Mesenchymal Stem Cell in Lung. Exp. Hematol. 35, 1466–1475. doi:10.1016/
j.exphem.2007.05.012

Zhang, Y., Jiang, X., and Ren, L. (2019). Optimization of the Adipose-Derived
Mesenchymal Stem Cell Delivery Time for Radiation-Induced Lung Fibrosis
Treatment in Rats. Sci. Rep. 9, 1–10. doi:10.1038/s41598-019-41576-5

Conflict of Interest: PR is co-founder, scientific advisor, and shareholder of
BiomACS BV, a biomedical-oriented screening company.

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Vasse, Van Os, De Jager, Jonker, Borghuis, Van Den Toorn,
Jellema, White, Van Rijn, Harmsen, Heijink, Melgert and Burgess. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 66903715

Vasse et al. ASC Secretome Overrides IPF-Matrix Signals

237

https://doi.org/10.1016/j.exphem.2007.05.012
https://doi.org/10.1016/j.exphem.2007.05.012
https://doi.org/10.1038/s41598-019-41576-5
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Ferroptosis, a New Insight Into Acute
Lung Injury
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Acute lung injury (ALI), a common and critical illness with high morbidity and mortality, is
caused by multiple causes. It has been confirmed that oxidative stress plays an important
role in the development of ALI. Ferroptosis, a newly discovered programmed cell death in
2012, is characterized by iron-dependent lipid peroxidation and involved inmany diseases.
To date, compelling evidence reveals the emerging role of ferroptosis in the
pathophysiological process of ALI. Here, we review the role of ferroptosis in the
pathogenesis of ALI and its therapeutic potential in ALI.

Keywords: ferroptosis, acute lung injury, iron metabolism, lipid peroxidation, ferrostatin-1, lipoxstatin-1, iASPP

INTRODUCTION

Acute lung injury (ALI), a common and critical illness with high morbidity and mortality, is
caused by a variety of factors, including pulmonary and extrapulmonary factors (Ware et al.,
2000; Mutlu et al., 2006; Matthay et al., 2019). The pathogenesis of ALI is not fully understood,
and there is still no effective targeted intervention. Therefore, it is of great significance to study
the pathogenesis and treatment of ALI. The pathogenesis of ALI was previously believed to
involve inflammation, coagulation, oxidative stress, repair and so on (Matthay et al., 2019). In
2012, Dixon et al. proposed ferroptosis, a new concept of cell death. Studies have shown that
ferroptosis is closely related to tumor, nervous system disease, infection, ischemia/reperfusion
(I/R) injury, kidney injury and other diseases (Friedmann et al., 2014; Linkermann et al., 2014;
Stockwell et al., 2017; Dar et al., 2018; Amaral et al., 2019; Hu et al., 2019; Mou et al., 2019; Han
et al., 2020; Mao et al., 2020). In recent years, ferroptosis has also been confirmed to contribute
to lipopolysaccharide (LPS)-induced ALI, intestinal I/R-induced ALI, oleic acid-induced ALI,
and acute radiation-induced lung injury (RILI) (Li et al., 2019; Liu et al., 2020; Dong et al., 2020;
Li et al., 2020; Zhou et al., 2019). In addition, ferroptosis inhibitors ferrostatin-1 and
lipoxstatin-1, as well as inhibitor of apoptosis-stimulating protein of p53 (iASPP), can
mediate protective effects against ALI by inhibiting ferroptosis (Liu et al., 2020; Li et al.,
2020). This review summarizes the research progress, regulatory mechanism and therapeutic
potential of ferroptosis in ALI (Figure 1).

Ferroptosis Is Iron-dependent Lipid Peroxidation
Ferroptosis was first discovered as a unique form of cell death by Dixon et al. when studying the
mechanism of erastin killing tumor cells with RAS mutation in 2012 (Dixon et al., 2012). As a
programmed cell death, ferroptosis is quite different from apoptosis and autophagy in morphology
(Table 1). The characteristics of ferroptosis include decreased mitochondrial crista, increased
mitochondrial membrane density, along with ruptured mitochondrial outer membrane as
observed under electron microscopy, but the integrity of nucleus remains (Kazan et al., 2019).
Besides mitochondria, other organelles such as golgi, endoplasmic reticulum and lysosome, are also
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involved in ferroptosis. Golgi stress-related lipid peroxidation,
endoplasmic reticulum-related oxidative stress, and lysosome
dysfunction can induce ferroptosis (Wu et al., 2020). The
biological properties of ferroptosis are characterized by a large

amount of iron accumulation and membrane lipid peroxidation
products in the process of cell death. At present, the mechanism
of ferroptosis mainly focuses on oxidative damage and iron
metabolism (Stockwell et al., 2017; Li et al., 2020). Lipid

FIGURE 1 | The molecular mechanism and regulation of ferroptosis in ALI. Note: ALI: acute lung injury; GSH: glutathione peroxidase 4; ROS: reactive oxygen
species; Nrf2: nuclear factor erythroid 2-related factor 2; HO-1: heme oxygenase-1; ARE: antioxidant response element; TFR1: transferrin receptor 1; DFO:
deferoxamine; iASSP: inhibitor of apoptosis-stimulating protein of p53.

TABLE 1 | Morphological comparison between ferroptosis, apoptosis, necrosis, pyroptosis and autophagy (Kazan et al., 2019); (Dixon et al., 2012); (Wu et al., 2020);
(Stockwell et al., 2017); (Li et al., 2020).

Cell death Ferroptosis Apoptosis Necrosis Pyroptosis Autophagy

Morphological
characteristics

Shrinkage of mitochondria,
reduction of mitochondrial
cristae, increase of
mitochondrial density, rupture
of mitochondrial outer
membrane

Blebbing of plasma
membrane, reduction in
cellular and nuclear volume,
nuclear rupture

Plasma membrane swelling,
organelle swelling, moderate
chromatin condensation

Karyopyknosis, cell
edema, rupture of cell
membrane

Formation of double-
membrane autophagic
lysosomes

Biochemical
characteristics

Iron accumulation and lipid
peroxidation, inhibition of
system Xc-, depletion of GSH,
and inhibition of GPX4

Caspases activation,
fragmentation of
oligonucleotide DNA

RIP1-RIP3 complex
formation, activation of
effector protein MLKL,
necrotic body formation
(complex IIb)

Caspase-1 mediated,
assembly of
inflammasome, release of
inflammatory factors

The activity of lysosome
increasing, digestion
and degradation of
many enzymes
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peroxidation and iron metabolism signaling are recognized as the
central mediators of ferroptosis (Xie et al., 2016).

Cystine/glutamate transporter (system Xc-) is an important
antioxidant, composed of two subunits, SLC7A11 and SLC3A2L.
It can transfer cystine into cells and excrete glutamate out of cells.
Cystine and glutamate are exchanged by system Xc-in a ratio of 1:
1. Cystine is reduced to cysteine by system Xc- and participates in
the synthesis of glutathione (GSH) (Chen et al., 2015). Then GSH
is reduced to corresponding alcohols under the action of
glutathione peroxidase 4 (Gpx4) (Bridges et al., 2012).
Therefore, inhibition of system Xc- and Gpx4 can reduce
Cystine uptake and GSH synthesis, leading to oxidative
damage and even cell death. This process is also different
from apoptosis and autophagy.

As a substrate for the synthesis of lipid signal mediators, the
amount and location of polyunsaturated fatty acids (PUFA)
determine the degree of lipid peroxidation in cells. The
ferroptosis signal transmitted by PUFA depends on the
esterification of membrane-forming phospholipids and
oxidation (D’Herde et al., 2017). Acyl CoA synthase long
chain family member 4 (ACSL4) and Lysophosphatidylcholine
acyltransferase 3 (LPCAT3) are involved in the biosynthesis and
remodeling of polyunsaturated fatty acid PE (PUFA-PE) in cell
membrane. With the activation of ACSL4, the free PUFA could
be esterified with the help of LPCAT3, and then bound to the
membrane phospholipid to form PUFA-PE. Therefore, the up-
regulation of ACSL4 is considered as a biomarker and contributor
of ferroptosis. PUFA-PE can promote lipoxygenase (LOXs)-
mediated enzymatic reaction to form lipid hydroperoxides.
Therefore, the depletion of LOXs in cells can prevent
ferroptosis induced by erastin (Yang et al., 2016).

Circulating iron exists in the form of ferric iron (Fe3+) by
binding to transferrin. Fe3+ iron is imported into the cell via the
membrane protein transferrin receptor 1 (TFR1) and then locates
in the endosome. Then the Fe3+ iron is reduced to ferrous iron
(Fe2+) by reductase in the endosome. The release of Fe2+ can be
mediated by divalent metal transporter1 (DMT1) from the
endosome into the cytoplasm that is a labile iron pool. Ferritin
is an iron storage protein complex, where excessive iron is stored
in. It includes ferritin light chain (FTL) and ferritin heavy chain1
(FTH1) (Harrison et al., 1996). FTH1 catalyzes the conversion of
Fe2+ form into the Fe3+ form and then the Fe3+ iron is bound to
the ferritin shell, thus reducing the level of free iron. Excessive
iron can lead to ferroptosis by producing ROS through Fenton
reaction (Wang et al., 2018).

Key Regulators of Ferroptosis
Gpx4
There are eight subtypes of glutathione peroxidase (Gpx) in
mammals, among which Gpx4 is the key regulator of
ferroptosis (Brigelius-Flohe et al., 2013; Conrad et al., 2015).
Gpx4, a single copy gene located on chromosome 19, was isolated
and purified from pig liver by Ursini and colleagues in 1982
(Forcina et al., 2019; Ursini et al., 1982; Hirschhorn et al., 2019). It
is a selenoprotein that can repair oxidative damage of lipid cells.
Gpx4 is unique among Gpx subtypes as it is the only enzyme
capable of reducing the esterified oxidized fatty acids and
cholesterol hydroperoxides (Conrad et al., 2015). Gpx4 can
convert intracellular toxic lipid hydrogen peroxide (L-OOH)
into nontoxic lipid alcohol (L-OH), and promote the
decomposition of hydrogen peroxide (H2O2), which can
protect cell membrane from oxidative damage (Forcina et al.,
2019). Therefore, Gpx4 is essential for preventing cell damage
and maintaining tissue homeostasis (Wortmann et al., 2013). It
was found that a large number of ferroptosis occurred in renal
tubular cells when Gpx4 gene was knocked out (Friedmann et al.,
2014). Specific blockade of Gpx4 can lead to destruction of
muscles, neurons, and other cells, suggesting that Gpx4 is
essential for survival of adult cells. In conclusion, inactivation
of Gpx4 can lead to accumulation of lipid peroxide and
ferroptosis, and Gpx4 plays a negative regulatory role in the
process of ferroptosis (Forcina et al., 2019; Kinowaki et al., 2018).

System Xc−
System Xc− is an important intracellular antioxidant system. It is
an amino acid transporter expressed on mammalian cell
membrane, composed of two subunits, SLC7A11 and
SLC3A2L. Intracellular glutamate is exchanged with
extracellular cystine via system Xc− by the ratio of 1:1.
Cystine is involved in the synthesis of GSH, an important
intracellular free radical scavenger. Inhibition of system Xc−
can lead to a rapid decrease in intracellular GSH level and
rapid ferroptosis (Bridges et al., 2012; Dixon et al., 2012).
Studies have also found that tumor suppressor p53 can inhibit
the uptake of cystine by inhibiting SLC7A11, thus inducing
ferroptosis (Jiang et al., 2015).

Nrf2
Nuclear factor erythroid 2-related factor 2 (Nrf2) is an important
transcription factor regulating cellular oxidative stress response,
and antioxidant response element (ARE) is a downstream signal

TABLE 2 | Ferroptosis in several types of ALI.

Types of ALI Manifestation Signal
pathway

Ferroptosis

Sepsis-induced lung injury Down-regulation of SLC7A11 and GPx4, MDA and total iron increasing Yu et al. (2014); Yu et al. (2014); Liu
et al. (2020); Liu et al. (2020)

Nrf2/ARE

Intestinal I/R-Induced ALI Pulmonary edema, lipid peroxidation Dong et al. (2020); Meng et al. (2016); Li et al. (2020) Nrf2/HIF-1α/TF
Oleic acid-induced ALI Iron overload, decrease in glutathione, GPx4 and ferritin, increase in MDA content Lee et al. (2014); Zhou

et al. (2019)
Unclear

Radiation-induced lung
injury

A large amount of ROS producing Li et al. (2019) Unclear
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molecule of Nrf2(Canning et al., 2015; Xie et al., 2016; Krajka-
Kuźniak et al., 2017). After activation of Nrf2/ARE signaling
pathway, a classical signaling pathway, a series of cell protective
genes can be induced, such as heme oxygenase−1 (HO−1),
nicotinamide adenine dinucleotide phosphate quinone
oxidoreductase (NQO1), glutathione peroxidase (GSH−Px)
and so on (Chen et al., 2018). Nrf2 plays a very important
role in ferroptosis by regulating iron homeostasis and lipid
peroxidation (Sun et al., 2016; Kerins et al., 2018; Dodson
et al., 2019). Studies show that Nrf2/HO-1 signaling pathway
can regulate anti-inflammatory, antioxidant stress, and
ferroptosis, which plays a multi-organ protective role (Zhang
et al., 2019; Jiang et al., 2020). Nrf2-keap1 pathway can change
tumor microenvironment and affect tumor growth by up
regulating xCT (SLC7A11 or system Xc−). Nrf2
overexpression or Keap1 knockout can inhibit ferroptosis,
accelerate the proliferation of glioma cells, and reduce the
survival rate of tumor patients, suggesting a potential target
for tumor treatment (Sartori et al., 2010).

Ferroptosis and ALI
The clinical manifestations of ALI are characterized by diffuse
pulmonary infiltration, refractory hypoxemia and respiratory
distress. The pathological manifestations are injury of
pulmonary capillary endothelial cells and alveolar epithelial
cells, and diffuse alveolar and interstitial edema. As is well
known, ALI can be caused by various extrapulmonary factors
(such as sepsis, surgery, burns, fluid resuscitation, severe
pancreatitis,etc.) and pulmonary factors (such as pulmonary
inflammation, pulmonary contusion, aspiration,etc.). However,
the confirmed pathogenesis of ALI is very complex, mainly
involving the uncontrolled inflammatory reaction, the
regulation of aquaporin, the imbalance of coagulation/
fibrinolysis system, apoptosis, autophagy, pyrosis and so on
(Sartori et al., 2010; Kovarova et al., 2012; Matthay et al., 2019).

Under normal circumstances, the lung relies on the
phagocytosis of macrophages, transferrin in secretion,
antioxidant molecules on the surface of respiratory tract
epithelium, and respiratory ciliary expectoration system to
maintain iron homeostasis. Once the protective mechanisms
are destroyed by endogenous or exogenous factors, oxidative
stress injury occurs in the lung (Turi et al., 2004). It was found
that there was iron excess in the lower respiratory tract of ALI
patients (Stites et al., 1999; Ghio et al., 2003). Iron accumulation
can lead to inflammatory reaction, oxidative stress and
mitochondrial dysfunction, and eventually cause lung damage
through ferroptosis (Yoshida et al., 2019). Iron excess can also
induce or aggravate hyperoxia-induced lung injury in patients
with mechanical ventilation or diving operators, while
intravenous deferoxamine can attenuate lung injury (Sha et al.,
2019). Iron also plays an important role in hypoxia-induced lung
injury. Iron supplementation can promote inflammatory
response and oxidative stress, and aggravates lung injury
induced by high altitude in rats (Salama et al., 2014). In
addition, it has been found that the total GSH decreased and
oxidized glutathione (GSSG) increased in alveolar epithelial
lining fluid of ALI patients and animal models (Schmidt et al.,

2004; Britt et al., 2014). In conclusion, in the pathological process
of ALI, the release of various reactive oxygen species and the
generation of free radicals can damage alveolar epithelial cells,
and iron overload can further promote the conversion of
hydrogen peroxide into free radicals through Fenton reaction,
which increases the cytotoxicity, thus promoting the occurrence
and development of ALI (Zhang et al., 2019). In conclusion, these
studies suggest that iron metabolism and oxidative stress may
involve in the pathogenesisof ALI. With the development of
ferroptosis research, more and more studies have found that
ferroptosis is involved in the pathogenesis of ALI. It has been
confirmed that ferroptosis exists in some animal models or cell
models of ALI.

Ferroptosis Involved in ALI
Ferroptosis in Sepsis-Induced Lung Injury
Sepsis is a systemic inflammatory response syndrome caused
by severe infection, with rapid progression and poor
prognosis. ALI often occurs in the early stage of sepsis, but
no effective treatments are currently available for it
(Rubenfeld et al., 2005). Sepsis-induced lung injury is
essentially an acute pathological injury of lung tissue
caused by uncontrolled inflammatory reaction. In vitro (Liu
et al., 2020), it was found that the expression of ferroptosis
markers, SLC7A11, and GPx4, were down-regulated, while the
levels of malondialdehyde (MDA) and total iron were
significantly increased in a dose-dependent manner after
lipopolysaccharide (LPS) intervention on the human
bronchial epithelial cell line, BEAS-2B. Ferrostatin-1, an
inhibitor of ferroptosis, could reverse the above effects,
suggesting that ferroptosis played a very important role in
the pathogenesis of LPS-induced ALI. In vivo (Yu et al., 2014;
Liu et al., 2020), similar conclusions were drawn in ALI
models established by intratracheal or intravenous injection
of LPS. Ferroptosis may participate in LPS-induced ALI
through Nrf2/ARE signaling pathway (Yu et al., 2014; Liu
et al., 2020). Another study showed that HO−1 played a
protective role in the pathogenesis of sepsis-induced lung
injury, and artesunate could improve sepsis-induced lung
injury by activating Nrf2 and promoting HO−1 expression
(Luo et al., 2014; Cao et al., 2016; see Table 2). In conclusion,
ferroptosis may be a potential therapeutic target for sepsis-
induced lung injury, thus indicating the therapeutic potential
of ferroptosis inhibitors for it.

Ferroptosis in Intestinal I/R-Induced ALI
Intestinal I/R injury can be caused by severe trauma, extensive
burns, severe infection, shock, intestinal obstruction, cardiac
surgery, etc. Once intestinal I/R injury occurs, intestinal
mucosal barrier is destroyed, intestinal bacteria and toxins are
translocated, and then a large number of cytokines and
inflammatory mediators are released into blood circulation,
leading to systemic inflammatory response and injury of
distant organs. The lung is the earliest and most vulnerable
organ, known as intestinal I/R-induced ALI, which plays a
vital role in the development of multiple organ dysfunction
syndrome (MODS) (de Perrot et al., 2003; Marco et al., 2007;
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Mörs et al., 2017; Li et al., 2020). So far, the pathogenesis of
intestinal I/R-induced ALI has not been fully elucidated, and
there is no specific medicine.

In the past, apoptosis was considered to be the main regulatory
cell death mode in various ischemic injury models. However, in
recent years, more and more studies have found that ferroptosis is
the main driving factor of ischemic injury (Tonnus et al., 2017).
Studies in vivo and in vitro have confirmed that ferroptosis occurs in
type II alveolar epithelial cells of mice with intestinal I/R injury, and
ferroptosis is involved in intestinal I/R-induced ALI (Dong et al.,
2020; Li et al., 2020). Ferroptosis inhibitor ferrostatin-1 can improve
intestinal I/R-induced ALI by alleviating pulmonary edema and
inhibiting lipid peroxidation, while iron can reverse the above effects.
It has been found that Nrf2 regulates ferroptosis by promoting the
expression of HO−1 and SLC7A11, which plays a protective role in
ferroptosis. Nrf2may be a key regulator of intestinal I/R-inducedALI
(Meng et al., 2016; Dong et al., 2020). Further research shows that
iASPP can alleviate intestinal I/R-induced ALI and ferroptosis
through Nrf2/HIF-1α/TF signaling pathway (Li et al., 2020; see
Table 2). At present, the mechanism research is still in its infancy.

Ferroptosis in Oleic Acid-Induced ALI
Intravenous injection of oleic acid is one of the methods to
establish ALI models (Zhou et al., 2014). Once oleic acid
microbubbles enter pulmonary capillaries, it results in
pulmonary vascular congestion, increased capillary
permeability and pulmonary interstitial edema, which is
consistent with the pathological changes of ALI (Lee et al.,
2014). In mice injected with oleic acid, iron overload, decrease
in glutathione levels, GPx4 (a marker of ferroptosis) and ferritin,
and increase in MDA content, were observed in lung tissues,
accompanied with morphological changes of ferroptosis such as
mitochondrial wrinkle and mitochondrial membrane rupture
(Zhou et al., 2019; see Table 2). However, the specific
molecular signaling pathways remain unclear.

Ferroptosis in RILI
The incidence of RILI was 16.7–50.3%, which increased the
mortality and disability of lung cancer patients (S N et al.,
2019). Oxidative damage of lung tissue, induced by a large
amount of Reactive Oxygen Species (ROS) produced by
radiation, is a key factor in the pathogenesis of RILI(Li et al.,
2019). It has been found that ferroptosis played an important role
in RILI, and ferroptosis inhibitor significantly reduced ROS in
lung tissue and inflammatory factors in serum (Li et al., 2019; see
Table 2).

Treatment of ALI by Targeting Ferroptosis
Ferroptosis is characterized by a large amount of iron
accumulation and lipid peroxidation. Accordingly, the
therapeutic targets for ferroptosis should focus on inhibiting
iron metabolism and lipid peroxidation. Iron metabolism
inhibitors and iron chelators, such as deferoxamine (DFO),
can inhibit ferroptosis by inhibiting iron uptake (Wang et al.,
2020). Inhibitors of lipid metabolism inhibit polyunsaturated
fatty acids (PUFA) incorporation into phospholipid
membranes, such as thiazolidinediones and knockdown of
long-chain acyl-CoA synthetases (ACSL4) (Dixon et al., 2015;
Doll et al., 2017). Ferroptosis inhibitor ferrostatin-1 can improve
intestinal I/R-induced ALI by inhibiting lipid peroxidation and
alleviating pulmonary edema (Dong et al., 2020). It can also
alleviate sepsis-induced ALI by promoting the expression of
SLC7A11 and GPx4 and reducing the levels of MDA and iron
in lung tissue (Liu et al., 2020). Another ferroptosis inhibitor,
lipoxstatin-1, can promote the expression of GSH and GPx4, and
reduce the content of MDA, iron and transferrin. In addition,
lipoxstatin-1 can reverse the effect of erastin on promoting
ferroptosis, and alleviate intestinal I/R-induced ALI, suggesting
the therapeutic potential of lipoxstatin-1 (Li et al., 2020). IASPP,
which is a known inhibitor of p53 transcriptional activity, mainly
exists in the cytoplasm. IASPP inhibits ferroptosis through Nrf2/
HIF-1α/TF signaling pathway and plays a protective role in
intestinal I/R-induced ALI, as demonstrated in MLE-2 cells (Li
et al., 2020). Although these ferroptosis inhibitors have been
proved to have the effect of improving ALI, they are still in animal
models and/or in vitro studies, lack of clinical evidence (see
Table 3).

CONCLUSION AND PERSPECTIVES

As a new form of programmed cell death, ferroptosis is known
to mainly involve in tumor, nervous system diseases, I/R injury
and acute kidney injury. In recent years, more and more
studies have found that ferroptosis is also involved in the
pathogenesis of ALI. Ferroptosis has been confirmed in many
ALI animal models or cell models, but its specific mechanism
has not been fully elucidated. Ferroptosis may be a target for
the treatment of ALI, focusing on the inhibition of iron
metabolism and lipid peroxidation. Ferrostatin-1,
lipoxstatin-1 and iASPP have been proved to have the
effects on inhibiting ferroptosis and protecting ALI.
However, they only stay in animal models and/or in vitro

TABLE 3 | Impact of ferroptosis inhibitors on ALI.

Reagent Target Impact on ALI

Ferrostatin-1 Lipid peroxidation Dong et al. (2020) GPX4, SLC7A11 Liu et al. (2020) Alleviating sepsis-induced ALI, improving intestinal I/R-induced ALI
Panaxydol Keap1-Nrf2/HO−1 pathway Li et al. (2021) Alleviating LPS-induced ALI
Lipoxstatin-1 GSH and GPX4, Nrf2 pathway Li et al. (2020) Alleviating intestinal I/R-induced ALI
IASPP Nrf2/HIF−1α/TF Li et al. (2020) Protecting against intestinal I/R-induced ALI
Artesunate HO−1Cao et al. (2016); Luo et al. (2014) Protecting against sepsis-induced lung injury
Sevoflurane HO−1 Liu et al. (2021) Protecting against LPS-induced ALI
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studies, lack of clinical evidence. In the future, more
comprehensive and in-depth scientific researches are needed
to further explore the relationship between ferroptosis and
ALI, to provide more theoretical basis for clinical work.
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