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Editorial on the Research Topic

Novel Anti-Inflammatory Approaches for Cystic Fibrosis Lung Disease: Identification of
Molecular Targets and Design of Innovative Therapies

Cystic Fibrosis (CF) is a monogenic disease caused by mutations of the Cystic Fibrosis (CF)
Transmembrane conductance Regulator (CFTR) gene encoding a chloride and bicarbonate
transporter (Kerem et al., 1989; Riordan et al., 1989; Rommens et al., 1989). CF disease affects
different organs, with the chronic lung pathology being the main cause of morbidity and reduction of
life expectancy of these patients (Shteinberg et al., 2021). Pulmonary disease has been demonstrated
since early infancy and progresses with airways obstruction and bronchial damages, representing the
major challenge for the cure of these patients (Stoltz et al., 2015). Pathophysiology of CF lung disease
is still a matter of debate (Bergeron and Cantin, 2019); one leading hypothesis is that the defective
CFTR ion channel activity promotes dehydration of the airway surface liquid, alters mucus
properties, and decreases mucociliary clearance, favoring the onset of inflammation together
with recurrent and, ultimately, chronic bacterial infection (Boucher, 2019; Esther et al., 2019).
The immune response of CF lungs is characterized by exaggerated inflammation, abundant pro-
inflammatory cytokines and chemokines in the bronchial mucosa, and massive lumenal infiltrates of
polymorphonuclear neutrophils, which release proteases and reactive oxygen species. This overall
process leads to chronic airway obstruction and pulmonary damage (Roesch et al, 2018). The
contribution of cellular components (e.g., bronchial epithelial cells, neutrophils, lymphocytes,
macrophages, dendritic cells), subcellular organelles (e.g., endoplasmic reticulum, mitochondria),
intracellular signalling pathways (e.g, MAP kinases, calcium signaling, the unfolded protein
response) and transcription factors (e.g., NF-kB and XBP-1) has been investigated regarding the
pathophysiology of the exaggerated CF lung inflammation. The relevance of infection and the role of
mutant CFTR protein in this complex interplay have also been explored (Roesch et al., 2018).
Although anti-inflammatory corticosteroids and ibuprofen have shown limited efficacy in CF
patients, the development of novel drugs for CF lung inflammation has been neglected for many
years. Instead, drug discovery of the so-termed modulators, aimed at correcting the trafficking and
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function of mutant CFTR, became a priority. Nevertheless, it
remains to be established whether CFTR modulators will be
sufficient to halt the inflammatory processes and mucus
overproduction responsible for lung damage in CF adolescents
and adults with advanced lung disease. In addition, it is not
known whether modulators will be capable of preventing the
establishment of lung infection, inflammation and mucus
overproduction when administered to CF infants exhibiting
early signs of pulmonary disease. Thus, the development of
more effective “CF tailored” anti-inflammatory drugs, that can
be combined with therapeutic protocols utilizing novel CFTR
modulators and antibacterial drugs, remains an unmet need that
requires further research (Roesch et al., 2018).

The 20 articles collected in this Research Topic focus on the
most recent advances on CF lung inflammation, mainly on novel
molecular targets and on innovative pharmacological approaches.
In a review of the literature, Mitri et al. show how the topic of CF
lung inflammation has been partially neglected in respect to the
compelling priority of discovering and developing effective CFTR
modulators. They recall the main issues of the debate on CF lung
inflammation, starting from the pathophysiology of
inflammation and infection, the alteration of the airway
mucus, the role of proteases released from polymorphonuclear
neutrophils, and the lipid dysregulation. They recapitulate the
limitations of the current anti-inflammatory drugs and describe a
series of recent innovative therapeutic approaches proposed by
different researchers. The view that research on anti-
inflammatory approaches should not remain the “poor
relative” of the CF drug discovery pipelines has been further
strengthened by Kunzi et al., who described the evolution of the
CF lung pathophysiology in the aging CF population, where the
median predicted survival is now over 40 years, with several
implications on cellular senescence, stem cell exhaustion,
altered inter-cellular communications, loss of proteostasis, and
mitochondrial dysfunction.

Recurrent infections and persistent inflammation in CF slowly
and progressively worsen lung function. Since the CF anti-
inflammatory research has moved its first steps from pre-
clinical to clinical investigation, it is crucial to properly
evaluate the effectiveness of new drugs and the advancements
in the field. Perrem and Ratjen examined the most informative
biomarkers of clinical progression and endpoints that can be used
to test the efficacy of drugs, which are key for successful clinical
trials. Moreover, considering that neutrophils and their products
can be targets of anti-inflammatory drugs in CF (Torphy et al,
2015), these authors renewed the discussion regarding reducing
the damaging effects of inflammation while maintaining effective
immunological defenses against bacterial infection, a lesson
learned from the early clinical trials.

Identification of molecular targets faces the obstacle of
redundant intracellular regulatory pathways, one of the main
features of the lung immune responses. Although redundancy is a
beneficial evolutionary feature aimed to effectively fight infective
offense, this has been a challenging issue in the search for effective
anti-inflammatory targets that could be frequently bypassed by
alternative intracellular signals. From a mechanistic point of view,
this research field followed different directions, e.g., identification
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of CF immune defects that can be circumvented, identification of
critical signaling pathways of the initial innate immune response
elicited in bronchial epithelial cells, targeting neutrophils and
phagocytes as the main effectors of the inflammatory response,
and activation of the pathways involved in resolution of
inflammatory processes.

Studies with pathogen-host interactions involving phagocytes
have indicated that the CF immune system is inefficient at
combating bacterial infections. Here, van Heeckeren et al.
demonstrate the immune-defective role of CF macrophages by
trasferring hematopoietic and mesenchymal stem cells between
CFTR-deficient and CFTR wild type murine models. Their
approach reproduced or restored anti-infective and anti-
inflammatory functions, opening an experimental path
towards cell-based therapies for CF. In a parallel article, Di
Pietro et al. dissected the reduced bactericidal capacity of CF
macrophages, demonstrating a defect in the Heme Oxygenase-1/
Carbon Monoxide pathway and proposing an experimental
approach to restore the bactericidal activity in these cells.
Analysis of defective bacterial killing of CF phagocytes has
been extended from macrophages to neutrophils. Cantin et al.
showed that the intracellular killing of Gram-negative bacteria by
CF neutrophils is inhibited by CF airway mucins that protect the
engulfed Pseudomonas aeruginosa by inhibiting respiratory burst
and lysozyme-mediated bacterial killing. McQuillan et al. studied
an additional aspect of bacterium-phagocyte interactions by
investigating the anti-neutrophil cytoplasmic autoantibodies
(ANCA) directed towards the bactericidal permeability
increasing (BPI) protein, the latter acting as anti-bacterial
weapon released by neutrophilic granules. Whereas high
concentrations of BPI are present in the bronchoalveolar
lavage fluid of CF patients, a parallel increase of ANCA
complexed with BPI was shown to be a key mechanism for
reducing the overall bactericidal capacity of the CF innate
immune system. On the other hand, the studies of Lee et al.
focused on host-bacteria interactions by reviewing the emerging
aspects of the CF microbiote and microbiome. These authors
suggested the use of multi-omics technologies to expand the
understanding of basis for the inneficient CF immune system.

The bronchial epitelium has been considered for long time a
simple physical barrier to protect the airway mucosa from the
penetration of infectious agents, dust and pollution. This vision
drastically changed in recent years, where the bronchial
pseudostratified epithelium has gained relevance both as a key
contributor of innate immune responses (e.g., via cytokine
production) and in cross-talking with “professional” immune
cells, such as macrophages, neutrophils, lymphocytes, and
dendritic cells (for a review on bronchial epithelium, see Herr
et al., 2020). Thus, the intracellular signaling evoked in bronchial
epithelial cells by Pseudomonas aeruginosa, Staphylococcus
aureus, other microrganisms and their products affecting CF
patients has been investigated to identify critical organelles and
pathways that can be modulated by novel anti-inflammatory
drugs. Here, Rimessi et al. reviewed several articles dealing
with regulation of intracellular calcium, a key second
messenger altered in CF bronchial epithelial cells either as a
result of the basic CFTR protein defect or the chronic exposure to
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colonizing bacteria. These authors reviewed molecules under pre-
clinical investigation aimed to modify the dysregulated pathways.
In parallel, Patergnani et al. recall the effect of infectious agents on
mitochondria of CF bronchial epithelial cells, which become
targets of the intracellular signaling resulting from activation
of Toll-like Receptors. Via increased intracellular calcium fluxes
through specific mitochondrial calcium channels, mitochondria
actively contribute for the production of intracellular reactive
oxygen species and the activation of the inflammasome. An
additional set of data involving lung epithelia was contributed
by Lin et al. They investigated intracellular signaling in a cell line
of epithelial pneumocytes exposed to bacterial endotoxin, and
found a protective role of the Clara Cell secretory protein (CC16)
against apoptosis.

While the majority of approaches in search of the best
molecular targets for anti-inflammatory molecules has been
aimed to downmodulate the activation phase of the innate
immune response, recent efforts have also been directed
towards the upregulation of physiological pathways that
participate in the resolution of inflammation. Briottet et al.

and Recchiuti et al. reviewed specialized pro-resolvin
mediators of inflammation, such as lipoxins, resolvins,
protectins, and marensins, and the wunderlying specific

dysregulations found in different CF cell models. They
suggested that a compensatory or regulatory action can be a
novel anti-inflammatory approach for CF lung disease.

Exploring the efficacy, the mechanisms of action, or the
delivery strategies of new molecules aimed to control lung
inflammation in preclinical models has been also presented in
this article collection. Voynow et al. evaluated the feasibility of
testing inhaled glycosaminoglycans, such as modified heparins
devoid of anticoagulant effects, as novel anti-elastase allosteric
inhibitors aimed at intervening against a major effector of CF
bronchial damage released by airway neutrophils. Yougbare et al.
focused on phosphodiesterase isoform 4 (PDE4), a regulator of
chronic inflammation, by testing the effect of the PDE4 inhibitor
NCS 613. Zhang et al. presented the protective effect of
pterostilbene, a stilbene derivative originally isolated from
medicinal plants, in a model of murine acute lung
inflammation induced by endotoxin. They showed that the
protective action of pterostilbene was mediated by activation
of the anti-oxidant transcription factor Nrf2, the enzyme HO-1,
and inhibition of NF-«B. In a similar murine lung model of acute
inflammation, Jin et al. utilized nasal delivery of the anti-
inflammatory flavonoid molecule hesperidin complexed with
chitosan nanoparticles and showed the efficacy of this nasal
delivery system to suppress the airways’ cytokine storm
evoked by endotoxin.

Correction of the basic CFTR ion transport defect by effective
CFTR modulators from early infancy might be beneficial against
bacterial infection and inflammation. This key issue is being
investigated in both preclinical models and clinical trials. Bene
et al. focused on human epididymis protein 4 (HE4), whose
plasma or serum concentrations associate with the degree of CF
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lung disease, reflecting its potential role as biomarker for CF lung
inflammation. These authors found that CFTR modulators
partially corrected mutant CFTR and reduced pro-
inflammatory challenge-induced HE4 expression, suggesting a
potential link between CFTR rescue and reduction of
inflammation. In parallel, Hisert et al. investigated the
genome-wide transcriptome in blood monocytes from CF
patients compound heterozygotes with the gating R117H-
CFTR mutation, before and after 7 days of clinical trial with
the CFTR potentiator Ivacaftor (VX-770). They found that 7 days
of Ivacaftor increased the expression of 50 genes involved in pro-
inflammatory pathways, and increased the plasma levels of the
monocyte chemokines CCL2 (MCP-1) and CXCL2 (MIP-2),
suggesting an immune regulatory effect of this CFTR modulator.

Notably, little is known whether the lung inflammatory milieu
influences the efficacy of CFTR modulators. Gentzsch et al.
addressed this question utilizing a model consisting of
exposing fully differentiated primary F508del homozygous
bronchial epithelia to supernatant from mucopurulent material
(SMM) harvested from the airways of excised lungs from CF
patients. While the authors did not find an anti-inflammatory
effect of various combinations of CFTR modulators, based on the
release of CXCL8 (IL-8), they showed that SMM augmented the
rescue of F508del-CFTR by the modulators. Although Gentzsch
et al. did not suggest to increase CF airway inflammation to
enhance CFTR rescue, understanding the mechanisms
underlying these findings may lead to improved CFIR
modulator therapies.

In summary, this Research Topic provided a platform for CF
researchers to present novel findings on therapeutic targets for CF
inflammation and to learn new insights on the interplay between
airway inflammation and enhanced efficacy of CFTR
modulators. Novel therapeutic strategies are needed to
reduce the detrimental effects of chronic inflammation
without blunting the immune defenses against infection.
Additional research is necessary to understand how the
efficiency of CFTR modulators is increased by airway
inflammation. These issues represent unmet needs for CF
patients that should be no longer neglected.
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Neutrophil elastase (NE) is a major protease in the airways of patients with cystic fibrosis
(CF) that activates airway inflammation by several mechanisms. NE stimulates epithelial toll
like receptors (TLR) resulting in cytokine upregulation and release, upregulates MUC5AC,
amajor airway mucin, degrades both phagocytic receptors and opsonins resulting in both
neutrophil and macrophage phagocytic failure, generates oxidative stress via extracellular
generation and uptake of heme free iron, and activates other proteases. Altogether, these
mechanisms create a significant inflammatory challenge that impairs innate immune
function and results in airway remodeling. Currently, a major gap in our therapeutic
approach to CF lung disease is the lack of an effective therapeutic strategy targeting active
NE and its downstream pro-inflammatory sequelae. Polysulfated glycosaminoglycans
(GAGS) are potent anti-elastase drugs that have additional anti-inflammatory properties.
Heparin is a prototype of a glycosaminoglycan with both anti-elastase and anti-
inflammatory properties. Heparin inhibits NE in an allosteric manner with high potency.
Heparin also inhibits cathepsin G, blocks P-selectin and L-selectin, hinders ligand binding
to the receptor for advanced glycation endproducts, and impedes histone
acetyltransferase activity which dampens cytokine transcription and High Mobility
Group Box 1 release. Furthermore, nebulized heparin treatment improves outcomes for
patients with chronic obstructive pulmonary disease (COPD), asthma, acute lung injury
and smoke inhalation. However, the anticoagulant activity of heparin is a potential
contraindication for this therapy to be developed for CF lung disease. Therefore,
modified heparins and other GAGs are being developed that retain the anti-elastase
and anti-inflammatory qualities of heparin with minimal to no anticoagulant activity. The
modified heparin, 2-O, 3-O desulfated heparin (ODSH), maintains anti-elastase and anti-
inflammatory activities in vitro and in vivo, and has little residual anticoagulant activity.
Heparan sulfate with O-sulfate residues but not N-sulfate residues blocks allergic
asthmatic inflammation in a murine model. Polysulfated hyaluronic acid abrogates
allergen- triggered rhinosinusitis in a murine model. Finally, nonsaccharide
glycosaminoglycan mimetics with specific sulfate modifications can be designed to
inhibit NE activity. Altogether, these novel GAGs or GAG mimetics hold significant
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Voynow et al. GAGs as Anti-Inflamsmatory CF Therapy
promise to address the unmet need for inhaled anti-elastase and anti-inflammatory
therapy for patients with CF.

Keywords: neutrophil elastase, cystic fibrosis, glycosaminoglycans, heparin, hyaluronic acid, High Mobility Group
Box 1
INTRODUCTION epithelial apoptosis (Suzuki et al, 2009) and/or premature

Cystic fibrosis (CF) lung disease is marked by recurrent
exacerbations of acute bronchitis with an overexuberant
inflammatory response and markedly high airway concentrations
of neutrophil elastase (NE). A major gap in current therapy for
patients with CF is the lack of anti-protease and anti-inflammatory
therapies to inhibit NE and NE-activated sequelae. In this review,
we will discuss the impact of NE on CF lung biology, review the
current landscape of anti-protease and anti-inflammatory therapies
for CF lung disease, and then discuss the biology and
pharmacology of glycosaminoglycans (GAGs) as potential anti-
protease and anti-inflammatory therapies for CF.

Neutrophil Elastase and Cystic Fibrosis
Lung Disease

The primary defect in CF, an autosomal recessive disorder, is the
loss of function of the Cystic Fibrosis Transmembrane Conductance
Regulator protein, which results in abnormal airway mucus (Stoltz
et al., 2015; Boucher, 2019). CF airway mucus is tethered to
submucosal ducts and airway epithelia (Ostedgaard et al., 2017;
Ermund et al, 2018) with subsequent mucus stasis and failure
to clear infections. Thus, recurrent cycles of infection and
inflammation are established and neutrophils are recruited to the
airway. In addition, mucus stasis alone may be sufficient to increase
neutrophilic inflammation (Rosen et al., 2018), possibly by
generating airway hypoxemic stress which triggers IL-1B and IL-
1o cytokine release (Chen et al, 2019). The CF airway milieu,
characterized by viscous sputum containing microbes and pro-
inflammatory cytokines, further impairs neutrophil function and
clearance (Voynow et al, 2008). Ultimately, in the CF airways,
neutrophils release extracellular traps (Gray et al., 2018) or undergo
necrosis (Vandivier et al, 2002), and release DNA and granule
contents including proteases. The most abundant protease released
into the CF airway is neutrophil elastase (NE).

NE is present in the bronchoalveolar lavage (BAL) fluid in
infants with CF, and BAL NE concentrations are directly
associated with lung disease progression starting in infancy
(Sagel et al,, 2012; Sly et al,, 2013; Rosenow et al.,, 2019). NE
accelerates the progression of CF lung disease by several
mechanisms (Voynow et al., 2008; McKelvey et al., 2019).
First, NE contributes to altered ion flux in the CF airway by
activating the epithelial sodium channel (Caldwell et al., 2005)
and degrading CFTR via an endogenous proteinase, calpain (Le
Gars et al.,, 2013). These NE actions further aggravate altered ion
and water flux across the CF airway. Second, NE activates
signaling pathways that promote abnormal epithelial structure
and repair. NE upregulates mucin expression and goblet cell
metaplasia (Voynow et al., 2004; Park et al., 2013); and triggers

senescence (Fischer et al., 2013), which impair epithelial
proliferation and restoration following injury. Third, NE
employs several mechanisms to promote airway inflammation
(Voynow et al., 2008; Bruscia and Bonfield, 2016; Roesch et al.,
2018). NE amplifies inflammation by upregulating neutrophil
chemokines, e.g. IL-8 (Cosgrove et al., 2011), proteolytically
activating chemokines such as IL-1o, or IL-33 (Clancy et al,
2018), and releasing damage associated molecular pattern
proteins such as High Mobility Group Box 1 (HMGBI)
(Griffin et al., 2014) which binds to the Receptor for Advanced
Glycation End-products (RAGE) or facilitates ligand binding to
TLR2 and TLR4 (Lotze and Tracey, 2005). NE further
contributes to airway inflammation by increasing the expression
of pro-inflammatory long chain ceramides (Karandashova et al,
2018; Horati et al., 2020); these lipids impact plasma membrane
structure and receptor clustering. NE degrades innate immune
proteins including lactoferrin and surfactant proteins A and D,
and cleaves both complement and complement receptors causing
impaired neutrophil and macrophage phagocytic activity
(Voynow et al., 2008). NE increases the activity of other
proteases; NE activates matrix metalloproteinase 9 (MMP 9) by
cleavage of its prodomain and by degradation of its inhibitor,
Tissue inhibitor of metalloprotease-1 (Jackson et al., 2010). In
addition, the protease load is further exaggerated by the loss of
endogenous anti-proteases. Anti-NE capacity is depleted in the CF
airway due to NE degradation of elafin (Guyot et al, 2008),
secretory leucoprotease inhibitor (Weldon et al, 2009; Twigg
et al, 2015) and both oxidation and protease degradation of
alpha-1- protease inhibitor (A1-PI) (Twigg et al., 2015). Finally,
NE generates oxidative stress in epithelial cells and macrophages
by degrading heme-containing proteins and releasing heme-free
iron which is taken up by cells (Fischer et al., 2009); this process
occurs in the airways of patients with CF (Ghio et al,, 2013) and
with COPD (Fischer et al., 2009). NE has a broad repertoire of
activities that increase inflammation, impair host immunity and
result in airway remodeling. Although NE appears to be a central
regulator of inflammation in CF lung disease, NE actions are
amplified by ligand-receptor interactions, oxidative stress, and the
presence of other active proteases that contribute to a complex
pro-inflammatory milieu. This may be one reason why the
strategy of therapy for a single target, NE activity, in the CF
airway, has not yet been successful.

Status of Current Anti-Proteases and Anti-
Inflammatory Therapies for Cystic Fibrosis
Currently, there are two anti-inflammatory therapies approved
for CF: azithromycin for patients with Pseudomonas aeruginosa
infections (Nichols et al., 2020) and ibuprofen high dose oral
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therapy (Konstan et al., 1995). These therapies blunt the rate of
decline of lung function over time; however, they do not resolve
the high airway protease load that is associated with progression
of bronchiectasis and lung injury. Many anti-protease candidate
drugs have been tested in the CF airway (reviewed in (Voynow
et al.,, 2008) and (Twigg et al., 2015)). An oral neutrophil elastase
inhibitor, AZD9668, was tested in a Phase II randomized,
double-blind, placebo-controlled trial in patients with CF
(Elborn et al.,, 2012). Although AZD9668 treatment was
associated with decreased urine desmosine, a marker of NE
activity, and decreased sputum IL-6 and Regulated on
Activation, Normal T Expressed and Secreted (RANTES), there
was no improvement in sputum NE activity, sputum neutrophil
counts, or measures of quality of life. A recent Phase Ila
randomized, placebo-controlled clinical trial of inhaled alphal
proteinase inhibitor (A1-HC) (Gaggar et al., 2016) revealed that
the treatment group had increased sputum concentrations of A1-
HC, but there was no significant change in lung function, quality
of life measures, or sputum NE activity or sputum cytokine
levels. Recently, an inhaled anti-NE therapy, POL6014, was
studied in a Phase I trial using an ascending dose schedule in
both healthy volunteers and participants with CF (Barth et al.,
2019). A single inhaled dose was safe in both healthy volunteers
and subjects with CF. Sputum active NE levels were reduced by
greater than 1-log at 3 h after treatment at all doses. Therapy with
POL6014 for subjects with CF is currently being evaluated in a
Phase IIa/IIb randomized, placebo-controlled, double-blind
study (NCT03748199). This initial report of POL6014 activity
is promising; however, there is still a compelling need to develop
drugs with multifunctional anti-protease and anti-inflammatory
activities that are resistant to protease degradation or oxidation.

GAGs: Structure and Function

GAGs are polymers composed primarily of disaccharides which
consist of a D-glucosamine bound to either uronic acid (D-
glucuronic acid or L-iduronic acid) or galactose (Morla, 2019).
The composition and linkage of monosaccharides and addition
of modifications define the four major classes of GAGs: heparin/
heparan sulfate (HS), chondroitin sulfate, dermatan sulfate, and
hyaluronan. The uronic acid has a carboxylic acid unit and both
monosaccharides are decorated with N- and O-linked sulfate
residues that together confer a negative charge to the polymers.
Native hyaluronan is not sulfated. In the CF lung, there are high
levels of chondroitin sulfate and hyaluronan. Chondroitin sulfate
proteoglycans contribute to turbidity and the mass of insoluble
pellet in CF sputum; these qualities are relieved by depolymerization
with chondroitinase ABC (Khatri et al., 2003). Low molecular
weight hyaluronan may contribute to inflammation in the CF
lung via TLR2 and TLR4 signaling and downstream NK-xB
signaling (reviewed in (Reeves et al, 2011)). However, GAG
structures can be modified to alter sulfation which plays a critical
role in mediating biological effects. Moreover, GAG mimetics are
being generated to achieve optimal drug characteristics while
minimizing adverse properties. Heparin and HS proteoglycans
bind to predicted basic amino acid-rich domains (Cardin and
Weintraub, 1989; Hileman et al., 1998). GAGs have many
biological effects that impact coagulation, infection, inflammation,

cell adhesion, metastasis, cell matrix structure, and tissue
differentiation and repair (Lima et al., 2017; Morla, 2019).
Importantly, heparin can be taken up by cells and localized to
cytoplasm and nucleus (Richardson et al.,, 2001; Raman et al., 2013)
(Figure 1A). The localization of administered heparin to both
extracellular and intracellular domains permits a wide array of
anticipated functions including enzyme inhibition and
interference with cell- cell receptor interactions, microbe- cell
interactions, and HS proteoglycan pro-inflammatory activities. In
this review, we will focus on GAG properties that impact CF and
other chronic lung diseases.

Modified Non-Anticoagulant Heparins and
Anti-Inflammatory Activity

Heparin is well known for its anticoagulant activity, but in
addition, heparin has a broad repertoire of anti-inflammatory
functions including anti-NE and anti-cathepsin G activity,
inhibition of NF-kB, blockade of L- and P-selectin binding,
and interference with HMGBI release and interaction with its
receptor, RAGE (Morla, 2019; Mulloy, 2019). At least three
modified heparins have been developed to reduce anti-
coagulant activity but retain anti-inflammatory activity: glycol-
split heparin, sulfated-non-anticoagulant Low Molecular Weight
Heparin (S- NACH) and 2-O, 3-O desulfated heparin (ODSH).
Glycol-split heparin, generated by periodate oxidation of porcine
mucosal heparin, is characterized by a cleavage between C2 and
C3 of the nonsulfated uronic acid residue (Naggi et al.,, 2005).
Glycol split heparin, administered subcutaneously to mice daily
starting 10 days after establishment of chronic P. aeruginosa-agar
bead pneumonia, decreases inflammatory cytokines, BAL
neutrophil counts, and bacterial lung burden at 28 days (Lore
et al, 2018). S-NACH is a purified fraction of low molecular
weight heparin isolated to select drug with minimal anti-
coagulant activity (Shastri et al, 2015). In a murine asthma
model generated by ovalbumin (OVA)-sensitization and
challenge, S-NACH intraperitoneal administration following
OVA challenge blunted BAL inflammation by eosinophils,
macrophages, and neutrophils, blocked goblet cell metaplasia,
and blocked T2 cytokine expression in serum and BAL (Ghonim
et al., 2018).

Of the modified non-anticoagulant heparins tested for anti-
inflammatory efficacy, there is the most experience with 2-O, 3-
O, desulfated heparin (ODSH). Fryer et al. (1997) lyophilized
heparin under alkaline condition to produce ODSH. ODSH has
substantially reduced anticoagulant activity compared to heparin
as determined by activated partial thromboplastin time (APTT)
and anti-Xa clotting assays. But the anti-neutrophil protease
activities, including anti-NE and anti-cathepsin G activities, are
largely unchanged in ODSH compared to heparin. ODSH also
retains the pharmacological properties of heparin in vivo,
including inhibition of bronchial hyperreactivity after antigen
challenge, and prevention of airway smooth muscle cell
proliferation (Fryer et al., 1997). Importantly, ODSH does not
bind to platelet factor 4 and thus doesn’t trigger heparin-induced
thrombocytopenia (Rao et al., 2010). ODSH interrupts ligand-
receptor interactions, blunting pro-inflammatory signaling
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FIGURE 1 | ODSH localization and function in a macrophage cell line. ODSH is taken up by a mouse macrophage cell line (RAW264.7) into the cytoplasm within 2 h
and into the nucleus by 24 h (Zheng et al., 2017) (A). ODSH has anti-NE activity and blocks HMGB1-RAGE interaction in the extracellular domain, and inhibits p300
lysine acetyltransferase activity in the nucleus (A). ODSH inhibits NE activity by binding to an allosteric inhibitory site (Kummarapurugu et al., 2018), and ODSH
inhibits p300 enzyme activity by binding to the acetyl-CoA binding site in the catalytic domain (Zheng et al., 2017) (B). In contrast, ODSH binds to the loop
connecting the A-box and B-box of HMGB1, blocking interaction with heparan sulfate proteoglycans required for HMGB1 ligation of the RAGE receptor (Xu et al.,
2011) (B). Amino acid residues required for ODSH or heparin inhibitory activity are shown (Red Box).

cascades. Both heparin and ODSH inhibit RAGE- HMGBI1
interaction and RAGE-S100A9/calgranulin interaction in vitro
(Rao et al., 2010). The ODSH concentrations (ICs,) to inhibit NE
activity (0.14 pg/ml), and to block HMGB1-RAGE binding (0.23
ug/ml) are similar, supporting the concept that ODSH (MW
approximately 10 kD) achieves both anti-protease and anti-
inflammatory activities within a nanomolar concentration range.

Heparin and ODSH Anti-HMGB1 Activity

HMGBI is recognized as a major inflammatory mediator in CF
plasma and sputum that is strongly associated with lung disease
progression (Liou et al., 2012; Chirico et al., 2015). Therefore,
HMGBI is likely to be an important target for CF anti-
inflammatory therapy. HMGBI has two major functions; it is a
nuclear non-histone chromatin binding protein that facilitates
transcriptional regulation, and it is an extracellular damage
associated molecule pattern or alarmin that is secreted by

activated macrophages as a delayed mediator of inflammation
(Lotze and Tracey, 2005). HMGBI1 release is triggered by
HMGBI1 lysine acetylation which is activated following
exposure to microbial products (LPS), cytokines (TNFo)
(Lotze and Tracey, 2005), or NE (Griffin et al., 2014). HMGB1
can also be released from necrotic cells. HMGBI has been
reported to transduce cellular signals by interacting with at
least three receptors: RAGE, TLR2 and TLR4 (Park et al., 2004;
Sharma et al,, 2014). Binding of HMGBI1 to RAGE activates NF-
kB and the ERK/p38 pathway which promotes cytokine
production (TNF, IL-6, and IFN-y). Binding of HMGBI1 to
TLR2/TLR4 leads to NF-kB activation through a MyD88
(myeloid differentiation primary-response protein 88)-
dependent mechanism. Importantly, ODSH blocks both
HMGBI release and HMGBI ligation of receptors both in vitro
and in vivo. Intratracheal HMGBI in a mouse model induces
significant pulmonary inflammation with increased BAL total

Frontiers in Pharmacology | www.frontiersin.org

12

July 2020 | Volume 11 | Article 1011


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

Voynow et al.

GAGs as Anti-Inflamsmatory CF Therapy

cells, neutrophils, and TNF-o levels at 24 hr. Simultaneous
intratracheal ODSH administered with HMGBI1 decreased all
of these BAL measures, indicating that ODSH can inhibit
HMGB1-RAGE- induced inflammatory responses in vivo (Rao
et al, 2010). A summary of glycol split heparin, S-NACH, and
ODSH activities in vivo in preclinical models relevant to CF is
summarized in Table 1.

ODSH is effective in preclinical models of infection and
inflammation to blunt these pathologic processes. In a P.
aeruginosa (PA)-induced murine pneumonia model, intranasal
ODSH decreases BAL HMGBI1 levels, reduces pulmonary
bacterial burden, ameliorates PA-induced lung injury, and
improves survival (Sharma et al, 2014). In a murine model
of intratracheal NE-induced lung inflammation and remodeling,
ODSH pretreatment blocks NE-induced neutrophil influx,
upregulation of KC, and release of HMGBI1 into BAL
(Griffin et al., 2014). To investigate the mechanism of ODSH
inhibition of HMGBI release, the impact of fluorescein-labeled
(FITC)-ODSH on NE- or LPS-treated mouse macrophage cells
(RAW264.7) was investigated. ODSH is taken up by RAW264.7
cells, and is localized to the cytoplasm and nucleus (Zheng et al.,
2017). The sulfation pattern of modified heparins influence
intracellular uptake and localization that is specific for different
cell types (Raman et al.,, 2013). In RAW264.7 cells treated with NE
or LPS, ODSH blocks HMGBI lysine-acetylation in a dose-
dependent manner, by inhibiting P300 histone (lysine)
acetyltransferase (HAT) activity. Spectrofluorometry reveals that
ODSH binding to p300 results in a conformational change in
p300, and further tightens ODSH-p300 binding; this mechanism
is supported by a complementary approach of in silico modeling
with combinatorial virtual library screening of interactions
between p300 and ODSH (Zheng et al., 2017) (Figure 1B).
Importantly, heparin also interacts directly with HMGBI,
changing its conformation and reducing its affinity for RAGE
which interrupts the HMGB1-RAGE signaling cascade (Ling
et al., 2011). Furthermore, heparin and ODSH bind to NE and
inhibit its activity.

Heparin and ODSH Anti-NE Activity in Ex
Vivo CF Sputum

High concentrations of NE released by neutrophils are found in
CF sputum. Importantly NE, a cationic serine protease, binds to
the copious polyanionic polymers in sputum including DNA
(Gray et al,, 2015); mucins (Nadziejko and Finkelstein, 1994) and
actin filaments (Broughton-Head et al., 2007; Kater et al., 2007).
Dornase alfa (Fuchs et al., 1994) and 7% hypertonic saline (HTS)
(Elkins et al., 2006), the mainstay mucoactive therapies for
patients with CF, improve pulmonary function, and decrease
the frequency of pulmonary exacerbations. However, both
therapies have been reported to increase NE activity in CF
sputum (Cantin, 1998; Chen et al., 2006). ODSH is a robust
inhibitor of NE activity in vitro with a low ICs, (Griffin et al,
2014; Kummarapurugu et al., 2018), but in CF sputum, both
ODSH and heparin inhibition of NE activity requires DNA
depolymerization by DNase-1 (Kummarapurugu et al., 2018).
This observation suggests that anionic DNA polymers compete

with anionic ODSH for binding to NE. When these interactions
were investigated, it was discovered by both pharmacokinetic
studies and by combinatorial virtual library screening, that both
DNA and ODSH bind to the same allosteric domain on NE that
is required for inhibition (Kummarapurugu et al.,, 2018) (Figure
1B). Furthermore, inhibition of NE activity in sputum by heparin
or DNA is chain length dependent, with a requirement for a
larger size than approximately 15 monosaccharides for heparins
(Spencer et al., 2006; Kummarapurugu et al., 2018) or 12-mer for
DNA oligomers (Kummarapurugu et al., 2018). Neither
fondiparinux, a heparin pentasaccharide (1.8 kDa) nor a DNA
hexamer have anti-NE activity, confirming that a threshold
length is necessary for heparin and DNA to bind to NE and
exert anti-elastase activity (Kummarapurugu et al., 2018).
Interestingly, unfractionated heparin releases soluble DNA
from sputum that is available for dornase alfa cleavage
(Broughton-Head et al., 2007). Thus, heparin enhances
DNase activity.

Novel Glycosaminoglycan Therapeutics as

Anti-Protease, Anti-Microbial, and/or Anti-

Inflammatory Therapies

Glycosaminoglycans have a broad array of functions both in
native tissues and when modified to be used as competitors for
endogenous heparan sulfate proteoglycans or for their properties
to bind to cationic proteins and modify activities. Development
of small synthetic non-saccharide glycosaminoglycan mimetics
(NSGMs) offer modifiable alternatives for polysaccharide GAGs.
NSGM 32 (Morla et al., 2019) has robust anti-elastase activity in
vitro and has a mixed allosteric and orthosteric mechanism of
action. However, NSGM 32 requires DNA depolymerization for
anti-elastase activity in CF sputum, and is less potent than ODSH
(Kummarapurugu et al., 2018). It was speculated that NSGM 32
binds to other positively charged moieties in CF sputum and
therefore higher concentrations of drug are required for
inhibition of NE activity (Morla et al., 2019). A sulfated
synthetic lignin, sulfated dehydropolymer caffeic acid
(CDS03), inhibits the development of emphysema in a
VEGFR-inhibitor-induced rat model via multiple functions
including anti-oxidant activity, and prevention of epithelial
and endothelial cell death via iron-chelation- induced
stabilization of HIF-1o. and VEGF signaling (Truong et al,
2017). These two compounds illustrate the exquisite target
specificity due to sulfation patterns incorporated into small
synthetically produced GAG mimetics. Another advantage of
synthetic sulfated lignins is that they are homogeneous
compounds that do not require porcine or bovine bioproducts
for production.

Polysulfated hyaluronan is a modified hyaluronic acid which has
potent anti-inflammatory properties (Zhang et al., 2011). Low
molecular weight polysulfated hyaluronan blocks LPS-stimulated
macrophage release of cytokines including TNFo, IL-6, IL-12,
MCP-1, and increases expression of antioxidants, superoxide 2
and 3 (Jouy et al, 2017). In a murine model of second hand
smoke induced lung disease, a polysulfated hyaluronan
administered by intraperitoneal (i.p.) injection inhibits release of
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TABLE 1 | /In vivo models of chronic lung diseases treated with modified or non-saccharide GAGs.

Animal Model

Treatment (Dose and
Administration)

Outcome Measures

Reference

Balb/c mice:
NE airway inflammation model
NE (0.a.) + ODSH (0.a.)

C57BL/6 mice:

P. aeruginosa (PAO1) pneumonia
model

PAO1 (i.n.) PAOT (i.t.)

+ ODSH (s.c.)

C57BI/6N

P.aeruginosa pneumonia model
(PA) CF isolate AA43- embedded
in agar beads (i.t.)

+ glycol split LMWH, C3gs20
vs. N-acetyl LMWH, C23 s.c.

C57BL/6J mice

Allergic Asthma model

OVA i.p. sensitization and
challenge with Ova + sulfated
non-anticoagulant LMWH (S-
NACH) i.p.

C57BL/6 mice:

LL-37- induced rhinosinusitis
model

LL37 i.n.+ polysulfated HA
(GM-0111) or HA i.n.

BALB/c mice:

Aspergillus chronic rhinosinusitis
(CRS) model

Afumigatus extract +
polysulfated HA (GM-1111) or
PBS

i.n.

3 Groups:

1. 1.PBS

2. 2. Afumigatus+ PBS

3. 3. A fumigatus+ GM-1111

C57BL/6 mice

Second hand smoke model of
lung disease + sulfated
semisynthetic HA GAG ethers
(SAGEs)

Days 1,4, 7:

NE (44 uM) or NS

ODSH (635 uM) or NS o.a.
Day 8: BAL/lung harvest

Day 1: PAO1 i.n.

ODSH (8.3- 75 mg/kg) or NS
s.c.ql12hx?2

Day 2: BAL/lung harvest

Day 1: PAO1 i.t.

ODSH (75 mg/kg) or NS s.c. 12
hx4

Day 3: survival

Day 1: PA- agar beads (1-2 x
10%) vs. sterile beads i.t.

Day 1-14: C3gs20 or C23 (30
mg/kg/d) or vehicle s.c.

Day 14: BAL and lung harvest
Day 1: PA- agar beads (1-2 x
10%) vs. sterile beads i.t.

Day 10-28: C3gs20 or C23 (30
mg/kg/d) or vehicle s.c.

Day 28: BAL and lung harvest

Wk 1: Alum/Ova i.p.once per wk
X2

Wk 2-4: Ova 3% inhaled 3x per
week

S-NACH (10 mg/kg) or NS i.p.
Week 5: BAL and lung harvest

Day 1: LL-37 (115 pg)
GM-0111 or HA (800ug) Day 2:
sinus harvest

Week 0:

All groups sensitized with Alum +
PBS or A.fumigatus i.p.

Weeks 1-8:

PBS or A.fumigatus extract
(20,000 PNU i.n.) 3 x per wk.
Weeks 5-8:

PBS or GM-1111 (600 pg) i.n.5x
per wk

Week 9:

Collect blood and sinonasal
tissue

SHS vs. Rm air nasal inhalation
10 min/day x 5 d/wk

4 weeks exposure

SAGE (30 mg/kg) i.p. for 3 d/wk
Collect BAL and lung RNA and
protein

NE induces BAL cells & PMN, KC,
HMGB1

ODSH+NE: decreases total cells and
PMN; decreases KC and HMGB1

ODSH decreases PAO1 CFU;
decreases lung protein content and
edema; decreases total and PMN cell
count; decreases BAL HMGB1; inhibits
TLR2 and TLR4 binding

ODSH improves mouse survival

C23 decreased BAL total cells and
PMN; No significant change in PA CFU.
C3gs and C23 decreased BAL total
cells and PMN, decreased total PA
CFU, and decreased IL-17A

C3gs20 decreased IL-1p, IL-12pp40,
G-CSF, and KC

S-NACH decreased Ova-triggered
eosinophils, macrophages, lymphocytes
in BAL, decreased goblet cell
metaplasia, decreased lung tissue
hydroxyproline, decreased BAL and
serum T2 cytokines, decreased Ova-
IgE.

LL-37 increases Mast cells, MPO,
lamina propria (LP) thickening and cell
death

GM-0111+LL-37: Decreased Mast
cells, MPO, LP thickening and cell
death

GM-0111 more effective than HA

GM-1111+ A.fumigatus (Af) extract

decreased Af-induced CRS symptoms,
mucosal edema and injury, goblet cells,
TLR2 and TLR4, T2 cytokines, and IgE

SAGEs effect on SHS exposure:
Blocked lung RAGE expression
Blocked BAL protein, total cells, and
cytokines: IL-c, IL-2, TNFa.

Griffin et al. (2014)

Sharma et al. (2014)

Lore et al. (2018)

Ghonim et al. (2018)

Pulsipher et al. (2017)

Alt et al. (2018)

Tsai et al. (2019)

Sprague Dawley rats Day 1: CDSO03 prevented SU5416-induced Truong et al. (2017)
Rat Emphysema Model with SU5416 (20 mg/kg) s.c. = emphysema, improved rat exercise
SU51416 (VEGFR inhibitor)+ Day 1-Day 21: endurance, decreased oxidative stress,

(Continued)
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TABLE 1 | Continued

Animal Model Treatment (Dose and

Administration)

polysulfated dehydropolymer
of caffeic acid (CDSOS3)

3 Groups:

Untreated healthy

SU5416 + NS

SU5416 + CDSO3

CDSO03 (60 pg/kg) or NS inhaled
3x per week

Outcome Measures Reference

and increased VEGF and HIF-1a, and
decreased cleaved caspase-3

BAL, bronchoalveolar lavage; HIF-1¢, hypoxia inducible factor- 1¢; i.n., intranasal; i.p., intraperitoneal; i.t., intratracheal; KC, keratinocyte chemoattractant; LMWH, low molecular weight
heparin; MPO, myeloperoxidase; PMN, neutrophil; PNU, protein neoantigen units; o.a., oropharyngeal aspiration; RAGE, receptor for advanced glycation end products; s.c.,
subcutaneous, SHS, second hand smoke; TNFo, tumor necrosis factor o; VEGF, vascular endothelial growth factor.

The bolded text are to emphasize the stimuli for the model type and the drugs used to treat this model.

BAL TNFa, IL-10, and IL-2, and decreases BAL inflammation and
lung permeability (Tsai et al., 2019). A sulfated semisynthetic low
molecular weight hyaluronan, GM-1111, (molecular weight 5.5 kD),
has been tested for anti-inflammatory properties. In a mouse model
of rhinosinusitis generated by intranasal administration of a
cathelicidin fragment, LL37, GM-1111 blocks neutrophil and mast
cell mucosal infiltration and significantly decreases epithelial
apoptosis (Pulsipher et al., 2017). In vitro, in nasal epithelial cells,
LL37 stimulates inflammation and cell death; another GM
compound, GM-0111, inhibits IL-6 and IL-8 release and blocks
Caspase-1- and Caspase-8 -induced cell death (Thomas et al., 2017).
In an A.fumigatus- intranasal allergen-sensitization mouse model of
chronic rhinosinusitis, intranasal GM-1111 introduced 3 weeks
after A. fumigatus sensitization, significantly inhibits goblet cell
metaplasia and mucosal T2 inflammation, and decreases TLR2 and
TLR4 expression (Alt et al., 2018). In addition, in a periodontitis
model, GM-0111 suppresses the growth of P. gingivalis and A.
actinomycetemcomitans and biofilm formation, demonstrating
antimicrobial activity (Savage et al, 2016). A summary of
polysulfated hyaluronan activities in vivo in preclinical models of
chronic lung disease is summarized in Table 1.

Heparan sulfate (HS) is expressed widely on many cell types
as a proteoglycan. HS proteoglycans regulate inflammation by
binding to ELR (Glu Leu Arg)- CXC chemokines at conserved
His, Lys, Arg residues, controlling chemotactic gradients in the
extracellular and pericellular matrices (Rajarathnam KaD, 2020).
However, in the CF lung, endogenous HS proteoglycans have
pro-inflammatory properties (Reeves et al., 2011); HS stabilizes
cytokine and chemokine ligands, preventing protease digestion,
thus increasing CXCL ligation to CXCR1 and 2 to upregulate
inflammation (Rajarathnam KaD, 2020). HS enables RAGE
hexamer formation for more efficient intracellular signaling
(Xu et al., 2013), and binds L-selectin to promote neutrophil
slowing and diapedesis across endothelial cells into tissues
(Farrugia et al, 2018). HS also serves as a cell receptor for
microbe adhesion and invasion (Rostand and Esko, 1997)
(Figure 2). Bacteria, P. aeruginosa (Paulsson et al., 2019) and
nontypable H. influenza (NTHi) (Su et al.,, 2019), and viruses,
adenovirus (Dechecchi et al., 2001) and Severe Acute Respiratory
Syndrome-Coronavirus (SARS-CoV) (Lang et al, 2011) and
SARS-CoV-2 spike protein (So Young Kim et al, 2020) all
bind to HS proteoglycans. Importantly, exposure to heparin
competes with and inhibits binding to HS proteoglycans

(Figure 2) resulting in inhibition of binding of P. aeruginosa
(Paulsson et al., 2019) and NTHi (Su et al., 2019) to laminin, a
major component of the basal lamina in the airway, and
inhibition of binding of adenovirus (Dechecchi et al., 2001)
and SARS-CoV (Lang et al,, 2011) to epithelia, and inhibition
of SARS-CoV-2 (So Young Kim et al., 2020) spike protein to HS
as detected by surface plasmon resonance. Treatment with
synthetic HS or heparin inhibits cytokine/chemokine binding
to G-protein coupled receptors and blocks neutrophil interaction
with endothelial selectins resulting in decreased neutrophil influx
(Lore et al., 2018) (Figure 2). Altered sulfation of HS affects pro-
vs anti-inflammatory behavior; increased N- and 6-O-sulfation
increase cytokine ligation and neutrophil recruitment while
increased 2-O-sulfation blunts neutrophilic inflammation
(Axelsson et al., 2012). HS is also required for HMGB1-RAGE
receptor binding; heparin can compete with HS and interrupt
RAGE ligation by binding to HMGBI1 (Xu et al., 2011).

Clinical Trials Using GAGs for Respiratory
Diseases

Unfractionated heparin is the only GAG used in clinical trials to
date. Inhaled heparin was tested in healthy volunteers and is safe
and well tolerated. When delivered by nebulization, approximately
8% of the nebulized dose of heparin is delivered to the lower
respiratory tract (Bendstrup et al., 1999). Importantly, inhaled
doses up to 400,000 IU, did not affect lung function, but did
increase circulating anti-Factor Xa activity and activated partial
thromboplastin time (APTT) (Bendstrup et al., 2002). BAL fluid
was tested for anti-coagulant activity in the presence of control
plasma and by this method, the half-life of inhaled heparin was
determined to be 28 h (Markart et al., 2010).

Inhalation of unfractionated heparin has been tested as a
therapeutic for severe COPD (Shute et al., 2018), asthma (Yildiz-
Pekoz and Ozsoy, 2017), smoke inhalation (Miller et al., 2014),
and acute lung injury (ALI) (Dixon et al., 2010; Tuinman et al.,
2012; Juschten et al, 2017), but the number of randomized,
double-blind, placebo-controlled studies for these indications is
limited (Table 2). There is one randomized, double- blind,
placebo-controlled, crossover trial of twice daily inhaled
heparin (50,000 IU per dose) for 2 weeks in adults with CF,
which demonstrates a good safety profile, but does not show any
significant improvement in lung function, sputum inflammatory
markers or mucus clearance (Serisier et al., 2006). In contrast, a
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FIGURE 2 | Heparin/ODSH interrupts cell- cell interactions and ligand-receptor binding to block pro-inflammatory pathways. Heparin/ODSH oligosaccharides bind
to P- and L-selectins and block neutrophil adhesion and chemotaxis (Nelson et al., 1993; Rao et al., 2010). Heparin inhibits CXCL8/IL-8 and other ELR (Glu Leu
Arg)-CXC chemokines from binding to G-protein coupled receptors CXCR1 and CXCR2 (Rajarathnam KaD, 2020). Heparin competes with HSPG for binding to
microbial proteins which prevents bacterial or viral-epithelial adhesion and invasion (Rostand and Esko, 1997). Heparin/ODSH bind to HMGB1 and S100A9 and
interrupt RAGE ligation (Rao et al., 2010). HSPG, heparan sulfate proteoglycan; NTHi, non-typeable H. influenza; S100A9, calgranulin; SARS-CoV, Severe acute

randomized, double-blind, placebo-controlled single site study
for COPD using twice daily inhaled heparin (150,000 IU per
dose) in addition to inhaled twice daily salbutamol &
beclomethasone and airway clearance for 21 days reveals that
heparin improves lung function including FEV,, 6 minute walk
distance, and Borg dyspnea score (Shute et al., 2018). The
contrast between the COPD study (Shute et al., 2018) and the
previously cited CF study (Serisier et al., 2006) suggests that
possible reasons for the failure of heparin to improve lung

function in patients with CF were an insufficient dose of
heparin and/or a limited trial duration to observe clinically
significant changes in pulmonary function.

SUMMARY

There are many challenges for developing anti-protease and anti-
inflammatory drugs for patients with CF. The innate immune

TABLE 2 | Clinical trials using heparin for chronic lung diseases*.

Disease Trial design Drug: dose and administration mode Outcomes compared to placebo Reference

Cystic R, PC, DB- 2 weeks; Heparin (50,000 U) inhaled every 12 h No change in FEV4 Serisier

Fibrosis  CF adults; moderate serum CRP etal
to severe lung sputum IL-8, MPO, NE, TCC, (2006)
disease;N=18 sputum volume

COPD R, PC, DB- 3 weeks; Heparin (75,000 or 150,000 IU) Inhaled twice per day Adherence 56% Shute et al.
COPD- GOLD II- IV, Improved FEV,4 (2018)
N=40 Improved 6MWD

Increased SpO2

Asthma R, PC, DB Heparin (20,000 U) inhaled 10 min before inhaled dust mite extract Heparin increased the Log, provocation Bowler
crossover; Allergic to  bronchoprovocation challenge dose of dust mite protein nitrogen units etal.
dust mite; N=10 causing 20% fall in FEV4 (1993)

Asthma R, PC, DB Heparin (1000 U/kg/dose) inhaled: 90 min and 30 min pre-dust mite inhaled  Heparin blunted the severity of FEV1% Diamant
crossover; Allergic to  challenge, and 2, 4, 6 h post-dust mite inhaled challenge decrease in late asthmatic responses etal.
dust mite; N=8 compared to placebo (1996)

Asthma R, PC, SB, cross- Day 1: baseline PFT and exercise challenge; Day 3-5: Heparin (1000 U/kg) ~ Heparin blocks post-exercise decrease in  Ahmed

EIB over—5 days; or cromolyn (20 mg) or placebo inhaled followed by exercise challenge SGaw et al.
Asymptomatic; (1993)
N=12

Asthma R, PC, DB, cross- Day 1: baseline PFT and exercise challenge; days 3-7: inhaled Heparin Decrease in FEV; was blocked by heparin  Ahmed

EIB over -7 days; (80,0000 U) or Enoxaparin (0.5, 1, 2 mg/kg) or placebo 45 min before and enoxaparin et al.
Asymptomatic; N=13 baseline PFTs and then serially post-exercise (1999)

*Only trials with randomized, double or single blind, placebo controlled design were included. 6MWD, 6 minute walk distance test; CRP, C-reactive protein; DB, double-blind; EIB, exercise-
induced bronchospasm; FEV/;, Forced expiratory volume at 1 sec; MPO, myeloperoxidase; NE, neutrophil elastase; PC, placebo controlled; R, randomized; SB, single-blind; SGaw,
Specific conductance of the airways; SpO2, oxyhemoglobin saturation; TCC, terminal complement complex.
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response is impaired for both viral (Zheng et al.,, 2003; Berkebile
etal,, 2020) and bacterial infections. The CF airway milieu is typified
by high concentrations of several proteases including neutrophil
serine proteases: NE, proteinase 3, Cathepsin G; lysosomal
proteases: Cathepsins B, L, and S; and matrix metalloproteases:
MMP-9, MMP-8 and MMP-12 (McKelvey et al, 2019) which
stimulate downstream signaling cascades that perpetuate oxidative
stress and inflammation. The strategy of directing therapy to one
target is unlikely to be successful to control inflammation and
prevent lung injury. Instead, we propose that GAGs can be
developed and harnessed as multi-functional anti-elastase and
anti-inflammatory therapies and serve an important function as
part of the armamentarium for CF lung disease.
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Objective: Our previous clinical study showed that low lung levels of CC16 strongly
influence the occurrence and development of ARDS. The aim of the present study was to
evaluate the therapeutic effect of rCC16 on LPS-induced inflammation in A549 cells and to
determine its mechanism.

Methods: Cell apoptosis and inflammation was induced by LPS stimulation. The
cytotoxic effect of rCC16 was evaluated using the MTT assay. Cytokine levels were
determined using enzyme-linked immunosorbent assays. The molecular mechanism of
rCC16 was investigated by analyzing relevant signaling pathways.

Results: The LPS treatment of A549 cells significantly decreased cell viability, increased
the levels of the apoptotic proteins Bax, Bak and Cleaved Caspase-3, the secretion of
inflammatory cytokines, and the expression levels of TLR4, p-NF/xB, MAPK proteins.
While the levels of Bcl-2, p-AKT, p-mTOR, p-ERK1/2, NF/xB, p-AMPK, and p-p38 were
significantly decreased in LPS-treated A549 cells. Our experimental results also confirmed
that rCC16 inhibited LPS-induced apoptosis, promoted A549 cell proliferation by
activating the PIBK/AKT/mTOR/ERK1/2 pathway, and inhibited the release of certain
inflammatory factors, especially HMGB1, through dephosphorylation and inactivation of
the TLR4/NF-kxB/AMPK signaling pathways.

Conclusion: These results highlight the potential utility of CC16 as an important cytokine
for the prevention or treatment of inflammation and show that CC16 may play an
important role in the future clinical treatment of ARDS.

Keywords: CC16, Acute Respiratory Distress Syndrome, LPS, inflammation, apoptosis
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INTRODUCTION

Acute Respiratory Distress Syndrome (ARDS) is a life-
threatening disease occurring in critically ill patients and has an
estimated mortality of 40%-45%. ARDS is characterized by severe
hypoxic respiratory failure, pulmonary infiltrates (Eworuke et al,,
2018), and an overwhelming inflammatory response in the lung
(Hudson et al.,, 2012). Although supportive therapies for ARDS
have been rapidly developed, the mortality rate of ARDS has not
greatly improved in recent years (Ware and Matthay, 2000).
Therefore, exploration of the molecular mechanisms of ARDS
and discovery of novel therapeutic options have become
research hotspots.

One ARDS research focus on the Clara secretory cell protein
(CC16), an anti-inflammatory factor native to the lung. CC16 is
a 16-kDa homodimeric protein predominantly secreted by
nonciliated airway epithelial cells (Nord et al, 2000). CC16
can suppress the release of pro-inflammatory cytokines, such as
TNEF-q, IL-1B, and IFN-y, in the lungs (Dierynck et al., 1996);
therefore, reduced CC16 levels in the bronchial epithelium or
sputum supernatants and reduction in the numbers of CC16-
positive epithelial cells in the small airways of asthmatics
aggravate chronic lung inflammation (Pilette et al., 2001).
Mice lacking CC16 show increased susceptibility and
exaggerated inflammatory responses to hyperoxic or infectious
agents (Snyder et al., 2010).

Our previous clinical research showed that CC16 can serve as
a highly specific biomarker for the diagnosis and treatment of
ARDS (Lin et al., 2018). In addition, increasing the CC16 content
in the serum or lung tissues can inhibit the expression of various
inflammatory factors, such as HMGBI, thereby reducing the
inflammatory response (Pang et al., 2015). These findings
indicate that CC16 is of great importance in maintaining lung
homeostasis. In the present study, we investigated the lung-
protective activity of rCC16 against LPS-induced cell apoptosis
and inflammation, and we identified potential mechanisms.

MATERIALS AND METHODS

Reagents

Recombinant CC16 protein was purchased from Proteintech
(ag0758, Chicago, MA, USA), and LPS was obtained from
Solarbio (813Q039, Beijing, China). Dulbecco’s modified
Eagle’s medium (DMEM)), fetal bovine serum (FBS), 100 U/ml
penicillin, and 100 mg/ml streptomycin were purchased from
HyClone (Logan, UT, USA). 4,6-Diamidino-2-phenylindole
(DAPI, D9542) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT, M8180) was purchased from
Solarbio (Beijing, China). Antibodies against mammalian
target of rapamycin (mTOR, 2972), phosphorylated-mTOR
(p-mTOR, 2974), serine/threonine kinase 1 (AKT, 4691),
phosphorylated-AKT (p-AKT, 4060), extracellular regulated
protein kinases (ERK1/2, 4695), phosphorylated-ERK1/2 (p-

ERK1/2, 4370), caspase-3 (9664), Bcl-2 (15071), Bak (12015),
Bax (2774), Cox 2 (12282), high mobility group box 1 protein
(HMGBI1, 6893), Toll-like receptor 4 (TLR4, 14358),
phosphoinositide 3-kinase (PI3K, 4249), nuclear factor-kB
(NF-xB, 8242), phosphorylated nuclear factor-xB (p-NF-xB,
3303), p38 mitogen-activated protein kinase (p38 MAPK,
8690), phosphorylated-p38 MAPK (p-p38 MAPK, 4511),
adenosine monophosphate-activated protein kinase (AMPK,
5832), and phosphorylated-AMPK (p-AMPK, 50081) were
obtained from Cell Signaling Technology (Danvers, MA,
USA). Horseradish peroxidase (HRP)-conjugated rabbit anti-
mouse IgG secondary antibody (ab6728) and anti-GAPDH
antibody (ab8245) were purchased from Abcam (Cambridge,
MA, USA). Alexa Fluor 488-conjugated goat anti-rabbit
antibody was purchased from Invitrogen (Carlsbad, CA, USA).

Cell Culture

Human A549 cells were purchased from the American Type
Culture Collection (Manassas, USA). The cells were cultured in
DMEM supplemented with 10% FBS, 100 U/ml penicillin, and
100 mg/ml streptomycin. All cells were cultured in an incubator
at 37°C in 5% CO,. Adherent cells were digested every 2 days
with 0.25% trypsin-EDTA (Life Technologies, Pitampura, India).

Cell Viability Assay

MTT assays were used to measure cell viability. Briefly, 200 pl
A549 cells at an initial density of 1.0 x 10* cells/well were seeded
in 96-well microplates and allowed to adhere for 24 h. The cells
were then treated with LPS at different concentrations (0, 20, 40,
80, 100, and 150 pg/ml) for 3-48 h. After the exposure period,
100 ul 5 mg/ml MTT in DMEM was added to each well for 4 h.
The MTT-containing medium was then removed, and 150 pul
dimethyl sulfoxide was added to dissolve the formed formazan
crystals. The absorbance was measured with spectrophotometric
microplate reader at 590 nm.

Determination of the Level of Cytokines

The levels of the cytokines Interleukin- 6 (IL-6, Item No. 13515),
Interleukin- 8 (IL-8, Item No. 13147), Interleukin- 13 (IL-1B, Item
No. 13089), Pulmonary Surfactant Associated Protein C (SP-C,
Item No. 10571), Tumor Necrosis Factor-ot (TNF-c, Item No.
11776), High Mobility Group Protein (HMGBI, Item No. 15639),
Cyclooxygenase-2 (Cox-2, Item No. 10711), and Inducible Nitric
Oxide Synthase (iNOS, Item No. 11708) were determined by
enzyme-linked immunosorbent assays (ELISAs) following the
manufacturers’ protocols (LunchangshuoBiotech, Xiamen City,
Fujian Province, China). Briefly, the cells were collected after
treatment for 3-12 h, washed twice with cold PBS, and
resuspended at a concentration of 1 x 10° cells/ml in 1x Binding
Buffer. The detection range for IL-1p, IL-6, IL-8, and SP-C ELISA
kits (JL, Jianglai Biological, Shanghai, China) was 1.0-200, 1.0-160,
1.0-120, and 1.0-40 pg/ml, respectively, and the limit of detection
for all the kits was 1.0 pg/ml. The detection range for the TNF-o
ELISA kit (JL, Jianglai Biological, Shanghai, China) was 10-640 pg/
ml, and the limit of detection was 5.0 pg/ml. The detection range
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for the HMGB1 and Cox 2 ELISA Kkits (JL, Jianglai Biological,
Shanghai, China) was 0.1-8 and 1.0-120 ng/ml, respectively, and
the limit of detection for both was 0.1 ng/ml. The detection range
for the iNOS ELISA kit (JL, Jianglai Biological, Shanghai, China)
was 0.1-40 U/L, and the limit of detection was 0.1 U/L.

Western Blot Analysis

Briefly, cell pellets were lysed in RIPA buffer on ice for 30 min.
The lysates were centrifuged at 10,000 x g for 30 min at 4°C.
Cytoplasmic and nuclear proteins were prepared according
to the manufacturer’s instructions with a nucleoprotein and
cytoplasmic protein extraction kit (P0028, Beyotime, Shanghai,
China). Samples were then centrifuged at 15,000 x g for 10 min
at 4°C. Protein concentrations were determined using a
modified bicinchoninic acid (BCA) protein assay kit (P0010S,
Beyotime, Shanghai, China). The protein samples were
subjected to western blotting according to standard protocols.
Briefly, proteins of different molecular weights were separated
by SDS-PAGE and electrophoretically transferred to PVDF
membranes. The membranes were blocked with 5% nonfat
milk for 1 h at room temperature and then probed with the
specific primary antibodies overnight at 4°C. The membranes
were washed with PBS containing 0.1% Tween-20 and
then probed with peroxidase-conjugated secondary antibodies
for 1 h at 24°C. The protein bands were detected with by
chemiluminescence (DNR Bio-Imaging Systems, Jerusalem,
Israel). Signal intensity was quantified by densitometry with a
Gel-pro Analyzer (Media Cybernetics, MD, USA). GAPDH was
used as the protein loading control, and all experiments were
performed in triplicate.

Immunofluorescence Staining
Immunofluorescence staining was assessed to detect the
subcellular distributions of Bax, Bcl-2, p-NF-xB/p65, and p-p38
MAPK, as previously described by Wan et al. (2019). Briefly, A549
cells pretreated with or without 0.2 mg/ml rCC16 for 3 h were
grown on coverslips and then stimulated with 200 ug/ml LPS
for 24 h. The cells were rinsed with PBS, fixed with 4%
paraformaldehyde at 24°C for 20 min, incubated with PBS
containing 0.25% Triton X-100 for membrane permeabilization,
and then blocked with 5% BSA for 1 h. The cells were then
incubated with specific primary antibodies overnight at 4°C,
washed with PBS, and incubated with an Alexa Fluor 488-
conjugated goat anti-rabbit antibody (1: 200) in the dark for 1 h.
The cells were then stained with DAPI for 10 min and images were
captured with a fluorescence microscope (CKX41-F32FL,
Olympus, Japan).

Statistical Analysis

Data were analyzed using SPSS version 17.0 software. The
measured data are presented as the mean + SD taken from
three or more independent experiments. Comparisons between
the control group, model group, and experimental group were
performed by one-way ANOVA. Comparisons between groups
were performed with a 2-tailed unpaired t-test. P values less than
0.05 were considered statistically significant.

RESULTS

Effects of LPS on the Viability of A549
Human Lung Pneumocytes

We performed MTT assays of A549 cells to investigate the effect
of LPS treatment on the viability of human lung pneumocytes
(Standiford et al., 1990). As shown in Figures 1A-E, LPS
treatment suppressed A549 cell viability in a dose- and time-
dependent manner.

LPS Induced A549 Cell Apoptosis Through
the PISK/AKT/mTOR/ERK1/2 Pathway

A549 cell death occurred after stimulation with 0-200 pg/ml
LPS. The form of cell death was determined by western blot
analysis of the proteins of A549 cells treated with LPS. The
expression of activated caspase-3 showed dose-dependent
increases in response to LPS treatment (Figure 2), indicating
that the LPS can induced cell apoptosis in human lung
pneumocytes. The identity of the LPS-induced apoptosis
mechanism was explored by assessing the protein levels of the
anti-apoptotic protein B-cell lymphoma-2 (Bcl-2) and the pro-
apoptotic proteins bcl-2 associated X protein (Bax) and bcl-2
antagonist killer (Bak) (Ge et al., 2019). Western blotting showed
that LPS induced Bax and Bak expression and reduced Bcl-2
expression (Figure 2), suggesting that LPS triggers apoptosis in
human lung pneumocyte cells by the intrinsic pathway.

The PI3K/AKT/mTOR pathway is critical for cell proliferation,
growth, and survival and is constitutively activated in many types
of cells (Yap et al., 2008). Examination of the activation of AKT
and mTOR revealed significantly reduced levels of p-AKT, p-
mTOR, and p-ERK1/2 in A549 cells after treatment with LPS
(Figure 2), suggesting that LPS deactivated mTOR through an
AKT-dependent pathway. The ERK protein is a significant
upstream regulator of mTOR, and our assessment of ERK1/2
phosphorylation in A549 cells after LPS treatment revealed a
dose-dependent downregulation of ERK1/2 activation by LPS
(Figure 2). These results indicated that LPS induces A549 cell
apoptosis and inhibits proliferation through PI3K/AKT/mTOR/
ERK1/2 pathways.

LPS Induced the Release of Inflammatory
Cytokines in A549 Cells

LPS is a major component of the outer membrane of gram-negative
bacteria and is often used to study cell inflammation (He et al,
2020). The effects of LPS treatment of A549 cells on the expression
of inflammatory factors HMGBI, TNFa, IL-6, IL-8, IL-13, SP-C,
iNOS, and COX-2 were evaluated with ELISAs (Figure 3). The
secretion of HMGB1 (Figure 3A) and IL-6 (Figure 3B) were
increased in a time- and dose-dependent manner (p < 0.001). IL-
8 (Figure 3C) (p < 0.001) and IL-1p (Figure 3D) (p < 0.001, or p <
0.01) also showed time- and dose-dependent releases following
treatment with high doses of LPS or after prolonged treatment
times. The levels of TNF-o. (Figure 3E) decreased after a 24 h LPS
treatment (50 pg/ml) (p < 0.001). Examination of other cytokines,
such as SP-C (Figure 3F), iNOS (Figure 3G), and COX-2
(Figure 3H), revealed no consistent changes.
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independent experiments.

LPS Induced Inflammatory Responses
Through the MAPK/NF-xB/TLR4 Pathway
The expression of several pro-inflammatory cytokines, including
HMGBI1 and Cox-2, was significantly increased following
treatment with 50, 100, or 200 pg/ml LPS when compared
with the untreated control group in an in vitro study
(Figure 4). The possible involvement of TLR4 in the LPS-
induced inflammatory process (Li et al., 2018) was assessed by
western blotting. LPS treatment dose-dependently increased
TLR4 expression in A549 cells (Figure 4), suggesting that LPS
can activate TLR4 in A549 cells.

NF-kB participates in the inflammatory process as a key
transcriptional factor, and the NF-«B pathway is directly affected
by activation of TLR4 (Chunzhi et al., 2016; Fan et al., 2016). The
effects of LPS treatment on TLR4-mediated NF-«kB signaling of
inflammatory responses were assessed by western blotting to
detect NF-xB and p65 expression. The expression of p-p65 was
significantly higher in the LPS treated cells than in the control

6h
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=
=}
1=

cell viability (%)
3
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Hg/mi

o

24h
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FIGURE 1 | Effects of LPS at concentrations of 0-150 pg/ml on A549 cell viability. MTT assays show time- and-dose dependent A549 cell proliferation response to
LPS treatment (A-E). *p < 0.05, *p < 0.01, and ***p < 0.001 compared with the control group. Graphs show the mean + SD of triplicate wells and represent three

groups (Figure 4). Immunofluorescence assays for detection of
nuclear translocation of p-p65 revealed that exposure to 100 pg/
ml LPS for 3 h inhibited p-p65 translocation from the cytosol to
the nucleus (Figure 8B). A previous study found that LPS
inhibited NF-xB transcriptional activity by downregulating
nuclear p65 levels (Li et al., 2017). Our results also showed
that LPS dramatically increased NF-xB activation and
dephosphorylation of p65, AMPK, and p38 (Figure 4). LPS
promoted the release of pro-inflammatory cytokines through the
TLR4/NF-xB/MAPK pathway activation.

rCC16 Improved the Cell Viability Reduced
by LPS Treatment

At concentrations from 0-200 pg/ml, rCC16 protein showed no
toxicity to A549 cells after treatment for 3, 6, or 12 h when
compared to the untreated control group (Figures 5A-C). By
contrast, A549 cells treated with rCC16 protein at concentrations
of 50, 100, and 200 ug/ml for 24 h showed significantly decreased
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FIGURE 2 | LPS induced A549 cell apoptosis through the PI3BK/AKT/mTOR/ERK1/2 pathway. Western blot analysis and quantification of apoptosis-related proteins
and PIBK/AKT/mTOR/ERK1/2 signaling-related proteins in A549 cells stimulated with various concentrations of LPS for 24 h. *p < 0.05, **p < 0.01, and **p < 0.001
compared with the control group. Graphs show the mean + SD of triplicate wells and represent three independent experiments.
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cell viability when with the untreated control group (Figure 5D).
As shown in Figures 5E-H, the cell viability after exposure to 100
ug/ml LPS resulted in a moderate decrease to about 50%. Therefore
this concentration was selected for subsequent experiments.
Pretreatment with rCC16 at different concentrations (50, 100,
200 pg/ml) for 3 h alleviated LPS-induced cell damage, as shown
in Figures 5E-H. After 24 h of LPS treatment, the cell viability was
less than 50%, whereas the cell protective effect of rCC16
pretreatment was still significant (p < 0.001) (Figure 5H). These

results suggested that the LPS-induced decrease in cell viability was
inhibited by rCCle.

The underlying mechanism by which rCC16 inhibits LPS-
induced apoptosis was explored by examining the expression
of Bcl-2, Bax, and Bak. As shown in Figures 6A, B, rCC16
treatment increased the expression of Bax and Bcl-2 but had no
significant effect on Bak expression. Therefore, rCC16
appeared to inhibit LPS-induced cell apoptosis by the
intrinsic pathway.
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FIGURE 4 | LPS induced the release of inflammatory cytokines through the MAPK/NF-kB/TLR4 pathway. Western blot analysis and quantification of MAPK/NF-«xB/
TLR4 signaling-related proteins in A549 cells stimulated with various concentrations of LPS for 24 h. *p < 0.05, **p < 0.01, and **p < 0.001 compared with the
control group. Graphs show the mean + SD of triplicate wells and represent three independent experiments.

Treatment With rCC16 Reversed LPS-
Induced A549 Cell Apoptosis Through the
PISK/AKT/mTOR/ERK1/2 Pathway

The inhibitory mechanism of rCC16 on LPS-induced cell
apoptosis was examined by western blotting to examine the

protein expression of PI3K, Akt, p-Akt, mTOR, p-mTOR, ERK1/
2, and p-ERK1/2. The levels of PI3K, p-Akt/Akt, and p-ERK1/2/
ERK1/2 were significantly and dose-dependently enhanced
following treatment of LPS-stimulated A549 cells with 50, 100,
and 200 pg/ml (Figure 6A). The levels of PI3K, p-Akt/Akt, and

Frontiers in Pharmacology | www.frontiersin.org 21

July 2020 | Volume 11 | Article 1060


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

Lin et al.

rCC16 Protein Protects Against Cell Apoptosis

A 3h B 6h
150 - 150
3 S
z - . E 100 —
= 5
—3 53
8 (=]
o
o 50 100 200 500 1000
o 50 100 200 500 1000
Hg/mil Nl
D
C is0- 2n 24h
150 +
3
< 100 - S
£ <. 100+
2 =
g =
— 504 2
S = 5o
o
0-
o 50 100 200 500 1000 0-
Hg/mi Hg/mi
E 3h F 6h
150 - 150
? L — e
= — =® T e
< 100+ < 100
2 = -
- - 3 -
Z 50 Z 50
8 3
B 0
rCCi6 - - 50 100 200 200 rcClie - - 50 100 200 200
LPS @ + + + + = LPS = X + + % =
G 12h H 24h
150 - 150 -
F - ) "
2" 2"
z - 3
= 2 504
o [
o
0
rCCl6 - - 50 100 200 200 rccie
LPS - * & + + = LPS & + + & oL =
FIGURE 5 | rCC16 attenuated LPS-induced cell injury in A549 cells. (A) The effect of rCC16 on the viability of A549 cells for 3 h. (B) The effect of rCC16 on the
viability of A549 cells for 6 h. (C) The effect of rCC16 on the viability of A549 cells for 12 h. (D) The effect of rCC16 on the viability of A549 cells for 24 h. (E) The
effect of rCC16 on LPS-induced cell viability loss for 3 h; cells were pretreated with different concentrations of rCC16 for 12 h and then incubated with or without 200
ug/ml LPS for an additional 3 h. (F) The effect of rCC16 on LPS-induced cell viability loss for 6 h; cells were pretreated with different concentrations of rCC16 for
12 h and then incubated with or without 200 ug/ml LPS for an additional 6 h. (G) The effect of rCC16 on LPS-induced cell viability loss for 12 h; cells were
pretreated with different concentrations of rCC16 for 12 h and then incubated with or without 200 ug/ml LPS for an additional 12 h. (H) The effect of rCC16 on LPS-
induced cell viability loss for 12 h; cells were pretreated with different concentrations of rCC16 for 24 h and then incubated with or without 200 ug/ml LPS for an
additional 24 h. The data are expressed as the mean + SD; **p < 0.001 compared with the untreated group; *p < 0.05, **p < 0.01, and **p < 0.001 compared
with the LPS group. Graphs show the mean + SD of triplicate wells and represent three independent experiments.
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p-mTOR/mTOR were significantly increased in LPS-stimulated Treatment With rCC16 Reversed the LPS-
A549 cells, but only by rCCI5 concentrations of 200 ug/ml  Induced Release of a Variety of

(Figure 6A). In summary, pretreatment with rCC16 promoted Inflammatory Cytokines

A549 cell proliferation and inhibited LPS-induced A549 cell ~ The expression of inflammatory cytokines in A549 cells in
apoptosis by activating the PI3K/AKT/mTOR/ERK1/2 pathway.  response to rCC16 pretreatment was examined by detecting
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represent three independent experiments.

the expression of following inflammatory indicators: HMGBI,
IL-1B, IL-6, IL-8, iNOS, COX-2, TNF-0, and SP-C. As shown in
Figures 7A-C, the expression of IL-1f, IL-8, and IL-6 was
increased by treatment with 0.1 mg/ml LPS for more than 3 h,
but these increases were significantly reduced by pretreatment
with 50, 100, and 200 pg/ml rCC16 (p < 0.001). Cells pretreated
with 50, 100, and 200 pg/ml rCC16 showed dose-dependent
downregulation of TNF-a. expression levels after 24 h of LPS
treatment (Figure S1). The HMGBI1 expression level in cells
pretreated with 50, 100, and 200 pg/ml rCC16 decreased
significantly compared with a control group at different time
points (Figure 7B). We also found that different concentrations
of rCC16 had no pronounced inhibitory effect on the expression
of SP-C, Cox-2, or iNOS (Figure S1). Our western blotting
results also verified that the protein levels of Cox-2 and HMGBL1
were significantly decreased in rCCl6-pretreated A549 cells
following LPS treatment (Figure 8A).

Treatment With rCC16 Suppressed the
LPS-Induced Activation of the TLR4/NF-
kB/MAPK Pathway

Western blotting was performed to determine whether rCC16
suppressed LPS-induced inflammation by decreasing the TLR4
expression. TLR4 expression was decreased in A549 cells treated
with different concentrations of rCC16 (Figure 8A). The

3 h
/36h
. 12h
C—124h

I 3h

o0
rcc16 - -
LPS - +

FIGURE 7 | rCC16 reversed the LPS-induced release of the inflammatory cytokines IL-8 (A), IL-1B (B), IL-6 (C), and HMGB1 (D) from A549 cells. A549 cells were
pretreated with different concentrations of rCC16 for 12 h and then incubated with or without 200 pg/ml LPS for an additional 3, 6, 12, or 24 h. *#p < 0,001
compared with the untreated group; *p < 0.05, *p < 0.01, and **p < 0.001 compared with the LPS group. Graphs show the mean + SD of triplicate wells and

expression of NF-kB and p65 was also measured by western
blotting to confirm whether rCC16 suppressed the inflammatory
responses driven by the TLR4-mediated NF-kB signaling
pathway. A significant decrease was observed in the p-NF-kB
and p-p65 levels in the rCCl6-treated groups compared with
the LPS-induced groups (Figure 8A). The nuclear translocation
of NF-xB was also detected by immunofluorescence assay.
Translocation of p-p65 from the cytosol to the nucleus was
promoted by exposure to rCC16 (200 pg/ml) for 3 h (Figure 8B).
Treatment with rCC16 also dramatically decreased NF-xB levels
and phosphorylation of and p65, AMPK, and p38 (Figure 8). Taken
together, these results showed a clearly that rCC16 suppresses LPS-
induced inflammatory responses by inactivation of the TLR4/NF-
KB/MAPK pathway.

DISCUSSION

Currently, ARDS therapies are primarily aimed at improving
lung-protective ventilation, but are not sufficiently effective, so
ARDS treatment remains a continuing challenge in this field
(Matthay et al., 2017). Studies of many clinical specimens and
animal models have reported that decreases in the CC16 protein
content in the airway are an important factor in the occurrence
and development of airway inflammation (Guerra et al., 2015).
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FIGURE 8 | rCC16 suppressed the LPS-induced activation of the TLR4/NF-kB/MAPK pathway. (A) Western blot analysis and quantification of apoptosis-related
proteins and TLR4/NF-kB/MAPK signaling-related proteins in A549 cells after pretreatment with 0-200 pg/ml rCC16 for 12 h and treatment with or 200 ug/ml LPS
for an additional 24 h. (B) Immunofluorescence detection of p-NF-xB and p-p38 after pretreatment with or without 0.2 ug/ml rCC16 for 12 h and treatment with 200
ug/ml LPS for an additional 24 h. *p < 0.1, *p < 0.01, *#p < 0.001 compared with the untreated group; *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the
LPS group. Graphs show the mean + SD of triplicate wells and represent three independent experiments.

This indicates that CC16 protects lung endothelial cells from  infectious stimulus that can lead to severe inflammatory diseases
damage by inflammatory cytokines, but the molecular  like ARDS (Kovacs-Kasa et al., 2016). The lung injury mediated
mechanisms of CC16 protection against ARDS are still unclear. by LPS shares many characteristics of sepsis-induced ARDS

ARDS is an inflammatory disorder, and inflammatory cascades ~ (Marshall et al., 2009), and excessive inflammatory cell
play an important role in its occurrence and development. One  infiltration is a characteristic of ARDS (Bhargava and Wendt,
factor that can induce ARDS is LPS, which acts as a primary ~ 2012). As shown in Figures 1 and 2, LPS-treatment of A549 cells
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significantly reduced cell viability, increased Bax and Bak
expression, and decreased Bcl-2 expression. The effects
appeared to involve the PI3K/AKT/mTOR/ERK1/2 pathway,
which is critical for cell growth and survival, and inhibition of
this signaling pathway may lead to cell apoptosis (Ersahin et al.,
2015). The levels of p-AKT, p-mTOR, and p-ERK1/2 were
significantly decreased in A549 cells after treatment with LPS
(Figure 2), suggesting that LPS may block mTOR activation
through an AKT-dependent pathway. We confirmed that the
pathway associated with cell survival was altered in A549 cells
after LPS treatment.

The pathogenesis of ARDS and other pulmonary inflammation-
related conditions are closely associated with the increased
expression of some proteins and cytokines. One example is
HMGBI1, which is one of the most important chromatin
proteins and is secreted by immune cells through the leaderless
secretory pathway (Tjalsma et al., 2000). The occurrence of an
inflammatory stimulation promotes the secretion of HMGBI1 by
activated macrophages and monocytes and the HMGBI1 then
serves as a cytokine mediator of inflammation (Wang et al,
1999). Recent studies have shown that HMGBI is expressed in a
variety of cells in the lungs and its expression is closely related to
lung-associated diseases. HMGBI1 activates inflammation and
plays a role as an alarm in pulmonary inflammation (Gangemi
et al., 2015). HMGBI is an important cytokine that plays a key
role in initiating and maintaining inflammatory responses (Huan
et al., 2015). One of the most important actions of HMGBI is to
bind to TLR4 to mediate HMGBI1-dependent activation of
cytokine release (Huan et al., 2010). Studies have shown that
the HMGB1-LPS complex that activates TLR4 leads to activation
of various signaling cascades (Gangemi et al., 2015). The
downstream signaling effect is the activation of MAPK and
NF-xB, leading to the inflammatory cytokine production
(Hreggvidsdottir et al., 2012).

A correlation also exists between inflammatory responses
and regulated cell death (Linkermann et al., 2014). In
particular, p38 MAPK plays a significant role in lung
inflammation and cell apoptosis and it is activated by LPS
(Youssef et al., 2019). Our results demonstrated that the
inflammatory cytokines HMGBI, IL-1, IL-6, IL-8, and TNF-
o were increasingly secreted by A549 cells following induction
by LPS (Figure 3). We sought the relevant mechanism by
investigating the NF-kB and p38 MAPK signaling pathways
related to inflammation. The protein expression of TLR4, p-
NF/xB, MAPK, Cox-2, and HMGB1 was significantly higher in
cells treated with LPS than in untreated control group, while the
protein expression of p-AMPK, NF-kB, and p-p38 was lower in
LPS treated groups than in untreated control group (Figure 4).
These results suggested that the HMGB1/TLR4/NF/xB and
AMPK/p38 MAPK intracellular pathways were activated
through phosphorylation.

Clinically, the decreased expression of other proteins and
cytokines has also been demonstrated in ARDS and other
pulmonary inflammatory diseases. For example, low levels of
CCI16 in the serum and lung have been linked to the occurrence
and development of ARDS (Laucho-Contreras et al., 2018). The

purpose of the present study was to investigate the hypothesis that
rCC16 can suppress inflammatory responses by reducing HMGB1
expression through the NF-kB and p38 MAPK pathways. This
study emphasized the anti-inflammatory and cellular protective
mechanism of rCC16 in the PI3K/AKT/mTOR/ERK1/2 pathway
and our results confirm that rCC16 can inhibit LPS-induced
apoptosis and promote A549 cell proliferation by activating this
signaling pathway (Figure 6). We verified the protective benefits
of rCC16 against inflammation by evaluation the levels of several
related inflammatory factors. The ELISA results showed that
rCC16 can inhibit the release of certain inflammatory factors,
especially HMGBI (Figure 7).

We explored the underlying mechanism of rCC16 inhibitory
activity in the LPS-induced expression of HMGBI and other
inflammatory factors by analyzing the protein expressions
related to the HMGB1/TLR4/NF/xB and AMPK/p38 MAPK
signaling pathways that are activated by LPS. Treatment with
rCC16 dose-dependently reversed the phosphorylation and
activation of these pathways induced by LPS (Figure 8A).
Our immunofluorescence staining assays further validated the
inhibition of NF-xB and p38 MAPK phosphorylation in A549
cells by rCC16 and the inhibition of cell apoptosis and
inflammatory responses (Figure 8B). These findings suggest
that the protective activity of rCC16 is associated with
inhibition of the expression of inflammatory cytokines that
are modulated by the HMGB1/TLR4/NF-kB and AMPK/p38
MAPK signaling pathways.

Taken together, the results presented here highlight the potential
of rCC16 for the prevention or treatment of inflammation and
show that rCC16 may play an essential role in future clinical
treatment of ARDS. In clinical practice, increasing evidence now
supports the idea that CC16, which has anti-inflammatory and
antitoxic properties in the lung, may prevent inflammatory
pulmonary disease (Lock-Johansson et al., 2014). The levels of
CCl16 in the blood and airways also closely track the prevalence and
severity of ARDS (Ware et al., 2013). However, thus far, these
results have only been confirmed in cells. Whether rCC16 can be
used for ARDS prevention and treatment still requires clinical
determination, but our study provides a theoretical basis for
this possibility.

CONCLUSIONS

In conclusion, our data indicate that LPS might block mTOR
activation through an AKT-dependent pathway that induces
A549 cell apoptosis and activates inflammatory responses by
activating TLR4/NF-kB/AMPK signaling pathways.
Pretreatment with rCC16 was confirmed to promote A549 cell
proliferation by activating the PI3K/AKT/mTOR/ERK1/2
pathway and inhibiting the release of certain inflammatory
factors, especially HMGBI1, through dephosphorylation and
inactivation of TLR4/NF-kB/AMPK signaling pathways. These
results highlight the potential utility of rCC16 for the prevention
or treatment of inflammation and show that rCC16 may play an
essential role in future clinical treatment of ARDS.
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Targeting the Heme Oxygenase
1/Carbon Monoxide Pathway to
Resolve Lung Hyper-Inflammation
and Restore a Regulated Immune
Response in Cystic Fibrosis

Caterina Di Pietro, Hasan H. Oz, Thomas S. Murray and Emanuela M. Bruscia *

Department of Pediatrics, Yale University School of Medicine, New Haven, CT, United States

In individuals with cystic fibrosis (CF), lung hyper-inflammation starts early in life and is
perpetuated by mucus obstruction and persistent bacterial infections. The continuous
tissue damage and scarring caused by non-resolving inflammation leads to
bronchiectasis and, ultimately, respiratory failure. Macrophages (M®s) are key
regulators of immune response and host defense. We and others have shown that, in
CF, M®ds are hyper-inflammatory and exhibit reduced bactericidal activity. Thus, Mds
contribute to the inability of CF lung tissues to control the inflammatory response or restore
tissue homeostasis. The non-resolving hyper-inflammation in CF lungs is attributed to an
impairment of several signaling pathways associated with resolution of the inflammatory
response, including the heme oxygenase-1/carbon monoxide (HO-1/CO) pathway. HO-1
is an enzyme that degrades heme groups, leading to the production of potent antioxidant,
anti-inflammatory, and bactericidal mediators, such as biliverdin, bilirubin, and CO. This
pathway is fundamental to re-establishing cellular homeostasis in response to various
insults, such as oxidative stress and infection. Monocytes/M®s rely on abundant
induction of the HO-1/CO pathway for a controlled immune response and for potent
bactericidal activity. Here, we discuss studies showing that blunted HO-1 activation in CF-
affected cells contributes to hyper-inflammation and defective host defense against
bacteria. We dissect potential cellular mechanisms that may lead to decreased HO-1
induction in CF cells. We review literature suggesting that induction of HO-1 may be
beneficial for the treatment of CF lung disease. Finally, we discuss recent studies
highlighting how endogenous HO-1 can be induced by administration of controlled
doses of CO to reduce lung hyper-inflammation, oxidative stress, bacterial infection,
and dysfunctional ion transport, which are all hallmarks of CF lung disease.

Keywords: monocyte/macrophages, heme oxygenase-1 (HO-1), carbon monoxide (CO), CO-releasing molecules,
lung inflammation, cystic fibrosis (CF)

Frontiers in Pharmacology | www.frontiersin.org 35

July 2020 | Volume 11 | Article 1059


https://www.frontiersin.org/articles/10.3389/fphar.2020.01059/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.01059/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.01059/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.01059/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.01059/full
https://loop.frontiersin.org/people/1027790
https://loop.frontiersin.org/people/1027790
https://loop.frontiersin.org/people/361318
https://loop.frontiersin.org/people/361318
https://loop.frontiersin.org/people/951326
https://loop.frontiersin.org/people/951326
https://loop.frontiersin.org/people/76971
https://loop.frontiersin.org/people/76971
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:emanuela.bruscia@yale.edu
https://doi.org/10.3389/fphar.2020.01059
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2020.01059
https://www.frontiersin.org/journals/pharmacology
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2020.01059&domain=pdf&date_stamp=2020-07-14

Di Pietro et al.

The HO-1/CO Pathway in CF

INTRODUCTION

The hallmarks of cystic fibrosis (CF) lung disease are mucus
obstruction, chronic hyper-inflammation, chronic infections,
and excessive oxidative stress, which severely damage lung
tissue over time and ultimately lead to lung failure. Several
anti-inflammatory pathways are compromised in CF (Cantin
et al,, 2015), which further perpetuates lung inflammation. Despite
the role of inflammation in CF lung disease, corticosteroids, or high-
dose ibuprofen are the only approved long-term treatments for CF
airway inflammation. Both treatments are often poorly tolerated
(Mogayzel et al, 2013; Cantin et al, 2015). In addition, when
treating CF lung disease, a fine balance must be maintained
between dampening the pro-inflammatory response and
preserving the host defense against microorganisms (Konstan
et al, 2014). This situation calls for novel therapeutic targets,
which allow a potent anti-inflammatory/antimicrobial host
defense followed by restoration of lung tissue homeostasis.

One of the defective anti-inflammatory pathways in CF is the
heme-oxygenase-1/carbon monoxide (HO-1/CO) signaling
pathway. The stress response enzyme HO-1 catabolizes heme
groups to CO and biliverdin, both strong anti-inflammatory and
antioxidant agents. CO also has potent bactericidal properties,
and acts in a positive feedback loop to increase HO-1 expression.
Due to these combined anti-inflammatory and bactericidal
properties, modulation of this pathway is an attractive target in CF.

Here, we will discuss: (1) how the shortcomings of CF lung
immunity perpetuate inflammatory signaling and poor bacterial
clearance; (2) the role of the HO-1/CO signaling pathway; and
(3) the potential of CO-based therapy to reduce lung hyper-
inflammation, counteract oxidative stress, and improve bacterial
clearance, ultimately restoring lung homeostasis in CF lung disease.

CF LUNG DISEASE AND INFLAMMATION

Lung hyper-inflammation in CF patients starts early in life and is
likely driven by accumulation of viscous mucus in the airways
(Montgomery et al., 2017). Mucus airway obstruction and
impaired mucociliarly clearance create a favorable environment
for respiratory infections (Khan et al., 1995; Brennan et al., 2009;
Sturges et al., 2010), which intensify the lung inflammatory
response. In the early years, infections by Haemophilus influenza
and Staphylococcus aureus (S. aureus) are predominant. Over time,
the CF airways become susceptible to chronic infections by the
opportunistic pathogen Pseudomonas aeruginosa (P. aeruginosa)
(Khan et al., 1995; Brennan et al., 2009; Sturges et al., 2010; Elborn,
2016). In addition to the increased bacterial burden, the epithelial
cells and immune cells display altered immune sensing via
pathogen- or danger-associated molecular patterns (PAMPs or
DAMPs), which lead to uncontrolled inflammatory responses.
This leads to excessive infiltration of neutrophils, which are
impaired in clearing the ongoing infection. Furthermore, CF-
affected neutrophils have altered apoptosis (Tirouvanziam et al.,
2008) and increased neutrophil extracellular trap formation (Gray
et al., 2018), which is accompanied by high levels of neutrophil
elastase in the airways of CF patients (Garratt et al., 2015; Kanik

et al, 2020). This vicious cycle of persistent infections and
uncontrolled pro-inflammatory responses also causes severe
oxidative stress through the release of reactive oxygen species
(ROS) from neutrophils and CF epithelia, and the irreversible
damage of lung tissues (Bonfield et al., 1995; Chmiel and Davis,
2003; Davis, 2006; Cantin et al., 2015; Elborn, 2016; Turnbull et al.,
2020). The oxidative stress is worsened by the impaired efflux of
chloride, bicarbonate, and other solutes (e.g., glutathione) (Galli
et al., 2012).

The failure to efficiently resolve the inflammatory response
contributes to the development of chronic hyper-inflammation
in CF (Cantin et al., 2015; Roesch et al., 2018; Recchiuti et al.,
2019). Indeed, resolution of lung inflammation is an active, tightly
coordinated process, whereby counterregulatory mechanisms are
induced to clear inflammatory cells from sites of infection or
injury in order to restore tissue homeostasis. Successful resolution
includes arrest of neutrophil tissue infiltration, apoptosis of
neutrophils and their subsequent removal [e.g., via efferocytosis
(Yurdagul et al., 2017)], dampening of pro-inflammatory signals,
clearance of pathogens and cell debris, and initiation of tissue
repair processes (Headland and Norling, 2015).

Macrophages (M®s) play a critical role in maintaining lung
tissue homeostasis. During an inflammatory response, they
acquire different pro- or anti-inflammatory properties and tissue-
reparative phenotypes. Upon recognition of pathogens, they shift
toward a pro-inflammatory phenotype, recruiting other immune
cells and initiating inflammation. As the inflammation progresses,
M®s not only phagocytose pathogens, but also clear apoptotic cells
and cell debris from the lungs. With other signals from surrounding
cells or from the pathogen, this efferocytosis transforms M®s into
an anti-inflammatory phenotype, thus limiting inflammation and
promoting the resolution/termination of inflammation (Doran
et al., 2020). Furthermore, in the later phases of lung injury, M®s
tightly coordinate parenchymal repair processes, which are essential
for reestablishing tissue homeostasis. Due to these key roles, it is not
surprising that many chronic lung inflammatory diseases such
asthma, chronic obstructive pulmonary disease (COPD), CF
(Bruscia and Bonfield, 2016a; Bruscia and Bonfield, 2016b), and
pulmonary fibrosis (Misharin et al., 2017; Reyfman et al., 2019), are
associated with abnormal M® behavior.

Monocytes/M®s from CF patients are dysregulated at many
levels. In vitro and ex vivo studies from patients with CF and animal
models of the disease suggest that both inherited factors (lack of
functional CFTR) and acquired factors (CF lung environment)
contribute to this dysfunction. As a result, monocytes/M®s fail
to properly handle inflammatory triggers (PAMPs, DAMPs,
cytokines, growth factors), struggle to resolve inflammation, and
fail to clear dead cells, kill bacteria, and adapt to the environment
(reviewed in Bruscia et al. [Bruscia and Bonfield, 2016a; Bruscia and
Bonfield, 2016b)].

The exact mechanisms for the exaggerated and dysfunctional
inflammatory response observed in CF are not fully understood.
However, it appears that the fine balance between the pro- and anti-
inflammatory regulatory pathways is disrupted, with heightened
pro-inflammatory stimuli and reduced counter-regulatory response,
which would ordinarily promote resolution of inflammation.
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Ibuprofen (Konstan et al., 1995), glucocorticosteroids (Ross et al.,
2009), mucolytics (Paul et al., 2004), and antibiotics (Ratjen et al.,
2012) are all treatments that have improved CF lung disease and are
associated with a reduction in lung inflammation. However, there
are concerns about using anti-inflammatory therapies in chronically
infected CF patients. Indeed, blocking induction of inflammation
may have immunosuppressive effects that compromise the host
defense and thus worsen lung infections. This was observed in
clinical studies assessing the effect of the LTB4-receptor antagonist
BIIL 284, an inhibitor of neutrophil migration, in children and
adults with CF. This study was terminated prematurely due to a
significant increase in the frequency of pulmonary exacerbations
(due to bacterial infections) in adult patients who received the
treatment (Doring et al., 2014; Konstan et al., 2014).

The use of CFTR modulators, which correct mutant CFTR
trafficking to the plasma membrane (correctors) and enhance its
activity (potentiators), are now FDA-approved for most CF
patients (Middleton et al, 2019). However, there are few long-
term studies of their impact on immune response and monocyte/
M®s function. While Rowe et al. (2014) reported that the CFTR
modulator VX-770 (Ivacaftor) did not reverse lung inflammation,
other studies showed partial reduction of lung inflammation (Hisert
et al,, 2017). Ex vivo studies on monocytes and monocyte-derived
M®s from patients with CF suggest that Ivacaftor modulates the
inflammatory response (Hisert et al., 2017; Zhang et al., 2018;
Jarosz-Griffiths et al., 2020) and improves bacterial killing (Hisert
et al., 2017; Riquelme et al.,, 2017; Barnaby et al., 2018). The newly
approved triple combination CFTR modulator therapy elexacaftor/
tezacaftor/ivacaftor (Trikafta) (Middleton et al., 2019) has shown
great promise for many CF patients. However, its effect on the
abnormal inflammatory response in CF has not been fully
elucidated, and it is not known whether it will help control lung
hyper-inflammation over the longer life expectancy achieved.
Moreover, these therapies are not applicable for all mutations
and, therefore, for all patients with CF. Thus, novel therapeutic
approaches are needed that, in combination with CFTR modulators,
will rescue the abnormal anti-inflammatory regulatory mechanisms
and facilitate the resolution of the inflammatory response, while
maintaining a potent antimicrobial host defense. Below, we discuss
the HO-1/CO pathway, which facilitates anti-inflammatory and
antioxidant activities while strengthening the host’s bactericidal
functions. This pathway is thus an attractive therapeutic target
for CF.

HO-1 FUNCTION AND REGULATION

Heme oxygenases (HO) are enzymes that facilitate the degradation
of heme, a ubiquitous molecular complex consisting of iron and
tetrapyrrole protoporphyrin IX. The heme from the hemoglobin
in red blood cells and myoglobin in muscles is involved in the
transport and storage of oxygen, respectively. However, many
other proteins also use a heme group for fundamental cellular
processes. If released from proteins, an excess of free heme is
highly toxic because it promotes oxidative stress (Biswas et al.,
2014; Wegiel et al., 2015). HO enzymes thus play a crucial role in

cells (Gozzelino et al., 2010). HO activity is represented by two
separate isoforms: an inducible isoform HO-1 and a constitutively
expressed isoform HO-2. A suspected third isozyme, HO-3,
turned out to be a pseudogene derived from processed HO-2
transcripts (Mccoubrey et al, 1997). HO-1 and HO-2 are the
products of distinct genes, hmoxI and hmox2, respectively. They
differ in primary amino acid sequence, biochemical and
biophysical properties (Cruse and Maines, 1988; Ryter and Choi,
2016). HO-1 is an integral membrane component of the smooth
endoplasmic reticulum (Gottlieb et al., 2012), but it is also localized
in plasma membrane caveolae (Kim et al., 2004), mitochondria
(Converso et al., 2006), and nuclei (Biswas et al., 2014). HO-1 is
undetectable under physiological conditions but is highly induced
after exposure to a broad range of chemical and physical stimuli
including heme, ultraviolet-A radiation, hydrogen peroxide, redox
cycling compounds, heavy metals, hypoxia, hyperoxia, cytokines,
hormones, growth factors, and microorganisms. HO-1 is mainly
induced in hepatic, endothelial, myeloid, and respiratory epithelial
cells. One exception is the spleen, where constantly high levels of
HO-1 ensure an efficient recycling of iron from senescent
erythrocytes (Ryter et al., 2006). Monocytes/M®s rely on
abundant induction of the HO-1 for a controlled immune
response and for potent bactericidal activity. In liver endothelial
and epithelial cells HO-1 plays a critical anti-oxidant and pro-
survival function in response to cellular stressors (Ryter et al,
2006). In contrast to HO-1, HO-2 is constitutively expressed in
most tissues, including brain, testis, endothelial, and smooth
muscle cells (Zakhary et al, 1996), and is refractory to HO-1
inducers (Maines et al., 1986). The inducible nature of HO-1 makes
it an attractive target for drug discovery.

HO-1 catalyzes the first and rate-limiting step in the oxidative
catabolism of heme groups. With the use of cytochrome P-450,
nicotinamide adenine dinucleotide phosphate (NADPH), and
molecular oxygen, HO-1 catabolizes heme into equimolar amounts
of carbon monoxide (CO), free iron (Fe**), and biliverdin IXa. The
cytoprotective effects of HO-1 are enhanced by its catabolites.
Biliverdin is rapidly metabolized to bilirubin (a highly antioxidant
compound) by the biliverdin reductase. The free iron, which can
stimulate free radical formation, is promptly sequestered by ferritin
and recycled for heme synthesis. Degradation of heme is the only
mammalian pathway known to produce CO. This gaseous
molecule is toxic at higher concentrations because it binds
hemoglobin and thus prevents the transport of oxygen. However,
at physiological concentrations, CO has strong cytoprotective, anti-
inflammatory, antioxidant, and bactericidal properties (Figure 1)
(Motterlini and Otterbein, 2010; Ryter et al., 2018).

The essential cytoprotective role of HO-1 has been demonstrated
by the phenotype of HO-1-null mice (HO-1 KO), which display
increased embryonic lethality, anemia, and chronic inflammatory
disorders. Cells isolated from HO-1 KO animals are also more
susceptible to oxidative stress (Poss and Tonegawa, 1997a; Poss and
Tonegawa, 1997b). HO-1 KO animals display increased mortality
after lipopolysaccharide (LPS) administration, which supports the
importance of HO-1 in mediating protection during bacterial
infection (Wiesel et al., 2000). Importantly, the phenotypical
alterations in the uniquely observed case of human HO-1
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deficiency are similar to those in HO-1 KO mice, with
severe hemolytic anemia, endothelial degradation, reduced
serum bilirubin, renal and hepatic iron accumulation, and a pro-
inflammatory phenotype (Yachie et al., 1999).

The expression of HO-1 is regulated primarily at the
transcriptional level via regulatory element sites localized at the
5’-untranslated region of the hmoxI gene promoter. These include
binding sites for several prominent transcriptional factors (TFs),
such as nuclear factor E2-related factor-2 (Nrf2) (Alam et al., 1999),
activator protein-1 (AP-1) family (Alam and Den, 1992; Alam et al.,
1999), nuclear factor-kappa B (NF-kB) (Lavrovsky et al., 1994), and
hypoxia-inducible factor-1 alpha (HIF-10) (Lee et al., 1997). For a
comprehensive review of HO-1 regulation, please refer to (Alam
and Cook, 2007; Waza et al., 2018; Medina et al., 2020). Many of the
TFs and signaling pathways involved in modulating HO-1
expression are dysregulated in CF cells, resulting in decreased
HO-1 induction (discussed in HO-1 Dysregulation in CF).

Nrf2 is a major transcriptional regulator of HO-1 (Chan and
Kan, 1999). At steady state, Nrf2 localizes in the cytoplasm of the
cells, where it is inactivated when associated with its cytosolic
repressor Kelch-like ECH-associated protein-1 (Keapl). Keapl
actively promotes Nrf2’s rapid degradation by the ubiquitin-
proteasome pathway to ensure low Nrf2 levels in the cell.
Exposure to electrophilic or oxidative stresses causes a
conformational change in Keapl, with the subsequent
dissociation of Nrf2. Nrf2 then translocates into the nucleus,
where it forms a heterodimer with small masculoaponeurotic
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FIGURE 1 | HO-1 enzymatic activity. HO-1 enzymatic activity generates
biliverdin and releases carbon monoxide (CO) and Fe?*. Biliverdin is
transformed into bilirubin by the biliverdin reductase (BVR). Fe** is
sequestered by the iron storage protein ferritin.

fibrosarcoma (Maf) proteins and binds to the antioxidant
response elements (ARE) in the promoter region of genes
coding for antioxidant and detoxifying enzymes. These include
HO-1, NAD(P)H quinone oxidoreductase 1 (NQO1), glutamate-
cysteine ligase (GCL), and glutathione S transferases (GSTs),
which all execute antioxidative functions in cells (Bryan et al.,
2013). The Nrf2-mediated HO-1 expression is also finely
regulated by TF BTB and CNC Homology 1 (Bachl), which
also forms heterodimers with Maf and competes with Nrf2 for
the binding sites in the hmox1 promoter region, thus suppressing
HO-1 expression (Dhakshinamoorthy et al., 2005). Thus, HO-1
induction is highly regulated and requires the release of Nrf2
from Keapl, the inactivation of its competitor Bachl, and the
availability of Maf to initiate transcriptional signaling (Ogawa
et al,, 2001; Bryan et al., 2013) (Figures 2A, B).

Functional binding sites for AP-1 (Alam et al., 1999), HIF-1ot (Lee
et al,, 1997), and NF-kB (Lee et al., 1997) have been identified within
the promoter region of hmoxI gene (details in Figures 2C-E). In
response to hypoxia, HIF-1ot is phosphorylated by the MAPK p38.
This leads to its translocation to the nucleus, where it associates
with HIF-1PB, the transcriptional co-activator CREB-binding
protein (CBP), and p300, thereby leading to transcription of
HO-1 (Lee et al,, 1997; Medina et al., 2020). Several studies have
shown that NF-kB not only positively modulates HO-1 expression
by directly binding to its promoter (Naidu et al., 2008; Rushworth
etal, 2012), but it may also work as a negative regulator for HO-1
expression. Some of these conflicting data can be reconciled by the
complex NF-xB crosstalk with Nrf2 in modulating HO-1
induction during specific cellular responses (Liu et al., 2008; Yu
etal,, 2011). For instance, NF-kB decreases the availability of CBP/
p300 for Nrf2, thus preventing Nrf2 transcriptional activity (Liu
etal,, 2008). This is relevant for CF, where shifting the competitive
binding of CBP/p300 in favor of Nrf2 (over NF-kB) leads to
increased expression of antioxidant and anti-inflammatory genes
and decreased cellular inflammation (Ziady et al., 2012). The
molecular mechanisms underpinning the dynamic crosstalk
between NF-xB and the Nrf2 are extensively reviewed in
(Wardyn et al., 2015) and are still under investigation.

Post-transcriptional and post-translational modifications are
also potential regulatory mechanisms for controlling HO-1 levels. A
number of microRNAs (e.g., miR-24, miR-200c, miR-204, miR-
211, miR-155, miR-378, miR-377, miR-217) directly regulate HO-1
levels by decreasing hmox1 messenger RNA stability or translation.
Other miRNAs indirectly modulate HO-1 by affecting the
expression of upstream regulatory factors, such as Nrf2, Keapl,
and Bachl [Review in (Cheng et al., 2013)]. The GT-microsatellite
polymorphism, located in the proximal human hmoxI promoter
region, also contributes to the regulation of HO-1 expression. These
short GT repetitions increase HO-1 expression, which correlates
with a reduced risk of developing rheumatoid arthritis, chronic
pulmonary emphysema, and other diseases (Exner et al., 2004).

Activation of several signaling cascades mediates induction of
HO-1, including the mitogen-activated protein kinase (MAPKs)
superfamily (p38, ERK, and JNK), protein kinase C (PKC),
and phosphatidylinositol 3-kinase (PI3K) (Figures 2B-E).
Protein kinase C facilitates Nrf2 nuclear translocation by
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FIGURE 2 | Hmox1 transcriptional regulation. (A) At steady state, Nrf2 is bound to Keap1 in the cytoplasm and targeted for proteasomal degradation. Bach-1 is
bound to Maf at the promoter region of the hmox1, suppressing its transcription. (B) During cellular stress, hmox1 expression is activated in several ways: mitogen-
activated protein kinase (MAPKs) and protein kinase C (PKC) phosphorylate Nrf2. This stabilizes Nrf2, leading to its translocation into the nucleus. PI3BK/AKT inhibits
GSK3B. When activated, GSK3p facilitates the ubiquitination and proteasomal degradation of Nrf2. Once in the nucleus, Nrf2 displaces Bach-1 at the hmox1
promoter leading to transcription. (C) HIF-1 is a heterodimer composed of HIF-1a and HIF-1B. HIF-1o phosphorylation leads to its translocation to the nucleus and
association to HIF-1f and CBP/p300, thus inducing hmox1 transcription. (D) Phosphorylation of c-Fos and c-Jun leads to their translocation to the nucleus and
formation of the AP-1 complex, which induces hmox1 expression; (E) NF-xB is sequestered in the cytosol under basal conditions by the inhibitor 1xB.
Phosphorylation results in the proteasomal degradation of |kB and the consequent release and nuclear translocation of NF-xB dimers (p50/p65) which targets
hmox1 activation. A complex crosstalk between NF-«B and Nrf2 can also inhibit hmox1 transcription.
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phosphorylation of Nrf2 at the Keapl binding site freeing Nrf2
from Keapl (Huang et al., 2002). MAPKs and PI3K/AKT can
directly (via phosphorylation) or indirectly regulate transcription
factors required for the HO-1 induction. The MAPKs and PI3K/
AKT signaling cascades have been extensively investigated in the
context of Nrf-2-dependent HO-1 activation. PI3K/AKT signaling
can indirectly promote HO-1 transcription by inhibiting glycogen
synthase kinase 3B (GSK3[)-mediated phosphorylation and
subsequent ubiquitination and proteasomal degradation of Nrf2
(Bryan et al,, 2013). Furthermore, PI3K/AKT signaling activation
in response to oxidative stress results in actin polymerization and
depolymerization, which promotes translocation of actin-bound
Nrf2 into the nucleus (Kang et al., 2002).

HO-1 DYSREGULATION IN CF

In CF, hmoxI has been reported to be a modifier gene, as a specific
hmox1 allele correlated with improved lung function in pediatric CF
patients chronically infected with P. aeruginosa (Park et al., 2011).
On top of genetic variants, studies comparing nasal epithelial cells
and blood cells of CF patients with healthy donors have revealed
altered epigenetic modifications of the hmoxl gene (Magalhaes
et al,, 2017). An early study showed that the lungs of patients with
CF have increased HO-1 expression compared to control lung
resections from patients with cancer (Zhou et al., 2004). This is
expected given the inflammatory environment of CF lungs. A better
control would be tissues from patients with other lung
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inflammatory conditions. In the same study, the authors provided
the first evidence for the beneficial effect of HO-1 in CF cells.
Namely, overexpression of HO-1 in CF human bronchial epithelial
(HBE) cell lines (IB3.1) led to potent cytoprotective properties
against P. aeruginosa infections (Zhou et al, 2004). HO-1
expression in CF HBE cell lines (CFBE4lo-) was decreased at
baseline and its induction was hampered following stimulation by
LPS or hypoxia compared with a HBE cell line control
(Chillappagari et al., 2014; Chillappagari et al., 2020). This
suggests that, while HO-1 can still be induced in the absence of
CFTR, the amount produced may not be sufficient to provide
beneficial effects. The lack of HO-1 correlates with an increased iron
load (Chillappagari et al., 2014), that is also observed in lavages and
lung tissues of CF patients (Stites et al., 1999; Ghio et al., 2013) and
favors P. aeruginosa infections (Reid et al., 2002; Moreau-Marquis
et al., 2008).

Several dysfunctional mechanisms may account for the blunted
HO-1 induction in CF cells (Figure 3). Our group has
demonstrated that HO-1 is inefficiently induced in human and
murine CF M®s in response to inflammatory or infectious triggers,
which correlate with exaggerated inflammation and prolonged
inflammatory signaling (Zhang et al., 2013; Zhang et al., 2015; Di
Pietro et al., 2017). We have also shown that the defective induction
of HO-1 is due to blunted activation of the PI3K/AKT pathway
downstream of toll-like receptor 4 (TLR4) activation in M®s from
CF mouse models and patients with CF. Alteration of this pathway
decreases HO-1 expression and perpetuates the inflammatory
response. In addition to decreased induction, the HO-1 cellular
distribution is altered in CF-affected M®s, thus diminishing its

beneficial effect. In response to LPS, HO-1 normally translocate to
plasma membrane lipid rafts in a caveolin 1 (Cavl)- dependent
manner, where it destabilizes the binding between TLR4 and its
adapter protein myeloid differentiation factor 88 (MyD88) via CO
production, thus ending inflammatory signaling (Wang X. et al,,
2009). We found that HO-1 does not compartmentalize to the cell
surface in CF M®s, but rather accumulates intracellularly due to
decreased Cavl expression (Zhang et al, 2013). We linked the
decreased levels of Cav1 expression to high levels of miR-199a-5p
(which targets caveolin 1 3>-UTR) downstream of blunted PI3K/
AKT signaling in CF M®s (Zhang et al, 2015). Importantly,
modulation of this pathway via overexpression of HO-1 or
treatment with CO-releasing molecules (discussed in the next
section) was sufficient to improve the signaling cascade, thus
reducing hyper-inflammation in CF M®s (Zhang et al., 2013).
In investigating how loss of CFIR leads to blunted PI3K/AKT
signaling, we found that ezrin, an F-actin binding protein that
forms a macromolecular complex with CFTR at the plasma
membrane (Guggino and Stanton, 2006), links CFTR, TLR4,
PI3K/AKT signaling, and HO-1 expression in M®s (Di Pietro
et al.,, 2017).

Ziady et al. (Chen et al,, 2008; Ziady et al., 2012) showed that
CFTR deficiency in HBE cells reduces translocation of the
transcription factor Nrf2 into the nuclear compartment, thus
impairing the transcription of antioxidant genes, including HO-1.
This group also found that the co-activator CBP favors the binding
to NF-kB (over Nrf2), which increases inflammatory signaling
(Chen et al., 2008). Kelley et al. showed that Rp-cAMPS, a cAMP
competitor, rescued Nrf2 activity in CF epithelial cells by shifting
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FIGURE 3 | Mechanisms of HO-1 dysregulation in cystic fibrosis (CF). In the absence of functional CFTR: (A) Mds have a blunted PISK/AKT signaling in response to
TLR4 activation, which leads to accumulation of miR-199a-5p, which reduces Cav1 expression. Loss of Cav1 impairs translocation and compartmentalization of HO-
1 at the plasma membrane (PM); (B) blunted PISK/AKT signaling in CF cells results in elevated levels of active GSK3p, which leads to Nrf2 ubiquitination and
proteasomal degradation and (C) affects the stability of HIF-1c.. (D) NF-4B in CF cells competes for the Nrf2 co-activator CBP/p300, thus preventing Nrf2
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the CBP association in favor of Nrf2 (over NF-kB), thus decreasing
inflammatory signaling and increasing antioxidant and anti-
inflammatory activity (Ziady et al, 2012). In this study HO-1
expression was not tested, however, the rescued Nrf2 activity
should result in increased HO-1 expression. Importantly, Ziady’s
group recently showed that the broadly used CFTR modulators
VX-809 (Lumacaftor) and VX-661 (Tezacaftor) significantly
increase Nrf2 activity after correction of CFTR expression in
primary epithelial cells of CF patients with homozygous F508del
mutations (Borcherding et al., 2019). VX-809 also stabilizes PTEN
association with the mutant CFTR protein (upstream regulator of
PI3K) (Riquelme et al, 2017) and increases cellular levels and
phosphorylation of ezrin (Matos et al., 2019). This helps the mutant
CFTR to form a stable macromolecular complex at the plasma
membrane, thus improving function (Abbattiscianni et al., 2016).
Plasma membrane stabilized mutant CFTR, restores the CFTR
downstream signaling transduction events that reestablish the Nrf2-
HO-1 axis in VX809-treated cells (Borcherding et al,, 2019). In
addition to Nrf2, stabilization of HIF-lo is downregulated in
unstimulated and hypoxia-stimulated CFTR-deficient HBE cells,
which decreases HO-1 expression (Legendre et al., 2011).

While CFTR modulators decreased the inflammatory
response (Hisert et al., 2017; Zhang et al., 2018; Jarosz-Griffiths
et al., 2020), and improved their bacterial clearance (Barnaby
et al,, 2018; Zhang et al., 2018) in monocyte/M®s from patients
with CF, these studies did not investigate a possible increase (and
thus beneficial effect) of HO-1 levels. In CF patients, CFTR
modulators initially decreased the bacterial burden in the lungs,
but the bacteria re-emerged over time (Hisert et al., 2017). Thus,
to preserve lung function in patients with CF in the long term, we
propose that targeting the HO-1/CO pathway can complement
existing treatments.

Several trials and studies have indirectly tested HO-1
induction in patients with CF. The first tested candidate was
sulphoraphane, an antioxidant compound that induces Nrf2
signaling and improves bacterial clearance by alveolar M®s
(Harvey et al., 2011). The study found no adverse effects of
increased dietary sulphoraphane intake. However, larger
studies are needed to test sulphoraphane’s efficacy in CF
(NCT01315665). GSK Pharmaceuticals have developed a
promising small molecule for therapeutically inducing HO-1
(Davies et al,, 2016). This molecule activates Nrf2 by binding
the Keapl-Nrf2 binding site, favoring their dissociation. It thus
improves opsonic phagocytosis in M®s isolated from COPD
patients (Bewley et al, 2018), and may be beneficial for CF
patients. As an alternative approach, exogenous delivery of low
doses of CO, a potent inducer of HO-1, can be considered
to improve CF lung disease. We have proven that exogenous
CO delivery can overcome the defective plasma membrane
localization of HO-1 in CF M®s challenged with LPS (Zhang
et al,, 2013). However, certain epigenetic changes present at the
hmoxl gene in CF- affected cells (Magalhaes et al.,, 2017), may
reduce the efficacy of such a therapeutic approach. In the following
sections, we discuss the cellular effects of CO administration, and
its relevance to CF.

CO ANTI-INFLAMMATORY AND
ANTIOXIDANT FUNCTIONS, AND
RELEVANCE TO CF

Similarly, to nitric oxide (NO) and hydrogen sulfide (H,S),
CO is a potent gaseous signaling molecule that can freely
diffuse through membranes (Fagone et al., 2018). The
biological activity of CO depends on its ability to bind with
ferrous (Fe**) ions, thus controlling the activity of several heme-
containing proteins (e.g., nitric oxide synthase (NOS), NADPH
oxidase, cytochrome C oxidase, guanylate cyclase) (Wang et al,
2014; Ji et al, 2016; Motterlini and Foresti, 2017; Ryter et al,
2018). These proteins activate signaling pathways that are
implicated in cell protection/survival against stress, in
antioxidant responses, and in regulating inflammation. CO’s
downstream targets include p38, HIF-1o, PPARy, glutathione,
nitric oxide, and PI3K/AKT, many of which are altered in CF
(Cantin et al., 2015). The current understanding of CO’s biological
function derives from studies in which cells and animal models
were exposed to non-toxic doses of free CO, or were treated with
small molecules able to release controlled amounts of CO, i.e., CO-
releasing molecules (CO-RMs). CO-RMs were initially engineered
by Motterlini and colleagues (Motterlini et al., 2002). They contain
a transition metal (e.g, ruthenium, cobalt, iron) surrounded by
carbonyl (CO) groups. Different CO-RMs have been developed to
minimize toxicity, improve solubility, and increase control of CO
release. Exogenous delivery of low doses of CO mimics the
physiological/non-toxic effects elicited by the production of
endogenous cellular CO (Motterlini and Otterbein, 2010; Wegiel
et al, 2013; Wang et al,, 2014; Ji et al., 2016; Motterlini and Foresti,
2017; Ryter et al,, 2018).

Several in vivo studies, including ours in CF-affected mice
(Zhang et al., 2013), support the notion that exogenous
delivery of CO prevents hyper-inflammation and tissue
damage in the context of sepsis, sterile inflammation, and
hyperoxia (Motterlini and Otterbein, 2010). CO reduces the
number of neutrophils in septic lungs by controlling
transendothelial migration (Mizuguchi et al., 2009). Moreover,
at low concentrations, CO attenuates the lung inflammatory
response in mice challenged with LPS or live bacteria
(Macgarvey et al., 2012; Wegiel et al., 2014b; Wilson et al., 2017;
Kim et al, 2018). It differentially and selectively inhibits LPS-
induced expression of pro-inflammatory cytokines (e.g., TNF-,
IL-6), while increasing levels of anti-inflammatory molecules (e.g.,
IL-10, IL-1 receptor antagonist (IL-1Ra, PPAR-y) (Bilban et al,
2006; Haschemi et al., 2011; Piantadosi et al., 2011; Macgarvey
et al., 2012; Uddin et al., 2015). This is relevant to CF because CF
airway epithelial cells (Perez et al., 2007) and CF M®s (Bruscia
etal,, 2009) both secrete more pro-inflammatory cytokines during
inflammatory stimuli compared to non-CF cells. Moreover, CO
can help reestablish the secretion levels of IL-10, which are lower
in CF lungs (Bonfield et al., 1995), and of PPAR-y, which are lower
in CF epithelial cells and M®s (Andersson et al., 2008; Harmon
et al., 2010). Murine (Sawle et al., 2005) and human (Chhikara
et al, 2009) M®s are particularly responsive to CO treatment,
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which attenuates the inflammatory response to LPS (Sawle
et al., 2005).

The anti-inflammatory effect of CO in response to LPS may
be mediated by augmenting the caveolin 1(Cav-1)/TLR4
interaction at plasma membrane caveolae by a p38 MAPK-
dependent mechanism (Otterbein et al., 2000; Sawle et al,
2005; Bilban et al., 2006; Chhikara et al., 2009; Tsoyi et al.,
2009; Wang X. et al., 2009), which favors termination of pro-
inflammatory signal transduction events. Importantly, CF M®s
have increased levels of plasma membrane TLR4 receptors
(Bruscia et al., 2011) and decreased Cavl expression in
response to LPS (Zhang et al., 2013). We have shown that low
levels of Cavl prevent translocation of HO-1 to the plasma
membrane of activated CF M®s (Zhang et al., 2013), where it
normally localizes (Wang X. et al, 2009). CO-RM treatment
reversed this dysfunction in CF cells (Zhang et al., 2013).

CO’s anti-inflammatory effects also rely on its ability to strongly
induce expression of endogenous HO-1, thus increasing
autonomous, cellular CO production. HO-1 expression is driven
by several TFs and upstream signaling events (see HO-1 Function
and Regulation, Figure 2). Exogenous CO administration can
activate all the shown/mentioned TFs to induce HO-1 expression,
with activation of preferential pathways depending on the
experimental conditions, cell type, and cellular stressors (Piantadosi
et al,, 2008; Zhang et al., 2013) (Figure 4). Mechanistically, low doses
of CO transiently increase mitochondrial ROS (mtROS) levels (Wang
et al,, 2007). This temporary increase in mtROS activates the MKK3/
p38 MAPKs and PI3K/AKT signaling pathway, which ultimately
strongly induces HO-1 expression (Otterbein et al., 2000; Otterbein
et al, 2003).

More recently, it has been proposed that CO promotes
resolution of inflammation by inducing expression of specialized
pro-resolving lipid mediators (SPMs) derived from the
metabolism of polyunsaturated fatty acids (Serhan et al.,, 2014).
In a mouse model of peritonitis (Chiang et al., 2013) and a primate
model of pneumonia (Dalli et al., 2015), CO induces expression of
a key biosynthetic enzyme (12/15-LOX in mice, and 15-LOX-1 in
humans), which induces the production of SPMs. In these models,
CO increases levels of Resolvin (Rv)-D1, RvD2, and Lipoxin A4
(LXA4), and reduces levels of pro-inflammatory lipid mediators,
such as thromboxane B2 (TXB2), leukotriene B4 (LTB4), and
prostaglandin E2 (PGE2). This is relevant because CF patients
have a reduced capacity to biosynthesize SPMs. Clinical studies
have shown that the arachidonic-acid-derived LXA4 is reduced in
the bronchoalveolar lavage fluid (BALF) of patients with CF (Karp
et al., 2004; Chiron et al., 2008; Yang et al., 2012; Ringholz et al.,
2014). The presence of the omega-3 fatty-acid-derived RvE1 in CF
BALF correlates with better lung function compared to patients
with undetectable RvVE1 (Yang et al, 2012). Moreover, P.
aeruginosa infection inhibits 15-epi-LXA4 production in HBE
cells, thus promoting mucosal hyper-inflammation (Flitter et al,
2017; Recchiuti et al., 2019)

CO modulates several pathways in a way that may counteract
the dysfunctions in the CF epithelium that lead to oxidative stress
(Galli et al., 2012). These actions include inducing the
aforementioned Nrf2-dependent and Nrf2-independent induction
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FIGURE 4 | CO-mediated induction of HO-1. Low dose CO can activate all
the transcriptional factors (TFs) that drive the expression of HO-1, via either
direct or indirect activation of MKK3/p38 MAPKs and PI3K/AKT signaling.

of HO-1, preventing ROS production downstream of NADPH
oxidase activity, and rebalancing the defective glutathione
homeostasis observed in CF cells (Gao et al., 1999; Velsor et al.,
2001; Day et al., 2004; Galli et al., 2012; Yamamoto et al., 2014; De
Bari et al, 2018).

CO STIMULATES CELLULAR HOST
DEFENSE AGAINST INFECTIONS:
IMPLICATIONS IN CF

Activating the HO-1/CO pathway or delivering exogenous CO
has a promising additional clinical benefit. Namely, CO enhances
M® bacterial killing capability and protects the lung epithelium
from infection-associated damage (Chin and Otterbein, 2009).
Several proposed mechanisms could explain how exposure to
CO primes M®s to better clear bacteria. For example, CO may
stimulate bacterial uptake by redistribution of TLR4 at the
plasma membrane (Otterbein et al, 2005). Moreover, the
uptake of microorganisms such as P. aeruginosa by M®s
requires proper activation of the PI3K/AKT pathway (Araki
et al., 2003; Bohdanowicz et al., 2010; Lovewell et al., 2014; Di
Pietro et al., 2017; Demirdjian et al., 2018), which is stimulated
by CO (Otterbein et al., 2000; Otterbein et al., 2003). TLR4
trafficking and its regulation at the plasma membrane of M®s is
altered in CF (Zhang et al.,, 2013). CF M®s also show blunted
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induction of the PI3K/AKT signaling pathway in response to LPS
or P. aeruginosa (Zhang et al., 2015; Di Pietro et al., 2017).

Wegiel et al. (2014a) have shown that modulation of the HO-
1/CO pathway or exogenous delivery of CO increases the efficiency
of M®s in killing bacteria such as Escherichia coli and Enterococcus
faecalis. The mechanism relies on CO promoting ATP production
from bacteria, which, in turn, activates the Nacht, LRR, and PYD
domains-containing protein 3 (NALP3) inflammasome system via
binding of the purinergic receptor P2X7 (Wegiel et al., 2014a). An
additional in vivo study has shown that CO-driven inflammasome
activation facilitates bacterial clearance in a mouse model of
polymicrobial infection caused by cecal ligation and puncture
(Lancel et al., 2009). This may help macrophages kill P.
aeruginosa clinical strains that are adapted to the altered CF
environment (Riquelme et al., 2019). However, the effect of CO
on inflammasome activation may depend on the type of stimuli,
since Nakahira et al. have demonstrated that CO negatively
regulates NLRP3 inflammasome activation in M®s challenged
with LPS but not with live bacteria (Jung et al., 2015).

Autophagy is another cellular mechanism that is fundamental
to efficient bacterial clearance by immune cells. CO stimulates
autophagy by inducing the expression and activation of the
microtubule-associated protein 1A/1B-light chain 3 (LC3) (Lee
et al,, 2011). Autophagy is impaired in CF HBE (Luciani et al,,
2010) and M®s of CF patients (Abdulrahman et al., 2011). This
contributes to the hyper-inflammation (Luciani et al., 2010) and
poor bacterial killing of organisms such as Burkholderia cepacia
(Abdulrahman et al., 2011) and P. aeruginosa (Ferrari et al.,
2017). CO also increases acidification of the phagolysosome
(Onyiah et al., 2013). Although controversial (Haggie and
Verkman, 2007), this may be an additional dysregulated
mechanism in CF M®s that contributes to the failure to
efficiently kill bacteria (Di et al., 2006).

Mitochondrial metabolic reprogramming is a key response by
M®s to efficiently fight pathogens during infection (Mills and
O’Neill, 2016). CO affects mitochondrial function by binding to
the cytochrome-c oxidase. At high doses, CO damages
mitochondria. However, at physiological/non-toxic levels, CO
has positive effects on mitochondrial metabolism. CO shifts the
cellular energetic metabolism from glycolysis to oxidative
phosphorylation and the pentose phosphate pathway, increasing
oxygen consumption and ATP production. This may be a key
mechanism in CO’s modulation of the M® response to infections.
CO also induces mitochondrial and lysosomal biogenesis by
activating the guanylate cyclase and the PI3K/AKT pathway,
and upregulating transcription factors such as Nrfl,
Transcription Factor A, mitochondrial (TFAM), Nrf2,
Transcription Factor EB (TFEB), and PGC-lo (Zuckerbraun
et al., 2007; Piantadosi et al,, 2011; Queiroga et al., 2012; Wegiel
et al., 2013; Motterlini and Foresti, 2017; Kim et al., 2018). These
data suggest that cellular CO primes M®s to better respond to
cellular stressors. Although CO treatment has been associated with
increased bacterial killing (Chin and Otterbein, 2009), caution is
required when considering CO as a treatment for infection. This is
because CO can inhibit the activity of NADPH oxidase 2 (NOX2)
proteins. However, in other experimental settings, the beneficial

effect of CO requires the presence of functional NOX2 (Nakahira
et al,, 2006; Lin et al,, 2019). Thus, the inhibitory effect of CO on
NADPH oxidases may depend on the CO dose used, cellular status
(steady state or in response to stress), and type of stressor. This
must be carefully evaluated when considering CO as a potential
CF therapy because M®s from CF patients may have an
intrinsically lower capacity to activate NOX2 in response to
bacterial infections (Assani et al., 2017).

A few in vivo studies suggest that administration of CO or CO-
RMs protects against mortality after infectious challenge. Systemic
delivery of CO-RMs reduced the mortality from 80% to 0%
compared with controls in neutropenic mice infected with P.
aeruginosa. This correlated with reduced bacterial recovery from
the spleen due to either direct CO-mediated killing or enhanced
bacterial clearance by the host immune system (Desmard et al.,
2009). The authors demonstrate that mitochondrial function was
protected in the CO-RM-treated mice and the pro-inflammatory
response of sepsis was blunted (Lancel et al., 2009). Similarly, in a
mouse peritonitis sepsis model, lower dose of CO-RM (10 mg/kg)
resulted in an 80% survival rate. Additionally, upregulation of the
HO-1/CO pathway, or delivery of inhaled CO, improved survival
of mice in an S. aureus sepsis model. In this model, the mechanism
of action relies on mitochondrial energetic metabolism
reprogramming and biogenesis, increasing host cell survival, and
countering the exuberant pro-inflammatory response in an AKT1-
Nrf2 dependent manner (Macgarvey et al., 2012).

Finally, and particularly relevant in the context of CF lung
disease, increased cellular levels of CO protect the bronchial
epithelium from damage associated with P. aeruginosa infection.
Secreted virulence factors from P. aeruginosa (e.g., P. aeruginosa
quinolone signaling compound, PQS) decrease levels of HO-1
and Nrf2 expression in lung epithelial cells and primary HBE
cells. This increases oxidative stress in epithelial cells, contributing
to the pathogenicity of P. aeruginosa (Abdalla et al., 2017). In
another study by Roussel et al., the P. aeruginosa biofilm-derived
quorum sensing molecule N-(3-oxododecanoyl)-1-homoserine
lactone (30C12-HSL) decreased the activation of the Nrf2-HO-
1 axis in HBE cells, increasing cellular ROS production (Roussel
and Rousseau, 2017). Importantly, we and others have shown that
stimulating the HO-1 pathway (with genetic manipulation (Zhou
et al.,, 2004) or exposure to CO-RMs (Murray et al, 2012)) is
sufficient to improve HBE cell survival following acute P.
aeruginosa infection (Zhou et al., 2004) or exposure to P.
aeruginosa biofilms (Murray et al., 2012). Improved CO cellular
survival in response to infections may be mediated by stabilization
of HIF-1aw (Chin et al., 2007) and activation of the PI3K/AKT-
driven induction of Bcl-2-mediated protection to apoptotic stimuli
(Otterbein et al., 2003; Martin et al., 2004; Zhang et al., 2015; Shi
et al., 2019).

THE DIRECT EFFECTS OF CO ON
BACTERIA AND RELEVANCE TO CF

Along with the previously discussed stimulation of the host cells,
CO treatment has an additional potential clinical benefit in its
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direct bactericidal activity. Multiple studies have documented
that CO and CO-RM treatment results in killing of a variety of
pathogenic bacteria including P. aeruginosa, E. coli, Salmonella
enterica, S. aureus, and Helicobacter pylori (Nobre et al., 2007;
Murray et al,, 2012; Bang et al., 2014; Rana et al., 2014; Flanagan
et al., 2018). This has generally been true regardless of the carrier
molecule used to deliver the CO, which accumulates inside
bacterial cells before they release CO (Nobre et al., 2016).
CO’s Kkilling efficiency and mechanism of action against
microorganisms likely differs based on the CO dose,
microorganism, and the metabolic status of the microorganism
(Chin and Otterbein, 2009; Chung et al., 2009; Tavares et al., 2012;
Wilson et al., 2012). There are many explanations for how CO-
RMs induce bacterial cell death (for a comprehensive review, see
(Wilson et al,, 2012)). One mechanism is that bacterial CO
exposure generates reactive oxidative species (ROS) and
subsequent DNA damage (Nobre et al., 2009). Another
demonstrated mechanism is that CO directly targets respiration
by binding to terminal cytochrome oxidases (Desmard et al., 2009;
Tavares et al., 2013).

P. aeruginosa demonstrates the promises and limitations of CO
and CO-RMs as antimicrobial therapies. We and others have
shown that CO-RMs are effective at killing or aiding in the killing
of P. aeruginosa clinical strains recovered from CF patients and
grown in liquid culture or in biofilms (Murray et al., 2012; Flanagan
et al., 2018). However, these studies also show that certain P.
aeruginosa clinical isolates are less susceptible to CO (Murray
et al, 2012; Flanagan et al., 2018). Moreover, the bacterial growth
conditions influence CO’s effectiveness. CO does not effectively kill
the common P. aeruginosa strain PAO1 in rich media, but it is
highly effective in glucose-based media (Murray et al., 2012). CO-
RMs also kill P. aeruginosa in anaerobic conditions (Desmard et al.,
2009), similar to those found in the CF lung.

Riquelme & Prince recently pointed out that the metabolic
environment is important for CF infections (Riquelme et al,
2019). The CF lung has high levels of succinate, and thus
preferentially selects for P. aeruginosa, which efficiently
metabolize succinate (Riquelme et al., 2017). This metabolic
adaptation drives a transcriptional reprogramming of the
bacteria, leading to expression of genes for extracellular
molecules that favor bacterial biofilm formation. Interestingly,
one study of a novel photo-activated CO-RM demonstrated CO-
RM-dependent killing of E. coli when succinate was supplied as
the sole carbon source (Nagel et al., 2014). Riquelme & Prince
also provide evidence that P. aeruginosa clinical strains adapt to
the altered CF environment and change the host immune
response to induce recruitment of immune cells (monocytes
and neutrophils) to the lungs, while retaining the ability to
activate mitochondrial ROS. However, the recruited immune
cells display immune dysfunction when challenged with CF-
adapted P. aeruginosa, including failure to stabilize HIF-1ot and
to secrete IL-1f. Thus, CF-adapted bacterial isolates can evade
clearance by M®s (Riquelme et al., 2019). As discussed above
(Wegiel et al., 2014a), by stabilizing HIF-1o and restoring IL-1[3
secretion, CO treatment may enhance the ability of host immune

cells to better sense and eradicate P. aeruginosa isolates that are
metabolically adapted to the CF lung environment.

CO AS A MODULATOR OF ION CHANNEL
ACTIVITY: RELEVANCE TO CF

CO is also emerging as a modulator of ion channel activity. CO
regulates the function of the Ca**-activated K (BKc,), voltage-
activated K+ (Kv), and Ca*" channel (L-type) families, ligand-
gated P2X receptors, tandem P domain K+ channels (TREK1),
and the epithelial Na+ channel (ENaC). The mechanism/s by
which CO modulates their activity is unclear. However,
activation of the BKc, channel seems to be directly mediated
by CO binding to a metal-based center in BK, channels (Brazier
et al., 2009; Telezhkin et al., 2011). Generation of cGMP by
soluble guanylyl cyclase activation (Murad, 2006) and generation
of mtROS (Wilkinson and Kemp, 2011; Peers et al., 2015) are two
indirect mechanisms that have been proposed to mediate CO-
dependent modulation of ion channel activity.

Relevance to CF

Loss of CFTR function leads to reduced expression of the
inducible nitric oxide synthase, a target of CO, in CF murine
and human airway epithelial cells (Kelley et al., 1997a; Kelley and
Drumm, 1998; Elmer et al., 1999; Steagall et al., 2000). This
reduces NO production, thus decreasing cGMP levels in CF cells
and dysregulating transepithelial sodium and chloride transport
(Elmer et al.,, 1999). Importantly, cGMPs activate CFTR in a
PKA-independent manner (Kelley et al., 1997b), and promote
trafficking of CFTR to the plasma membrane of the intestinal
epithelium (Ahsan et al, 2017). Stimulating this pathway may
also correct/potentiate mutant CFTR and thus ameliorate the
intestinal fluid deficit in the CF intestine (Arora et al., 2017).
Thus, by increasing cGMP cellular levels (Foresti and Motterlini,
1999), CO may help stimulate wild-type and mutant CFTR ion
transport. A thought-provoking study by Wang suggests that CO
may activate CFTR-dependent CI" and HCOj;™ currents across
the apical membrane of the rat distal colon. This study reported
that the CFTR protein has a high-affinity ferric ion (Fe’")
binding site at the interface between the regulatory domain
and intracellular loop 3. The binding of Fe’* to CFTR prevents
channel opening, and CO leads to release of the inhibitive Fe’*
ions, thus activating CFTR (Wang, 2017).

In addition to potentially regulating the CFTR function, CO
also modulates the function of ion channels involved in CF lung
disease, i.e., the large conductance calcium-activated potassium
channels (BKc,) and the epithelial Na+ channels (ENaC). The
BK(, channels are expressed on the apical membrane of airways.
Apical secretion of K provides a driving force for Cl™ flow,
which maintains the airway surface liquid (ASL) volume. Its
depletion leads to mucociliary dysfunction (Manzanares et al,
2011; Manzanares et al, 2015; Kim et al,, 2020). Importantly,
Salathe’s group recently reported that CF HBE cells have reduced
BKc, channel activity due to increased lung inflammation, and that
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restoring BKc, channel activity reduces CF and inflammation-
associated mucociliary dysfunction (Kim et al., 2020). Thus, CO’s
ability to activate BKc, may reduce inflammation and help re-
balance ion secretions in CF.

CO also inhibits the sodium channel ENaC, an established
pharmacological target for CF lung disease (Mall, 2009). The
ENaC channel absorbs Na" from the apical side, thus reducing
the ASL volume. CO inhibits ENaC in rat cultured alveolar type
II cells and human airway epithelial cell line, and it prevents
alveolar fluid reabsorption in perfused rabbit lungs (Althaus
et al., 2009). Thus, CO can potentially block the hyperabsorption
of sodium through the ENaC channel, which may restore ASL
volumes (Mall et al., 2004). However, a different study has
reported that CO has the opposite effect on ENaC in a mouse
kidney cortical collecting duct cell line (Wang S. et al.,, 2009).
These data are not easy to reconcile, but they may reflect tissue-
specific differences in ENaC subunit composition, the CO doses,
and experimental conditions. More studies are needed to clarify
CO’s effect on ENaC in CF epithelium.

In summary, CO targets the signaling cascade associated with
NO production and cGMP levels. It also directly targets the
activity of ion channels such as BK¢, (and potentially CFTR). It
may thus help rebalance ion transport across the CF epithelium
and restore physiological ASL levels.

EXOGENOUS DELIVERY OF CO AND
CLINICAL APPLICATIONS

Based on encouraging studies in preclinical models, the
pharmacological use of CO has been tested in humans. In this
rapidly evolving field, the current approaches to delivering

controlled levels of CO in humans are: (a) inhalation and (b) a
hemoglobin based-CO carrier.

CO Inhalation

At high concentrations (10,000 ppm), inhalation of CO is toxic.
However, at controlled low concentrations (10-200 ppm),
exogenous CO delivery is safe in humans [NCT00531856
(Mayr et al, 2005) (Bathoorn et al, 2007)] and is beneficial
against numerous diseases and pathological conditions featuring
hyper-inflammation, tissue damage, pulmonary arterial
hypertension, and ischemic conditions (Motterlini and Otterbein,
2010; Ji et al, 2016; Ryter and Choi, 2016; Ryter et al., 2018).
Inhalation of 100-125 ppm CO by patients with stable chronic
obstructive pulmonary disease (COPD) is safe, reduces sputum
eosinophil levels and improves responsiveness to methacholine
[NCT00122694 (Bathoorn et al.,, 2007)]. Results from a
multicenter, double-blinded, clinical trial of inhaled CO in
patients with idiopathic pulmonary fibrosis show that CO
inhalation (100-200 ppm) was not associated with adverse
events, but also did not result in significant changes in the study
end points. These end points included differences in matrix
metalloproteinase-7 serum concentration and pulmonary
function test measures [NCT01214187 (Rosas et al., 2018)].
However, treatment with CO lead to a change in the expression
profile of peripheral blood mononuclear cells dominated by
oxidative phosphorylation-related genes (Casanova et al., 2019).
Clinical implications for such transcriptional changes are not clear.
Following successful preclinical studies in primates (Dalli et al.,
2015; Fredenburgh et al., 2015), CO inhalation was tested in an
initial safety study with patients with sepsis induced by acute
respiratory distress syndrome (ARDS). Subjects were administered
inhaled CO (100 ppm or 200 ppm) or placebo for 90 min for up to

Balancing ion transport
BK¢, channel, ENaC, CFTR?

Decreasing
Hyper-inflammation
MKK3/p38, HO-1, SPMs

CO-RMs
CO inhalation
Hemoglobin-based CO carrier

Improving
microbial host defense
Autophagy
Phagocytosis
Cellular metabolism
Mitochondrial biogenesis
NALP3/IL-1B inflammasome

and improving cell survival

Reducing cellular oxidative stress

NO, GSH, NADPH, HO-1, PI3K/AKT; Nrf2

Direct bactericidal activity
CO, NO

FIGURE 5 | CO beneficial effects in cystic fibrosis (CF). CO may have several beneficial effects in CF. In addition to transcriptional induction of HO-1, CO helps to
rebalance ion transport in bronchial epithelial cells by modulating the activity of BKc, channels, ENaC, and, possibly, CFTR. It has direct bactericidal activity and also
primes the macrophages. It thus improves the host defense mechanisms by modulating autophagy, phagocytosis, the inflammasome, and immunometabolic
responses. CO reduces cellular oxidative stress and improves cell survival by activating/inducing NO, GSH, NADPH, HO-1, PISK/AKT, and Nrf2. CO also decreases
hyper-inflammation by increasing levels of anti-inflammatory mediators, HO-1 and SPMs.
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5 consecutive days. The treatment was well-tolerated and appeared
to be safe (Fredenburgh et al, 2018). A multi-center Phase II
clinical trial of inhaled CO for the treatment of ARDS involving 5
US-based medical centers is currently ongoing (NCT03799874).

Hemoglobin-Based CO Carrier

Prolong Pharmaceuticals has developed PP-007 (formerly
known as Sanguinate), a polyethylene-glycol-modified
(PEGylated) form of bovine hemoglobin loaded with CO. CO
is released within 2 h of infusion and exchanged for oxygen,
which is then delivered to areas of low oxygen tension
(Abuchowski, 2017). This dual mode of action targets
inflammation (CO) and hypoxia (O,), two complications in
the CF lung. PP-007 is also PEGylated, which ensures stability
and prolongs retention of the molecules in the circulation. PP-
007 is being studied for several clinical situations to treat hypoxia
and/or inflammation, including sickle cell disease (SCD),
reperfusion injury, and cerebral hemorrhage (Misra et al,
2014; Abuchowski, 2016; Abuchowski, 2017; Dhar et al., 2017;
Misra et al., 2017; Abu Jawdeh et al., 2018). PP-007 is safe in a
phase I clinical trials in both healthy controls and patients with
SCD. After a single intravenous dose (80, 120, or 160 mg/kg) in a
randomized phase I single-blinded placebo-controlled study, the
only observed adverse effect was a transient trend toward
increased blood pressure, likely due to temporary intravascular
volume expansion, which resolved within 24 h. In addition, a
dose-dependent decrease in serum haptoglobin was observed,
which binds to PP-007, forming a complex that is cleared from
the circulation. Importantly, no Hb was detected in the urine,
and no signs of nephrotoxicity were found (Abuchowski, 2016;
Abuchowski, 2017). A second Phase I study in SCD patients also
showed the transient increase in blood pressure, as well as an
asymptomatic increase in troponin. Currently, PP-007 is being
tested in several Phase II clinical trials in SCD (NCT02672540;
NCT02600390). PP-007 is also well-tolerated in patients with
other diseases, such as subarachnoid hemorrhage (SAH)
(NCT02323685). PP-007 is FDA-approved for compassionate
care, and has been successfully used as an artificial oxygen
transfusion agent in two patients undergoing surgery, a patient
with thrombotic thrombocytopenic purpura and a woman with
postpartum hemorrhage (Holzner et al, 2018; Brotman et al,
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CONCLUDING REMARKS

Modulating the HO-1/CO pathway, e.g., via CO administration,
can attenuate hyper-inflammation, counteract oxidative stress,
improve bacterial clearance by strengthening the host defense
mechanisms or by direct killing, and rehydrate the airways
(Figure 5). We therefore propose that the HO-1/CO pathway
may be targeted as an adjuvant therapy to minimize lung disease
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Targeting IgG Autoantibodies for
Improved Cytotoxicity of Bactericidal
Permeability Increasing Protein in
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Karen McQuillan, Fatma Gargoum, Mark P. Murphy, Oliver J. McElvaney,
Noel G. McElvaney™ and Emer P. Reeves ™"

Irish Centre for Genetic Lung Disease, Department of Medicine, Royal College of Surgeons in Ireland, Education and
Research Centre, Beaumont Hospital, Dublin, Ireland

In people with cystic fibrosis (PWCF), inflammation with concurrent infection occurs from a
young age and significantly influences lung disease progression. Studies indicate that
neutrophils are important effector cells in the pathogenesis of CF and in the development
of anti-neutrophil cytoplasmic autoantibodies (ANCA). ANCA specific for bactericidal
permeability increasing protein (BPI-ANCA) are detected in people with CF, and
correlate with infection with Pseudomonas aeruginosa. The aim of this study was to
determine the signaling mechanism leading to increased BPI release by CF neutrophils,
while identifying IgG class BPI-ANCA in CF airways samples as the cause for impaired
antimicrobial activity of BPI against P. aeruginosa. Plasma and/or bronchoalveolar lavage
fluid (BAL) was collected from PWCF (n = 40), CF receiving ivacaftor therapy (n = 10), non-
CF patient cohorts (n = 7) and healthy controls (n = 38). Plasma and BAL BPI and BPI-
ANCA were measured by ELISA and GTP-bound Rac2 detected using an in vitro assay.
The antibacterial effect of all treatments tested was determined by colony forming units
enumeration. Levels of BPI are significantly increased in plasma (p = 0.007) and BALF (p <
0.0001) of PWCF. The signaling mechanism leading to increased degranulation and
exocytosis of BPI by CF neutrophils (p = 0.02) involved enhancement of Rac2 GTP-
loading (p = 0.03). The full-length BPI protein was detectable in all CF BAL samples and
patients displayed ANCA with BPI specificity. IgG class autoantibodies were purified from
CF BAL complexed to BPI (n=5), with IgG autoantibody cross-linking of antigen
preventing BPI induced P. aeruginosa kiling (p < 0.0001). Results indicate that the
immune-mediated diminished antimicrobial defense, attributed to anti-BPI-IgG,
necessitates the formation of a drug/immune complex intermediate that can maintain
cytotoxic effects of BPI towards Gram-negative pathogens, with the potential to transform
the current treatment of CF airways disease.

Keywords: cystic fibrosis, neutrophils, bactericidal permeability increasing protein, IgG class autoantibodies,
Pseudomonas aeruginosa
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INTRODUCTION

Cystic Fibrosis (CF) is an autosomal recessive pleiotropic
disorder caused by mutations in the gene encoding the CF
transmembrane conductance regulator (CFTR) chloride
channel (Riordan et al., 1989; Rommens et al., 1989). Over
2000 CFTR mutations have been identified that result in
disturbed synthesis or function of the CFTR protein, leading to
the development of specialized therapies targeting the basic
defect (Mcelvaney et al., 2018). The most common mutation is
deletion of phenylalanine at position 508 (Phe508del) which is
present in one or both alleles in approximately 90% of PWCF
(Riordan, 2008). CF related symptoms, although variable from
patient to patient, are present early in life and increase in severity
with age, with respiratory manifestations impacting on
morbidity and mortality. CFTR absence or malfunction causes
defective ion transport, reduction in airway surface liquid (ASL)
volumes and persistent mucus hypersecretion. Inflammation is
further amplified by bacterial infections, initially Haemophilus
influenza and Staphylococcus aureus in infants, and later
Pseudomonas aeruginosa, with early eradication with
anti-pseudomonal antibiotics demonstrating significant
improvements in FEV, reductions in exacerbations (Ramsey
etal.,, 1999; Konstan et al., 2011) and in bacterial density (Mccoy
et al,, 2008). Accordingly, in the adult CF population, S. aureus
infections without the presence of P. aeruginosa, is a marker of
milder lung disease (Ahlgren et al., 2015). Conversely, a greater
rate of decline of lung function has been recorded in young
people with P. aeruginosa lung infection compared to infants
with no infection detected (Pillarisetti et al., 2011).

Sustained neutrophil recruitment and neutrophil dominated
inflammation are hallmarks of CF airways disease progression,
yet paradoxically, recruited cells fail to kill invading bacteria,
with chronic infection with mucoid, alginate-producing
strains of P. aeruginosa a major cause of mortality. Primary
granules of neutrophils contain a battery of antimicrobial
mediators, including the potent cytotoxic bactericidal
permeability increasing protein (BPI) that targets gram-
negative bacteria such as Pseudomonas. BPI is a bipartite
molecule with distinct domain functionality, involving anti-
bacterial and endotoxin neutralization properties of N- and C-
terminal domains, respectively. The remarkable ability of P.
aeruginosa to colonize the CF airways despite the presence of
BPI is not fully understood. A rise in anti-neutrophil
cytoplasmic antibodies (ANCA) with BPI specificity have
been identified in PWCF (Sediva et al., 1998; Mahadeva
et al,, 1999), varying from 17.9% to 83% positivity (Iwuji
et al., 2019), with a strong correlation between IgA and IgG
BPI-ANCA and reduced lung function recorded (Carlsson
et al., 2007). Although anti-BPI IgA has been detected in CF
bronchoalveolar lavage (BAL), strikingly, in vitro anti-BPI-
IgG inhibits the antibiotic function of BPI (Schinke et al.,
2004). This prompted us to investigate the in vivo concept
that BPI present in CF airways is immune complexed
to anti-BPI-IgG, and this direct interaction inhibits anti-
Pseudomonas activity.

MATERIALS AND METHODS

Chemicals and Reagents

All chemicals and reagents were of the highest purity available
and were purchased from Sigma-Aldrich Ireland unless
indicated otherwise.

Study Design

PWCF were recruited from the Beaumont Hospital Cystic
Fibrosis Clinic. Ethical approval was received from the
Beaumont Hospital Ethics Board (REC reference 14/98) and
informed consent obtained from all study participants.
Demographic details of PWCF are listed in Tables 1 and 2.
The CF-ABLE score is a predictive score for determining
outcome in CF, validated against the CF registry of Ireland
(Mccarthy et al., 2013). Scores range from 0 to 7, with a higher
score predicting a worse outcome. The CF-ABLE score of
recruited patients was 3.68 + 2.11 (Table 1). To assess the effect
of ivacaftor therapy on plasma levels of BPI autoantibodies,
clinically stable CF patients, homozygous or heterozygous for the
Gly551Asp CFTR variant, receiving 150 mg ivacaftor twice daily
(n=10) were recruited (Table 2). Details regarding healthy controls
(HC), patients with non-cystic fibrosis bronchiectasis (NCFB) or

TABLE 1 | Demographic details of PWCF recruited to this study.

Clinical demographic parameter CF participants

Total number 28

Age in years 27.7 £5.02
Male 16
Female 12
Homozygous for Phe508del 11

At least one Phe508del copy 25
FEV4 42.01 +21.92
BMI 20.06 + 2.55
CF-ABLE score 3.68 + 2.11
P. aeruginosa colonization at time of sample 19

P. aeruginosa colonization within last 5 years 28

Data are presented as number or mean + standard deviation.
Phe508del, CFTR gene mutation; FEV/;, forced expiratory volume in 1 s (% predicted);
BMI, body mass index (kg/m?); P. aeruginosa, Pseudomonas aeruginosa.

TABLE 2 | Demographic details of the CF cohort receiving ivacaftor therapy.

Patient CFTR mutation FEV,Pre-therapy FEV,Post-therapy
(% predicted) (% predicted)
1 Phe508del/Gly551Asp 45 56
2 Phe508del/Gly551Asp 25 31
3 Phe508del/Gly551Asp 53 71
4 Phe508del/Gly551Asp 45 64
5 Phe508del/Gly551Asp 93 86
6 Phe508del/Gly551Asp 56 27
7 Phe508del/Gly551Asp 57 95
8 Gly551Asp/G542X 24 24
9 Gly551Asp/G542X 45 40
10 Gly551Asp/Gly551Asp 30 36

FEV/, forced expiratory volume in one second.
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chronic obstructive pulmonary disease (COPD) are available in
Table 3.

Preparation of Blood and Airways Samples
Blood samples were collected in 7.5-ml heparinized S-monovette
tubes (10 U/ml; Sarstedt, Germany) and centrifuged at 350xg for
5 min at room temperature. Plasma was aliquoted for immediate
use or stored at -80°C. Peripheral blood neutrophils were isolated
using a previously described method, (Reeves et al., 2002) with all
steps performed at room temperature. Purity of isolated
neutrophils was validated by flow cytometric analysis using a
monoclonal antibody against CD16b (Sacki et al., 2009; Bergin
et al., 2014) and neutrophil viability was assessed by trypan blue
exclusion assays. Bronchoalveolar lavage (BAL) samples were
obtained from PWCF (Table 4). BAL was performed and
samples processed as previously published (Rennard et al.,
1998). Briefly, 100 ml of buffered saline was instilled into the
right middle lobe or lingula and harvested. BAL was filtered
through sterile gauze and then centrifugation at 462 x g for
10 min at 4°C. Cell-free supernatants were aliquoted and stored
at —80°C for subsequent analysis.

Gel Electrophoresis and Western Blot
Analyses

Samples were subjected to SDS-PAGE under denaturing and
non-denaturing conditions using the NativePAGE™ Novex®

TABLE 3 | Characteristics of healthy controls, patients with chronic obstructive
pulmonary disease or patients with non-cystic fibrosis bronchiectasis recruited to
this study.

Clinical demographic parameter NCFB COPD HC
Total number 5 2 38
Age in years 68.53 + 11.4 48 3238 +4.6
FEV,4 50.66 + 15.22 64.5 101.33+7.6
BMI 28.31 £5.5 25.91 25.84 +2.16

Data are presented as number or mean + standard deviation.
NCFB, non-cystic fibrosis bronchiectasis; COPD, chronic obstructive pulmonary disease; HC,
healthy control; FEV/, forced expiratory volume in one second; BMI, body mass index ﬂ<g/m2).

TABLE 4 | Demographic details of PWCF who donated BAL and plasma
samples for LPS experiments.

Clinical demographic parameter CF cohort (Phe508del)

Total number 12

Age in years 29.6 + 5.61
Male 6
Female 6
Homozygous for Phe508del 12

FEV,4 45.71 £17.92
BMI 20.88 + 2.61
CF-ABLE score 3.72 +2.11
P. aeruginosa colonization 12

Data are presented as number or mean + standard deviation.
Pheb08del, CFTR gene mutation; FEV,, forced expiratory volume in 1 s (% predicted);
BMI, body mass index (kg/m?); P. aeruginosa, Pseudomonas aeruginosa.

Bis-Tris gel system (InvitrogenTM) following the manufacturer’s
instructions. After Electrophoresis, gels were stained with
Coomassie® Brilliant blue G250 for visualization of proteins or
transferred to 0.2 pM PVDF membrane (Roche) by western
blotting. Blots were incubated with 0.2 pig/ml mouse monoclonal
anti-BPI specific antibody (Santa Cruz Biotech Inc.), 0.01 mM
rabbit polyclonal anti-Rac2 specific antibody (Cell Signalling
Technology- Rac 1/2/3 antibody) or 1.0 pg/ml of monoclonal
anti-actin antibody (Millipore, UK). The secondary antibodies
used were HRP-linked rabbit anti-mouse and goat anti-rabbit
IgG (Cell Signalling Technology). Immunoreactivity was
detected using Immobilon"" Western Chemiluminescent HRP-
substrate (Millipore) solution and a G-Box Chemie XL (Syngene)
and analyzed using GeneSnap and GeneTools software.

Quantification of LPS, BPI, or BPI ANCA
Levels

Lipopolysaccharide (LPS) was quantified in plasma and BAL of
PWCEF (Table 4) using an LPS ELISA (Cusabio: catalog number
CSB-E09945h). BPI levels were quantified using the Human BPI
ELISA kit (Hycult® Biotech: catalog number HK314-01). Anti-BPI
(IgG) levels were evaluated using the Human anti-BPI ELISA kit
(Orgentec: catalog number ORG 523). Plate readings were recorded
using a Spectra Max M3 plate reader. All ELISA experiments were
undertaken in accordance with the manufacturer’s instructions.

Neutrophil Rac2 Activation and
Degranulation Assays

The Rac activation kit (Abcam: catalog number ab139586) was
used to isolate active GTP-bound Rac from neutrophil lysates.
This kit utilizes the selective interaction of the Cdc42/Rac
interactive binding domain (CRIB) of the effector p21 activated
kinase-1 (PAK-1) with the active RacGTP conformation. Anti-
Rac2 antibody was used to detect total and active GTP-bound
Rac2 in neutrophil lysates by Western blotting. For neutrophil
degranulation assays, cells (1 x 107/ml) were either unstimulated
or stimulated with TNF-o (1 ng/ml) and fMLP (100 ng/ml) at
37°C and 100 pl aliquots removed at 0, 5, 10 or 20 min and added
to 4 volumes of ice cold PBS containing protease inhibitors (Not-
tosyl-L-lysine chloromethyl ketone hydrochloride (10 pg/ml),
phenylmethanesulfonyl fluoride (1 pg/ml), pepstatin A (10 ug/
ml), and leupeptin (10 pg/ml)). Cell free supernatants were
harvested following centrifugation at 500xg for 5 min at 4°C
and analyzed for degranulated BPI by Western blotting. The use
of equal cell numbers (2 x 10”/ml) in each reaction was
demonstrated by identical immune band intensity of actin in
Western blots of whole cell lysates of cells used per reaction.

Purification of IgG BPI-ANCA

Starting BAL (100ul) supplemented with protease inhibitors (as
listed above) was incubated with Protein G Sepharose 4 Fast
Flow (GE Healthcare) (30ul packed bed) and gently rotated for
1 h at 4°C. Protein G Sepharose 4 Fast Flow comprises
immobilized recombinant protein G that binds to the Fc
region of IgG. Reactions were centrifuged at 12,000 x g for
1 min and the unbound supernatant harvested. The Protein G

Frontiers in Pharmacology | www.frontiersin.org

July 2020 | Volume 11 | Article 1098


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

McQuillan et al.

BPI and Cystic Fibrosis

Sepharose pellet was washed x 6 in 1 ml pre-chilled PBS
containing protease inhibitors before addition of 2x Laemmli
Sample Buffer with or without 1 mM DTT. Samples were boiled
at 98°C for 3 min and subjected to SDS-PAGE and stained with
Coomassie blue to visualize proteins or Western blotted for BPIL.
In a subset of experiments, BPI autoantibodies were purified as
previously described (Bergin et al., 2014), concentrated using an
Amicon® Ultra-30K Centrifugal filter device, and protein
concentration determined using a Nanodrop'" 8000, prior to
use in bactericidal assays.

BPI Anti-Pseudomonas Assays

Luria-Bertani (LB) broth was inoculated with a single bacterial
colony of P. aeruginosa strain PAO1 and incubated overnight at
220 rpm at 37°C (BrunswickTM Excels® E25 shaker incubator).
Bacteria were sub-cultured into fresh LB broth and incubated until
mid-logarithmic phase was reached (Bergsson et al,, 2009). After
culturing the bacteria were washed x 3 in PBS and resuspended at
a density of 1 x 10%/ml. For BPI bactericidal assays, PAO1 was re-
suspended in 0, 1, 2.5, 5, 10, 20 or 40 pg/ml of human neutrophil
purified BPI (Athens Research) in PBS pH 7.5 at 37°C. An aliquot
was removed at 32 min into ice cold LB broth and samples were
diluted and plated in triplicate on LB agar plates and incubated
overnight at 37°C. Colony forming units (c.f.u.) were counted, and
the percentage survival was quantified by setting the number of
c.f.u. with no BPI at 100% survival. Experiments were repeated in
PBS set at pH 5.5, 6.5 or 7.5 in the presence of 10 pg/ml BPI for
10 min. Alternatively, bacteria were suspended in PBS pH 7.5 with
BPI (10 pg/ml) in the presence of glycosaminoglycans (GAG)
(heparin sulphate, chondroitin sulphate and hyaluronic acid (1
mg/ml of each)) for 2, 4 or 8 min. BPI inhibitory assays employed
a rabbit N-terminal directed anti-BPI antibody (Sigma Aldrich:
catalog number B2188) or CF purified anti-BPI IgG. BPI (10 pg/
ml) was incubated in the presence or absence of antibody (10 pg/
ml) for 20 min prior to use.

Statistical Analysis

All data were analyzed using GraphPad Prism version 7 (La Jolla,
CA, USA). Unless stated otherwise, data are expressed as mean *
SEM and p values were determined by Students t-test. One-way
or two-way ANOVA was used to determine statistical
significance when comparing three or more groups tested with
one or two factors, respectively. A p value of < 0.05 was deemed
statistically significant following Bonferroni or Tukey post-hoc
multiple comparision tests as indicated.

RESULTS

Elevated Levels of BPI Are Present in the
Plasma and BAL of People With CF
Colonized With P. aeruginosa

PWCEF were recruited from the Beaumont Hospital Cystic
Fibrosis Clinic (Table 4). Patients had a mean % FEV, of
45.71 + 17.92 and CF-ABLE score of 3.72 + 2.11. Patients were

colonized with P. aeruginosa at the time of sampling or in the
preceding 5 years. Confirming bacterial colonization, plasma
(n=12, R* = 0.61, p=0.003) and BAL (n=12, R* = 0.86, p=0.0006)
levels of LPS correlated directly with severity of CF airways
disease, as determined by the CF-ABLE score (Figures 1A, B).

To investigate whether cytotoxicity of neutrophil BPI is
limited against P. aeruginosa due to proteolysis, we first
determined the levels and structural integrity of extracellular
BPI protein in vivo. Plasma and BAL samples were obtained
from PWCE, healthy controls (HC), or non-CF bronchiectasis
(NCEB) patients for comparison. Quantification of BPI by ELISA
revealed that plasma from PWCF contained significantly higher
levels of soluble BPI than that measured in HC plasma (24.2 + 3.9
ng/ml and 11.2 + 2.6 ng/ml respectively, p=0.007) (Figure 1C).
To further evaluate BPI levels in vivo, ELISA analysis of BAL was
performed (Figure 1D). Results revealed that CF BAL had a
greater than 100-fold increase in concentration of BPI when
compared to HC BAL (4.6 + 0.5 and 0.04 + 0.03ug/ml
respectively, p<0.0001) and a 5-fold increase compared to BAL
from NCFB patients (0.8 + 0.5ug/ml, p<0.001).

As increased levels of proteolytic activity can degrade
structural and immune proteins present in the CF airways
(Birrer et al., 1994; Margaroli et al., 2018), we next assessed the
integrity of BPI and its ability to remain intact within the CF
lung. Western blot was employed to detect BPI in CF BAL, and
also NCFB, HC or COPD BAL samples for comparison. In CF
BAL, although detected at various intensities, an immunoband
for BPI of the correct molecular mass of 55 kDa was detected in
all samples (Figure 1E). BPI was minimally detected in NCFB
BAL and undetectable in COPD or HC BAL samples. The
molecular mass of the protein and specificity of the BPI
primary antibody employed was confirmed in control
experiments employing secondary antibody only (Figure 1E,
lower panel). Collectively these results indicate increased levels of
extracellular BPI in the blood circulation and airways of PWCEF,
posing the question of whether CF neutrophils release significantly
greater quantities of BPI, and the mechanism thereof.

Increased Rac2 Activation in CF
Neutrophils

Previous studies have revealed a disparity in CF neutrophil
degranulation of primary granule components including
increased release of myeloperoxidase (MPO) and neutrophil
elastase (NE) (Koller et al., 1995; Taggart et al., 2000).
Following the finding of increased levels of BPI in plasma
and BAL of PWCEF, the level of BPI released by CF
neutrophils was compared to HC cells. Within this set of
experiments, a combination of TNF-a (1 ng) and fMLP (100
ng) was the chosen stimulus to trigger granule release.
In unstimulated, and upon activation, release of BPI
from primary granules was detected in the extracellular
supernatant by immunoblotting and protein levels evaluated
by densitometry. The level of BPI released by unstimulated CF
neutrophils (p=0.02), and after 20 min stimulation (p=0.02),
was significantly greater than HC cells (Figure 2A). The Rho
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FIGURE 1 | Elevated levels of BPI present in plasma and BAL of people with CF. (A, B) LPS levels in CF plasma and BAL correlated with CF-ABLE score. Quantification
of an association between variables was achieved by Spearman correlation. (C, D) Comparative analysis of BPI present in plasma or BAL of Phe508del homozygous
PWCF (CF), healthy controls (HC) or NCFB patients was performed by ELISA. (C) BP!I levels were significantly increased in plasma of CF compared to HC (n=22 and
n=14 subjects per group, respectively, p=0.007, Mann Whitney U-test). (D) BAL levels of BPI were significantly increased in CF (n=5) compared to HC (n=4) or NCFB
patients (n=5) (p<0.0001, One-way ANOVA, followed by Bonferroni post-hoc test for selected groups). (E) BAL samples from HC, CF, NCFB or COPD were subjected to
SDS-PAGE and Western blot analysis for BPI. An immuno-band of increased intensity for BPI was detected in CF BAL samples (top panels). Lower panel, a control
immunoblot to ensure BPI specificity. The blot was halved, with one half probed with secondary antibody only with no BPI immune-bands visible (1 indicates where blot
was cut). Human BPI (hBPI) was used as a positive control. All measurements are means + SEM from biological replicates.

GTPase Rac2 has been implicated in control of primary granule
degranulation (Abdel-Latif et al., 2004), and therefore the levels
of GTP-bound Rac2 in CF neutrophils was compared to healthy
control cells. Using a GST-PAK-CRIB isolation method, GTP-
bound Rac2 was precipitated from whole cell lysates, with
subsequent total and active GTP-bound Rac2 content
detected by immunoblotting. Results revealed a significant
2.5-fold increase in the level of GTP-bound Rac2 in
unstimulated CF neutrophils compared to control cells
(p=0.03) (Figure 2B). Collectively, these results illustrate
increased Rac2 activation and increased secretion of BPI by
CF cells, and thus the cause for impaired BPI activity in the CF
airways was next explored.

The Bactericidal Action of BPI Is

Increased at Low pH and Unaffected by
High Glycosaminoglycan Content of the
CF Airways

The potent cytotoxicity of BPI is confined to gram negative bacteria
(Elsbach and Weiss, 1993). As BPI protein was identified within the
CF airways, and all recruited patients were colonized by P.
aeruginosa, we explored parameters that may impede the
antibacterial effect of BPI against Pseudomonas in the CF airways.
In initial in vitro experiments, bacteria were exposed to increasing
concentrations of BPI (1 to 40 pg/ml). A statistically significant
reduction in survival was visible upon exposure to the
physiologically relevant CF BAL concentration of 10 pg/ml BPI
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FIGURE 2 | Increased degranulation of BPI from CF neutrophils. (A) Neutrophils from Phe508del homozygous PWCF (CF) or healthy controls (HC) remained
unstimulated (Un) or were stimulated (Stim) with TNF-o. (1 ng )/fMLP (100 ng) (2 x 107 cells/mL) for 20 min and extracellular supernatants immunoblotted for
degranulated BPI. Values presented as densitometry units (DU) and normalized to time zero of unstimulated HC cells. Levels of BPI released from unstimulated and
stimulated CF cells was significantly greater than that of HC (p=0.02, n=5 subjects per group, Student’s t test). (B) Active GTP bound Rac2 (GTP-Rac2) was
extracted from whole cell lysates of CF and HC neutrophils. GTP-Rac2 immuno-bands were normalized to total Rac2 levels and the HC value and expressed as a %
of total Rac2. Significantly increased levels of GTP-Rac2 were detected in CF samples (p=0.03, Student’s t test, n=5 subjects per group). In (A) immuno-blots of
whole cell lysates probed for actin determined equal protein loading, confirming equal cell numbers per reaction and representative blot images are shown. Each

(p<0.0001) (Figure 3A), thus consolidating the need to understand
the cause for impaired BPI killing of P. aeruginosa in vivo.
Studies in humans and CF cell lines indicate that pH of ASL is
reduced in the absence of CFTR function (Smith and Welsh,
1992; Coakley et al., 2003; Abou Alaiwa et al., 2014a), and the
more acidic pH diminished the effect of ASL antimicrobials
including LL-37 and B-defensin-3 (Abou Alaiwa et al., 2014b). In
contrast, results of the current study demonstrate that BPI (10
pg/ml) caused a significant reduction in P. aeruginosa survival at
pH 7.5, 6.5 and 5.5, with the greatest reduction (~20% survival)
observed at pH 5.5 (p<0.0001) (Figure 3B). Moreover, through
interactions with negatively charged glycosaminoglycans
(GAGs) present within the CF lung, it has been demonstrated
that the antimicrobial activity of LL-37 is inactivated (Bergsson
et al,, 2009). In the current study, however, pre-exposure of BPI
(10pg/ml) to a mixture of GAGs including heparan sulfate,
chondroitin sulfate, and hyaluronic acid used at a 1:10 (w:w)
ratio had no effect on BPI-induced bacterial killing across a time
course of 2- 8 min (Figure 3C). Taken together, these data
suggest that the antipseudomonal effect of BPI is unperturbed by
factors known to inactivate antimicrobials in the CF airways.

IgG Autoantibodies Present in the CF
Airways Inhibit BPI Antimicrobial Activity
As a consequence of increased neutrophil degranulation and high
plasma levels of BPI, the potential for the development of
autoantibodies in adult PWCF was evaluated. A comparison of anti-

BPI IgG-class autoantibodies in plasma from PWCF and HC was
performed (Figure 4A). By employing a predetermined threshold
level for positivity previously described as 10 U/ml, all 28 PWCF tested
proved positive for autoantibodies against BPI, with recorded levels
significantly higher than that observed for HC donors (p<0.0001).
Using ELISA, we evaluated the effect of ivacaftor therapy on plasma
levels of anti-BPI autoantibodies. Results revealed that the levels of
anti-BPI autoantibodies in plasma of PWCEF heterozygous for the
Gly551Asp mutation who were receiving ivacaftor for 2 years was
significantly increased compared to HC (p=0.0001) but similar to
PWCEF not receiving therapy (p=0.39) (Figure 4B), thus confirming
ongoing inflammation. Increased anti-BPI autoantibodies in plasma
of PWCF is in line with previous reports (Zhao et al., 1996; Mahadeva
etal,, 1999), but to date, the presence with subsequent consequence of
anti-BPIIgG antibodies in the CFlunghas notbeen fully studied. Thus
tofirst confirm that IgG antibodies are in CF airway samples, protein G
sepharose was employed which has a high binding capacity for human
IgG, but notIgA. Postincubation of protein G sepharose with CFBAL,
immuno-precipitated protein was subjected to SDS-PAGE. The 150-
kDa IgG protein was confirmed by Coomassie blue staining, which
showed a single band under nonreducing conditions and two bands
corresponding to the heavy and light chains after reduction by
inclusion of DTT (Figure 4C).

To evaluate whether IgG-autoantibodies are present cross-linked
to BPI in the CF lung, protein G sepharose precipitated reactions
were subjected to Western blot analysis and probed for BPI. The
antibody used for Western blotting was a mouse monoclonal
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FIGURE 3 | Bactericidal activity of BPI is unaffected by the pH and GAGs
present in the CF airways. (A) Survival of P. aeruginosa (1 x 10° c.f.u./ml)
after 20 min incubation with BPI (1-40ug/ml). Data expressed as percentage
survival of the untreated bacterial count. Bacterial survival was significantly
decreased following treatment with 10, 20 or 40 ug/ml BPI (n=4 separate
experiments, p<0.0001, One-way ANOVA test, followed by Bonferroni post-
hoc test for selected groups). (B) To determine the effect of pH on the
bactericidal effect of BPI, P. aeruginosa (1 x 10% c.f.u./ml) was incubated at
37°Cin 0-01 M phosphate buffer pH 7.5, 6-5 or 5-5 with or without BPI (10
ug/ml). Reduction in survival of P. aeruginosa by BPI at pH 5-5 compared to
6-5 was found to be significant (n=4 separate experiments, p<0.0001, two-
way ANOVA test followed by Tukeys’ post-hoc test on unadjusted cfu data).
(C) Bactericidal effect of BPI in the presence or absence of GAGs was
determined by suspending P. aeruginosa (1 x 108 c.f.u./ml) in phosphate
buffer (pH 7-5) with BPI (10 pg/ml) with or without GAGs (1:10 (w/w) ratio) for
2, 4, or 8 min. No significant difference (ns) was recorded at any time point
tested (n=3, two-way ANOVA test, followed by Tukeys’ post-hoc test on
unadjusted cfu data).

antibody directed against residues 227-254, which links the N- (1-
229) and C-terminal domain (251-456) of BPI. For each Western
blot the starting BAL sample prior to the addition of protein G
sepharose (St), the unbound protein material (Un), and the protein
that bound the G sepharose is shown (Bd) (Figure 4C). Human BPI
(hBPI) was used as a positive control (55 kDa). Immuno-band
signals of the correct size positively identified BPI in reactions of
protein G sepharose bound IgG from CF BAL (Bd fractions)
(Figure 4D, 3 of 5 biological repeats presented). Positive signal in
unbound fraction may represent free BPI or BPI bound to IgA
ANCA, the latter known to be present in CF (Theprungsirikul et al,,
2020), while the lesser signal intensity of bound and unbound
fractions with respect to starting materials is a probable result of loss
during wash steps. Hence, we have employed this setup as a
qualitative approach. A control immunoblot to ensure BPI
specificity omitted primary antibody (bottom panel). Collectively,
this set of experiments indicates that neutrophil-released BPI is
bound to IgG in the CF airways.

Next, the possibility that autoantibody cross-linking of
antigen could prevent BPI-induced Pseudomonas killing was
examined. A bactericidal assay was carried out using 10 pg/ml
of BPI in the presence and absence of equimolar anti-BPI
antibody. The reduction in survival visible upon exposure of
bacteria to BPI was significantly inhibited by inclusion of a
commercially available N-terminal directed anti-BPI antibody
(Figure 5). In addition, experiments exploring the effect of anti-
BPI autoantibodies purified from CF samples revealed that
purified autoantibodies mediated inactivation of BPI, resulting
in a significant 2.5-fold increase in bacterial survival (p<0.0001)
(Figure 5). From this set of experiments, we conclude that IgG class
autoantibodies directed against BPI present in airway samples of
PWCEF, can target antigen and inhibit BPI bacterial killing.

DISCUSSION

Airway neutrophilia is common in PWCF and recruited
neutrophils release large quantities of antimicrobial proteins
and peptides from their cytoplasmic granules into surrounding
delicate lung tissues. Moreover, P. aeruginosa dwelling in the
airway can secrete factors that antagonise neutrophils, such as
rhamnolipid or pyocyanin, that promote release of antimicrobials
through direct lysis or induction of cell death (Allen et al., 2005;
Jensen et al., 2007). Released antimicrobials are not fully effective at
microbial clearance, and these granule proteins accrue to an extent
that prompts the loss of self-tolerance and development of ANCA.
BPI is present in the CF airway at high levels compared to healthy
airways, and BPI-ANCA are present in the airways of a large
proportion of people with CF (Schinke et al., 2004). In this study, we
demonstrate that IgG class autoantibodies against BPI are antigen
complexed in the CF lung, thereby inhibiting BPI anti-Pseudomonas
cytotoxic activity. We additionally demonstrate that CF adults retain
BPI ANCA seropositivity for at least two years following
commencement on therapy with the CFTR modulator, ivacaftor.
Despite nomenclature describing their antigens as cytoplasmic, it
is striking that the set of common ANCA antigens are each
components of neutrophil primary granules, with MPO,
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FIGURE 4 | Increased levels of plasma autoantibodies and IgG-bound BPI in CF airway samples. (A) IgG autoantibodies against BPI were quantified in plasma of
PWCEF (CF, n=30) or healthy controls (HC, n=37). A significant increase in the titre of BPI autoantibodies were detected in CF (p<0.0001, Mann-Whitney U test).
Positivity was set as 10 U/ml as indicated by the hatched line. All CF samples were positive for BPI autoantibodies. Increased circulating IgG BPI antibody level in CF
individuals determined by ELISA. (B) Plasma samples from HC (n=38), CF (n=28) and CF individuals receiving ivacaftor treatment (n=10). No difference in levels of
circulating anti-BPI IgG autoantibodies between CF and CF individuals receiving ivacaftor treatment (p=0.39). (C) Representative Coomassie blue stained SDS gel of
purified IgG from CF BAL. Protein G Sepharose was used to isolate IgG from BAL of Phe508del homozygous PWCF. Starting BAL sample (St), unbound material
(Un) or purified bound 1gG (Bd) with or without DTT reduction are presented. Purified IgG (150 kDa, closed arrow), and the heavy (50 kDa) and light chains (25 kDa)
of IgG are indicated (open arrows) (1 representative images of n = 5 biological repeats). (D) Protein G Sepharose was used to isolate IgG-BPI complexes from CF
BAL. Reactions were analyzed by immunoblotting for BPI positivity using a mouse monoclonal anti-BPI antibody. Starting BAL sample (St), unbound material (Un) or
IgG-bound BPI (Bd) are presented. Human BPI (hBPI) was used as a positive control (55 kDa). A control immunoblot to ensure BPI specificity omitted primary
antibody (right hand panel), with no immune-band apparent. 3 representative images of n=5 biological repeats.

proteinase 3 (PR3) and BPI being the most commonly described.
CF neutrophils have been shown to have impaired degranulation
processes, as greater levels of primary granule components
including NE (Taggart et al.,, 2000) and MPO (Koller et al., 1995)
were identified in the extracellular environment following
stimulation of circulating CF cells. Excessive MPO levels have
positively correlated with airflow obstruction and sputum
production in Phe508del homozygous CF patients (Garner et al,
2004), in addition to augmenting oxidative damage to epithelial cells
(Cantin et al, 1987; Cantin and Woods, 1993). Moreover, NE
released upon dysregulated degranulation is the major destructive
protease in the CF lung causing break down of the structural
proteins, elastin, collagen and proteoglycans (Janoff et al., 1979;
Cavarra et al,, 1996). For this reason, the release of primary granules
is tightly controlled by the small GTP-binding protein Rac2 (Abdel-
Latif et al., 2004). In the current study increased GTP-bound Rac2
activation was observed, controlling BPI degranulation, leading to
increased levels of extracellular BPI in both plasma and airway

samples of PWCE. Despite this however, elevated BPI does not
translate to clearance of P. aeruginosa. In vitro, we and others have
demonstrated that P. aeruginosa is susceptible to BPI killing. We
utilized strain PAO1, a useful target microbe in this context as its
innate resistance to BPI is high, attributable to Pseudomonas elastase
(Skopelja et al., 2016). While P. aeruginosa can adapt to the CF
airway over time, this does not explain the ability of environmental
isolates to colonise people with CF, nor does it account for the
observation that clinical, even mucoid, isolates of P. aeruginosa
remain susceptible to BPI ex vivo (Aichele et al., 2006). Moreover,
conditions that prevail in the CF lung milieu including low pH (Tate
et al,, 2002), and high concentrations of GAGs (Reeves et al., 2011),
do not impair the cytotoxic effect of BPI, indeed, low pH supports
increased BPI activity, as has previously been reported (Mannion
et al,, 1990). To our knowledge, the effect of BPI against P. aeruginosa
present in an established biofilm is underexplored. We have shown
BPItobeeffective when combined ina mixture of glycosaminoglycans.
Inasmuch as there is a superficial similarity between Pseudomonas
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killing was significantly inhibited by CF BPI autoantibodies (p<0.0001, n = 4
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hoc test for selected groups).

alginate and our studied glycosaminoglycans, particularly their
polyanionic character, it could be possible that BPI interacting with
alginate would remain effective. Such positive antimicrobial effects of
BPIsupported early investigations into the potential therapeutic use of
arecombinant amino-terminal fragment of human BPI in treatment
of meningococcaemia (Giroir et al., 1997), and a randomized trial in
children with severe meningococcal sepsis (Levin et al., 2000). These
results and published observations raised the fundamental question of
why BPI, present in high concentrations in the CF airway, fails to kill
invading bacteria.

We have demonstrated that a proportion of extracellular BPI in
the CF airway exists complexed to IgG autoantibodies. Incidence of
BPI-directed ANCA in CF is particularly high in comparison to
ANCAs against other neutrophil primary granule proteins such as
MPO or NE, considering that these proteins are more abundant in
neutrophil primary granules than BPL For example, BPI ANCA
positivity greatly exceeds that of PR3 ANCA in CF (Lachenal et al,,
2009). The opsonizing capability of BPI may mean it is present in
phagolysosomes during the disintegration of microbes that results
in antigen presentation. It has also been proposed to result from the
ability of BPI to deliver LPS-bacterial blebs to dendritic cells, thereby
serving as a link between innate and adaptive immunity and a
greater likelihood of self-reactive neo-epitope formation during
antigen processing (Schultz et al., 2007). Our results demonstrate
the presence of IgG class BPI ANCA in CF BAL samples. This result
contrasts previous studies demonstrating fragmentation of IgG
respiratory opsonins in the CF airways (Fick et al., 1984) and the
identification of IgA rather than IgG in CF BAL (Theprungsirikul
et al, 2020). An explanation for this disparity may in part be
provided by the use of an alternative purification approach
involving Protein G Sepharose in the current study, with full
length IgG successfully identified in CF BAL.

Although studies have reported an increased incidence of BPI
autoantibodies in PWCF for some time now (Zhao et al., 1996;
Mahadeva et al., 1999), their actual role in inhibiting BPI
mediated killing has received mixed reports. Some studies
suggest that the BPI-ANCA present in the circulation are
primarily raised against the C- terminal domain of the protein
and thus do not inhibit killing (Dunn et al., 1999; Schultz et al.,
2000), while others have noted that purified CF ANCA do in fact
inhibit its bactericidal action (Sediva et al., 2003; Schultz et al.,
2004). Our data illustrate the diminished antimicrobial potency
of BPI against P. aeruginosa when complexed to IgG-class
autoantibodies. Moreover, our data demonstrate that high
levels of LPS present in CF BAL correlate with disease severity,
and this raises the query of the consequence of BPI : IgG
complexation. To further explain this point, BPI binding of
LPS impedes delivery to CD14, thereby reducing immune cell
activation (Marra et al., 1990; Leeuwenberg et al., 1994). Further
studies are required to understand whether this anti-inflammatory
role of BPI may possibly be impacted upon by IgG autoantibodies in
the CF lung. To summarize, airway inflammation is exacerbated in
PWCEF through pro-inflammatory signaling resulting from higher
bacterial burden and IgG-BPI immune complexes. As such, there is
an unmet therapeutic need to disrupt these immune complexes or
to limit the development of such antibodies.

In other disease settings where ANCA positivity is prominent,
such as granulomatosis with polyangiitis, therapy with
corticosteroids and rituximab are common, and reduce
immune exertion and circulating B cell numbers, respectively.
Indeed, a number of biologics targeting immune cells or their
secreted components continue to be trialed in such conditions
with some success (Basu et al., 2018). However, these ANCA-
associated conditions do not co-present with chronic infection,
and immunosuppressive therapy in chronically infected PWCF
may not be advisable (King and Harper, 2017). Therefore, a
targeted approach to abate BPI-ANCA development or function
in CF would promote the endogenous antimicrobial BPI activity
without off-target effects against the immune system.

One such tactic could include the use of small molecules. At the
most basic level, provision of exogenous BPI to the airway could
overwhelm ANCA interference while providing an additional
antimicrobial effect. Such an approach might suit as adjunct therapy
during pulmonary exacerbations, where the need for antibiotics is
greatest. However, the potency of BPI when administered to patients
who produce high levels of neutralizing anti-BPI antibodies needs to
be explored. Our data show that, while BPIimmune complexes exist in
the airway, there may also be free BPIL. Therefore, the protein is not
immediately disabled. However, repeated dosing with BPI could also
enhance BPI-ANCA production, diminishing BPI potency and
exacerbating immune complex-mediated inflammation. Potentially,
this may be alleviated by the use of small molecule decoys,
peptidomimetics of BPI structural motifs, to neutralise the
corresponding ANCAs (Vanpatten et al., 2016).

A second approach could include the use of anti-idiotype
antibodies. The formation of antibodies that themselves target
antibodies is a strategy that could be exploited to lessen the
effect of ANCAs in CF. That said, the cost and complexity of
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developing a polyclonal anti-idiotype antibody against ANCAs
could be prohibitive (Kohler et al., 2019). A third approach could
include tolerogenic dendritic cell replacement therapy. Recent
advancements in our understanding of the regulatory complexity
of the immune system have enabled us to exert finer control over
induction of specific components. Utilisation of tolerogenic
dendritic cells (DCs) provide a highly relevant example. Pre-
clinical work has shown that such cells can be programmed to
suppress the function of T cells that would otherwise raise
adaptive immunity against individual antigens such as BPI or
MPO. Mice instilled with MPO-presenting tolerogenic DCs
showed markedly reduced proliferation of MPO-specific T cells
and, consequently, lesser glomerular injury (Odobasic et al.,
2019). Extrapolation of this approach to PWCF could allow for
suppression of the patients’ T cell contingent that promotes an
anti-BPI adaptive response. DC therapy in CF has not been
explored clinically. Pre-clinical investigations have previously
shown that murine dendritic cells, exposed to P. aeruginosa,
could be used to immunise recipient mice (Worgall et al., 2001),
however, this approach has not been pursued in patients.
Looking to the future, we have entered an era of CFIR
potentiators and correctors that can restore much of the function
of the majority of CFIR variants. With improved airflow and
normalized airway surface liquid composition, inflammation is
reduced and airway remodeling minimized. Triple therapy of
CFTR modulators - elexacaftor, tezacaftor and ivacaftor (together,
Trikafta) — has recently been reported to provide significant
improvements to airway function and extension of exacerbation-
free periods of PWCEF, further improving that provided by dual
therapy (Middleton et al., 2019). Interestingly, our study found no
significant difference in levels of anti-BPI autoantibodies in plasma
of adult PWCF with the Gly551Asp mutation receiving ivacaftor
therapy compared to PWCEF with different mutations. In this regard,
we compared anti-BPI seropositivity in PWCF (N=28) who were
corrector treatment naive with those who had been receiving
ivacaftor for the preceding two years (N=10). Prior to treatment,
lung function was comparable between cohorts (FEV 42 + 22 vs 53
+ 25, respectively). The continued presence of autoantibodies in
adult PWCF with the Gly551Asp mutation receiving ivacaftor
therapy would suggest that the problem lies, not with CFTR
dysfunction, but with the underlying irreversible chronically
infected and inflamed bronchiectatic airways present in our CF
adult cohort. As approval for CF modulator therapies continues to
be granted to younger cohorts, who will receive these treatments
before the onset of structural changes in their airways (Ridley and
Condren, 2020) this may be less a problem in the future. In such
cohorts, it is possible that BPI ANCA will not emerge, as airway
inflammatory burden will not manifest to the same extent.
Regarding late juvenile or adult PWCF in whom bronchiectatic
changes are already established, there is an important gap in our
knowledge: following long-term administration of corrector
therapy, along with anti-inflammatories, whether the titre of BPI
ANCA (IgA or IgG) may decline is unclear. This metric will be
important to assess considering the future of Pseudomonas in CF.
It has been shown that ANCA titres lower during resolution of
infection in non-CF settings (Ohtami et al., 2001). Accordingly, it is

possible that if P. aeruginosa can be eradicated from the airways of
PWCEF that ANCA titres would lower, thereby reducing immune
complex-mediated inflammation. The use of BPI as a therapeutic
may be hindered if it is not effective at killing biofilm dwelling P.
aeruginosa, hence strategies to improve biofilm disruption and P.
aeruginosa eradication remain crucial. More broadly, BPI levels and
titres of BPI ANCA reflect an overall severity of disease. We have
previously introduced a combined metric, the CF-ABLE score, to
codify this severity with respect to prognosis of death or transplant
(Mccarthy et al,, 2013). Through its use in clinical research, airway
fluid NE and IL-1P have been shown to associate linearly with poor
FEV, and at the same time with worsening CF-ABLE score
(Mcelvaney et al., 2019a; Mcelvaney et al., 2019b). It is known that
higher BPI-ANCA titres correlate with lower lung function in PWCF
with chronic P. aeruginosa infection (Carlsson et al., 2003). Further
evidence is provided by a prospective 10-year study of whether IgA-
BPI-ANCA positivity associates with prognosis in P. aeruginosa-
infected CF patients (Lindberg et al., 2012). This study demonstrated
that risk of mortality after 10 years is substantially greater in patients
that have IgA-BPI-ANCA. Therefore, it is possible that a CF-ABLE
score above 5, which itself predicts death or transplant in 4 years,
would associate with high titres of BPI-ANCA.

This is an exciting field of investigation, and with the use of
ivacaftor now from 6 months of age and the newest CFTR
modulator combination therapy Trikafta for PWCF aged 12
years, it will be of major interest to discern whether these
individuals will develop autoantibodies against products of
activated neutrophils as they move from childhood to
adolescence, and adolescence to adulthood. Equally, as measures
to control chronic inflammation in CF develop, it will be important
to understand whether this can confer a seronegative status on
ANCA positive patients.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethical approval was received from the Beaumont
Hospital Ethics Board (REC reference # 14/98) and informed
consent obtained from all study participants. The patients/
participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

KM, FG, MM and OM performed experiments, analyzed and
interpreted the data. ER, KM, MM and NM are responsible for
study design and wrote the manuscript.

Frontiers in Pharmacology | www.frontiersin.org

July 2020 | Volume 11 | Article 1098


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

McQuillan et al.

BPI and Cystic Fibrosis

FUNDING

In support of this work, ER acknowledges funding from the Medical
Research Charities Group/Health Research Board Ireland.

REFERENCES

Abdel-Latif, D., Steward, M., Macdonald, D. L., Francis, G. A., Dinauer, M. C., and
Lacy, P. (2004). Rac2 is critical for neutrophil primary granule exocytosis.
Blood 104, 832-839. doi: 10.1182/blood-2003-07-2624

Abou Alaiwa, M. H., Beer, A. M., Pezzulo, A. A., Launspach, J. L., Horan, R. A,,
Stoltz, D. A,, et al. (2014a). Neonates with cystic fibrosis have a reduced nasal
liquid pH; a small pilot study. J. Cyst Fibros 13, 373-377. doi: 10.1016/
j.jcf2013.12.006

Abou Alaiwa, M. H.,, Reznikov, L. R., Gansemer, N. D, Sheets, K. A., Horswill, A. R,,
Stoltz, D. A, et al. (2014b). pH modulates the activity and synergism of the airway
surface liquid antimicrobials beta-defensin-3 and LL-37. Proc. Natl. Acad. Sci. U. S.
A. 111, 18703-18708. doi: 10.1073/pnas.1422091112

Ahlgren, H. G., Benedetti, A, Landry, J. S., Bernier, J., Matouk, E., Radzioch, D.,
et al. (2015). Clinical outcomes associated with Staphylococcus aureus and
Pseudomonas aeruginosa airway infections in adult cystic fibrosis patients.
BMC Pulm Med. 15, 67. doi: 10.1186/s12890-015-0062-7

Aichele, D., Schnare, M., Saake, M., Rollinghoff, M., and Gessner, A. (2006).
Expression and antimicrobial function of bactericidal permeability-increasing
protein in cystic fibrosis patients. Infection Immun. 74, 4708-4714. doi:
10.1128/1AI.02066-05

Allen, L., Dockrell, D. H., Pattery, T., Lee, D. G., Cornelis, P., Hellewell, P. G., et al.
(2005). Pyocyanin Production by Pseudomonas aeruginosa Induces Neutrophil
Apoptosis and Impairs Neutrophil-Mediated Host Defenses In Vivo.
J. Immunol. 174, 3643-3649. doi: 10.4049/jimmunol.174.6.3643

Basu, N., Karabayas, M., and Pusey, C. (2018). Prognosis and future developments
in vasculitis. Best Pract. Res. Clin. Rheumatol. 32, 148-165. doi: 10.1016/
j.berh.2018.08.011

Bergin, D. A, Reeves, E. P, Hurley, K., Wolfe, R,, Jameel, R., Fitzgerald, S., et al.
(2014). The circulating proteinase inhibitor alpha-1 antitrypsin regulates
neutrophil degranulation and autoimmunity. Sci. Transl. Med. 6, 217ra211.
doi: 10.1126/scitranslmed.3007116

Bergsson, G., Reeves, E. P., Mcnally, P., Chotirmall, S. H., Greene, C. M., Greally,
P., etal. (2009). LL-37 complexation with glycosaminoglycans in cystic fibrosis
lungs inhibits antimicrobial activity, which can be restored by hypertonic
saline. J. Immunol. 183, 543-551. doi: 10.4049/jimmunol.0803959

Birrer, P., Mcelvaney, N. G., Rudeberg, A., Sommer, C. W., Liechti-Gallati, S.,
Kraemer, R, et al. (1994). Protease-antiprotease imbalance in the lungs of
children with cystic fibrosis. Am. J. Respir. Crit. Care Med. 150, 207-213. doi:
10.1164/ajrccm.150.1.7912987

Cantin, A., and Woods, D. E. (1993). Protection by antibiotics against
myeloperoxidase-dependent cytotoxicity to lung epithelial cells in vitro.
J. Clin. Invest. 91, 38-45. doi: 10.1172/JCI116196

Cantin, A. M., North, S. L,, Fells, G. A., Hubbard, R. C., and Crystal, R. G. (1987).
Oxidant-mediated epithelial cell injury in idiopathic pulmonary fibrosis.
J. Clin. Invest. 79, 1665-1673. doi: 10.1172/JCI113005

Carlsson, M., Eriksson, L., Erwander, L., Wieslander, J., and Segelmark, M. (2003).
Pseudomonas-induced lung damage in cystic fibrosis correlates to bactericidal-
permeability increasing protein (BPI)-autoantibodies. Clin. Exp. Rheumatol.
21, §95-100.

Carlsson, M., Eriksson, L., Pressler, T., Kornfalt, R., Mared, L., Meyer, P., et al.
(2007). Autoantibody response to BPI predict disease severity and outcome in
cystic fibrosis. J. Cyst Fibros 6, 228-233. doi: 10.1016/j.jc£.2006.10.005

Cavarra, E., Martorana, P. A., Gambelli, F., De Santi, M., Van Even, P., and
Lungarella, G. (1996). Neutrophil recruitment into the lungs is associated with
increased lung elastase burden, decreased lung elastin, and emphysema in
alpha 1 proteinase inhibitor-deficient mice. Lab. Invest. 75, 273-280.

Coakley, R. D., Grubb, B. R,, Paradiso, A. M., Gatzy, J. T., Johnson, L. G., Kreda, S. M.,
et al. (2003). Abnormal surface liquid pH regulation by cultured cystic fibrosis
bronchial epithelium. Proc. Natl. Acad. Sci. U. S. A. 100, 16083-16088. doi:
10.1073/pnas.2634339100

ACKNOWLEDGMENTS

We thank the patients and healthy volunteers who graciously
participated in this study.

Dunn, A. C., Walmsley, R. S., Dedrick, R. L., Wakefield, A. J., and Lockwood, C. M.
(1999). Anti-neutrophil cytoplasmic autoantibodies (ANCA) to bactericidal/
permeability-increasing (BPI) protein recognize the carboxyl terminal domain.
J. Infect. 39, 81-87. doi: 10.1016/S0163-4453(99)90107-X

Elsbach, P., and Weiss, J. (1993). The bactericidal/permeability-increasing protein
(BPI), a potent element in host-defense against gram-negative bacteria and
lipopolysaccharide. Immunobiology 187, 417-429. doi: 10.1016/S0171-2985
(11)80354-2

Fick, R. B.Jr., Naegel, G. P., Squier, S. U,, Wood, R. E., Gee, ]. B., and Reynolds, H. Y.
(1984). Proteins of the cystic fibrosis respiratory tract. Fragmented
immunoglobulin G opsonic antibody causing defective opsonophagocytosis.
J. Clin. Invest. 74, 236-248. doi: 10.1172/JCI111407

Garner, H. P, Phillips, J. R, Herron, J. G., Severson, S. J., Milla, C. E., and
Regelmann, W. E. (2004). Peroxidase activity within circulating neutrophils
correlates with pulmonary phenotype in cystic fibrosis. J. Lab. Clin. Med. 144,
127-133. doi: 10.1016/j.1ab.2004.04.010

Giroir, B. P., Quint, P. A, Barton, P., Kirsch, E. A., Kitchen, L., Goldstein, B., et al.
(1997). Preliminary evaluation of recombinant amino-terminal fragment of
human bactericidal/permeability-increasing protein in children with severe
meningococcal sepsis. Lancet 350, 1439-1443. doi: 10.1016/S0140-6736(97)
06468-4

Iwuji, K., Larumbe-Zabala, E., Bijlani, S., Nugent, K., Kanu, A., Manning, E., et al.
(2019). Prevalence of Bactericidal/Permeability-Increasing Protein
Autoantibodies in Cystic Fibrosis Patients: Systematic Review and Meta-
Analysis. Pediatr. Allergy Immunol. Pulmonol. 32, 45-51. doi: 10.1089/
ped.2018.0970

Janoff, A., White, R., Carp, H., Harel, S., Dearing, R., and Lee, D. (1979). Lung
injury induced by leukocytic proteases. Am. J. Pathol. 97, 111-136.

Jensen, P.Q., Bjarnsholt, T., Phipps, R., Rasmussen, T. B., Calum, H.,
Christoffersen, L., et al. (2007). Rapid necrotic killing of polymorphonuclear
leukocytes is caused by quorum-sensing-controlled production of rhamnolipid
by Pseudomonas aeruginosa. Microbiology 153, 1329-1338. doi: 10.1099/
mic.0.2006/003863-0

King, C., and Harper, L. (2017). Avoidance of Harm From Treatment for ANCA-
Associated Vasculitis. Curr. Treatm .Opt. Rheumatol. 3, 230-243. doi: 10.1007/
540674-017-0082-y

Kohler, H., Pashov, A., and Kieber-Emmons, T. (2019). The Promise of Anti-
idiotype Revisited. Front. Immunol. 10, 808. doi: 10.3389/fimmu.2019.00808

Koller, D. Y., Urbanek, R, and Gotz, M. (1995). Increased degranulation of
eosinophil and neutrophil granulocytes in cystic fibrosis. Am. J. Respir. Crit.
Care Med. 152, 629-633. doi: 10.1164/ajrccm.152.2.7633718

Konstan, M. W., Geller, D. E., Minic, P., Brockhaus, F., Zhang, J., and Angyalosi,
G. (2011). Tobramycin inhalation powder for P. aeruginosa infection in cystic
fibrosis: The EVOLVE trial. Pediatr. Pulmonol. 46, 230-238. doi: 10.1002/
ppul.21356

Lachenal, F., Nkana, K., Nove-Josserand, R., Fabien, N., and Durieu, 1. (2009).
Prevalence and clinical significance of auto-antibodies in adults with cystic
fibrosis. Eur. Respiratory J. 34, 1079-1085. doi: 10.1183/09031936.00006009

Leeuwenberg, J. F., Dentener, M. A., and Buurman, W. A. (1994).
Lipopolysaccharide LPS-mediated soluble TNF receptor release and TNF
receptor expression by monocytes. Role of CD14, LPS binding protein, and
bactericidal/permeability-increasing protein. J. Immunol. 152, 5070-5076.

Levin, M., Quint, P. A., Goldstein, B., Barton, P., Bradley, J. S., Shemie, S. D., et al.
(2000). Recombinant bactericidal/permeability-increasing protein (rBPI21) as
adjunctive treatment for children with severe meningococcal sepsis: a
randomised trial. rBPI21 Meningococcal Sepsis Study Group. Lancet 356,
961-967. doi: 10.1016/S0140-6736(00)02712-4

Lindberg, U., Carlsson, M., Léfdahl, C.-G., and Segelmark, M. (2012). BPI-ANCA
and long-term prognosis among 46 adult CF patients: a prospective 10-year
follow-up study. Clin. Dev. Immunol. 2012, 370107-370107. doi: 10.1155/
2012/370107

Frontiers in Pharmacology | www.frontiersin.org

July 2020 | Volume 11 | Article 1098


https://doi.org/10.1182/blood-2003-07-2624
https://doi.org/10.1016/j.jcf.2013.12.006
https://doi.org/10.1016/j.jcf.2013.12.006
https://doi.org/10.1073/pnas.1422091112
https://doi.org/10.1186/s12890-015-0062-7
https://doi.org/10.1128/IAI.02066-05
https://doi.org/10.4049/jimmunol.174.6.3643
https://doi.org/10.1016/j.berh.2018.08.011
https://doi.org/10.1016/j.berh.2018.08.011
https://doi.org/10.1126/scitranslmed.3007116
https://doi.org/10.4049/jimmunol.0803959
https://doi.org/10.1164/ajrccm.150.1.7912987
https://doi.org/10.1172/JCI116196
https://doi.org/10.1172/JCI113005
https://doi.org/10.1016/j.jcf.2006.10.005
https://doi.org/10.1073/pnas.2634339100
https://doi.org/10.1016/S0163-4453(99)90107-X
https://doi.org/10.1016/S0171-2985(11)80354-2
https://doi.org/10.1016/S0171-2985(11)80354-2
https://doi.org/10.1172/JCI111407
https://doi.org/10.1016/j.lab.2004.04.010
https://doi.org/10.1016/S0140-6736(97)06468-4
https://doi.org/10.1016/S0140-6736(97)06468-4
https://doi.org/10.1089/ped.2018.0970
https://doi.org/10.1089/ped.2018.0970
https://doi.org/10.1099/mic.0.2006/003863-0
https://doi.org/10.1099/mic.0.2006/003863-0
https://doi.org/10.1007/s40674-017-0082-y
https://doi.org/10.1007/s40674-017-0082-y
https://doi.org/10.3389/fimmu.2019.00808
https://doi.org/10.1164/ajrccm.152.2.7633718
https://doi.org/10.1002/ppul.21356
https://doi.org/10.1002/ppul.21356
https://doi.org/10.1183/09031936.00006009
https://doi.org/10.1016/S0140-6736(00)02712-4
https://doi.org/10.1155/2012/370107
https://doi.org/10.1155/2012/370107
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

McQuillan et al.

BPI and Cystic Fibrosis

Mahadeva, R., Dunn, A. C., Westerbeek, R. C., Sharples, L., Whitehouse, D. B.,
Carroll, N. R,, et al. (1999). Anti-neutrophil cytoplasmic antibodies (ANCA)
against bactericidal/permeability-increasing protein (BPI) and cystic fibrosis
lung disease. Clin. Exp. Immunol. 117, 561-567. doi: 10.1046/j.1365-
2249.1999.01006.x

Mannion, B. A., Weiss, J., and Elsbach, P. (1990). Separation of sublethal and lethal
effects of the bactericidal/permeability increasing protein on Escherichia coli.
J. Clin. Invest. 85, 853-860. doi: 10.1172/JCI114512

Margaroli, C., Garratt, L. W., Horati, H., Dittrich, A. S., Rosenow, T.,
Montgomery, S. T., et al. (2018). Elastase Exocytosis by Airway Neutrophils
Associates with Early Lung Damage in Cystic Fibrosis Children. Am. J. Respir.
Crit. Care Med. 199, 873-881. doi: 10.1164/rccm.201803-04420C

Marra, M. N, Wilde, C. G., Griffith, J. E., Snable, J. L., and Scott, R. W. (1990).
Bactericidal/permeability-increasing protein has endotoxin-neutralizing
activity. J. Immunol. 144, 662-666.

Mccarthy, C., Dimitrov, B. D., Meurling, I. J., Gunaratnam, C., and Mcelvaney, N. G.
(2013). The CF-ABLE score: a novel clinical prediction rule for prognosis in
patients with cystic fibrosis. Chest 143, 1358-1364. doi: 10.1378/chest.12-2022

Mccoy, K. S., Quittner, A. L., Oermann, C. M., Gibson, R. L., Retsch-Bogart, G. Z.,
and Montgomery, A. B. (2008). Inhaled aztreonam lysine for chronic airway
Pseudomonas aeruginosa in cystic fibrosis. Am. J. Respir. Crit. Care Med. 178,
921-928. doi: 10.1164/rccm.200712-18040C

Mcelvaney, O. J., Gunaratnam, C., Mcelvaney, O. F., Bagwe, ., Reeves, E. P., and
Mcelvaney, N. G. (2018). Emerging pharmacotherapies in cystic fibrosis.
Expert Rev. Respir. Med. 12, 843-855. doi: 10.1080/17476348.2018.1512409

Mcelvaney, O. J., Gunaratnam, C., Reeves, E. P., and Mcelvaney, N. G. (2019a). A
specialized method of sputum collection and processing for therapeutic
interventions in cystic fibrosis. J. Cyst Fibros 18, 203-211. doi: 10.1016/
1.jcf.2018.06.001

Mcelvaney, O. J., Zaslona, Z., Becker-Flegler, K., Palsson-Mcdermott, E. M.,
Boland, F., Gunaratnam, C., et al. (2019b). Specific Inhibition of the NLRP3
Inflammasome as an Antiinflammatory Strategy in Cystic Fibrosis. Am. J.
Respir. Crit. Care Med. 200, 1381-1391. doi: 10.1164/rccm.201905-10130C

Middleton, P. G., Mall, M. A,, Drevinek, P., Lands, L. C., Mckone, E. F., Polineni,
D., et al. (2019). Elexacaftor-Tezacaftor-Ivacaftor for Cystic Fibrosis with a
Single Phe508del Allele. N Engl. J. Med. 381, 1809-1819. doi: 10.1056/
NEJMoal908639

Odobasic, D., Oudin, V., Ito, K., Gan, P. Y., Kitching, A. R., and Holdsworth, S. R.
(2019). Tolerogenic Dendritic Cells Attenuate Experimental Autoimmune
Antimyeloperoxidase Glomerulonephritis. J. Am. Soc. Nephrol. 30, 2140-
2157. doi: 10.1681/ASN.2019030236

Ohtami, S., Kobayashi, O., and Ohtami, H. (2001). Analysis of intractable factors
in chronic airway infections: role of the autoimmunity induced by BPI-ANCA.
J. Infection Chemotherapy 7, 228-238. doi: 10.1007/s101560170018

Pillarisetti, N., Williamson, E., Linnane, B., Skoric, B., Robertson, C. F., Robinson,
P., et al. (2011). Infection, inflammation, and lung function decline in infants
with cystic fibrosis. Am. J. Respir. Crit. Care Med. 184, 75-81. doi: 10.1164/
rcem.201011-18920C

Ramsey, B. W., Pepe, M. S., Quan, J. M., Otto, K. L., Montgomery, A. B., Williams-
Warren, J., et al. (1999). Intermittent administration of inhaled tobramycin in
patients with cystic fibrosis. Cystic Fibrosis Inhaled Tobramycin Study Group.
N Engl. J. Med. 340, 23-30. doi: 10.1056/NEJM199901073400104

Reeves, E. P., Lu, H., Jacobs, H. L., Messina, C. G., Bolsover, S., Gabella, G., et al.
(2002). Killing activity of neutrophils is mediated through activation of
proteases by K+ flux. Nature 416, 291-297. doi: 10.1038/416291a

Reeves, E. P, Bergin, D. A., Murray, M. A., and Mcelvaney, N. G. (2011). The
involvement of glycosaminoglycans in airway disease associated with cystic
fibrosis. ScientificWorldJournal 11, 959-971. doi: 10.1100/tsw.2011.81

Rennard, S. I, Aalbers, R., Bleecker, E., Klech, H., Rosenwasser, L., Olivieri, D.,
et al. (1998). Bronchoalveolar lavage: performance, sampling procedure,
processing and assessment. Eur. Respir. J. Suppl. 26, 135-15S.

Ridley, K., and Condren, M. (2020). Elexacaftor-Tezacaftor-Ivacaftor: The First
Triple-Combination Cystic Fibrosis Transmembrane Conductance Regulator
Modulating Therapy. J. Pediatr. Pharmacol. Ther. JPPT Off. ]. PPAG 25, 192-
197. doi: 10.5863/1551-6776-25.3.192

Riordan, J. R., Rommens, J. M., 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

Riordan, J. R. (2008). CFTR function and prospects for therapy. Annu. Rev.
Biochem. 77, 701-726. doi: 10.1146/annurev.biochem.75.103004.142532

Rommens, J. M., lannuzzi, M. C., Kerem, B., Drumm, M. L., Melmer, G., Dean, M.,
etal. (1989). Identification of the cystic fibrosis gene: chromosome walking and
jumping. Science 245, 1059-1065. doi: 10.1126/science.2772657

Saeki, K., Saeki, K., Nakahara, M., Matsuyama, S., Nakamura, N., Yogiashi, Y.,
et al. (2009). A feeder-free and efficient production of functional neutrophils
from human embryonic stem cells. Stem Cells 27, 59-67. doi: 10.1634/
stemcells.2007-0980

Schinke, S., Fellermann, K., Herlyn, K., Reichel, P. H., Fundke, R., Stange, E. F.,
et al. (2004). Autoantibodies against the bactericidal/permeability-
increasing protein from inflammatory bowel disease patients can impair
the antibiotic activity of bactericidal/permeability-increasing protein.
Inflammation Bowel Dis. 10, 763-770. doi: 10.1097/00054725-200411
000-00011

Schultz, H., Csernok, E., Schuster, A., Schmitz, T. S., Ernst, M., and Gross, W. L.
(2000). Anti-neutrophil cytoplasmic antibodies directed against the
bactericidal/permeability-increasing protein (BPI) in pediatric cystic fibrosis
patients do not recognize N-terminal regions important for the anti-microbial
and lipopolysaccharide-binding activity of BPI. Pediatr. Allergy Immunol. 11,
64-70. doi: 10.1034/j.1399-3038.2000.00069.x

Schultz, H., Schinke, S., Mosler, K., Herlyn, K., Schuster, A., and Gross, W. L.
(2004). BPI-ANCA of pediatric cystic fibrosis patients can impair BPI-
mediated killing of E. coli DH5alpha in vitro. Pediatr. Pulmonol 37, 158-
164. doi: 10.1002/ppul.10416

Schultz, H., Hume, J., Zhang, D. S., Gioannini, T. L., and Weiss, J. P. (2007). A
novel role for the bactericidal/permeability increasing protein in interactions of
gram-negative bacterial outer membrane blebs with dendritic cells. J. Immunol.
179, 2477-2484. doi: 10.4049/jimmunol.179.4.2477

Sediva, A., Bartunkova, J., Kolarova, I., Hrusak, O., Vavrova, V., Macek, M.Jr., et al.
(1998). Antineutrophil cytoplasmic autoantibodies (ANCA) in children
with cystic fibrosis. J. Autoimmun 11, 185-190. doi: 10.1006/jaut.
1997.0186

Sediva, A., Bartunkova, J., Bartosova, J., Jennette, C., Falk, R. J., and Jethwa, H. S.
(2003). Antineutrophil cytoplasmic antibodies directed against bactericidal/
permeability-increasing protein detected in children with cystic fibrosis inhibit
neutrophil-mediated killing of Pseudomonas aeruginosa. Microbes Infect. 5,
27-30. doi: 10.1016/51286-4579(02)00049-7

Skopelja, S., Hamilton, B. ], Jones, J. D., Yang, M.-L., Mamula, M., Ashare, A.,
et al. (2016). The role for neutrophil extracellular traps in cystic fibrosis
autoimmunity. JCI insight 1, e88912-e88912. doi: 10.1172/
jci.insight.88912

Smith, J. J., and Welsh, M. J. (1992). cAMP stimulates bicarbonate secretion across
normal, but not cystic fibrosis airway epithelia. J. Clin. Invest. 89, 1148-1153.
doi: 10.1172/JCI115696

Taggart, C., Coakley, R. J., Greally, P., Canny, G., O'neill, S. J., and Mcelvaney, N. G.
(2000). Increased elastase release by CF neutrophils is mediated by tumor
necrosis factor-alpha and interleukin-8. Am. J. Physiol. Lung Cell Mol. Physiol.
278, L33-141. doi: 10.1152/ajplung.2000.278.1.L33

Tate, S., Macgregor, G., Davis, M., Innes, J. A., and Greening, A. P. (2002). Airways
in cystic fibrosis are acidified: detection by exhaled breath condensate. Thorax
57, 926-929. doi: 10.1136/thorax.57.11.926

Theprungsirikul, J., Skopelja-Gardner, S., Meagher, R. E., Clancy, J. P., Zemanick,
E. T., Ashare, A, et al (2020). Dissociation of systemic and mucosal
autoimmunity in cystic fibrosis. J. Cyst Fibros. 19, 196-202. doi: 10.1016/
1.jc£.2019.06.006

Vanpatten, S., Sun, S., He, M., Cheng, K. F., Altiti, A., Papatheodorou, A., et al.
(2016). Amending HIV Drugs: A Novel Small-Molecule Approach To Target
Lupus Anti-DNA Antibodies. J. Med. Chem. 59, 8859-8867. doi: 10.1021/
acs.jmedchem.6b00694

Worgall, S., Kikuchi, T., Singh, R, Martushova, K., Lande, L., and Crystal, R. G.
(2001). Protection against Pulmonary Infection with Pseudomonas
aeruginosa following Immunization with P. aeruginosa Pulsed Dendritic
Cells. Infection Immun. 69, 4521-4527. doi: 10.1128/IA1.69.7.4521-
4527.2001

Frontiers in Pharmacology | www.frontiersin.org

64

July 2020 | Volume 11 | Article 1098


https://doi.org/10.1046/j.1365-2249.1999.01006.x
https://doi.org/10.1046/j.1365-2249.1999.01006.x
https://doi.org/10.1172/JCI114512
https://doi.org/10.1164/rccm.201803-0442OC
https://doi.org/10.1378/chest.12-2022
https://doi.org/10.1164/rccm.200712-1804OC
https://doi.org/10.1080/17476348.2018.1512409
https://doi.org/10.1016/j.jcf.2018.06.001
https://doi.org/10.1016/j.jcf.2018.06.001
https://doi.org/10.1164/rccm.201905-1013OC
https://doi.org/10.1056/NEJMoa1908639
https://doi.org/10.1056/NEJMoa1908639
https://doi.org/10.1681/ASN.2019030236
https://doi.org/10.1007/s101560170018
https://doi.org/10.1164/rccm.201011-1892OC
https://doi.org/10.1164/rccm.201011-1892OC
https://doi.org/10.1056/NEJM199901073400104
https://doi.org/10.1038/416291a
https://doi.org/10.1100/tsw.2011.81
https://doi.org/10.5863/1551-6776-25.3.192
https://doi.org/10.1126/science.2475911
https://doi.org/10.1146/annurev.biochem.75.103004.142532
https://doi.org/10.1126/science.2772657
https://doi.org/10.1634/stemcells.2007-0980
https://doi.org/10.1634/stemcells.2007-0980
https://doi.org/10.1097/00054725-200411000-00011
https://doi.org/10.1097/00054725-200411000-00011
https://doi.org/10.1034/j.1399-3038.2000.00069.x
https://doi.org/10.1002/ppul.10416
https://doi.org/10.4049/jimmunol.179.4.2477
https://doi.org/10.1006/jaut.1997.0186
https://doi.org/10.1006/jaut.1997.0186
https://doi.org/10.1016/S1286-4579(02)00049-7
https://doi.org/10.1172/jci.insight.88912
https://doi.org/10.1172/jci.insight.88912
https://doi.org/10.1172/JCI115696
https://doi.org/10.1152/ajplung.2000.278.1.L33
https://doi.org/10.1136/thorax.57.11.926
https://doi.org/10.1016/j.jcf.2019.06.006
https://doi.org/10.1016/j.jcf.2019.06.006
https://doi.org/10.1021/acs.jmedchem.6b00694
https://doi.org/10.1021/acs.jmedchem.6b00694
https://doi.org/10.1128/IAI.69.7.4521-4527.2001
https://doi.org/10.1128/IAI.69.7.4521-4527.2001
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

McQuillan et al.

BPI and Cystic Fibrosis

Zhao, M. H,, Jayne, D. R,, Ardiles, L. G., Culley, F., Hodson, M. E., and Lockwood, C. M.
(1996). Autoantibodies against bactericidal/permeability-increasing protein in
patients with cystic fibrosis. Q/M 89, 259-265. doi: 10.1093/qjmed/89.4.259

Conlflict 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 © 2020 McQuillan, Gargoum, Murphy, McElvaney, McElvaney and
Reeves. 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

65

July 2020 | Volume 11 | Article 1098


https://doi.org/10.1093/qjmed/89.4.259
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

:\' frontiers

in Pharmacology

REVIEW
published: 23 July 2020
doi: 10.3389/fphar.2020.01096

OPEN ACCESS

Edited by:
Giulio Cabrini,
University of Ferrara, Italy

Reviewed by:

John W. Hanrahan,
McGill University, Canada
Barbara Rossi,

University of Verona, Italy

*Correspondence:
Olivier Tabary
olivier.tabary@inserm.fr

Specialty section:

This article was submitted to
Inflammation Pharmacology,
a section of the journal
Frontiers in Pharmacology

Received: 30 April 2020
Accepted: 06 July 2020
Published: 23 July 2020

Citation:

Mitri C, Xu Z, Bardin P, Corvol H,
Touqui L and Tabary O (2020) Novel
Anti-Inflammatory Approaches for
Cystic Fibrosis Lung Disease:
Identification of Molecular Targets and
Design of Innovative Therapies.

Front. Pharmacol. 11:1096.

doi: 10.3389/fphar.2020.01096

Check for
updates

Novel Anti-Inflammatory Approaches
for Cystic Fibrosis Lung Disease:
Identification of Molecular Targets
and Design of Innovative Therapies

Christie Mitri’, Zhengzhong Xu "2, Pauline Bardin', Harriet Corvol ",
Lhousseine Touqui™* and Olivier Tabary "

" Sorbonne Université, Inserm, Centre de Recherche Saint-Antoine, CRSA, Paris, France, 2 Yangzhou University, Yangzhou,
China, 3 Département de Pédiatrie Respiratoire, Hopital Trousseau, AP-HP, Paris, France, 4 Equipe Mucoviscidose et
Bronchopathies Chroniques, Département Santé Globale, Institut Pasteur, Paris, France

Cystic fibrosis (CF) is the most common genetic disorder among Caucasians, estimated
to affect more than 70,000 people in the world. Severe and persistent bronchial
inflammation and chronic bacterial infection, along with airway mucus obstruction,
are hallmarks of CF lung disease and participate in its progression. Anti-inflammatory
therapies are, therefore, of particular interest for CF lung disease. Furthermore, a better
understanding of the molecular mechanisms involved in airway infection and
inflammation in CF has led to the development of new therapeutic approaches that
are currently under evaluation by clinical trials. These new strategies dedicated to CF
inflammation are designed to treat different dysregulated aspects such as oxidative
stress, cytokine secretion, and the targeting of dysregulated pathways. In this review,
we summarize the current understanding of the cellular and molecular mechanisms that
contribute to abnormal lung inflammation in CF, as well as the new anti-inflammatory
strategies proposed to CF patients by exploring novel molecular targets and novel
drug approaches.

Keywords: cystic fibrosis, inflammation, anti-inflammatory, mucus, antibiotic

INTRODUCTION

Cystic fibrosis (CF) is the most common lethal monogenic disorder in Caucasians estimated to affect
one out of 2.500-4.000 newborns. It is caused by a Cystic Fibrosis Transmembrane conductance
Regulator (CFTR) gene mutation, which encodes a chloride channel expressed at the apical
membrane of the epithelial cells (Riordan et al., 1989).

CF is a multi-system disease that affects the respiratory tract, intestines, pancreas, genital tract,
the hepatobiliary system, and exocrine glands, leading to diverse pathology ranges and clinical
problems (Elborn, 2016). While most patients have multiple organ alterations, the leading causes
of both morbidity and mortality in more than 90% of patients remain chronic progressive
pulmonary disease and respiratory failure (Elborn, 2016). In CF patients, the lack of CFTR
chloride channel activity leads to progressive pulmonary obstruction associated with critical and
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constant neutrophil-dominated endobronchial inflammation and
overwhelming bacterial infection (Figure 1). On a pulmonary level,
scientists developed many new symptomatic therapies with either
anti-inflammatory properties, antibiotics, or molecules improving
mucociliary clearance (mucolytics) in order to treat inflammation,
infection, or mucus abnormalities (Figure 2A). The discovery of
these new drugs was made possible by the accumulation of
knowledge in these three areas. After the discovery of CFIR,
researchers aimed for the development of therapies that can
correct the disease’s origin. Their work mainly focused on
infection, rather than on anti-inflammatory drugs or mucus
abnormalities. The proportion of published articles on infection is
more than 70% compared to those published on inflammation or
mucus. This proportion reaches more than 80% when focusing
on publications on antibiotics compared to those on anti-
inflammatory drugs and mucolytics (Figures 2B, D).
In the allocation of priorities, the anti-inflammatory drugs have

been, for long, the “poor relatives” in basic research compared to the
modulators of CFTR activity.

These drug modulators targeting CFTR are designed to
reestablish, at least partially, the CFTR expression, and improve
its activity. So far, many of these treatments got through to the
market, and these therapies are upgrading patients’ life quality
through short- and long-term improvements in clinical outcomes
(Lopes-Pacheco, 2019). Despite this, the main treatments remain
symptomatic, focusing on different dysregulated clinical
manifestations observed in CF patients (pancreatic insufficiency,
intestinal malabsorption, and lung deterioration). However, their
use is limited by insufficient basic scientific knowledge (Figure 2C),
which has reduced the number of medicinal products currently on
the market (Lopes-Pacheco, 2019). A deeper understanding of the
natural evolution of CF pathology brought about new treatment
tactics in order to improve pulmonary functions and increase life
expectancy. CFTR chloride channel is also involved in the
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FIGURE 1 | Progression of CF pathophysiology in bronchial epithelial cells. In healthy airways, sodium (Na*) absorption and chloride (CI7) secretion control hydration
of the airway surface layer (ASL). In CF airways, impaired CI~ secretion due to the CFTR absence or loss of function leads to unregulated Na* absorption and result
in inadequate hydration of ASL, causing mucociliary clearance and bacterial kiling impairment. As a result, mucus obstructs the lung airways and provides a nidus for
bacterial infection and inflammation. The bacteria adhere to the surface and continue to grow, ultimately forming a biofim. The inflammation of the CF lung is
characterized by exaggerated secretion of pro-inflammatory cytokines by the airway epithelial cells, leading to the infiltration of polymorphonuclear neutrophils that
release reactive oxygen species (ROS) and proteases. Neutrophil released elastase in the CF airway secretions correlates with lung function deterioration and
respiratory exacerbations. The acidification of the ASL and the increase of its salt concentration, along with the increase of proteases levels, have been shown to
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FIGURE 2 | (A) The proportion of publications published in Pubmed (https://www.ncbi.nim.nih.gov/pubmed) by years about “anti-inflammatory,” “mucolytic,” and
“antibiotic” in combination with “cystic fibrosis” compared to the total number of publications in CF. (B) The proportion of publications published in Pubmed by years
about “anti-inflammatory,” “mucolytic,” and “antibiotic” in CF. (C) The proportion of publications published in Pubmed by years about “mucus,” “infection,” and
“inflammation” in combination with “cystic fibrosis” compared to the total number of publications in CF. (D) The proportion of publications published in Pubmed by

years about “mucus,” “infection,” and “inflammation” in CF.

regulation of other channels such as the epithelial sodium  (Figure 4). Nowadays, it remains unclear how and why this
channel (ENaC). vicious cycle is initiated, even though different elements suggest
Other channels are directly or indirectly linked to CFTR, such ~ that different inflammatory pathways are deregulated in CF
as the calcium-activated chloride channels ANO1 (also called airways independently from infection (Bardin et al., 2019).
TMEM16a) (Benedetto et al., 2017) (Figure 3). Therefore a However, mucus alterations could be one of the triggers of this
deregulated CFTR activity leads to an abnormal mucus  process. Mucins tethering to the apical bronchial surfaces lead to
composition and alteration of the airway surface liquid (ASL)  acidification of ASL, thus reducing the anti-bacterial properties of
hydration that could participate in the inflammatory process in ~ CF airways (Song et al., 2006; Quinton, 2008; Adam et al., 2015).
CF airways (Puthia et al., 2020). Recent publications have also Finally, it is essential to bear in mind that mucus alteration,
highlighted that a loss of CFTR-mediated bicarbonate secretion  infection, and inflammation are elements that are very carefully
and pH acidification impairs airways host defense by increasing  intertwined and difficult to separate in the process of an
mucus viscosity and reducing bacteria-killing (Shah et al., 2016).  inflammatory response (Figure 4). Multiple hypotheses explain
Current studies have established that the CFTR function is not ~ the early events leading to the CF lung pathophysiology
restricted to ion transport regulation. Results have suggested a ~ progression (Jacquot et al., 2008a; Esther et al., 2019).
significant role of CFTR as a surface receptor for the
internalization of Pseudomonas aeruginosa (P. aeruginosa) via
endocytosis and consequent bacteria removal from the airway PATHOPHYSIOLOGY IN CF AIRWAYS
(Pier, 2000). In the CF airways, the permanent presence of
bacteria might participate in the inflammatory process Inflammation
contributing to a vicious cycle between airway mucus  Although inflammation is a natural and protective process
obstruction, chronic infection, and exaggerated inflammation  resulting from aggression, it plays a major role in CF lung
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FIGURE 3 | Schematic representation of ion transports in the cystic fibrosis airway. (A) In healthy airways, Na* absorption, and CFTR and ANO1 CI~ secretion
regulate the hydration of the airway surface layer (ASL). Wild-type CFTR downregulates ENaC and participates in the activity of the ANO1 channel. (B) In CF airways
epithelial cells, the lack of a functional CFTR channel reduces CI~ secretion and causes Na* hyperabsorption leading to ASL dehydration, which favors mucostasis.
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FIGURE 4 | Interrelation between the main dysregulated aspects in the
airway of Cystic Fibrosis patients. CFTR mutations affect inflammation, mucus
properties, and infection. These different aspects are very intertwined, and
treating one of these elements will have consequences on the other two.

pathology and progression. Inflammation was initially recorded
by the Roman encyclopedist Aulus Cornelius Celsus in the
1°* century A.D. by some typical characteristic signs of
inflammation as heat (calor), pain (dolor), redness (rubor), and
swelling (tumor). Chronic and exaggerated inflammation in
people with CF causes damages to lung tissues that can
eventually lead to respiratory failure (Cantin et al,, 2015).
Many recent results show that bronchial epithelial cells play a
significant role in the progression of the disease. In addition
to being a physical barrier, epithelial cells secrete many
inflammatory factors such as cytokines, eicosanoids, enzymes,
and adhesion molecules (Roesch et al., 2018). This CF airway
inflammation is characterized by an excessive production of

interleukin (IL)-8 secreted by airway epithelial cells, and the
presence of large numbers of neutrophils and macrophages
among other inflammatory cells (Hubeau et al., 2001).
However, it is not the only pro-inflammatory cytokine
enhanced. In the airways of CF patients, TNF-a, IL-1f3, IL-6,
IL-8, IL-33, GM-CSF, and G-CSF are increased, also other
molecules also play a major role such as the pro-inflammatory
metabolites of arachidonic acid metabolism. Very recent results
have highlighted the central role of other cytokines such as IL-17
(Roesch et al., 2018). In CF, the infiltration of inflammatory cells
across the epithelium into the lumen can be very deleterious to
epithelia and, as a consequence, requires robust regulation.
Numerous works have tried to identify targets and strategies to
reduce the exaggerated immune response that causes chronic
inflammation without affecting the natural defenses against
infection (Muhlebach and Noah, 2002). It is unclear whether
the inflammation is a direct consequence of the cftr mutation or
whether it is a consequence of infection and mucus
accumulation. We do not know the contribution of infection
to airway inflammation, but it must act as a catalyst and becomes
self-perpetuating. Different studies have demonstrated the direct
implication of the CFTR protein in this process mainly in the
lung but also in extra-pulmonary tissues as the intestine or
pancreas (Raia et al., 2000; Cohen and Prince, 2012; Stoltz
et al,, 2015; Bardin et al.,, 2019). Even before symptom onset,
pulmonary inflammation and infection are often present in CF
patients (Muhlebach and Noah, 2002). Although which comes
first has been uncertain, this aspect is well reviewed in the article
from Stoltz (Armstrong et al., 1995; Khan et al., 1995; Nixon
et al., 2002; Stoltz et al., 2015). Moreover, new models lacking
CFTR, including pigs, ferrets, and rat manifest inflammatory
features typically observed with CF even in absence of infection
(Rogers et al., 2008; Sun et al., 2010; Tuggle et al., 2014). For
example, airways of CF piglets show no evidence of
inflammation during the first hours after birth (Stoltz et al,
2010). Evidence has also demonstrated that non-infected human
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CF airway graft is in a pro-inflammatory state (Tirouvanziam
et al., 2000; Tirouvanziam et al., 2002; Perez et al., 2007; Cantin
et al, 2015). These data are reinforced by in vitro experiments
using specific CFTR inhibitor. For example, Perez et al. have
shown that Inh-172 treatment conducted in significant increase
in IL-8 secretion in basal but also in response to P. aeruginosa
infection (Perez et al., 2007). All these data support the
hypothesis that mutations in cftr gene make epithelial cells
intrinsically more pro-inflammatory compared with healthy
cells (Perez et al., 2007; Cantin et al., 2015), which, once
infection is introduced, sets the stage for mucosal damage and
chronic airway infection (Tirouvanziam et al., 2000).

Although the link between CFTR deficiency and host
inflammatory response remains unclear, this aspect has long
been recognized as a central pathological feature, and
consequently, an important therapeutic target. Some have
hypothesized that in CF, the unfolded proteins accumulation
on the endoplasmic reticulum induced a proteinopathy
responsible for inflammation, impaired trafficking, altered
metabolism, cholesterol, and lipids accumulation, and impaired
autophagy at the cellular level. Some have speculated that
chloride dysregulation participated in a stress-inducing ionic
imbalance in the airway, with the implication of calcium
activation, which could induce an inflammatory state (Ribeiro
et al., 2005; Tabary et al., 2006a). New hypotheses have emerged
with the direct activation of NOD-, LRR-, and pyrin domain-
containing protein 3 (NLRP3) inflammasome and can be a key
regulator of CF inflammation and a promising target
(McElvaney et al., 2019; Jarosz-Griffiths et al., 2020).

However, since the appearance of high throughput sequencing,
many studies have attempted to study the deregulated mechanisms,
but the heterogeneity of samples and data makes analysis difficult. A
meta-analysis of the different studies has summarized all this data
(Ideozu et al.,, 2019). To summarize, many proteins are
dysregulated, including gene from signal transduction (PI3K/Akt/
mTOR signaling pathway) and immune system (NFxB and MAP
kinase pathways), but this method is more relevant to highlight the
consequence than the cause of the inflammatory dysregulation. A
very recent article has confirmed the implication of NLRP3
inflammation activation due to the alteration of electrolyte
homeostasis induced by the over-activation of B-ENac channel in
CF (Scambler et al., 2019).

Furthermore, different authors showed more than 15 years ago
that there is a deregulation of lipid metabolism in CF with an
imbalance between pro-inflammatory metabolites of arachidonic
acid metabolism and pro-resolving mediators form eicosanoid
pathway (Freedman et al, 2004; Karp et al, 2004; Serhan, 2017;
Roesch et al, 2018). Ceramide (CER) is an airway component
composed of fatty acid and sphingosine that may alter the CF
inflammatory response. CER is present in the cells membrane and
when in contact with a specific stimulus, like a bacterial infection,
CER in transmembrane signaling processes to help regulate cellular
responses to infection by activating the inflammation processes. This
could be an interesting alternative to treat CF inflammatory
dysregulation by inhibiting CER synthesis (Mingione et al., 2020).

Although there is no consensus regarding the regulation of CER in
CF cells currently, even if more recent data have demonstrated their
implication on the progression of CF lung disease (Horati et al., 2020;
Mingione et al., 2020). Consequently, these results have led to the
proposal that upregulated inflammation is related to the molecular
defect of CF with a strong implication of nuclear factor kappa B
(NFxB) or mitogen-activated protein (MAP) kinase pathways with
other transcription factors including NFAT, NF-IL6, AP1 and AP2
(Tabary et al., 1999; Tabary et al., 2003; Muselet-Charlier et al., 2007).

More recently, different articles have also associated
microRNA (miRNA) dysregulation to CF inflammation
(Fabbri et al., 2014; Bardin et al., 2018a; Bardin et al., 2019).
How the lack of CFTR expression in ionocytes, ciliated, and
submucosal gland epithelial cells of the respiratory tract, boosts
pulmonary inflammation is still partially comprehended.
Different authors have also highlighted the central role of
neutrophil in CF airway inflammation, and many believed that
bronchiectasis results from the proteolytic and oxidative damage
induced by these cells. Longitudinal data from the Australian
Respiratory Early Surveillance Team for Cystic Fibrosis
demonstrated that neutrophil elastase activity at 3 months of
age was a predictor of bronchiectasis at 12 months and 3 years
(Wijker et al., 2020). The central role of neutrophils and its
genesis has been extensively review by Nichols et al. and Perrem
et al. (Nichols and Chmiel, 2015; Perrem and Ratjen, 2019).

Understanding the initial host defense defects in CF airways
could suggest new prevention strategies and treatments, the
means to assess disease status and efficacy of therapeutics
(Stoltz et al., 2015). Several mechanisms are suggested to
explain in what way CF basal inflammation promotes
subsequent bacterial infection. One possible explanation is that
serine protease, released by activated neutrophils, degrades
innate immune mechanisms, including anti-microbial peptides
(AMP), participates in secondary infection, and to this vicious
cycle. The molecular mechanisms relating to abnormal CFTR
chloride function in airway epithelial cells to excessive lung
neutrophilic inflammation have not yet been fully clarified
even if extensive works have already been published (Taggart
etal., 2000; Tabary et al., 2006b). Decreased neutrophil apoptosis
and the high secretion of IL-8 by epithelial cells are contributing
factors. In 2016, researchers discovered the leukocyte adhesion
deficiency IV (LAD-IV), which is a defect in monocyte integrin
activation in CF patients. The study showed that CFTR
mutations could lead to a monocyte-specific adhesion
deficiency (~80%) and impairment in transmigration into the
alveolar space, which could explain the extreme infiltration of
neutrophil since monocytes play a crucial part in inflammation
and its resolution. Thus, failing to recruit monocytes in CF
patients’ lungs may explain the excessive production of
cytokines, the impaired inflammation resolution, and pathogen
capture impairment (Sorio et al., 2016). The continuous driven
recruitment of neutrophils and other immune cells and their
implication in non-resolving inflammation have been already
discussed in different reviews (Cantin et al., 2015; Nichols and
Chmiel, 2015; Roesch et al., 2018).
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Whether CFTR dysfunction causes directly or indirectly, a
more important predisposition to infection and whether the
inflammation occurs separately from the infection has yet to
be determined. The development of new anti-inflammatory
strategies in CF remains limited due to the limited researches
in this area compared to infection (Figure 2D).

Bacterial Infection

Respiratory infections in CF occur from childhood. In
progressive lung diseases like CF, typical pathogens (P.
aeruginosa, Streptococcus aureus, Burkholderia cepacia,
Achromobacter xylosoxidans) colonize the airways (Palser et al.,
2019). More than 50% of children diagnosed at birth have shown
positive P. aeruginosa cultures by five years of age (Palser et al.,
2019). If P. aeruginosa is neither spontaneously cleared nor
eradicated with antibiotic therapy, the CF lung environment
facilitates the infection.

The presence of pathogens triggers inflammatory processes
in the airways contributing to the destruction of the cell barrier.
Since inflammation is a natural process of defense and the
eradication of pathogens, limiting it too much or for a long
term could be counterproductive. For this reason, antibiotics
are more frequently recommended than anti-inflammatory
drugs in CF lung disease treatment and could indirectly serve
to diminish airway inflammation (Oermann et al., 1999). The
anti-inflammatory drugs that could alter the natural defense
of the lung are only prescribed during exacerbations. Constant
development and ideal usage of new anti-microbial compounds
are vital for improving the CF patients survival chance and
quality of life (Waters and Smyth, 2015). As a result of long-term
antibiotic treatment, the decrease in infection and inflammation
is associated with lung function improvements and pulmonary
exacerbations reduction (Waters, 2018).

In a normal situation, the airways can defend themselves by
forming a physical barrier between the outside and the inside.
Also, the lung is capable of secreting cytokines that will allow the
recruitment of inflammatory cells, but it is also capable of
secreting anti-bacterial molecules. Thus, many natural AMPs,
contained in the airways, are part of the innate immune response
to the airway defense (Hancock et al, 2016). AMPs exhibit
microbicidal activities on a broad spectrum of microbes, but
bacteria appear to be the most targeted pathogens (Scott and
Hancock, 2000; Zasloff, 2002). AMPs can kill bacteria rapidly in a
few minutes. If most of the AMPs kill targeted pathogens via an
electrostatic action on their membranes, some of them kill by
more sophisticated mechanisms such as the IIA secretory
phospholipase A2 (sPLA2-IIA) which kills bacteria through
selective hydrolysis of their membrane phospholipids (Van
Hensbergen et al., 2020), or by interfering with intracellular
targets in bacteria (Geitani et al., 2019; Wang et al., 2019). Except
for very few examples, little is known about the specificity of
AMPs toward Gram-positive vs. Gram-negative bacteria. The
SPLA2-IIA is one of the rare AMPs that target Gram-positive
bacteria that exerts its bactericidal effect at much lower
concentrations than other molecules [For details, see the
review (Van Hensbergen et al., 2020)].

AMPs represent an essential part of the host defenses against
infections and also as a potential therapeutic tool, as has been
shown in infections animal models (Morrison et al., 2002; Piris-
Gimenez et al., 2005). This effect was also supported by studies in
patients with infectious diseases showing that altered AMP
expression and/or gene polymorphisms were associated with
increased infections (Rivas-Santiago et al., 2009). On the other
hand, unfavorable circumstances for AMPs actions as abnormal
salt concentration or acidification, and inactivation by proteases,
in ASL of CF patients (Figure 1), have been shown to inactivate
AMPs bactericidal functions which may explain increased airway
infections (Bals et al., 2001; Lecaille et al., 2016; Simonin et al.,
2019). Normalizing ASL pH by inhibition of the persistent
proton secretion, mediated by ATPase H'/K" transporting
non-gastric alpha2 subunit (ATP12A), might enhance innate
airway defense in CF newborns during the onset of S. aureus
infection. A recent study showed that the hydrophobic N-
terminal domain of Cg-BigDefl (a big defensin from oysters)
exhibits salt-stable interactions with bacterial membranes
opening the doors to eventual drug developments when
physiological salt concentrations inhibit the anti-microbial
activity of B-defensins such as in CF disease (Loth et al., 2019).

In parallel to their anti-microbial functions, several AMPs
have been shown to play immuno-modulatory roles, in
particular by interacting with the inflammatory reaction
produced by host cells. Several studies have shown that AMPs
can target host cells involved in innate immunity and modulated
their production of inflammatory mediators, including
cytokines. Although it is not always easy to dissociate these
actions as most AMPs exhibit both functions, depending on their
concentrations, the host cell targets, and the environments.
However, AMPs have been shown to impair the inflammatory
reaction induced by invading pathogens by different mechanisms
(Masera et al., 1996; Finlay and Hancock, 2004; McInturff
et al., 2005).

The anti-inflammatory potential of AMPs correlates with their
capability of attracting and recruiting neutrophils and other
inflammatory cells. They may also have direct or indirect effects
on their maturation, differentiation, degranulation, or apoptosis
(Lai and Gallo, 2009). AMPs also act by blocking neutrophils
apoptosis, therefore prolonging their lifetime, and ultimately their
phagocytic functions (Nagaoka et al., 2012). AMPs can also
potentiate the effects of inflammatory cells such as macrophages
while limiting other tissue damage (Brook et al., 2016).

Mucus Alteration

In healthy people, ASL is a thin liquid film covering the airways
and participating in mucociliary clearance and airways
desiccation (Figure 1). Historically, studies suggested that
different secretory cells (goblet cells, submucosal glands cells,
and serous cells) contribute to ASL production (Tarran et al.,
2001). The recent finding of the airway “ionocyte” could
similarly result in a revised understanding of ASL production
(Plasschaert et al., 2018). This group has identified by RNA
sequencing all the RNAs present inside airway cells and by a new
method, called pulse-seq, has discovered this scarce cell type.
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They created the term “ionocytes” due to the cell’s likeness to
ionocytes in charge of regulating ion transport and hydration in
the fish gills and frog skin. In the airway, ASL consists of two
main layers: 1) the apical layer consisting of a water-based
polymeric mucus, and 2) a periciliary layer (PCL) that bathes
the epithelium (Atanasova and Reznikov, 2019). Normal mucus
is made of 97% water and 3% proteins, lipids, and salt. The
mucus gel layer acts as a physical barrier to prevent most
pathogens from accessing the cells (Button et al., 2012). The
mucus hydration and the mucin concentration dramatically
affects its viscoelastic properties, which, in turn, determines
how effectively it is cleared from the distal airways toward the
trachea by ciliary action and cough (Fahy and Dickey, 2010).
The commonly accepted explanation for airway disease in CF is
the “low volume” hypothesis. A reduced volume of the
periciliary fluid layer (PCL) causes failure of mucociliary
clearance, the ‘lungs’ innate defense mechanism. In addition to
having altered physical properties, the mucus composition is
modified and will participate in the CF pathophysiology by
altering host defense proteins (Henderson et al., 2014). An
increase in mucin secretion and an abnormal composition of
mucus are implied by the formation of endobronchial mucus
plaques and plugs. Mucus present in bronchia becomes the
primary site of airflow obstruction, and subsequently for chronic
infection, and persistent inflammation leading to early small
airways disease succeeded by bronchiectasis development.
Increased mucus and airway obstruction are hallmark features of
multiple respiratory diseases and contribute, especially in CF, to a
complicated, inflammatory process (Puthia et al., 2020). A chronic
cycle of infection and inflammation could be initiated, resulting in
airways structural integrity damages and leading to bronchiectasis
development (Chalmers et al., 2017). More recent studies from
Esther et al. have shown that the increase of mucus burden and
inflammatory markers without infection suggest that mucolytic
therapies could serve as preventive therapy for CF lung pathology
(Esther et al., 2019). More, mucus composition and properties also
depend on the levels of mucin production by epithelial cells that
can be increased by bacteria suggesting a complex role of
inflammation, infection, and mucus, especially in CF pathology
(Mohamed et al., 2012). The up-regulation of airway mucin genes
by inflammatory/immune response mediators at the
transcriptional and/or posttranscriptional level is one of the
major contributors to mucin overproduction. The MUC5AC
gene is transcriptionally up-regulated by several inflammatory
mediators, including LPS, IL-9, neutrophil elastase, TNF-0,, and
IL-1B (Song et al., 2003). IL-8-induced binding of RNA-binding
proteins to the 3-untranslated region of MUCS5AC is a potential
mechanism for regulating MUC5AC gene expression at the
posttranscriptional level (Bautista et al., 2009). Several studies
have shown that PMA induces a matrix metalloprotease-
mediated release of transforming growth factor-(Shao et al,
2003). Eicosanoids mediate inflammation and mucus secretion in
chronic pulmonary inflammatory diseases (Garcia-Verdugo et al,
2012). Some studies in the field have shown a substantial increase
of eicosanoid levels, including PGE2 and LTB4 in CF airways
(Bautista et al, 2009) and CF bronchial epithelial cells (BECs)

stimulated by LPS from P. aeruginosa (Medjane et al., 2005). On
the other hand, this bacterium stimulates mucus production
through the induction of several mucins such as MUC5AC and
MUC2 both in cultured BECs and in a mouse model of lung
infection by P. aeruginosa. This induction mainly involves the
stimulation of BECs by flagellin through the TLR5 and Naip
pathways and is accompanied by the secretion of IL-8 by BECs,
which amplify mucus production (Mohamed et al., 2012).

Thus, we can suggest that in CF airways, mucus abnormalities
offer a niche that favors bacterial infections, which in turn
amplify mucus accumulation via a vicious circle that can
participate in the exacerbation of the severity of CF disease.
This amplification can occur either directly via virulence factors
(such as flagellin and LPS) of infecting bacteria or via cytokines
and eicosanoids produced by CF airways during infection.

Proteases and Lipids Imbalance

Current studies on mucolytic agents therapy used in CF have been
demonstrated to increase markedly neutrophil elastase (NE) activity
in CF sputum. Serine proteases, including NE, cathepsin G, and
proteinase 3, are the three most major proteases found in the CF
lung. These proteases are not only secreted by BECs, but also by
monocytes, lymphocytes, granulocytes, and, more importantly,
neutrophils (Pelaia et al., 2004; Hunt et al, 2020). Different
approaches have exposed their participation in intracellular and
extracellular activities, including inflammation, tissue remodeling,
mucin expression, bacterial killing, and neutrophil chemotaxis. NE,
a significant product of neutrophils granule degranulation, is
extensively studied in CF and is implicated in cleavage and
inactivation of CFTR protein (Chalmers et al., 2017). Besides, NE
also upregulates IL-8 and participates in activating cysteinyl
cathepsins and matrix metalloproteases.

In the CF airway, different articles have described the protease
and anti-protease imbalance, which could be explained by two
different mechanisms (Galli et al., 2012; Causer et al., 2020). Firstly,
CFTR is also a transporter of glutathione (GSH), a protease that is
the main non-enzymatic antioxidant present in the ASL (Rahman
and MacNee, 2000). Antioxidants are an essential protective
response to tissue injury and occur mainly in an inflammatory
environment. An absence of GSH in the extracellular medium
disequilibrates this balance and induces an oxidative environment.
This environment is intended to fight bacteria and viruses that may
be present. The goal of this process is to break up and eliminate the
injured tissues and, thus, promote tissue repair for the
inflammatory process resolution. When this natural response
arises in an uncontrolled way, the outcome is extreme tissue
damage that could induce chronic inflammation, as observed in
CF (Figure 1). During inflammation, reactive oxygen species (ROS)
such as the superoxide anion are liberated by phagocytes and are
thought to be the main cause of tissue damage.

In CF, the presence of numerous inflammatory cells that
release many oxidants will have a significant role in the
deregulation of the pro- and anti-inflammatory balance. Lung
cells are vulnerable to the damaging effects of ROS and release
inflammatory mediators, thereby amplifying lung inflammation.
ROS are extraordinarily reactive, and when produced near the
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cell membranes, they diminish intracellular GSH and cause
lipid peroxidation, which may harshly disrupt its function and
may lead to cell death or DNA damage in alveolar epithelial cells.
So, when ROS production increases, the redox balance of the
airways is altered, and this can lead to bronchial hyperactivity
and to further inflammation and participates in CF co-
morbidity. GSH is a sulthydryl containing tripeptide (L-y-
glutamyl-L-cysteinyl-glycine) that scavenges oxidants and could,
therefore, participate in the control of the inflammatory process by
reducing oxidative stress (Rahman and MacNee, 2000; Ehre et al.,
2019). Therefore, a CFTR deficiency leads to an increased
accumulation of intracellular GSH in the epithelial lining fluid
compared with plasma. Secondly, different dysregulated
parameters such as infection, inflammation, and hypoxia,
increase the free radicals derived from oxygen and nitrogen.
This pro-oxidative environment may directly exert its effects by
activating transcription factors such as NFkB and MAP kinase
pathways responsible for the coordinated expression of numerous
genes involved in inflammation, cell death, proliferation, as well as
cytoprotection and antioxidant defenses (Pelaia et al., 2004).

CFTR-deficient tracheal epithelial cells are characterized by
high GSH levels that decrease the intracellular content of ceramide
(CER). CER deficiency occurring in CF seems to be responsible for
the increased activation of the pro-inflammatory transcriptional
nuclear factor NF«B that, in turn, is responsible for the abnormally
high inflammatory response in CF respiratory epithelial cells
(Vilela et al.,, 2006; Aureli et al., 2016). An increasing number of
studies indicate that sphingolipids play an important regulatory
role in CF concerning pulmonary inflammation. In different
models, it has been shown that de novo sphingolipid synthesis is
an inflammation responsive pathway. It is enhanced by
inflammatory mediators, both at transcriptional and enzyme
activity level, and the accumulation of its metabolite CER
potentiates inflammation in a vicious circle (Caretti et al., 2014).
Sphingosine-1-phosphate (S1P), generated in the nucleus by
phosphorylation of SphK2 ((Sphingosine Kinase 2), modulates
HDAC (histone deacetylases) activity either by direct binding or
through activation of nuclear ROS, and, regulates cell cycle and
pro-inflammatory gene expression (Fu et al., 2018). The
accumulation of CER causes Cftr” deficient mice to suffer from
constitutive age-dependent pulmonary inflammation, death of
respiratory epithelial cells, deposits of DNA in bronchi, and high
susceptibility to severe P. aeruginosa infections (Teichgriber et al.,
2008). Aggregates accrual, formed by misfolded mutant CFTR and
a miscellaneous of sequestered proteins within, induces
inflammation and oxidative stress, impairing proteins and lipids
transport, and consequently inflammatory statement (Mingione
et al., 2020).

HISTORY OF “CLASSICAL” ANTI-
INFLAMMATORY DRUGS

A better understanding of the molecular mechanisms involved in
inflammation has led to the development of new anti-
inflammatory therapeutic strategies. In CF, the intertwining of

inflammation, infection, and airway mucus obstruction
complicates therapeutic approaches. Thus, anti-inflammatory
treatments, combined with antibiotic therapies and airway
clearance techniques, play an essential role in patient care,
particularly during periods of exacerbations and hospitalization.

Steroid Anti-Inflammatory Treatments
Glucocorticoids (GC), a class of corticosteroids (CS), are potent
anti-inflammatory molecules frequently applied in the treatment
of “inflammatory” pulmonary diseases. GC target many of the
proteins involved in inflammation, including IL-1f3 and IL-8 and
NFxB and activator protein (AP-1) (Tabary et al., 1998; Barnes,
2006). Until recently, CS were the main anti-inflammatory CF
treatments and were mainly used during exacerbations through
inhaled or oral administrations (Balfour-Lynn and Welch, 2014;
Lands and Stanojevic, 2019).

Since the first Prednisone clinical trials (Auerbach et al,
1985), oral CS have been shown to diminish the lung
inflammation and reduce the development of the pathology in
CF patients. However, the use of CS is still controversial in the
CF context due to medium- and long-term use. The side effects
include growth impairment, cataract formation, glucose
intolerance, and osteoporosis (Balfour-Lynn and Welch, 2014).
Nonetheless, oral CS are promptly used during an exacerbation
to decrease inflammation in CF lungs.

Even though the use of GC in CF is common, the signaling
pathways remain partially described. Interestingly, we have
published that the NFkB signaling pathway was significantly
involved and refractory to the action of GC in glandular
epithelial cells (Tabary et al., 1998). Moreover, we have
confirmed these results in airway neutrophils from CF patients
(Corvol et al., 2003).

Even though inhaled CS have a better safety profile, their
efficacy has not yet been demonstrated (Balfour-Lynn and
Welch, 2014). The inhaled steroids withdrawal impact was
established in a multicentric randomized, double-blind
placebo-controlled trial, including CF children and adults
(Balfour-Lynn et al., 2006). This study failed to show any
beneficial effect of inhaled CS in CF patients treated for
six months.

Finally, GC remain interesting molecules, especially during
exacerbations, as they significantly reduce inflammation.
However, their use in CF can only be limited to specific cases.

Non-Steroid Anti-Inflammatory Treatments
As GC have significant side effects, alternative molecules have been
proposed. For a few years, Ibuprofen, a non-steroidal anti-
inflammatory drug (NSAID), has emerged and was proposed to
the CF patients as a GC alternative. Most of NSAID (such as
Aspirin) are known to block cyclo-oxygenase (COX) enzymes that
produce prostaglandins from free arachidonic acid (Kurumbail
et al,, 1996). Ibuprofen, discovered by Stewart Adams laboratory
in 1961, was sold initially as Brufen to treat rheumatoid arthritis
(Balfour-Lynn et al., 2006; Halford et al., 2012). In CF, Ibuprofen
acts directly on neutrophil activation, inhibiting their mobility and
recruitment in the airways (Konstan et al,, 2003). High-dose of
Ibuprofen can reduce the development of CF patients’” lung disease,
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especially in children (Lands and Stanojevic, 2007; Lands and
Stanojevic, 2019). A meta-analysis from a current update of a
regular review has been published on the Cochrane database (Lands
and Stanojevic, 2019). Multiple unwanted effects were a matter of
concern due to the high doses usage, which has limited the
Ibuprofen use in CF. Recent results have described that obvious
benefits of Ibuprofen therapy outbalance the low risk of
gastrointestinal bleeding, although long-term safety results are
limited. In low doses, some shreds of evidence indicate that
Ibuprofen may cause inflammation (Lands and Stanojevic, 2019).
Nonetheless, these outcomes are still a subject of debate among
scientists who suspect the inappropriate use of Ibuprofen for CF
patients (Lands and Stanojevic, 2016). The association
of Ibuprofen with infections is more complicated in that it
confers risk in some situations but benefits in others, therefore its
usage might require close monitoring (Varrassi et al., 2020).

Macrolides
Among the most exciting new anti-inflammatory drug
treatments established in the last few years in the CF context
the macrolides (Southern et al., 2012). Macrolides were
discovered in 1952 and were initially isolated from cultures of
Streptomyces erythraea. The frequently used macrolides have 14
(Clarithromycin, Erythromycin, and Roxithromycin) or 15
(Azithromycin) atoms attached to their macrocyclic rings
and were named macrolides in regards to the presence of
macrocyclic lactone ring. Macrolides are interesting original
antibiotics because of their double action of not only reducing
infections but also reducing inflammation. The macrolides
were used as antibiotics to treat different infectious diseases,
including numerous airway pathology as pneumonia, CF,
bronchitis, pharyngitis (Zalewska-Kaszubska and Gorska,
2001). Surprisingly, in 1987, a Japanese group has reported a
spectacular effect in panbronchiolitis patients’ lifespan when
treated with Erythromycin antibiotic (Kudoh et al., 1987). This
pathology is a typical and representative disease of chronic
respiratory tract infection in Japan, characterized by chronic
inflammation localized predominantly in the respiratory
bronchioles with inflammatory cells such as monocytes,
macrophages, neutrophils and, T lymphocytes.

The molecule showing the most interesting effects in CF patients
is Azithromycin, with an improvement of lung parameters, a
decrease of P. aeruginosa infection, and hospitalization duration
(Clement et al., 2006; Saiman et al., 2010; Nichols et al., 2020).
Prolonged use of small dose Azithromycin was related to a
beneficial impact on lung disease expression, well ahead of P.
aeruginosa infection. A metanalysis of these researches proved
substantial improvement or maintenance of the forced expiratory
volume in one second (FEV1, a measure of lung function) and
forced vital capacity (FVC) in treated patients vs. controls after 12
months of therapy. Even though there was no decline in the
intravenous antibiotic therapy necessity or the hospitalization
duration of any of these studies, a positive effect on the
restoration of Cl efflux in CF has also been shown (Saint-Criq
et al,, 2011).

Moreover, some scientists demonstrated that macrolides
operate by limiting pro-inflammatory cytokines and provoking

direct alterations in the neutrophils function (Equi et al., 2002;
Southern and Barker, 2004; Haydar et al., 2019). However, they
failed to reduce the inflammation in BECs in CF patients (Saint-
Criq et al., 2012). One recently published article has
demonstrated that Azithromycin could modify the M2
phenotype macrophage and, therefore, indirectly modify the
inflammatory process by inhibiting NF«xB activation by
increasing IKKP expression in J774 murine macrophages
(Haydar et al., 2019).

However, some macrolides, such as Clarithromycin, can
induce neutrophil extracellular trap (NET) generation, a
mechanism implicated in innate immunity and some
inflammatory processes. NETosis is a mechanism by which
neutrophils extrude their DNA and protein contents to form
NET, including AMPs. The physiology and the formation of the
NET have been extensively described in the review from
Ravindran et al. (2019). In the fetal stage and early childhood,
neutrophilic inflammation in the peri-bronchial regions is
present in CF patients who have mucus excess and obstructive
secretions but no persistent bacterial infections. Various
microbial components like inflammatory cytokines, lipid
mediators, and extracellular DNA found in CF patients induce
NET formation (Henke and Ratjen, 2007). In CF airways,
neutrophils are recruited to the airway upon infection and
exacerbate the disease by producing NETSs, which can increase
mucus viscosity and consequently participate in the airway
obstruction. The excess of NETs and their cytotoxic
components, associated with hypervisquous mucus, exacerbate
CF NET produced by Clarithromycin and inhibit Acinetobacter
baumannii infection by acting on its growth and biofilm
formation in an LL-37-dependent manner (Konstantinidis
et al, 2016; Khan et al.,, 2019). Clarithromycin also enhances
the antibacterial defense of fibroblasts and improves their wound
healing capacity through the upregulation of LL-37 on NET
structures (Arampatzioglou et al., 2018). Although Azithromycin
and Chloramphenicol show that neutrophils pretreatment with
these macrolides decreases the NETs release. Moreover,
Azithromycin showed a concentration-dependent effect on
respiratory burst in neutrophils, whereas Chloramphenicol did
not affect degranulation, apoptosis or respiratory burst. So, these
antibiotics modulate the ability of neutrophils to release NET's
influencing human innate immunity (Bystrzycka et al., 2017).
The macrolide immunomodulatory role depends on the
macrolide used and the pathology involved.

As a final point, conventional anti-inflammatory treatments
for CF are limited and have not been explicitly developed for this
pathology, and could induce counterproductive effects. Research
in this field is still limited compared to antibiotics, but despite
this, new molecules or strategies are being evaluated.

NOVEL ANTI-INFLAMMATORY
APPROACHES

Better insight into the pathways involved has led to the
development of new therapeutic approaches that are currently
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being evaluated under cell experiments or clinical trials. These
new strategies aiming at the CF inflammation are designed to
treat different dysregulated aspects such as channel modulators,
oxidative stress, cytokines secretion, lung remodeling, and the
regulation of dysregulated pathways.

New Channel Modulators

CFTR Channel

The discovery of the CFTR gene in 1989 resulted in insights on how
CFTR mutations induce CF pathology and encouraged many
researchers to develop new drugs or strategies to correct the
mutation or increase the protein activity (Riordan et al, 1989).
Genetic therapy using adeno-associated virus (AAV) or other
strategies aiming to correct the CFTR gene was very promising
because CF is a monogenic disease. Nonetheless, the subsequent
realization tempered expectations because the airways are well
defended and are not absorptive surfaces. The natural barrier of
mucus considerably impairs gene transfer into the lungs, and the
epithelium renewing necessitates numerous administrations. For
these reasons, only one study has demonstrated a significant but
moderate effect on CF patients. Thus, further optimizations or other
strategies are needed and in progress (Alton et al, 2015; Alton
et al, 2017).

These data provided the grounds for pharmacologic
modulations of chloride transport, by targeting mutant CFTR
and/or alternative ion channels as anoctamin-1 (ANO1) that can
compensate for CFTR malfunction. This excitement has now
proven to be warranted because numerous new therapies
approved by the FDA or EMA are now either in the pipeline
or available for CF patients (Figure 5). This finding contributes
to the innovation of genetic disease pharmacotherapy with
Vertex Pharmaceuticals as a leader in the CF research field.
Fundamental CF research has set the stage for a better molecular
understanding of CFTR mutations by supplying structural pieces
of information to design new approaches for the pharmacology
dynamic even if the different drugs proposed were obtained by

high-throughput screening (Callebaut et al., 2017). Till date, two
CFTR-directed molecule classes have been developed:
“potentiator” compounds increasing mutated CFTR activity at
the cell surface and, “corrector” drugs improving altered protein
processing and trafficking to the cell surface (Wainwright et al.,
2015; Rowe et al., 2017; Davies et al., 2018) (Figure 6). The first
generation of the compounds has either been limited to a few
patients with specific mutations (Ivacaftor) or was addressed to a
larger group (Orkambi) and demonstrated moderate effects in
CF (Mayer, 2016). For this reason, the U.K. National Institute for
Health and Care Excellence (NICE) issued a draft guidance
against recommending Orkambi. Recently, the FDA has
approved an auspicious combination of molecules
(Elexacaftor-Tezacaftor-Ivacaftor called Trikafta) to restore
the function of p.Phe508del CFTR protein in CF patients even
if patients had a single p.Phe508del allele. The combination of
drugs relative to the control resulted in a percentage of predicted
FEVI1 that was more than 14 points higher and a rate of
pulmonary exacerbations that was 60% lower through 24
weeks of treatment (Keating et al., 2018; Middleton et al.,
2019). Unfortunately, a few pieces of information are available
for the inflammatory aspects of these treatments. Although,
recent evidence showed that the inflammation and lung status
hampers these medications and can hinder their effects. Only one
article has demonstrated that CFTR modulators can reduce
excessive pro-inflammatory response following LPS
(lipopolysaccharide) stimulation of CF monocytes (Jarosz-
Griffiths et al., 2020). Moreover, in this article, the authors
have also demonstrated that IL-8, IL-1B, and TNF-o (Tumor
necrosis factor-ot) decreased significantly in the serum of CF
patients treated with Ivacaftor and Tezacaftor treatment. It is not
known whether the observed effects are due to the restoration of
Cl' efflux, GSH (glutathione), or CFTR protein interactions
present at the membrane.

Other new classes of mutation are in development, such as
CFTR amplifiers, CFTR stabilizers, and read-through agents
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(Figure 6). CFTR amplifiers upregulate the expression, and
indirectly, the activity of mutant CFTR. PTI-428 and PTI-CH
are the two amplifiers who seem promising in pre-clinical and
clinical studies. PTI-428 can enhance lung function in CF
patients receiving Orkambi with no significant adverse
effects. CFTR stabilizer as Cavosonstat inhibits the enzyme
that is involved in regulating how much CFTR protein is
present at the cell surface (Donaldson et al., 2017). It could
potentially increase the benefits of other medications that
target the CFTR function. Read-through drugs can help the
ribosome skip over the early stop sequence in order to read the
mRNA remaining information and generate CFTR protein.
These therapies may be of interest to class I mutations where
there is no production of mRNA or CFTR protein. Ataluren
was developed as a potential treatment for these mutations, but
its development was terminated due to failed clinical trial
outcomes (Shoseyov et al., 2016).

This approach needs to be completed in the future evaluation of
CF trials to understand the effects better and investigate the
mechanism complex. It can be assumed that earlier treatment
using these drugs may avoid structural damages and give rise to
more efficient and prolonged results. We can imagine that the
improvement of various dysregulated parameters will have long-
term effects on the inflammation present in CF patients, even if
indirectly. A recent article has highlighted that by Tobramycin or
the AMP, 6K-F17 could restore the effects of Orkambi on
p.Phe508del-CFTR protein, suggesting a significant role of

FIGURE 6 | Description of the different classes of CFTR mutations related to the different therapeutic proposed in the literature. |—ynthesis defect, Il—processing
defect, lll—channel gating defect, IV—channel conductance defect, V—reduced CFTR production, VI—defect of stability; ER, endoplasmic reticulum.

infection in the CF pathology (Laselva et al., 2020). Furthermore,
using this approach, they have demonstrated that the active AMP
can down-regulate the expression of pro-inflammatory cytokines
like IL-8, IL-6, and TNF-o in p.Phe508del-CFTR human BECs
(Laselva et al., 2020).

Some exciting improvements in chloride efflux have been
demonstrated using Sildenafil, a phosphodiesterase type 5
(PDES5) inhibitor. This drug recues p.Phe508del-CFTR
trafficking in vitro experiments and decreases sputum elastase
activity and, consequently, the inflammatory process (Lubamba
et al,, 2011; Taylor-Cousar et al.,, 2015). In parallel to Vertex’s
studies, many other companies are interested in similar
approaches to develop CFTR modulators that either restore the
CFTR protein to the membrane or activate it (Figure 5). This
research work has been essential over the last ten years, and
many other molecules are currently being evaluated and at a
different stage.

More recently, another promising strategy has been proposed
to modulate post-transcriptionally activity of CFTR regulated by
acting through miRNA. Distinct groups have proved that wild-
type and mutated p.Phe508del human CFTR is regulated by
miR-101-3p, miR-145-5p, miR-223-3p, miR-494-3p,and miR-
509-3p (Glasgow et al, 2018). The approaches to inhibit the
effect of these miRNAs have demonstrated an increase in CFTR
protein expression and activity in BECs (De Santi et al., 2020).
This approach is exciting, but further researches are needed to
understand the subtility of this regulation better.
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ENaC Channel

Since CFTR negatively regulates the activity of the ENaC sodium
channel, different strategies have been proposed to decrease its
activity. The first proposed molecule was Amiloride, which acts
as a potassium-sparing diuretic, showing some benefit in both
animal studies and clinical trials. Unfortunately, its efficacy was
limited due to its short half-life (Zhou et al., 2008). This
approach was repeated with the use of a new ENaC blocker
called AZD5634 from AstraZeneca and BI1265162 from
Boehringer Ingelheim. A phase Ib study and a phase II study
to test, respectively, the safety and effectiveness of AZD5634
and BI 1265162 are underway in CF adults. Nowadays, a more
recent and exciting approach, using aerosol antisense
oligonucleotide (ASO) targeting ENaC mRNA (Ionis ENAC
2.5Rx), has demonstrated some interesting and impressive
results on mice by restoring inflammation and inhibiting
ENaC activity (Crosby et al., 2017). A first clinical study with
this therapy is currently ongoing.

In the same way, Arrowhead asks to open a phase I/II trial
into inhaled small interference RNA (iRNA) therapy. The drug,
called ARO-ENaC, is an investigational RNA therapy designed
to lower the production of the epithelial sodium channel alpha
subunit (0ENaC) in the lungs of CF patients. ARO-ENaC is an
iRNA molecule intending to block the production of ENaC
channels. It works by targeting and destroying the oENaC
mRNA molecules, which are genetic messengers that carry the
necessary information for making oENaC proteins and
consequently ENaC activity.

ANO1 Channel

Since functional CFTR rescue remains limited, with mutation-
dependent effects, alternative strategies have been suggested to
compensate for the CFTR deficiency and were proposed as a
potential CF therapeutic target. Such a strategy was the
stimulation of calcium-activated chloride channels (CaCCs)
such as the Anoctamin 1 channel (ANOL1) (Figure 3). In the
nineties, Knowles et al. have discovered that adenosine ‘5’-
triphosphate and uridine-5’-triphosphate stimulated CI’
secretion in both standards and CF respiratory epithelial,
offering a potential by-pass mechanism for defective CFTR
(Knowles et al., 1991). These activators transduce a signal
through P2Y2 receptors that lead to the release of intracellular
calcium and activate the CaCCs. An analog called Denufosol was
developed. Different studies have demonstrated that this drug
can increase Cl secretion through a CaCC, inhibit sodium
absorption via the epithelial sodium channel called ENaC, and
stimulate epithelial ciliary beat frequency (Accurso et al., 2011).
Based on these data, ‘Denufosol’ clinical trials begun in 2001
using a wet nebulization direct airway delivery approach.
Unfortunately, the last phase III had failed to demonstrate any
benefit, and the project was dropped, but the idea of developing
this approach remained (Moss, 2013). At the time of this study,
CaCCs were poorly known. Their identity remained elusive for
over 20 years until 2008 (Nilius and Droogmans, 2003; Caputo
et al., 2008; Schroeder et al.,, 2008; Yang et al., 2008). When
ANOL, the principal CaCC present in the airways, was identified
in 2008, it allowed for more targeted approaches. Attractively,

ANOI channel has, at the apical membrane of epithelial cells, the
same expression pattern as CFTR channels, and this protein was
shown to be essential in the activity of CFTR as a chloride
channel (Benedetto et al., 2017; Benedetto et al., 2019). Besides,
ANOI1 is implicated in HCO; different permeability,
proliferation, wound healing, inflammation, and its expression
decreased in CF patients (Veit et al., 2012; Jung et al., 2013; Ruffin
et al., 2013). Moreover, a recent article highlighted that ANO1
inhibition decreased ASL height. The authors have also
demonstrated that ANO1 is not required for MUC5AC
expression, the main protein of the mucus (Simoes et al,
2019). For this reason, a novel ANOI potentiator was
developed (ETX001), and airway epithelial function and mucus
transport were evaluated in the human cells and animal models.
This approach confirmed previous results and demonstrated that
this drug could increase epithelial fluid secretion and enhance
mucus clearance (Danahay et al., 2020).

Recently, our group has proposed a particular strategy using
an ASO specific to ANOL1 to reestablish ANO1 expression in the
context of CF. This strategy “hijacks” the miRNA regulatory
system and allows highly targeted effects. We have demonstrated
that ASO-ANOLI could be used to inhibit the fixation of miR-9
on ANO1 mRNA by a target site blocker, and consequently to
activate the alternative chloride channel to compensate CFTR CI’
deficiency regardless of the mutation (Sonneville et al., 2017). We
have also shown that with this strategy, we can improve tissue
repair on cell lines but also on CF primary patient cells. We have
likewise demonstrated that with this approach, we can activate
mucociliary clearance on primary cells but also CF mice.
Although we have not studied the effects of ANO1 modulation
of inflammation, preliminary studies have already shown that
activating ANO1 limits the secretion of IL-8 (Veit et al., 2012).

Novel Anti-Cytokines Approaches

A pathophysiology pulmonary characteristic of CF is a severe
neutrophil accumulation, which is correlated with high levels of
pro-inflammatory cytokines (IL-8, IL-6, TNF-a.), and low levels
of anti-inflammatory mediators like IL-10 (Jacquot et al., 2008b).
For numerous years, different approaches, as curcumin or
vitamin D, have been proposed to limit IL-8 secretion and
neutrophils influx (Gaggar et al, 2011; Olszowiec-Chlebna
et al,, 2019). Some pre-clinical data have demonstrated that
using antibodies, like antibodies directed against intercellular
adhesion molecule (ICAM)-1 and IL-8, could be a promising
target. The most advanced therapy using SB-656933, an oral
CXCR2 antagonist, was already tested in CF patients and has
demonstrated along with safety some exciting results in the
modulation of airway inflammation (Moss et al., 2013).
However, another study using SCH527123 (MK-7123,
Navarixin), a CXCRI1/2 antagonist, was also attempted in
chronic obstructive pulmonary disease (COPD) but was
abandoned because of a severe decline in neutrophil number
(Rennard et al., 2015). By contrast, a phase II clinical trial has
already been carried out in patients with ulcerative colitis and
demonstrated inhibition of ozone-induced airway inflammation
in humans (Lazaar et al., 2011). Numerous other modulators of
cytokines in the context of CF have been proposed, but only

Frontiers in Pharmacology | www.frontiersin.org

n

July 2020 | Volume 11 | Article 1096


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

Mitri et al.

Anti-Inflammatory Approaches in Cystic Fibrosis

in vitro experiments have been performed (Lampronti et al., 2017;
De Fenza et al,, 2019). Cytokine modulation shows that cytokines
have a significant role in limiting infections, although these
approaches are confusing. A recent publication has highlighted
the role of an IL-1 signaling pathway in sterile neutrophilic
inflammation and mucus hypersecretion and has suggested that
treatment with IL-1 receptor antagonist as Anakinra could be
promising to prevent lung inflammation (Balazs and Mall, 2019).

The possibility of increasing gene expression and protein
activity by the use of ASO has become more and more promising
in the last years. However, long-term efficacy, safe delivery, and
side effects of long-term treatment must be evaluated in order to
be applied in patients with CF (Bardin et al., 2018b; Vencken
etal., 2019). Fabbri et al. have developed this original concept by
modulating the IL-8 expression by increasing miR-93 in BECs
during P. aeruginosa infection (Fabbri et al., 2014). More recent
results have highlighted that other miRNA involved in CF
pathology, like miR-199a-3p or miR-636, could be targeted to
control the CF lung inflammatory process (Bardin et al., 2018a;
Bardin et al, 2019). Other interesting approaches have been
performed to modulate the cascade of inflammation targeting
NFkB activity by using, for example, Angelicin derived from
different angiosperms or Sulindac, an NSAID (Rocca et al,
2016). Unfortunately, these approaches are not specific, and
the risk of side effects remains high.

New Development in Antibiotic
Approaches

“Synthetic” Antibiotics

In CF, antibiotics are utilized for various applications, such as initial
infection prevention, eradication (for early infection), control (for
chronic infection), and finally, pulmonary exacerbations treatment.
The antibiotics are given in three different primary ways: oral,
inhalation, or intravenous. The choice of antibiotics depends on the
nature of the pathogen to be eliminated, the age of the patient, and
the nature of other pathogens present such as H. influenza, S.
aureus, or P. aeruginosa infections.

P. aeruginosa is an opportunistic Gram-negative pathogen
and is one of the main reasons for morbidity and mortality in CF
and immunosuppressed patients. In order to eradicate new P.
aeruginosa infections, antibiotic regimens are now a care
standard around the world. Different groups assessed the
effectiveness of inhaled Tobramycin, Aztreonam, and Colistin
as well as oral Ciprofloxacin in eradicating new P. aeruginosa
infection (Waters, 2018; Pang et al., 2019), although P.
aeruginosa eradication is now much more challenging as a
result of its impressive capability to resist antibiotics. These
organisms become embedded in an exopolysaccharide biofilm,
which protects the organism from phagocytosis and reduces the
efficacy of anti-microbial drugs (Doring, 2010). Once this change
has occurred, the mucoid P. aeruginosa could acquire multi-drug
resistance, and this bacterium is virtually impossible to eradicate
(Southern et al., 2012). If the P. aeruginosa infection cannot be
cleared, the affected person is faced with an increased treatment

burden, accelerated decline in lung function, increased symptom
severity, and increased mortality (Nixon et al., 2002).

Recently, there has been a growing number of “new”
antibiotics, of different classes and formulations, for pulmonary
infection treatments in CF patients (Waters and Smyth, 2015). In
order to limit toxicity and reduce side effects while directly
targeting the lungs, many studies took an interest in using
aerosols as a method of administration. In this frame of mind,
Levofloxacin was developed for CF patients to target P.
aeruginosa infections (Chirgwin et al., 2019; Epps et al,, 2019).
This drug, derived from the fluoroquinolone family, inhibits
topoisomerases, which is essential for the synthesis of bacterial
DNA. In the same way, inhaled Zitreonam is now available to
treat P. aeruginosa infections in CF patients. Although its
aerosolized formulation was proven to be beneficial, the
formulation for intravenous injections induces significant lung
inflammation, which has limited its use. Another example of the
existing improvement of drugs is Tobramycin, presented as a dry
powder. Inhaled tobramycin provides, in less than 5 minutes, a
rapid action directly at the site of the lung infection.

In order to increase the efficacy of P. aeruginosa eradication and
have a less often resistance development in comparison to the
existing “classical” antibiotics, recent P. aeruginosa suggested
treatment is the use of a combination of antibiotics and the
development of new ones. Also, they can be associated with an
alternative strategy such as EDTA (Respirion) or inhaled
glycopolymer (SNP113).

Thus, a new carbapenem antibiotic called Doripenem has been
developed with wide spectrum activity against bacteria through
bacterial cell wall synthesis inhibition. Different authors have shown
in vitro that this molecule has more significant activity than other
antibiotics of the same family on strains isolated from CF patients
(Traczewski and Brown, 2006; Riera etal.,2011). A clinical phase III
study showed that patients infected with P. aeruginosa and treated
with Doripenem had higher recovery rates in comparison to
Imipenem-treated patients but, no clinical trial with CF patients
is in progress (Chastre et al., 2008). In the same way, Plazomicin (a
semisynthetic aminoglycoside) and POL7001 (a protein epitope
mimetic) came out as an interesting strategy against P. aeruginosa
(Cigana et al., 2016). These drugs have demonstrated in vitro some
exciting effects on the multidrug-resistant P. aeruginosa isolated
from CF patients (Cigana et al., 2016).

“Natural” Approaches

For many years an original approach using bacteriophages has
been advanced. Bacteriophages were discovered in 1915 and can
kill bacteria by causing lysis (Summers, 2001). Bacteriophage
therapy was applied extensively in the 1930s and 1940s before
antibiotics, and it is still being used in Eastern Europe.
Nevertheless, after antibiotics became broadly accessible, phage
therapy was renounced in Western countries. Many phages can
target P. aeruginosa and have demonstrated some exciting effects
on mice by decreasing the bacteria burden in the lungs or
preventing infection (Morello et al., 2011). Even if clinical
studies have shown relative effectiveness, treatments using
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phages remain negligible so far. Various reasons have limited the
treatments with bacteriophages. The idea of introducing a living
organism into the body is difficult to accept and remains an
important psychological barrier. Moreover, early tests showed
that the preparation generated impurities and that these
preparations were not very stable (Morello et al.,, 2011).
Although the use of phages in combination with quorum
sensing inhibitors seems interesting, this approach remains
marginal (Pang et al., 2019), and only a phase Ib/II trial is
planned to test the safety and tolerability of AP-PA02 in adults
with CF. AP-PA02 is a type of phage intended to control P.
aeruginosa infections in CF patients. In in vitro studies, AP-PA02
can kill more than 80% of P. aeruginosa strains from CF people,
and some first results are encouraging (Law et al., 2019).

Another “natural strategy” is inhaled nitric oxide (NO) for
which an initial phase II study is underway. NO is a gas derived
from nitrogen with anti-microbial properties. Some in vivo
studies have validated this approach to eradicate the infection
and to decrease mucus viscoelastic (Rouillard et al., 2020).

In the late 1970s, various studies showed that iron played an
essential role in bacterial growth and was involved in particular
in DNA replication, energy production, and pathogen-host
interaction (Payne and Finkelstein, 1978). Recent results
demonstrated that the iron content of human sputum is
considerably high in CF, which facilitates chronic infections in
the lungs of CF patients (Reid et al., 2007). These observations
resulted in the development of novel therapeutic strategies in
order to limit the amount of iron present in the airways. Gallium
is a compound that shares the same properties with iron. It has
demonstrated in vitro and in vivo anti-Pseudomonas properties
(Tovar-Garcia et al.,, 2020). The FDA has already approved the
intravenous administration of Gallium. Clinical studies, in phase
II for intravenous and a phase I for an inhaled strategy, are
ongoing to evaluate its efficiency in treating P. aeruginosa
infections in CF patients (Tovar-Garcla et al., 2020).

During the last decades, AMPs naturally emerged as a
potential therapy to cure infections with antibiotic resistance,
in CF included. Treatments of bacterial infections by antibiotics
result in a worldwide spread of dissemination of antibiotic
resistance, both in the community and clinical settings.
Besides, the development of new antibiotics is costly and time-
consuming. It is hence of great importance to note that AMPs
can treat methicillin-resistant S. aureus and multidrug-
resistant P. aeruginosa that are resistant to conventional
antibiotics (Geitani et al., 2019). Studies showed that
treatments of antibiotic-resistant bacterial strains with AMPs
were associated with almost no induced resistance to AMPs,
which may encourage their use as potential replacement therapy
for antibiotics. AMPs can exert anti-inflammatory actions either
by suppressing the production of pro-inflammatory cytokines or
by stimulating that of anti-inflammatory cytokines by host cells
(Figure 7). Cathelicidin LL-37 (one of the most studied AMPs)
enhances the production of the anti-inflammatory cytokine IL-
IR by the human peripheral blood-derived mononuclear cells
and macrophages (Choi et al., 2014), and similar results were
observed with LL-37 and beta-defensin-3 (hBD-3) (Mookherjee

et al., 2009; Smithrithee et al., 2015). Besides their direct actions
on host cells involved in the initiation/modulation of
inflammation, a number of AMPs, such as LL-37, Magainin-2,
and bactericidal-permeability-increasing (BPI), can neutralize
the activity of bacterial toxins such as LPS, thus participating
in maintaining a balance between pro- and anti-inflammatory
cytokines (Sun and Shang, 2015; Skovbakke and Franzyk, 2017).

Most of the reported studies in the field have focused on the
roles of AMPs in the modulation of cytokine production.
However, cytokines are only the tip of the iceberg in the
inflammatory process, and other mediators of inflammation,
such as eicosanoids, deserve to be investigated to identify their
relative role in the modulation of inflammation by AMPs.
Indeed, studies have reported that AMPs such as LL-37
modulates the production of eicosanoids, including leukotriene
B4 (LTB4) and thromboxane A2 (TXA2) by macrophages (Agier
et al.,, 2015). TXB2 and L'TB4 are metabolites of arachidonic acid
conversion by COX and lipoxygenase (LOX), respectively, and
known to induce platelet aggregation and neutrophils
recruitment at the site of infection (Yeung and Holinstat,
2011). It has been shown that LL-37 AMP blocks the
expression of pro-inflammatory pathways involved, such as
NF-xB in the presence of LPS (Agier et al.,, 2015). However,
further studies are awaited to decipher the importance of the
AMPs/eicosanoids network in the inflammatory reaction and
potential implication in inflammatory diseases such as COPD,
asthma, and CF. Similar anti-inflammatory effects were observed
with WALKI11.3 (an AMP with amphipathic helical
conformation) in the mouse alveolar macrophage cell line
RAW264.7 (Shim et al., 2015). They revealed the ability of this
peptide to inhibit the expression of several inflammatory
mediators, including NO, COX-derived metabolites, IL-1[3, IL-
6, interferon (IFN)-fB, and TNF-o (Figure 7). The chicken
cathelicidin-2 (CATH-2), the known ortholog of the human
LL-37, has been shown to reduce inflammation in parallel to its
anti-microbial activity against P. aeruginosa-resistant strains
from CF patients (Banaschewski et al., 2017). The ability of
CATH-2 to downregulate inflammation occurred through the
anti-microbial-independent process, as this down-regulation was
observed by silencing the inflammatory response that arises from
killed bacteria. It is now clear that AMPs play a key role in host
defense toward infectious by invading pathogens and represent a
potential therapeutic tool to control infections by antibiotic-
resistant bacterial strains. They also have the potential to protect
the host from harmful inflammation that may result from these
infections. Drug design and structure-relationship studies will
greatly improve our knowledge of AMPs and the relative
importance of their bactericidal vs anti-inflammatory
functions, which will be of great help to optimize their
potential therapeutic use in disease characterized by both
chronic infection and inflammation such as CF.

All these data suggested that AMPs could be useful for clinical
applications in the view of the protective function against
pathogens. A series of clinical trials have started mostly in the
pediatric population, and some compounds have been used as
topical treatments but not known in the CF context. Different
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FIGURE 7 | General mechanisms by which AMPs exert anti-inflammatory actions on host cells. AMPs can bind to bacterial virulence factors such as LPS or LTA
and prevent their interactions with host cells. AMPs are also able to interfere with host cell signaling pathways involved in the inflammatory reaction. The overall
consequence is that AMPs reduce the production of inflammatory mediators by these cells that may help in the resolution of inflammation.

AMPs are under evaluation for the treatment of acute skin
infection as Bralicidin, Omiganan, LTC109 (phase II clinical
trial), or Pexiganam (phase III clinical trial). Other strategies and
applications are currently under study. For example, in sepsis,
Talactoferrin was tested by systemic injection in phase II clinical
study (Guntupalli et al., 2013). Initial results showed a significant
decrease in mortality after 28 days of treatment. However, phase
II/11T oral Talactoferrin was stopped for problems of safety and
efficacy (Vincent et al., 2015). In the case of meningococcemia,
rBPI21 pre-clinical trial has demonstrated some anti-bacterial
and anti-LPS effects. Encouraging results led to the initiation of a
phase IIT study in children with severe meningococcal sepsis
(Giroir et al., 2001). The study outcome showed a reduction in
complications with a shorter hospitalization also suggests the
possibility to treat with rBPI21 other patients, including CF. The
therapeutic applications of P. aeruginosa have been summarized
in a recent publication (Magrone et al., 2018). An alternative
therapeutic pathway for the use of AMPs has been envisaged by
indirectly promoting their expression through the use of natural
compounds. Several compounds have been identified as the use
of Apigenin to enhance the expression and activity of
B-3 defensin and cathelicidin in mice (Hou et al., 2013).
Similar effects have been observed with vitamin D on in vitro
studies to increase -2 defensins and LL-37 on keratinocytes
(Kim et al., 2009).

The use of natural or synthetic antibiotics can have a
significant influence on the emergence of new pathogens. It is
well established now that microbiota composition and dynamic
impact the host immunity, health, and diseases (Belkaid and
Hand, 2014). However, a new concept is now progressively
emerging, suggesting that the innate immune response of the
host can also modulate, at least in part via AMPs, the microbiota
composition. For example, recent studies reported the
involvement of sPLA2-ITA in the selection of species in

pathologies characterized by polymicrobial infections such as
CF. P. aeruginosa is known to progressively colonize CF airways
to become the dominant pathogen at later stages of CF. This
pathogen induces the production by CF airways of sSPLA2-IIA,
which in turn eradicate S. aureus, therefore helping in its gradual
elimination from CF airways and its substitution by P.
aeruginosa (Pernet et al., 2014). This effect is mostly due to the
intrinsic resistance of P. aeruginosa and high susceptibility of S.
aureus to SPLA2-IIA, respectively. Finally, it emerges that AMPs
represent valid substitutes of antibiotics when a condition of
antibiotic resistance is established.

Alternative Strategies

Anti-Proteases

CF “anti-protease therapies” can be separated into two separate
groups of drugs: some to increase anti-protease and some to
inhibit protease expression. CFTR is an essential apical GSH
transporter in the lung, and can indirectly participate in the
inflammatory process by reducing oxidative stress. Evidence
supporting the occurrence of oxidative stress in CF is
established and extensively described (Galli et al., 2012; Causer
et al., 2020). Some interesting works have demonstrated that
oxidative stress could suppress CFTR expression (Cantin et al.,
2006). Oxidative stress has a major role in the development of
lung pathology in CF children and will, in addition to having a
role in lung remodeling, have a role in the pulmonary microbiota
(Shi et al., 2019). A recent metanalysis has positively correlated
the expression of antioxidants with body mass index and lung
function in CF (Causer et al., 2020). The malabsorption of
nutrients with antioxidants properties in CF, participate in the
imbalance in favor of oxidative stress and disrupt redox
signaling, and, finally, molecular damages even if some data
appears to be conflicting (Shamseer et al., 2010; Siwamogsatham
et al,, 2014). Therefore, multiple studies have been carried out to
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check the anti-protease supplementation in CF (Galli et al,
2012). Some studies have focused on especially serine proteases
via two distinct administration routes: aerosolized and
intravenously (McKelvey et al., 2020). In CF, exocrine
pancreatic insufficiency and reduced bile acids induce critical
antioxidants malabsorption, including carotenoids (B-carotene),
tocopherols (vitamin E), coenzyme Q10, and selenium.
Supplementation of antioxidant micronutrients (vitamin E, C,
D, B-carotene, and selenium) may, therefore, potentially help
maintain an oxidant-antioxidant balance, and this aspect has
been extensively reviewed (Sagel et al., 2011; Ciofu et al., 2019).
In the same approach, LAU-7b, an oral drug, is a derived form
related to vitamin A. This compound can reduce the lung
inflammatory response of CF people. In parallel, a phase II
clinical study to test the effectiveness and safety of LAU-7b in
CF patients is underway (Lands and Stanojevic, 2016). LAU-7b,
also called, Fenretidine, work to increase docosahexaenoic acid
(DHA) and consequently CER concentration. Some authors
supported that the decrease of CER concentration contributes
to the persistent bacterial infection and the constitutive MAP
kinases and NFkB activation (Guilbault et al., 2008; Guilbault
et al., 2009).

Human o-1 antitrypsin (A1AT) is still the most studied drug
by far. Different clinical trials were already achieved. An inhaled
ol-proteinase inhibitor is known to reduce NE burden in some
patients with CF. A phase I in non-CF bronchiectasis and an ITa
clinical study with purified AIAT products given through
inhalation in CF subjects were just finalized and have
demonstrated safety and efficacy (Gaggar et al., 2016; Watz
et al,, 2019). In the conclusion of the second study, the daily
o-1 hydrophobic chromatography process delivered for three
weeks was safe, well-tolerated, and effective in raising the o1-PI
levels in the sputum of subjects with CF. However, the effects
were transient and difficult to predict due to the proteases’
variability in CF patients’ lungs. The administration by airway
routeway effectively increased the concentration of AI1AT in
sputum. The current study was not powered to assess changes in
FEV1 or biomarkers in sputum, and further clinical are needed.

In parallel, ATAT gene therapy is emerging. Some recent data
have demonstrated encouraging results in the inhibition of
miRNA, which targets the A1AT gene called SERPINA1 (Hunt
et al., 2020). This strategy aims to by-pass protein regulation
systems of the most abundant inhibitor of NE in the airways. It is
an alternative to the delivery of recombinant by using miRNA-
targeted therapies. It was found that dual miRNA and adeno-
associated viral (AAV)-based therapy engendered the long-term
knockdown of circulating Z-A1AT and could be a new strategy
in CF (Mueller et al., 2012). This approach was fully described in
a review published (Hunt et al., 2020). The other approach is to
directly activate SERPINA1 using gene therapy by using viral
vectors like retrovirus or adenovirus, but numerous side effects
have been observed (Gregory et al., 2011). Their use remains
challenging, especially in the CF field.

Another strategy proposed is to use serine protease inhibitors
such as secretory leukoprotease inhibitor (SLPI) which act locally

to maintain a protease/anti-protease balance, thereby preventing
protease-mediated tissue destruction. SLPI is a well-characterized
member of the trapping gene family of proteins and is produced
by respiratory tract epithelial cells and phagocytic neutrophils.
Different approaches have been proposed to increase the anti-
protease activity by nebulizing SLPI, but the efficacy is currently
being evaluated alone or in association with other strategies
(McElvaney et al., 1993; Quabius et al., 2017). Currently, novel
protease inhibitor drugs, which have promising interest in the CF
context, are in development (DX-890, AZD9668, POL6014,
Grifols T6006-201) in order to improve their resistance
against inactivation.

Promoting tissue repair represents another strategy by
focusing on the proteins involved. Matrix metalloproteinases
(MMP) are a group of distinct metalloendopeptidase enzymes
that regulate various inflammatory and repair processes. They
are either secreted or anchored to the cell surface, and therefore
their activity is directed against membrane proteins or
extracellular proteins, including inflammatory mediators. In
CF patients, different articles have demonstrated that MMP is
upregulated in the sputum of patients and is related to tissue
damage (Delacourt et al., 1995; Gaggar et al., 2011). Various pro-
inflammatory cytokines induce them at the transcription level.
They might include the activation of a diverse group of
intracellular signaling pathways (such as p38 MAPK or ERK 1/
2 MAPK), causing the activation of nuclear signaling factors like
AP1, NFxB, and STAT (signal transducer and activator of
transcription). Activation of MMP can be induced by proteases
or oxidants and are controlled by tissue inhibitor of
metalloproteases (TIMP). There have been increasing interests
in modulating MMP activity to enhance disease outcomes, and
different clinical studies are in progress with promising effects in
CF. A phase II study with Andecaliximab/GS-5745 in CF adults
is in progress and was tolerated in patients with ulcerative colitis
or Crohn’s disease, and could be an exciting approach to control
pulmonary degradation.

The approaches using protease inhibitors are very varied, and
many studies are still in progress. Although these therapies have
been shown to improve patients’ health outcomes, they can only
be considered in combination with other therapeutic targets.

Eicosanoids Pathway

Alterations in the metabolism of fatty acids present in membrane
lipids may have an essential role in the inflammatory CF
pulmonary disease. The arachidonic acid (AA): docosahexaenoic
acid (DHA) ratio in blood serum, pulmonary airways, and rectal
biopsies are increased in CF patients with either pancreatic
sufficiency or pancreatic insufficiency, as compared with healthy
control subjects (Freedman et al., 2004). AA is stored in cell
membranes and is released from membrane lipids by various
PLA2 proteins. Some interesting studies have highlighted the
implication of sPLA2 in the pathogenicity of CF mice showing
that reduced CFTR expression increased cytosolic PLA2c
(cPLA2a) activity. A review has summarized the state of the art
of fatty acid metabolism in CF (Strandvik, 2010). These effects
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improved mucus secretion and accumulation in airway epithelia
independent of CFTR chloride transport function (Medjane et al,,
2005; Dif et al., 2010). Therefore, cPLA20. has been proposed as an
appropriate new target for therapeutic intervention in CF (Dif
et al., 2010). Small lipid mediators were produced in the course
of inflammation resolution and generated varied responses,
which are cell types and tissue specific. A large number of these
molecules modulate inflammation processes and provide essential
functions in chemoattraction, aggregation, and degranulation of
inflammatory cells. They are also implicated in tissue and vascular
permeability, bronchoconstriction, and mucus production. Some
of the lipid mediators include lipoxins (LX), resolvins, protectins,
and maresins, which are generated by the activity of lipoxygenases
lipoxin A4 (LXA4).

Interestingly, inhibitors of the 12R-lipoxygenase have
demonstrated an essential role in mucin expression. The
inhibitors decreased MUC5AC mucin expression by the
inhibition of the ERK/SP1 dependent mechanism (Garcia-
Verdugo et al.,, 2012). LXA4 has been described as a significant
signal for the inflammation resolution and is generated at a low
level in the CF patients’ lungs. LXA4 and RvD1 activate a GPCR
termed ALX/FPR2.

This pro-resolving receptor is recognized by annexin Al, an
endogenous anti-inflammatory peptide. A recent article provides
evidence that the miR-181b, overexpressed in CF cells, may be
considered as a new strategy to decrease the anti-inflammatory
process in CF via the normalization of the expression receptor-
dependent LXA4 (Pierdomenico et al., 2017). The LXA4
inhalation consequences have been examined in a pilot study
of asthmatic and healthy adult subjects. The drug was well-
tolerated, and no harmful effect was observed (Christie et al.,
1992). Some impressive results were observed in the topical
treatment of infantile eczema (Wu et al., 2013). Together with
data showing beneficial actions of LXA4 in the CF context, these
results highlight additional studies to check whether the
upregulation of the lipidic mediators’ pathway can be
considered as an appropriate tactic to fight inflammation in CF
patients (Higgins et al., 2015).

Similarly, the LTB4 produced by resting BECs has been
proposed as a target. Inflammatory stimuli increase the
production of LTB4 and might also contribute to progressive
pulmonary destruction in CF. Bronchial epithelial LTB4 acts as a
potent chemoattractant for neutrophils via the cell surface
integrins upregulation. When these cells are activated and
present at the site of inflammation, they can also participate in
the secretion of LTB4. LTB4 synthesis includes lipid
peroxidation by 5-lipoxygenase, and produce numerous ROS,
and consequently, pro-inflammatory activation. A clinical trial
with Montelukast (BIIL 284), a leukotriene receptor agonist,
counting a small number of patients, has provided contentious
results in CF patients. This therapy has demonstrated a notable
decrease in serum eosinophil cationic protein levels and
eosinophils without any significant improvement in FEV1, and
FEF25-75%. Also, this strategy has shown a significant decrease
in cough, serum, and sputum levels of eosinophil cationic protein

and IL-8 chemokine. Moreover, an increase in serum and
sputum levels of IL-10 has been observed. The trial was
stopped early due to a significant increase in the risk of severe
pulmonary events in patients receiving the active drug (Schmitt-
Grohe and Zielen, 2005). A more recent drug, Acebilustat (CTX-
4430), has been evaluated in CF patients. This drug has shown
anti-inflammatory activity via the LTA4 hydrolase inhibition
and LTB4 modulation. In two-phase I clinical trials, Acebilustat
decreased the production of LTB4 and pro-inflammatory
cytokines in healthy volunteers and CF patients, and in phase
II, optimal dose and duration were identified for future studies
(Elborn et al., 2017; Elborn et al., 2018).

Cannabinoid-Derived Drug

Ajulemic acid (JBT-101, Lenabasum) is a cannabinoid-derived
molecule that preferably binds to the active CB2 receptor and is
non-psychoactive. In some pre-clinical trials done on human
lung cells obtained from CF patients, it was shown that
Lenabasum stopped the production of both TNF-o and
IL-6, two crucial pro-inflammatory cytokines that trigger
inflammation. In phase I and II clinical trials, this drug
demonstrated favorable safety and tolerability. Recently, a
group has also shown significant efficacy in mice models of
inflammation and fibrosis (Burstein, 2018). Therefore, phase II
was initiated. It will be used to test safety, tolerability,
pharmacokinetics, and efficacy of JBT-101 in 70 subjects > 18
and < 65 years of age with documented CF. Treatment of CF
patients with Lenabasum twice daily has been able to decrease
the number of acute lung exacerbations as well as a reduction of
inflammatory cells and mediators present in the sputum. A new
clinical trial is undergoing and seeks to enroll more than 400 CF
patients over numerous clinical sites.

Mucus Therapies

In the lungs, the abnormal production of mucus has been
assumed to participate actively in the early CF pathogenesis
(Ehre et al., 2014). For many years, researchers and clinicians
have been trying to understand the origin of mucus
abnormalities and found mucoactive drugs molecules to
control CF bronchial obstruction. Mucoactive drugs are
regularly used as a therapeutic option and are defined by their
activity as mucolytics, expectorants, and cough facilitating drug.
The expectorants, such as hypertonic solution (HSS), increase
the ASL layer and decrease mucus adhesiveness. Mucolytics,
such as both N-acetylcysteine (NAC) and recombinant human
DNase (thDNase), reduce sputum viscosity. Medications such as
inhaled mannitol, rhDNase (Dornase), and hypertonic HSS have
proven efficacy in CF and indirectly reduced inflammation in
airways of CF patients (Tarrant et al., 2017). The low volume
hypothesis would estimate that approaches increasing the ASL
height will increase mucociliary clearance, and consequently
reduce lung infection. In order to increase the ASL height and
fluidity, an HSS (3 to 7% NaCl) has been proposed to treat CFTR
deficiency for better mucociliary clearance. Recently, Wark &
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McDonald have performed a meta-analysis of 17 different
clinical trials of HSS and concluded that, after four weeks, a
small enhancement in the lung function was observed but was
not sustained at 48 weeks. HSS might also have a little impact on
improving life quality in adults (Wark and McDonald, 2018).
New clinical trials are in progress in order to establish who may
benefit most and whether this benefit is sustained in the longer
term (https://www.cff.org/Trials/Finder).

In the same manner, a meta-analysis was performed with
mannitol, which is a naturally occurring sugar alcohol. When
inhaled mannitol creates a change in the osmotic gradient. It
leads to water movement into the CF airway hydrating the ASL,
and enhancing mucociliary clearance. In the different studies,
there was no evidence showing that the mannitol treatment for
over six months is related to an enhancement of lung function in
CF patients compared to control (Nevitt et al., 2018). Recently,
different groups have observed expression, biochemical and
biophysical alterations of the mucous present in the airways of
CF patients (Rhim et al., 2001). More, they observed that
abnormal glycosylation of the airway mucins is associated with
bacterial infection and inflammation. The effects of altered host
mucin glycosylation affect P. aeruginosa adhesion and so
pathogenicity. A review from Ventalakrishan et al. has
extensively described this feature (Venkatakrishnan et al,
2013). Different therapeutic approaches have been proposed to
correct this observation by using, for example, mannose-biding
lectin, which recognizes bacterial glycoconjugates and
participates in an effective defense against pathogens (Moller-
Kristensen et al., 2006).

Another strategy used in CF is to disrupt the high DNA
content present in the airway mucus of CF patients. DNA is a
polyanion compound responsible for the viscosity and
adhesiveness of the pulmonary secretions. DNA release and
accumulation in ASL occur as a result of tissue destruction
caused by inflammatory cells on bacteria and epithelial cells.
The strategy is to use a recombinant human deoxyribonuclease I
(rhDNase), an enzyme that selectively cleaves DNA, hence
decreasing mucus viscosity (Puchelle et al, 1995). Nebulized
rhDNase hydrolyzes extracellular DNA within the mucus and
transforms it from an adhesive gel into a liquid form of fluid
through dilution within minutes. In contrast to mannitol or HSS,
rhDNase has shown some significant effects on the improvement
of lung function of CF patients and is considered as an
effective treatment for the liquefaction of viscous mucus in CF.
However, individual responses are unpredictable (Yang and
Montgomery, 2018).

The only approved reducing agent for human use is N-
acetylcysteine (NAC), a well-known antioxidant GSH drug.
This drug ameliorates the redox imbalance in neutrophils
present in the blood and inhibits their recruitment in the
airways of CF patients (Tirouvanziam et al, 2006). NAC is
also used in CF as an aerosolized mucus solution to break
down disulfide bonds between mucin proteins in order to
fluidify mucus (Duijvestijn and Brand, 1999). Some evidence
demonstrated that NAC has excellent anti-bacterial properties,
the capacity to intervene with biofilm formation and, to disturb

the adherence of respiratory pathogens to respiratory epithelial
cells (Blasi et al., 2016). In CF patients, NAC has been proven to
be safe at large doses with negligible interaction with other drugs.
NAC was investigated in CF despite its partial effectiveness as an
inhaled mucolytic agent because the extremely oxidizing CF
airway environment consumes aerosolized antioxidants quickly
(Tirouvanziam et al., 2006; Cantin et al., 2007). Finally, inhaled
NAC is being used as a mucolytic drug in CF for several decades,
although the positive results remain limited. Newer agents
targeting other components of CF mucus are currently in
development or clinical trials (NAC 40630) and exhibit an
exciting effect on mucus (Blasi et al., 2016).

Another original approach is undergoing with OligoG CF-5/
20. OligoG is an alginate oligosaccharide derived from natural
seaweed. It is administrated using a dry powder inhaler and also
developed as a liquid to use with a nebulizer. Studies have shown
that this dry power drug is capable of reducing the mucus
thickness in the lungs. In addition, this drug enhances the
efficiency of antibiotics and may facilitate mucus clearance in
CF patients. The drug could detach CF mucus by calcium
chelation (Ermund et al., 2017). Initiated in 2018, phase II
includes more than 120 patients from European and
Australian sites. It aims to determine the optimal dose of
OligoG and to describe long-term safety and efficacy, with
FEV1 as a primary endpoint.

Recently, numerous articles have been published to describe
new regulation mechanisms of the different proteins present in
the mucus and especially on mucins expressed in the airways.
The epigenetic regulation role of MUC5AC and MUC5B, the
main mucins expressed in the airways, has been thoroughly
researched in COPD and have highlighted the implication of
methylation and miRNA. Different specific therapies are in
progress to modulate the miRNA, and new treatment ways are
in progress in CF (Bardin et al., 2018b).

CONCLUSION

Although current anti-inflammatory drugs (corticosteroids and
Ibuprofen) in CF patients have shown little effectiveness, the
creation and improvement of new anti-inflammatory drugs for
CF lungs has been overlooked for a long time. In the last decade,
most of the research fields in CF therapy, have focused mainly on
the discovery of new CFTR activators. Despite this, basic
researches that are now in the evaluation phase have shown
that new approaches could be very promising in resolving
efficiently the CF lungs’ ongoing inflammatory vicious cycle.
However, treatment complexity is challenging. Currently
available treatments offered to CF patients certainly help
reduce inflammation, but in indirect and non-specific
pathways, by targeting the viscosity of the mucus, reducing
infection, or activating Cl” efflux. As the traditional approaches
have shown their limitations, it seems essential to us that original
work should continue in order to identify innovative approaches
that would be more specific. The identification of critical
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druggable molecular targets to decrease inflammation is still an
unsatisfied demand that needs numerous additional researches.
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Despite the high expectations associated with the recent introduction of CFTR
modulators, airway inflammation still remains a relevant clinical issue in cystic fibrosis
(CF). The classical anti-inflammatory drugs have shown very limited efficacy, when not
being harmful, raising the question of whether alternative approaches should be
undertaken. Thus, a better knowledge of the mechanisms underlying the aberrant
inflammation observed in CF is pivotal to develop more efficacious pharmacology. In
this respect, the observation that endogenous proresolving pathways are defective in CF
and that proresolving mediators, physiologically generated during an acute inflammatory
reaction, do not completely suppress inflammation, but promote resolution, tissue healing
and microbial clearance, without compromising immune host defense mechanisms,
opens interesting therapeutic scenarios for CF. In this mini-review, we present the
current knowledge and perspectives of proresolving pharmacology in CF, focusing on
the specialized proresolving lipid mediators and selected peptides.

Keywords: inflammation resolution, specialized proresolving lipid mediators, ALX/FPR2 receptor, melanocortin
system, melanocortin receptor (MCR), CFTR modulator therapy

INTRODUCTION

Pulmonary inflammation and infection, leading to lung failure, represent the main cause of
morbidity and mortality in individuals with cystic fibrosis (CF) (Cantin et al., 2015).
Accumulating evidence indicates that loss-of-function of the Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR) is per se associated with a proinflammatory phenotype, even in
the absence of infection (Khan et al., 1995). This is consistent with the observation that CFTR
dysfunction primarily affects cells of the immune response including platelets, leukocytes and
vascular endothelial cells (Painter et al., 2006; Mattoscio et al., 2010; Del Porto et al., 2011; Sorio
etal., 2011; Plebani et al., 2017; Totani et al., 2017), making the pathogenesis of inflammation in CF
quite complex. This may represent one of the reasons why the current anti-inflammatory
pharmacology is of limited benefit to patients with CF.

With the advent of CFTR modulators, the CF therapeutic landscape has considerably changed.
New highly effective modulator therapy combining one potentiator (ivacaftor) with two correctors
(elexacaftor and tezacaftor) was recently tested in subjects carrying the F508del/F508del mutation,
which causes the premature degradation of CFTR. Results from two randomized short-term trials are
encouraging (Heijerman et al., 2019; Middleton et al., 2019), although the long-term impact of this
treatment remains to be determined. Main question is whether modulators can significantly reduce
the bacterial burden and ameliorate chronic inflammation. A partial answer to this question may be
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provided by a subsequent study of the GOAL trial, showing a
downward trend in the relative abundance of P. aeruginosa and S.
aureus in the airways of study participants treated with ivacaftor,
but no changes in interleukin (IL)-6, -8, -1B, and free elastase in
sputum (Rowe et al., 2014; Heltshe et al,, 2015). Moreover,
bacterial load in sputum of subjects treated with ivacaftor was
reported to decline during the Ist year of treatment but started to
increase afterwards (Hisert et al., 2017), suggesting that
inflammation will eventually revamp as infection rebounds.
Thus, it is still unclear whether CFTR modulators may
downtone the inflammatory response sufficiently to prevent or
slowdown the progression of lung deterioration. Consequently,
therapies targeting inflammation continue to represent an
important component of CF treatment.

Until recently, much of the research on CF airway phlogosis has
been focused on the activation phase of the inflammatory response
and has looked like a “boulevard of broken dreams” (Cantin et al.,
2015). High dose ibuprofen is to date the only treatment of some
efficacy to control CF inflammation and its short- and long-term
beneficial effects have been confirmed by several studies (Konstan
et al., 1995; Konstan et al., 2003; Konstan et al., 2018). However,
ibuprofen can carry relevant side effects that limit its use for long
periods in a large number of patients.

To avoid wrong assumptions and deleterious decisions, the
quest for better drugs to combat CF inflammation should be
grounded on an adequate knowledge of its pathogenetic
mechanisms. In this respect, the experience with the leukotriene
(LT)B, receptor antagonist BIIL 284 gives a cautionary tale. Based
on the strong evidence for the role of LTB, in driving PMN lung
infiltration and activation, a phase IIb/III clinical trial enrolling 600
adults and children with CF was conducted. Unfortunately, the trial
had to be prematurely interrupted because of severe adverse effects
in adults, including increase in pulmonary exacerbations (Konstan
etal., 2014). A take-home message from this experience is that in
developing anti-inflammatory agents for CF, we should keep in
mind the characteristics of this disease, where an adequate anti-
microbial immune response should be preserved. Therefore, an
alternative, perhaps more rational, approach might be to enhance
the body’s own mechanism to resolve inflammation.

SPECIALIZED PRORESOLVING
LIPID MEDIATORS

Pioneering work by Serhan and coworkers demonstrated that
resolution of inflammation is an active process regulated by specific
mediators, including a class of small lipid molecules termed
specialized proresolving lipid mediators (SPM). SPM stop excessive
PMN infiltration and activation, counter proinflammatory signals,
enhance the active clearance of pathogens and dead cells by M®, are
organ protective and stimulate tissue regeneration, thus accelerating
the resolution of inflammation and restitutio ad integrum (reviewed
by Serhan and Levy, 2018). SPM are biosynthesized from essential
polyunsaturated fatty acids (PUFA) such as arachidonic acid (AA),
eicosapentaenoic (EPA), docosapentaenoic (DPA) or

docosahexaenoic acid (DHA). The SPM genus includes: lipoxins
(LX) from AA, E-series resolvins (RVE) from EPA, D-series Ry,
protectins (PD), and maresins (MaR) from DHA and their
congenerous SPM from DPA (Recchiuti et al, 2019). Recently,
SPM derived by the conjugation of epoxy-DHA to glutathione
(GSH) have been uncovered and denominated “SPM conjugated in
tissue regeneration” (Dalli et al., 2015).

The rationale for the use of SPM to control CF inflammation
originates by studies showing that inflammation resolution is
defective in CF, contributing to the development of lung disease.
Karp et al. found reduced concentrations of LXA, in BAL of CF
children (Karp et al., 2004); our group demonstrated that CFTR
loss-of-function dampens LX production during PLT:PMN
interactions by a mechanism involving platelet 12-lipoxygenase
(LO) dysfunction (Mattoscio et al., 2010). Defective LX-
biosynthesis in CF was also recently reported (Ringholz et al.,
2014). Along these lines, the RvDI:IL-8 ratio is diminished in
sputum collected from individuals with CF compared to matched
subjects without CF (Eickmeier et al., 2017; Isopi et al., 2020). In
addition, we demonstrated that expression of ALX/FPR2, a receptor
shared by LXA, and RvD1, is significantly lower in F508del/F508del
bronchial cells and CF M® (Pierdomenico et al., 2017).
Remarkably, the reduced ALX/FPR2 expression blunts
antimicrobial and proresolution responses of normal and CF cells
to LXA, and RvD1 (Pierdomenico et al., 2015; Pierdomenico
etal., 2017).

Observation of defective SPM biosynthesis and downstream
pathways in patients with CF provides the framework for innovative
drugs that stimulate the generation of proresolving mediators in CF.
Acebilustat (CTX-4430) is an oral inhibitor of LTA, hydrolase that
turns off LTB, biosynthesis and increases LX formation. Results
from phase I and II clinical trials with volunteers with mild to
moderate CF, show that acebilustat significantly reduces sputum
PMN number and neutrophil elastase levels in study participants
(Elborn et al,, 2017). A larger phase II trial has been conducted to
identify the optimal patient population, dose, duration and
endpoints for future acebilustat trials aimed at defining its efficacy
in patients with CF (Elborn et al., 2018).

Lenabasum (JBT-101) is an oral agonist of leukocyte cannabinoid
CB2 receptor that resolves experimental inflammation in mice by
triggering LXA, biosynthesis (Zurier et al.,, 2009). A phase ITa clinical
trial of lenabasum has been recently completed in CF (Chmiel et al.,
2017). Volunteers in the lenabasum arm had significant lower
concentrations in sputum IL-8 and a downward trend in sputum
neutrophil, elastase, and IgG, as well as in the risk of pulmonary
exacerbation compared to volunteers in the no lenabasum arm. A
multicenter phase IIb trial is underway (NCT03451045). In a recent
study, lenabasum significantly reduced the number of PMN in
exudate and level of proinflammatory prostanoids and increased
the biosynthesis of RvD1 and LXA  in human volunteers undergoing
UV-Kkilled E. coli skin injection (Motwani et al., 2018a).

SPM carry potent biological proresolving biactions. We
reported that in wild type and Cftr knockout mice undergoing
chronic P. aeruginosa infection, RvD1 reduces PMN influx
shortening the time required to resolve inflammation, dampens

Frontiers in Pharmacology | www.frontiersin.org

92

July 2020 | Volume 11 | Article 1129


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

Recchiuti et al.

Inflammation Resolution in Cystic Fibrosis

bacterial load, and improves survival, weight recovery, and lung
histopathology (Codagnone et al., 2018; Isopi et al., 2020). RvD1
also diminishes several cytokines and chemokines that are
increased in CF airways including IL-8, IL-1f, and IL-17 and
has additive effects when co-administered with ciprofloxacin at
sub-optimal doses (Codagnone et al., 2018). Moreover, RvD1
enhances phagocytic clearance of P. aeruginosa in vivo and in
vitro by human blood-derived and sputum M® and PMN from
volunteers with CF (Isopi et al., 2020). In a mouse model of P.
aeruginosa infection, Karp and coworkers also demonstrated that
a LXA, stable analog reduces PMN recruitment and bacterial
titer (Karp et al., 2004), while other studies have shown that SPM
reduces polymicrobial sepsis (Spite et al,, 2009), peritonitis
(Chiang et al., 2012), and pneumonia by viral and bacterial co-
infection (Wang et al., 2017), indicating that counter-regulation
of excessive inflammation and activation of host defense against
pathogens are pivotal SPM bioactions.

Many of the actions exerted by SPM to limit inflammation
and infection, such as the enhancement of bacterial phagocytosis
by leukocytes (Chiang et al., 2012; Colas et al., 2014; Colas et al.,
2016; Pierdomenico et al., 2017; Codagnone et al., 2018) and the
ability to skew M® from a proinflammatory to a proresolutive
phenotype (Dalli and Serhan, 2012; Recchiuti et al., 2014; Pistorius
etal, 2018; Matte et al., 2019), were also recapitulated with isolated
human cells. We recently demonstrated that RvD1 treatment of
M® from volunteers with CF infected in vitro results in a broad
modification of the transcriptomic fingerprint. In fact, RvD1
downregulated genes associated with inflammation, NF-xB
activation, and leukocyte infiltration such as chemokines (CCLS5,
IL-8 and CXCL1), surface molecules (CD14, CD40, CD80, CCR5),
PGE; receptors (PTEGR) 2 and 4), and the 5-LO activating protein,
which controls LTB, synthesis and M® activation. On the contrary,
RvD1 upregulated genes that enhance M® phagocytosis and reduce
the inflammatory response, like CD93, IL10 receptor o (ILI0ORA),
CD93, and the Wnt family member 1 and 7B (WNT1/7B) (Isopi
et al.,, 2020).

SPM also act on airway epithelial cells regulating mucociliary
clearance. LXA, and RvD1 activate CFTR-independent Cl” efflux
and inhibit Na" reabsorption, thus restoring the airway surface
hydration (ASL) in CF bronchial epithelia (Verriere et al., 2012;
Al-Alawi et al., 2014; Higgins et al., 2016; Ringholz et al., 2018).
In airway epithelia exposed to bacterial infection in vitro, LXA,
and RvD1 also protect from cell injury, strengthen tight
junctions and reduce IL-8 production (Grumbach et al., 2009;
Higgins et al, 2016; Ringholz et al,, 2018). In primary CF
bronchial epithelial cells from F508del/F508del patients
infected in vitro with P. aeruginosa, RvD1 upregulates the
expression of genes that promote cell survival, such as tumor
protein 63 (TP63), opioid receptor u 1 (OPRM1), and aurora
kinase B (AURKB), while it diminishes inflammatory genes, like
CCL5 (Isopi et al., 2020).

SPM regulate inflammatory responses in the vasculature. LXA,
and B, counter PMN chemotaxis triggered by LTB, (Papayianni
etal., 1996). RvD1 reduces PMN-EC interactions and transmigration
(Sun et al, 2007; Norling et al, 2012) and diminishes vascular

permeability induced by IL-1f and edema formation in vivo
(Codagnone et al,, 2018); LXA, and RvD2 stimulate nitric oxide
release that limits PMN adhesion to EC (Paul-Clark et al., 2004; Spite
et al.,, 2009). Further, RvD4 modulates the formation of neutrophil
extracellular traps that contribute to thrombosis and lung injury
(Cherpokova et al,, 2019), whereas RvE1 controls PLT/leukocyte
interaction (Dona et al., 2008) and PLT aggregation (Fredman et al,,
2010), which are dysregulated in people with CF and play significant
pathogenetic roles in CF lung disease (Mattoscio et al., 2010; Ortiz-
Muioz et al., 2020).

Several clinical trials have demonstrated efficacy and safety of
SPM in humans. In infants with eczema, a LXA , stable analog was as
potent as steroid treatment in reducing disease severity, eczema area
and clinical scores (Wu et al., 2013). LXA, proved superior efficacy
to corticosteroids in improving lung function of asthmatic children
(Kong et al., 2017). More recently, SPM stopped neutrophil
infiltration in skin blisters raised in volunteers injected with UV-
killed E. coli (Motwani et al., 2018Db).

SPM act at multiple levels on cells and mechanisms involved
in the pathophysiology of CF airway inflammation and activated
resolution of inflammation and infection in preclinical and
clinical studies, thus providing evidence for resolution
pharmacology based on SPM in CF.

OTHER PRORESOLVING AGENTS
POTENTIALLY RELEVANT FOR CF

Annexin A1
Annexin Al (ANXAL) is a calcium and phospholipid binding
protein, induced by glucocorticoids that inhibits phospholipase
A2 (Flower and Blackwell, 1979). ANXA1 is detectable in
biological fluids and is widely expressed in both circulating
(particularly PMN and monocytes) and resident (epithelial,
endothelial and mesangial cells, fibroblasts and synoviocytes)
cells from where it is released upon activation (reviewed by
Sheikh and Solito, 2018). It promotes resolution by activating the
ALX/FPR2 receptor (Perretti et al., 2002), shared with LXA, and
RvD1, placing this receptor at the crossroad of multiple
proresolving pathways that can be altered in CF, where ALX/
FPR2 expression is downregulated (Pierdomenico et al., 2017).

ANXAT1 controls key proresolving mechanisms. It, in fact, limits
PMN recruitment, while stimulating PMN apoptosis and clearance
(reviewed by Sugimoto et al, 2016). It promotes M1 to M2
macrophage skewing (McArthur et al, 2020) and efferocytosis
(Scannell et al., 2007). ANXA1 also downregulates
proinflammatory cytokines and iNOS activity, while upregulating
IL-10 expression (Ferlazzo et al., 2003). It stimulates tissue repair
and reduces pulmonary fibrosis (Damazo et al.,, 2011). ANXA1
regulates platelet function in human and murine stroke, driving
inflammation resolution (Senchenkova et al., 2019). This may be
relevant in CF where platelet dysfunction drives lung
hyperinflammation (Ortiz-Munoz et al., 2020).

ANXAL involvement in CF is documented by a number of
reports. Downregulation of ANXA1 was observed in nasal
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epithelial cells from individuals with CF, as well as in lung and
pancreas of cftr /" mice (Bensalem et al, 2005). Moreover,
degradation of ANXA1 in bronchoalveolar lavage fluids from
subjects with CF has been reported (Tsao et al., 1998). Consistent
with these findings, administration of the selective CFTR
inhibitor CFTRinh-172 to mice exacerbated zymosan-induced
acute peritonitis, which was corrected by the administration of
ANXAL1 or its peptido mimetic (Dalli et al., 2010). More recently,
the downregulation of ANXA1 was observed in injured tendon
of F508del, thereby contributing to sustain inflammation (Liu
et al., 2018). Therefore, targeting ANXA1 defects or supplying
ANXAL1 or its active peptide derivatives may be relevant to
control CF inflammation.

The Melanocortin System
The melanocortin system encompasses four peptide hormones,
ACTH, o-MSH, B-MSH and y-MSH, derived from post-
translational processing of the precursor proopiomelanocortin
(POMC), and two endogenous antagonists, agouti-related
peptide (AgRP) and agouti signaling protein (ASIP) (Catania
et al., 2004). ACTH is the best known melanocortin, because of
its role in the hypothalamus-pituitary-adrenal axis and anti-
inflammatory actions (Cone, 2006; Montero-Melendez, 2015).
Melanocortins activate five, high homologous, seven-
transmembrane domains G protein-coupled receptors (MCR 1 to
5), some of which exert regulatory functions on the immune-
inflammatory response (Patel et al., 2011). For instance, MCR1 is
expressed by immune cells (monocytes, lymphocytes, neutrophils)
(Brzoska et al., 2008) and carries anti-inflammatory and
proresolution actions in ischemia-reperfusion (Leoni et al., 2008).
MCR?2 is activated only by ACTH and controls the synthesis of
cortisol in the adrenal cortex (Xing et al., 2010), whereas MC3R has
a relevant role in controlling lung inflammation (Getting

et al,, 2008) and ischemia-reperfusion (Leoni et al., 2008). MC5R
is expressed also in immune cells and its activation is beneficial in
immune disorders (Xu et al., 2020). Recently, we examined the
proresolving signalling of MC1,3,4,5 receptors in human
macrophages exposed to aMSH and some synthetic derivatives.
ERK1/2 phosphorylation at any receptor was predominant to
trigger efferocytosis and MCIR was the most relevant to
downregulate cytokine release (Patruno et al., 2018).

The anti-inflammatory properties of the melanocortin system
have been long known (reviewed by Wang et al., 2019). It is now
recognized that ACTH exert proresolving actions, i.e. stimulation of
efferocytosis, decrease in cytokine and chemokine accumulation,
and increase in production of anti-inflammatory mediators, also
independently by the hypothalamus-pituitary-adrenal circuit by
targeting melanocortin receptors expressed by immune cells
(Montero-Melendez, 2015). Moreover, similarly to SPM and
ANXA1, melanocortins suppress the release of proinflammatory
cytokines (Bohm et al,, 1999; Patruno et al., 2018), inhibit PMN
chemotaxis (Catania et al., 1996) and the NFkB pathway (Manna
and Aggarwal, 1998). Melanocortins also inhibit the production of
PGE, (Nicolaou et al., 2004) and nitric oxide (Star et al., 1995),
induce fibroblast senescence (Montero-Melendez et al., 2020) and
reverse pulmonary fibrosis (Xu et al., 2011).

The melanocortin system exerts relevant protective action in
the respiratory district (Moscowitz et al., 2019). a-MSH
downregulates the MUC5AC-TNFo.-NFkB pathway in nasal
epithelial cells (Lee et al., 2011) and diminishes BAL infiltrate
in allergic lung inflammation (Raap et al., 2003). Similar to SPM
and ANXALI, it limits acute lung injury (Deng et al., 2004;
Colombo et al., 2007).

Despite the promising outlook of the melanocortin system as
endogenous machinery that, similarly to SPM, promotes
inflammation resolution little is known regarding this system in
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CEF. In a study of genome-wide association and linkage, Wright and
co-workers reported that mutations in the MCR3 are associated
with the severity CF lung disease (Wright et al., 2011), suggesting
that MCR3 acts as a modifier gene in CF. A reasonable, yet to be
tested, hypothesis could be that dysfunctions in the melanocortin
system may contribute to sustain inflammation in CF and that
pharmacological modulation of this system may downtone CF
inflammation. Data from our laboratory seem to be in line with
this hypothesis. We recently evaluated MCR expression and
bioactions of a:-MSH and a synthetic selective MCIR agonist, on
macrophages and PMN from volunteers with CF. We consistently
observed that these molecules exert anti-inflammatory (inhibition
of cytokine release) and proresolving (stimulation of efferocytosis
and PMN apoptosis) activities in addition to promoting microbial
clearance (Patruno et al., 2019). Although preliminary, these results
indicate that the melanocortin system may represent a promising
field of investigation within the context of CF.

Figure 1 shows the overlapping functions of SPM and
proresolving peptides that are relevant in the pathogenesis of
CF inflammation.

CONCLUSION

The modest efficacy of the current anti-inflammatory
pharmacology for CF lung disease reflects our incomplete
knowledge of the mechanisms underlying the development of the
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Background: CFTR modulators decrease some etiologies of CF airway inflammation;
however, data indicate that non-resolving airway infection and inflammation persist in
individuals with CF and chronic bacterial infections. Thus, identification of therapies that
diminish airway inflammation without allowing unrestrained bacterial growth remains a
critical research goal. Novel strategies for combatting deleterious airway inflammation in
the CFTR modulator era require better understanding of cellular contributions to chronic
CF airway disease, and how inflammatory cells change after initiation of CFTR modulator
therapy. Peripheral blood monocytes, which traffic to the CF airway, can develop both
pro-inflammatory and inflammation-resolving phenotypes, represent intriguing cellular
targets for focused therapies. This therapeutic approach, however, requires a more
detailed knowledge of CF monocyte cellular programming and phenotypes.

Material and Methods: In order to characterize the inflammatory phenotype of CF
monocytes, and how these cells change after initiation of CFTR modulator therapy, we
studied adults (n=10) with CF, chronic airway infections, and the CFTR-R117H mutations
before and 7 days after initiation of ivacaftor. Transcriptomes of freshly isolated blood
monocytes were interrogated by RNA-sequencing (RNA-seq) followed by pathway-based
analyses. Plasma concentrations of cytokines and chemokines were evaluated by
multiplex ELISA.

Results: RNAseq identified approximately 50 monocyte genes for which basal
expression was significantly changed in all 10 subjects after 7 days of ivacaftor. Of
these, the majority were increased in expression post ivacaftor, including many genes
traditionally associated with enhanced inflammation and immune responses. Pathway
analyses confirmed that transcriptional programs were overwhelmingly up-regulated in
monocytes after 7 days of ivacaftor, including biological modules associated with
immunity, cell cycle, oxidative phosphorylation, and the unfolded protein response.
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lvacaftor Changes CF Monocyte Transcriptomes

Ivacaftor increased plasma concentrations of CXCL2, a neutrophil chemokine secreted by
monocytes and macrophages, and CCL2, a monocyte chemokine.

Conclusions: Our results demonstrate that ivacaftor causes acute changes in blood
monocyte transcriptional profiles and plasma chemokines, and suggest that increased
monocyte inflammatory signals and changes in myeloid cell trafficking may contribute to
changes in airway inflammation in people taking CFTR modulators. To our knowledge, this
is the first report investigating the transcriptomic response of circulating blood monocytes
in CF subjects treated with a CFTR modulator.

Keywords: cystic fibrosis, monocytes, ivacaftor, inflammation, transcriptome

INTRODUCTION

Although chronic airways diseases are a leading cause of
morbidity and mortality in the world, therapies that dampen
airway inflammation without inducing broad systemic
immunosuppression or exerting clinically significant side
effects are still lacking for many of these diseases. In cystic
fibrosis (CF), a disease of chronic airway infection and chronic
inflammation, NSAIDs and steroids improve lung function and
decrease symptoms (Cheng et al., 2013); however, adverse side
effects limit their use (Mogayzel, Jr. et al., 2013; Cantin et al.,
2015). Development of effective inflammation-dampening
therapies for people with CF is further complicated by the fact
that some components of the immune response are necessary for
controlling airway infections, while others may only enhance
tissue damage (Doring et al., 2014; Konstan et al., 2014), thus
therapies ideally would target specific arms of the inflammatory
response (Lin and Kazmierczak, 2017). However, the
contributions of specific cell populations and inflammatory
mediators to persistence of non-resolving inflammation remain
incompletely understood in CF, like in many chronic lung
diseases, largely due to a lack of animal models that
recapitulate chronic airway inflammation,

Research in human subjects indicates that peripheral blood
monocytes participate in inflammation in many chronic diseases
by trafficking to sites of damage and infection where they develop
into macrophages (Byers and Holtzman, 2011; Dewhurst et al.,
2017; Kapellos et al., 2019). Because macrophages are long-lived
cells that can initiate, modulate, and resolve inflammation
(Johnston et al., 2012; Wynn and Vannella, 2016; Puttur et al.,
2019), pharmacologic manipulation of monocytes and
macrophages to shift these cells toward disease-resolving
phenotypes has been suggested as a therapeutic strategy in a
number of chronic inflammatory diseases including pulmonary
fibrosis and cardiac disease (Cheng and Rong, 2018; Liu et al,
2019). In CF, neutrophils and macrophages make up the
majority of cells in the airway lumen (Henig et al., 2001; Hisert
et al,, 2019), and many CF airway macrophages appear to be
derived from blood monocytes (Wright et al., 2009; Garratt et al.,
2012), thus medications that target peripheral blood monocytes
could be an effective anti-inflammatory strategy in CF as well.

Cell-focused therapies require knowledge of both how the cell
population participates in disease pathophysiology as well as how

the disease state alters immune cell programming and function.
Multiple studies have shown that CF monocytes and
macrophages mount aberrant immune responses (Bruscia and
Bonfield, 2016). Monocytes from people with CF demonstrate
tolerance to LPS (del Fresno et al., 2008) and impaired adhesion
and trafficking (Sorio et al., 2015) compared to cells from healthy
donors, and some monocyte defects seen in CF can be induced in
healthy donor cells by exposure to CF plasma (Zhang et al.,
2019). In contrast, studies using cells from CFTR deficient
animals (that have not developed chronic lung infections and
inflammation) and human CF macrophages cultured in vitro
indicate that lack of CFTR activity causes macrophages to mount
overly robust inflammatory responses (Bruscia et al., 2009;
Bonfield et al., 2012). Thus, monocytes that migrate to the CF
airway and become macrophages could have abnormal immune
responses for at least two distinct, but intertwined, reasons: a
direct effect of lack of sufficient CFTR activity, and the secondary
effects of exposure to plasma containing products of non-
resolving infection and chronic disease. Understanding the in
vivo phenotypes of CF monocytes and macrophages is an
essential first step towards devising methods to manipulate the
cellular programs of these key regulatory cells to help dampen or
resolve inflammation.

As we enter the era of highly effective CFTR modulator
therapy, drivers of inflammation in CF will change for patients
receiving these medications. Inflammation resulting directly
from a lack of CFTR activity will become less pronounced, if
not eliminated, by CFTR modulators (Sorio et al., 2015; Barnaby
et al., 2018; Rosen et al., 2018). However, studies indicate that
chronic airway infection and inflammation, particularly in
subjects with advanced lung disease, will continue to cause
symptoms and progressive lung damage (Rowe et al., 2014;
Heltshe et al., 2015; Hisert et al., 2017). Based on prior studies
of CF monocytes and macrophages exposed ex vivo to CFTR
modulators, restoration of CFTR activity could either enhance or
dampen cellular responses (Barnaby et al., 2018; Zhang et al,,
2018). In order to characterize the inflammatory phenotype of in
vivo blood monocytes in people with CF, and to determine how
cellular phenotypes change in response to CFTR modulator
therapy, we have used unbiased “omics” methods to identify
changes in freshly isolated peripheral blood monocytes following
initiation of ivacaftor in people with susceptible CFTR mutations.
Previously we identified changes in the monocyte plasma-
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membrane associated proteome in subjects with CFTR-G551D
mutations that suggested that CFTR modulator therapy causes a
decrease in monocyte IFNYy responses (Hisert et al., 2016), a
hypothesis that we have since confirmed (Hisert et al., 2020).
Here we describe how restoration of CFTR activity by ivacaftor
acutely changes the peripheral blood monocyte transcriptome
and plasma chemokines in a cohort of adults with CF and the
CFTR mutation R117H.

MATERIALS AND METHODS

Patient Cohort and Study Design

Ten patients (6 male and 4 female) from the Adult Cystic
Fibrosis Clinic at St. Vincent’s University Hospital in Dublin,
Ireland were enrolled in this study. Human subject recruitment
was approved by the Research Ethics Committee, and all study
participants provided written informed consent. Subjects were
excluded if they had participated in the VX-770 (ivacaftor)
Extended Access Program or had used ivacaftor within 6

months prior to the day 0 visit, or if they had required
treatment with oral, inhaled or IV antibiotics within the 2
weeks prior to the day 0 visit. Subjects were,thus, considered at
their clinical baseline at the day 0 visit. Subjects were allowed to
continue other standard CF therapies. The day 0 visit for all
subjects occurred during a two-week period in fall of 2016, and
all subjects were started on ivacaftor treatment during the same
week. At each study visit subjects provided sputum and blood
specimens and underwent assessment of vital signs, weight,
sweat chloride, and spirometry. Ivacaftor treatment was
initiated following the day 0 study visit. Subjects were grouped
into cohorts of three to four subjects on each day, and specimens
from each cohort were processed in parallel on the same day.

Processing of Blood and Isolation

of Monocytes

Whole blood was collected into K-EDTA tubes from subjects
before (day 0) and seven days after initiation of ivacaftor
(Figure 1). One aliquot was used for separation of plasma
from blood cells. The remaining blood was separated using

Begin ivacaftor:
150mg po BID

!

Day O

)

At each time point: spirometry and sweat chloride
were measured, and blood samples were collected.

Day 7

*

[M'] ) [T |
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gradient selection Lyse cells in buffer
— — — and freeze
for CD14*
) cells ) l
\\\_/'/ \\_//
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FIGURE 1 | Schematic for study design. Subjects were evaluated on day 0 and day 7. Subjects initiated ivacaftor treatment following the day O studly visit. During
each visit, subjects underwent a physical examination and sweat chloride evaluation, performed spirometry, and had blood drawn. Blood samples, acquired into K-
EDTA tubes, were brought to the laboratory on ice. One tube of blood was centrifuged to obtain plasma. The remaining blood was processed to isolate PBMCs and
then monocytes. Aliquots of PBMCs and monocytes were removed for quantification of cells and flow cytometric analysis to determine abundance of leukocyte sub-
populations and purity of isolated monocytes. Cells recovered from CD14 positive selection column were immediately lysed in RLT buffer (Qiagen) and frozen.
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gradient centrifugation over Ficoll-paque (GE) to separate
peripheral blood mononuclear cells (PBMCs) from neutrophils
and red blood cells. The Miltenyi Monocyte Isolation Kit (a
positive selection kit that uses magnetic beads conjugated to
CD14 antibody) was used to isolate monocytes. Numbers of
PBMCs and cells recovered by magnetic beads were quantified
using a Neubauer hemocytometer, and values pre- and post-
ivacaftor were compared using Student’s t-test. Efficacy of
monocyte isolation was confirmed by assessing proportions of
T cells (CD3+ cells), B-cells (CD19+ cells), and monocytes
(CD14+ cells) before and after cells were subjected to the
Monocyte Isolation Kit.

Quantification of Plasma Cytokines

and Chemokines

Plasma cytokines and chemokines were measured using a
custom Human Magnetic Luminex pre-mixed multiplex assay
(R&D Systems). Plasma levels of IL-8, IL-10, G-CSF, IL-6, CCL4,
CXCL1, 1I-1B, TNF, GM-CSF, and IL-12p40 were all below the
limit of detection in most subjects at both time points. For those
analytes that were detected, statistically significant differences
between day 0 and day 7 were determined by using the Wilcoxon
Signed-Rank test.

RNA Isolation

RNA was isolated from human peripheral blood monocytes using
Qiagen’s RNeasy Plus kit per manufacturer’s instructions. Briefly,
freshly isolate monocytes were homogenized in Qiagen RLT bulffer,
snap frozen, and stored at —80°C until further processing via the
Qiagen kit. Purified RNA from samples was eluted in Ambion’s
RNA storage solution and stored frozen at —80°C until use.

RNA Sequencing

RNA-seq was performed by the Genomics Core at the Benaroya
Research Institute. For each sample, libraries were constructed
from 100 ng of total RNA using the TruSeq Stranded mRNA kit
(Ilumina) with poly(A) selection. Libraries were pooled and
quantified using a Qubit® Fluorometer (Life Technologies).
Single-read sequencing of pooled libraries was carried out on a
HiSeq2500 sequencer (Illumina) with 58-base reads, using HiSeq
v4 Cluster and SBS kits (Illumina) with a target depth of 10
million reads per sample. Basecalls were processed to FASTQs on
BaseSpace (Illumina), and a base call quality trimming step was
applied to remove low-confidence base calls from the ends of
reads. The FASTQs were aligned to the human reference genome
(GRCh38.91), using STAR v.2.4.2a (Dobin et al., 2013) and gene
counts were generated using htseq-count (Anders et al., 2015).
QC and metrics analysis were performed using the Picard family
of tools (v1.134) (https://broadinstitute.github.io/picard/). All
RNA-seq data meeting MINSEQE (Minimum Information
About a Next-generation Sequencing Experiment) have been
deposited at Gene Expression Omnibus repository (https://www.
ncbi.nlm.nih.gov/geo/, GSE148076).

RNA-Sequencing Data Analysis
To explore the overall changes in monocyte transcriptome in
response to ivacaftor, we applied multidimensional scaling using

Principal Components Analysis (PCA) to the entire RNA-seq
profiles. Since each subject was assessed twice (day 0, day 7), we
used a multilevel decomposition for repeated measures as
implemented by the “mixOmics” package in R statistical
environment (Rohart et al., 2017).

Differentially expressed genes between day 0 (untreated
baseline) and day 7 (after ivacaftor therapy) were identified
using paired statistical analysis for each subject (pre vs. post
treatment) with “DESeq2” package in R (Love et al, 2014).
Adjustment for multiple hypothesis testing was implemented
using Benjamini-Hochberg’s false discovery rate (FDR) analysis,
with an FDR < 0.05 designating significant differential gene
expression. Two-dimensional hierarchical clustering of log,
[Day 7/Day 0] gene expression ratios was performed using a
Euclidian distance metric.

Gene product interaction network analysis was applied to the
differentially expressed genes (FDR < 0.05) based on experimentally
verified relationships derived from Ingenuity (Calvano et al., 2005)
and STRING (v.11, https://string-db.org/) (Szklarczyk et al.,, 2019).

Pathway enrichment was performed using the Gene Set
Enrichment Analysis (GSEA) program (Subramanian et al., 2005),
where all unique transcripts were rank-ordered based on their
DESeq2 statistic and over 7,000 gene sets derived from canonical
pathways (Hallmark, KEGG, Reactome, Biocarta) and Gene
Ontology (GO) annotations were assessed. An FDR < 0.05 was
used to identify significant enrichment based on 1000 random gene
set permutations. Enrichment Map (Isserlin et al, 2014), an
application within the Cytoscape software platform (Cline et al.,
2007), was used to create a network-based visualization of the GSEA
results. To simplify the pathway enrichment network, only the most
significantly enriched gene sets (FDR=0) were used as nodes. Edges
were drawn between gene sets if at least 50% of their gene members
overlapped. The emerging topology of the network allowed
identification of aggregates of highly connected nodes that defined
distinct biological modules. To compare our study with the GOAL
cohort, we performed Gene Ontology enrichment analysis on
differentially up and down-regulated genes between the subset of
subjects that had clinical response to one month of ivacaftor therapy
(“responders”) vs. those that did not (“non-responders”) using
Webgestalt program (Liao et al, 2019). An enrichment FDR <
0.05 was used to designate significantly enriched processes.

RESULTS

Cohort Characteristics

All subjects were heterozygous for the R117H-CFTR gene allele
(5T Poly T tract), and seven subjects’ second mutation was
AF508; none of the subjects had 2 ivacaftor-sensitive CFTR
mutations (Table 1). Subjects were all adults with an age range
of 25 - 52 years old (median, 40.5 years), baseline sweat ranged
from 61 to 98 mM (median 79 mM), and body mass index (BMI)
ranged from 18.5 to 32.5 (median 25.1). The cohort subjects
demonstrated a wide range of baseline forced expiratory volume
in one second (FEV,), from 35% to 109% (median, 72%); 3
subjects had a baseline FEV; > 75% predicted, 5 subjects had a
baseline FEV,; of 60% to 75% predicted, and 2 subjects had a
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TABLE 1 | Subject Demographics.

Non-R117H
CFTR mutation

7: AF508
2: M156R
1: 2622+1G—A

Age 40.5 years (25 - 52)

Gender 6 male; 4 female

BMI 25.1 (18.5-32.5)

Baseline sweat 79 (61 - 98)

chloride (mM)

Baseline FEV4, 72% (35 — 109%)

% predicted

Clinical e 5 recent +S. aureus (+ Haemophilus, Pseudomonas
laboratory or Acinetobacter species)

sputum e 2 recent + P. aeruginosa

culture data e 3 prior + P. aeruginosa

e 1 with no recent sputum production

Data presented as median (ranges) unless stated otherwise.

baseline FEV; < 50% predicted. None of the subjects had CF-
related diabetes (CFRD); seven of the subjects were pancreatic
sufficient, and three subjects were being evaluated for pancreatic
insufficiency, but had recent normal fecal elastase values. Five
subject had recent clinical sputum cultures positive for
Staphylococcus aureus (+ Haemophilus, Pseudomonas or
Acinetobacter species), two subjects had recent Pseudomonas
aeruginosa positive sputum cultures, three subjects had a history
of P. aeruginosa positive sputum cultures, and one subject had
not recently produced sputum. All subjects experienced a
pronounced decrease in sweat chloride, and the cohort also
experienced a statistically significant increase in FEV; within
48 h of ivacaftor treatment, and both changes were maintained at
day 7 (Hisert et al., 2020).

lvacaftor-Induced Changes in Plasma
Chemokines Suggest Inflammatory
Pathways Altered by CFTR Restoration
Differ From Pathways Involved in CF
Pulmonary Exacerbations

For this study, we chose to evaluate specimens at day 7 after
subjects started ivacaftor because we hoped to identify changes
that may be direct consequences of CFTR restoration by ivacaftor,
rather than secondary effects of improved mucociliary clearance in
the lung and decreased airway inflammation and bacterial burden.
In our prior studies of subjects with CFTR-G551D mutations
starting ivacaftor, GSEA analysis determined that proteomic
changes that were significant at day 7 could be detected at
day 2; however, most were not significant at day 2 (Hisert et al,
2016). Thus, although sweat chloride is changed by day 2 of
treatment (Hisert et al., 2017), we deemed this timepoint likely too
early to identify significant changes in plasma proteins and
monocyte transcriptomes.

Identification of biomarkers that reflect systemic changes in
inflammation in people with CF has been an area of intense
interest, especially changes that predict CF pulmonary
exacerbations and response to antibiotic therapy. Serum CRP
level, calprotectin concentrations, and white blood cell counts

decline following antibiotic treatment of exacerbations, and
changes in some of these markers may predict response to
therapy (Horsley et al., 2013; Sagel et al.,, 2015; Waters et al,,
2015). We predicted that plasma biomarkers associated with
decreases in bacterial burden in the airway would not be changed
during the first week of ivacaftor therapy. In our prior cohort of
subjects with CFTR-G551D mutations who started ivacaftor, we
did not detect changes in plasma CRP levels or in numbers of
PBMCs or monocytes, T cells or B cells in blood following 7 days
of ivacaftor treatment (Hisert et al., 2016), consistent with our
hypothesis that ivacaftor-induced changes in the airways during
the first week of treatment likely had not yet translated to
secondary effects in the systemic circulation. In the current
cohort, we likewise observed that one week of ivacaftor
treatment did not lead to detectable differences in numbers
PBMCs and cells subsets (Figure 2A).

We then investigated whether ivacaftor changed levels of other
plasma biomarkers that have been associated with inflammation in
CEF. Calprotectin, or SI00A8/9, decreases in both sputum and serum
following treatment of CF pulmonary exacerbations with antibiotics
(Gray et al, 2010). In our study, we did not detect differences in
levels of plasma S100A9 following initiation of ivacaftor
(Figure 2B). We also found no changes in levels of plasma IL-
1Ra (Figure 2C), a suppressor of inflammation that decreases in CF
plasma during treatment of pulmonary exacerbations with
intravenous antibiotics, and remains at lower levels during clinical
stability as compared to during the exacerbation state (Sagel et al.,
2015). CD163, a monocyte and macrophage surface protein that is
shed when cells become activated (Davis and Zarev, 2005; Moller,
2012), has also been associated with CF disease state. Expression of
CD163 mRNA is elevated in monocytes isolated from people with
CF compared to cells from healthy controls, and was identified as
part of a peripheral blood monocyte gene expression signature
associated with successful treatment of CF pulmonary exacerbations
(Saavedra et al., 2008; Nick et al., 2013). However in our study, there
were no detectable changes in plasma levels of soluble CD163
(sCD163) at day 7 after initiation of ivacaftor (Figure 2D).

Although ivacaftor treatment did not change plasma levels of
biomarkers associated with treatment of CF pulmonary
exacerbations, we detected statistically significant increased
plasma concentrations of two myeloid chemokines that are
likely relevant to CF disease. CCL2 and CXCL2 were both
increased at day 7 as compared to both pre-ivacaftor levels
(Figures 2E, F). CCL2, also known as monocyte
chemoattractant protein 1, or MCP-1, is elevated in both
sputum and plasma of people with CF as compared to healthy
controls (Brennan et al,, 2009; Rao et al., 2009). CXCL2, also
known as macrophage inflammatory protein-2, or MIP-2, is a key
chemokine for activation and recruitment of neutrophils to sites of
inflammation, and is produced by monocytes, macrophages,
epithelial cells, and other cells in response to injury (Huang
et al., 2001; De Filippo et al., 2013). Free DNA content in
human CF sputum correlates with both airway levels of CXCL2
and airflow obstruction, with increased airway free DNA and
CXCL2 associating with lower FEV, and similar findings were
demonstrated in a CF mouse model (Marcos et al., 2015).
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Transcriptomic Analyses Reveal That
Ivacaftor Treatment Activates Monocytes
and Up-Regulates Inflammatory Pathways
Although there have been several published reports on gene
expression profiling of PBMCs or whole blood from people with
CF, we sought specifically to characterize the monocyte
transcriptome, and determine how restoration of CFTR activity
by initiation of ivacaftor acutely changes monocyte transcriptional
signals. We thus performed RNA-seq on monocytes isolated from
subjects before and 7 days after initiation of ivacaftor therapy. We
initially performed exploratory analysis using Principal
Components Analysis (PCA), a statistical method for reducing
high dimensional data while retaining the drivers of expression
variability, on the entire RNA-seq dataset. To capture the repeated
measure structure of the study, we applied a multi-level
implementation of PCA. We observed that most of the samples
segregated based on pre- and post-ivacaftor time points
(Figure 3), indicating that despite inter-individual variability,
ivacaftor treatment led to global transcriptional changes in
circulating monocytes.

Next, we applied a subject-specific (paired) gene-based
statistical method and identified 49 differentially expressed
genes after adjustment for multiple comparisons (FDR < 0.05)
with significant differences between pre-ivacaftor and day 7 post
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FIGURE 2 | Changes in blood cells, proposed CF biomarkers, and chemokines following 1 week of ivacaftor therapy. (A) Total numbers of PBMCs/ml blood as
determined by (i) quantitation of PBMCs using a hemocytometer and (i) flow cytometric analysis of PBMCs (pre-selection for CD14+ cells) using antibodies for CD3
(T cells), CD19 (B cells), and CD14 (monocytes). (B-F) Plasma cytokine concentrations were determined in sample obtained before (day 0) and after (day 7) initiation
of ivacaftor treatment using multiplex ELISA. Students’ t-test was used to compare data in panel (A). Open simples with black lines are individual subjects. Red
symbols indicate the mean value. Wilcoxon signed-rank test used to generate p-values for comparison of day 0 vs day 7 in (B-F).

PC2

FIGURE 3 | Principal components analysis (PCA) of monocyte transcriptome
data. Multivariate decomposition PCA was applied to gene expression data
from individual subjects pre-ivacaftor (day O, green spheres) and post
ivacaftor (day 7, magenta spheres) and plotted using the first three principal
components (PC). Arrows are used to highlight the pre and post states.
Despite variability across subjects, there is separation between day 0 and day
7 indicating that ivacaftor elicits a global transcriptional signal in monocytes.
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ivacaftor conditions (Figure 4, Table S1). Of these differentially
expressed genes, 42 were up-regulated following ivacaftor
treatment and 7 were down-regulated. The predominance of
up-regulated genes was surprising because monocytes are key
innate immune activators of inflammation, and ivacaftor has
been shown to reduce markers of inflammation in people with
CF (Hisert et al.,, 2017; Ronan et al., 2018), as well as cellular
responses and markers of inflammation (Bratcher et al., 2016;

Barnaby et al., 2018; Zhang et al., 2018). Also remarkable were
the identities of the significantly up-regulated transcripts: many
of these genes code for canonical pro-inflammatory factors,
including cytokines (TNF, IL-1B) and chemokines (CCL4,
CXCL2). To better elucidate the relationship among these
differentially expressed genes, we performed gene product
interaction network analysis. As depicted in Figure 5 (with
additional details in Figure S1), the resulting interactome
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FIGURE 4 | Two-dimensional hierarchical cluster analysis of statistically significantly differentially expressed monocyte genes in response to ivacaftor. The Heatmap
depicts differentially expressed genes with FDR < 0.05 in rows and subjects in columns. The relative expression of each gene on day 7 vs. day 0 is shown with red
indicating that the gene was increased in expression at day 7 compared to day O, and blue indicating decreased expression at day 7 compared to day 0. Complete
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FIGURE 5 | Gene product interaction network analysis of differentially
expressed monocyte genes after 1 week of ivacaftor therapy. This
“interactome” was constructed based on known relationships among the
differentially expressed genes. To depict interaction of these nodes with the
target of ivacaftor, we also added CFTR as a seed to the network. Note the
presence of several highly connected nodes (or hubs), such as IL1B, TNF,
CXCL3, CXCL2, that are up-regulated (red spheres) and are key modulators
of immune signaling.
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revealed complex relationships among the network nodes and
identified several densely connected “hubs,” such as TNF, IL1B,
CXCL3, CXCL2, ZPF36, JUN, and DUSP1 that may be
important drivers of the monocyte transcriptional response to
ivacaftor treatment. Furthermore, by adding CFTR as a network
node, we observed that several of these hubs (e.g., TNF, IL1B,
CXCL3, JUN) also interact with the functional target of ivacaftor.

Since genes do not exert their biological influence in isolation
(Hartwell et al., 1999), we applied pathway enrichment analyses
based on the entire transcriptome using GSEA to further
understand the ivacaftor-induced changes in monocyte
functional state. We found that treatment with ivacaftor
induced an overwhelming up-regulation of cellular pathways in
monocytes, with over 1,000 being enriched at FDR < 0.05 (Table
$2). In contrast, only three gene sets were down-regulated at day
7 (FDR < 0.05) (Table S3). This finding indicates that restoring
CF function elicits activation of a diverse set of transcriptional
programs in peripheral blood monocytes. To visualize the
enrichment pattern following ivacaftor therapy, we applied a
network-based method to the most significantly up-regulated
gene sets (N = 177, FDR = 0). The topology of the resultant
network revealed several clusters of highly connected pathways
defined as “modules” with distinct biological themes including
“immunity and cell cycle,” “oxidative phosphorylation,”
“transcription/translation,” “unfolded protein response,” and
“Oxidative stress” (Figure 6). The largest module was comprised
of many immune-related pathways including TNF signaling via
NF-kB, IFNYy response, inflammatory response, IFNo. response,
cytokine signaling, and response to bacterium. Collectively, these
results indicate that 7 days of ivacaftor treatment in CF
subjects alters the functional state of their circulating monocytes
by promoting the widespread activation of immuno-
inflammatory programs.

Immunity & Cell Cycle:

TNF signaling via NF-kB
Antigen processing & presentation
Cytokine signaling

Innate immune response
Adaptive immune response
Response to bacterium
Response to interferon gamma
Interferon alpha response
Defense response
Inflammatory response
Complement

Graft vs host disease
Regulation of apoptosis
Proteasome

DNA repair

DNA damage checkpoint

® Up-regulated gene set in Day 7 relative to Day 0

FIGURE 6 | A network-based illustration of enriched monocyte gene sets 1 week after ivacaftor treatment. Each sphere represents an up-regulated gene set and in
order to simplify the figure, only the most significantly enriched gene sets are depicted (N = 177, FDR = 0). Connectivity between the pathways is based on 50% or
greater overlap among their member genes. The topology of the network is characterized by the emergence of biological modules comprised of highly

interconnected gene sets that possess similar functional themes; notable modules include “immunity and cell cycle,

oxidative phosphorylation and metabolism,”

“transcription and translation,” “unfolded protein response,” and “oxidative stress.” representative processes mapping to the most prominent module, “Immunity and
Cell Cycle” are shown, and a complete list of all enriched gene sets (FDR < 0.05) is included in Supplementary Table S2.

Frontiers in Pharmacology | www.frontiersin.org

106

August 2020 | Volume 11 | Article 1219


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

Hisert et al.

lvacaftor Changes CF Monocyte Transcriptomes

DISCUSSION

Despite many recent advances in CF care, therapies are still needed
to dampen baseline chronic CF airway inflammation and to treat
enhanced inflammation during CF pulmonary exacerbations. An
improved understanding of the molecular and cellular basis of CF
inflammation is critical to developing focused anti-inflammatory
strategies that will not compromise host defenses or cause
significant long-term side effects. Blood monocytes are intriguing
therapeutic targets because they can traffic to the inflamed CF
airway (Wright et al., 2009; Garratt et al., 2012; Hisert et al., 2019),
and they mount aberrant responses in people with CF (del Fresno
et al, 2008; Sorio et al, 2015; Hisert et al., 2016), which may
contribute to CF disease pathology. Here we use transcriptomics to
characterize the phenotypes of peripheral blood monocytes in
people with CF before and 7 days after initiation of highly
effective modulator therapy with ivacaftor. Our data demonstrate
that ivacaftor therapy leads to an rapid change in the transcriptional
programming of blood monocytes, predominantly activating genes
and transcriptional modules in several broad functional categories,
although may are associated with innate immunity and
inflammation (Figure 6). Ivacaftor also rapidly increased plasma
levels of CXCL2 and CCL2, chemokines that summon neutrophils
and monocytes respectively. We did not, however, detect changes in
several plasma biomarkers that had previously been associated with
changes in CF airway inflammation following antibiotic treatment
of pulmonary exacerbations.

Are CFTR Modulators Pro- or
Anti-Inflammatory?

From a clinical perspective, ivacaftor appears to decrease
inflammation in people with CF: ivacaftor acutely improves
lung function and lessens symptoms (Ramsey et al, 2011;
Rowe et al., 2014; Hisert et al., 2017), and over time reduces
frequency of pulmonary exacerbations (Ramsey et al., 2011;
Rowe et al., 2014), diminishes evidence of lung pathology on
CT scans (Chassagnon et al., 2016; Hisert et al., 2017; Ronan
et al., 2018), and may decrease inflammatory biomarkers in
sputum and blood over time (Hisert et al., 2017; Ronan et al.,
2018). In addition, macrophages lacking CFTR activity mount
hyperinflammatory responses compared to cells with functional
CFTR (Bruscia et al.,, 2009; Bruscia and Bonfield, 2016), and
some of these overly exuberant responses are reversed by CFTR
modulators (Barnaby et al., 2018; Zhang et al., 2018). It therefore
may seem counter-intuitive for restoration of CFTR activity by
ivacaftor to enhance multiple monocyte transcriptional pathways
associated with inflammation, monocyte expression of canonical
inflammatory cytokines, such as TNF and IL-af, and plasma levels
of chemokines for neutrophils and monocytes. However, studies
have shown that ex vivo peripheral blood immune cells isolated
from people with CF actually exist in an immune-suppressed (or
tolerant) state compared to cells from healthy donors. Blood
monocytes from people with CF have decreased responses to LPS
(del Fresno et al., 2008), and this is thought to be due to exposure of
CF monocytes to low levels of LPS that translocate form the CF
airway into the plasma (del Campo et al.,, 2011). Similarly, cells in

CF whole blood exposed to multiple toll-like receptor (TLR)
agonists mounted less robust inflammatory responses than cells
from healthy donors (Kosamo et al., 2019), including decreased
secretion of TNF and other NF-xB-induced cytokines.

Is this relative immune-suppressed state of CF peripheral
immune cells adaptive and protective, or does it contribute to
CF disease pathogenesis? CF subjects with the most robust TLR
responses had the most preserved lung function (FEV,) and the
slowest decline in lung function over time (Kosamo et al,
2019); in other words, impaired peripheral immune cell
inflammatory responses in CF are associated with worse lung
disease. One explanation for these findings is that impaired
immune cell responses in people with CF contribute to airway
pathology, and stronger immune responses protect the lung,
possibly by fighting bacterial pathogens. Another possibility is
that more advanced lung disease results in a leakier barrier
between the lungs and the bloodstream, thus exposing
peripheral immune cells to higher doses of tolerizing antigens
compared to people with less severe lung disease. In support for
this second possibility, healthy donor PMBCs cultured in CF
plasma experienced marked decreases in transcription
compared to cells cultured in healthy donor plasma, and
plasma from subjects with severe CF lung disease caused a
greater suppression of transcription than plasma from subjects
with mild disease (Ideozu et al., 2019). These observations
suggest that the in vivo plasma milieu in CF can override the
hyper-inflammatory influences of intrinsic CFTR dysfunction
on innate immune cells’ phenotypes (Murphy and Ribeiro,
2019), and that CFTR modulators therefore potentially exert
both pro- and anti-inflammatory effects on immune cells in
people with CF.

Biomarkers That Measure Changes in
Inflammation Following Restoration of
CFTR Activity May Differ From Biomarkers
That Reflect Inflammation Related to
Airway Infection

In our prior study of patients with CFTR-G551D mutations
initiating ivacaftor, we detected no difference in plasma C-
reactive protein (CRP) after 1 week of therapy (Hisert et al.,
2016). We measured CRP because it is used broadly as a clinical
marker of systemic inflammation, and has also been evaluated in a
number of studies as a biomarker to detect onset of CF pulmonary
exacerbation, efficacy of treatment of CF exacerbations, or severity
of CF lung disease (with one parameter for disease severity being
whether or not subjects have chronic P. aeruginosa infection)
(Sharma et al.,, 2017; Loh et al., 2018; Sagel et al., 2019). In the
current study, we evaluated other plasma mediators that have been
proposed as biomarkers of inflammation in people with CF.
However, many of the analytes tested were below the limit of
detection in our assay. We were able to detect high levels of ST00A9,
IL-1Ra, CXCL2, CCL2, and sCD163 in subject’s plasma pre-
ivacaftor. Changes in plasma S100A9, IL-1Ra, and sCD163 have
been observed in people with CF who are being treated with
antibiotics for pulmonary exacerbations; however, as with CRP,
we detected no change in these analytes after 7 days of ivacaftor.
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These results could reflect that our small cohort was under-powered
to detect changes. Alternately, it may be that inflammation caused
by an exacerbation/bacteria may be a different phenomenon than
inflammation resulting from insufficient CFTR activity. The CF
community may need different biomarkers to assess efficacy of
CFTR modulators than what are used for measuring onset of
exacerbation or efficacy of antibiotics to treat exacerbations.

CXCL2 and CCL2 were both elevated in people with CF
compared to healthy controls, and thus the increase in plasma
levels of both of these myeloid chemokines after ivacaftor
treatment was unexpected. These increases, though, are
consistent with our transcriptomic data indicating activation of
immuno-inflammatory programs and chemokines in circulating
monocytes. Future longitudinal studies of plasma mediators will
be important to understand whether there are immediate and
delayed changes in plasma inflammatory mediators following
restoration of CFTR, and the roles CXCL2 and CCL2 may play in
modulating CF airway inflammation.

Comparisons With Prior CF Immune Cell
Transcriptomics Studies
A number of previous studies have characterized the
transcriptomes of CF immune cells, and a few have evaluated
changes in gene expression following CFTR modulator therapy.
To our knowledge, our study is the first report to focus specifically
on the transcriptomes of CF monocytes. The most comparable
previous study was performed by Sun et al., who characterized the
transcriptome of PBMCs collected from subjects enrolled in the
GOAL study, a multi-center, prospective characterization of
ivacaftor-induced changes in people with CFTR-G551D
mutations in the USA (Sun et al, 2019). They identified 239
differentially expressed genes (DEGs) when comparing PBMCs
pre-ivacaftor and 1 month post-ivacaftor, using a false discovery
rate < 0.1; the majority of these genes were decreased in expression
after 1 month of ivacaftor treatment. There were no DEGs in
common between the GOAL cohort data set, and our data from
monocytes isolated pre- and post-ivacaftor. It should be noted that
there were many differences between our study and that by Sun et al.
In addition to differences in the cell types (PBMCs vs. monocytes)
and time points analyzed (1 month vs. 1 week post-ivacaftor), Sun
et al. applied a different statistical analysis to their data. We
performed a paired analysis, in which all subjects that provided a
pre-ivacaftor specimen also provided a post-ivacaftor specimen.
Sun et al. included 56 subjects, of which 37 provided both pre- and
post-ivacaftor samples, and 19 provided only one sample.
Additionally, the cohort used in the Sun et al. paper differed from
our cohort in several important ways. Their cohort (a subset of the
total GOAL cohort) (1) had alower median age than our cohort, (2)
was made up of people with CFTR-G551D mutations (whereas our
cohort all had CFTR-R117H mutations), and (3) did not experience
a statistically significant increase in FEV, by one month after
ivacaftor treatment, when their post-ivacaftor samples were
collected. In our cohort, we detected a statistically significant
improvement in FEV; by 2 days post ivacaftor that was
maintained at day 7, when our post-ivacaftor specimens were
collected. The difference in clinical response to ivacaftor may be

the key distinction between the two studies. Although the total
cohort in the Sun et al. study did not demonstrate a statistically
significant improvement in FEV, following ivacaftor treatment, a
subset of subjects did experience a clinical response to ivacaftor. Sun
et al. distinguished subjects as either “responders” or “non-
responders” to ivacaftor based on FEV;, body mass index (BMI),
and Cystic Fibrosis Questionnaire-Revised (CFQR) respiratory
scores (Sun et al, 2019). When we performed functional
enrichment analysis on the DEGs with increased expression in
the subset of subjects who were “responders” relative to “non-
responders” in the Sun et al. cohort, we identified multiple pathways
associated with immune function that were significantly up-
regulated (Table S4). This result suggests that, consistent with
our CF cohort findings, peripheral blood immune/inflammatory
program activation following initiation of ivacaftor therapy is
associated with significant clinical improvements in the
GOAL study.

Kopp et al. also characterized immune cell transcriptomes in
subjects starting CFTR modulator therapy, and performed both
a paired comparison of subjects pre- and post-modulator, and
also compared both datasets to transcriptomes from cells from
non-CF control subject. Their study examined whole blood
from a cohort of delta F508 homozygous subjects, starting
lumacaftor/ivacaftor, and they examined a later time point
(comparison of pre- and 6 months post-lumacaftor/ivacaftor)
(Kopp et al,, 2019). In addition to this difference in study
design, the clinical response of subjects in this study to
lumacaftor/ivacaftor was not as robust, based on change in
FEV, as that seen in subjects from studies in which the subjects
had ivacaftor-sensitive mutations. Overall, these authors found
that blood cells from people with CF both before and after
modulator therapy had higher expression of inflammation and
apoptosis related genes than cells from healthy donors, and
lumacaftor/ivacaftor modestly decreased expression of some
inflammatory genes.

In both the studies by Kopp et al. and Sun et al., CFTR
modulator treatment was associated with a general dampening of
peripheral immune cell inflammatory phenotypes, whereas we
found up-regulation of immune and inflammatory transcripts
and pathways in blood monocytes one week after initiation of
ivacaftor. This difference in trend could be due to the differences
in cell populations studied or demographics of the study
populations. The choice of time point for assessing changes
post initiation of modulator therapy might also be the critical
distinction between these studies, indicating that there may be
phases of responses to CFTR modulators. CFTR modulators may
initially enhance immune cells transcriptional pathways, and
then later, when there are decreased airway bacteria and mucous
plugging (Hisert et al., 2017), and different or less stimuli in the
blood, peripheral blood cell phenotypes may reflect a less
inflamed state. As with plasma biomarkers, there are likely
both acute and direct effects, as well as the secondary and later
effects, of CFTR modulators on immune cells and
thus inflammation.

Interpretation of transcriptomics data, particularly when
determining whether changes are pro- or anti-inflammatory, is
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also complicated by the fact that some genes with increased
expression may be inhibitors of inflammatory pathways. In fact,
several of the most significantly up-regulated genes following
ivacaftor treatment in our study are known inhibitors of
inflammation. OTUD1 (Ovarian Tumor Family Deubiquitinase
1, FDR = 3.74 x 10°"®) can inhibit nuclear translocation and
transcriptional activity of the IFNy-activated transcription factor
IRF3 (Lu et al.,, 2018), and loss of function of OTUDI is
associated with auto-immune diseases mediated by interferons
(Luetal,, 2018). DUSP2 (Dual Specificity Protein Phosphatase 2,
FDR = 1.07 x 10~ belongs to a family of phosphatases that can
de-phosphorylate STAT proteins (involved in interferon
signaling, in addition to other intracellular signaling cascades),
and ERK proteins (involved in toll-like receptor intracellular
signaling (Lang et al., 2006; Lu et al,, 2015). ATF3 (Activating
Transcription Factor 3, FDR = 3.11 x 10™'%) binds CRE elements
in DNA and represses transcription, and has been shown to
negatively regulate pro-inflammatory cytokine expression in
macrophages (Rosenberger et al., 2008; Labzin et al., 2015). We
recently showed that monocytes from the same cohort described
here exhibit a decrease in ex vivo responsiveness to IFNY after
subjects have received ivacaftor for 7 days (Hisert et al., 2020).
An increased expression of genes that deactivate or dampen
inflammatory signaling could partly explain why transcriptome
data predicted that these monocytes have a more inflammatory
phenotype while the same cells, when stimulated ex vivo,
exhibited decreased IFNY responses.

Study Limitations and Strengths

Our study has several limitations. First, our cohort was small,
which may have limited our ability to detect important changes
in monocyte activation states or plasma biomarkers. Second, we
performed our analysis at a single time point after treatment, and
thus our data capture an early snapshot of acute changes in
monocytes after initiation of ivacaftor, which may not reflect
chronic therapy. Most studies evaluating changes in cells and
biomarkers following initiation of CFTR modulators have
sampled subjects at only one time point, with few longitudinal
studies (Rowe et al., 2014; Hisert et al., 2017; Ronan et al., 2018;
Kopp et al.,, 2019; Sun et al., 2019; Harris et al., 2020); however,
the synthesis of individual time points with the longitudinal
studies suggest that there may be phases of changes in
inflammation following restoration of CFTR activity with
modulators. The changes reported here occurred within the
first week of ivacaftor treatment, and thus reflect acute
responses to ivacaftor, and may not reflect a longer term
steady-state that incorporates both primary and secondary
changes induced by ivacaftor. In future studies of subjects
initiating highly active modulator therapy, analyses of changes
in inflammatory endpoints at multiple time points should be
performed. Third, we did not assess transcriptional profiles of
monocytes from healthy control subjects in this study, and
therefore we cannot draw conclusions about the relative
inflammatory state of CF monocytes compared to those from
healthy donors. However, building on the prior literature,
we hypothesize that the overall increase in activation of
transcriptional programs in CF monocytes post ivacaftor

reflects a change from the tolerant state of monocytes pre-
ivacaftor, and a return towards the activation state of healthy
“wildtype” monocytes following restoration of CFTR activity.
Finally, although we investigated an early timepoint to try to
detect direct consequences of CFTR restoration by ivacaftor, our
data cannot ultimately discriminate whether the changes in
monocyte transcriptomes post-ivacaftor are due to direct
effects of ivacaftor on monocyte CFTR activity, indirect effects
of ivacaftor increasing CFTR activity on other cells in the body
(such as airway epithelial cells), or off target effects of ivacaftor on
monocytes. The literature suggests that some CF PBMC
impairments are likely an indirect consequence of CFTR
activity, resulting from exposure of the cells to an altered
milieu of CF plasma (Zhang et al., 2019).

Nevertheless, our cohort’s unique design provided several
strengths. Our ability to compare cells from the same individuals
pre- and post-ivacaftor minimized confounding and maximized
statistical power, allowing for detection of statistically significant
changes despite the small cohort size. The fact that all subjects were
from one institution allowed for processing of specimens on site,
and the application of multiple studies to the same specimens,
resulting in a deeply phenotyped cohort. Third, we detected a
clinically meaningful response to ivacaftor within 48 hours, which
provides additional confidence that the changes in immune cells
and mediators were related to restoration of CFIR activity and
could contribute to changes in airway inflammation. Finally, our
data here and in our previous publications describe changes in one
immune cell population (monocytes) before and after CFTR
modulator therapy, thus providing a detailed functional
description of a target cell for potential therapeutic manipulation.

SUMMARY

Peripheral blood monocytes travel to sites of inflammation,
including the CF airway, and are attractive therapeutic targets
for dampening the deleterious inflammation in CF lungs.
Leveraging an unbiased transcriptomics approach, we
systematically characterized changes in the inflammatory
phenotypes of these cells following restoration of CFTR
activity with ivacaftor. Unexpectedly, our findings revealed that
multiple transcriptional programs, including pathways
associated with immunity and inflammation, are up-regulated
in circulating CF monocytes after one week of ivacaftor
treatment. Coincident with this early enhancement of
monocyte immuno-inflammatory signals, we identified
significant increases in plasma levels of the myeloid
chemokines CCL2 and CXCL2 and an overall improvement in
FEV,. Collectively, our results demonstrate that ivacaftor causes
acute alterations in the inflammatory state of blood monocytes in
people with CF, which in turn, may modulate airway
inflammation and influence lung function. Future studies are
necessary to determine if this enhancement of monocyte
transcriptional pathways associated with inflammation and
immunity is a transient phenomenon, or reflects the new
steady state of people with CF receiving highly effective CFTR
modulator therapy.
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! Le Bilarium, Department of Physiology and Biophysics, Faculty of Medicine and Health Sciences, Université de Sherbrooke,
Sherbrooke, QC, Canada, 2 UMR CNRS 7213, Biophotonics and Pharmacology Laboratory, Faculty of Pharmacy, University
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Chronic inflammation is a deleterious process occurring in several pulmonary diseases; it
is a driving force promoting tumorigenesis. By regulating local cyclic nucleotide
concentration, cyclic nucleotide phosphodiesterases (PDE) govern important biological
processes, including inflammation and proliferation. The aim of this study was to
investigate the anti-inflammatory and anti-proliferative effects of NCS 613, a specific
PDE4 inhibitor, on TNFa-treated human lung adenocarcinoma cell line (A549) and on
human lung adenocarcinoma explants. PDE4 isoforms and inflammatory pathways
mediated by p38 MAPK, ERK1/2, and IkBa were analyzed by Western blot and
immunostainings. Proliferation were performed using [®H]-thymidine incorporation under
different experimental conditions. TNFa-stimulation increased p38 MAPK
phosphorylation and NF-kB translocation into the nucleus, which was abolished by
NCS 613 treatment. Concomitantly, NCS 613 restores IkBow detection level in human
adenocarcinoma. An ICsg value of 8.5 uM was determined for NCS 613 on anti-
proliferative properties while ERK1/2 signaling was down-regulated in A549 cells and
lung adenocarcinoma explants. These findings shed light on PDE4 signaling as a key
regulator of chronic inflammation and cancer epithelial cell proliferation. It suggests that
PDE4 inhibition by NCS 613 represent potential and interesting strategy for therapeutic
intervention in tackling chronic inflammation and cell proliferation.

Keywords: PDE4 inhibitor, cAMP signaling, inflammation, proliferation, human lung adenocarcinoma
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INTRODUCTION

Chronic inflammation, which is a deleterious process occurring
in inflammatory respiratory diseases, is believed to be a tumor
promoter in cancer induction (Lee et al, 2009; Balkwill and
Mantovani, 2010; Phillips, 2020). Evidence suggests that
recurrent injury and inflammation result in genetic alterations
that predispose to lung cancer (Pikarsky and Ben-Neriah, 2006).
NEF-xB and p38 MAPK pathways play important role in human
inflammatory diseases (COPD, rheumatoid arthritis...) and
cancer (Koutras et al., 2009; Wong, 2009; Luangdilok et al.,
2011). NF-xB dimers binding to target promoters lead to pro-
inflammatory genes transcriptions and regulation of apoptosis
and proliferation (Jeon et al., 2010). NF-xB activation is
prevented by IkBo, an inhibitory protein which maintains NF-
kB in an inactive state in the cytoplasm (Kamata et al., 2010).
Downstream of surface membrane receptor activation, cyclic
nucleotide phosphodiesterases (PDE) which encompass 11
families play a pivotal role in cAMP and ¢cGMP signaling
(Lugnier, 2006; Conti and Beavo, 2007). These enzymes
hydrolyze cyclic nucleotides as a feedback mechanism for
rapidly returning local nucleotide concentration to basal levels
(Keravis et al., 2012; Maurice et al., 2014; Baillie et al., 2019;
Lugnier et al., 2020). By regulating local cyclic nucleotides levels,
PDEs contribute to their compartmentalization and govern
number of biological processes, including inflammation and
proliferation (Growcott et al., 2006; Sosroseno and Sugiatno,
2008, Abusnina et al., 2011a; Abusnina et al, 2011b; Alhosin,
etal., 2011; Keravis, et al., 2011, Yougbare et al., 2013; Li et al., 2018;
Baillie et al., 2019). Specific cAMP hydrolyzing phosphodiesterases
(PDE4) have been shown to be involved in the control of
inflammatory responses (Houslay, 2010). Inflammation is
strongly correlated to lower intracellular cAMP levels. PDE4
implication has been reported in lung diseases related to chronic
inflammation such as smoking-induced lung injury, fibrosis,
asthma and COPD (Dunkern et al., 2007; Udalov et al., 2010;
Diamant and Spina, 2011; Yougbare et al., 2014; Phillips, 2020).
Inhibition of PDE4 activity causes elevation of intracellular cAMP
levels and subsequent downregulation of a variety of inflammatory
cell signaling (Yougbare et al., 2011). NCS 613 is a potent PDE4
inhibitor, which is more selective for the PDE4C subtype (ICs, =
1.4 nM) (Figure 1E). Compared other PDE4 inhibitors such as
pentoxifylline and denbufylline, NCS 613 was the most potent and
effective molecule in inhibiting both basal and LPS-induced TNFo.
secretion from leucocytes of lupus patients (Keravis et al., 2012).
We previously showed that in vivo administration of NCS 613, a
new and potent PDE4 inhibitor, reduced neutrophil recruitment in
LPS-treated mouse bronchi and exhibits anti-inflammatory effects
by decreasing TNFo secretion in guinea pig (Boichot et al., 2000).
Interestingly, NCS 613 did not stimulate gastric acid secretion
suggesting that this compound may produce gastrointestinal side
effects (Boichot et al, 2000). Thus, PDE4 isozymes represent
attractive targets for inflammation and cancer (Keravis et al,
2012; Li et al., 2018; Baillie et al., 2019; Hsien Lai et al., 2020).
The above observations prompted us to investigate whether or not
cellular signaling involved in inflammation and proliferation

processes may be prevented by PDE4 inhibition and local
increase in cAMP concentration. This study aimed to investigate
the anti-inflammatory and antiproliferative effects of NCS 613 on
human lung adenocarcinoma cell line (A549) and cultured human
lung adenocarcinoma explants.

MATERIAL AND METHODS

Materials

The study was approved by our institutional Ethics Committee
(Protocol number CRC 05-088 S1R2). Human lung explants
were obtained from 4 patients aged between 50-60 years
undergoing surgery for lung carcinoma resection. Tissues
samples were collected from fresh lobectomy and transported
to the laboratory in physiological Krebs’ solution (Sosroseno and
Sugiatno, 2008). Human lung adenocarcinoma cell line (A549
cells) was from Abcam (# ab7910). NCS 613 (patent FR0601958)
was given by J.J. Bourguignon and C. Lugnier (Faculty of
pharmacy, Strasbourg). PDE antibodies used for Western blot
analysis and immuno-staining were from FabGennix Inc. Anti-
Phospho and total ERK1/2, anti-IkBo,, anti-p65-NF-kB, Anti-
phospho, and total p38-MAPK were from Cell Signaling
Technology. [3H]—thymidine (250 uCi) was obtained from New
England Nuclear.

A549 Cells and Human Lung
Adenocarcinoma Explants Culture

TNFo Induced Cell Responses

The adenocarcinoma human alveolar basal epithelial cells, A549
cells (1x 10°), were allowed growth for 24 h in T-75 culture flask,
as previously described (Giard et al,, 1973), in RPMI culture
medium supplemented with 0.3% penicillin (100 IU/ml) and
streptomycin (0.1 mg/ml) in presence of 1% fetal bovine serum at
37°C under 5% CO,. After 6 h starving period (without fetal
bovine serum), cells were stimulated with TNFo to induce
inflammation and treated with NCS 613 for 48 h under the
following experimental conditions: control, +10 uM NCS 613, +
10 ng/ml TNFa, and +TNFo. + NCS 613.

Cell Proliferation Assay

A549 cells were also cultured in 24-well plate in the presence of
increasing NCS 613 concentrations of 0, 1, 2.5, 5, 7.5, 10, and 30
UM for 48 h. [’H]-thymidine incorporation was performed in
triplicate for a 24 h period with 1 uCi tritiated thymidine.
Harvested cells were lysed with cold 20% Trichloroacetic Acid
(TCA) followed by DNA precipitation with 96% ethanol on
Whatman paper. Radioactivity was quantified with B-counter
using 5 ml scintillation liquid. ICs5, value for NCS 613 was
determined on cell proliferation as assessed by [*H]-thymidine
incorporation (Denton, 1998).

Explant Proliferation Assay
After removal of connective tissues, lung adenocarcinoma
explants were cultured in 6-wells culture plates containing
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RPMI as previously described for pulmonary tissue culture
(Guibert et al., 2005). Explants were cultured in either control
condition or treated with 1, 3, or 10 uM NCS 613. Tissues and
harvested cells were homogenized with a Polytron in Radio-
Immuno-Precipitation Assay buffer (RIPA) and supernatant
aliquots were stored at -80°C until use.

Western Blot Analysis

Proteins (25 pg) from lung adenocarcinoma and A549 cells
lysates were subjected to Western blot analysis. Briefly, protein
samples were electrophoresed on 10% SDS polyacrylamide gels
and electro-transferred onto Polyvinylidene Difluoride (PVDEF)
membranes. Immunodetection was carried out with the
following antibodies: anti-PDE4A, anti-PDE4B, anti-PDE4C,
anti-PDE4D, anti-IkBo., anti-p38 MAPK, anti-ERK1/2 and
anti-GAPDH. Immobilized antigens were detected by
chemiluminescence using horseradish peroxidase-conjugated
secondary antibodies, an ECL kit and autoradiography films.

Immuno-Cytochemistry
Smears were made from harvested A549 cells, delineated with
Dako Pen and fixed in 4%.

Paraformaldehyde (PFA) overnight before immuno-staining.
After rinsing in TBS buffered (50 mM Tris, 150 mM NaCl, pH
7.6) and permeabilization with 0.1% Triton in PBS, smears were
saturated with PBS + 4% BSA for 1 h at room temperature.
Immuno-stainings were performed using specific antibodies
directed against PDE4B, PDE4C, and NF-xB, and subsequently
revealed by secondary antibodies coupled to either Alexa-488
or Alexa-654 fluorescent probe. Cell nuclei were labeled with
DAPI (1 uM). Slides were mounted using Vectashield mounting
medium and observed with a Leica microscope at 40X and 60X
magnifications. Images were captured at the same magnification
and exposure time allowing fluorescence comparison between
the various experimental conditions.

Data Analysis and Statistics
Results are expressed as means + S.E.M. with n indicating the
number of experiments.

Statistical analyses were performed using a one-way ANOVA
followed by a Bonferroni post-test. Differences were considered
statistically significant when p<0.05.

RESULTS

Effects of NCS 613 on PDE4B and PDE4C
Expressions in TNFa-Treated A549 Cells
Quantitative analysis of Western blot results showed that NCS
613 prevents PDE4A 70 kDa expression in A549 cells while
TNFo significantly increases it. In these cells, the specific PDE4
inhibitor overcomes the overexpression of PDE4A (Figure 1A).
Furthermore, long term inhibition of PDE4 by NCS 613 leads to
induction of PDE4B 96 kDa in adenocarcinoma A549 cell line
(Figure 1B). PDE4B 96 kDa expression was undetectable
following TNFo. stimulation and its expression increased upon

[JctrL[JNcs 613 [l] NFa [JJ] TNFa+ NCS 613
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FIGURE 1 | Detection of PDE4A, PDE4B, and PDE4C expressions in control
and TNFo-stimulated A549 cells following NCS 613 treatment. A549 cells were
stimulated with TNFa. to induce inflammation and treated with NCS 613 for 48 h
under the following experimental conditions: control, +10 uM NCS 613, + 10 ng/
ml TNFa, and +TNFo + NCS 613. Relative protein expression levels were
calculated following digitalization and image analysis from 3 independent
experiments. (A) NCS 613 prevents and TNFo increases PDE4A 70 kDa
overexpression; (B) NCS 613 induces PDE4B 96 kDa expression in A549 cell line;
(C) TNFa. stimulation induces PDE4B 66 kDa upregulation which is decreased
with NCS 613 treatment; (D) PDE4C 66 kDa increases upon NCS 613 treatment;
(E) representative immuno-reactive bands revealed by Western blot analysis (n=3).
Unpaired Student’s t-test. Mean + SEM. *p < 0.01 and **p < 0.001.

NCS 613 treatment (Figure 1B). Conversely, the PDE4B 66 kDa
isoform was increased upon TNFo treatment (Figure 1C). The
PDE4C 66 kDa isoform on the other hand was increased in
presence of 10 UM NCS 613 (Figures 1D, E). However, we did not
detect PDE4D isoforms by Western blot in A549 cell line. These
results suggest that cAMP accumulation subsequent to PDE4
inhibition induces a shift in isoform transcription and
biosynthesis. The data also revealed that TNFo stimulation
significantly abolished PDE4B 96 kDa while it increased PDE4A
70 kDa and PDE4B 66 kDa detection in A549 cells, suggesting that
these later isoforms could be involved in TNFa signaling (Figures
1A, C). As expected, NCS 613 treatment overcame the TNFo.-
induced PDE4A 70 kDa and PDE4B 66 kDa increases which
return to control level, hence indicating that this compound can
interfere with inflammation signaling pathways.
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Effects of NCS 613 on PDE4B and PDE4C
Locations in A549 Cells

Immuno-cytofluorescent staining confirms that NCS 613
treatment increased basal nuclear PDE4B and PDE4C
expression (Figure 2). PDE4B 96 kDa could correspond to the
nuclear isoform since this protein was only upregulated with
NCS 613 treatment (Figure 2C). Immunostaining consistently
showed that TNFo stimulation significantly increased PDE4B
expression in A549 cells (Figure 2D). PDE4B 96 kDa was not
expressed in A549 TNFa-stimulated cells (see Figure 1B), the 66
kDa isoform could correspond to the up-regulated cytoplasmic
isoform. Interestingly, 10 uM NCS 613 treatment decreased
PDE4B protein expression in TNFo-stimulated cells (Figure
2E). Complementary experiments were performed to delineate
cellular location of PDE4C. Concomitant PDE4C detection using
a specific monoclonal antibody and DAPI counter-staining
demonstrates the nuclear localization of this isoform (Figures
2F, G). Lower panels show that NCS 613 treatments (5 and 10
UM) increased the detection of PDE4C isoform in A549 cells
(Figures 2 G-I). Together these results indicate that NCS 613
treatment modulates the compartmentalized expression of
PDE4 isoforms.

Effects of NCS 613 on p38 MAPK
Phosphorylation and NF-xB Location

After 72 h culture, phospho-p38 MAPK was detected in both
control and TNFo-treated A549 cells (Figure 3A), whereas NCS
613 treatment abolished p38 MAPK phosphorylation demonstrating
a net effect of this compound. TNFou stimulation significantly
increases p38 MAPK phosphorylation facilitating down-stream
effectors activation. NCS 613 treatment abolishes the TNFo.-
induced p38 MAPK phosphorylation, while the total p38 MAPK
expression level remains unchanged (Figure 3A). Since it has been
reported that p38 MAPK phosphorylation induces NF-xB activation
(Morin et al,, 2008; Smith et al., 2010; Sigala et al., 2011), antibodies
against the NF-xB p65-subunit were used to detect NF-xB
translocation into the nucleus. NCS 613 treatment reduces NF-
KB basal detection in these cells (Figure 3B). In contrast, TNFa
stimulation enhances of NF-kB translocation into the nucleus,
while NCS 613 treatment counteracted the effects of TNFo. on
p65-NF-xB translocation. Together, these results indicate that
intracellular cAMP level, which is increased during NCS 613
treatment, modulates p38 MAPK phosphorylation and downstream
nuclear translocation of p65-subunit of NF-«B.

Anti-Inflammatory Effects of NCS 613
Treatment on IkBo. Expression

Increasing evidences have revealed that tissue inflammation is a
recurrent component in cancer (Balkwill and Mantovani, 2010;
Smith et al, 2010). To assess the putative anti-inflammatory
effects of NCS 613, IxBo expression was used as a lung
inflammation marker (lower detection indicates larger
inflammation). IxBo. was detected in fresh human lung
parenchyma (positive control, Figure 4) whereas IxBo was
undetectable in untreated (control) lung adenocarcinoma
explants cultured for 72, which is correlated with an increased

PDE4B expression
A Negative control

DAPI
Alexa 488

B Resting cells C NCS613

D TNFa E TNFa+NCS613

PDEA4C expression
F Negative control G Resting cells

H 5uMNCS613 | +10 pM NCS

FIGURE 2 | PDE4B and PDE4C immuno-cyto-staining. (A-E) Detection of
PDE4B isoforms in A549 cells under control and TNFa. treated conditions, in
the absence or presence of NCS 613. (A) Negative control showing anti-
PDE4B specificity; (B) PDE4B basal level in A549 cells; (C) NCS 613 increases
PDE4B expression; (D) TNFo stimulation greatly increases PDE4B expression
which is reduce by NCS 613 (E). (F-I) Detection of PDE4C in A549 cells.

(F) Negative control and (G) Basal PDE4C location; (H) and (I) NCS 613
treatments increase nuclear PDE4C in A549 cells. Data are representative of 3
independent experiments. Shown are merged images [x60 (A-E) and x40 (F-1)
magnification] of DAPI staining (red) and anti-rabbit-Alexa Fluor 488 (green)
recognizing primary anti-PDE4B or anti-PDE4C antibody (green).

inflammation process. In contrast, NCS 613 (at 3 and 10 uM)
rescued IkBo detection in a concentration-dependent manner,
which could correlate with a lower inflammation status of
the tissues.

Frontiers in Pharmacology | www.frontiersin.org

116

August 2020 | Volume 11 | Article 1266


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

Yougbare et al.

NCS 613 Prevents Inflammation of Lung

A phospho-p38 MAPK

200 | Tk | k. |
# aso ek
= T 1
o —_
[ 100
[=]
o\c 50
° kDa
phospho p38 MAPK | e —— — — — |—42
Total p38 MAPK |————————|—42
CTRL 10 M 10 ng/ml TNFa+
NCS 613 TNFa NCS 613

B NFkB nuclear translocation Negative control

DAPI
DAPI and Alexa 488

Resting cells

10 uM NCS 613

10 ng/ml TNFa

FIGURE 3 | Effect of NCS 613 on p38 MAPK phosphorylation and NF-xB
nuclear translocation upon TNFa stimulation. (A) TNFa increases and NCS
613 reduces p38 MAPK phosphorylation in A549 cells; (B) NCS 613 prevents
NF-xB translocation into nucleus while TNFo stimulation greatly increases NF-
kB p65-subunit translocation into nucleus. Shown are merged images (60x
magnification) of DAPI staining and anti-mouse Alexa 654 recognizing primary
p65-NF-xB antibody (n=8). Unpaired Student’s t-test. Mean + SEM.

*p < 0.01 and **p < 0.001.

TNFa+ NCS613

NCS 613 Displays Antiproliferative Effects
Through ERK1/2 Inhibition

In the absence of treatment, A549 cells proliferate and become
highly confluent (Figure 5A). Interestingly, NCS 613 treatment
opposed this effect on cells proliferation and induced cells
apoptosis (Figures 5B, C). DMSO up to 0.3 %o, used as vehicle
did not exhibit any toxicity toward A549 cells (Figures 4D, E).
Of note, NCS 613 (2.5-30 uM) significantly decreased [*H]-
thymidine incorporation, hence correlating with a lower cell
proliferation rate. Moreover, inhibition curve displays an anti-
proliferative effect of NCS 613 with an ICs, value of 8.5 uM. NCS
613 treatment reduces ERK 1/2 phosphorylation as well as total
ERK 1/2 in A549 cells (Figures 6A, B) as well as in human lung
adenocarcinoma explants (Figures 6C, D) attesting that this
pathway is likely involved in the anti-proliferative effect of this

IkBq
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B actin —42
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FIGURE 4 | Concentration dependent effect of NCS 613 treatment on IkBo
detection in adenocarcinoma explants. IkBo was detected in fresh human
lung parenchyma. After a 72 h culture period, IxBa was undetectable in
control adenocarcinoma explants suggesting a high inflammation level. Three
and 10 pM NCS 613 treatment reestablished IkBo detection level (n= 4).
Unpaired Student’s t-test. Mean + SEM. **p < 0.01 and **p < 0.001.

compound. Several putative pathways involved in inflammatory
responses and cell proliferation are likely modulated by NCS 613.
As shown in the present results, TNFo induces PDE4B up-
regulation in order to hydrolyze cAMP and activates p38 MAPK
and NF-«xB pathways, which in turn leads to IxBo. degradation.
NCS 613 on the other hand increases cAMP levels and thus
prevents p38 MAPK phosphorylation. NCS 613 can also inhibit
cell proliferation by a down-regulation of ERK1/2 signaling. The
sustained inhibition of PDE4 by NCS 613 induces the synthesis
of novel isoforms as a feedback mechanism to modulate
cAMP levels.

DISCUSSION

Chronic inflammation is a hallmark of pulmonary diseases, which
can lead to emphysema and airways hyperresponsiveness. In the
present study, we were able to delineate the role of PDE4 in TNFa.-
induced inflammation in A549 cells in which PDE4A 70 kDa and
PDE4B 66 kDa were significantly up-regulated but not PDE4C and
PDE4D. This upregulation of PDE4 isoforms, downstream of
TNFa-receptor activation, facilitates cAMP breakdown and
activation of inflammatory effectors. Under these conditions,
A549 cells consistently expressed higher cytoplasmic levels of
PDE4B as revealed by immuno-staining. NCS 613 treatment,
which inhibits PDE4 activity, restored intracellular cAMP levels,
resulting in an opposite effect on inflammatory markers. In a
previous report, LPS-induced TNFou secretion was shown to be
significantly reduced in macrophages from bronchi-alveolar fluid of
PDE4B-deficient mice (Jin et al, 2005). Comparing the effect
rolipram, NCS 613 and RP 73401, or the cell permeable analogue
N6 -2’-O-dibutyryladenosine 3’,5’-cyclic monophosphate (db-
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FIGURE 5 | Anti-proliferative effect of NCS 613 on A549 celis. (A) Control: A549
cells display rapid proliferation rate toward confluency. (B, C) A549 cells treated
with either 5 uM or 10 pM NCS 613 for 48 h results in lower density and higher
apoptosis. Plates are representative of three independent experiments; (D) Bar
histogram showing [?H]-thymidine incorporation into DNA. Gradual (2.5-30 pM)
NCS 613 treatment significantly decreases A549 cells proliferation; (E)
Concentration dependent inhibition curve displaying the antiproliferative effects of
NCS 613 from which an ICsq value of 8.5 M was calculated. Unpaired Student’s
t-test. Mean + SEM. **p < 0.001.

cAMP) on histamine release by mast cells from diabetic rats, we
observed that these molecules led to a decrease of histamine
secretion in vitro (Barreto et al, 2004). Importantly, the
effectiveness of either NCS 613 or db cAMP in inhibiting antigen-
induced degranulation is comparable in both normal and diabetic
mast cells. Our current data suggest that the PDE4A 70 kDa and
PDE4B 66 kDa isoforms are likely involved in TNFa. signaling,
which is consistent with the conclusion of a recent study showing
that the induction of PDE4B is required for Toll-like receptor
signaling in monocytes and macrophages (Jin et al., 2010).
Herein, the PDE4B 96 kDa increase in A549 cells by NCS 613
treatment, suggests that this isoform is likely involved in the
regulation of cAMP metabolism. This is also supported by the
upregulation of nuclear PDE4C in A549 cells. Moreover, other
reports revealed that sustained increased in intracellular cAMP
enhanced PDE4A/4B gene expressions in U937 cells as well as 1
PDE4B/4D in human myometrial cells (Dunkern et al., 2007).
Interestingly, it was previously reported that PDE4B2 was
upregulated by IL-13 at mRNA and protein levels from human
myometrial cells through a prostaglandin E2- and cyclic
adenosine 3’, 5’-monophosphate-dependent pathway (Oger
et al, 2002). PDE4 activity and expression in cultured
pulmonary microvascular endothelial cells from rat are
activated