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In recent years, substantial progress has been made in our understanding of asthma
pathomechanisms, especially phenotyping. However, asthma is a heterogeneous disease
caused by a variety of inflammatory responses. Furthermore, the current pharmacotherapy
mainly affects symptoms and does not modify the disease progression, including airway
remodeling. Thus, further research on asthma is still of significant importance. In this
Special Issue entitled “Pathogenesis and Novel Therapeutics in Asthma”, we addressed
various important aspects of asthma, such as disease phenotyping, novel biomarkers, and
concepts of customized treatment.

This Special Issue contains seven original articles on the pathomechanism of asthma,
including in vitro research investigating novel disease mechanisms and clinical studies on
potential disease biomarkers. For example, in an interesting report, Schindler V. et al. [1]
used the air−liquid interface culture of bronchial epithelial cells derived from asthma pa-
tients and control subjects to study the microRNA profile (miRNA) in released extracellular
vesicles (EVs). The authors describe considerable differences in miRNA content, depending
on the side of secretion. Over two hundred miRNAs were differentially expressed by com-
paring EVs isolated from the apical and basolateral cell sides. Interestingly, several miRNAs
showed altered expression in cells derived from asthma patients (32 miRNAs in apical
EVs, 23 in basolateral) in comparison to the controls. Furthermore, the study evaluated
miRNA-associated functions and targets that confirmed differences that were dependent
on the site of secretion. For example, apically released EVs contained miRNAs that regulate
mammalian targets of rapamycin (mTOR) and mitogen-activated protein kinase (MAPK)
signaling pathways, while miRNAs released basolaterally targeted, among others, T and B
cell receptor signaling. In conclusion, the study confirms side-specific differences in the
miRNA cargo of EVs released by airway epithelium, providing further evidence of the
critical role these cells play in the regulation of the immune response in asthmatic airways.

Another original paper investigates the role of NF-κB activation in profibrotic signal-
ing that contributes to airway remodeling in severe asthma. Ramakrishnan R. et al. [2]
investigated whether Bcl10 protein, one of the upstream mediators of NF-κB activation,
participates in profibrotic signaling in bronchial fibroblasts. The authors demonstrated
increased Bcl10 protein expression in airway biopsies and fibroblasts isolated from severe
asthma patients. They also confirmed that the selective inhibition of Bcl10 reduced the
expression of profibrotic cytokines by activated fibroblasts. This study indicates that target-
ing Bcl10-associated signaling could be a novel therapeutic option for inhibiting airway
inflammation and remodeling in severe asthma.

The study by Bazan-Socha S. et al. [3] documented an increased systemic oxidative
stress response in the peripheral blood of asthmatic patients. The authors developed a
real-time coumarin boric acid assay (CBA) that enabled a detailed analysis of the kinet-
ics of protein hydroperoxide (HP) formation in serum samples. The study demonstrated
increased systemic oxidative stress response in asthma. Furthermore, increased HP for-
mation appeared to be inversely correlated with lung function, as well as being positively
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associated with inflammatory blood and airway biomarkers. The authors conclude that
oxidative stress response is an important component of airway inflammation in asthma,
and antioxidant supplementation may benefit asthma management. Interestingly, another
study in this Special Issue analyzed whether OmeGo [4], an enzymatically liberated fish oil
formulation with potent antioxidant functions, could indeed modify airway inflammation.
Currie et al. [4] demonstrated how OmeGo supplementation significantly decreased air-
way inflammation and remodeling parameters in the murine model of allergic asthma. In
many aspects, it showed a similar efficacy as pharmacologic inhibition of the type (T)2-
inflammatory response. The data presented by Currie et al. [4] and Bazan-Socha et al. [3]
support the need for future clinical studies to evaluate whether a similar approach aimed
at reducing oxidative stress could be helpful in asthma.

Special attention must also be placed on the original report published by Ching-Hsiung
Lin et al. [5]. These authors assessed the prevalence of fungal sensitization in asthma and
checked whether it is associated with specific immune profiles and more severe disease
outcomes. Interestingly, they found that about 90% of asthmatics in Taiwan population
had fungi-specific IgE in serum, suggesting that this problem may be underestimated
worldwide. Furthermore, the serum levels of IL-6 and IL-17A correlated positively with
the severity of fungi sensitization; however, only IL-17A was associated with increased
asthma-related emergency department visits in the past. Therefore, the Th17-mediated
immune response related to fungal sensitization in asthma could be a potential therapeutic
target for anti-IL17A therapy. In addition to the possible linkage with fungal allergy,
IL-17A has been linked with neutrophilic inflammation in severe asthma [6]. Earlier
studies confirmed that this particular inflammatory phenotype is also associated with
the increased airway production of leukotriene B4 (LTB4), a lipid mediator acting as
a potent chemoattractant for neutrophils. Here, Kwak D.W. et al. [7] used a murine
model of steroid-resistant airway inflammation to show that the activation of an LTB4
receptor 2 (BLT2) upregulates granulocyte colony-stimulating factor (G-CSF) synthesis,
contributing to the neutrophilic inflammatory response. Interestingly, G-CSF production
and subsequent airway neutrophilia depended on the 12-lipoxygenase pathway, which
catalyzes the synthesis of the BLT2 ligand, 12(S)-hydroxyeicosatetraenoic acid (HETE).
The authors conclude that this pathway may serve as a potential target for treating severe
neutrophilic asthma.

Finally, the clinical study by Mormile I. et al. [8] provides exciting data on the factors
influential in predicting the response to allergen immunotherapy (AIT). The authors devel-
oped a novel rating system called the Predictive Response to Immunotherapy Score (PRIS),
which combined both clinical and laboratory measures. This scoring system was next
validated in a large cohort of 110 patients who were eligible for sublingual immunotherapy
(SLIT) at baseline and at 12 and 24 months follow-up. PRIS was effective in predicting
symptom response to SLIT. The parameters that significantly contributed to the scoring
included, among others: patients’ age, major disease features (e.g., rhinitis and asthma),
and various clinical and laboratory parameters that reflect the severity of allergy (e.g.,
number of allergen sensitizations, levels of specific IgE). The results of this study suggest
that initial PRIS scoring might be recommended as a valuable tool for clinicians to identify
patients who may find AIT most beneficial.

Original research studies are followed by a comprehensive review paper by Patel
K. and Stokes Peebles, Jr. [9], focusing on the role of PGI2 (prostacyclin) in regulating
the allergic inflammatory response. PGI2 is a metabolic product of the cyclooxygenase
pathway, which is constitutively expressed by many airway resident cells and induced
during inflammatory conditions. It has been recognized as an effective vasodilator with
anti-platelet aggregatory effects since its discovery in 1976 [10]. Furthermore, in vitro and
in vivo studies demonstrated its potent anti-inflammatory functions. This review discusses
pathways regulating PGI2 production and signaling, including various immunomodulatory
functions mediated by IP receptors and peroxisome proliferator-activated nuclear receptors.
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Special attention was paid to cell-specific actions of PGI2 and the perspectives of using this
pathway in future treatments of allergic diseases and asthma.

This Special Issue ends with a systemic review by Calzetta L. et al. [11], seeking
to assess the novel therapeutic agents for asthma therapy investigated in recent Phase
I and II randomized controlled trials (RCTs). Based on the literature search and data
retrieved from the ClinicalTrial.org database, the authors included 19 clinical trials that
had been completed in the last five years (2017–2022). Next, they summarized the types
of therapeutic interventions and outcomes, data quality, and potential bias. Overall, the
authors identified sixteen classes of novel treatment options for asthma. Among those are
anti-inflammatory compounds interfering with the T2 inflammatory response, such as an
inhaled form of lipocalin-derived protein inhibiting α subunit of interleukin (IL)-4 receptor
(AZD1402), and depemokimab, a long-acting monoclonal antibody (mAb) targeting IL-5.
Preliminary RCTs also documented the effectiveness of mAbs against airway alarmins, e.g.,
those blocking IL-33 (itepekimab and etokimab) or the IL-33 receptor (melrilimab), as well
as the mAb fragment against thymic stromal lymphopoietin (TSLP), administered via a dry
powder inhaler (ecleralimab). An attractive therapeutic option in asthma, also mentioned
by Calzetta et al. [11], could be the blocking of the actions of prostaglandin-D2 (PGD2),
an important lipid mediator released by activated mast cells and eosinophils. Early data
suggest the effectiveness of the DP2 receptor antagonist GB001, which was administered
orally in improving asthma control, with better effects obtained in eosinophilic asthma.

The authors also discuss the potential treatments that may have wider application
in severe asthma, including patients with non-T2 variants of the disease. For example,
data on anti-IL-17A mAb (CJM1120) suggest it may improve symptom control in severe
non-eosinophilic asthma. Another therapeutic option includes thyrosine kinase inhibitors,
such as Bruton’s tyrosine kinase inhibitor remibrutinib, and pan-JAK inhibitor TD-8236.
By blocking the signaling associated with tyrosine kinase activity, these drugs have the
potential to control overactivated inflammatory pathways in severe asthma. Particular
attention should be given to velsecorat, a novel drug acting as a non-steroidal selective
glucocorticoid receptor modulator (SGRM). This drug efficiently suppresses inflammation
with fewer adverse effects, preferably acting as a transrepressor of steroid receptors. An-
other therapeutic option for asthma includes the inhalation of sodium channel inhibitor
(BI443651), which may have beneficial effects by changing the mucus viscosity in the lower
airways. The history of dexpramipexole, an oral drug initially investigated for the treatment
of amyotrophic lateral sclerosis, is also interesting. Due to its potent eosinophil-reducing ac-
tivity, this compound is currently being tested in hypereosinophilic syndrome and asthma.
All the mentioned medications seem promising, although larger RCTs are needed to prove
their efficiency and safety in asthma and allergy.

In conclusion, this Special Issue represents a novel and interesting view on asthma
research. However, further studies elucidating the complex mechanisms of asthma (par-
ticularly non-T2) will be of great importance. Furthermore, the newly proposed asthma
therapies require validation in different phenotypes and endotypes of the disease.

Author Contributions: Conceptualization, S.B.-S.; methodology, S.B.-S. and B.J.; writing—original
draft preparation, S.B.-S.; writing—review and editing S.B.-S. and B.J.; supervision, S.B.-S. All authors
have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Investigational Treatments in Phase I and II Clinical Trials:
A Systematic Review in Asthma

Luigino Calzetta 1,*, Marina Aiello 1, Annalisa Frizzelli 1, Elena Pistocchini 2, Beatrice Ludovica Ritondo 2,

Paola Rogliani 2 and Alfredo Chetta 1

1 Respiratory Disease and Lung Function Unit, Department of Medicine and Surgery, University of Parma,
43126 Parma, Italy

2 Unit of Respiratory Medicine, Department of Experimental Medicine, University of Rome “Tor Vergata”,
00133 Rome, Italy

* Correspondence: luigino.calzetta@unipr.it

Abstract: Inhaled corticosteroids (ICS) remain the mainstay of asthma treatment, along with bron-
chodilators serving as control agents in combination with ICS or reliever therapy. Although current
pharmacological treatments improve symptom control, health status, and the frequency and severity
of exacerbations, they do not really change the natural course of asthma, including disease remis-
sion. Considering the highly heterogeneous nature of asthma, there is a strong need for innovative
medications that selectively target components of the inflammatory cascade. The aim of this review
was to systematically assess current investigational agents in Phase I and II randomised controlled
trials (RCTs) over the last five years. Sixteen classes of novel therapeutic options were identified
from 19 RCTs. Drugs belonging to different classes, such as the anti-interleukin (IL)-4Rα inhibitors,
anti-IL-5 monoclonal antibodies (mAbs), anti-IL-17A mAbs, anti-thymic stromal lymphopoietin
(TSLP) mAbs, epithelial sodium channel (ENaC) inhibitors, bifunctional M3 receptor muscarinic
antagonists/β2-adrenoceptor agonists (MABAs), and anti-Fel d 1 mAbs, were found to be effective in
the treatment of asthma, with lung function being the main assessed outcome across the RCTs. Several
novel investigational molecules, particularly biologics, seem promising as future disease-modifying
agents; nevertheless, further larger studies are required to confirm positive results from Phase I and
II RCTs.

Keywords: asthma; efficacy; investigational; Phase I; Phase II; RCT

1. Introduction

The 2022 Global Initiative for Asthma (GINA) report [1] describes asthma as a het-
erogeneous disease, often characterised by chronic airway inflammation, with a history of
respiratory symptoms, including wheeze, shortness of breath, chest tightness, and cough
that vary over time and in intensity, along with variable expiratory airflow limitation.

The long-term goals of asthma management are to achieve symptom control, reduce
the risk of exacerbations and mortality, preserve lung function, and minimise drug-related
side effects [1]. The stepwise approach used for pharmacological treatment in asthma
mandates an iterative cycle of assessment, adjustment of pharmacological and nonpharma-
cological treatment, and review of the therapeutic response [1].

Over the last 30 years, inhaled corticosteroids (ICS) have been the mainstay of asthma
treatment, with the long-acting β2-adrenoceptor agonist (LABA) formoterol/ICS combi-
nation serving as the preferred controller and/or reliever therapy, depending on asthma
severity [2]. Nevertheless, this therapeutic option has become increasingly unattractive
due to its inability to alter the natural course of the disease, including asthma progres-
sion [3]. Although ICS are clinically efficacious in most asthmatics, a considerable subset of
patients (3–10%) remain uncontrolled despite optimal therapeutic adherence and proper

Biomedicines 2022, 10, 2330. https://doi.org/10.3390/biomedicines10092330 https://www.mdpi.com/journal/biomedicines
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inhaler technique [4]. Even after using the highest dosage of ICS, such individuals do not
achieve control over their symptoms, and often need to step up to treatment with oral
corticosteroids (OCS) in order to avert future episodes of life-threatening exacerbations [5].

This variability in the therapeutic response is the result of the highly heterogeneous
nature of asthma [6] in terms of pathogenesis, disease severity, and outcomes [7]. Asthma
is nowadays referred to as an umbrella diagnosis encompassing a plethora of endotypes
and clinical phenotypes that vary from mild to severe forms [8].

More recently, the management of asthma has evolved from a blockbuster approach
of “one size fits all” to a more personalised one, which treats the patient rather than
the disease. In the early 2000s, the introduction of biological therapies directed towards
specific inflammatory pathways advanced the improvement of asthma outcomes, initially
with the anti-IgE monoclonal antibody (mAb) omalizumab [9], followed 10 years later
by the approval of the mAbs anti-interleukin (IL)-5 mepolizumab and reslizumab, and
the anti-IL-5Rα benralizumab [10]. The newest treatment options for severe uncontrolled
asthma include the mAbs anti-IL-4/IL-13 dupilumab [11] and the anti-thymic stromal
lymphopoietin (TSLP) tezepelumab [12]. Such mAbs have noteworthy properties, reducing
asthma exacerbations with an OCS sparing effect [10].

In recent years, a lot of effort has been put into the development of a more personalised
approach [13]. The ability to target specific inflammatory mediators and cellular pathways
via highly selective therapeutic agents has progressively revolutionised the treatment of a
complex, heterogeneous disorder such as asthma [14]. Although current medications may
improve symptom control, QoL, and the frequency and severity of exacerbations, they do
not really induce asthma remission [3].

Therefore, the aim of this review was to systematically assess the investigational agents
in Phase I and II under development in the last five years, in order to understand whether
there is some emerging drug and/or formulation that might be developed in the future for
effective treatment of asthmatic patients.

2. Materials and Methods

2.1. Review Question

The question of this systematic review was to assess whether some of the current
investigational agents in Phase I and II clinical trials (CTs) might be suitable for effective
treatment of asthmatic patients.

2.2. Search Strategy

The protocol of this synthesis of the current literature has been registered to the interna-
tional prospective register of systematic reviews (PROSPERO, Protocol ID: CRD42022336605),
and performed in agreement with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses Protocols (PRISMA-P) [15], with the relative flow diagram reported in
Figure 1. This study satisfied all the recommended items reported by the PRISMA 2020
checklist [16].

The PICO (Patient problem, Intervention, Comparison, and Outcome) framework was
applied to develop the literature search strategy and question, as previously reported [17].
Namely, the “Patient problem” included asthmatic patients; the “Intervention” regarded
investigational agents in Phase I and II CTs; the “Comparison” was performed with respect
to placebo (PCB) and/or active comparators; the assessed “Outcomes” were lung function,
symptoms control, blood eosinophil count (BEC), fractioned exhaled nitric oxide (FENO),
exacerbations and hospitalisations, the use of rescue medications, and quality of life (QoL).

A comprehensive literature search was performed for Phase I and II CTs, written
in English and investigating the impact of investigational treatments in patients with
asthma. The search was performed in ClinicalTrials.gov in order to provide relevant studies
available within the past 5 years (from May 2017 to May 2022).

The term “asthma” was searched for the disease, “Interventional Studies (Clinical
Trials)” was selected for the study type, “Terminated” and “Completed” were chosen for
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the recruitment status, and “Early Phase I”, “Phase I”, and “Phase II” were selected in the
Additional Criteria of the Advanced Search in the ClinicalTrials.org database.

Figure 1. PRISMA 2020 flow diagram for the identification of the RCTs included in the qualitative
and quantitative syntheses. PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-
Analyses; RCT: randomised controlled trial.

2.3. Study Selection

Randomised controlled trials (RCTs) reporting results concerning the efficacy profile
of investigational treatments vs. PCB and/or active comparators were included in the
systematic review.

Two reviewers independently checked the relevant studies identified from ClinicalTri-
als.gov. The studies were selected in agreement with previously mentioned criteria, and
any difference in opinion regarding eligibility was resolved by consensus.

2.4. Data Extraction

Data from included studies were extracted and checked for study references, a NCT
number identifier, study duration, treatments and comparators with doses and regimen
of administration, number and characteristics of analysed patients, age, gender, smoking
habit, forced expiratory volume in 1 s (FEV1), peak expiratory flow (PEF), Asthma Control
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Questionnaire (ACQ) score and other outcomes related to the impact on symptoms, BEC,
FENO, asthma exacerbations, hospital admissions, rescue medication use, Asthma QoL
Questionnaire (AQLQ) score, St George’s Respiratory Questionnaire (SGRQ) score, and
study quality assessment via the Jadad Score [18] and Cochrane Risk of Bias 2 (RoB 2) [19].

2.5. Endpoints

The co-primary endpoints of this systematic review were the impact of investigational
treatments on lung function and symptoms control.

The secondary endpoints were the impact of investigational treatments on blood
eosinophil count, FENO, exacerbations and hospitalisations, the use of rescue medications,
and QoL.

2.6. Strategy for Data Synthesis

Data from original papers were extracted and reported via qualitative synthesis, and
the statistical significance was set at p < 0.05.

2.7. Quality Score

The summary of the risk of bias for each included randomised trial was analysed via
the Jadad score [18] and Cochrane RoB 2 [19]. The weighted assessment of the overall
risk of bias was analysed via the Cochrane RoB 2 [19] using the robvis visualisation
software [20,21]. The Jadad score, with a scale of 1–5 (with a score of 5 being the best
quality), was used to assess the quality of the papers concerning the likelihood of bias
related with randomisation, double blinding, withdrawals, and dropouts [18]. Studies were
considered of low quality at Jadad score < 3, of medium quality at Jadad score = 3, and of
high quality at Jadad score > 3. The weighted assessment of the risk of bias was analysed
via the Cochrane RoB 2 tool [19] by using the robvis visualisation software [20,21].

Two reviewers independently assessed the quality of individual studies, and any
difference in opinion about the quality score was resolved by consensus.

3. Results

3.1. Study Characteristics

Of the 101 records identified in the ClinicalTrials.gov database, 75 documents were
excluded due to inconsistency between the study title and the PICO framework or because
no results were available. Among the remaining CTs, 19 RCTs were deemed eligible for the
systematic review.

Study results for seven RCTs [22–29] were retrieved from ClinicalTrials.gov, results
for five RCTs [30–39] were published in full text articles, and data for two RCTs [40–43]
were obtained through the European Union (EU) Clinical Trial Register. Results for
two RCTs [44–47] were available only from conference abstracts or posters, data for one
RCT [48–50] were retrieved from both the EU Clinical Trial Register and abstract, and for
another RCT, they were retrieved from both ClinicalTrials.gov and the abstract [51,52].
Results for one RCT [53,54] were provided on the pharmaceutical company’s website. The
main characteristics of the studies included in the systematic review are reported in Table 1.
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3.2. IL-4Rα Inhibitor

Antagonising the IL-4 receptor α subunit (IL-4Rα) interferes with the downstream
IL-4/IL-13 signalling, which is central to the pathogenesis of asthma [55]. As a matter
of fact, IL-4 regulates the proliferation and survival of T helper 2 (Th2) cells as well as
immunoglobulin E (IgE) synthesis, while IL-13 is implicated as a key effector in AHR,
mucus hypersecretion, ASM alterations, and subepithelial fibrosis [56].

In a Phase I RCT [46,47], mildly asthmatic patients received nebuliser treatment with
the IL-4Rα inhibitor AZD1402 (PRS-060) at delivered doses of 2–60 mg twice daily (BID)
to establish its efficacy profile. After a single administration, AZD1402 induced a rapid
decrease in the FENO level, with a significant (p < 0.05) percentage reduction vs. PCB
between 24.0% (95%CI 1.8–41.0) and 36.4% (95%CI 22.0–48.0) across all doses. No data are
available for lung function and symptoms control [46,47].

3.3. Anti-IL-5 mAbs

Targeting BEC reduction through the inhibition of IL-5 represents an established ther-
apeutic option in severe asthma [57]. Depemokimab (GSK3511294) is a subcutaneously
administered anti-IL-5 mAb, designed for improved affinity and long-acting IL-5 suppres-
sion compared to the currently approved anti-IL-5 mAbs, and it has been evaluated in
a first-in-human Phase I RCT [30,31] enrolling mild to moderate asthmatic patients with
BEC ≥ 200 cells/μL at screening.

A single administration of depemokimab generally improved lung function param-
eters with an increase in the dose from 2 mg to 300 mg. Depemokimab 300 mg induced
a greater improvement from baseline in FEV1 (240 mL (95%CI 68–412)) vs. PCB (105 mL
(95%CI not calculated)) and in percent predicted normal FEV1 (7.65% (95%CI 1.76–13.54))
vs. PCB (3.85% (95%CI not calculated)). No data are available for symptoms control [30,31].

Across all doses, depemokimab markedly decreased the circulating BEC by >48.0%
24 h post-dose, and reductions of 54.0% and 53.0% were observed in patients treated,
respectively, with depemokimab 100 mg and 300 mg. The duration of such marked
suppression of BEC was dose dependent, and thus was maintained for longer with the
increasing dose. Six months after the single-dose administration, depemokimab induced
reductions in BEC of 31.0% (2 mg), 41.0% (10 mg), 72.0% (30 mg), 82.0% (100 mg), and
83.0% (300 mg) vs. PCB [30,31].

3.4. Anti-IL-17A mAbs

Increased expression of the Th17-derived cytokine IL-17A has been observed in spu-
tum, airway tissue biopsies, and serum from asthmatic patients [58–62] and was positively
associated with a more severe asthma phenotype [59,63,64] and neutrophilic inflamma-
tion [65]. Considering that Th17-high patients are less sensitive or even unresponsive
to ICS [59,66] and that asthma progression differs from more treatable Th2 types of the
disease [67], developing an effective therapy targeting Th17/IL-17A axis would overcome
a major unmet need in severe asthma.

A Phase II RCT [22] investigated the subcutaneously administered anti-IL-17A mAb
CJM112 300 mg when added to existing therapy in patients with inadequately controlled
moderate to severe asthma, with low serum IgE and BEC. The effect of CJM112 treatment
on trough FEV1 was not different from PCB, but a significant (p < 0.05) improvement was
observed in the ACQ6 score (mean difference (MD) −0.22 units (80%CI −0.41–−0.04)) and
the ACQ7 score (MD −0.23 units (80%CI −0.40 to −0.06)) vs. PCB. A higher proportion of
patients receiving CJM112 had a decrease of ≥0.5 units in the ACQ7 score compared with
PCB (71.7% vs. 52.8%) [22].

3.5. Anti-IL-33 mAbs

Upon cellular damage or allergen exposure, interleukin (IL)-33 is released as an
alarmin by airway epithelial cells, airway smooth muscle (ASM) cells (ASMCs), and
endothelium to trigger innate and adaptive immune responses [68]. In patients affected by
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severe asthma refractory to steroids, IL-33 activates type 2 innate lymphoid cells (ILC2s),
which may promote persistent airway eosinophilia [69]. Targeted inhibition of IL-33
receptor (IL-33R) signalling may prevent downstream production of type 2 cytokines and
chemokines [70].

Two RCTs [32,33,40,41] investigated the anti-IL-33 mAbs itepekimab (SAR440340/
REGN3500) and etokimab (ANB020), and two other RCTs [23,24] assessed the efficacy of
the anti-IL-33R mAb melrilimab (GSK3772847/CNTO7160).

A Phase II RCT [32,33] investigated the efficacy of subcutaneous itepekimab 300 mg
administered alone or in combination with dupilumab 300 mg to patients with moderate
to severe asthma, who progressively reduced and discontinued background therapy of
inhaled corticosteroid/long-acting β2 adrenoceptor agonist (ICS/LABA) over 12 weeks.
Itepekimab significantly (p < 0.05) improved trough FEV1 compared to PCB (MD 140 mL
(95%CI 10–270)) and it was as effective as dupilumab, but no improvement was seen upon
treatment with the combination therapy. Itepekimab did not increase post-bronchodilator
FEV1 vs. PCB, but when combined with dupilmab, the improvement was significant
(p < 0.05) (MD 130 mL (95%CI 10–250)) and comparable to that of dupilumab administered
alone [32,33].

The percentage of patients with an event indicating a loss of asthma control was lower
in the itepekimab (22.0%) and combination therapy (27.0%) groups vs. PCB (41.0%). The
corresponding odds ratio (OR) for the comparison of itepekimab vs. PCB was significant
(p < 0.05) (OR 0.42 (95%CI 0.20–0.88)) and similar to the OR for dupilumab vs. PCB;
no difference was detected in the ORs for the comparison between combination therapy
and PCB, itepekimab monotherapy, and dupilumab monotherapy. Itepekimab alone and
combined with dupilumab significantly (p < 0.05) improved ACQ5 score vs. PCB (MD
−0.42 units (95%CI −0.73–−0.12) and MD −0.32 units (95%CI −0.63–−0.01), respectively),
and the effect was similar to that observed with dupilumab [32,33].

The BEC significantly (p < 0.05) decreased upon treatment with itepekimab adminis-
tered alone or combined with dupilumab vs. PCB, and the effect was significantly (p < 0.05)
different from that induced by dupilumab monotherapy, which, as expected [32], tran-
siently induced blood eosinophilia. The FENO level was significantly (p < 0.05) lowered in
the itepekimab group, although the magnitude of reduction was lower than that observed
in the combination therapy and dupilumab groups. Patients treated with itepekimab ad-
ministered alone or combined with dupilumab showed a significant (p < 0.05) improvement
in their AQLQ score vs. PCB (MD 0.45 units (95% CI 0.14–0.77) and MD 0.43 units (95% CI
0.11–0.75), respectively), with an effect comparable to that of dupilumab [32,33].

In a Phase II RCT [40,41], a single dose of etokimab administered at 300 mg/100 mL
via intravenous infusion did not improve FEV1 compared to PCB in severe eosinophilic
asthma; no data are available for symptoms control.

The reduction in peripheral BEC following etokimab treatment was similar to that
observed with PCB, and no difference was detected in FENO levels. The number of asthma
exacerbations experienced by patients treated with etokimab was no different from those
treated with PCB [40,41].

A Phase II RCT [23] reported that intravenously administering melrilimab 10 mg/kg
to patients with moderate to severe asthma and allergic fungal airway disease for 12 weeks
did not improve their FEV1 and ACQ5 score compared to PCB. No differences between
melrilimab and PCB were observed with respect to the change from baseline in BEC, FENO
level, and AQLQ score [23].

Another Phase II RCT [24] showed that melrilimab 10 mg/kg administered for
16 weeks to moderately severe asthmatic patients who gradually reduced and discon-
tinued background therapy with fluticasone propionate/salmeterol (FP/SAL) 500/50 μg,
did not improve trough FEV1 and morning and evening PEF vs. PCB. The reduction in
ACQ5 score was similar with both melrilimab and PCB, but the percentage of patients
who experienced loss of asthma control was lower in the group treated with melrilimab
(67.0%) than with PCB (81.0%). No differences between the two treatment groups were
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observed in the percentage of night-time awakenings due to asthma symptoms requiring
rescue medication use and in the daytime asthma symptom score [24].

The effect induced on BEC and FENO level was similar in the melrilimab and PCB
groups. The percentage of patients with an asthma exacerbation requiring OCS and/or
hospitalisation was higher with melrilimab (13.0%) than with PCB (7.0%). No differences
between the two groups were observed in terms of daily use of rescue medications and
SGRQ total score [24].

3.6. Anti-TSLP mAbs

Similar to IL-33, TSLP is mainly an epithelium-derived alarmin, which plays an
upstream role in the initiation of type-2-driven immune responses [71]. In asthma, the
number of cells expressing TSLP messenger ribonucleic acid (mRNA) within the airway
epithelium and submucosa is markedly increased compared to healthy controls [72]. In a
subset of patients with severe asthma, TSLP expression remained enhanced, independent of
treatment with high-dose ICS or OCS [73]. Therefore, targeting TSLP signalling represents
an intriguing therapeutic strategy in asthma [74].

In a Phase I RCT [53,54] the anti-TSLP mAb fragment ecleralimab (CSJ117) 4 mg was
administered via a dry powder inhaler (DPI) for 12 weeks to patients with mild atopic
asthma, who exhibited an early asthmatic response (EAR) and late asthmatic response
(LAR) to a common inhaled allergen. Ecleralimab did not induce an attenuation in the EAR,
as documented by the maximum percentage fall in FEV1 or as time-adjusted area under the
curve (AUC), and numerically increased the minimum of the absolute in FEV1 compared
to PCB. During the LAR, ecleralimab significantly (p < 0.05) reduced the maximum percent-
age decrease in FEV1 (MD −8.42% (90%CI −15.66–−1.18)) from pre-allergen inhalation
challenge and the time-adjusted AUC fall in FEV1 (MD −7.18% (90%CI −11.92–−2.44)),
compared to PCB. Patients in the ecleralimab group showed a strong trend towards a
significant (p = 0.05) increase in the minimum absolute FEV1 during LAR vs. PCB (MD
0.27% (90%CI 0.00–0.55)) [53,54]. No data are available for symptoms control [53,54].

3.7. LABAs

The latest GINA report recommends treating patients with inadequately controlled
asthma with a triple combination of indacaterol acetate/glycopyrronium bromide/
mometasone [1]. Several studies provided evidence that indacaterol maleate is potent
and safe in asthmatic patients [75–78].

A Phase I RCT [34,35] compared the efficacy of the maleate salt with the acetate salt
of indacaterol 150 μg vs. PCB in patients with asthma. Indacaterol maleate significantly
(p < 0.001) improved trough FEV1 of 186.0 mL (95%CI 129.0–243.0), FEV1 AUC0-4h by
248.0 mL (95%CI 186.0–310.0), and PEF of 33.0 L/min (95%CI 25.6–40.3) vs. PCB, and
it was as effective as indacaterol acetate. No data are available for symptoms control.
Rescue medication use was significantly (p < 0.01) reduced with both indacaterol salts of
0.42 puffs/day vs. PCB [34,35].

3.8. SGRMs

Compared to conventional glucocorticoids, nonsteroidal, selective glucocorticoid
receptor modulators (SGRM) preferentially favour transrepression over transactivation [79].
SGRM are designed to activate the GC receptor and suppress inflammation by inhibiting
nuclear factor-kappa B (NF-kB) and activator protein 1 (AP-1), whilst inducing less GC
response element (GRE)-driven adverse effects [80].

Phase IIb GRANIT RCT [48–50] enrolled patients with inadequately controlled asthma
on low-dose BUD to orally receive the SGRM velsecorat (AZD7594) 50–720 μg vs. PCB
or open-label fluticasone furoate (FF) 100 μg over 12 weeks. Velsecorat dose-dependently
improved trough FEV1 over the entire treatment period. When administered at doses
of 320 μg and 720 μg, velsecorat induced a trend towards a significant improvement in
trough FEV1 compared to PCB, which was numerically lower compared to the effect of
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FF vs. PCB. Velsecorat 180–720 μg significantly (p < 0.05) improved morning PEF vs. PCB
from 9.12 L/min (95%CI 0.20–18.05) to 16.60 L/min (95%CI 8.03–25.17)). Evening PEF was
significantly (p < 0.05) increased with velsecorat 360 μg and 720 μg vs. PCB, respectively,
by 10.26 L/min (95%CI 1.46–19.06) and 11.99 L/min (95%CI 3.57–20.42). The effect of
velsecorat on PEF was comparable to that induced by FF vs. PCB [48–50].

Velsecorat administered at doses 90–720 μg significantly (p < 0.05) improved the
ACQ5 score vs. PCB, by inducing a reduction between −0.19 units (95%CI −0.37–−0.02)
and −0.27 units (95%CI −0.43–−0.10), and it was as effective as FF vs. PCB. Velsecorat
50 μg and 180–720 μg significantly (p < 0.05) reduced the daily asthma symptom score
between −0.14 units (95%CI −0.26 ¬– −0.02) and −0.23 units (95%CI −0.35–−0.11) and
improved the percentage of symptom-free days between 8.61% (95%CI 0.30–16.91) and
11.34% (95%CI 2.77–19.91) vs. PCB, to a similar extent as FF. The percentage of asthma
control days significantly (p < 0.05) increased with velsecorat 50 μg, 360 μg, and 720 μg over
the treatment period between 8.62% (95%CI 0.49–16.75) and 10.07% (95%CI 1.46–18.67),
similar to FF [48–50].

At doses 50–180 μg, the effect of velsecorat on FENO values was not different to PCB,
but when administered at 360 μg and 720 μg, the improvement was significant (p < 0.05) vs.
PCB (MD 0.81 ppb (95%CI 0.69–0.95) and 0.65 ppb (95%CI 0.56–0.76), respectively), and
comparable to that induced by FF vs. PCB [48–50].

Only velsecorat 360 μg significantly (p < 0.05) increased the percentage of rescue-free
days by 11.79% (95%CI 1.49–22.09) vs. PCB, an effect that was superior to that of FF vs.
PCB. Rescue medication use was significantly (p < 0.05) lowered with velsecorat 50 μg,
360 μg, and 720 μg vs. PCB (MD between −0.24 puffs (95%CI −0.43–−0.05) and −0.31
puffs (95%CI −0.49–−0.13), an effect similar to that induced by FF vs. PCB [48–50].

Velsecorat 50–720 μg significantly (p < 0.05) delayed the time to recurrent CompEx
event (a composite endpoint combining severe asthma exacerbations and diary events)
vs. PCB (hazard ratio (HR) between 0.20 (95%CI 0.100.38) and 0.58 (95%CI 0.26–0.95)).
When administered at doses of 50 μg, 180 μg, 360 μg, and 720 μg, velsecorat significantly
(p < 0.05) reduced the annualised CompEx event rate vs. PCB (MD between 0.11 (95%CI
0.04–0.25) and 0.44 (95%CI 0.20–0.94)), while at 90 μg, velsecorat induced a strong trend
towards a significant reduction in the rate vs. PCB. Overall, no comparative analysis has
been performed in the study between velsecorat and FF [48–50].

3.9. MABAs

Bifunctional M3 receptor muscarinic antagonists/β2-adrenoceptor agonists (MABAs)
are dimeric molecules that simultaneously block M3 muscarinic receptors while activating
β2 receptors, and thus may be readily co-formulated with anti-inflammatory agents [81,82],
simplifying dosing schedules and improving patient adherence to medication. A Phase I/II
RCT [42,43] reported that in asthmatic patients, the inhaled MABA CHF6366 significantly
(p < 0.05) improved the change from pre-dose in FEV1 on day 1 when administered at
160 μg, but not at 40 μg, 80 μg, and 240 μg, compared to the effect induced by PCB, while
no difference was detected in the change from pre-dose in FEV1 on day 7; no data are
available for symptoms control [42,43].

3.10. DP2 Antagonists

Evidence suggests that preventing the activation of the prostaglandin D2 receptor
(DP2) pathway improves symptoms of asthma and pulmonary function, and impairs
any change in eosinophil shape, while indirectly inducing a reduction in the number of
exacerbations in severe asthmatic patients [83].

The LEDA Phase IIb RCT [36,37] demonstrated that the DP2 antagonist GB001 given
orally at 20 mg, 40 mg, and 60 mg, in addition to the standard of care therapy, induced an
effect on FEV1, PEF, and ACQ5 that was comparable to PCB in moderate to severe asthmatic
patients with a BEC of ≥250 cells/μL. Across all doses, GB001 numerically reduced the
odds of asthma worsening vs. PCB, with no dose–response effect; subgroup analysis based
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on baseline BEC and/or FENO did not indicate greater treatment efficacy with higher
values. GB001 20 mg and 60 mg induced a significant (p < 0.05) delay in the time to first
asthma worsening compared to PCB (HR 0.72 (95% CI 0.52–0.995) and HR 0.70 (95% CI,
0.51–0.97), respectively), while GB001 40 mg induced a numerical delay vs. PCB. Treatment
with GB001 20 mg, 40 mg, and 60 mg significantly (p < 0.05) reduced the annualised rate of
asthma worsening vs. PCB (RR 0.56 (95% CI 0.39–0.80), RR 0.65 (95% CI 0.46–0.93), and RR
0.68 (95% CI 0.48–0.96), respectively) [36,37].

There was a numerical reduction in the annualised rate of severe asthma exacerbations
compared to PCB [36,37].

3.11. Selective BTK Inhibitors

Bruton’s tyrosine kinase (BTK) is a member of the Tec family of tyrosine kinases
involved in the high-affinity receptor for IgE (FcεRI)-dependent mast cell production
of cytokines and degranulation [84,85], and in the IgE-mediated activation of human
basophils [86]. BTK inhibitors could be useful to treat pathological mast cell responses of
asthma [87].

A Phase II RCT [25] reported that orally administering remibrutinib (LOU064) 100 mg
to inadequately controlled asthmatic patients did not induce an improvement in trough
FEV1 and in morning and evening PEF compared to PCB. Changes in the ACQ5 score,
in the asthma symptom score, and in the number of puffs of SABA taken daily were not
different between remibrutinib and PCB groups [25].

3.12. ENaC Inhibitors

An imbalance in ion transport across the airway epithelium has been implicated in
asthma pathogenesis. Dysfunctions in the cystic fibrosis transmembrane conductance
regulator and epithelial sodium channel (ENaC) cause changes in the airway surface liquid
permeation, leading to modifications of mucus rheological properties and impairment.
Blocking ENaC may reduce airway water reabsorption and increase mucus moist, therefore
it is considered a potential target for the treatment of asthma [88].

A Phase I RCT [26] investigated the ENaC inhibitor BI 443651 100 μg, 400 μg, and
1200 μg administered via soft mist inhaler (SMI) to patients with mild asthma following a
bolus methacholine (MCh) challenge. In the single-blind, double-dummy Part 1 of the RCT,
no difference was detected between BI 443651 and PCB in terms of absolute change from
baseline in maximum FEV1 reduction. In the double-blind, double-dummy Part 2 of the
RCT, only BI 443651 administered at 1200 μg significantly (p < 0.05) improved the maximum
FEV1 reduction vs. PCB (MD −157 mL (90%CI −266–−47)). No data are available for
symptoms control [26].

3.13. Pan-JAK Inhibitors

According to in vitro studies performed on inflammatory cells isolated from asthmatic
patients, pan-JAK inhibitors reduced cytokine levels and showed an additive effect on
lymphocyte inhibition when combined with ICS [89]. Lung inflammation was improved
upon treatment with pan-JAK inhibitors in animal models of airway inflammation [90–92].

A Phase II RCT [27] reported that the pan-JAK inhibitor TD-8236 administered at
150 μg and 1500 μg via DPI did not improve the FEV1 AUC from 3 to 8 h and the maximum
percentage decline in FEV1 from 3 to 8 h following inhaled allergen challenge compared to
PCB. No data are available for symptoms control [27].

3.14. Anti-Fel d 1 mAbs

The secretoglobulin Fel d 1 is the major cat allergen, eliciting IgE-mediated allergic
symptoms in up to 95% of individuals with a cat allergy [93,94], such as sneezing, runny
nose, nasal obstruction, conjunctivitis, and/or asthma [95]. REGN1908-1909 is an anti-
Fel d 1 cocktail of two IgG4 mAbs, REGN1908 and REGN1909, with a high affinity for
and noncompetitive binding to distinct epitopes of Fel d 1, which prevents the allergen
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cross-linking of IgE-FcεRI complexes on mast cells and basophils and the consequent
degranulation and release of inflammatory mediators [96,97].

A Phase II RCT [51,52] investigated whether a single dose of the subcutaneously
administered REGN1908-1909 600 mg effectively reduced bronchoconstriction in mild
asthmatic patients with a cat allergy for up to 3 months following cat-allergen exposure.
REGN1908-1909 significantly (p < 0.05) increased the median time to EAR (defined as the
time leading to a ≥20% reduction in FEV1) vs. PCB on day 8 (HR 0.36 (95%CI 0.17–0.77)),
day 29 (HR 0.24 (95%CI 0.12–0.48)), day 57 (HR 0.45 (95%CI 0.22–0.89)), and day 85 (HR
0.27 (95%CI 0.13–0.56)). REGN1908-1909 significantly (p < 0.05) improved FEV1 AUC from
0 to 2 h vs. PCB at day 8 (MD 13.56% (95%CI 6.35–20.77)), at day 29 (MD 16.21% (95%CI
6.18–26.24)), at day 57 (MD 12.30% (95%CI 2.40–22.20)), and day 85 (MD 12.54% (95%CI
3.43–21.65)). No data are available for symptoms control [51,52].

3.15. Synthetic Amino-Benzothiazoles

The synthetic amino-benzothiazole dexpramipexole was first developed as a treatment
for amyotrophic lateral sclerosis (ALS) and during the development program, a marked
targeted depletion of BEC was observed in ALS patients; therefore, dexpramipexole holds
promise for asthma and eosinophil-associated diseases [98].

In the EXHALE Phase II RCT [28,29], dexpramipexole (KNS-760704) orally admin-
istered at 37.5 mg, 75 mg, and 150 mg BID for 12 weeks was investigated in patients
with poorly controlled moderate to severe eosinophilic asthma with an absolute BEC of
≥300 cells/μL. No differences were observed between dexpramipexole 37.5 mg and 75
mg and PCB in trough FEV1 and post-bronchodilator FEV1, while dexpramipexole 150 mg
showed a numerical improvement in both outcomes vs. PCB at the end of the treatment
period, and a significant increase in trough FEV1 at weeks 16/18 vs. PCB. The effect of
treatment on the ACQ6 score was similar to that observed in the PCB group [28,29].

Dexpramipexole 37.5 mg, 75 mg, and 150 mg significantly (p < 0.05) reduced BEC
vs. PCB (ratio to PCB of 0.45 (95%CI 0.23–0.87), 0.34 (95%CI 0.18–0.65), and 0.23 (95%CI
0.120.43), respectively). The FENO level numerically reduced upon treatment with dex-
pramipexole vs. PCB across all doses. No differences were observed between the treatment
and PCB groups in terms of a change in AQLQ score [28,29]

3.16. Antifungal Triazoles

Respiratory fungal infections complicate lung diseases and, particularly in severe
asthma, up to 70.0% of patients are sensitised to at least one fungal allergen [5,99,100]. In a
Phase I RCT [38,39], a single dose of inhaled PC945 5 mg did not induce a change in FEV1
(defined as >15.0% change from baseline, measured 10 min after receiving PCB) in mild
asthmatic patients, and no acute bronchospasm was observed.

3.17. Probiotics

Probiotics exhibited anti-inflammatory properties to modulate immune functions and
were characterised by good tolerance and safety [44]. According to preliminary results of
a Phase II/III RCT [44,45] in severe uncontrolled asthma, a change from baseline in ACQ
score was similar in patients receiving the orally administered Probiotical® and PCB; no
data are available on lung function. A significant (p < 0.05) reduction in the percentage of
sputum eosinophils was observed between baseline and after 3 months of therapy in the
Probiotical® group (0.5% (95%CI 0.0–2.3) vs. 0.1% (95%CI 0.0–0.5)) compared to the PCB
group (4.5% (95%CI 1.5–9.3) vs. 2.4% (95%CI 1.2–9.4)) [44,45].

3.18. Risk of Bias

The traffic light plot for the assessment of each included RCT is reported in Figure 2A,
and the weighted plot for the assessment of the overall risk of bias by domains is shown in
Figure 2B.
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Figure 2. Assessment of the risk of bias via the Cochrane RoB 2 tool displayed by means of a traffic
light plot of the risk of bias of the included RCTs (A), and weighted plot for the distribution of the
overall risk of bias within each bias domain via the Cochrane RoB 2 tool (B) (n = 18 RCTs). Traffic
light plot reports five risk of bias domains: D1, bias arising from the randomisation process; D2,
bias due to deviations from intended intervention; D3, bias due to missing outcome data; D4, bias
in measurement of the outcome; D5, bias in selection of the reported result. Yellow circle indicates
some concerns on the risk of bias, green circle represents low risk of bias, and blue circle indicates no
information. NA: not available; RCT: randomised controlled trial; RoB: risk of bias.

All of the included RCTs (100.0%) had a low risk of bias in missing outcome data. For
18 RCTs (94.7%), there was a low risk of bias for the randomisation process, and for 17
RCTs (89.5%), the bias due to deviations from intended intervention was low. For two RCTs
(10.5%), there were some concerns in the domain of bias due to deviations from intended
intervention, and for one RCT (5.3%) there were some concerns for the randomisation
process.
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For 14 RCTs (73.7%), no information was available with regard to the risk of bias in the
measurement of the outcome and selection of the reported results, as no full text articles
concerning the studies have been published yet.

4. Discussion

An investigational medication is defined as a drug and/or formulation that has been
approved for clinical testing by either the U.S. Food and Drug Administration (FDA)
or the European Medicines Agency (EMA), but has not gained marketing authorisation
yet [101,102]. Over the last five years, results from 19 Phase I and II RCTs on investigational
agents for the treatment of asthma reported data from sixteen classes of investigational
agents. Specifically, these investigational drugs included AZD1402, BI 443651, CHF6366,
CJM112, depemokimab, dexpramipexole, ecleralimab, etokimab, GB001, itepekimab, mel-
rilimab, PC945, REGN1908-1909, remibrutinib, TD-8236, velsecorat, indacaterol acetate,
and a probiotic. Overall, the quality of the studies was good, although often data were not
published in full text articles; thus, scarce information was available to adequately perform
the RoB assessment.

The investigational anti-IL-4Rα inhibitor AZD1402, the anti-IL-5 mAb depemokimab,
the anti-IL-17A mAb CJM112, the anti-TSLP mAb ecleralimab, the ENaC inhibitor BI 443651,
the MABA CHF6366, and the anti-Fel d 1 mAb REGN1908-1909 were proven effective
in the treatment of asthma, although data almost exclusively regarded the assessment of
lung function, and thus did not allow conclusions regarding symptoms control and the
secondary endpoints of this systematic review. The effectiveness of the LABA indacaterol
was confirmed even when delivered using the formulation with maleate salt, which demon-
strated an effect that was comparable to the currently marketed indacaterol acetate on
FEV1, PEF, and rescue medication use reduction. Among the investigational anti-IL-33
mAbs, only itepekimab, but not etokimab and melrilimab, effectively improved asthma
outcomes compared to PCB, but generally there was no further improvement observed
when itepekimab was combined with dupilumab. Treatment with the SGRM velsecorat
was generally superior to PCB when administered at higher doses.

Overall, investigational agents did not show superiority to active controls, with the ex-
ception of itepekimab, which significantly reduced BEC compared to dupilumab monother-
apy, and velsecorat, which induced a significantly greater improvement in FEV1 vs. PCB
compared to that produced by FF vs. PCB.

The main efficacy outcome assessed by the RCTs included in this systematic review
was FEV1. In this respect, BI 443651, depemokimab, ecleralimab, indacaterol maleate,
itepekimab, REGN1908-1909, and velsecorat produced a statistically significant improve-
ment in lung function compared to PCB, thus representing promising add-on therapies for
asthma in the future. It is also worth mentioning the synthetic amino-benzothiazole dex-
pramipexole, which was found to markedly reduce BEC across all the administered doses in
patients with moderate to severe eosinophilic asthma, despite no significant improvement
in lung function, relative to PCB [28,29].

The anti-IL-33 mAbs etokimab and melrilimab, the DP2 antagonist GB001, the selective
BTK inhibitor remibrutinib, the pan-JAK inhibitor TD-8236, and the antifungal triazole
PC945 induced an effect on lung function that was similar to PCB.

Although FEV1 is generally recognised by the research community and regulatory
agencies to be a suitable variable for airflow obstruction assessment [103], it is not the
most relevant endpoint for testing investigational anti-inflammatory agents, including
the DP2 antagonist GB001 and the pan-JAK inhibitor TD-8236, particularly for short-term
assessment. Thus, for such treatments, other efficacy endpoints should be considered in
future studies. Although probiotics utilised in dietary supplements reside in a sub-category
under the general umbrella term of “foods” rather than drugs, according to both the
FDA [104] and the European Food Safety Authority (EFSA) [105], the probiotic Probiotical®

investigated in a Phase II RCT (NCT03341403) [44,45] for uncontrolled severe asthma was
included in this systematic review and was treated as investigational agent. The hypothesis
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of such RCT [44,45] was that Probiotical® could have an impact in asthmatic patients who
were not optimally controlled, reducing the local and systemic inflammatory state and then
improving QoL and asthma control [44,45]. This hypothesis was also supported by the
evidence that certain probiotic strains have anti-inflammatory and immunomodulatory
effects in pre-clinical models of asthma [106,107] and RCTs of adult asthma [108,109].
Interestingly, although dietary supplements are not subjected to the pre-market approval
requirement for drugs, an investigational new drug application must be submitted to the
FDA if the clinical investigation is intended to evaluate whether a dietary supplement
is useful in diagnosing, curing, mitigating, treating, or preventing a disease, under the
Code of Federal Regulations Part 312 [110]. In contrast, in the EU, there is still no specific
regulation covering probiotics, pre-biotics, synbiotics, or postbiotics, but as suggested by
The International Scientific Association of Probiotics and Prebiotics consensus statement,
the definition of such products requires a health benefit; thus, it is expected that the use of
any of these terms would require a health claim approval [111].

In any case, the daily administration of Probiotical® showed some improvement in
sputum eosinophil count after 3 months of therapy, but in agreement with the current
scientific evidence, the use of probiotics as adjuvant therapy for asthma is not yet conclu-
sive [112]. Three meta-analyses carried out to explore the potential effects of probiotics in
preventing allergic diseases and asthma led to conflicting outcomes due to a high degree
of heterogeneity among the studies, mostly concerning the design, the characteristics of
included patients, the analysed variables, and the used probiotic strains [113–115].

The assessment of efficacy outcomes reported by the RCTs included in this systematic
review indicates that not only were some of the investigational agents superior to PCB
from a statistical point of view, but they also elicited clinically relevant effects compared to
PCB in asthmatic patients, as reported in Table 2. As a matter of fact, itepekimab 300 mg
Q2W, indacaterol maleate 150 μg QD, and velsecorat 720 μg QD overcame the Minimal
Clinical Important Difference (MCID) [103] threshold for trough FEV1 or risk of asthma
exacerbation. Interestingly, velsecorat 720 μg QD, itepekimab 300 mg Q2W, and itepekimab
300 mg Q2W + dupilumab 300 mg Q2W were borderline to reach the MCID threshold for
ACQ or AQLQ. Indeed, these promising results need to be confirmed by Phase III studies.

A main limitation of this systematic review is that most of the included studies (11 RCT,
57.9%) had a registry record on ClinicalTrials.gov and/or EU Clinical Trial Register but
no associated publication, and thus, sponsors and principal investigators are exclusively
responsible for the scientific accuracy of the provided results, which may be inconsistent
across all the provided studies.

Additionally, findings for three RCT of the included studies were retrieved from grey
literature which were not formally and rigorously peer reviewed, and thus should be
carefully interpreted due to potential publication bias [116].

There is a strong pharmacological need to look beyond current therapeutic strategies
and consider further promising biological drugs for asthma that are under development
and for which results have not been posted on clinical trial registries and are not available
in current literature.

Asthma remission is a complex condition that can be clinically defined as a sustained
absence of symptoms, optimisation or stabilisation of lung function, and no use of OCS for
exacerbation treatment [117], but controversy remains regarding the threshold of each item
used to assess the asthma remission itself [118]. Although these terms do not necessarily im-
ply the absence of airway pathology, a recent point of view suggested that asthma remission
may be an achievable goal, at least in asthmatic patients with the T2 phenotype [117].

In conclusion, novel investigational agents, such as biologics, may have the potential to
promote disease modification. Clearly, further larger studies are needed to confirm positive
results from Phase I and II RCTs. So far, most of the investigated therapies have been
evaluated as add-on options to current treatment, but it would be extremely advantageous
for new therapies to be effective enough to replace current pharmaceutical options in order
to simplify regimens of administration.
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Abstract: Prostacyclin is a metabolic product of the cyclooxygenase pathway that is constitutively
expressed and can be induced during inflammatory conditions. While prostacyclin and its analogs
have historically been considered effective vasodilators and used in treating pulmonary hypertension,
prostacyclin has demonstrated potent anti-inflammatory effects in animal models of allergic airway
inflammation. In vitro studies reveal that prostacyclin directly inhibits type 2 cytokine production
from CD4+ Th2 cells and ILC2 and reduces the ability of dendritic cells to generate Th2 cytokine
production from CD4+ T cells in an antigen-specific manner. Thus, there is strong evidence that
prostacyclin may be an additional therapeutic target for treating allergic inflammation and asthma in
human subjects.

Keywords: prostacyclin; allergic inflammation; airway remodeling; proinflammatory; anti-inflammatory;
cytokines

1. Introduction

Allergic inflammation arises from both innate and adaptive immune responses that
are characterized by an increase in the production of type 2 cytokines, such as interleukin
(IL)-4, IL-5, IL-9, and IL-13 [1,2]. These cytokines are important in the pathogenesis of
allergic diseases such as asthma, atopic dermatitis, allergic rhinitis, and food allergy. IL-4
can cause isotype switching of B cells to IgE production and drives naïve CD4+ T cells to a
Th2 phenotype. IL-5 is the most important cytokine in eosinophil differentiation, migration,
and survival, which is significant because eosinophils are critical in allergic inflammation
pathogenesis. IL-9 has important effects on mast cell development, while IL-13 is a central
mediator of airway responsiveness and mucus production, both cardinal features of asthma.
An increased understanding of allergen-induced inflammation over the past decade reveals
that activated CD4+ Th2 cells alone are not solely responsible for propagating allergic
disease. In addition to CD4+ Th2 cells, group 2 innate lymphoid cells (ILC2) also produce
IL-5, IL-9, and IL-13 and, in special circumstances, may also secrete IL-4 [3]. Importantly,
ILC2 produces IL-5 at a significantly greater level than even CD4+ Th2 cells [4]. In patients
with severe asthma, Th1, Th17, and CD8+ cytotoxic lymphocytes and neutrophils may
even be observed [5].

In this review, we will focus on the role of prostaglandin (PG)I2 in regulating the
allergic inflammatory pathway detailed in the preceding paragraph. As we will discuss,
endogenous PGI2 restrains allergen-induced inflammatory responses, and both in vivo
and in vitro studies in mice suggest that exogenous PGI2 may be a target for the treat-
ment of allergic diseases such as asthma. PGI2 is one of the five primary prostaglandins.
Prostaglandins are eicosanoids, active lipid compounds that are produced through arachi-
donic acid metabolism via the cyclooxygenase (COX) pathway. The sequential metabolism
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of arachidonic acid leading to prostaglandin production may be constitutive or induced in
response to pathophysiological conditions, such as inflammation [6]. Arachidonic acid is re-
leased from the nuclear and cytoplasmic plasma membrane via the action of phospholipase
A2 (PLA2). COX-1 and COX-2 convert arachidonic acid to an unstable intermediary, PGG2,
which can then be converted to PGH2 by COX and peroxidase activity [7]. Tissue-specific
enzymes and isomerases convert PGH2 into the five primary prostanoids, which include
PGE2, PGD2, PGF2α, PGI2, and thromboxane A2. Whether a specific prostaglandin is
produced or not is dependent upon the expression of the synthase for that prostaglandin in
that tissue.

PGI2 is most commonly referred to as prostacyclin, and we will use this terminology
in this review. Prostacyclin was discovered in 1976 by Vane and Moncada [8]. Prostacyclin
is generated by PGI synthase (PGIS) converting PGH2 into PGI2, and PGIS is primarily,
but not exclusively, localized in endothelial cells, where it is most abundantly expressed
(Figure 1) [7]. Traditionally, prostacyclin has been recognized as an effective vasodilator
within both systemic and pulmonary circulations, as it elicits smooth muscle relaxation and
has been observed to have anti-platelet aggregatory effects [9]. These characteristics are
what led to the rise of prostacyclin analogs, such as iloprost, trepostinil, and epoprostenol,
being used clinically in the treatment of pulmonary arterial hypertension [10–12]. For the
FDA-approved prostacyclin analogs, iloprost can be administered through either the in-
haled or intravenous routes, while epoprostenol is administered intravenously. Treprostinil
can be given subcutaneously, intravenously, or orally [13,14]. While beraprost and cicaprost
are also potent prostacyclin analogs, neither has been approved by the FDA [13].

Figure 1. The pathway of prostacyclin production. The arrows show the downstream enzymatic pathways.

2. Prostacyclin Signaling and In Vivo Models That Suggest an Inability to Signal
through the IP Receptor Augments Allergic Inflammation

The biological effects of prostacyclin are exerted by signaling through its primary re-
ceptor, IP, which is also known as PTGIR in humans. IP is a seven transmembrane spanning
G protein-coupled receptor (GPCR) that, when activated, results in increased intracellular
cyclic AMP (cAMP) [7,10]. The increase in cAMP levels that result from IP signaling acti-
vates protein kinase A (PKA), leading to the phosphorylation of other proteins leading to
downstream vasodilatory effects [10]. In addition to prostacyclin signaling through IP, a
peroxisome proliferator-activated nuclear receptor (PPAR) may also be stimulated to act as
a transcription factor [15]. PPARs exist in multiple isoforms, and while prostacyclin can
signal through PPARδ in mice, PPARγ can be activated by prostacyclin analogs [15,16].
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The prostacyclin-IP signaling pathway has been the focus of multiple studies using IP
knock-out (KO) mice in order to gain a greater understanding of how prostacyclin regulates
the allergic airway inflammatory response (Figure 2); however, as described above, IP is
not the sole signaling pathway responsible for the effects of prostacyclin.

Figure 2. The effects of prostacyclin and its analogs on functions of leukocytes that are important
in allergic inflammatory responses. The arrows show how prostacyclin and its analogues regulate
specific cell types.

An important tool in understanding how endogenous prostacyclin signaling regulates
allergic airway inflammation was the creation of the IP deficient, or knock-out (KO),
mouse. Early studies first detailed the effects of the IP receptor signaling in allergic airway
inflammation by sensitizing and airway-challenging IP KO mice with ovalbumin to elicit a
pulmonary allergen-driven inflammatory response. These studies reported a multi-fold
increase in the number of leukocytes in bronchoalveolar lavage fluid (BALF) in IP KO
mice relative to their wild-type (WT) counterparts [17,18]. In addition, IP KO mice had a
significant increase in the eosinophilic airway and lung inflammation compared to similarly
ovalbumin-sensitized and -challenged WT mice. In the ovalbumin model, IP KO mice had
more than five times the amount of IL-4 and IL-5 produced in bronchoalveolar lavage fluid
(BALF) relative to WT mice [17]. Furthermore, there was also a three-fold increase in the
amount of interferon (IFN)-γ produced by splenic CD4+ T cells within the IP KO mice
when compared to WT mice [17]. The restraining effect of IP signaling on the production of
IFN-γ has since been corroborated by a more recent study that also noted an increase in the
level of IFN-γ production from Natural Killer (NK) cells in IP KO mice challenged with
house dust mice allergen compared to WT mice [19].

3. Dendritic Cells

Myeloid dendritic cells (mDC) are monocyte-derived antigen-presenting cells that
are vital for initiating and regulating the adaptive immune response [20]. More specifi-
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cally, mDCs accumulate in airways that are challenged by allergens and are involved in
inducing and maintaining inflammatory responses by activating naïve T cells in the sec-
ondary lymphoid organs, implicating mDCs in potentially having a crucial role in allergic
inflammation [20].

In a study that determined the effects of prostacyclin on dendritic cell function,
ovalbumin-sensitized and challenged mice treated with inhaled iloprost in vivo had de-
creased expression of IL-4, IL-5, and IL-13 in restimulated lymph node cells compared
to mice treated with the iloprost vehicle [11]. Iloprost treatment significantly decreased
the number of eosinophils and lymphocytes in the BAL compartment and reduced peri-
bronchial inflammation and goblet cell hyperplasia compared to vehicle treatment [11].
In vitro, activated iloprost-treated mouse dendritic cells that expressed CC chemokine
receptor 7 (CCR7) had decreased chemotactic responsiveness to CC chemokine ligand 19
(CCL19) compared to vehicle-treatment, perhaps explaining the effect of iloprost treatment
on the reduction of dendritic cell migration to the lymph nodes in vivo [11].

Another group reported that iloprost dose-dependently decreased TNF-α, IL-6, and
IL-8 secretion by human mDCs compared to vehicle treatment [21]. A second group re-
ported that, compared to vehicle treatment, iloprost decreased IL-6, IL-12, IL-23, and TNF-α,
while it increased IL-10 in bone marrow dendritic cells (BMDCs) that were stimulated with
ovalbumin and then intratracheally adoptively transferred into mice that were subsequently
ovalbumin challenged through the airway [9]. Further, mouse CD4+ T cells that expressed
a T cell receptor specific for an ovalbumin peptide had reduced production of IL-4, IL-5,
and IL-13 when these cells were stimulated with DCs that had been cultured with ovalbu-
min BMDCs in the presence of iloprost compared to vehicle-treated BMDCs [11]. These
results show promise for the use of prostacyclin analogs in attenuating adaptive allergic
inflammatory responses.

The results of experiments detailing the effect of prostacyclin in downregulating
proinflammatory cytokine production by mouse DCs are similar to those in which
human DCs have been studied. Iloprost and treprostinil suppressed TNF-α expres-
sion by mDCs activated by the toll-like receptor (TLR) agonist, poly I:C. TNF-α is an
important proinflammatory cytokine that recruits immune cells, regulates chemokine
production, releases histamine, upregulates adhesion molecules, and is potentially in-
volved in airway remodeling in dendritic cells [13,20]. Compared to vehicle treatment,
iloprost-treated human mDCs also decreased the production of IFN-γ by CD4+ helper
T cells, while iloprost enhanced the production of the immunosuppressive cytokine
IL-10 [20]. These effects were seemingly modulated through the IP and PGE2 (EP) re-
ceptors but not PPARs [20]. Furthermore, the modulatory effects of treprostinil and
iloprost in this study in which the cAMP pathway was activated were not completely
IP-specific [20]. For instance, iloprost increased intracellular Ca2+ levels through EP1
receptor signaling and partly increased IL-10 levels while decreasing TNF-α via the
EP1-Ca2+ pathway. In these studies, iloprost’s suppressive effects on TNF-α in human
mDCs were a result of MAPK-p38-ATF2 pathway signaling [20]. Thus, some prosta-
cyclin analogs, particularly at higher concentrations, may have IP-independent effects
by activating EP receptors. Additionally, the study also examined the in vitro effects
of prostacyclin analogs on epigenetic regulation. Epigenetic regulation, observed by
the activity of histone acetyltransferase and deacetylase, in this instance, regulates in-
flammatory gene expression [20]. In patients with asthma, there is an overexpression in
inflammatory genes due to a decrease in histone deacetylase activity and an increase in
histone acetyltransferase activity, and these changes in acetylation through epigenetic
regulation also regulate the proliferation and differentiation of T lymphocytes [20,22].
In mDCs that were activated by poly I:C, iloprost downregulated H3K4 trimethylation
of the TNFA gene promoter region and inhibited poly I: C-induced translocation of
methyltransferases [20].

32



Biomedicines 2022, 10, 2862

3.1. Monocytes

In vitro studies also suggest that prostacyclin decreased cytokine secretion by human
monocytes. Beraprost, iloprost, and treprostinil dose-dependently suppressed TNF-α ex-
pression, and iloprost was the most efficient of the three analogs based on the concentration
needed to achieve a partial reduction in cytokine production [13]. These results provide a
potential role for prostacyclin in helping to control the symptoms of asthma that may be due
to increased TNF-α levels. The effects of prostacyclin in restraining cytokine production in
monocytes may not be IP-dependent, as is the case in studies in which DCs were used. For
example, in a study that analyzed the effects of prostacyclin analogs on both Th1 and Th2
cytokines in human monocytes, prostacyclin analogs suppressed Th1-related chemokine
expression via PPAR-γ [23]. Additionally, the same study reported that iloprost and tre-
prostinil suppressed IP-10, a Th1-related chemokine protein, via the IP-receptor-cAMP
pathway [23]. Overall, these studies reflect the importance of better understanding the
multiple pathways by which prostacyclin acts, as they can provide several avenues in
which to study prostacyclin analog efficacy.

3.2. CD4+ Th2 Cells

Naïve CD4+ T cell differentiation into the Th2 subset is implicated as a key driver
of allergen-induced inflammatory diseases such as asthma, and multiple studies reveal
that prostacyclin inhibits Th2 inflammation [24]. For instance, IP KO mice sensitized and
challenged with an extract of the ubiquitous aeroallergen Alternaria had significantly greater
numbers of IL-5+ and IL-13+ CD4+ T cells compared to WT mice, further solidifying that
endogenous IP signaling is a critical restraining influence on CD4+ Th2 cell differentia-
tion [24]. While IL-4 is recognized as an important cytokine in differentiating CD4+ T cells
down the Th2 pathway, IL-33 also has this effect. Cicaprost dose-dependently decreased
IL-33-induced production of IL-4, IL-5, and IL-13 by CD4+ cells from WT mice but not in IP
KO CD4+ T cells [24]. Cicaprost’s inability to suppress Th2 cytokine production in CD4+
Th2 cells from the IP KO mice confirmed the specificity of its effect on the prostacyclin-IP
signaling pathway. Additionally, cicaprost decreased the IL-33-induced CD4+ Th2 cell
production of IL-2 [24]. Prostacyclin reducing IL-2 could explain the decreased activation
of the Th2 cells and their reduction in IL-5 and IL-13 production.

Signal Transducer and Activator of Transcription (STAT) 6 is a transcription fac-
tor that is activated by IL-4 and IL-13 and is critical for Th2 cell differentiation [25].
Indomethacin is a COX inhibitor that increases allergic proinflammatory cytokine re-
sponses in a STAT6-independent fashion [25]. Indomethacin administration likely re-
sulted in increased allergic inflammation as a result of its decreasing prostacyclin pro-
duction [25]. This was confirmed by a study using WT, STAT6 KO, IP KO, and IP-STAT6
double knock-out (DKO) mice. In this in vivo study in which ovalbumin was used
to sensitize and challenge mice, IP KO mice had greater allergic lung inflammation
compared to WT mice. STAT6 KO mice had undetectable levels of Th2 cytokines, while
IP-STAT6 DKO mice also had significantly increased IL-5, IL-13, IL-1α, and IL-β protein
expression compared to STAT6 KO mice [25]. This revealed that endogenous IP signaling
inhibits a STAT6-independent pathway that can drive allergic inflammation [25].

3.3. Innate Allergic Inflammation and Group 2 Innate Lymphoid Cells (ILC2s)

ILC2s are tissue-resident cells that do not express T-cell, B-cell, or monocytic markers;
however, they are able to produce Th2 cytokines, namely IL-5 and IL-13, at a markedly
higher level than CD4+ Th2 cells [3]. ILC2s are instrumental in amplifying allergic inflam-
mation in the lung [2].

In order to determine the effect of endogenous IP signaling on ILC2 function, mice were
challenged with 4 consecutive days of Alternaria extract (Alt Ex) to elicit inflammation by
innate immunity that precedes significant contribution from the adaptive immune response.
In Alt Ex-challenged IP KO mice, there was an increase in lung IL-5 and IL-13 expression,
as well as heightened airway eosinophilia and mucus compared to Alt Ex-challenged WT
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mice [2]. This revealed that endogenous IP signaling restrains ILC2-induced inflammation.
In addition to these in vivo findings, in vitro data revealed that cicaprost inhibited IL-5 and
IL-13 protein expression by IL-33-stimulated mouse ILC2s [2]. Likewise, in human ILC2s,
cicaprost dose-dependently decreased IL-33-induced IL-5 and IL-13 production [2]. Others
have reported similar findings. In a study examining mice stimulated with intranasal IL-33,
the iloprost-treated group had lower mRNA expression levels of IL-5 and IL-13 alongside a
reduction in the proliferation of ILC2s relative to mice treated with the vehicle for iloprost,
demonstrating the attenuating effects of prostacyclin analogs on ILC2 type 2 cytokine
production [26]. These findings were supported by another study that reported that
iloprost directly suppressed ILC2 cytokine production following IL-33 activation [27].

3.4. Th17 Cells

Th17 cells are a subset of CD4+ helper T cells that produce the cytokines IL-17A, IL-17F,
IL-21, and IL-22. The differentiation of naïve CD4+ T cells into Th17 cells requires the
expression of TGF-β and IL-6 in mice, or TGF-β, IL-1 β, and IL-21 in humans [28]. When
IL-17A and IL-17F are produced from Th17 cells, they act in a proinflammatory role and
can induce other proinflammatory cytokines, such as IL-8, from the airway epithelium,
resulting in neutrophil recruitment. IL-17A and IL-17F also can elicit smooth muscle
contraction and airway mucus metaplasia. Both cytokines are increased in the airways of
patients with severe asthma [28].

Eicosanoids clearly regulate the production of Th17 cytokines. COX-2 KO mice had
significantly reduced numbers of Th17 cells in the lungs, BALF, and spleen following
ovalbumin-sensitization and challenge compared to WT mice [28]. Further, IL-17A and IL-6
levels in the blood and BALF were markedly reduced in COX-2 KO mice relative to WT
mice following the allergen challenge [28]. These investigators also examined the roles of
several different prostaglandins in Th17 differentiation and demonstrated that prostacyclin
increased Th17 differentiation in cells that express COX-2 and partially restored Th17
differentiation in mice that were deficient for COX-2 [28]. This finding was corroborated by
another group that reported that when iloprost and cicaprost administration in the presence
of IL-23 promoted Th17 differentiation and survival in vitro [29]. When prostacyclin
analogs were administered in vitro to naïve CD4+ T cells from WT mice, they stimulated
greater production of both IL-17A and IL-22 compared to vehicle treatment, indicating that
the analogs supported Th17 differentiation and revealing another facet in prostacyclin’s
role in allergic inflammation [29].

γδ T cells have a first-line immunoprotective role against pathogens and environmental
irritants in mucosal tissues [30]. A subset of γδ T cells, γδ-17 cells, produce IL-17. IP KO
mice challenged by ovalbumin had a significant reduction in the amount of γδ-17 cells
compared to WT mice, and iloprost augmented IL-17 production by γδ T cells, reflecting
that both prostacyclin analogs and prostacyclin signaling play a key role in γδ T cell
development and effector function [30].

3.5. Treg Cells

Regulatory T cells (Tregs) are critical for immune tolerance in that they suppress inflam-
mation, promote tolerance, and inhibit the development of autoimmune disorders [9,31].
Development of Tregs is promoted by the transcription factor Forkhead box p3 (Foxp3) [31].
Regulatory T cells are crucial for suppressing type 2 inflammation and do so through
expressing GATA-binding protein 3 (GATA3) and interferon regulatory factor 4 (IRF4) in or-
der to inhibit Th2 cells [31]. Tregs that express the inhibitory receptor immunoglobulin-like
transcript 3 (ILT3) are unable to suppress the Th2 response [31].

In vivo studies reveal that prostacyclin signaling promotes immune tolerance and
Treg stability. In the ovalbumin sensitization and challenge model, immune tolerance
can be induced by exposing WT mice to aerosolized ovalbumin prior to sensitization.
IP KO mice did not develop tolerance in this protocol, suggesting that IP signaling was
critical for tolerance induction [32]. Interestingly, in this study, a surprising finding was
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that there were more, not fewer, Treg in the lungs of IP KO mice. This result suggested
that Treg in IP KO mice may be less functional than those in WT mice [32]. A follow-up
study confirmed that IP signaling was critical for Treg effector function. Treg from IP
KO mice had decreased Foxp3 expression compared to WT Treg, and Foxp3 expression is
correlated with Treg suppressive function [31]. In an in vivo adoptive transfer model, Treg
from IP KO mice was significantly less able to suppress allergic inflammation compared
to WT Treg [31]. Lung IP KO Tregs isolated from mice had a significantly greater ILT3,
revealing that prostacyclin signaling attenuated ILT3 expression on Tregs. Further, in vitro
studies showed that cicaprost promoted Foxp3 expression in both mouse and human T cells
polarized down the Treg pathway. Another group reported that in the ovalbumin-induced
asthma model, iloprost promoted regulatory T cell differentiation from naïve T cells [9].
Thus, prostacyclin signaling is critical for optimal Treg function.

3.6. NK Cells

Natural Killer (NK) cells are cells of the innate immune system that serve to target and
eliminate tumors and cells infected by viruses [19]. There have been conflicting reports on
how exactly NK cells modulate allergic lung inflammation, where some have reported that
NK cells play an inhibitory role, and others report that NK cells promote allergen-induced
inflammation [19]. One study reported the role of prostacyclin signaling in NK cell function
in allergic airway inflammation and found that IP KO mice had reduced allergic lung
inflammation induced by house dust mites and decreased Th2 cytokine production [19].
While this finding is in contrast to data previously mentioned in this review, in this model,
IP KO mice had a greater number of pulmonary NK cells than WT mice. Depleting NK
cells restored allergic inflammation in the IP KO mice to levels seen in WT mice, and
transferring NK cells into airways suppressed allergic inflammation [19]. Thus, this leads
to the speculation that IP signaling promotes NK cell function to regulate allergies.

4. In Vivo Models that Support the Use of Prostacyclin in Reducing Airway
Remodeling and Asthmatic Symptoms

The synthetic prostacyclin analog ONO-1301 reduced allergic inflammation, airway
hyperresponsiveness, and remodeling in mice in the ovalbumin model [33]. Mice admin-
istered ONO-1301 had decreased goblet-cell metaplasia, reduced airway smooth muscle
hypertrophy, and inhibited submucosal collagen deposition [33]. These results support
the possibility that prostacyclin may be a potential therapeutic approach to reduce airway
remodeling [18,34].

The relationship between cough reflex sensitivity and airway inflammation was inves-
tigated by observing the effect of the prostacyclin analog beraprost on asthmatic patients.
Unfortunately, beraprost decreased the cough threshold and thus enhanced cough reflex
sensitivity in the subjects with asthma [35]. Contrary to these findings, a more recent study
examined the role of prostacyclin in the cough response by triggering bronchoconstriction
via methacholine chloride (MCh) inhalation in guinea pigs [36]. In animals that were
administered a high dose of prostacyclin, the number of coughs induced by bronchocon-
striction was significantly decreased, and when an IP antagonist was incorporated, the
number of coughs increased [36]. Thus, while there are conflicting reports on the exact
effects of prostacyclin on the cough response, there is potential for prostacyclin analogs to
reduce a nearly ubiquitous symptom of asthma and allergic inflammation.

5. Concluding Remarks

The landscape of asthma treatment has changed drastically over the last decade with
the FDA approval of biologics that target specific molecules that contribute to allergic
inflammation. Antibodies against IgE, IL-5, the IL-4 receptor α, and TSLP are all clinically
efficacious. However, there remain patients who have uncontrolled asthma despite ad-
equate trials of biological therapies, and this may be where prostacyclin may be useful.
Future steps towards potentially utilizing prostacyclin analogs for allergic inflammation,
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particularly asthma, would require clinical trials. A study that examined the feasibility
of administering inhaled iloprost in human patients with mild asthma found that this
prostacyclin analog was safe [37]. While there are still aspects to learn about the mechanism
for how prostacyclin signaling reduces allergic inflammatory responses, the published
data in this review support further research into repurposing prostacyclin as a possible
treatment for allergic inflammation and asthma.
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Abstract: Asthma is the most common chronic disease of the respiratory system in children and the
number of new cases is constantly increasing. It is characterized by dyspnea, wheezing, tightness in
the chest, or coughing. Due to diagnostic difficulties, disease monitoring, and the selection of safe
and effective drugs, it has been shown that among the youngest patients, miRNAs fulfilling the above
roles can be successfully used in common clinical practice. These biomolecules, by regulating the
expression of the body’s genes, influence various biological processes underlying the pathogenesis of
asthma, such as the inflammatory process, remodeling, and intensification of airway obstruction. They
can be detected in blood serum and in exhaled breath condensate (EBC). Among children, common
factors responsible for the onset or exacerbation of asthma, such as infections, allergens, air pollution,
or tobacco smoke present in the home environment, cause a change the concentration of miRNAs in
the body. This is related to their significant impact on the modulation of the disease process. In the
following paper, we review the latest knowledge on miRNAs and their use, especially as diagnostic
markers in assessing asthma exacerbation, with particular emphasis on the pediatric population.

Keywords: miRNA; asthma; children; serum; exhaled breath condensate; diagnosis; exacerbation;
biomarkers; factors

1. Introduction

Modern medicine is constantly developing, and new, minimally invasive methods
are sought to facilitate accurate diagnosis and control the course of the disease. Undoubt-
edly, a breakthrough event was the recognition of microRNA molecules (miRNAs) which
are involved in many biological processes in cells. These biomolecules can be found in
blood serum, tissues, and exhaled breath condensate (EBC). They were discovered more
than 30 years ago, but only recently have they become a special object of interest among
scientists [1–3]. By changing their concentration in the blood serum and knowing the
target site of action, they may serve as an extremely useful diagnostic and therapeutic tool
allowing us to monitor the course of the disease and detect its exacerbations. Based on a
large number of studies, it has been shown that they play a key role in the pathogenesis
of allergic diseases (including asthma) by affecting the change in gene expression and
modulation of inflammatory processes [4]. Thanks to their minimal invasiveness and
the ease of obtaining them, miRNAs are becoming an extremely useful tool in the hands
of physicians, especially among the pediatric population. The correct diagnosis of early
childhood asthma among this group is often a major clinical problem [5]. Spirometry, i.e., a
functional test of the respiratory system, is the gold standard for diagnosing asthma but it
requires the cooperation of the patient which is only possible when the child is five to six
years old. Due to the still small amount of data on the use of miRNAs among the pediatric
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population, there is a further need for research to assess their clinical utility in a group of
young patients at high risk of an adverse course of the disease.

MiRNAs are small, non-coding RNA molecules, which usually consist of 18–25 nu-
cleotides responsible for regulating gene expression at the translation level and affecting
messenger RNA (mRNA) [1]. By binding to the 3′-UTR region, mRNAs lead to the inhi-
bition of translation or degradation in this molecule. These biomarkers act by inhibiting
the production of relevant proteins; therefore, it is assumed that the pro-inflammatory
effects are probably due to indirect mechanisms [3,6,7]. Approximately 50% of the human
genome is regulated by these molecules at the translation stage, which is why they have a
significant impact on ensuring homeostasis in the body and coordination of the cell cycle,
differentiation, apoptosis, and other physiological functions of cells [8]. Through detailed
characterization of the miRNA profile in a given disease entity and correlation of this profile
with the appropriate genes, a deeper understanding of the pathophysiological processes
will be possible [1,4]. These biomolecules are characterized by high stability and tissue
specificity, which emphasizes their additional advantages as new diagnostic markers [8].
MiRNAs have also been shown to be a promising target for potential therapeutic inter-
vention [6,7]. We can divide them into intracellular and extracellular molecules. Thanks
to the so-called exosomes, they are transported and transferred between different tissues
and cells within the body [3]. Extensively conducted studies have shown a difference in
the expression of miRNAs between asthmatics and healthy people. In some of them, the
detailed molecular mechanism responsible for the biological processes taking place in cells
has already been identified, but most of them are still undiscovered [3,6,7].

Asthma is a chronic inflammatory disease of the bronchial tree characterized by
recurrent symptoms, such as cough, shortness of breath, wheezing, and chest tightness,
that change in intensity over time. It is the most common chronic disease of the lower
respiratory tract in children, usually diagnosed before the age of five (one to two years
34%, less than one year 32%). This may suggest over-diagnosis, because children often
cough and wheeze with colds and chest infections, but this is not necessarily asthma [9].
In older children, lung function tests can be used to aid the diagnosis [10]. MiRNA in
asthma, through indirect mechanisms, is responsible for the severity of inflammation,
hyperresponsiveness, and remodeling of the airways, as well as resistance to standard
therapy with inhaled steroids [6]. Moreover, allergens, infections, and air pollution may
cause intensification and exacerbation of asthma (especially among children), change the
concentration of miRNAs in the serum, and modulate the course of the disease process.
The following publication, based on a literature review, aims to introduce miRNAs as new
diagnostic markers that allow us to monitor the course of the disease, as well as to recognize
and predict its exacerbation, with particular emphasis on the pediatric population [5]. This
potential role of miRNAs in pediatric asthma we presented in Figure 1.
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Figure 1. Serum and exhaled breath condensate-isolated miRNA and its potential role in asthma
diagnostics and management in the pediatric population.

2. The Diagnostic Role of miRNAs

Due to diagnostic difficulties, delays in initiating appropriate treatment and the
need to deal with complications of untreated diseases, asthma is a resource-consuming
condition in the healthcare sector. Finding and implementing into clinical practice non-
invasive, fast, and sensitive diagnostic methods that can undoubtedly be based on miRNA
molecules would largely solve this growing problem. Research has been conducted on these
biomolecules that could play a role in this process. Increased expression of miRNA-221 and
miRNA-485-3p has been shown in the pediatric asthma population. The first molecule is
associated with increased adhesion and migration of mast cells and cytokine production
after the body comes into contact with the antigen. In addition, these biomolecules reduce
the concentration of the Spred-2 protein (Sprouty-related EVH1 domain-containing 2),
contributing to increased cell proliferation and the eosinophilic inflammatory response in
the airways through IL-5 [7,11]. MiRNA-21 levels are higher in children with confirmed
asthma and positively correlated with disease severity and serum and sputum eosinophilia
in these patients. This molecule acts on the Smad-7 gene and inhibits the production of a
protein that is an inhibitor of the TGFβ1/Smad pathway. The consequence of this is the
excessive synthesis of collagen, α-smooth muscle actin, proliferation and differentiation
of fibroblasts, and deposition of the extracellular matrix. This results in remodeling, fi-
brosis of the airways, and increased airway obstruction [12]. In a study conducted by M.
Atashbasteh et al. among patients with severe asthma, increased expression of miRNA-125
was demonstrated, as well as decreased expression of miR-124, miR-130a, and miR-133b.
The level of the first of these was correlated with the concentration of CRP and IgE in the
serum. These molecules are involved in the pathway of phosphorylation of sphingosine
to sphingosine-1 phosphate (S1P) by sphingosine kinase type 1 (SphK1). The effect of S1P
on cells is possible by affecting receptors, e.g., S1PR and S2PR. The former is present in
large amounts on the surface of lymphocytes and is involved in the process of their matu-
ration (in particular, release from lymphatic organs). In addition to affecting the immune
system cell population, S1P also participates in the activation of molecules that regulate
inflammation, proliferation, and cell death: NF-kB (nuclear factor kappa B) and STAT3
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(signal transducer and activator of transcription 3). For this reason, the significant role of
this pathway in the development of autoimmune diseases is emphasized. The increased
concentration of this compound in the airways of patients with asthma is responsible for the
increased hyperreactivity of the smooth muscle cells of the bronchial tree and the increased
inflammatory process. MiRNA-124 is associated with sphingosine kinase 1 (SphK1), which
is responsible for the formation of S1P, miRNA-130a with an effect on the S1PR2 receptor
(it was proven that the reduction in its expression is associated with an increase in the
concentration of inflammatory mediators, including TNF-α and increased expression of
inflammatory genes). MiRNA-133b, on the other hand, plays a significant role in controlling
the level of sphingosine-1-phosphate receptor protein [13].

An increased blood concentration of some miRNAs in the pediatric population suffer-
ing from asthma, e.g., miRNA-3162-3p, miRNA-1260a, miRNA-let-7c-5p, and miRNA-494,
has become the subject of further research interest in understanding their role in the patho-
genesis of allergic diseases. Particular attention was paid to the miRNA-3162-3p increase in
serum in a study of an allergic asthma model conducted in albumin-sensitized mice. Its rela-
tionship with β-catenin, which is responsible for the reconstruction of the respiratory tract,
and its inhibitory effect on the expression of the gene encoding this protein was proven.
The experimental use of antagomir (anti-miRNA) resulted in a reduction in airway hyper-
reactivity, inflammation, and an increase in B-catenin levels. Thus, signaling involving this
molecule seems to be crucial in models of asthma provoked by allergens [14,15].

In childhood the model of allergic asthma dominates, with an increased Th2 cell
response and eosinophilic inflammation of the airways. Eosinophils play a key role in the
development and maintenance of the inflammatory process. It was shown that by their
effect on smooth muscle cells (ASMC) in laboratory conditions, they promote proliferation
and hypertrophy. This only occurs in the environment of eosinophilic cells obtained
from the blood of sick people. These processes include, for example, TGF-β1 and WNT-5
genes [16]. Eosinophils are also a source of miRNAs which can be transferred between the
cells of the body through exosomes, becoming a potential regulator of gene expression [17].

In a study evaluating differences in the expression of miRNAs in eosinophils in pa-
tients with the allergic march and healthy subjects, 18 biomarkers were isolated that were
associated with the expression of genes involved in cellular regulation, immune response,
angiogenesis, and smooth muscle cell proliferation. This highlights the role of miRNAs,
which may play a role in the atopic march and the occurrence of many allergic diseases
in one patient. Attention was paid to miRNA-590, which was then also shown to be
down-expressed in previous studies. Its target is the CITED-2 gene, which is responsible
for the regulation of the TGF-beta pathway and the proliferation of airway smooth mus-
cle cells [18,19]. Another study demonstrated a higher concentration of miRNA-144-3p
in severe disease and its positive correlation with blood eosinophilia. This biomolecule
affects genes responsible for the inflammatory process and remodeling of the airways, e.g.,
GATA3, STAT6, SOCS5, RHOA, NR3C1, and PTEN, which makes it a potential diagnostic
marker for severe asthma [20]. In non-allergic asthma, miRNA-629-3p, miRNA-223-3p,
and miRNA-142-3p were significantly elevated in patients with severe symptoms and
associated with increased inflammation mediated by neutrophils. In particular, the miRNA-
629-3p molecule was responsible for the increased production of IL-8, which stimulates the
migration of neutrophils, monocytes, and T cells and the adhesion of neutrophils to the en-
dothelium [21]. Individual miRNAs also affect the expression of interleukins. Involvement
in inflammatory processes, e.g., miRNA-1248 (increased concentration in asthmatics) stimu-
lates the synthesis of IL-5, responsible for survival, growth, differentiation, and recruitment
of eosinophils. MiRNA-181b-5p, on the other hand, showing reduced expression in people
with asthma, is characterized by targeting the SPP1 molecule, i.e., phosphoprotein 1, other-
wise known as osteopontin. It is a component of the extracellular matrix that is involved in
the migration of eosinophils to the respiratory tract and the intensification of IL-13-induced
expression of IL-1 and CCL 11 (eosinophil chemotactic protein) in bronchial epithelial
cells [7,22]. MiR-146a and miR-106b, in turn, are upregulated in pediatric asthma patients
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and lead to increased production of IL-5 and IL-13, which stimulate inflammatory cell
recruitment, epithelial cell hyperplasia, smooth muscle hyperplasia, goblet cell metaplasia,
and extracellular matrix deposition in the respiratory tract [23].

3. Asthma Exacerbation and miRNAs

MiRNA molecules perform various functions in the body. In addition to the diagnostic
role described above, they can be used to predict exacerbation of the disease with greater
accuracy. The risk of exacerbation of the disease increases with the lack of use of inhaled
corticosteroids, lack of adequate disease control, spirometric indices indicating deepening
of obstruction, signs of eosinophilic inflammation, or exposure to allergens or irritants. In a
group of children diagnosed with asthma and using anti-inflammatory treatment (inhaled
steroids) for a period of 12 months, 12 miRNA molecules associated with exacerbations
during observation were isolated. In addition, each doubling of the concentration of
these molecules was associated with an increase in the risk of exacerbations by 25–67%,
respectively. MiRNA-146b-5p, miRNA-206, and miRNA-720 were identified, which, in
combination with clinical symptoms, enabled a better prediction of exacerbation of the
disease in patients with asthma using inhaled corticosteroids, compared to a model based
only on a single component. Involvement of these miRNAs in pathways involved in
the pathogenesis of asthma was discovered, e.g., NF-kβ and GSK3 (glycogen synthase
kinase-3)/AKT, which are responsible for remodeling the airways and deepening the
inflammatory process [2].

MiRNAs are biomolecules that also play a key role in other obstructive respiratory
diseases, including chronic obstructive pulmonary disease (COPD). Researchers compared
circulating serum miRNAs associated with exacerbation of the disease in the pediatric
population diagnosed with asthma and adults diagnosed with COPD. A total of 20 miRNA
molecules were associated with worsening of symptoms in children and 5 of them (451b;
7-5p; 532-3p; 296-5p, and 766-3p) in the adult population with severe chronic obstructive
pulmonary disease. Participation of these molecules in the signaling pathways MAPK
(mitogen activated protein kinases) and PI3K-Akt, which are responsible for the increased
response of both eosinophils and neutrophils, the production of immunoglobulin IgE, and
the activation of tumor necrosis factor alpha (TNF-a), was proven. This leads to excessive
production of interleukins, cytokines, and intensification of inflammation [24]. In addition,
the MAPK pathway is activated by tobacco smoke, indicating its important role in the
pathogenesis of COPD and neutrophilic asthma. Thanks to the analysis of the concentra-
tions of appropriate miRNAs, it is also possible to identify the pathomechanism that may
lead to exacerbation of symptoms among children with asthma who are exposed to tobacco
smoke in the home environment. This is undoubtedly a factor that stimulates an increased
immune response and affects the disease symptom severity. However, anti-inflammatory
molecules have been identified that are also related to the concentration of the relevant
miRNAs. One of them is annexin (ANXA1), also known as lipocortin I. It is a protein with a
significant content in the secretions of the respiratory tract. It was shown that an increase in
ANXA1 concentration was associated with the decreased concentration of miRNA-196-a2.
It is also interesting that in subjects with a moderate disease severity, the level of ANXA 1
was higher than in those with severe asthma. In addition, miRNA-196-2a is responsible
for the production of key interleukins involved in the pathogenesis of asthma, IL-5 and
IL-13, whose role is described above [25–27]. Many factors can exacerbate the course of
asthma, such as tobacco smoke, infections (mainly viral), allergens, irritants (e.g., aerosols
or household cleaners, paint fumes, other occupational exposures), physical exertion, air
pollution, medications, and foods. Respiratory infections caused by viruses, including
RSV, influenza, and rhinoviruses, are of particular importance among the group of the
youngest patients. When these pathogens infect human bronchial epithelial cells (HBECs),
it was demonstrated that the NF-κB pathway and interferon signaling are activated to
stimulate cellular responses, reduce viral replication, and avoid tissue damage. It was
suspected that the HBEC cells of asthmatics impair the above-described processes and,
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consequently, exacerbate symptoms. Understanding miRNAs targeting the NF-κB and
interferon pathway will uncover modulators of cellular responses and prevent the de-
velopment of adverse events [28]. MiRNA-146a and miRNA-146b (miRNA-146a/b) are
anti-inflammatory molecules more heavily produced in response to rhinovirus (RV) infec-
tion, targeting the NF-κB pathway specifically. In experimental animal models of allergic
asthma, deprivation of HBEC cells of these miRNAs led to an increased inflammatory
process involving Th1, Th17 lymphocytes with a reduced participation of Th2 lymphocytes.
These molecules are therefore responsible for alleviating RV-induced allergic airway inflam-
mation and represent a potential future therapeutic target [29]. Influenza virus is another
important infectious agent responsible for exacerbating asthma symptoms. After infection
of bronchial epithelial cells with H1N1 influenza virus in the laboratory, miRNA-22 growth
was demonstrated only in a sample obtained from healthy individuals. The molecule blocks
the CD147 receptor which is a transmembrane glycoprotein involved in the invasion of viral
and bacterial infections. This molecule also participates in the remodeling of the respiratory
tract through the increased synthesis of matrix metalloproteinases (MMPs). Therefore,
asthma patients with low levels of miRNA-22 due to the inability to block CD147 lose one
of the important defense barriers against viral infection, becoming more susceptible to
infection. In the era of the COVID-19 pandemic, it was shown that the CD147 receptor is
also responsible for the penetration of the SARS-CoV-2 virus into the cell. This proves the
role of miRNA-22 in the defense process against a wider spectrum of viral infections than
just influenza [30].

Unfortunately, not only infectious factors play a leading role in the pathogenesis of
asthma in children, but also increasing air pollution and high concentrations of harmful
substances in the environment. After measuring the content of PM 2.5 particles in the
composition of the air at home, a significant correlation was shown between their concen-
tration and the incidence of asthma. Moreover, greater exposure resulted in an increase
in serum concentrations of miRNA-155, which is responsible for the enhancement of the
type 2 immune response [31]. The relationship of this biomolecule was also confirmed
with exposure to tobacco smoke, which is a special type of air pollution due to its local
occurrence and relative ease of elimination from inhaled air compared to other factors.
MiRNA-155-5p, miRNA-21-3p, and miRNA-18a-5 are a set of molecules that are overex-
pressed in the blood of mice exposed to cigarette smoke in utero, in which asthma was
later induced with albumin. Additionally, their concentrations were positively correlated
with proasthmatic Th2 cytokine levels in bronchoalveolar lavage fluid (BALF) samples [32].
Another aspect that was emphasized was the seasonal variability of miRNAs and its impact
on the severity of the allergic process and asthma symptoms in the pediatric population,
especially in the spring. It is at this time of the year patients are at risk of exacerbating
asthmatic symptoms, especially those with hay fever. Of the 26 miRNAs studied, which
were associated with a specific season and with the allergen causing the symptoms of this
period, two miRNAs-328-3p and let-7d-3p were isolated. A decrease in the concentration
of let-7d-3p was observed in spring and among those allergic to mulberry (spring bloom-
ing), while it increased after the allergen immunotherapy process (performed in patients
allergic to wasp venom). The protective role of this molecule was proven, which is most
likely achieved by reducing the concentration of IL-13. Its protective effect in relation to
asthmatic patients is also supported by its abundant presence in the lung tissue. The role
of miRNA-328-3p is more complex. It was observed that its concentration decreases in
autumn. On the other hand, an increase was noted in patients with a concomitant allergy
to aspergillus, which resulted in an exacerbation of symptoms. MiRNA-328-3p was shown
to be involved in wound healing of the bronchial epithelium, but also facilitates the spread
of bacterial infection in the lungs [33].

MiRNAs may participate in the process of airway remodeling, leading to airway
obstruction and affecting airway function parameters. MiRNAs involved in a number of
pathophysiological processes affect smooth muscle cells, the epithelium, and goblet cells
and intensify the inflammatory process, causing narrowing of the bronchial lumen [34].
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The relationship between 22 miRNAs and lung function parameters in the pediatric
population was demonstrated. An example may be the following molecules: miRNA-
186-5p, which participate in the release of acetylcholine and modulation of airway tone
through the cholinergic pathway [35,36]; miRNA-203, which is associated with an increase
in IgE concentration and intensifies the inflammatory process in the airways, leading to
their obstruction [35,37]; and miRNA-26, which is released by bronchial smooth muscles
after their physical stretching, causing cell hypertrophy. Over the course of many years
of observation, it has also been proven that miRNA-145-5p is associated with an early
decrease in FEV1 in children with asthma, leading to the development of COPD. It is also
responsible for the increased proliferation of airway smooth muscle cells [38].

The results of the studies on miRNAs in pediatric asthma are summarized in Table 1.

Table 1. The relevance of miRNA in asthma based on studies conducted in the pediatric population.

Study Population miRNA Gene Biological Function

F. Liu et al. [11]

N = 12
(study with control group)

Age: 4–6 years
SAMPLE: serum

↑ miRNA-221
↑ miRNA-485-3p SPRED2

Decreased Spred-2 protein.
Increased cell proliferation and

eosinophilic inflammatory
response in the airways

through IL-5.

Y. Kang et al. [12]

N = 103
(study with control group)
STUDY GROUP: ASTHMA

Age: 9.3 ± 0.4 years
CONTROL GROUP
Age 9.6 ± 0.4 years

SAMPLE: serum

↑ miRNA-21 Smad7

Decreased Smad7 protein.
TGFβ1/Smad pathway.

Excessive synthesis of collagen,
α-smooth muscle actin,

proliferation and
differentiation of fibroblasts.

Increased airway obstruction.

Y. Wang et al. [14]
N = 54 (study with control

group)
SAMPLE: serum

↑ miRNA-3162-3p
↑ miRNA-1260a,

↑ miRNA-let-7c-5p
↑ miRNA-494

CTNNB1

Decreased β-catenin.
Intensification of airway

hyperreactivity and
inflammation.

H. Elnady et al. [23]

N = 50 (study with control
group)

STUDY GROUP: ASTHMA
Age: 10.6 ± 0.7 years
CONTROL GROUP
Age: 11.0 ± 0.8 years

SAMPLE: serum

↑ miRNA-146a
↑ miRNA-106b -

Increased IL-5, IL-13. Stimulate
inflammatory cell recruitment,

epithelial cell and smooth
muscle hyperplasia, goblet cell
metaplasia, and extracellular

matrix deposition in the
respiratory tract.

L. He et al. [18]
N = 170

(study with control group)
SAMPLE: serum

↑ miRNA-144-3p
GATA3, STAT6,
SOCS5, RHOA,
NR3C1 i PTEN

Increased eosinophilia,
inflammatory process,

and remodeling of the airways.

A. T. Kho et al. [2]

N = 153
(study with control group)
STUDY GROUP: ASTHMA

EXACERBATION
Age: 8.9 ± 2.2 years

CONTROL GROUP: NO
EXACERBATION

Age: 8.9 ± 2.0 years
SAMPLE: serum

↑ miRNA-146b-5p
↑ miRNA-206
↑ miRNA-720

-

Upregulation GSK3 by AKT
and

downregulation NF-kB
pathway. Remodeling the

airways and deepening the
inflammatory process.
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Table 1. Cont.

Study Population miRNA Gene Biological Function

A. Tiwari et al. [24]

N = 351
(study with control group)
STUDY GROUP: ASTHMA

EXACERBATION
Age: 9.0 ± 1.9 years

CONTROL GROUP: NO
EXACERBATION

Age: 9.4 ± 1.8 years
SAMPLE: serum

↓ miRNA-451b
↓ miRNA-7-5p
↑ miRNA-532-3p
↑ miRNA-296-5p
↑ miRNA-766-3p)

Many genes
involved in the
production of

more than
20 proteins.

Upregulation MAPK,
PI3K-Akt (i.a). Increased

eosinophils, neutrophils, IgE
immunoglobulin, and the

activation of tumor necrosis
factor alpha (TNF-a). Excessive
production of interleukins and
cytokines and intensification of

inflammation.

A. A. Ibrahim et al. [25]

N = 100
(study with control group)

STUDY GROUP: MILD,
MODERATE, SEVERE

ASTHMA Age:
8.9 ± 1.3 years

CONTROL GROUP
Age: 8.2 ± 1.4 years

SAMPLE: serum

↑ miRNA-196-2a ANXA1

Downregukation Annexin
(anti-inflammatory factor).
Concentration: moderate
asthma > severe asthma.
Increased inflammatory

reaction.

Q. Liu et al. [31]

N = 360
(study with control group)
STUDY GROUP: ASTHMA

Age: 10.8 ± 3.1 years
CONTROL GROUP
Age 10.1 ± 2.7 years

SAMPLE: serum

↑ miRNA-155 -
Responsible for the

enhancement of the type
2 immune response.

A. T. Kho et al. [35]

N = 360
(study without control

group)
Age: 8.8 ± 2.1 years

SAMPLE: serum

↑ miRNA-186-5p
↑ miRNA-203
↑ miRNA-26

≈50

Activation of cholinergic
pathway, intensifies the

inflammatory process in the
airways leading to their

obstruction. Hypertrophy of
smooth muscles.

A. Tiwari et al. [33]

N = 398
(study without control

group)
Age: 5–12 years
SAMPLE: serum

↑ let-7d-3p
↑ miRNA-328-3p -

Decreased serum level of IL-13.
Exacerbation of symptoms in
patients allergic to aspergilus.

F. C. Mendes et al. [39]

N = 186
(study with control group)
STUDY GROUP: ASTHMA

Age: 8.7 ± 0.8 years
CONTROL GROUP
Age: 8.7 ± 0.8 years

SAMPLE: exhaled breath
condensate

↑ miRNA -155
↑ miR-126-3p
↑ miR-133a-3p
↑ miR-145-5p,

↑ miRNA-423-3p

E.G RUNX3

GATA-3-upregulation of
Th1/Th2 balance.

Downregulation of GATA-3.
Promotes a lymphocyte Th2

response. Increase in the levels
of the IL-13

inflammatory response.

F. C. Mendes et al. [40]

N = 150
(study with control group)

Age: 7–12 years
SAMPLE: exhaled breath

condensate

↑ miR-133a-3p - Upregulation of production of
IL-13.

Abbreviations: SPRED2—Sprouty-related EVH1 domain-containing 2; Smad—suppressor of mother against
decapentaplegic; TGFβ1—transforming growth factor β1; CTNNB1—catenin beta gene; IL—interleukin; GATA3—
GATA binding protein three gene; STAT6—signal transducer and activator of transcription six gene; SOCS5—
suppressor of cytokine signaling protein five gene; RHOA—Ras homolog family member A gene; NR3C1—nuclear
receptor subfamily three group C member 1 gene; PTEN—phosphatase and tensin homolog gene; GSK3—glycogen
synthase kinase-3; AKT—protein kinase B; NF-kB—nuclear factor kappa-light-chain-enhancer of activated B cells;
MAPK—mitogen-activated protein kinases, PI3K—the phosphatidylinositol 3-kinase; Ige—immunoglobulin E;
GATA3—GATA binding protein three; Th1—Type 1 T helper; Th2—Type 2 T helper.
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4. Exhaled Breath Condensate

Examination of the exhaled breath condensate (EBC) is a new, non-invasive method
that allows us to assess the inflammatory process within the respiratory tract and may be
successfully used in children. The material is gathered by calm breathing for 10–15 min, and
then cooling and accumulating the air exhaled into the capacitor. Thanks to the obtained
condensate, it is possible to measure inflammatory markers in the collected material, as
well as miRNA. In this way, a potentially useful, non-invasive technique was obtained
for diagnosing and controlling the course of the disease and assessing the effectiveness
of asthma treatment. The presence of miRNAs in EBC was confirmed for the first time
in 2013. The difference in the expression of 11 miRNAs between asthmatics and healthy
people was proven, as well as the greater stability of miRNA molecules in EBC compared
to the material obtained from blood serum due to the difference in the number of miRNAs
enclosed in exosomes [41,42].

It was found that the concentration of miRNA contained in EBC is related to the
functional parameters of the respiratory tract. In the first study conducted among the
pediatric population with diagnosed asthma in which the exhaled breath condensate was
analyzed, the influence of a number of miRNAs (e.g., miRNA-155, miR-126-3p, miR-133a-
3p, miR-145-5p, 3p) on lung function parameters and reversibility of airway obstruction was
proven [39]. In subsequent studies, the relationship between miRNA-570-3p in EBC and
spirometry results was also found through an inverse relationship between the expression
of this molecule and FEV1 values. A similar relationship was obtained after examining
miRNA-1248. With regard to the intensity of the inflammatory process, it was found that
miRNA-570-3p affects the diverse expression of many cytokines, chemokines, and the HuR
protein (it binds RNA and regulates post-transcriptional processes). Thus, this biomolecule
becomes a potential regulator of inflammation in asthma [43]. In addition, attention
was paid to miRNA-423, the relationship of which was proven with obesity. Obesity is
known to be one of the factors predisposing a higher risk of developing asthma. Since
asthma and obesity are characterized by chronic inflammation, it is likely that miRNAs
may be misregulated in these diseases by modulating the immune cells found in EBCs.
Interestingly, an unobvious relationship between the increase in the amount of fatty acids
in the food consumed and the increase in the level of miRNA-133a-3p in the EBC affecting
the inflammatory response in the condensate of exhaled air among children diagnosed
with asthma was also noted [40].

The limitation of our work is the fact that some studies have been based on relatively
small pediatric populations or studies with no control group. To present the trends and
potential perspectives for future studies, we have presented studies conducted on adult
populations or animal models in case of a lack of data on children.

5. Conclusions

In modern medicine we strive for an individual approach to each patient. This
strategy is mainly based on clinical phenotyping, where biomarkers play an important
role. Additionally, in childhood diseases, especially in asthma, problems with diagnostics
and assessment of treatment efficacy often occur due to a lack of cooperation with young
patient. Thus, many molecules, metabolites, and proteins remain the subject of research
to find a simple, useful biomarker that may solve the abovementioned problems. The
potential relevance of molecules, such as (in blood) eosinophil cationic protein, periostin,
lipoxins, chitinases, YKL-40, (in exhaled breath) fractional exhaled nitric oxide, volatile
organic compounds, evaluation of exhaled breath temperature, (in urine) bromotyrosine,
metabolites of eicosanoids, eosinophil-derived neurotoxin in diagnostics and management
of asthma were evaluated. Unfortunately, these biomarkers presented several limitations,
e.g., particles detected in the urine do not directly reflect the inflammatory process in
the respiratory tract and the concentration of some molecules changes during the growth
of children or in the course of other diseases [44–46]. These facts make them useless in
clinical practice. Therefore, understanding the importance of new, promising biomarkers
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(miRNAs) and their role in metabolic pathways in childhood asthma seems to be crucial.
Based on the considerations presented in this manuscript, it can be seen that miRNAs,
in combination with disease symptoms, lung function tests, and allergy tests, seem to be
a useful tool in the construction of predictive models, allowing for the identification of
high-risk groups for the adverse course of the disease and increasing the probability of
making an accurate diagnosis in an ambiguous case. In order for miRNAs to be introduced
into common clinical practice, the methods of their detection should be characterized by
high sensitivity and specificity. Based on many studies, it has been shown that they indeed
have such potential; however, a lack of data prevents their successful implementation in
clinical practice. Therefore, there is a need to conduct new analyses and search for solutions
using miRNA molecules in the population of pediatric patients diagnosed or suspected of
having bronchial asthma.
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Abstract: Extracellular vesicles (EVs) are released by virtually all cells and may serve as intercellular
communication structures by transmitting molecules such as proteins, lipids, and nucleic acids
between cells. MicroRNAs (miRNAs) are an abundant class of vesicular RNA playing a pivotal role
in regulating intracellular processes. In this work, we aimed to characterize vesicular miRNA profiles
released in a side-directed manner by bronchial epithelial cells from healthy and asthmatic subjects
using an air−liquid interface cell culture model. EVs were isolated from a culture medium collected
from either the basolateral or apical cell side of the epithelial cell cultures and characterized by
nano-flow cytometry (NanoFCM) and bead-based flow cytometry. EV-associated RNA profiles were
assessed by small RNA sequencing and subsequent bioinformatic analyses. Furthermore, miRNA-
associated functions and targets were predicted and miRNA network analyses were performed. EVs
were released at higher numbers to the apical cell side of the epithelial cells and were considerably
smaller in the apical compared to the basolateral compartment. EVs from both compartments showed
a differential tetraspanins surface marker expression. Furthermore, 236 miRNAs were differentially
expressed depending on the EV secretion side, regardless of the disease phenotype. On the apical
cell side, 32 miRNAs were significantly altered in asthmatic versus healthy conditions, while on the
basolateral cell side, 23 differentially expressed miRNAs could be detected. Downstream KEGG
pathway analysis predicted mTOR and MAPK signaling pathways as potential downstream targets
of apically secreted miRNAs. In contrast, miRNAs specifically detected at the basolateral side were
associated with processes of T and B cell receptor signaling. The study proves a compartmentalized
packaging of EVs by bronchial epithelial cells supposedly associated with site-specific functions of
cargo miRNAs, which are considerably affected by disease conditions such as asthma.
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1. Introduction

Asthma is a common non-communicable inflammatory disease of the airways, affect-
ing more than 339 million people worldwide, and is a major cause of morbidity around
the globe [1,2]. Disease pathogenesis in asthma involves the interaction of many different
cell types within the respiratory tract, including CD4+ T-cells, granulocytes, dendritic cells,
macrophages, myeloid-derived regulatory cells, natural killer cells, smooth muscle cells,
and airway epithelial cells [3]. These various types of cells communicate via many different
signaling mechanisms, such as soluble factors, including cytokines and chemokines. In
the past decade, a new mechanism of intercellular communication by extracellular vesicles
(EVs) was discovered [4]. They have been found in all body fluids, including in blood [5],
urine [6], and bronchoalveolar lavage fluid (BALF) [7]. All EVs are composed of a lipid
bilayer containing transmembrane proteins and can be classified into exosomes, microvesi-
cles, and apoptotic bodies depending on size, structural components, and generation
process [8]. While exosomes are approximately 30–150 nm in diameter and are derived
from the exocytosis of multivesicular bodies, microvesicles are shed at the cell surface and
are 50–1000 nm in size [9,10]. EVs express membrane proteins, which frequently have been
used as surface markers to identify specific EV subsets such as exosomes, or to trace the
cell of origin. Universally expressed exosomal proteins such as the tetraspanins CD9, CD63,
and CD81 are therefore commonly used as exosomal markers to distinguish exosomes from
other EV subsets [11], although conflicting data describe the expression on both exosomes
and microvesicles [12].

EVs function as intercellular communicators transporting diverse lipids, proteins, and
nucleic acids, such as DNA and certain types of RNA including messenger RNA (mRNA)
and small RNAs, such as microRNAs (miRNAs), small interfering RNAs (siRNAs), transfer
RNAs (tRNAs), and PIWI-associated RNAs (piRNAs) [13]. Small RNAs are less than
200 nucleotides long and are not translated into proteins, but rather regulate biological
processes by interfering with mRNA translation. MiRNAs are defined as short non-coding
single-stranded RNAs with a length of approximately 22 nucleotides. They target mRNA,
inducing mRNA degradation or inhibiting protein translation, and thereby regulate gene
expression [14]. Vesicular miRNAs are protected from degradation by RNA-degrading
enzymes (RNAses) in body fluids due to the protective shell provided by the vesicles lipid
bilayer, and therefore can be shuttled between cells [15].

The airway epithelium is known to account for a variety of abnormal responses in
asthma, such as epithelial mucus metaplasia [16,17]. Increasing evidence further sug-
gests an active role of lung epithelial cells in the initiation and perpetuation of local
immune mechanisms not only by the secretion of cytokines, but also as a major producer
of EVs [18–21]. Many studies have described a potential proinflammatory role of EVs in
allergy and asthma, but with few studies specifically addressing the role of EVs derived
from airway epithelial cells. Vesicles secreted by lung epithelial cells have been shown
to prime immune cells toward proinflammatory features [22]. Furthermore, a differential
expression of extracellular miRNAs in asthmatic patients compared to non-asthmatics with
a downstream regulatory impact on inflammation has been described [23,24]. However, to
the best of our knowledge, so far, no study has explicitly distinguished between vesicular
miRNA profiles on the apical and basolateral cell side of airway epithelial cells.

The purpose of this study was to investigate vesicle characteristics and vesicular
miRNA profiles associated with EVs derived from the airway epithelial cells of healthy
and asthmatic subjects depending on the cell side of secretion. Therefore, an air−liquid-
interface cell culture model of airway epithelial cells was used for sample collection. We
then performed small RNA sequencing and conducted extensive bioinformatic analyses
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to identify vesicular miRNA signatures. Furthermore, miRNA associated roles, functions,
and targets were predicted by associated target genes, and miRNA network analysis was
conducted to reveal closely related functional clusters within the identified set.

2. Materials and Methods

2.1. Cell Culture

MucilAirTM primary human bronchial epithelial cells were purchased from Epithelix
(Epithelix, Sárl, Geneve, Switzerland) and cultured using air−liquid interface conditions.
Cultures were established from three different healthy non-smoking donors (two males
and one female, aged 15, 41, and 71 years, respectively) and three different asthmatic
non-smoking donors (two males and one female, aged 36, 50, and 55 years, respectively).
MucilAirTM cell culture medium (Epithelix) was exchanged and the cells were washed
carefully with a medium from the apical side to remove residual mucus on a regular basis,
according to the manufacturer’s instructions. The cell culture medium was continuously
collected over one month from the basolateral and apical cell sides. While basal samples
were directly retrieved from the bottom chamber of the culture system, for collection of the
apical samples, the cells were incubated with 200 μL apically applied cell culture medium
for 30 min at 37 ◦C, and afterwards they were washed by carefully pipetting up and down.
All samples were stored at −80 ◦C until further use. The general experimental downstream
workflow is shown in Figure 1.

Figure 1. Schematic overview of EV preparation steps.

2.2. EV Isolation

After thawing at room temperature, conditioned medium samples were sequentially
centrifuged at 4 ◦C to remove cell debris and large vesicles (10 min at 500× g, 20 min
at 2000× g and 30 min at 10,000× g). Next, the samples were passed through a 0.22 μm
filter (Millex-GS Syringe filter unit, Merck KGaA, Darmstadt, Germany) and the EVs were
isolated using the exoEasy kit (Qiagen GmbH, Hilden, Germany) from 4 mL of basolaterally
and 600 μL of apically collected conditioned medium, according to the manufacturer’s
protocol [25].

2.3. NanoFCM Analysis

For the Flow Nano Analyzer (NanoFCM Co. Ltd., Nottingham, UK) analysis, the
system was calibrated using 200 nm polystyrene beads (NanoFCM Co. Ltd., Nottingham,
UK) with a defined concentration of 5.7 × 108 particles/mL, which were also used as a
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reference for the particle concentration. In addition, monodisperse silica beads (NanoFCM
Co. Ltd., Nottingham, UK) of four different sizes were used as reference standards to
calibrate the size of the EVs. Freshly filtered (0.22 μm) PBS was analyzed as a background
signal, which was subtracted from the other measurements. EV samples were diluted
with filtered PBS resulting in a particle count in an optimum range of 2500–12,000 events,
and sample data were collected for 1 min with a sample pressure of 0.4 kPa. Particle
concentration and size distribution were calculated using the NanoFCM software NF
Profession v1.08) (NanoFCM Co. Ltd., Nottingham, UK). Median and interquartile range
(IQR) were calculated using R software v4.1.0 (R Foundation, Vienna, Austria).

2.4. Total Protein Quantification

The EV sample protein concentration measurement was performed on NanoDropTM

(Thermo Fisher Scientific, Waltham, MA, USA) at 280 nm, with an estimated percent extinc-
tion coefficient of 10. The analysis was performed in triplicate on non-diluted EV isolates.

2.5. Bead-Based Flow Cytometry

EVs were detected by bead-based flow cytometry as previously described by Benedik-
ter et al., with some adaptations [26]. Briefly, 4 μm aldehyde/sulphate latex beads
at 3.5 × 108/mL (Thermo Fisher Scientific, Waltham, MA, USA) were incubated with
0.125 mg/mL of an equal mixture of three monoclonal antibodies (anti-human CD9 (clone
M-L13), anti-human CD63 (clone H5C6), anti-human CD81 (clone JS-81); all antibodies
were purchased from BD Biosciences, Franklin Lakes, NJ, USA) overnight in an MES buffer
(Sigma Aldrich, St. Louis, MO, USA) on a shaker at 6500 rpm. The coated beads were
stored in PBS containing 0.1% (m/v) glycine and 0.1% (m/v) sodium azide at 4 ◦C until
use. Before use, the beads were washed with PBS containing 2% (w/v) bovine serum
albumin (BSA). Then, 1 × 106 beads in 1 μL were incubated overnight with 100 μL of
isolated EVs suspended in PBS at a concentration of 1.6 × 107 particles/mL based on
NanoFCM measurements. Detection was performed as described previously, with either
one or a mixture of the following phycoerythrin (PE)-labelled antibodies: anti-human CD9,
anti-human CD63, and anti-human CD81 (same clones as above) [26]. Stained beads were
suspended in 150 μL PBS and were analyzed using a BD FACSCanto II and FACS Diva
v8.0.1 analysis software (BD Biosciences, Franklin Lakes, NJ, USA). To quantify the EV
surface marker expression, relative fluorescence units (RFU) were calculated by multiplying
the percentage of PE-positive beads with the median fluorescent intensity (MFI) of the
positive bead population, as described by Benedikter et al. [26].

2.6. Statistical Analysis of Numerical Data

Data were analyzed using GraphPad Prism v7 (GraphPad Software Inc., San Diego,
CA, USA) using Student’s unpaired t-test for concentration and size distribution, and the
Whitney−Mann U-test for FACS analysis with p-values * < 0.05, ** < 0.01, *** < 0.001, and
**** < 0.0001. Data are presented as mean ± SEM.

2.7. Vesicular RNA Extraction

RNA extraction was performed from 200 μL of EV solution using the miRNeasy kit
(Qiagen GmbH, Hilden, Germany), according to the manufacturer’s instructions. The
RNA concentration was assessed using the Qubit™ microRNA Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA). RNA size distribution and yield were analyzed using the
Agilent 2100 Bioanalyzer with the Small RNA analysis kit (Agilent Technologies, Santa
Clara, CA, USA).

2.8. Small RNA Sequencing

Small RNA libraries were constructed using NEBNext Small RNA Library Prep Set
for Illumina (New England Biolabs, Ipswich, MA, USA), according to the manufacturer’s
protocol, with minor modifications for the low RNA input. Briefly, 3 ng of RNA was used for
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the library preparation. The 3′ SR Adapter, SR RT Primer, and 5′ SR Adapter were diluted
1:4, and the RNA was ligated with both adapters, and was reverse transcribed, barcoded,
and amplified for 15 cycles. The generated libraries were cleaned up using AMPure XP
Beads (Beckman Coulter, Brea, CA, USA) and quantified using the Qubit™ dsDNA HS
Assay (Thermo Fisher Scientific, Waltham, MA, USA) and the Bioanalyzer High Sensitivity
DNA Analysis kit (Agilent Technologies) prior to sequencing on a NextSeq550 platform
(Illumina, San Diego, CA, USA) with High Output Kit v2.5 and 50 bases single-reads,
according to the manufacturer’s instructions.

2.9. Bioinformatic Analysis

The reads were first trimmed for the first three nucleotides (-u 3) and adapters over-
lapping at least five nucleotides with the read (-O 5) using cutadapt v2.9 [27]. Reads shorter
than 15 nucleotides were discarded (-m 15). Trimmed reads were mapped using bwa-mem
v0.7.17-r1188 in three steps, with the minimum score output (-T) and seed length (-k)
set to 15 [28]. The reads were mapped successively against a custom list of transcripts
containing ribosomal RNAs (rRNAs) from rFam 14.1, mature miRNAs from miRbase 22.1,
ncRNAs from ENSEMBL release 97, piRNAs from piRNA-DB v1.7.5, and cDNAs from
ENSEMBL release 97 as the references. In this order, unmapped reads from each step
were mapped against the next reference to assure unique attribution per RNA type. The
reads were counted per transcript with Samtools v1.10 [29], and 374 miRNAs with more
than 10 reads across all samples were analyzed using R package DESeq2 v1.28.1 for the
differential gene expression [30]. Differences were classified as significant with a threshold
of absolute value of fold change (FC) > 2 and FDR < 0.05. Principal component analysis
was conducted and visualized using R package pcaExplorer v2.14.2 based on variance
stabilized transformed read counts of miRNAs [31]. Heatmaps were generated using R
package pheatmap v1.0.12 with default clustering parameters. KEGG (Kyoto Encyclopedia
of Genes and Genomes) pathway analyses were performed using DIANA-miRPath v3.0
with a FDR threshold < 0.05 and other default settings [32]. miRNAs function, family,
disease, and regulatory proteins were analyzed using TAM 2.0 by masking cancer-related
terms and keeping the other default settings [33]. Network analysis was conducted by
miRTargetLink Human with strong evidence, and the resulting genes were uploaded on
STRING v11.0 for the Reactome pathways [34].

3. Results

3.1. EVs Secreted by Airway Epithelial Cells Are Mainly Released at the Apical Cell Surface

To confirm that the isolated particles were indeed EVs, and to compare numbers
and composition of apically versus basolaterally released EVs, NanoFCM analysis and
bead-based flow cytometry with staining for characteristic tetraspanin surface markers of
EVs were performed. Particle concentrations and size profiles showed significant differ-
ences in NanoFCM analysis, depending on their isolation side. Generally, epithelial cells
secreted significantly larger quantities of particles at the apical cell surface compared to the
basolateral side. NanoFCM analysis showed higher particle concentrations in apically ob-
tained EV samples (Figure 2A). This finding was further confirmed by the results of protein
concentration analyses, as depicted in Figure 2B. Furthermore, the size of particles retrieved
from the apical cell side wash corresponded to the typical size range of exosomes with a
mean median size of 75 nm (62–95 nm). Contrarily, particles isolated from the basolateral
side were considerably larger in size with a mean median size of 169 nm (140–192 nm),
consistent in size with microvesicles rather than with exosomes (Figure 2C,D). No differ-
ences in concentration or size range were observed between particles from healthy and
asthmatic subjects.
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Figure 2. EV characteristics in apically and basolaterally secreted vesicles. (A), Particle concentration
after EV isolation analyzed by NanoFCM. (B), Protein concentration in EV isolates measured by
NanoDrop Protein A280. (C), Median particle diameter and (D) size distribution of EVs isolated from
the apical or basolateral side of bronchial epithelial cell cultures from healthy and asthmatic subjects
analyzed by NanoFCM. Bars represent mean ± SD; dots indicate individual samples. ** p < 0.01,
*** p < 0.001, **** p < 0.0001. EV—extracellular vesicle; n.s.—not significant.

3.2. Differential Surface Marker Expression Profiles between Apically and Basolaterally
Released EVs

Bead-based flow cytometry using cocktails of antibodies directed towards the EV-
identifying tetraspanin surface markers CD9, CD63, and CD81 for bead binding and
detection did not reveal any significant differences between apical and basolateral EVs.
However, when examining the expression of singular surface proteins, vesicles secreted to
the basolateral side showed a higher expression of CD9 and CD81 compared to apically
secreted vesicles, while for CD63, such a difference could not be observed (Figure 3A,B).
When further looking at the subgroups, namely EVs from asthmatic and healthy subjects,
these differences in marker expression depending on secretion side were similarly repre-
sented. However, CD9 expression by apical compared to basolateral EVs seemed to differ
to a greater extent in the EVs of healthy subjects. When comparing the surface marker
expression of EVs from healthy and asthmatic subjects, subtle distinctions in the expression
of CD9 were observed on the basolateral side, but not for the other tetraspanins. No differ-
ences could be found in these groups for vesicles from the apical cell side (Figure 3C). This
differential representation of selective marker proteins on EVs was generally suggestive for
compositional differences, depending on the cell side of secretion.
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Figure 3. Bead-based flow cytometry analysis of tetraspanins surface marker expression on EVs
released by airway epithelial cells. Vesicles were captured using beads coated with a mixture of CD9-,
CD63-, and CD81-specific antibodies. Specific secondary antibodies coupled with either CD9, CD63,
or CD81, or a combination of all three, were used for detection. (A) The results of one representative
experiment demonstrating tetraspanin expression on EVs isolated from apical and basolateral cell
culture medium are shown. (B) Tetraspanin expression in EVs isolated from basolateral versus
apical cell culture medium regardless of disease expression. (C) Comparison of the surface marker
expression of apical and basolateral EVs in healthy and asthmatic subjects. n = 3 in each group,
* p < 0.05, ** p < 0.01. EV—extracellular vesicle; ns—not significant; RFU—relative fluorescent units.

3.3. Apically and Basolaterally Released EVs Show Distinct RNA Cargo Composition

Small RNAs were isolated from EVs retrieved from the apical and basolateral com-
partments of airway epithelial air−liquid interface cultures from healthy and asthmatic
subjects (each n = 3), and were further analyzed by small RNA sequencing. All libraries
exhibited a minimum of 7.5 million uniquely mapped reads and were thus comparable in
efficiency. RNA composition was determined by counting the percentages of reads mapped
to different species of RNA, such as rRNAs, long-non-coding RNAs (lncRNAs), miRNAs,
mRNAs, and piRNAs. Our analysis showed a significant difference in the composition
of RNA subtypes between apical and basolateral EV populations. Apical EVs contained
comparable proportions of miRNAs (37.3%) and lncRNAs (33.3%) as te most prominent
fractions, while basolateral EVs contained miRNAs only at a percentage of 2.3% and were
rather dominated by a high percentage of lncRNAs (50.5%; Supplementary Figure S1).

Further focusing on miRNAs composition, apical and basolateral vesicles could be
clearly separated from each other as two distinct populations in a principal component
analysis. Moreover, in each of these populations, two clearly different clusters representing
either the healthy or the asthmatic condition were clearly distinguishable (Figure 4). When
looking at differences in miRNAs composition between apical and basolateral EVs in
all 12 samples, we found 236 significantly differentially expressed miRNAs between the
two subgroups, of which 151 miRNAs were more and 85 miRNAs less abundant in the
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apical compared to the basolateral EVs (Figure 5A,B). More frequent miRNAs in the apical
population were assigned to different miRNA families (groups of miRNAs with a high
sequence similarity deriving from distinct genomic loci) than those found at higher levels in
the basolateral EVs (Figure 5C,D). In apically secreted EVs, all family members of the miR-
30 (6/6) and the miR-941 (5/5) family were present, pointing to a significant association of
these miRNAs to processes specifically important to the apical environment. Additionally,
10 out of 12 miRNAs from the let-7, 6 out of 8 of the miR-10, and 5 out of 8 of the miR-17
families were present. On the basolateral side, the most represented miRNA family was
the miR-320 family with 7 out of 8 members, followed by the miR-181 (4/6), the miR-550
(3/5), the let-7 (3/12), and the miR-154 (3/19) families.

We then investigated whether these differentially distributed EV miRNAs could be
linked to specific biological effects by evaluating the KEGG pathways and biological
functions predicted to be affected by them, according to the two databases, DIANA-
miRPath v3.0 and TAM 2.0. As shown in Figure 6, the significantly associated KEGG
pathways of the preferentially apically secreted miRNAs included, among others, the
mTOR and MAPK signaling pathways. Interestingly, miRNAs on the basolateral side were
associated with processes of T and B cell receptor signaling, along with others (Figure 6A).
Thus, associated KEGG pathways deviated in apically and basolaterally secreted EVs,
suggesting different downstream functions for EVs depending on the site of action that
are linked to diverse potential biological functions, as shown in Figure 6B. Significantly
enriched target regulatory proteins can be found in Figure 6C. The results showed very
distinct differences in miRNA composition as well as in downstream targeted proteins and
pathways of vesicular RNA, depending on their cell side of secretion.

 

Figure 4. PCA plot depicting the clustering of 12 EV samples according to their miRNA cargo
depending on disease condition and cellular side of EV release. PCA—principal component analysis;
EV—extracellular vesicle.
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Figure 5. Differential expression analysis of vesicular miRNAs in apical versus basolateral compart-
ments of bronchial epithelial cell cultures. (A,B) Volcano plot and heat map showing the differentially
expressed miRNAs within EVs secreted to the apical versus basolateral compartment at padj < 0.05
and FC ≥ 2, and (C,D) donut charts showing the distribution of the mainly represented miRNA
families in both compartments. Digits in brackets depict the number of enriched miRNA family
members out of the total number of miRNAs belonging to the respective family, * p < 0.05, ** p < 0.01,
miRNA—microRNA; EV—extracellular vesicle; FC—fold change.
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Figure 6. Functional analysis of miRNAs differentially expressed in EVs released by bronchial
epithelial cells to the apical versus basolateral compartments. (A) KEGG pathway and (B) biological
functions analyses of differentially expressed miRNAs in both compartments and (C) target proteins
potentially regulated by the differentially expressed miRNAs. EV—extracellular vesicle.
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3.4. Small RNA Cargo Is Altered in Vesicles from Asthmatic Subjects

We additionally checked whether EVs derived from epithelial cells of healthy and
asthmatic subjects differed in their miRNA expression profiles regardless of the secretion
side, and found overall 12 miRNAs differentially represented in the two groups, with
6 being up- and 6 down-regulated in the vesicles of asthmatics (Supplementary Figure S2).
A more complex picture was obtained when additionally taking the EV secretion side
into account (Figure 7A). In apical EVs, 32 miRNAs showed a significant difference in
abundances in the two groups, 29 of which were up- and 3 of which were down-regulated
in the vesicles of asthmatics (Figure 6A, left). On the basolateral side, 23 miRNAs with a
divergent expression profile were detected, 9 being significantly upregulated and 14 being
downregulated in asthmatics (Figure 7A, right), with 5 out of 12 being family members
of the let-7 family and with 3 out of 8 being members of the miR-10 family (Figure 6C).
Specifically, the miR-9 family showed significant differences between the healthy and the
asthmatic phenotype origin in both EV secretion compartments (Figure 7B,C). The KEGG
pathway terms and biological functions associated with differentially abundant miRNAs
in apical and basolateral EVs from asthmatic versus healthy subject’s bronchial epithelial
cell cultures are shown in Supplementary Figure S3A,B, respectively. Enriched associated
diseases included a variety of inflammatory conditions, among them asthma, especially
when the analysis was based on the signals from the basolateral side (Supplementary
Figure S3C). Significantly enriched target regulatory proteins in asthmatic subjects were
HIF1A and NFKB1 (Supplementary Figure S3D). The target genes of the EV-derived
miRNAs differentially expressed between both conditions are shown in Supplementary
Figure S4A,B, associated with some of the most significant pathways.

 

Figure 7. Differential miRNA expression analysis per disease condition (asthma versus healthy) and
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compartment (apical and basolateral). (A) Volcano plot and heat map of differentially expressed
miRNAs of asthma versus healthy comparison in EVs from the apical (left) and basolateral (right) cell
culture compartments at padj < 0.05 and FC ≥ 2, and (B,C) donut charts showing the distribution of the
mainly represented miRNA families in the asthma versus healthy comparison in both compartments.
Digits in brackets depict the number of enriched miRNA family members out of total number of
miRNAs belonging to the respective family, ** p < 0.01. miRNA—microRNA; EV—extracellular
vesicle; FC—fold change.

4. Discussion

In the past decade, the role of EVs as communication structures between neighboring
or remote cells has been increasingly recognized. The presence of EV-associated RNAs has
been attested by next-generation sequencing in numerous body fluids, including blood
plasma and sputum [35]. Specific miRNA signatures hold the potential for being used as
fingerprints, helping to identify phenotypes or states of diseases and gain more insights
into their underlying pathological mechanisms. Plenty of studies have analyzed miRNA
profiles in patients with asthma compared to subjects not affected by this disease, some with
a specific focus on the role of airway epithelial cells in EV-related miRNA generation [36].
However, to date, no investigations have explicitly distinguished between EV RNA profiles
in polarized airway epithelial cells depending on their direction of secretion. Hence, no
distinction has been made between their supposed location of action being either the
outer epithelial environment, e.g., sputum, or compartments within the body, such as lung
interstitium, tissue, or even blood plasma.

According to the results of the NanoFCM particle characterization, EV populations
isolated from the apical cell side were mainly composed of vesicles with diameters matching
the size range of the exosomes. Contrarily, on the basolateral cell side, median vesicle
diameters were noticeably larger, consistent rather with the size of the microvesicles than
with the exosomes [37,38]. FACS analysis for exosomal marker proteins revealed the
presence of exosomes in both apical and basolateral samples, although apical EVs seemed
to express exosomal marker proteins to a greater extent than the basolateral vesicles.

In our study, we were able to observe distinct differences in EV-associated miRNA
patterns secreted by bronchial epithelial cells from healthy and asthmatic subjects, depend-
ing on the side of EV secretion. Interestingly, secretion patterns of EV miRNAs varied
more distinctly based on the side of secretion than the pathophysiological condition. This
knowledge might be essential for future investigations into potential biomarkers analyzed
in different compartments such as sputum and plasma. Bartel et al. recently published a
PCR-based study comparing the expression of specific miRNAs in EVs secreted by nor-
mal human bronchial epithelial cells to the basolateral and apical cell side. Interestingly,
there were some notable overlaps in miRNAs, including miR-34b and miR-21 preferen-
tially identified on the apical side, while other differentially expressed miRNAs in this
study could not be observed in our analysis [39]. Notably, serum levels of miR-21 have
been previously reported to be an efficient biomarker for asthma patients [40]. Further,
treatment with a miR-21-specific antagomir was demonstrated to reduce airway hyper-
responsiveness and restore steroid sensitivity in mice with ovalbumin-induced allergic
airway inflammation [41]. The differentially expressed miR-10 on the apical side was found
to regulate the proliferation of airway smooth muscle cells by suppressing the phospho-
inositide 3-kinase (PI3K) pathway [42]. Moreover, MAPK and mTOR signaling pathways
were enriched as potential targets for differentially expressed miRNAs on the apical side.
Activation of the mTOR pathway has been shown to lead to tight junction susceptibility and
epithelial–mesenchymal transition (EMT), which can in turn play an essential role in airway
remolding in asthma pathogenesis [43,44]. Accordingly, inhibition of MAPK signaling
pathway led to a significant reduction in the allergic inflammation of the airways [45].
In contrast, miR-221, which was downregulated on the basolateral side, was shown to
play a unique role in controlling the differentiation of Th17 and regulatory T (Treg) cells
through targeting SOCS-1 (suppressor of cytokine signaling 1) [46]. Likewise, T and B cell
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receptor signaling pathways have been associated with miRNAs dominantly secreted to the
basolateral side. These pathways have been intensively investigated as key regulators of the
antigen recognition in the adaptive immune response and have been utilized as key therapy
targets in asthmatic patients [47,48]. Taken together, our observations strongly indicate a
compartmentalized packaging and side-specific release of EVs by bronchial epithelial cells,
pointing to site-specific functions of these structures at least partially mediated by their
miRNA cargo.

While differences in miRNA profiles from apical versus basolateral sides were more
pronounced, a number of significant alterations in the levels of certain EV-associated miR-
NAs (or their families) were also observed between cells of an asthmatic or healthy origin,
either at one or at both sides. For example, EV miRNAs belonging to the miR-9 family were
upregulated in both apical and basolateral vesicles of asthmatic patients. Increased levels of
miR-9 have already been linked to steroid-resistant and neutrophilic, but not eosinophilic
asthma [49]. Interestingly, Bazzoni et al. observed a miR-9-dependent inhibition of NFκB1
transcription in human neutrophils and monocytes exposed to proinflammatory signals,
suggesting that the rapid induction of miR-9 operates as a feedback control of NFκB1-
dependent cellular response [50]. Accordingly, NFκB1 was found among the predicted
targets of miRNAs, specifically present in asthmatic samples in our investigation. Several
independent studies further identified enhanced NFκB-pathway activation in asthmatic
tissue [51].

Interestingly enough, miR-34b and miR-34c were downregulated when associated
with EVs released by epithelial cells from asthmatic subjects at both compartments, even
though they were generated from opposite DNA strands, dependent on the compartment.
The levels of miR-34b/c have been found to be significantly lowered in murine mouse
models of ovalbumin-induced allergic airway inflammation and have been suggested to
play a regulatory role in the activation of the Nrf2-/ARE pathway [52]. Disruption of Nrf2-
expression augmented airway inflammation and hyperresponsiveness [53–55]. Moreover,
in a clinical study by Solberg et al., treatment with corticosteroids resulted in increased
levels of miR-34b/c in BALF of patients suffering from asthma, while the administration
of IL-13 was able to repress its expression in an air−liquid interface bronchial epithelial
cell culture model [56]. This suggests a protective role of miR-34b/c against allergic and
asthmatic cellular responses, and hints toward a diagnostic potential of the miR-34 family.

Generally, miRNA of the let-7 family showed a higher expression in apical compared
to basolateral EVs. However, in basolateral EVs, the let-7 family was the miRNA subgroup
with the largest divergence between asthmatic and healthy subjects, with 5 out of 12 total
family members showing significant alterations, while on the apical side, no differences
in expression were found. In contrast to this finding, Levänen et al. described significant
variations in 16 miRNA, including the let-7 and miR-200 families and miR-99 (as seen in
our study) in BALF [24]. Interestingly, while let-7c and let-7d were downregulated, let-7a
showed an upregulation in EVs released by cells from asthmatics. miRNAs of the let-7
family are among the most intensely studied miRNAs, with two studies proposing the
exosome-mediated transfer of let-7 miRNAs to various immune cells as a suppressive
mechanism used by Treg cells (let-7d), and reporting the inhibition of Treg cell generation
and function by these miRNAs (let-7i) [57,58].

There are some limitations to this study that should be mentioned. One limitation
is the small sample size, yet the major goal of the study was a general overview of EV
fingerprints in different cellular compartments, rather than assessing the function of sin-
gular EV miRNAs. For a more detailed analysis, further studies investigating the role of
single miRNA are required to give the data a clinical significance. Another limitation is
that there was no information available about the clinical details and/or the asthmatic
phenotype of the patients whose cells were involved in the study. Lastly, as miRNAs can
be secreted by almost every cell type, the overall in vivo situation can largely dissociate
from in vitro observed conditions. Dissecting the contribution of individual cell types in
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the production of specific miRNA is, on the other hand, essential to understand their role
in disease pathogenesis.

In summary, in this study, we provide a general overview of miRNA-composition in
EVs secreted by airway epithelial cells. We were able to reveal distinctly differing miRNA
expression profiles depending on the vesicle side of secretion and disease condition. This
emphasizes the importance of taking the vesicle site of action into consideration for further
research to which the data presented in this study provide a sound basis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10030622/s1. Supplementary Figure S1: Compari-
son of EV total RNA composition between basolateral and apical compartments regardless of disease
expression in percentage of reads mapped to indicated RNA species. EV—extracellular vesicle;
rRNA—ribosomal RNA; mRNA—messenger RNA; lncRNAs—long-non-coding RNAs; piRNA—
PIWI-associated RNAs; miRNA—microRNA. Supplementary Figure S2: Differential miRNA expres-
sion analysis per disease condition (asthma versus healthy) regardless of compartment (apical and
basolateral). (A) Volcano plot and (B) heat map exhibiting the differently expressed miRNAs of the
asthma versus healthy comparison at padj < 0.05 and FC ≥ 2. miRNA—microRNA; FC—fold change.
Supplementary Figure S3: Functional analysis of the differentially expressed miRNAs in the asthma
versus healthy comparison in each apical and basolateral compartment. (A) KEGG pathway and (B)
biological function analyses of differentially expressed vesicular miRNAs of asthma versus healthy
in each apical and basolateral compartment, (C) enriched diseases, and (D) target proteins potentially
regulated by the differentially expressed miRNAs. miRNA—microRNA. Supplementary Figure S4:
mRNA−miRNA network analysis involving differentially regulated miRNAs of the asthma versus
healthy comparison in (A) the apical and (B) the basolateral compartments associated with biological
pathways of potential target genes. miRNA—microRNA.
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Abstract: A specific predictive tool of allergen immunotherapy (AIT) outcome has not been identified
yet. This study aims to evaluate the efficacy of a disease score referred to as Predictive Response to
Immunotherapy Score (PRIS) to predict the response to AIT and identify eligible patients. A total of
110 patients diagnosed with allergic rhinitis with or without concomitant asthma were enrolled in
this study. Before beginning sublingual immunotherapy (SLIT), patients were evaluated by analyzing
clinical and laboratory parameters. A specific rating was assigned to each parameter to be combined
in a total score named PRIS. At baseline (T0) and follow-up [after 12 (T12) and 24 months (T24) of
SLIT], a Visual Analogue Scale (VAS) was used to calculate a mean symptom score (MSS). Finally,
the percentage variation between the MSS at T0 and at T12 [ΔMSS-12(%)] and T24 [ΔMSS-24 (%)]
was measured. We observed a significant improvement of symptoms at T12 and T24 compared to
T0 in all groups undergoing SLIT. PRIS was effective in predicting ΔMSS-24 (%) in patients treated
with single-allergen SLIT. In addition, PRIS was effective in predicting ΔMSS-24 (%) in both patients
with only rhinitis and with concomitant asthma. PRIS assessment can represent a useful tool to
individuate potential responders before SLIT prescription.

Keywords: allergic rhinitis; allergen immunotherapy; bronchial asthma; component-resolved diagnosis;
sublingual immunotherapy

1. Introduction

Allergic rhinitis and bronchial asthma are widespread diseases that can impact social
life, school learning, and work productivity when poorly controlled by conventional ther-
apy [1]. In addition, allergic rhinitis is considered one of the major risk factors for asthma,
as up to 40% of patients with allergic rhinitis have or will go on to develop it [2]. Allergen
immunotherapy (AIT) is the only disease-modifying treatment for allergic diseases, as
it can prevent both the onset of new allergic sensitizations and disease progression [3].
AIT should be considered in those subjects with inadequate response or adverse effects to
conventional medications such as antihistamines, topical intranasal antihistamines, and
intranasal corticosteroid sprays [4–6]. Two routes of administration of AIT, subcutaneous
(SCIT) or sublingual (SLIT), are currently used in clinical practice and have shown good
efficacy in the treatment of allergic rhinitis and bronchial asthma [7]. International guide-
lines recommend that maintenance therapy for both SCIT and SLIT should be continued
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for at least three years [4,6,7]. Hence, AIT is a long-lasting and expensive treatment, espe-
cially if the patient is being treated for more than a few allergens. In addition, in clinical
studies, it has been frequently observed that a percentage of patients undergoing AIT do
not have significantly beneficial effects [8]. Indeed, the efficacy of AIT ranges between 60%
and 90% [9].

Several studies have tried to identify some biomarkers able to predict AIT response
through the years. For instance, the assessment of serum-specific IgE [10] and the specific
and total IgE ratio has been proposed as a biomarker of AIT efficacy [11]. Other studies
suggested a possible correlation between some subtypes of IgG (IgG1, sIgG4) and clinical
outcomes [12,13]. Finally, changes in cytokine pattern (e.g., IL-4, IL-13, IL-10) have been
associated with AIT response [9,14,15]. However, there is no consensus on the use of these
markers in the clinical routine.

The diagnostic approach to allergic disease has significantly been improved by the
Component-Resolved Diagnosis (CRD), which provides information about patients’ sen-
sitization at the molecular component level by integrating the Skin Prick Test (SPT) and
the specific IgE assay with extractive allergen results. Indeed, CRD can increase awareness
about the major allergen sensitization and help avoid the administration of AIT for irrele-
vant allergens, improving its clinical efficacy and cost effectiveness [16,17]. However, the
studies which tried to establish a direct link between CRD and AIT outcomes have shown
conflicting results.

This study aims to develop and validate a disease score, referred to as Predictive Re-
sponse to Immunotherapy Score (PRIS), combining clinical features and laboratory results
to predict the likelihood of clinical improvement during AIT and identify eligible patients.

2. Materials and Methods

2.1. Patients

Defining the primary outcome as the relationship between the total PRIS score and
the ΔMSS, a minimum sample size of 85 patients achieves 80% power assuming a medium
effect size (d = 0.3; [18]). A two-tailed test on Pearson’s correlation was considered with
a significance level α = 0.05. Therefore, 110 patients (68 males and 42 females) diagnosed
with allergic rhinitis with or without concomitant asthma at the Division of Allergy and
Clinical Immunology of the University of Naples Federico II, Naples, Italy, were enrolled
in this prospective cohort single-center study. All the patients presented a history of
symptoms related to allergen exposure (rhinitis and/or asthma), documented positive SPT
for pollen and/or perennial allergens, and allergen-specific IgE test. Spirometry was used
to diagnose asthma [19].

We included both monosensitized and polysensitized patients with uncontrolled aller-
gies despite optimal pharmacotherapy. Patients under six years of age were excluded. We
also excluded patients with asthma not adequately controlled by pharmacotherapy [20–22]
as assessed by Asthma Control Test (ACT) [23–25]. Finally, we excluded patients with nasal
polyposis diagnosed by nasal endoscopy.

Demographic and clinical data were collected from patient medical charts and diaries.
Data were available for all 110 patients.

Rhinitis and asthma symptoms were singularly measured using a Visual Analogue
Scale (VAS) at baseline (T0) and after 12 (T12) and 24 months (T24) of SLIT treatment. In
particular, patients were asked to place a mark on a 10 cm line for rating the severity and
frequency of each symptom [26,27]. The symptoms evaluated for allergic rhinitis were
sneezing, nasal congestion, rhinorrhea, and nasal, throat, eyes, and ears itching, while chest
tightness, breathlessness, wheezing, and coughing were assessed for bronchial asthma. The
VAS was anchored at 0 with “no symptoms” and 10 with “very severe symptoms”. The
VAS also included the assessment of the frequency of symptoms (0 with “no symptoms
in the last 30 days” and at 10 with “I have experienced symptoms every day in the past
30 days”). In addition, we instructed patients to record monthly in a diary their symptoms,
the number of asthma exacerbations, and on-demand therapy [28–30]. When the patients
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were visited, they were asked to complete the VAS by checking their diaries. This helped
patients take note of their clinical conditions both during and out of season. In particular,
when the VAS was administrated for evaluating the asthma exacerbation, 0 corresponded
to no exacerbation while 10 implied frequent exacerbations. All the patients enrolled were
switched to the same on-demand therapy with second-generation oral antihistamines and
intranasal corticosteroids. Patients with asthma were treated using inhaled corticosteroids
(ICS) and long-acting β-agonists (LABAs) as the controller and the quick relief therapy. The
patients were instructed to record monthly on the provided diary the use of on-demand
therapy. Subsequently, when the patients were visited, their perception of on-demand
therapy use was evaluated by the VAS (10 implied the highest medication use, while
0 corresponded to no medication use). The mark was then measured in millimeters for all
the items explored to provide the VAS score and normalized to 100. For each patient, we
assessed the mean symptom score (MSS) based on VAS results at T0 (MSS-0), T12 (MSS-12),
and T24 (MSS-24). As efficacy index of SLIT, we calculated the percentage difference
between the MSS-0 and MSS-12 [ΔMSS-12(%) = (MSS-0–MSS-12)/MSS-0*100], and between
MSS-0 and MSS-24 [ΔMSS-24(%) = (MSS-0–MSS-24)/MSS-0*100]. Based on the ΔMSS-12(%)
and ΔMSS-24(%) results, patients’ SLIT outcome was stratified into quartiles (first quartile
= ΔMSS ≥ 75% = very high symptom improvement; second quartile = 50% ≤ ΔMSS
< 75% = high symptom improvement, third quartile = 25% ≤ ΔMSS < 50% = mild symptom
improvement, fourth quartile = ΔMSS < 25% = low symptom improvement, Table 1).

Table 1. Classification of patients treated with sublingual immunotherapy (SLIT) based on ΔMSS.
Patients were stratified based on ΔMSS to identify patients who had a better clinical response as
compared to those with a poor response to SLIT. ΔMSS-12: evaluation after 12 months of SLIT
treatment; ΔMSS-24: evaluation after 24 months of SLIT treatment.

ΔMSS
ΔMSS-12

(N, %)
ΔMSS-24

(N, %)

Very high symptom improvement ΔMSS ≥ 75% 39
(39.80%)

41
(41.84%)

High symptom improvement 50% ≤ ΔMSS < 75% 37
(37.76%)

41
(41.84%)

Mild symptom improvement 25% ≤ ΔMSS < 50% 10
(10.20%)

14
(14.29%)

Low symptom improvement ΔMSS < 25% 12
(12.24%)

2
(2.04%)

Total 98
(100.00%)

98
(100.00%)

All procedures performed in this study were in accordance with the ethical standards
of the study center and with the 1964 Helsinki Declaration and its later amendments or
comparable ethical standards. All the subjects enrolled gave informed consent to participate
in the study.

2.2. Predictive Response to Immunotherapy Score (PRIS)

We tried to develop a specific disease index for predicting SLIT efficacy so that patients
could choose whether to undergo SLIT based on their chance of success. We identified eight
parameters that might contribute to SLIT responsiveness. Each parameter was assigned
a score range, and three to five groups were established (Table 2). The parameters were
chosen based on clinical practice, literature review, and previous work evaluating AIT
responsiveness and possible predictive factors. The parameters included age, clinical
features, disease onset, number of allergen sensitizations, presence of symptoms following
exposure to the allergen(s) to which the patient is sensitized, specific IgE/total IgE ratio,
IgE level for CRD, and allergen dominance (Table 2).
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Table 2. Predictive Response to Immunotherapy Score (PRIS).

Parameter Group Score Score Range

Age (years)

0–12 15

3–15

13–18 12

19–28 9

29–38 6

>38 3

Clinical features

Rhinitis 9

3–9Rhinitis + Asthma 6

Rhinitis + Asthma + Other Allergies 3

Disease onset (years)

3 9

3–94–10 6

>10 3

Number of allergen
sensitizations a

1 16

4–16
2–3 12

4–5 8

>5 4

Presence of symptoms
following exposure to
allergen(s) to which

the patient is sensitized

Symptoms when exposed to 1 allergen 12

3–12
Symptoms when exposed to 2 allergens 9

Symptoms when exposed to 3 allergens 6

Symptoms when exposed to ≥4 allergens 3

Specific IgE/total IgE
(s/t) ratio

s/t ≥ 0.2 12

4–120.2 > s/t ≥ 0.05 8

s/t < 0.05 4

Component-Resolved
Diagnosis for major allergens

High Positive (IgE ≥ 3.50 KUA/L) 12

0–12Positive (0.35 ≤ IgE < 3.50) 6

Negative (IgE < 0.35 KUA/L) 0

Allergen dominance b

1 15

0–15
2 10

3 5

>3 0

Total 20–100
a Assessed with Skin Prick Test and/or specific IgE; ImmunoCAP 250, Phadia, Sweden. b The number of dominant
allergens was assessed as described in the Methods Section 2.5 (Immunotherapy).

Total PRIS was calculated for each patient when he/she completed the diagnostic eval-
uation. Each patient was informed about his/her PRIS value and spontaneously decided to
undergo SLIT treatment and be enrolled in this study. PRIS value could potentially range
from 20 to 100. Therefore, PRIS stratification in quartiles would be as follows: first quartile
= PRIS ≥ 80; second quartile = 80 > PRIS ≥ 60; third quartile = 60 > PRIS ≥ 40; fourth
quartile = PRIS < 40. However, the PRIS values of patients enrolled in this study ranged
from 41 to 93. Therefore, we had no patients in the fourth quartile.

2.3. Skin Prick Test

SPT was performed on the forearms of all enrolled subjects to confirm the diagnosis
of a suspected type I allergy and identify the sensitization type. We used specific inhalant
allergen extracts (Gramineae grass pollen (Gramineae mix/Phleum Pratense/Cynodon
Dactilon), ambrosia, mugwort, wall pellitory (Parietaria Judaica/Parietaria Officinalis),
olive pollen (Olea Europea), cypress pollen (Cupressaceae), birch, cat, dog, house dust
mite (Dermatophagoides farina/Dermatophagoides pteronissinus), molds (Alternaria
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Alternata/Aspergillus/Cladosporium), a histamine positive control, and normal saline as
a negative control. The test was interpreted after 15–20 min of application, with a positive
result defined as a wheal ≥3 mm diameter.

2.4. In Vitro Tests

Total IgE and specific IgE Assay (ImmunoCAP 250; Phadia, Sweden) were performed
in patients with positive SPT to evaluate the major inhalant allergen. The level of aware-
ness towards the main inhalant allergen was increased using the CRD. We evaluated IgE
antibodies to Phl p1 (Timothy grass), Phl p5 (Timothy grass), Bet v1 and Bet v2 (Betula
verrucose), Amb a1 (Ambrosia), Art v1 (Mugwort), Par j2 (Wall pellitory), Ole e1 (Olea
europea), Cup a1 (Cupressus arizonica), Fel d1 (cat), Can f1 (dog), Der p1 (House dust mite),
Der p2 (House dust mite), and Alt a1 (Alternaria alternata). IgE levels were considered
positive at the level ≥0.35 kUA/l. Patients with IgE antibodies to Bet v2 were excluded to
rule out profilin allergy [31–33].

2.5. Immunotherapy

SLIT was performed using allergen medicines currently authorized and marketed
in Italy (Oralvac Plus®/Allergy Therapeutics; Sulgen®/Roxall-Aristegui; SlitONE Ultra®,
Grazax®, Accarizax®/ALK Abellò; Lais®/Lofarma). The allergen(s) used for immunother-
apy (dominant allergen(s)) had to be clinically relevant to the patient’s clinical history, and
it was identified according to the result of SPT and specific IgE assay. In detail, a difference
of wheal diameter ≥5 mm compared to the other allergen tested at SPT and a difference
of half a logarithm of the IgE level for a specific allergen compared to the other allergens
was required to identify the dominant allergen(s). When applicable, the awareness of the
major allergens was increased using CRD. Patients with one dominant allergen underwent
a single-allergen SLIT; those with two dominant allergens underwent a two-allergen SLIT
(Table 3). The evaluating physicians performed the first SLIT administration, then the
patients were carefully instructed about the self-administration, and written instructions
were provided to follow administration protocol.

Table 3. Allergen(s) used for sublingual immunotherapy (SLIT).

Allergen(s) Number of Patients N (%)

Single-allergen
SLIT

Parietaria 38 (38.77%)

House dust mite 18 (18.36%)

Gramineae grass 18 (18.36%)

Alternaria 1 (1.02%)

Olive 1 (1.02%)

Two-allergen
SLIT

Parietaria + Gramineae grass 27 (27.55%)

Parietaria + mugwort 2 (2.04%)

House dust mite + Parietaria 1 (1.02%)

Gramineae grass + mugwort 1 (1.02%)

Gramineae grass + olive 1 (1.02%)

Olive + mugwort 1 (1.02%)

Parietaria + olive 1 (1.02%)

2.6. Data Analysis

Data were summarized by descriptive analysis. Means and SD were calculated for
continuous variables, while absolute values and frequency (percentage) were calculated for
categorical variables. The assessment of the significance of the results obtained was per-
formed with repeated-measures 1-way ANOVA with “MSS” (MSS-0, MSS-12, and MSS-24)
as a within-subject factor. To test the predictive value of PRIS on ΔMSS-24(%) as well as of
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the PRIS parameters we used linear regression analysis. Analysis of dependent variable
ΔMSS-24 was performed with independent 1-way ANOVA considering the stratification of
patients according to the PRIS value as a between-subject independent variable (PRIS ≥ 80;
80 > PRIS ≥ 60; 60 > PRIS ≥ 40; PRIS < 40). The level of significance was set at α = 0.05.

3. Results

3.1. Demographic Data

A total of 110 patients, 68 males (61.8%) and 42 females (38.1%), were enrolled
in this study. The cohort was White-Caucasian. The average age at enrollment was
24.87 ± 10.80 years (6–63). During AIT, 12 patients (10.9%) dropped and were excluded
from the overall assessment which was performed only on the 98 patients who completed
the 24-month immunotherapy. Therefore, the evaluation of a total of 98 patients who
completed the 24-month SLIT treatment were included in the T12 and T24 evaluations. All
patients enrolled were affected by allergic rhinitis (n = 98; 100%), and 49 out of 98 (50%)
presented with concomitant allergic asthma.

3.2. Evaluation of Sublingual Immunotherapy Efficacy

Of the 98 total patients, 66 (67.34%) patients underwent SLIT for a single allergen and
32 (32.65%) underwent SLIT for two allergens (Table 3). Each patient received the maximum
tolerated dose, per the manufacturers’ recommendations. SLIT was well tolerated, and no
discontinuation due to severe adverse drug effects was registered.

Patients experienced a significant improvement in symptoms at T12 (mean
MSS-12 = 31.11 ± 16.88) and T24 (mean MSS-24 = 27.07 ± 15.01) compared to T0 (mean
MSS-0 = 80.97 ± 8.24). Indeed, ANOVA conducted on MSS revealed a significant difference
between MSS-0 and MSS-12 (p < 0.001) and MSS-0 and MSS-24 (p < 0.001) (Figure 1A). Al-
though an additional symptom improvement was recorded at T24, no significant difference
was observable between MSS-12 and MSS-24 (p = 0.07). Accordingly, after 12 or 24 months
of SLIT, the clinical improvement assessed by ΔMSS-12(%) and ΔMSS-24(%) was 61.35%
and 67.71%, respectively.

To evaluate whether the number of allergens administered may affect SLIT efficacy, we
compared patients undergoing single-allergen SLIT (Mono SLIT) with patients undergoing
two-allergen SLIT (MIX-SLIT). Both patient groups showed a significant improvement of
symptoms at T12 (Mono SLIT-MSS-12 = 29.68 ± 17.59; MIX-SLIT-MSS-12 = 34.06 ± 15.15)
and T24 (Mono SLIT-MSS-24 = 26.00 ± 14.91; MIX-SLIT-MSS-24 = 29.28 ± 12.05) as com-
pared to T0 (Mono SLIT-MSS-0 = 81.55 ± 7.75; MIX-SLIT-MSS-0 = 79.75 ± 9.18) (Figure 1B).
In addition, no significant difference was found when ANOVA was conducted by com-
paring ΔMSS-12(%) and ΔMSS-24(%) in patients treated with a single-allergen SLIT and
patients treated with a two-allergen SLIT (p = 0.11 and p = 0.07, respectively). These results
indicate that the efficacy is comparable when one or two allergens are used for SLIT.

Next, we compared SLIT efficacy between patients with only rhinitis and rhinitis associated
with asthma. Figure 1C illustrates that both patient groups showed a significant improvement
in symptoms at T12 (rhinitis-MSS-12 = 25.90 ± 13.95; rhinitis+asthma-MSS-12 = 36.33 ± 18.05)
and T24 (rhinitis-MSS-24 = 22.61 ± 11.71; rhinitis+asthma-MSS-24 = 31.53 ± 14.90) as com-
pared to T0 (rhinitis-MSS-0 = 78.33 ± 8.55; rhinitis+asthma-MSS-0 = 83.60 ± 7.07). When
ANOVA was conducted on ΔMSS, values revealed that ΔMSS-12(%) and ΔMSS-24(%) were
significantly higher in patients with only rhinitis compared to patients with rhinitis and
concomitant asthma (p < 0.05) (Figure 1C). These results indicate that SLIT was effective in
both patients with allergic rhinitis and concomitant asthma. However, they also suggest
that patients affected only by rhinitis can experience a better response to SLIT compared to
patients with associated asthma.
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Figure 1. Sublingual immunotherapy (SLIT) efficacy assessment in the whole cohort (A), in patients
treated with single-allergen (Mono SLIT) and two-allergen SLIT (MIX-SLIT) (B), and with allergic
rhinitis and concomitant asthma (C). MSS-0: mean symptom score at T0; MSS-12: mean symptom
score at T12; MSS-24: mean symptom score at T24; ΔMSS-12 (%): percentage difference between
the MSS-0 and MSS-12; ΔMSS-24 (%): percentage difference between MSS-0 and MSS-24; ns: not
significant; *,**: p < 0.001; §: p < 0.05.
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3.3. Validation of the Predictive Response to Immunotherapy Score (PRIS)

Linear regression analysis was used to test the predictive value of PRIS on our efficacy
index of SLIT [ΔMSS-24 (%)]. Figure 2 shows that overall PRIS significantly predicted
ΔMSS-24 (%) (R = 0.622; F (1,97) = 60.810; p < 0.001).

Figure 2. Correlation analysis revealed a significant direct correlation between the Predictive Re-
sponse to Immunotherapy Score (PRIS) and ΔMSS-24 (p < 0.001).

In addition, regression analysis verified that PRIS significantly predicted ΔMSS-24 (%)
in patients treated with a single-allergen SLIT (Mono-SLIT: R = 0.708; F (1.65) = 64.453;
p < 0.001; Figure 3A) as well as in patients treated with a two-allergen SLIT (MIX-SLIT:
R = 0.599; F (1.31) = 16.833; p < 0.001; Figure 3B), suggesting that PRIS has the same efficacy
in predicting SLIT outcome when one or two allergens are used for SLIT.

Furthermore, regression analysis also showed that PRIS significantly predicted ΔMSS-24 (%)
in both patients with only rhinitis (R = 0.660; F (1.48) = 36.313; p < 0.001; Figure 3C) and
in patients with rhinitis associated with asthma (R = 0.674; F (1.48) = 39.207; p < 0.001;
Figure 3D), suggesting that PRIS is as effective as in predicting SLIT outcome in both
patients with rhinitis and with concomitant asthma. Together these results indicate that
PRIS can be used to predict the efficacy of SLIT independent of the number of allergens
used with SLIT and the patient’s clinical condition.

Finally, in order to check that all parameters that compose the PRIS score contribute
to the prediction of the outcome, linear regression analysis was also used to test the
association of all individual PRIS components with ΔMSS-24 (%). As shown in Table 4,
all PRIS parameters are significant predictors for our outcome, and the parameters’ score
categories (assumed in the model on an ordinal scale) adequately reflect the difference
progression in comparison with the references.
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Figure 3. Correlation analysis revealed a significant direct correlation between the Predictive Re-
sponse to Immunotherapy Score (PRIS) and ΔMSS-24 for both patients treated with single-allergen
(A) and multiple-allergen (B) sublingual immunotherapy (SLIT) (p < 0.001), and between PRIS and
ΔMSS-24 for both patients with only rhinitis (C) and with both asthma and rhinitis (D) (p < 0.001).

Table 4. Linear regression models using as predictors all PRIS parameters.

PRIS Parameter N
Outcome ΔMSS-24(%)

Beta 95% CI p-Value

Age (years)
98 <0.001

Group Score

>38 3 — —

29–38 6 0.01 −0.09, 0.10

19–28 9 0.13 0.04, 0.22

13–18 12 0.13 0.03, 0.23

0–12 15 0.19 0.08, 0.30

Clinical features
98 <0.001

Group Score

Rhinitis + Asthma + Other Allergies 3 — —

Rhinitis + Asthma 6 0.12 0.02, 0.22

Rhinitis 9 0.19 0.09, 0.29

77



Biomedicines 2022, 10, 971

Table 4. Cont.

PRIS Parameter N
Outcome ΔMSS-24(%)

Beta 95% CI p-Value

Disease onset (years)
98 0.006

Group Score

>10 3 — —

4–10 6 0.09 0.03, 0.16

≤3 9 0.11 0.03, 0.18

Number of allergen sensitizations
98 0.003

Group Score

>5 4 — —

4–5 8 −0.02 −0.12, 0.07

2–3 12 0.05 −0.04, 0.15

1 16 0.16 0.04, 0.29

Symptoms when exposed to
98 <0.001

Group Score

3 allergens 6 — —

2 allergens 9 0.04 −0.04, 0.11

1 allergen 12 0.15 0.07, 0.22

Specific IgE/Total IgE (s/t) ratio
98 <0.001

Group Score

s/t < 0.05 4 — —

0.2 > s/t ≥ 0.05 8 0.05 −0.02, 0.13

s/t ≥ 0.2 12 0.15 0.07, 0.22

CRD for major allergens
98 <0.001

Group Score

Negative (IgE < 0.35 KUA/L) 0 — —

Positive (0.35 ≤ IgE < 3.50) 6 0.11 0.00, 0.21

High Positive (IgE ≥ 3.50 KUA/L) 12 0.20 0.09, 0.31

Allergen Dominance
98 0.002

Group Score

3 5 — —

2 10 0.02 −0.08, 0.12

1 15 0.12 0.02, 0.22

3.4. Stratification in Quartiles

We stratified patients into quartiles to gain insights into the relationship between
immunotherapy efficacy and PRIS. Patients were first stratified in quartiles based on
ΔMSS (%) to identify patients who had a better clinical response than those with a poor
response to SLIT (Table 1). Overall, the vast majority of patients obtained a significant
symptom improvement (very high or high) after 12-(72 out of 98 patients; 77.56%) and
24-month SLIT (82 out of 98 patients; 81.64%).

We then stratified patients in quartiles based on PRIS values (PRIS ≥ 80; 80 > PRIS ≥ 60;
60 > PRIS ≥ 40) to identify patients who had more chances to obtain a significant response
to SLIT. ANOVA conducted on ΔMSS-24 (%) revealed a significant difference between the
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three groups (F (2.97) = 16.32; p < 0.001). Post hoc comparisons revealed a significant higher
value of ΔMSS-24 (%) for PRIS ≥ 80 (mean ± SD 78.91 ± 8.16) than 80 > PRIS ≥ 60 (post
hoc p < 0.001; mean ± SD 66.25 ± 18.31) and 60 > PRIS ≥ 40 (post hoc p < 0.001; mean ± SD
54.02 ± 15.16) (Figure 4). In addition, ΔMSS-24 (%) for 80 > PRIS ≥ 60 (mean ± SD 66.25 ± 18.31)
was significantly higher than 60 > PRIS ≥ 40 (post hoc p < 0.001; mean ± SD 54.02 ± 15.16).
These results indicate that patients with a higher PRIS value have more chances to obtain a
higher ΔMSS-24 (%).

Figure 4. Stratification of patients in three groups according to the Predictive Response to Im-
munotherapy Score (PRIS) results and their ΔMSS-24. A significant difference was found between
the three groups (F (2.97) = 16.32; p < 0.001).

Finally, we categorized patients by matching quartile stratification based on ΔMSS-24 (%)
with quartile stratification based on PRIS. Figure 5 shows that most patients with a PRIS ≥ 80
experienced a very high improvement, whereas patients with 60 > PRIS ≥ 40 mostly
experienced a high improvement. Patients with 80 > PRIS ≥ 60 were homogeneously
distributed in ΔMSS-24 (%) quartiles. These data strongly suggest that PRIS can effectively
predict the clinical response that patients may expect from SLIT.

Figure 5. Stratification of patients in three groups according to the Predictive Response to Im-
munotherapy Score (PRIS) results and their ΔMSS-24. Most patients with a PRIS ≥ 80 experienced a
very high improvement, whereas patients with 60 > PRIS ≥ 40 mostly experienced a high improve-
ment. Patients with 80 > PRIS ≥ 60 were homogeneously distributed in ΔMSS-24 (%) quartiles.
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4. Discussion

AIT is the only disease-modifying and potentially resolving treatment available for
patients with IgE-mediated allergic diseases, and its efficacy has been proven with a high
degree of evidence [34–36]. However, one of the major problems of AIT management in
clinical practice is that current guidelines give no clear indication about the algorithm to
be used for choosing patients eligible for this treatment [37–40]. This could be one of the
reasons for the low patient compliance with AIT reported in many clinical studies [41–43].
The introduction of personalized medicine, envisioned as a patient-tailored diagnostic and
therapeutic approach, is currently influencing all fields of medicine; therefore, dedicated
tools for identifying patients eligible for AIT are strongly needed [13].

According to current guidelines, AIT is indicated in patients with allergic rhinitis, with
or without co-existing asthma [37–40]. Identification of the allergen(s) driving symptoms is
the first level of patient stratification to ensure that the correct allergen solution is used for
AIT. However, this treatment is preferentially used in patients with few sensitizations or
polysensitized patients with one to three dominant allergens in clinical practice. In addition,
to take advantage of AIT long-term effects, younger patients with few allergic diseases
and a recent onset of allergic rhinitis are preferred for AIT. Previous studies have tried to
correlate AIT response with a single marker. For instance, changes in cytokine pattern,
such as an increase in Th2-dependent cytokines IL-4 and IL-13, have been associated with
AIT response [9]. In addition, IL-10 mRNA levels have been suggested to be predictive
of clinical responses to AIT [14]. IL-10 producing regulatory B- and T-cells specific for
allergens were reported to increase during AIT or following the natural allergen expo-
sure [15]. However, no cytokine has been clearly established as a marker for AIT efficacy
to be used in the clinical routine. In addition, the specific and total IgE ratio has been
formerly proposed as a biomarker of AIT efficacy [11,44]. A study by Di Lorenzo et al. [11]
analyzing 279 monosensitized patients treated with both SCIT and SLIT immunotherapy
found that specific IgE/total IgE ratio >16.2 (i.e., specific IgE/total IgE ratio × 100) was
associated with an effective response to AIT. On the contrary, a randomized, double-blind,
placebo-controlled clinical trial by Fujimura et al. [44] reported that patients with specific
IgE/total IgE ratio <0.19 achieved better AIT outcomes. Other authors have suggested
considering allergen-specific IgE level rather than the specific IgE/total IgE ratio, describing
higher specific IgE levels in AIT responders than in non-responder adults [45] and children
with allergic rhinitis [46]. The same research group has proposed a cut-off value of allergen-
specific IgE levels (>9.74 kUA/L) that could predict a successful response to AIT [10].
Nonetheless, these observations were based on a small number of studied patients, with
a consistent discrepancy between the sample size of the responders and non-responders,
which should be considered a limitation of these results [9]. We chose to use the specific
IgE/total IgE ratio rather than allergen-specific IgE level, because we would need a normal-
ized specificity index that could be easily stratified into categories. In addition, the linear
regression analysis of PRIS parameters (Table 4) shows that the ratio was a significant PRIS
predictor (p < 0.001). CRD can help to differentiate patients with genuine sensitization
from those with cross-reactive sensitization to other allergen sources [1,17,47]. This could
help avoid administering irrelevant allergens in AIT, improving its clinical efficacy and
cost effectiveness [1,17,47]. A pilot study by di Coste et al. [1] including 36 children with
allergic rhinoconjunctivitis monosensitized to grass pollen aimed to evaluate the correlation
between the sensitization to different molecular Phleum pratense (Phl p) allergens and
clinical efficacy of SLIT. The authors performed serum analysis of specific IgE to Phl p 1, 2,
4, 5, 6, 7, 11, and 12, and showed that SLIT was effective irrespective of the patients’ base-
line sensitization to either single or multiple grass pollen allergens [1]. However, a direct
correlation between IgE sensitization for other major allergens detected at the molecular
component level and AIT outcome has currently not been found. Finally, other potential
biomarkers that have been suggested for the assessment of AIT efficacy are the assessment
of IgG1 and IgG4 levels [12] or the basophil activation test [48,49], but they did not show
real reliability, and there is no consensus in their usage in patients undergoing SLIT [50].
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Indeed, numerous studies indicate IgG1 and IgG4 levels increase during SLIT, but they
may reflect compliance instead of clinical efficacy [12,50].

To approach the heterogeneity of allergic patients, we developed a multi-parameter
score, namely PRIS, potentially able to predict AIT effectiveness and identify eligible
patients. PRIS includes clinical and laboratory parameters (Table 2) chosen based on clinical
practice, literature review, and previous work evaluating AIT responsiveness and possible
predictive factors [1,10–13,44,46,48,49,51–53]. We rated each PRIS parameter to reach a
maximum of 100 points to mimic the odds of achieving a clinical improvement, thereby
making it easy to be used by clinicians and intelligible by the patients. We included age,
number of allergic diseases, and disease onset as clinical parameters. In addition, we tried
to increase the awareness of the major allergen(s) responsible for clinical symptoms by
including in the PRIS the evaluation of the occurrence of symptoms following the exposure
to one or more allergens [51]. As diagnostic parameters, we started by evaluating the
sensitization profiles of patients, and we included the number of sensitizations, CRD,
and the specific/total IgE ratio. This last parameter was preferred to specific IgE level
because we would need a normalized specificity index. Finally, we included the number of
dominant allergens used to calculate PRIS and decide the allergen(s) to be used with SLIT.

To our knowledge, this study is the first time that a multi-parameter score has been
effective in identifying patients eligible for SLIT in a real-life setting. Overall, PRIS strongly
correlates with symptom improvement after 24 months of SLIT (Figure 2), and it was
effective in patients undergoing single-allergen SLIT (Figure 3A) as well as in patients
treated with a two-allergen SLIT (Figure 3B). Furthermore, PRIS was a good predictor
in both patients with only rhinitis (Figure 3C) and patients with rhinitis associated with
asthma (Figure 3D). Together, these results indicate that PRIS can be used to predict the
efficacy of SLIT regardless of the patient’s clinical condition, the product, and the number
of allergens used for SLIT. Our observations suggest that PRIS also effectively predicts
the degree of clinical response patients may expect from SLIT. Indeed, we observed that
patients with a higher PRIS value have significantly more chances of achieving a higher
symptom improvement (Figure 4). In addition, we reported that most patients with
PRIS ≥ 80 experienced a very high improvement, whereas patients with 60 > PRIS ≥ 40
mostly experienced a high improvement (Figure 5). Further studies are needed to confirm
these observations on a larger scale.

One of the surprising observations in our study was to find such high patient compli-
ance to AIT. Indeed, we observed that only 10.9% of patients included in our study did not
complete the 24-month follow-up. These data are dramatically lower than that reported by
most studies (30–40%) [41–43]. We cannot exclude the possibility that the limited number
of patients influenced compliance in our study. However, we believe that one of the reasons
for the high patient compliance in our cohort is that the knowledge of their PRIS value
conferred them a sort of awareness about the goal they could achieve with SLIT.

The clinical efficacy of AIT is measured using various scores as study endpoints. Ac-
cording to EAACI recommendations [37–40], we used a combined symptom and medication
score (MSS) to permit the comparison of results with other studies. Our results confirmed
that SLIT effectively improves symptoms of rhinitis and/or asthma after 12 months of
SLIT treatment (Figure 1A). Although an additional symptom improvement was recorded
after 24 months, no significant difference was observable between MSS-12 and MSS-24
(Figure 1A). Another interesting point of reflection is that up to a 30% improvement is
achieved with placebo in AIT placebo-controlled studies [54]. This placebo effect is substan-
tially less than >75% in nearly half of the patients in the present study (Table 1). However,
as this study was open, there is no way to evaluate a contribution of the placebo effect on
the perceived effects of the AIT. We also observed a significant response in both monosensi-
tized and polysensitized patients (Figure 1B) and patients with or without allergic asthma
(Figure 1C). In our cohort, a better efficacy was found in patients with only rhinitis than
in patients with rhinitis associated with asthma (Figure 1C). However, further studies are
needed to confirm this observation.
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Our study is subject to some limitations. First, the sample size was small, but our
encouraging results showed that a strong direct correlation between PRIS and SLIT outcome
(Figures 2 and 3) could be a starting point for multi-center studies, which could validate
PRIS on a larger scale. Second, we used different products for SLIT, and we cannot exclude
the possibility that data on SLIT efficacy can be influenced by the product used. However,
we avoided any product comparison because products for SLIT cannot be compared at
present due to their heterogeneous composition [55,56]. From our perspective, combining
several parameters routinely used in clinical practice to obtain a disease score rather than
relying on a single parameter or a single product for SLIT may help better manage the
within-subject variability.

In conclusion, AIT is very demanding for the patients since it is expensive and requires
a long period to achieve a sustained response [7,37]. Therefore, a specific tool able to predict
SLIT efficacy is worth being used in clinical practice to select eligible patients and improve
patients’ compliance to complete the course of treatment.
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Abstract: Sensitization to fungal allergens is one of the proposed phenotypes in asthma. An asso-
ciation between fungal sensitization and worse clinical outcomes is apparent. Moreover, fungal
sensitization in asthma that is associated with different type of immunological mechanism has been
reported. How the role of cytokines mediates the association between fungal sensitization and poorer
asthmatic outcomes remains unclear. We aimed to determine role of cytokines in the relationship
between fungal sensitization and worse clinical outcomes in asthma. Method: We conducted a
prospective study to recruit adult patients with asthma. Data including age, sex, height, weight,
smoking history, medication, emergency visit and admission, pulmonary function testing result, and
Asthma Control Test (ACT) scores were collected. We used the automated BioIC method to measure
fungal allergen sIgE in sera. Serum levels of Interleukin (IL) -4, IL-13, IL-6, IL-9, IL-10, IL-17 A, IL-22,
Interferon (IFN) -γ, Immunoglobulin E (IgE), Tumor necrosis factor-α (TNF-α), and Transforming
growth factor-β (TGF-β) were measured using ELISA. Result: IL-6 and IL-17A had a significant
positive correlation between sensitization and most fungi species compared to IgE. Sensitization to
Candida albicans had strongly positive association both with IL-6 and IL-17A. However, only IL-17A
had significant relationship with ED visit times. The mediation analysis result indicates that IL-17A
had a significant positively mediating effect (ME) on the association between Candida albicans and ED
visit times. Conclusion: IL-17A is a potential mediator to link Candida albicans sensitization and ED
visits for asthma. We suggest that patients with fungal sensitization, such as Candida albicans, have
poorer outcomes associated with Th17-mediated immune response rather than Th2.

Keywords: asthma; fungal sensitization; IL-17A; Candida albicans; mediation effect

1. Introduction

Asthma is a chronic inflammatory disease of the airways that significantly impairs
quality of life [1]. It is also characterized by a variety of clinical presentations and outcomes,
which can be classified into different phenotypes [2]. A previous study has suggested that
sensitization to fungal allergens is one of the proposed phenotypes [3]. Cumulative studies
demonstrate that fungal sensitization in patients with asthma has been associated with
increased asthma severity as well as worse clinical outcomes, including worse asthma
control, decreased lung function, increased hospital and intensive care unit (ICU) admis-
sions, respiratory arrest, and asthma-related deaths [4–8]. Although an association between
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fungal sensitization and worse clinical outcomes is apparent, whether such an association
is causal remains unconfirmed.

Fungal sensitization is an immune-mediated response to a fungus without evidence
of inflammation or tissue damage [9]. In previous studies, both innate and adaptive im-
munity related to fungal sensitization in asthma. A review study indicated that allergic
sensitization to fungi is mediated by the innate immune response driven by the innate lym-
phoid cells group 2 and the adaptive immune response driven by TH2 cells [4]. However,
immune responses to fungi are mediated by a network of innate and adaptive immune
cells, including but not limited to ILC2s and Th2 cells. Fairs A et al. show elevated levels
of neutrophils in A. fumigatus-IgE–sensitized patients in comparison to non-sensitized
patients with asthma, suggesting a Th1- or Th17-mediated immune response [6]. Moreover,
an animal model of fungal-sensitized asthma found that IL-1Ra deficiency enhanced Th1
and Th17 immunity, increased neutrophil recruitment, and exacerbated disease [10,11].
Furthermore, a murine acute allergic asthma model demonstrated that sensitization with
A. fumigatus cpe also elicited a higher percentage of IL-17AF+ eosinophil cells compared
with OVA sensitization [12]. These studies reflected that fungal sensitization in asthma
are associated with different type of immunological mechanism, including neutrophil,
eosinophil, Th1, Th2, and Th17.

Cytokines, or intracellular signaling proteins, target specific cells causing consequences
such as cell-mediated immunity and allergic responses [13–15]. Therefore, cytokines were
chosen in order to investigate known cytokines of interest in asthma and to also examine
the complex groups of Th1, Th2, Tregs, and Th17 representative cytokines. A previous
study suggested that Th1, Th2, and Th17 immune responses relate to fungal sensitization
in asthma; however, the cytokine profile of asthmatic patients who are sensitized to fungi
is rare. Recent study reported that interleukin-33 levels were higher in severe asthmatic
patients with fungal sensitization than in those without fungal sensitization. However, the
study only analyzed the association between multiple fungal sensitization and cytokine,
the relationship between species-specific sensitization to fungi and cytokines was not
revealed [16].

To understand the immunological mechanism between fungal sensitization and
asthma is vital for devising therapeutic interventions to prevent worse outcomes. In
this study, we aimed to determine role of cytokines in the relationship between fungal
sensitization and worse clinical outcomes in asthma. Firstly, we analyzed the cytokine
profile regarding Th1, Th2, and Th17 immune response associated with sensitization to
specific fungi species. Secondly, we evaluate the role of cytokine in the association between
fungal sensitization and measures of disease control and worsen outcomes in asthma.

2. Material and Methods

2.1. Study Population

We enrolled patients who were at least 20 years old and presented with asthma; they
were recruited from the Changhua Christian Hospital (Changhua, Taiwan) from 2012
through 2019. Patients with pulmonary tuberculosis, bronchiectasis, chronic obstructive
pulmonary disease, chronic bronchitis, lung cancer, and cystic fibrosis were excluded
from the study. The living environment of the patients registered this study was similar
to that of patients who lived in nearly the same area (urban area around Changhua in
Taiwan). Therefore, there was no major difference in climate, environment, etc., among
patients. The study protocol was approved by the Institutional Review Board of Changhua
Christian Hospital (IRB number 120607; approval date: 20/11/2012). The protocol was
implemented in compliance with the Declaration of Helsinki. All participants provided
written informed consent.

2.2. Collection of Clinical Information

Data including age, sex, height, weight, and smoking history were obtained from a
chart review. Medication use and health care utilization, including emergency visits and
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admissions in the year, were obtained from medical records. The control status of asthma
and disease-specific quality of life were determined using Chinese version of the Asthma
Control Test (ACT).

2.3. Pulmonary Function Assessment

Pulmonary function, during stable asthma, was measured using a spirometer, which
accommodates criteria of the American Thoracic Society. Each participant was required to
perform three cycles of inhalation and exhalation, and the best forced expiratory volume in
one second (FEV1), PEF, and forced vital capacity (FVC) were selected. GLI-2012-predicted
values were used as the reference values for the executed spirometry.

2.4. Detection of Allergen Sensitization

We used the automated microfluidic-based multiplexed immunoassay system (BioIC
Allergen-Specific IgE Detection Kit; GENERAL MEDICAL CO., LTD, Taichung, Taiwan) to
measure fungal allergen sIgE in sera. The levels equal to or greater than Class 1 (≥1 AU)
were considered positive. The sIgE to fungi allergens, including Aspergillus flavus, As-
pergillus niger, Penicillium chrysogenum, Botrytis cinerea, Fusarium solani, Rhodotoeula, Tri-
chophyton rubrum, Saccharomyces, Penicillium, Penicillium notatum, Cladosporium herbarum,
Aspergillus fumigatus, Candida albicans, and Alternaria alternata were detected.

2.5. Serum Levels of Cytokines

Serum levels of IL-4, IL-13, IL-6, IL-9, IL-10, IL-17 A, IL-22, IFN-γ, TNF-α, and TGF-β
measured using The BioLegend LEGEND MAX™ Enzyme-Linked Immunosorbent Assay
kits (Biolegend, San Diego, CA, USA). IL-19 was detected using Quantikine Enzyme-Linked
Immunosorbent Assay kits (R&D Systems, Minneapolis, MN, USA).

2.6. Statistical Analysis

Statistical analysis was performed using SPSS 22.0 for Windows (IBM Corporation,
Armonk, New York, NY, USA). Data are expressed as mean ± SD, median, or percentage.
Two-way comparisons were performed using the unpaired t-test for parametric variables
and the Mann–Whitney test for nonparametric variables. Categorical variables were com-
pared using the χ2 test or Fisher’s exact test. Spearman correlation analysis were used to
determine the relationships between fungi, clinical outcomes, and cytokines. Correlation
matrix plot were produced in R using the ggplot2 package. We performed mediation analy-
sis using the SPSS PROCESS macro, version 2.16 (model 4), developed by Hayes [17]. All
statistical tests were two-sided, with p < 0.05 considered to indicate statistical significance.

3. Results

3.1. Clinical Features of Patients with Asthma

As presented in Table 1, 97 patients (42.86% men) with asthma were enrolled in the
study. The mean age was 56.71 ± 12.62 years old. In total, 84.5% of patients were never
smokers, and 57.7% of patients had steroid use. The mean of ACT score, FEV1% predicted,
and FEV1/FVC were 20.3 ± 3.9, 71.3 ± 19.3, and 72.2 ± 12.9, respectively. Additionally,
7.2% of patients experienced an ED visit and 12.4% of patients had admission.
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Table 1. Clinical features of patients with asthma.

Patients With Asthma (N = 97)

Age (mean ± SD) 49.1 ± 18.2
BMI (kg/m2) (mean ± SD) 24.8 ± 4.2

Gender (N, %)
Male 39 (40.2%)

Female 58 (59.8%)
Smoking status
Never smoker 82 (84.5%)
Ever smoker 5 (5.2%)

Current smoker 10 (10.3%)
Steroid use

No 41 (42.3%)
Yes 56 (57.7%)

ACT (mean ± SD) 20.3 ± 3.9
FEV1% (mean ± SD) 71.3 ± 19.3

FEV1/FVC (mean ± SD) 72.2 ± 12.9
ED visit times (N, %)

0 times 90 (92.8%)
1 times 6 (6.2%)
2 times 1 (1.0%)

Admission times (N, %)
0 times 85 (87.6%)
1 times 9 (9.3%)
2 times 3 (3.1%)

Fungal sensitization (N,%)
Without sensitization 7 (7.2%)

With sensitization 90 (92.8%)
Aspergillus flavus (mean ± SD) 0.4 ± 0.82
Aspergillus niger (mean ± SD) 1.26 ± 1.72

Penicillium chrysogenum (mean ± SD) 0.66 ± 3.32
Botrytis cinerea (mean ± SD) 3.66 ± 31.35
Fusarium solani (mean ± SD) 1.34 ± 1.32

Rhodotoeula (mean ± SD) 2.03 ± 3.46
Trichophyton rubrum (mean ± SD) 1.12 ± 1.95

Saccharomyces (mean ± SD) 0.38 ± 0.86
Penicillium (mean ± SD) 0.22 ± 1

Penicillium notatum (mean ± SD) 0.2 ± 0.6
Cladosporium herbarum (mean ± SD) 1.09 ± 3.41
Aspergillus fumigatus (mean ± SD) 1.6 ± 3.45

Candida albicans (mean ± SD) 2.23 ± 2.15
Alternaria alternata (mean ± SD) 0.19 ± 0.6

IgE (mean ± SD) 394.08 ± 947.1
IL-4 (0.0125–1 ng/mL) (mean ± SD) 0.025 ± 0.096

IL-6 (ng/mL) (mean ± SD) 0.446 ± 0.503
IL-9 (0.04–3 ng/mL) (mean ± SD) 0.258 ± 0.386

IL-10 (0.04–2.5 ng/mL) (mean ± SD) 0.05 ± 0.089
IL-17 A (0.03125–2 ng/mL) (mean ± SD) 0.381 ± 0.501

IL-13 (0.0625–4 ng/mL) (mean ± SD) 0.137 ± 0.394
IL-19 (0.0625–2 ng/mL) (mean ± SD) 0.195 ± 0.147
IL-22 (0.0125–1 ng/mL) (mean ± SD) 0.023 ± 0.092

IFN-γ (0.047–1.5 ng/mL) (mean ± SD) 0.209 ± 0.462
TGF-β (0.03–2 ng/mL) (mean ± SD) 0.091 ± 0.079

TNF-α (0.03125–2 ng/mL) (mean ± SD) 0.408 ± 0.602

3.2. Correlation among Fungi, Clinical Outcome of Asthmatic Patients, and Cytokines

The association between fungal sensitization and worse asthmatic outcomes has
previously been reported. We first examined the relationship between fungi species and
clinical outcomes. The correlation analysis results found that no significant relationship
between fungi species and asthmatic outcomes, including pulmonary function testing
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result, ACT score, steroid use, ED visit times, and admission times (Figure 1A). Next,
we evaluated the association between fungi species and immune markers. The results
demonstrated that IL-6 and IL-17A have a positive relation with most fungi species. IL-6
was especially positively associated with Aspergillus flavus, Aspergillus niger, Botrytis cinerea,
Trichophyton rubrum, Cladosporium herbarum, Aspergillus fumigatus, and Candida albicans. IL-
17 had a particularly positive association with Botrytis cinerea, Saccharomyces, and Candida
albicans (Figure 1B). However, only IL-17 was positively associated with ED visit times and
FEV1 (Figure 1C).

(A)  

Figure 1. Cont.
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(B) 

Figure 1. Cont.
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(C) 

Figure 1. Correlation matrix plot between (A) fungus and asthma-related outcomes, (B) inflammatory
cytokine and asthma-related outcomes, and (C) fungus and inflammatory cytokine. * p < 0.05,
** p < 0.01, *** p < 0.001.

3.3. Correlation among Botrytis cinerea, Saccharomyces, and Candida albicans and ED Times
and IL-17A

A strong positive correlation was observed between IL-17A and Botrytis cinerea, Can-
dida albicans, and Saccharomyces (Botrytis cinerea: r = 0.34, p < 0.0001; Candida albicans: r = 0.36,
p < 0.0001; Saccharomyces: r = 0.39, p < 0.0001). The correlation between IL-17A and ED visit
times was positively significant. ED visit times had no significant correlation with Botrytis
cinerea, Candida albicans, and Saccharomyces (Figure 2).
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Figure 2. Cont.
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(C) 

Figure 2. The scatter matrix, histogram, and Spearman rank correlation matrix among (A) Botrytis
cinerea, (B) Saccharomyces, and (C) Candida albicans and ED times and IL-17A. * p < 0.05, *** p < 0.001.

3.4. IL-17A Levels in Asthmatic Patients with and without Fungal Sensitization Grouped by ED
Visit Times

Previous studies indicated that fungal sensitization is associated with increased asthma
severity and poorer clinical outcomes. However, we only observed a correlation between
IL-17A and sensitized to various fungi (Botrytis cinerea, Saccharomyces, and Candida albicans),
as well as between ED visit times and IL-17A, but not between fungal sensitization and
ED visit times. Thus, we further investigated the IL-17A Levels in asthmatic patients with
or without fungal sensitization stratified by ED visit times. The results show that patients
who were sensitized to Botrytis cinerea had higher levels of IL-17 than patients without
sensitization to Botrytis cinerea (Figure 3A). Patients with Saccharomyces had no ED visit
event (Figure 3B). Conversely, patients with an ED visit (1 time) sensitized to Candida
albicans had higher IL-17A compared to patients who were not sensitized, but without
significant difference (Figure 3C).

3.5. Role of IL-17A in the Associations between Candida albicans and ED Visit Times

To clarify the role of IL-17A in the relationship between Candida albicans sensitization
and ED visit times. We investigated the role played by IL-17A in transmitting Candida
albicans sensitization changes to ED visit times in asthmatic patients using mediation
analysis. The total effect of Candida albicans on ED visit times was −0.106 (95% CI: −0.454,
0.133). IL-17A had a significant positively mediating effect (ME) on the association between
Candida albicans and ED visit times (ME = 0.0175, 95% CI: 0.012, 0.528) (Figure 4).
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Figure 3. Cont.

94



Biomedicines 2022, 10, 1452

 
(C) 

Figure 3. Comparing IL-17A levels in asthmatic patients with fungal sensitization and non-
sensitization grouped by ED visit times. Botrytis cinerea (A); Saccharomyces (B); Candida albicans
(C). * p < 0.05.

 

Figure 4. The contribution of IL-17A for the association between Candida albicans and ED visits. Single
mediation models and regression coefficients (β), with 95% confidence intervals (95% CI) examining
potential mediators of IL-17A.

4. Discussion

Being sensitized to fungi is a potential risk factor for worsening asthma outcomes,
but the mechanisms underlying the fungal sensitization associated with poorer asthmatic
outcomes remain unclear. The present study shows a link between cytokines and fungal
sensitization associated with poorer asthmatic outcomes. Firstly, we observed that IL-6 and
IL-17A, but no IgE, had a significant association with sensitization to most species of fungi
in out testing panel. Only ED visit times were positively associated with IL-17A, and we
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noticed that the level of IL-17A was higher in patients with Candida albicans sensitization
who had ED visits compared with those who did not, though the difference is not significant.
The mediation analysis revealed that IL-17A had positive mediation effect between Candida
albicans sensitization and ED visit times. Overall, our finding indicated that sensitization to
Candida albicans had a positive correlation with IL-17A levels, which were then associated
with ED visits in asthmatics. Based on present results, IL-17A could be a biomarker for
asthmatics with frequent emergency department visits for Candida albicans sensitization.

Sensitization to fungi is associated with increased asthma severity, poorer clinical
outcomes, and mortality. In previous studies, the prevalence of fungal sensitization in
asthma has varied. According to a UK study, 66% of patients with severe asthma were
sensitized to one or more fungi, as determined by SPT or specific serum IgE testing or
both [18]. Moreover, asthma patients referred to subspecialty clinics showed that 17.3%
were allergic to fungi [19], but another study showed 76.3% to be allergic to at least one
fungus [20]. Further, 32% of the 576 patients enrolled in the study with severe eosinophilic
asthma demonstrated sensitivity to fungal allergens [21]. In our study, we found that
92.8% of asthmatic patients had fungal sensitization. These results indicate that the exact
prevalence of fungal sensitization in patients with asthma remain unclear. It is likely that
the large differences seen in the prevalence of fungal sensitization among asthmatic patients
are related to differences in patient populations, testing methods, and geographic locations.

Fungal sensitization is associated with worse asthmatic outcomes being reported.
For example, the number asthmatic patients with fungus sensitization requiring intensive
care unit admission and mechanical ventilation was higher than those without fungus
sensitization or nonfungal sensitization [19]. Furthermore, the lung function of patients
sensitized to thermotolerant filamentous fungi was lower than that of patients not sensitized
to any fungi [20]. Despite this, we were unable to find any association between fungal
sensitization with measures of control, severity, or steroid use in our population. However,
we found that patients with fungal sensitization had a higher prevalence of ED visits than
patients without fungal sensitization (7.78% versus 0%, data not shown). These finding
suggest that exposure to inhaled allergens to which patients are sensitized can increase
asthma symptoms or precipitate exacerbation. According to GINA guidelines, patients with
persistent symptoms and/or exacerbations should undergo allergen testing. It is possible
that patients with fungal sensitization were not identified because of lack of testing [19].
Thus, greater awareness of asthmatics at risk for more difficult disease outcomes should
support earlier identification of fungal sensitization.

Allergic asthma is defined by the presence of allergic sensitization and a correlation
between allergen exposure and asthma symptoms. One biomarker of allergic asthma
is total serum IgE level, which is more commonly elevated in allergic compared with
nonallergic asthma [22], is inversely associated with lung function in asthmatics [23], and is
associated with the prevalence of asthma [24]. A previous study reported that patients with
fungal sensitization (Penicillium chrysogenum, Cladosporium herbarum, Aspergillus fumigatus,
Mucor racemosus, Stemphylium herbarum, and Alternaria alternata) had a higher total serum
IgE concentration than patients with no sensitization or nonfungal sensitization [19]. In
present study, our data demonstrate that sensitization to most species of fungi had a
positive relationship with IL-6 and IL-17 rather than IgE. In previous study, eosinophils
and eosinophilic production of IL-23 and IL-17 were shown to be beneficial in invasive
aspergillosis but detrimental in allergic disease in a mice model [12]. In addition, IL-6
is essential for mucus hypersecretion by airway epithelial cells triggered in response to
inhaled Aspergillus fumigatus extract, which was found in a mouse model of allergic airway
inflammation induced by direct airway exposure to extracts of Aspergillus fumigatus [25].
These findings suggest that the immune response regarding fungal sensitization is not only
associated with IgE, but also other mechanisms involved that are related to IL-6/IL-17A axis.
In allergic asthma, B cells may regulate the T cell response by modulating the phenotypic
response. For example, in a JH−/− (B cell-deficient) murine model of fungal allergic asthma,
levels of the inflammatory cytokines IL-6 and IL-17A were significantly elevated, and there
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was significantly more robust airway eosinophilia and neutrophilia [26]. The evidence
suggests that the IL-6/IL-17A axis is associated with fungal allergic asthma in conditions
with B cell deficiency. Thus, the IL-6/IL-17A axis would be a possible mechanism associated
with fungal sensitization other than IgE.

Accumulating evidence now suggests that Th17 cells and their related cytokines are
also involved in the pathophysiology of allergic asthma. IL-17 expression is increased in
the lung, sputum, bronchoalveolar lavage fluid (BALF), and sera in patients with asthma,
and the severity of AHR is positively correlated with IL-17 expression levels [27,28]. In our
study, IL-17, but not IL-6, had a positive correlation with ED visits and had a significant
mediation effect on the association between Candida albicans sensitization and ED visit. A
previous study found that IL-17 increased in Aspergillus fumigatus-sensitized mice [29]. In
addition, IL-17A response is associated strongly with acute ABPA, and its specific decline
in response to ABPA treatment suggests that this atypical Th17 response plays an active
role in manifesting and/or exacerbating disease [30]. The evidence supports the hypothesis
that IL-17A has a mediated effect on the relationship between Candida albicans sensitization
and poorer clinical outcomes, particularly ED visits. A previous study identified the role
of IL-17-mediated immunity in Candidiasis, and the implications for clinical therapies for
both autoimmune conditions and fungal infections [31]. In asthma, to our best knowledge,
our findings firstly provide evidence that IL-17A is a potential mediator to link Candida
albicans sensitization and poorer clinical outcomes. Despite the underlying cell-mediated
mechanism is unclear, a study report that protective lung Th2 and Th17 cell responses
against the common mucosa-associated fungus Candida albicans are coordinated through
lung megakaryocytes and platelets [32]. The findings pointed suggested that Th17, an
IL-17-producing cell, may have a protective effect against allergy to Candida albicans in
the lungs.

Th17 immune responses differ between the sexes due to suppressive and enhanc-
ing effects of sex hormones [33]. A previous study indicated testosterone is associated
with expansion of Th17 populations in a murine model of experimental autoimmune
encephalomyelitis (EAE) [34]. However, a recent study indicated that the increased pro-
duction of IL-17A by 17β-estradiol and progesterone from TH17 cells may provide a
potential mechanism for the increased prevalence of severe asthma in women compared
with men [35]. In contrast, estrus levels of estradiol downregulated the Th17 response to
Candida albicans in in vivo vaginal infection models [36]. In our finding, we found that the
IL-17 levels in asthmatic patients were 3.28 and 4.17 in males and females, respectively, but
there is no significance between sex differences (p = 0.369) (Supplemental Table S1). The
correlation between IL-17 and Candida albicans was 0.233 and 0.458 in males and females,
respectively, but there are no significant differences between males and females in the
correlation between IL-17 and Candida albicans (pinteraction = 0.166) (Supplemental Table S1).
The finding demonstrates that sex difference has no influence on the correlation between
IL-17 and Candida albicans in our population. Taken together, we suggest that the influence
of sex difference on IL-17 is inconsistent that may depend on disease-specific characteristics
or severity; thus, the mediation effect of IL-17 between poor outcomes and Candida albicans
across sex difference is needs further study.

There are some limitations of our study. Firstly, further evaluation in a multiple center
setting is needed to expand the generalizability. Secondly, we lacked information regarding
immune cell type; therefore, the cell-mediated immune response related to IL-17A in fungal
sensitization, especially in Candida albicans, needs to be further investigation. Thirdly, since
some of our asthma patients were without ED visits, the causal effect is difficult to clarify
due to limitation of statistical method.

5. Conclusions

In present study, we found that both IL-6 and IL-17A have a strong positive correlation
with Candida albicans. Only IL-17A had significant positive association with ED visit times.
There is a significant mediation effect of IL-17A on the association between Candida albicans
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sensitization and ED visit times. Altogether, IL-17A is a potential mediator to link Candida
albicans sensitization and ED visits for asthma. Patients with fungal sensitization, such as
Candida albicans, who have worse outcomes may associate with Th17-mediated immune
responses rather than Th2.
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Abstract: Airway inflammation in asthma is related to increased reactive oxygen species generation,
potentially leading to tissue injury and subsequent airway remodeling. We evaluated oxidative stress
in peripheral blood from asthmatic subjects (n = 74) and matched controls (n = 65), using recently
developed real-time monitoring of the protein hydroperoxide (HP) formation by the coumarin
boronic acid (CBA) assay. We also investigated the relation of the systemic oxidative stress response
in asthma to disease severity, lung function, airway remodeling indices (lung computed tomography
and histology), and blood and bronchoalveolar lavage fluid (BAL) inflammatory biomarkers. We
documented enhanced systemic oxidative stress in asthma, reflected by 35% faster and 58% higher
cumulative fluorescent product generation in the CBA assay (p < 0.001 for both). The dynamics of
HP generation correlated inversely with lung function but not with asthma severity or histological
measures of airway remodeling. HP generation was associated positively with inflammatory indices
in the blood (e.g., C-reactive protein) and BAL (e.g., interleukin [IL]-6, IL-12p70, and neutrophil
count). Bronchial obstruction, thicker airway walls, increased BAL IL-6, and citrullinated histone 3 in
systemic circulation independently determined increased HP formation. In conclusion, a real-time
CBA assay showed increased systemic HP generation in asthma. In addition, it was associated
with inflammatory biomarkers, suggesting that proper disease control can also lead to a decrease in
oxidative stress.

Keywords: asthma; oxidative stress; CBA assay; airway remodeling
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1. Introduction

Asthma is a chronic disease of the airways that is characterized by variable bronchial
obstruction and hyperresponsiveness, often accompanied by structural remodeling [1].
Disease pathogenesis involves various cell types and mediators that participate in airway
inflammation, trigger asthma symptoms, and contribute to disease progression. Airway
inflammation can be exacerbated by viral infections and exposure to inhaled allergens
or airway pollutants. Epidemiological studies demonstrate a clear relationship between
air quality and control of asthma symptoms. Exposure to tobacco smoke, ozone, and
environmental pollution, such as diesel exhaust, generates reactive oxygen species (ROS)
and other oxidative stressors, initiating and augmenting inflammation and sensitizing the
airways to other triggers of symptoms [1,2]. Additionally, the inflammatory cells present in
the asthmatic airways are considered the primary local source of ROS [3]. Furthermore,
ROS itself may play a role in asthma pathogenesis, as they promote type-2 (T2) responses in
the lungs and activate nuclear factor (NF)-κβ, a potent pro-inflammatory gene inducer [4].

ROS are produced continuously in a small amount by all cells. Still, if delivered in
higher amounts, for example, during inflammation, they alter the pro/antioxidant balance,
causing oxidative stress and tissue damage [5]. One signature of increased oxidative stress
is the hydroperoxides of amino acid residues (HP), unstable derivatives formed during
exposure of proteins to ROS [6]. Previous experimental studies confirmed that oxidative
damage to proteins, lipids, or nucleic acids might lead to pathological changes in airway
epithelial cells, resulting in increased permeability, mucus secretion, and enhanced airway
hyperresponsiveness [5,7–9].

In asthmatic airways, many cell types enhance ROS production, including epithelial
and endothelial cells and infiltrating leukocytes; therefore, ROS are necessary components
of the innate immune system [5]. However, the lungs and blood provide an efficient defense
system against oxidative stress, mediated by two essential elements. The first contains
nonenzymatic dietary antioxidants, including tocopherols, carotenes, and lycopene. The
second refers to the endogenous system of antioxidant enzymes, such as superoxide
dismutase, catalase, and lipoprotein-associated phospholipase A2 (Lp-PLA2), which combat
biochemically oxidative stress [10]. Despite these mechanisms, asthma patients show
increased lung oxidative stress, as evidenced by elevated nitric oxide and carbon monoxide
concentrations in the exhaled air [3]. Therefore, it has been suggested that asthma is
characterized by a decreased ability to respond to oxidative stress [5,10]. For example,
patients with severe asthma show decreased plasma activity of Lp-PLA2 [11]. On the
contrary, others point to the upregulation of antioxidative mechanisms, albeit with still an
overwhelming prooxidative capacity [3,12,13]. Nevertheless, the role of oxidative stress in
asthma pathology and airway remodeling has not been comprehensively studied, including
how it impacts endothelial injury and early atherosclerosis [14] and increases the risk of
prothrombotic and cardiovascular events, as previously reported in that disease [15–17].

Numerous studies on asthma indicate an increased prooxidative potential of peripheral
blood leukocytes, mainly neutrophils, and upregulation of oxidative biomarkers in airways,
e.g., nitric oxide, or in circulation, e.g., malondialdehyde and uric acid [3,5,13,18]. However,
scarcer data analyzed oxidative stress globally in circulating blood, probably due to the
lack of reliable research methods that could be successfully applied to serum or plasma
samples. Current assays are based mainly on the oxidation of ferrous ions, monitored
with orange xylenol or the iodometric test [19,20], and are demanding from a technical
point of view. Additionally, they cannot be used in real-time measurements. However,
recently Michalski et al. [21] developed and validated a novel real-time fluorescent assay
that fits this purpose. In this assay, the profluorescent coumarin boronic acid (CBA) probe
reacts with amino acid and protein hydroperoxides to form the corresponding fluorescent
product, 7-hydroxycoumarin, which is easily detectable by a fluorescent reader.

Considering the available data on the possible link between airway inflammation, local
oxidative stress, premature atherosclerosis, and increased risk of cardiovascular events in
asthma, we sought to evaluate the CBA assay in the circulating blood of those subjects. We
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also examined its relation to asthma severity; lung function and morphometry; blood and
bronchoalveolar lavage fluid (BAL) inflammatory biomarkers; and histological measures of
airway remodeling, including reticular basement membrane (RBM) thickness and collagen
I deposits.

To date, such studies have not yet been performed.

2. Materials and Methods

2.1. Study Participants

We investigated 74 asthma patients enrolled at the Outpatient Clinic of the Allergy
and Clinical Immunology Department, University Hospital, Krakow, Poland. Diagnosis of
asthma and disease severity (mild, moderate, and severe disease) was established based
on the current Global Initiative for Asthma (GINA) guideline [1]. In addition, asthma
symptom control was assessed based on the Asthma Control Test (ACT) result (well-
controlled, not well-controlled, and very poorly controlled asthma). More details on that
issue, including definitions of asthma severity and symptom control grading, are provided
in the Supplementary Table S1.

The study was carried out while following the Declaration of Helsinki and the
Ethics Committee of Jagiellonian University approved the protocol (approval number:
KBET/151/B/2013). Furthermore, all subjects gave written informed consent to participate
in the study.

2.2. Spirometry and Lung Computed Tomography (CT)

Spirometry and bronchial reversibility test (after 400 μg of albuterol) were assessed
according to the standards of the American Thoracic Society [22], using a Jaeger MasterLab
spirometer (Jaeger-Toennies GmbH, Hochberg, Germany). Persistent airflow limitation
was defined as an FEV1/VC index below 0.7 or FEV1 less than 0.8 of the predicted value
after the bronchodilator.

Lung computed tomography (CT) was performed after 400 μg albuterol adminis-
tration, using 64-raw multidetector computed tomography (Aquilion TSX-101A, Toshiba
Medical Systems Corporation, Otawara, Japan) in helical scanning mode (CT parameters:
64 × 0.5 mm collimation, the helical pitch of 53 and 0.5 s per rotation with standard radi-
ation dose (150 ± 50 mAs and 120 kVp)). The automated AW Server program (Thoracic
VCAR, General Electric Healthcare, Wauwatosa, WI, USA) was applied to quantify the
cross-sectional geometry of the airways at the site of the right upper lobe apical segmental
bronchus (RB1) and the right lower lobe basal posterior bronchus (RB10), including the
lumen and wall area, average wall thickness, wall area ratio (WAR, i.e., average difference
between the outer and inner areas divided by the outer area), and wall thickness ratio
(WTR, i.e., wall thickness divided by the outer diameter) [23]. Spirometry and lung CT
measurements were performed only in subjects with asthma.

2.3. Bronchofiberoscopy and Airway Sample Collection

Bronchofiberoscopy was also carried out in asthma patients only, according to the
guidelines of the American Thoracic Society [24], using the bronchofiberoscope BF 1T180
(Olympus, Shinjuku, Japan) with local anesthesia (2% lidocaine) and with mild sedation
(2.5–5 mg of midazolam, 0.05–0.1 mg of fentanyl i.v.). Bronchoalveolar lavage (BAL) was
performed with 200 mL of 0.9% saline administered to the right middle lobe bronchus, and
2 or 3 endobronchial biopsies were taken from the right lower lobe (the carina between B9
and B10) during the procedure. The differential of BAL fluid cells was analyzed by using
May–Grunwald–Giemsa-stained cytospin preparations (Thermo Scientific, Walthman, MA,
USA; 1000 cells counted). The results were shown as a percentage of all inflammatory cells
(except for epithelial cells). The BAL fluid supernatant was aliquoted and stored at −70 ◦C
until analyzed.

Endobronchial biopsy specimens were formalin-fixed (Sigma-Aldrich, Saint Luis, MO,
USA) and prepared for histological examination (e.g., hematoxylin-and-eosin staining)
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as previously described [23]. The microscope slides were photographed with a Nikon
D5300 camera attached to the Zeiss Axioscope microscope with a 100× oil immersion lens.
Images were analyzed by AnalySIS 3.2 software (Soft Imaging System GmbH, Muenster,
Germany). The RBM thickness was measured along the airway epithelium layer, according
to the orthogonal intercept method suggested by Ferrando et al. [25], using arbitrary
distance units. For each patient, at least 30 individual RBM measurements were evaluated
at intervals of 9.5 μm. The results were expressed as a harmonic mean, as defined in our
previous publication [23].

2.4. Laboratory Investigations
2.4.1. Basic Laboratory Tests

The complete blood cell count, the plasma concentration of fibrinogen, serum C-
reactive protein (CRP), and immunoglobulin E (IgE) were measured in fasting blood
samples by routine laboratory techniques. Serum and plasma samples were aliquoted and
stored at −70 ◦C until analysis. Interleukin (IL)-4, IL-5, IL-6, IL-10, IL-12p70, IL-17A, and
interferon (INF)-γ in serum and BAL samples were assessed by using commercially avail-
able high-sensitivity ELISA assays (eBiosciencea, Vienna, Austria). Periostin (a renowned
marker of T2-immune response) was evaluated only in BAL by ELISA (Phoenix Pharma-
ceuticals, Burlingame, CA, USA). Similarly, citrullinated histone 3 (H3cit), a marker of
neutrophil trap formation, was measured in serum, using an ELISA kit (Cayman Chemicals,
Ann Arbor, MI, USA). Most BAL cytokine measurements were below the assay threshold
(results are not shown in the tables).

2.4.2. Coumarin Boronic Acid (CBA) Assay

To assess the oxidative potential of proteins in serum, we applied the real-time moni-
toring of HP formation, using the CBA-based assay, as previously described [21,26]. Briefly,
50 μL of serum sample was transferred to 96-microwell black plates and mixed with 150 μL
phosphate buffer (50 mM, pH 7.4) containing catalase (100 units/mL), DTPA (diethylene-
triaminepentaacetic acid; 0.1 mM), and non-fluorescent CBA as a substrate (0.8 mM). The
fluorescence intensity of the reaction product, that is, the 4-hyroxycoumarin (COH), was
measured (Ex/Em: 360 nm/465 nm) at 10 min intervals, using a plate reader (ClarioStar,
BMG Labtech, Ortenberg, Germany), for 20 h. Each serum sample was analyzed in du-
plicates, and the arithmetic means presented the experiment’s outcome. In each case, the
proper background fluorescence was subtracted, and the sample fluorescence was adjusted
to the total protein concentration in the serum.

The intensity of fluorescent product generation demonstrated exponential growth
that was fitted to the logistic growth model. The resulting sigmoidal logistic growth curve
and growth dynamics were described by the three parameters: (1) saturation level, ‘K
concentration’, representing a numerical upper limit of growth; (2) rate factor, ‘R’, which
describes the velocity of the fluorescent product growth; and (3) the area under the curve
until saturation level, representing a cumulative generation of the CBA fluorescent product
over time.

2.5. Statistical Analysis

Statistical analysis was performed with Statistica TIBCO 13.3 software (TIBCO Soft-
ware Inc., Palo Alto, CA, USA) and R (version 3.6.1). We used the Shapiro–Wilk test to
verify the distribution of the data. As appropriate, continuous variables were reported as a
median with 0.25–0.75 quartiles or as a mean with standard deviation. They were compared
by using the Mann–Whitney U test or unpaired t-test, respectively. Categorical variables
were given as percentages and compared by χ2 test. The variables of the CBA assay were
Box-Cox transformed, and one-way covariance analysis (ANCOVA) was performed to
adjust for potential confounders, including age, sex, and BMI. To evaluate the relationship
between continuous variables, a Spearman rank correlation test or Pearson correlation
tests were performed as applied. The cutoff points for the oxidative stress parameters
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were calculated based on the receiver operating characteristic (ROC) curve to estimate
the odds ratio (OR) with a 95% confidence interval (CI). Independent determinants of
cumulative in time concentration, K concentration, and rate factor R were established in
multivariate linear regression models, built using a stepwise forward selection procedure,
verified by Snedecor’s F-distribution; R2 was evaluated as a measure of variance. Uncon-
ditional multivariate logistic regression model and one-way variance analysis (ANOVA)
were used to analyze the independent impact of comorbidities, including hypertension,
diabetes mellitus, hypercholesterolemia, and oral steroid and statin therapy on evaluating
oxidative stress, respectively. Results that had a p-value less than 0.05 were considered
statistically significant.

3. Results

3.1. Study Participants

Asthma patients and control subjects were well matched according to the demographic
variables, including age, sex, body mass index (BMI), and the area of residence, i.e., rural
vs. urban area (Table 1). Likewise, the prevalence of other chronic comorbidities (such as
arterial hypertension or diabetes mellitus) was similar. Finally, all study participants were
current nonsmokers (>5 years).

Table 1. Demographic characteristics and comorbidities in asthmatic patients and control individuals.

Variables
Patients

n = 74
Controls

n = 65
p-Value

Age, years 53.5 ± 13.1 51.4 ± 12.3 0.63
Male gender, n(%) 19 (26) 23 (35) 0.22

Body mass index, kg/m2 26.9 ± 4.6 25.9 ± 3.4 0.1
Past smoking, n(%) 13 (18) 15 (23) 0.3

Pack-years of smoking, n 0 (0–0) 0 (0–0) 0.59
Living primarily in inner-city

environments, n(%) 39 (53) 38 (58) 0.57

Internal medicine comorbidities

Hypertension, n(%) 34 (46) 25 (38) 0.67
Diabetes mellitus, n(%) 11 (15) 8 (12) 0.68

Hypercholesterolemia, n(%) 21 (28) 15 (23) 0.52
Categorical variables are presented as n-numbers (percentages); continuous variables are presented as median
and interquartile range, or mean and standard deviation, as appropriate.

3.2. Clinical Characteristics and Airway Remodeling in Asthma Patients

Among the 74 asthma patients included, 29 (39%) had severe disease (Table 2), and 37
(50%) had persistent airflow limitation. The median duration of asthma was 10 years, and
about half of the patients were atopic. Only one-third of the subjects enrolled evaluated
their asthma as well-controlled based on the asthma control test, while one-fourth had a
very poorly controlled disease.

Based on the BAL cell differential count data (Table 2), 26% of asthma patients showed
eosinophilic inflammation (that is, ≥2% of eosinophils), including 15% with neutrophil
admixture (mixed inflammation); 28% had a pure neutrophilic (≥4% neutrophils), and 46%
had a pauci-granulocytic variant.

In the Supplementary Materials, we provided the clinical characteristics of asthma
patients with the division into mild, moderate, and severe disease staging.
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Table 2. Clinical characteristics of asthmatic patients, including airway imaging and histo(cyto)logy.

Asthma duration, years 10 (5–20)
Atopy, n(%) 39 (53%)

Severe asthma, n(%) 29 (39%)

Asthma severity (GINA)

Mild, n(%) 18 (24%)
Moderate, n(%) 27 (36%)

Severe, n(%) 29 (39%)

Asthma symptom control §

Well-controlled asthma, n(%) 22 (30%)
Not-well controlled asthma, n(%) 33 (44%)

Very-poorly controlled asthma, n(%) 19 (26%)

Spirometry values

FEV1 before bronchodilator, % of the predicted value 81.8 (66.6–99.4)
FEV1 after bronchodilator, % of the predicted value 91.9 (73.2–104.1)

VC before bronchodilator, L 3.2 (2.6–3.97)
VC after bronchodilator, L 3.36 (2.7–4)

FEV1/VC (before bronchodilator) 65.8 (57.4–72.6)
FEV1/VC (after bronchodilator) 69.9 (63.2–77.5)

Computed tomography airway remodeling indices

The right upper lobe apical segmental bronchus (RB1)

Lumen area, mm2 12.5 (10–16)
Wall area, mm2 34.8 (27.9–45.4)

Wall thickness, mm 1.9 (1.7–2.1)
Wall thickness ratio (WTR) 24.1 ± 2.7

Wall area ratio (WAR) 73.2 ± 5.6

The right lower lobe basal posterior bronchus (RB10)

Lumen area, mm2 12.5 (9–18)
Wall area, mm2 35.1 ± 12.3

Wall thickness, mm 1.8 (1.6–2.1)
Wall thickness ratio (WTR) 23.6 (22–25.9)

Wall area ratio (WAR) 72.3 (68.5–76.9)

Bronchial biopsy histology

Reticular basement membrane (RBM) thickness, μm ¥ 6.49 (5.3–7.86)
Collagen I staining, % of the stroma showing reactivity 30 (20–60)

Bronchoalveolar lavage fluid (BAL) cellularity #

Macrophages, % 85 (72–93)
Lymphocytes, % 8 (4–15)
Neutrophils, % 3 (2–5)
Eosinophils, % 1 (0.1–2)

Eosinophils ≥2% in BAL, n(%) 17 (37.5%)
Neutrophils ≥4% in BAL, n(%) 29 (43.3%)

Bronchoalveolar lavage fluid biomarkers †

Periostin, ng/mL 0.85 (0.75–0.97)
Interleukin-6, pg/mL 0.75 (0.1–1.19)

Interleukin-12(p70), pg/mL 0.078 (0.05–0.12)

Asthma therapy

Oral corticosteroids 14 (19%)
Inhaled corticosteroids (persistent use) 68 (92%)

Long-acting β2-agonists (persistent use) 54 (73%)
Antileukotrienes 10 (14%)

Theophylline 8 (11%)
Long-acting anticholinergics (persistent use) 5 (7%)

Categorical variables are presented as numbers (percentages); continuous variables are presented as me-
dian and 0.25–0.75 quartiles, or mean and standard deviation, as appropriate. Abbreviations and references:
BAL—bronchoalveolar lavage fluid, FEV1—forced expiratory volume in one second, GINA—Global Initiative
for Asthma, L—liter, VC—vital capacity; § asthma symptom control (assessed based on Asthma Control Test
results); # BAL cell differential data available in 67 asthma subjects; † BAL fluid levels of interleukin (IL)-4, IL-5,
IL-10, and IL-17A and interferon γ were below the detection threshold (data not shown); ¥ RBM available in
45 asthma subjects.
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Table 2 also summarizes essential measures of structural airway remodeling, as ev-
idenced by CT imaging and airway biopsy specimens. Unfortunately, in this study, we
did not collect those data in the control group. However, compared to control datasets
in our previous report [27], which was conducted by using a similar methodology, CT
imaging parameters suggest mild-to-moderate changes in airway geometry (10% difference
on average, p < 0.05), whereas RBM thickness is ~30% thicker in asthmatics compared to
controls (p < 0.001). In Figure 1, we depict representative pictures of RBM measures in
control and asthma individuals.

Figure 1. Representative pictures of endobronchial biopsy specimens in a control subject (a) and
asthma patient (b); the reticular basement membrane (RBM) is thicker in asthma. Other abbreviations:
Epi—epithelium, Sub—subepithelium.

As expected, the referenced airway CT measures in RB1 and RB10 correlated well with
each other (e.g., WTR: r = 0.4, p < 0.001) and with spirometry values (e.g., FEV1: r = −0.34,
p = 0.007 and r = −0.3, p = 0.01, for WTR of RB1 and RB10, respectively).

At the same time, neither CT nor spirometry values were linked with RBM thickness.

3.3. Increased Systemic Generation of Protein Hydroperoxides in Asthma

The fluorescent intensity of the CBA-assay product, reflecting HP generation, increased
quickly both in the asthmatics and controls (Figure 2a). However, the velocity of fluores-
cence growth, reflected by the factor R, was 35% higher, and the saturating concentration (K)
increased by 23% more in asthmatics than in controls (p < 0.001, using the Mann–Whitney
U test; p = 0.01 and p = 0.009, respectively, using ANCOVA after adjustment for age, sex,
and BMI) (Figure 2b).

Compared to the control subjects, asthma patients showed an odds ratio (OR) of 3.14
(95%CI: 1.98–4.97; p < 0.001) for having a higher R factor, defined as values above the cut-off
point of 42.4 fluorescence (FL) unit (U)/mL/min. Similarly, asthma patients had an OR of
2.57 (95%CI: 1.7–3.88; p < 0.001) for having increased K concentration, using a cutoff point
of 322 FLU/mL.

Furthermore, we demonstrated a 58% higher cumulative in time HP generation (area
under the curve) (Figure 2b, p < 0.001, using Mann–Whitney U test; p = 0.01, using ANCOVA
after adjustment for age, sex, and BMI).

In the asthma group, the dynamics of HP generation were ~20% higher, and K concen-
tration was increased by ~15% in females (Figure 3).
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Figure 2. (a) Representative curve of fluorescent product generation in the real-time coumarin
boronic acid (CBA) assay of asthma patient and control individual (K—saturating concentration).
(b) Saturating concentration (K), growth velocity (R factor), and cumulative fluorescent (FL) product
generation in the real-time coumarin boronic acid (CBA) assay in asthma and control subjects.
Abbreviations: FL—fluorescent, FLU—fluorescent unit, K—saturating concentration, R—velocity of
fluorescent product growth, ** p < 0.001.

Figure 3. Hydroperoxides’ generation in the coumarin boronic acid (CBA) assay was higher in
females than males in the asthma group; * p < 0.05; for other abbreviations, see legend in Figure 1.

Other demographic variables and comorbidities had no impact on the CBA assay results.

3.4. Systemic Protein Hydroperoxides Generation Was Related to Bronchial Obstruction, Airway
Geometry, and Bronchoalveolar Lavage Fluid Biomarkers

Next, we analyzed associations of systemic oxidative stress measures with clinical
characteristics of asthma, lung function, airway remodeling indices, and BAL biomarkers.

Surprisingly, the dynamics of HP generation were not related to the severity of asthma,
symptom control, or asthma medications used. However, we detected a weak inverse
correlation with airway obstruction spirometry indices (Figure 4).
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Figure 4. Inverse correlation between hydroperoxide generation in coumarin boronic acid (CBA)
assay and lung function; for abbreviations, see the legend in Figure 2 and Table 2.

Furthermore, asthma patients with persistent airflow limitation showed a 19% increase
in cumulative HP formation (p = 0.02).

Oxidative stress measures were not associated with RBM thickness or collagen I
deposit in bronchial biopsy specimens. They were also not directly associated with lung
CT parameters. However, multiple regression models showed that WAR or WTR in RB1
could be an independent determinant of higher HP formation dynamics, as presented in
Table 3 (a model for the R factor).

Table 3. Multiple linear regression model for a relative increase of fluorescent product growth velocity
(R factor) in the real-time CBA assay in asthma patients. Presented variables are documented as
independent determinants; however, they explain only 16% of the R factor variability.

Fluorescent Product Growth Velocity (R Factor)

β (95% CI) R2

FEV1, % −0.18 (−0.31 to −0.04)
0.16Wall thickness ratio (WTR), RB1 0.22 (0.08 to 0.36)

Interleukin 6, BAL, pg/mL 0.28 (0.14 to 0.41)

Adjustment statistics F = 2.9, p < 0.001
The resulting standardized regression coefficient (β) with 95% confidence interval (95% CI) for a factor (indepen-
dent variable) indicates the increase/decrease in standard deviations (SDs) of a dependent variable (R factor) when
that particular factor increases by 1 SD and all other variables in the model remain unchanged. Abbreviations:
RB1—the right upper lobe apical segmental bronchus; for other abbreviations, see footnote to Table 2.

Among BAL biomarkers, the HP generation was weakly positively associated with the
IL-6 and IL-12(p70) concentrations and neutrophil count (Figure 5). Additionally, BAL IL-6
appears to be an independent determinant of higher HP formation, as shown in Table 3.

3.5. Complex Regulation of Circulating Protein Hydroperoxides Generation by Peripheral Blood
Biomarkers

Then we investigated the relation of HP generation in asthma to laboratory variables
measured in the systemic circulation, including blood cell counts, inflammatory biomarkers,
and atherosclerosis risk factors, such as glucose level and lipid profile.

As expected, asthma patients were characterized by increased blood eosinophilia and
serum IgE compared to the controls (Table 4). Interestingly, the serum CRP concentration
was also marginally elevated in the patients (p = 0.04). On the other hand, glucose and total
cholesterol levels and blood cytokines were comparable in both study groups, except for

109



Biomedicines 2022, 10, 1499

IL-10, which was higher in asthmatics. Similarly, the concentration of H3cit was increased
in patients, suggesting neutrophil activation and the formation of extracellular traps [28].

Figure 5. Positive correlations between dynamics in hydroperoxide generation in the real-time
coumarin boronic acid (CBA) assay and bronchoalveolar lavage fluid biomarkers (interleukin [IL]-6,
IL-12, and BAL neutrophilia); for abbreviations, see the legend in Figure 2 and Table 2.

Table 4. Laboratory parameters in asthmatic patients and control subjects.

Patients
n = 74

Controls
n = 65

p-Value

Basic laboratory tests

Hemoglobin, g/dL 13.5 (13–14.4) 13.9 ± 1.28 0.09
Red blood cell count, 106/μL 4.61 ± 0.43 4.6 ± 0.38 0.83

White blood cell count, 103/μL 6.68 (5.6–7.96) 5.48 (4.82–6.64) <0.001 **
Eosinophils, 103/μL 275 (135–470) 15 (9–80) <0.001 **
Monocytes, 103/μL 600 (485–815) 480 (430–670) <0.001 **

Blood platelets, 103/μL 218 (191–247) 232 (203–293) 0.01 *
C-reactive protein, mg/L 2.55 (0.58–8.67) 1 (0.9–1.7) 0.04 *

Immunoglobulin E, IU/mL 71.5 (29.4–380) 22.6 (18.5–53.5) 0.001 *
Glucose, mmol/L 5 (4.65–5.55) 5.17 ± 0.54 0.63

Total cholesterol, mmol/L 4.83 ± 0.98 4.8 (4.25–5.35) 0.74
Low-density lipoprotein cholesterol, mmol/L 2.61 ± 0.76 3.38 ± 0.96 <0.001 **
High-density lipoprotein cholesterol, mmol/L 1.34 (1.09–1.61) 1.58 ± 0.41 0.01 *

Triglycerides, mmol/L 1.4 (1–2) 1.09 (0.82–1.42) <0.001 **

Biomarkers in serum §

Interleukin-6, pg/mL 0.78 (0.45–2.09) 0.73 ± 0.52 0.31
Interleukin-10, pg/mL 0.57 (0.25–0.97) 0.005 (0.005–0.01) <0.001 **

Interleukin-12(p70), pg/mL 0.005 (0.005–1.3) 0.005 (0.005–1.69) 0.75
Interleukin-17A, pg/mL 0.005 (0.005–0.12) 0.005 (0.005–0.06) 0.87

Interferon-γ, pg/mL 0.005 (0.005–0.28) 0.11 (0.005–0.27) 0.66
Citrullinated histone H3, ng/mL 16.3 (10.7–19.8) 12.8 (8.2–17.6) 0.04 *

Variables are presented as median and interquartile range, or mean and standard deviation, as appropriate.
References: § all serum measurements of interleukin (IL)-4 and IL-5 were below the assay threshold (data not
shown); ** p < 0.001; * p < 0.05 and p ≥ 0.001.

Interestingly, systemic HP generation in asthma showed a clear negative association
with the red blood cell (RBC) count (Figure 6a) and hemoglobin level. This relationship
applied to all CBA assay parameters and was not seen in the control grroup.
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Figure 6. Relationships between cumulative hydroperoxide generation in the real-time coumarin
boronic acid (CBA) assay and red blood cell count (a) peripheral blood monocyte count (b), circulating
C-reactive protein (c), and fibrinogen (d); for abbreviations, see the legend in Figure 2 and Table 2.

Furthermore, we demonstrated a weak positive association between HP formation
dynamics and blood monocyte count (Figure 6b) and some nonspecific markers of in-
flammation, such as serum CRP (Figure 6c) or plasma fibrinogen (Figure 6d). In contrast,
it was not directly related to renowned T2 immune response measures in blood, such
as eosinophilia.

In Table 5, we demonstrate the independent determinants among the measured blood
biomarkers of increased susceptibility to HP formation (R factor) in a multiple regression
model. Interestingly, various variables predicted an increase in the dynamics of systemic HP
generation, including blood monocyte count, H3cit, and IL-17A, as well as total cholesterol
levels. At the same time, the RBC count and, to a much lesser extent, the blood eosinophil
count inversely impacted the R factor.

Eventually, we performed a combined analysis by using a multivariable stepwise
regression model, considering both the airway and systemic measures investigated in the
study that could impact HP generation. As presented in Table 6, susceptibility to increased
HP formation was determined best by lower spirometry values (e.g., FEV1), elevated IL-6 in
BAL, and higher circulating H3cit. As expected, the RBC count had a substantial negative
contribution to that analysis.
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Table 5. Multiple linear regression model for a relative increase of fluorescent product growth velocity
(R factor) in the real-time CBA assay in asthma patients. Presented variables were documented as
independent determinants; they explain 33% of R factor variability.

Fluorescent Product Growth Velocity (R Factor)

β (95% CI) R2

Monocyte count, 103/μL 0.14 (0.02 to 0.28)

0.33

Red blood cell count, 106/μL −0.58 (−0.73 to −0.43)
Blood eosinophilia, 103/μL −0.23 (−0.41 to −0.06)
Citrulinated histone 3, ng/mL 0.22 (0.07 to 0.37)
Interleukin 17A, pg/mL 0.26 (0.13 to 0.4)
Total cholesterol, mmol/L 0.22 (0.08 to 0.37)

Adjustment statistics F = 3.3, p = 0.01
For data interpretation, see footnote to Table 3.

Table 6. Multiple linear regression model for a relative increase of fluorescent product growth velocity
(R factor) in the real-time CBA assay in asthma patients, considering all study variables.

Fluorescent Product Growth Velocity (R Factor)

β (95% CI) R2

FEV1, % −0.21 (−0.34 to −0.07)

0.26
Red blood cell count, 106/μL −0.26 (−0.39 to −0.12)
Citrulinated histone 3, ng/mL 0.35 (0.23 to 0.47)
Interleukin 6, BAL, pg/mL 0.19 (0.08 to 0.31)

Adjustment statistics F = 5.04, p = 0.002
For data interpretation, see footnote to Table 3. For the abbreviations, see footnote to Table 2.

4. Discussion

The present study demonstrates an increase in the generation of amino acid HP in
the peripheral blood of asthmatic patients, reflecting an enhanced systemic oxidative
stress response in that disease. In asthma, increased ROS formation by inflammatory
cells has already been described in both the airways and systemic circulation [5,13,18].
Here, we show that it can be assessed reliably in the peripheral blood by using a recently
developed technically undemanding real-time CBA assay [21,29,30]. Furthermore, we
have investigated whether elevated oxidative stress in asthma, related to increased HP
generation, is determined by clinical manifestations of the disease, inflammatory patterns,
and various measures of airway remodeling.

In our study, increased systemic oxidative stress was associated with different vari-
ables related to asthma, including bronchial obstruction, airway geometry, and unspecific
inflammatory biomarkers analyzed in the lungs and blood. Nevertheless, it was not as-
sociated with asthma severity score and symptom control, suggesting that higher blood
oxidative stress in asthma is a feature of that disease per se. That is an unexpected finding
since asthma is an inflammatory disease of the airways. However, many reports, including
our previous research, have indicated that asthma is associated with higher inflammatory
biomarkers in circulation [31]. In addition, this low-grade systemic response was related to
the prothrombotic state [32] that was documented previously in that disease, as well as in
the epidemiological studies [15–17]. Thus, local airway inflammation is likely associated
with a variable degree of systemic response in asthma, activating blood leukocytes further
and leading to higher HP production.

On the other hand, lower FEV1/VC values, reflecting more advanced airway ob-
struction and thicker bronchial walls in RB1, were independent determinants of higher
susceptibility to HP generation. This observation suggests that objective indicators of
more severe disease forms may be related, indeed, to the higher circulating oxidative
stress capacity. At the same time, various laboratory variables in peripheral blood and
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BAL predicted higher HP formation. Among them, the most important were those related
to innate immunity and unspecific inflammation, such as BAL neutrophilia and blood
monocyte count, as well as circulating CRP, fibrinogen, IL-17A, and H3cit. The latter
is a novel biomarker of neutrophil activation and extracellular trap formation [28]. The
relation of circulating oxidative stress to CRP in asthmatics is not surprising. A similar
association was previously shown in other conditions, e.g., in healthy heavy workers [33].
Conversely, in controls, we did not record such a relationship. However, the six control
subjects who had HP generation very high, above the fourth-quartile cutoff point in the
asthmatics (Figure 2b), were characterized by the highest CRP values (all within the normal
range), as compared to the remaining control subjects (2.65 [1.4–4.6] vs. 1 [1–1.7] mL/L,
p = 0.006). Interestingly, those six controls have not reported any chronic inflammatory
or acute disease or significant clinical symptoms and did not differ in the prevalence of
internal comorbidities or other laboratory variables, except for CRP. Therefore, they were
not excluded from the control group.

Interestingly, in our study, a higher oxidative stress response in asthma was determined
by an increased total cholesterol level in serum. Since hypercholesterolemia and oxida-
tive stress are well-known factors leading to endothelial dysfunction and atherosclerosis
[9,14], we speculate that elevated HP generation in asthma might unfavorably affect the
cardiovascular system. However, advanced observational and experimental studies are
needed to verify this hypothesis.

On the other hand, the negative association of HP generation with blood eosinophilia
in a multiple regression model suggests that oxidative stress in asthma is not related to
the T2 response [1,12]. Thus, our report is consistent with several epidemiological studies
that indicate that an increased risk of cardiovascular diseases in asthma occurs primarily in
the late-onset asthma phenotype [34,35] or even in women with adult asthma [17], more
frequently representing the non-T2 phenotype [36,37].

The lack of a relationship between HP formation and the histological characteristics of
airway remodeling is another surprising finding that deserves a comment. Protein and lipid
oxidation were previously linked to pro-inflammatory airway epithelial and endothelial
cell modification [5]. Therefore, increased oxidative stress could lead to airway structural
changes in the airways, such as the thickening of the RBM. However, the characteristics and
role of structural alterations of the bronchial wall in asthma remain unknown. Previously,
we have shown that RBM thickening did not depend on the asthma duration or lung
function [12]. The current study likewise documents that it is also not linked to asthma
severity. Notably, our reports align with former data, such as those published by Payne
et al. [38]. They demonstrated that RBM thickening was present even in young children
with asthma to a similar extent as seen in milder adult asthmatics and independently of
asthma duration, severity, and lung function [38]. Therefore, it seems that changes in RBM
occur early during the disease, e.g., as a response to ongoing airway inflammation, and
do not progress further, due to the implemented anti-inflammatory treatment. Therefore,
airway inflammation may promote ROS overproduction during a stable course of asthma
but not further RBM thickening.

One of the strongest associations in our study is a clear inverse relationship between
the potential for oxidative stress and RBC count. It indicates a substantial contribution of
the antioxidant system of RBCs in balancing enhanced ROS generation. In the systemic
circulation, the RBCs are continuously exposed to exogenous and endogenous sources
of ROS, e.g., released from activated locally inflammatory cells. However, they possess
an extensive antioxidant system, involving nonenzymatic antioxidants, for example, glu-
tathione and enzymes, such as superoxide dismutase, catalase, glutathione peroxidase,
and peroxiredoxin-2 [39]. Our data suggest that the antioxidative potential of RBC could
diminish the lung-originated oxidative stress in asthma by counteracting ROS, at least to
some extent. Therefore, it might be particularly insufficient in asthma patients with anemia.

Whether enhanced oxidative stress in asthma requires any therapeutic modifications
is still unknown. However, some interventions have been suggested, including dietary
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changes, antioxidant vitamins, other antioxidant drugs and supplements, and even radon
exposure, with varying results [40]. For example, nutritional studies suggest that asthmatic
children with low dietary intake of vitamins C and E and other antioxidants have worse
asthma symptoms; however, therapy with these vitamins was ineffective [40]. Another
large epidemiological study prospectively documented the lower prevalence of asthma in
those with higher α-tocopherol and Lp-PLA2 activity in peripheral blood at baseline [10].
At the same time, two longitudinal studies of dietary intake demonstrated inconsistent
results with asthma risk. The Nurses’ Health Study showed a higher asthma rate in those
with a lower dietary intake of vitamin E [41], while in the E3N study, no such association
was documented [42].

Finally, GINA [1] does not recommend any antioxidant supplements to decrease
asthma-induced oxidative stress. Therefore, proper disease control, dietary intake of
natural antioxidants in fruits and vegetables, and minimizing exposure to environmental
pollution and tobacco smoke remain paramount.

Study Limitation

The main limitation of this study is the analysis focused only on HP products in
proteins but not lipids or nucleic acids. Furthermore, we did not analyze endogenous or
exogenous antioxidants, including genetic polymorphisms [5,10]. However, our study,
a pilot in nature, relied on complex analysis, estimating the total harmful effects of ROS
on proteins and considering the impacts of all available pro- and antioxidant factors in
circulating blood. Furthermore, the CBA assay was measured once; therefore, we cannot
assess its variability over time, depending on the course of asthma. Finally, we did not
analyze the airway parameters in controls, obviously due to ethical reasons. However, since
asthma is a chronic inflammatory lung disease, we believe that our research is valuable
and worth publishing. Those factors limit the depth of the investigation but not the study’s
main findings.

5. Conclusions

We have shown increased levels of amino acid and protein hydroperoxides measured
in the serum of asthmatic patients, using a recently developed technically undemanding
real-time CBA assay. Furthermore, estimated oxidative stress was related to BAL and
blood inflammatory biomarkers, spirometry values, and CT airway geometry measures,
but not asthma severity or histological indices of airway remodeling. More prospective
and experimental studies are needed to verify the biological role of increased circulating
oxidative stress in the clinical course of asthma and extrapulmonary complications.
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Abstract: Subepithelial fibrosis is a characteristic hallmark of airway remodeling in asthma. Current
asthma medications have limited efficacy in treating fibrosis, particularly in patients with severe
asthma, necessitating a deeper understanding of the fibrotic mechanisms. The NF-κB pathway
is key to airway inflammation in asthma, as it regulates the activity of multiple pro-inflammatory
mediators that contribute to airway pathology. Bcl10 is a well-known upstream mediator of the NF-κB
pathway that has been linked to fibrosis in other disease models. Therefore, we investigated Bcl10-
mediated NF-κB activation as a potential pathway regulating fibrotic signaling in severe asthmatic
fibroblasts. We demonstrate here the elevated protein expression of Bcl10 in bronchial fibroblasts
and bronchial biopsies from severe asthmatic patients when compared to non-asthmatic individuals.
Lipopolysaccharide (LPS) induced the increased expression of the pro-fibrotic cytokines IL-6, IL-8
and TGF-β1 in bronchial fibroblasts, and this induction was associated with the activation of Bcl10.
Inhibition of the Bcl10-mediated NF-κB pathway using an IRAK1/4 selective inhibitor abrogated
the pro-fibrotic signaling induced by LPS. Thus, our study indicates that Bcl10-mediated NF-κB
activation signals increased pro-fibrotic cytokine expression in severe asthmatic airways. This reveals
the therapeutic potential of targeting Bcl10 signaling in ameliorating inflammation and fibrosis,
particularly in severe asthmatic individuals.

Keywords: severe asthma; bronchial fibroblasts; fibrosis; Bcl10; NF-κB pathway; cytokines

1. Introduction

Asthma is a chronic respiratory disease that is usually associated with inflammation
and remodeling of the airways. Subepithelial fibrosis is a characteristic hallmark of airway
remodeling in asthma, particularly in patients with severe asthma [1]. Unfortunately,
current asthma medications cannot sufficiently target and ameliorate subepithelial fibrosis.
Therefore, a deeper understanding of the fibrotic mechanisms in action is essential to
identify novel therapeutic targets. This could aid in ameliorating fibrosis and improving
the airway dynamics in asthma patients.
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The Nuclear factor (NF)-kappaB (NF-κB) signaling pathway is a highly versatile path-
way that plays a vital role in multiple biological processes, including cell growth, survival,
development, immune response and inflammation [2]. NF-κB is a key signaling pathway in
asthma pathogenesis, particularly in airway inflammation. Persistent activation of the NF-
κB pathway was noted in peripheral blood mononuclear cells isolated from patients with
severe uncontrolled asthma [3]. As a result, increased levels of pro-inflammatory mediators
were secreted by these cells despite continuous systemic glucocorticoid treatment. At the
same time, activation of NF-κB signaling has also been noted in lung fibroblasts during
fibrogenesis [4]. Furthermore, NF-κB activation induces the expression of pro-fibrotic
cytokines such as IL-6, IL-8 and TGF-β [5–7].

B-cell lymphoma/leukemia 10 (Bcl10) is an adaptor protein associated with the consti-
tutive activation of canonical NF-κB in mucosa-associated lymphoid tissue (MALT) B cell
lymphoma [8]. Bcl10 has been largely studied in antigen receptor-mediated lymphocyte
activation, where it was found to interact with CARMA/CARD-containing scaffold pro-
teins and MALT1 paracaspase to form the three-component CBM signalosome that sets
in motion a cascade of events that eventually lead to NF-κB induction [9,10]. Depending
on the cell-specific chromatin landscape accessible to NF-κB or other transcription factors,
the activation of this pathway through CBM complex signaling results in the inducible ex-
pression of numerous inflammatory cytokines, chemokines and factors that control cellular
functions, including survival, proliferation and differentiation [11]. Thus, CBM signaling
is essential for host defense and tissue homeostasis. However, alterations in the signaling
components, including Bcl10, have been implicated in diseases such as autoinflammatory
diseases, lymphoproliferative disorders and immunodeficiencies, as well as cancers [12].

Bcl10 signaling plays an important role in establishing the inflammatory environ-
ment associated with asthma. Bcl10 is involved in FcεRI-mediated NF-κB activation,
pro-inflammatory cytokine release and degranulation of mast cells [13]. IgE-mediated aller-
gic inflammatory response was found to be impaired in Bcl10-deficient mast cells [13,14],
indicating Bcl10 as a key regulator of immune signaling in mast cells. Furthermore, Bcl10
also complexes with CARMA3/CARD10 and MALT1 to form the CBM-3 signalosome as a
result of G-protein-coupled receptor (GPCR) activation to induce pro-inflammatory gene
expression in non-immune cells such as fibroblasts and endothelial cells [15].

Interestingly, studies also indicate Bcl10 to be an important mediator of fibrotic re-
modeling. Angiotensin II (Ang II)-induced fibrotic signaling, such as extracellular matrix
(ECM) synthesis and myofibroblast proliferation, was mediated by Bcl10 via the CBM-3
signalosome [16,17]. Bcl10 also regulated lipopolysaccharide (LPS)-induced activation
of NF-κB and IL-8 in human intestinal epithelial cells [18], suggesting a role for Bcl10
in epithelial inflammation. Moreover, NF-κB-regulated genes in the airway epithelium
contributed to allergen-induced peribronchial fibrosis and mucus production [19].

NF-κB activation is increasingly recognized in the pathogenesis of asthma and Bcl10-
mediated NF-κB signaling has widely been studied as an inflammatory pathway in immune
cells [20]. However, the role of Bcl10-driven NF-κB activation is yet to be explored in the
context of airway remodeling in asthma. Since Bcl10 is an important mediator of fibrotic
remodeling in other disease models, we hypothesized that the Bcl10-mediated NF-κB
pathway promotes fibrotic signaling in severe asthmatic fibroblasts.

2. Materials and Methods

2.1. Cell Culture and Treatment of Primary Human Bronchial Fibroblasts

The primary bronchial fibroblasts were isolated from endobronchial tissue biopsies
obtained from patients with severe asthma or healthy volunteers. These fibroblasts were
archived at Quebec Respiratory Health Research Network Tissue Bank (McGill University
Health Centre (MUHC)/Meakins-Christie Laboratories Tissue Bank, Montreal, QC, Canada),
as previously described [21]. The original study was approved by the MUHC Research
Ethics Board (REB) with reference number 2003–1879 and the subjects had provided written
informed consent in accordance with the Declaration of Helsinki. The fibroblasts were age-
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matched with a mean age of 43.4 ± 8.3 years for the severe asthmatics and 43.7 ± 12.5 years for
the non-asthmatics. Furthermore, cells were chosen from subjects who were non-smokers,
as smoking patients with severe asthma demonstrated a distinct gene expression pro-
file compared to non-smoking severe asthmatics and non-smoking individuals without
asthma [22].

The cells were revived in Dulbecco’s modified Eagle’s medium (DMEM)—high glucose
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 units/mL of
penicillin, and 100 ng/mL streptomycin in 75-cm2 flasks. The cells were maintained at 37 ◦C
in 5% CO2 with medium change performed every 2–3 days. They were harvested when
80–90% confluent using 0.1% trypsin-ethylenediaminetetraacetic acid (EDTA) solution and
seeded into multiwell tissue culture plates for experiments.

The cells were seeded into 6- or 12-well plates at approximate cell density/well of
10 × 104, and 5 × 104, respectively. At ~70% confluency, they were serum-starved in
FBS-free DMEM complete medium for a period of 24 h before experiments. For baseline
measurements, the cells were cultured in DMEM complete medium thereafter. For LPS
stimulation experiments, the cells were stimulated with 10 μg/mL of LPS (Sigma-Aldrich,
Burlington, MA, USA, Cat. No. L8643) for the specified amount of time. Selective inhibition
of Interleukin 1b Receptor-associated Kinase (IRAK) 1/4 was carried out to block the
Bcl10 upstream signaling. Accordingly, the cells were pre-treated with 50 μM of IRAK 1/4
Inhibitor I (R&D Systems, Minneapolis, MN, USA, Cat. No. 5665/50) for 1 h prior to LPS
stimulation for 2 h.

2.2. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

In order to investigate the mRNA expression of the different components of the NF-κB
activation pathway and fibrotic markers in bronchial fibroblasts, qRT-PCR was performed.
Total RNA was extracted from cell pellets using Trizol Reagent (Invitrogen, Waltham, MA,
USA, Cat. No. 15596018), according to manufacturer instructions. RNA quality and yield
were determined by Nanodrop (Thermo Scientific, Waltham, MA, USA) spectrophotometric
measurements. cDNA synthesis was performed from 200 ng of total RNA using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA, Cat.
No. 4368814) in the Veriti Thermal Cycler (Applied Biosystems, Waltham, MA, USA). qRT-
PCR reactions were set up using the 5× Hot FirePol EvaGreen qRT-PCR SuperMix (Solis
Biodyne, Tartu, Estonia, Cat. No. 08-36-00001) in QuantStudio 3 Real-Time PCR System
(Applied Biosystems, Waltham, MA, USA). The primers used are listed in Table 1. Gene
expression was analyzed using the Comparative CT (ΔΔCT) method after normalization
to the housekeeping gene 18s RNA. All results are presented as fold expression change
compared to non-asthmatic healthy controls in baseline experiments or untreated controls
in LPS stimulation experiments.

Table 1. List of primer sequences.

Gene Name Forward Primer (5′–3′) Reverse Primer (5′–3′)

TLR4 GCAGTTTCTGAGCAGTCGTGC CGTCTCCAGAAGATGTGCCGC

BCL10 GAAGTGAAGAAGGACGCCTTAG AGATGATCAAAATGTCTCTCAGC

MALT1 CTCCGCCTCAGTTGCCTAGA CAACCTTTTTCACCCATTAACTTCA

CARMA3/CARD10 GGAGCCTCAGACCCTACAGTT GCAGGTCTAGCAGGTTACGG

IκBα CTGGGCATCGTGGAGCTTTTGG TCTGTTGACATCAGCCCCACAC

A20 AATGGCTTCCACAGACACACC CAAAGGGGCGAAATTGGAACC

RELA GCCGAGTGAACCGAAACTCTGG TTGTCGGTGCACATCAGCTTGC

IL-6 GAAAGCAGCAAAGAGGCAC GCACAGCTCTGGCTTGTTCC

IL-8 CCACACTGCGCCAACACAG CTTCTCCACAACCCTCTGC
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Table 1. Cont.

Gene Name Forward Primer (5′–3′) Reverse Primer (5′–3′)

TGF-β1 AAATTGAGGGCTTTCGCCTTA GAACCCGTTGATGTCCACTTG

COL1A1 GATTGACCCCAACCAAGGCTG GCCGAACCAGACATGCCTC

COL5A1 GTCGATCCTAACCAAGGATGC GAACCAGGAGCCCGGGTTTTC

FN1 CTGGGAACACTTACCGAGTGGG CCACCAGTCTCATGTGGTCTCC

TBK1 AGCGGCAGAGTTAGGTGAAA CCAGTGATCCACCTGGAGAT

IRF3 TCTGCCCTCAACCGCAAAGAAG TACTGCCTCCATTGGTGTC

IRF7 GCTGGACGTGACCATCATGTA GGGCCGTATAGGAACGTGC

IFNβ1 CCTGTGGCAATTGAATGGGAGGC AGATGGTCAATGCGGCGTCCTC

18S TGACTCAACACGGGAAACC TCGCTCCACCAACTAAGAAC

2.3. Western Blotting

In order to investigate the protein expression of Bcl10, western blotting was performed.
The cell pellets were lysed in 10X RIPA buffer (abcam, Cambridge, UK, Cat. No. ab156034)
diluted to 1X and supplemented with 1× Protease Inhibitor Cocktail (Sigma-Aldrich,
Burlington, MA, USA, Cat. No. P2714) and 1 mM PMSF (Sigma-Aldrich, Burlington, MA,
USA, Cat. No. P7626). The protein lysates were quantified using the Protein Assay Kit
II (Bio-Rad, Hercules, CA, USA, Cat. No. 5000002) with bovine serum albumin (BSA) as
standard. The lysates were boiled in 10× Laemmli Sample Buffer diluted to 1×, and total
protein was separated using 4–20% Mini-PROTEAN TGX Precast Protein Gels (Biorad,
Hercules, CA, USA, Cat. No. 4561095-6). Post electrophoresis, the proteins were transferred
onto a 0.2 μm nitrocellulose membrane (Bio-Rad, Hercules, CA, USA, Cat. No. 1620112)
and blocked in 5% non-fat dry milk for at least an hour at room temperature (RT) before
incubating the membrane overnight at 4 ◦C with anti-Bcl10 antibody (331.3) (Santa Cruz,
TX, USA, Cat. No. sc-5273). The membrane was subsequently incubated for 1 h at RT with
the respective horseradish peroxidase (HRP)-linked secondary antibody. The blots were
developed using the Clarity™ Western ECL Substrate (Bio-Rad, Hercules, CA, USA, Cat.
No. 170-5060) in the ChemiDoc™ Touch Gel and Western Blot Imaging System (Bio-Rad,
Hercules, CA, USA). Anti-β-actin (Sigma-Aldrich, Burlington, MA, USA, Cat. No. Cat#
A5441) was used as the loading control. Image Lab software (Bio-Rad, Hercules, CA, USA)
was used to detect and quantify the protein bands. Protein levels were normalized to
β-actin and thereafter to healthy controls.

2.4. Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) sections of bronchial biopsy tissues on slides
were obtained from non-asthmatic control individuals, mild asthma, moderate asthma
and severe asthma subjects. These slides were archived at the Biobank of the Quebec
Respiratory Health Research Network Canada with MUHC REB number BMB-02-039-t [23].
According to retrieved data, patients had been classified into mild, moderate and severe
based on frequency of exacerbations, lung function and medication usage, as previously
described [23]. Immunohistochemical staining was performed to determine the expression
and distribution of Bcl10 as previously described [24]. Briefly, routine deparaffinization
in xylene and rehydration steps in decreasing concentrations of ethanol were performed.
Heat-activated antigen retrieval was carried out using Tris EDTA buffer at pH 9.0 for
Bcl10, as per manufacturer recommendations. The sections were incubated in hydrogen
peroxidase blocking solution for 30 min to block the endogenous peroxidase activity. The
slides were then blocked in 1% BSA for 20 min at RT and immunostained using mouse monoclonal
anti-Bcl10 (Santa Cruz, TX, USA, Cat. No. sc-5273) antibody overnight at 4 ◦C. The slides were
developed using HRP/DAB (ABC) Detection IHC kit (Abcam, Cambridge, UK, Cat. No. ab64264),
according to manufacturer recommendations. The primary antibody was omitted to serve as
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technical negative control and appropriate positive control tissue was used. Nuclei were
counterstained blue with hematoxylin (Thermo Scientific Shandon, Waltham, MA, USA).
The stained slides were then examined and analyzed by a histopathologist.

2.5. Paraffin Embedding and Immunocytochemistry of Human Bronchial Cells

Human bronchial fibroblasts (HBFs) and human bronchial epithelial cells (HBE) were
clotted, processed and immunostained. Briefly, 5 × 105 cells were centrifuged at 1200 rpm
for 5 min and placed on ice immediately after centrifugation. 120 μL of plasma was then
added dropwise to the cell pellet, followed by gentle vortexing for 10 s. 80 μL of thrombin
(Sigma-Aldrich, Burlington, MA, USA, Cat. No. T4393) was then added and mixed so as
to clot the cells together. The clotted cells were then transferred to a sheet of Speci-wrap
paper, which was folded and secured inside a formalin cassette. The clotted cells were
then processed using Excelsior AS Tissue Processor (Thermo Fisher Scientific, Waltham,
MA, USA) to generate FFPE blocks of the clotted cells, which were then immunostained as
described above.

2.6. Statistical Analysis

All data are presented as mean ± standard error of the mean (SEM) of 2–4 independent
experiments using GraphPad Prism 6.0 software (GraphPad, San Diego, CA, USA). Data
analyses were performed using unpaired two-tailed Student’s t-test while comparing NHBF
and DHBF, one-way ANOVA followed by Tukey’s multiple comparison tests or two-way
ANOVA followed by Sidak’s multiple comparison tests for statistical analysis of the data.
A p value < 0.05 was considered statistically significant.

3. Results

3.1. Activation of Bcl10-Mediated NF-κB in Severe Asthmatic Fibroblasts

Persistent activation of the NF-κB signaling pathway characterized the peripheral
blood mononuclear cells isolated from patients with severe asthma [3]. We therefore first
examined the expression of various components of this pathway in bronchial fibroblasts
from severe asthmatics (S-As) and healthy subjects. To compare the basal expression levels,
normal human bronchial fibroblasts (NHBF) and asthmatic diseased human bronchial
fibroblasts (DHBF) in culture were pelleted and lysed for qRT-PCR analysis. The mRNA
expression of TLR4 (p = 0.0056), MALT1 (p = 0.0006) and CARMA3 (p = 0.0067) was
significantly upregulated in DHBF relative to NHBF (Figure 1A). IKBα gene expression
was significantly downregulated in DHBF (p = 0.0116). Furthermore, A20 deubiquitinase,
another negative regulator of NF-κB that terminates downstream signaling events [25],
was also lowered in DHBF compared to NHBF (Figure 1A). Increased mRNA levels of
RELA subunit were also found in DHBF compared to NHBF, albeit without any statistical
significance (p = 0.09). Since increased expression of the intermediates of the NF-κB pathway
was noted, we next measured the expression of NF-κB-target genes, including IL-6 and
IL-8. While a significant increase in IL-8 expression was observed in DHBF (p = 0.0231),
IL-6 transcript levels showed an increased trend in DHBF when compared to NHBF. Bcl10
being a critical mediator of NF-κB signaling, we next investigated the protein expression of
Bcl10 in these fibroblasts at basal levels. It was interesting to note a trend of 3-fold increase
in the relative protein expression of Bcl10 in DHBF in comparison to NHBF (p = 0.0524)
(Figure 1B).

The elevated expression of Bcl10 in bronchial fibroblasts from severe asthmatic subjects
and the increased signature of key NF-κB genes at baseline suggest activation of the Bcl10-
mediated NF-κB pathway in S-As fibroblasts.

3.2. Increased Cytoplasmic Bcl10 Expression in Subepithelial Fibroblasts from Severe Asthma Patients

In order to validate the increased protein expression of Bcl10 in severe asthma, we
evaluated its immunohistochemical expression and distribution in bronchial biopsies
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obtained from normal individuals and asthma patients of varying severities. Bcl10 protein
was variably expressed in the airways of both normal and asthma patients.

Expression of Bcl10 was strong and more pronounced in the subepithelial fibroblasts
in severe asthmatic patients compared to weak to moderate expression noted in mild and
moderate asthmatics, respectively (Figure 2C–F). The non-asthmatic healthy individuals
showed almost no expression of Bcl10 in subepithelial fibroblasts (Figure 2A,B). On the
other hand, the mucosal bronchial epithelial cells showed variable nuclear and cytoplasmic
staining for Bcl10 in both healthy and asthmatic patients.

Figure 1. Activation of NF-κB in severe asthmatic fibroblasts. NHBF and DHBF were cultured in
DMEM complete medium post serum-starvation. (A) Under basal conditions, mRNA expression
of NF-κB pathway members, TLR4, BCL10, MALT1, CARMA3, IκBα, A20, RELA, IL-6 and IL-8, in
NHBF and DHBF was analyzed by qRT-PCR and expressed as fold expression change relative to
NHBF post normalization to housekeeping gene 18s rRNA. (B) Whole cell lysates were subjected to
immunoblot analysis of Bcl10 protein levels. β-actin was used as loading control. Data are represented
as mean ± SEM from at least 3 unique donors in each group. * p < 0.05, ** p < 0.01, *** p < 0.001
determined by unpaired two-tailed Student t-test.

In the control biopsies, the surface epithelium showed positive Bcl10 expression in both
the cytoplasm and the nuclei whereas the subepithelial fibroblasts were mostly negative for
Bcl10 (Figure 2A,B). Biopsies from mild and moderate cases of asthma displayed moderate
Bcl10 expression in both the epithelium and subepithelium with very few subepithelial
fibroblasts staining positively for Bcl10 (Figure 2C,D). Biopsies from severe asthmatic
subjects showed an increased number of fibroblasts in the subepithelium with intense Bcl10
staining (Figure 2E,F). These findings suggest that the intensity of positive Bcl10 staining as
well as the distribution of Bcl10-positive cells increased with increasing severity of asthma.
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Figure 2. Increased cytoplasmic Bcl10 expression in subepithelial fibroblasts of bronchial biopsies
from asthma patients with increasing severity. Representative images taken at 400X magnification
showing Bcl10 expression. Representative bronchial biopsy sections from (A,B) healthy control
showing positive Bcl10 staining in surface epithelium and no Bcl10 staining in subepithelial fibroblasts,
(C,D) mild and moderate asthma patients showing minimal and weak Bcl10 cytoplasmic expression in
subepithelial fibroblasts, (E,F) severe asthmatic patients showing numerous subepithelial fibroblasts
with strong Bcl10 expression. (Red arrows indicate Bcl10-positive cells).

3.3. Subcellular Localization of Bcl10 in Bronchial Fibroblasts and Bronchial Epithelial Cells

Subcellular localization of Bcl10 correlated with the development of MALT lymphoma,
with strong nuclear Bcl10 expression seen in MALT lymphomas with t(1;14)(p22;q32)
translocation [26]. To understand the potential role of Bcl10 in fibroblast function, we next
assessed their subcellular localization in human bronchial fibroblasts (HBF) and bronchial
epithelial cells (HBE) from severe asthmatic and healthy subjects. We clotted the HBFs and
HBEs, and stained them for Bcl10 using immunocytochemistry. In bronchial fibroblasts,
Bcl10 expression was highly intense in DHBF when compared to NHBF (Figure 3A). Strong
and more pronounced cytoplasmic Bcl10 expression was noted in DHBF compared to
NHBF. Similarly, in bronchial epithelial cells, a greater number of Bcl10-positive cells were
detected in DHBE relative to NHBE (Figure 3B). Taken together, these findings confirm
constitutively higher Bcl10 expression in asthma, particularly in severe asthma, and its
localization predominantly in the cytoplasmic compartment in bronchial fibroblasts.

3.4. Bcl10 Mediates LPS-Induced Pro-Fibrotic Cytokine Signaling in Bronchial Fibroblasts

In order to assess the role of Bcl10 in pro-fibrotic signaling, the bronchial fibroblasts
were stimulated with LPS and the level of pro-fibrotic cytokines, IL-6, IL-8 and TGFβ1, was
analyzed. The fibroblasts were serum-starved for 24 h and then exposed to 10 μg/mL of
LPS for different time-points. We then studied the effect of LPS stimulation on the gene
expression of BCL10 using qRT-PCR. LPS stimulation was observed to significantly upreg-
ulate the expression of BCL10 in both NHBF and DHBF in comparison to their respective
unexposed controls and this increase was found to be time-dependent (Figure 4A).
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Figure 3. Subcellular localization of Bcl10 in bronchial fibroblasts and bronchial epithelial cells.
NHBF and DHBF were cultured in DMEM complete medium, and NHBE and DHBE were cultured
in Pneumacult complete medium. (A) Cellular clots of NHBF and DHBF, and (B) NHBE and DHBE
were immunostained for Bcl10 and the white arrows indicate Bcl10-positive cells.

Since cross-linking of Toll-like receptor 4 (TLR4) with LPS induces the synthesis
and secretion of pro-inflammatory and pro-fibrotic cytokines [27], we next examined the
expression of IL-6, IL-8 and TGFβ1 in NHBF and DHBF upon LPS stimulation for 2 h. LPS
strongly induced IL-6 gene expression in both NHBF and DHBF, whereas IL-8 and TGFβ1
was induced to a lower extent when compared to their unexposed control (Figure 4C). The
induction of collagen expression by LPS in primary cultured mouse lung fibroblast [28] led
us to next assess the expression of collagen markers, COL1A1 and COL5A1, and fibronectin
in NHBF and DHBF. No significant alteration in the expression of these markers was
observed in NHBF and DHBF upon LPS stimulation for 2 h (Figure 4D).

To further confirm the role of Bcl10 in LPS-induced pro-fibrotic cytokine signaling,
we blocked the activity of IRAK1 and IRAK4, upstream adaptors that are responsible for
recruiting Bcl10 to the TLR4 signaling complex and further signaling to NF-κB [29] using
an IRAK1/4 inhibitor. In addition to restoring Bcl10 levels, the LPS-induced upregulation
of IL-6, IL-8 and TGFβ1 was reversed upon exposure to the IRAK inhibitor (Figure 4B,C).
The IRAK inhibitor suppressed the elevated gene expression of Bcl10 and IL-6 in both
NHBF and DHBF. Interestingly, a reduction in COL5A1 expression and a reducing trend
in COL1A1 and FN1 expression was noted in LPS-stimulated NHBF in the presence of
IRAK1/4 inhibition (Figure 4D).

TLR4 can signal via the MyD88-dependent as well as the TRIF-dependent pathways,
both of which, in turn, activate the canonical NF-κB pathway [30]. Bcl10-mediated signaling
is a part of the MyD88-dependent pathway, which represents the early phase of activation of
NF-κB. The TRIF-dependent pathway involves signaling through TBK1 and IRF complexes
culminating in IFN-β expression and represents the late phase activation of NF-κB. Since
TBK1 was reported to stimulate NF-κB and mediate the induction of inflammatory cytokine
genes [31,32], we examined the expression of intermediates of the TRIF-dependent pathway
upon stimulation with LPS and in the presence of IRAK1/4 inhibition. IRAK1/4 inhibition
disrupts Bcl10 signaling, and therefore, Bcl10-mediated NF-κB signaling, but not TBK1-
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mediated NF-κB signaling. Therefore, as expected, LPS induced the expression of TBK1,
IRF3, IRF7 and IFN-β in both NHBF and DHBF, with a statistically significant increase
noted in IRF3 (Figure 5). IRAK1/4 inhibition led to a further increase in IRF3 expression
but the expression of TBK1, IRF7 and IFNβ was unaffected. The inhibition of LPS-induced
expression of IL-6, IL-8 and TGFβ1 upon inhibiting Bcl10 signaling and not TRIF or TBK1
thus confirms that Bcl10-mediated signaling regulates pro-fibrotic cytokine expression in
bronchial fibroblasts.

Figure 4. Bcl10 mediates LPS-induced pro-fibrotic cytokine signaling in bronchial fibroblasts.
(A) NHBF and DHBF were serum-starved for 24 h, and thereafter, exposed to LPS (10 μg/mL)
for the indicated time points for mRNA analysis. The effect of LPS treatment on the mRNA expres-
sion of BCL10 in NHBF and DHBF was analyzed by qRT-PCR and expressed as fold expression
change relative to the respective untreated control at 0 h post normalization to housekeeping gene
18s rRNA. NHBF and DHBF were serum-starved for 24 h, and thereafter, pre-treated with IRAK 1/4
Inhibitor I (50 μM) for 1 h prior to LPS (10 μg/mL) stimulation for 2 h for mRNA analysis. The effect
of LPS treatment and IRAK1/4 inhibition on the mRNA expression of (B) BCL10, (C) pro-fibrotic
cytokines, IL-6, IL-8 and TGF-β1, and (D) ECM components, COL1A1, COL5A1 and FN1, in NHBF
and DHBF was analyzed by qRT-PCR and expressed as fold expression change relative to the respec-
tive untreated control post normalization to housekeeping gene 18s rRNA. Data representative of at
least 3 independent experiments. Data presented as mean ± SEM after normalization to untreated
control. * p < 0.05, ** p < 0.01, *** p < 0.001, statistical significance assessed by one-way ANOVA with
Tukey’s multiple comparison tests.
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Figure 5. TRIF-dependent pathway not involved in LPS-induced pro-fibrotic cytokine signaling in
bronchial fibroblasts. NHBF and DHBF were serum-starved for 24 h, and thereafter, pre-treated with
IRAK 1/4 Inhibitor I (50 μM) for 1 h prior to LPS (10 μg/mL) stimulation for 2 h for mRNA analysis.
The effect of LPS treatment and IRAK1/4 inhibition on the mRNA expression of TBK1, IRF3, IRF7
and IFN-β in NHBF and DHBF was analyzed by qRT-PCR and expressed as fold expression change
relative to the respective untreated control post normalization to housekeeping gene 18s rRNA. Data
presented as mean ± SEM after normalization to untreated control. * p < 0.05, ** p < 0.01, statistical
significance assessed by one-way ANOVA with Tukey’s multiple comparison tests.

4. Discussion

Human studies as well as in vivo animal models have reported increased activation of
the classical and alternative NF-κB pathways in asthmatic airway tissues and in inflamma-
tory cells [3,33]. As such, NF-κB signaling intermediates are attractive therapeutic targets
for airway diseases such as asthma, as the underlying inflammation is independent of stim-
uli [34] and is mediated at least in part by NF-κB mediated signaling in bronchial fibroblasts
(Figure 1). Bcl10 being a critical mediator of NF-κB signaling prompted us to explore its
role in fibrotic remodeling in bronchial fibroblasts from severe asthma. To the best of our
knowledge, this is the first report providing evidence of elevated protein expression of
Bcl10 in the pathogenesis of severe asthma as well as the role of Bcl10-mediated signaling
in the LPS-induced pro-fibrotic cytokine expression in bronchial fibroblasts.

NF-κB is a key component of the inflammatory network that controls cytokine pro-
duction in airway pathology [20]. Overexpression of Bcl10 is an indicator of constitutive
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NF-κB activation in tumors including MALT lymphoma [8,35], and persistent NF-κB ac-
tivation is known to characterize severe uncontrolled asthma [3]. At baseline, the S-As
fibroblasts demonstrated differential gene expression of various intermediates of the NF-κB
pathway when compared to their healthy counterparts, supporting the notion of activation
of NF-κB in severe asthma (Figure 1A). This was further confirmed by the increased protein
expression of Bcl10 at basal levels in S-As fibroblasts (Figure 1B). We have also previously
reported the increased expression of pro-fibrotic and pro-inflammatory mediators associ-
ated with the NF-κB activation, such as IL-6, IL-8, IL-11 and GROα (CXCL1) in these S-As
fibroblasts [36]. Thus, the increased Bcl10 expression in S-As fibroblasts appears to signify
the activation of the Bcl10-mediated NF-κB pathway in severe asthma. The observation
that complete Bcl10 deficiency severely impaired fibroblast function in an immunodeficient
individual [37] is testament to its importance in fibroblast response. Numerous lymphoid
malignancies are characterized by the constitutive aberrant activation of the NF-κB pro-
inflammatory pathway. Here, we demonstrated a similar pattern of Bcl10-mediated NF-κB
activation in airway structural fibroblasts.

Furthermore, Bcl10 was differentially expressed in the sub-epithelial fibroblasts among
the varying severities of asthma, ranging from weak expression in control biopsies to mod-
erate expression in mild-to-moderate asthma and strong expression in severe asthma
(Figure 2A–F). Just as in the case of MALT lymphoma, high Bcl10 expression in fibrotic
airway tissues is paradoxical, considering that Bcl10 is a pro-apoptotic CARD-containing
adaptor molecule [38]. However, certain cellular contexts in vivo may influence Bcl10 to
behave as an anti-apoptotic molecule. For instance, overexpression of Bcl10 conferred a
survival advantage to activated primary B cells even after withdrawal of the activating
stimuli [39]. Alternately, the subcellular localization of Bcl10 may be a pre-determining
factor in explaining this paradox. Bcl10 was predominantly expressed in the cytoplasm of
subepithelial fibroblasts irrespective of the disease severity (Figure 2). However, Bcl10 nu-
clear expression was detected in the bronchial epithelium of non-asthmatic and asthmatic
individuals (Figure 2). The different subcellular localization pattern of Bcl10 between the
bronchial fibroblasts and epithelial cells (Figure 3A,B), indicates cell-dependent functional
role of Bcl10. Here, it is interesting to note that the NF-κB-independent functions of Bcl10
include actin remodeling. For instance, Bcl10 regulates TCR-induced actin polymerization
and cell spreading in T cells, and FcγR-induced actin polymerization and phagocytosis
in monocytes/macrophages [40]. Subsequently, the role of Bcl10 in actin dynamics, cy-
toskeletal and membrane remodeling in macrophages was found to entail phagosome
formation [41]. This may perhaps explain the cytoplasmic expression of Bcl10 in S-As
fibroblasts indicating Bcl10-dependent actin polymerization in addition to its role in NF-κB
activation. Actin dynamics and polymerization are key to the contractile property of fibrob-
lasts [42]. Thus, the presence of Bcl10 in the cytoplasmic compartment of S-As fibroblasts
may signify its role in regulating actin dynamics and contraction of bronchial fibroblasts,
and by this means, contributing to airway hyperresponsiveness in severe asthma. However,
further studies are required to completely understand the physiological relevance of this
subcellular localization.

Toll-like receptors (TLRs) such as TLR4 and TLR2 are important for the adaptive Th2-
cytokine-driven inflammatory response in asthma [43,44]. Engagement of the TLR initiates
the recruitment and activation of several adaptor molecules resulting in the activation
of multiple signaling cascades, including NF-κB. TLR activation of the NF-κB pathway
regulates the expression of immunomodulatory and inflammatory mediators. For instance,
LPS binding to the TLR4 initiates an inflammatory cascade that climaxes in the release
of cytokines such as IL-8 and IL-6, and the recruitment of an inflammatory infiltrate of
lymphocytes, macrophages and polymorphonuclear leukocytes [45,46]. However, the
signal transduction of the TLR4-Bcl10-NF-κB axis in asthmatic fibroblasts is far from
understood, and the role of Bcl10 in TLR4-mediated fibroblast function is largely unknown.

Since the basal expression of TLR4, CARMA3, BCL10 and MALT1 was elevated in
DHBF when compared to NHBF (Figure 1), we speculated that the TLR4-BCL10-NF-κB
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axis responds to LPS stimulation in bronchial fibroblasts and stays upregulated in S-As
fibroblasts contributing to the activation of NF-κB in these cells. Here, we show that
Bcl10 is a mediator of LPS-induced increase in pro-fibrotic cytokine expression (Figure 4).
While LPS stimulation for 2 h boosted the expression of Bcl10, IL-6, IL-8 and TGF-β1
in bronchial fibroblasts, IRAK1/4 inhibition reversed the LPS-induced increase in all
components, indicating increased Bcl10-mediated signaling contributed to pro-fibrotic
cytokine expression upon LPS exposure in bronchial fibroblasts. Although LPS stimulation
was previously reported to induce collagen expression in lung fibroblasts [28], there was
no increase in COL1A1, COL5A1 and FN1 expression in NHBF and DHBF with LPS
stimulation (Figure 4D). This could be attributed to the short exposure to LPS. While
2 h of LPS stimulation was sufficient to induce pro-fibrotic cytokine signaling in these
fibroblasts, longer exposure may pave way to increased ECM secretion via activation of
phosphoinositide3-kinase-Akt (PI3K-Akt) pathway [28] as well as autocrine signaling from
IL-6 and TGF-β1 [47,48].

Since TLR4 signaling activates the canonical NF-κB pathway via the MyD88-dependent
as well as the TRIF-dependent pathways [30], we next aimed to verify which of these
pathways contributed to pro-fibrotic signaling. While IRAK1/4 inhibition had no effect
on the TRIF-dependent pathway, the LPS-induced increase in Bcl10 was abolished and
this was accompanied by a corresponding decrease in IL-6, IL-8 and TGF-β1 expression
(Figure 5). This indicates Bcl10 signaling directly to its downstream mediators, including
IL-6, IL-8 and TGF-β1 in response to LPS in bronchial fibroblasts. Furthermore, since
Bcl10 inhibition was not accompanied by alterations in the TRIF-dependent induction of
type I interferons, anti-viral signaling and immune defense against viral infections will
be sustained in these cells. Considering the activated status of NF-κB pathway in S-As
fibroblasts, an exaggerated response to LPS may cause greater extent of inflammatory
damage and remodeling changes in severe asthmatic airways.

Increased levels of IL-6 were detected in the sputum of asthmatic subjects when
compared to healthy controls, which correlated with impaired lung function in allergic
asthma [49]. Further, high circulating levels of IL-6 increased the risk of exacerbations by
10% for each 1-pg/μL increase in baseline IL-6 level [50]. IL-6 is a pleiotropic cytokine with
both pro-inflammatory and pro-fibrotic functions [51]. Severe asthma is also characterized
by elevated IL-8 levels and associated neutrophilia [52,53]. We have previously reported the
upregulation of IL-6 and IL-8 expression at basal levels in S-As fibroblasts when compared
to non-asthmatic fibroblasts [36]. The ability of these fibroblasts to produce increased levels
of ECM proteins as well as pro-inflammatory and pro-fibrotic cytokines have implicated
them in remodeling and inflammation, two key processes involved in the pathogenesis of
asthma. IL-8 is known to contribute to the pathogenesis of severe asthma by facilitating
various features of airway remodeling, including neutrophil recruitment, epithelial-to-
mesenchymal transition [54], angiogenesis [55] and proliferation and migration of ASM
cells [56]. TGF-β is the central mediator of fibrotic tissue remodeling in asthma [57]. TGF-β
gene polymorphisms were recently reported as a risk factor for asthma control [58]. The
persistently high levels of TGF-β in severe asthma may contribute to increased collagen
secretion from severe asthmatic fibroblasts despite treatment with oral corticosteroids [59].
Here, we showed that Bcl10 mediated the LPS-induced expression of IL-6, IL-8 and TGF-β1
in bronchial fibroblasts, highlighting the pathogenic role of Bcl10-mediated signaling in
promoting airway remodeling in severe asthma.

Although extensively studied in immune cells, Bcl10-mediated NF-κB activation is
emerging as an important pathway in non-immune cells as well. For instance, angiotensin
II promotes liver fibrosis by activating the CBM-3-dependent NF-κB pathway in hepato-
cytes [16]. Lysophosphatidic acid-induced NF-κB activation and IL-6 production in murine
embryonic fibroblasts involves signaling through adapter proteins Bcl10 and Malt1 [60]. In
one study, Bcl10 was found to be an essential component of TLR4 response in human pri-
mary fibroblasts [37] and Bcl10 deficiency was found to abolish TLR4 signaling in response
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to LPS stimuli and subsequent production of IL-6 and IL-8. Our results are consistent with
the observations made in this study.

We identified the Bcl10-mediated NF-κB pathway as a mechanism contributing to
fibrotic remodeling and inflammation in severe asthma (Figure 6). Further studies are,
however, essential to delineate the molecular interactions of Bcl10 to develop a more
complete understanding to explain the signal transduction in bronchial fibroblasts. Another
interesting option is to explore the kinetics of CBM-3 formation in S-As fibroblasts taking
into account the activation of the Bcl10-mediated NF-κB pathway in these fibroblasts.

Figure 6. Induction of Bcl10-mediated pro-fibrotic cytokine signaling by LPS in bronchial fibroblasts.
(A) In bronchial fibroblasts, LPS stimulation of TLR4 receptor activates both the MyD88-dependent
and TRIF-dependent pathways. Bcl10-mediated NF-κB activation has downstream effects on airway
inflammation and remodeling through the secretion of IL-6, IL-8 and TGF-β1 cytokines. (B) Blockade
of this Bcl10 signaling cascade may ameliorate both inflammation and fibrosis by impeding the
expression of IL-6, IL-8 and TGF-β1 cytokines.

Some of the limitations of our study include the lack of specific Bcl10 inhibition that
would demonstrate the direct causal relationship between BCL10 and NF-κB pathway
activation and could be addressed by using BCL10 siRNA/CRISPR and NF-κB dual lu-
ciferase reporter assay. However, we were able to show that an IRAK1/4 selective inhibitor
that inhibits the signaling upstream of Bcl10 abrogated the pro-fibrotic signaling induced
by LPS. Since the S-As fibroblasts were derived from patients on medications such as
glucocorticosteroids and biologics, the results need to be interpreted with caution, as these
medications are known to alter inflammatory cell signaling events in asthmatic airways [61].
Nevertheless, the enhanced signature of key NF-κB genes at baseline in the S-As fibroblasts
suggest refractoriness to steroids in these patients. Another shortcoming of our study is the
lack of in vivo investigation that we aim to explore in future studies.

5. Conclusions

Although NF-κB signaling is a well-characterized pathway in airway inflammation,
we, for the first time, show activation of Bcl10-mediated NF-κB pathway in severe asthmatic
fibroblasts. Furthermore, Bcl10 immunoreactivity in the subepithelium of airway tissues
varied in intensity and distribution with increasing severity of asthma, relaying its impor-
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tance in asthma severity. We further identified Bcl10 as a mediator of signal transduction
from TLR4 to the activation of NF-κB inducible genes, including of IL-6, IL-8 and TGF-β1,
in bronchial fibroblasts. This allows us to selectively target Bcl10 to impede its pathological
signaling in severe asthma. Current asthma medications, including corticosteroid therapy,
are not completely effective against airway remodeling, necessitating the identification
of new therapeutic targets. Targeted therapy aimed at targeting key molecular signaling
pathways is emerging as a novel strategy to treat asthma [62]. Bcl10 may serve as a potential
biomarker for testing the activation of NF-kB pathway in asthmatic patients and for asthma
targeted therapy, taking into account its role in both airway inflammation and remodeling.
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Abstract: Eosinophils are a major driver of inflammation in a number of human diseases, including
asthma. Biologic therapies targeting IL-5 have enabled better control of severe eosinophilic asthma,
but no such advances have been made for enhancing the control of moderate asthma. However,
a number of moderate asthma sufferers remain troubled by unresolved symptoms, treatment side
effects, or both. OmeGo, an enzymatically liberated fish oil, has demonstrated antioxidant and
anti-inflammatory properties including the reduction of eosinophilia. A house dust mite model
of induced asthma in mice was utilized in this study, and OmeGo showed a significant reduction
in eosinophilic lung and systemic inflammation and reduced lung remodelling compared to cod
liver oil. The CRTH2 antagonist fevipiprant showed an anti-inflammatory profile similar to that of
OmeGo. OmeGo has the potential to be a pragmatic, cost-effective co-treatment for less severe forms
of eosinophilic asthma. Proof-of-concept studies are planned.

Keywords: allergy; asthma; eosinophils; immune health; natural therapeutics

1. Introduction

Eosinophils are well recognised as important drivers of a number of inflammatory
diseases in humans, including asthma. Biologic therapies targeting cytokines involved in
the activation of eosinophils have been a major advance in the management of eosinophilic
asthma [1]; however, for milder forms of asthma, there have been no new additions to the
treatment armamentarium for a number of years.

Polyunsaturated fatty acids (PUFAs) contained in the oil fraction of fresh fish pro-
vide anti-inflammatory and antioxidant benefits important for the maintenance of good
health [2]. Observational and epidemiological studies indicate that regular fish consump-
tion can have wide ranging benefits on human health, including the cardiovascular and
respiratory systems. Indeed, changing dietary habits have seen a decline in fish con-
sumption and an increase in the prevalence of asthma and allergic disease in Western
countries [3–5]. To compensate for this, dietary supplementation with omega-3 fish oil is
frequently used to try to attain the health benefits of consuming fresh fish. Fish oil PUFAs
are known to be metabolized into specialized pro-resolving mediators (SPMs), which pro-
vide broad inflammation-resolving effects [6]. Whilst trials of omega-3 supplementation
suggest a potential to reduce airway inflammation and improve lung function, the effects
have been variable [7–10]. However, there is evidence that whole fish consumption during
pregnancy and in young children can reduce the risk of developing allergic conditions, a
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benefit likely derived from the range of anti-inflammatory factors naturally contained in
fish oil and not just omega-3 [11].

The potential to reduce the burden of asthma via a dietary intervention could be
beneficial for sufferers and healthcare systems alike. This trial, therefore, assessed the
extent to which oral OmeGo, an intervention more closely related to eating whole fish,
could reduce lung inflammation in a standard animal model of induced asthma. OmeGo is
minimally processed whole fish oil with low levels of oxidation and free fatty acids and
contains all of the polyunsaturated acids found in whole fish, not just omega-3. Previous
in vitro work demonstrated OmeGo to significantly reduce eosinophilic effector function,
whereas this was not the case for oils containing either omega-3 alone or omega-3 and
astaxanthin [12], and a similar comparative profile between OmeGo and omega-3 oils was
also demonstrated in animal models of induced eosinophilia [13]. As these previous in vivo
studies administered OmeGo by the intraperitoneal route, this paper describes experiments
focused now on oral delivery, to provide information that is more relevant to its use in
humans. Furthermore, we evaluated lung remodelling as well as inflammation to further
assess the potential to improve health outcomes compared to omega-3 supplementation
alone [14].

2. Materials and Methods

The study utilized an HDM model of asthma in mice to compare the impact of 7 days
of treatment with OmeGo compared to either fevipiprant or cod liver oil on lung and serum
inflammatory markers and lung fibrosis.

The study was conducted according to GLP guidelines and in accordance with the
laws and regulations of India, where the studies were performed. The study was approved
by the Institutional Animal Ethics Committee (proposal number 214429) before the start
of the study. The health status of the animals was assessed by a veterinarian, and all
were noted to be in good health. The animals were acclimated to the laboratory condi-
tions, and randomisation to the five treatment groups occurred the day before the trial
commenced. The five groups were: no treatment (negative control), 0.5 mL of cod liver
oil (vehicle control), 18 mg or 32 mg of OmeGo (test item), or 2 mg fevipiprant (positive
control), respectively.

As per the experimental procedure shown in Figure 1, the study involved 50 healthy
young adult female mice of 10 animals per group.

 
Figure 1. Experimental design. The mice were randomised into five groups of 10 animals per group.
On day 1, animals were anaesthetised and sensitised intranasally with 1 μg HDM protein in 40 μL
phosphate buffered saline (PBS). Following this, the mice were challenged daily with 10 μg HDM
protein intranasally from day 7 to day 11. Oral interventions of PBS, cod liver oil, OmeGo low or
high dose, or fevipiprant were given on days 7–14. BAL fluid was collected on day 15.
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On day 1, the mice were anaesthetized using ketamine (100 mg/kg) and xylazine
(10 mg/kg) given via intraperitoneal injection. HDM sensitisation was achieved with
the intranasal application of 1 μg HDM protein in 40 μL phosphate buffered saline (PBS).
Subsequently, daily intranasal HDM challenge was performed from day 7 to day 11 using
10 μg HDM protein in 40 μL PBS.

Between days 7 and 14, the mice received either cod liver oil, OmeGo, or fevipiprant
treatment, all given orally. The fifth group of mice received no treatment (negative control).
On day 15, the mice were anaesthetised and their trachea exposed to enable bronchoalveolar
lavage (BAL) fluid collection using 3 mL of PBS containing 1 mM EDTA. The spleen was also
removed from each animal, frozen and subsequently assessed for the extent of eosinophilia.

After collection, the BAL fluid was centrifuged (400× g at 4 ◦C for 7 min). The resulting
cell pellet was collected, stored at −20 ◦C and subsequently analysed for total leucocyte
cell count and differential cell count to provide eosinophil, neutrophil, lymphocyte and
alveolar macrophage levels. A hemocytometer was used to measure total cell counts in the
cell pellets and spleen tissue. For total leukocyte counts, the resuspended cell pellets in
50 μL phosphate buffered saline (PBS) were measured using a hemocytometer [15].

Serum HDM-specific IgE was assessed using the antigen-capture ELISA method [16].
Total lung collagen content was assessed using the calorimetric Quickzyme Total Assay Kit.
Collagen content was normalized to the weight of each lung to be able to compare the total
collagen value across groups.

Further details are contained in Appendix A. All analyses were performed in duplicate.
The animals were observed in the morning and evening to check for morbidity and

mortality and were weighed during randomisation and on day 1, day 7 and day 15 of
the study.

Necropsy at end of treatment was according to the guidelines of the CPSCEA committee.
The number of animals selected was guided by our previous HDM work, in which

OmeGo was dosed intraperitoneally (IP) in five animals per group [12] and showed a
significant 42% reduction in serum eosinophil count. To be conservative, in case of greater
inter-animal responses with oral OmeGo compared to IP dosing, we chose to double the
size to 10 animals per group in the present study. All raw data from this study were
analysed using “Sigma Plot” v14 statistical software, and this was used to calculate the
mean and standard deviations. All continuous data were checked for their homogeneity
using the Shapiro–Wilk test. Once homogeneity was confirmed, the data were analysed
using ANOVA, and data showing significance in their variances were subjected to unpaired
t-test. p values ≤ 0.05 were deemed statistically significant.

3. Results

The initial analysis assessed vehicle control (cod liver oil) versus negative control. This
showed non-significant, small to negligible numeric differences for total BAL leukocyte
count, BAL eosinophil count and percent eosinophil in spleen tissue (p = 0.638, 0.382 and
0.314, respectively). All other analyses also showed minimal numeric differences between
the two groups (vehicle and negative control). All efficacy analyses were, therefore, based
in comparison to vehicle control, cod liver oil, rather than negative control.

At the end of the study, total leukocyte count in the BAL fluid showed a statisti-
cally significant decrease in the high-dose OmeGo (p < 0.05) and fevipiprant (p < 0.01)
groups compared to cod liver oil. Analyses of individual cell counts, namely eosinophils,
neutrophils, macrophages and lymphocytes, were undertaken and are described below.

None of the animals showed any treatment related ill-effects (morbidity or mortality),
and there were no statistically significant differences in body weight in any of the treatment
groups compared to the cod liver oil group (vehicle control). There was also no significant
change in weight during the trial compared to baseline (day 1).
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3.1. Cell Counts
3.1.1. Eosinophils

The impact of OmeGo and fevipiprant on lung and splenic eosinophilia was assessed at
the end of the trial. Compared to cod liver oil, a significant 7% (p ≤ 0.05) and 10% (p ≤ 0.01)
decrease in BAL eosinophils was seen with low- and high-dose OmeGo, respectively, and an
18% (p ≤ 0.001) decrease with fevipiprant (Figure 2). Splenic eosinophilia was significantly
reduced by 16% and 17% (both p ≤ 0.05) with low- and high-dose OmeGo, respectively,
and by 23% (p ≤ 0.01) with fevipiprant (Figure 3).

 

Figure 2. Eosinophil cell count in bronchoalveolar lavage (BAL) fluid of mice at study end, illustrating
mean eosinophil count with cod liver oil (vehicle control), two doses of OmeGo, or fevipiprant. Cells
were quantified with a hemocytometer. ** denotes p < 0.01, * denotes p < 0.05.

 

Figure 3. Percentage of eosinophils in spleen tissue of mice at study end with cod liver oil (vehicle
control), two doses of OmeGo, or fevipiprant. Cells were quantified with a hemocytometer. ** denotes
p < 0.01, * denotes p < 0.05.

3.1.2. Neutrophils

By the end of the study, HDM sensitisation had resulted in higher lung neutrophils
in the cod liver oil group compared to the OmeGo and fevipiprant groups. Low-dose
and high-dose OmeGo reduced bronchoalveolar neutrophil count by 9% and 11% (both
p ≤ 0.05), respectively, while in the fevipiprant group there was an 18% reduction (p = 0.01)
versus cod liver oil (Figure 4).
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Figure 4. Cell count neutrophils in bronchoalveolar lavage (BAL) fluid of mice at end of study,
illustrating mean neutrophil count with cod liver oil, two doses of OmeGo, or fevipiprant. Cells were
quantified using a hemocytometer. p values less than 0.01 are summarized using two asterisks, and
p values less than 0.05 are summarized with one asterisk.

3.1.3. Macrophages and Lymphocytes

Unfortunately, the HDM sensitisation regimen employed in this study did not induce
an increase in lymphocytes in the BAL fluid at study end, with no numeric difference noted
between any of the groups, including negative control. OmeGo and fevipiprant showed a
numeric reduction in alveolar macrophages of 14%, but this difference was not significant.

3.2. Cytokines

Low-dose OmeGo significantly reduced IL-13 by 11%, and high-dose OmeGo drove a
24% reduction in serum IL-13 levels (p < 0.01) and a 17% reduction in IL-4 (p < 0.05), all
compared to cod liver oil. OmeGo did not significantly impact IL-6, IL-17A or CXCL-1
levels. Fevipiprant significantly reduced CXCL-1 (32%, p < 0.001), IL-4 (58%, p < 0.001),
IL-6 (18%, p < 0.05) and IL-13 (63%, p < 0.001) but not IL-10 or IL-17A. In terms of changes
in serum IgE levels, the 12% reduction with OmeGo and the 6% reduction with fevipiprant
were non-significant (Figure 5).

 

Figure 5. Mean serum cytokine levels at study end with cod liver oil, two doses OmeGo, or fevipiprant.
** denotes p < 0.01, * denotes p < 0.05.
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3.3. Lung Collagen Content

Total lung collagen content was significantly reduced by OmeGo and fevipiprant
compared to vehicle control: a 4% and 5% reduction, respectively, with low- and high-dose
OmeGo (p < 0.05) and an 11% reduction with fevipiprant (p < 0.01) at study end (Figure 6).
No other histopathological assessments of the lung were undertaken.

 

Figure 6. Mean total lung collagen content at the end of the study with cod liver oil, two doses
of OmeGo, or fevipiprant, assessed using the calorimetric Quickzyme Total Assay Kit. ** denotes
p < 0.01, * denotes p < 0.05.

4. Discussion

In this study, oral OmeGo significantly reduced lung and splenic eosinophilia com-
pared to cod liver oil (vehicle control) in a house dust mite (HDM) mouse model of asthma.
These results are consistent with previous work that assessed OmeGo’s modulation of
eosinophil function, including in vivo studies with OmeGo dosed via intraperitoneal injec-
tion [12] and in vitro work in human eosinophils [13].

This study further characterised OmeGo’s modulation of inflammatory mediators
relevant to asthma pathophysiology. Beyond eosinophil modulation, oral OmeGo signif-
icantly reduced BAL (bronchoalveolar lavage) neutrophil levels and total lung collagen
content. Airway remodelling is a typical feature in persistent asthma, contributing to
airflow limitation. Collagen deposition occurs early in the natural history of asthma [17,18]
and is correlated with disease severity [19]. Allergen exposure causes an increase in airway
remodelling markers in patients with asthma [20], with IL-13 an underlying driver of the
process. Thus, OmeGo’s significant impact on IL-13 provides biologic plausibility to this
initial result in assessing OmeGo’s potential to reduce lung remodelling [21].

IL-4 is an important driver in the initiation of lung inflammation in asthma, includ-
ing Th2 cell proliferation and IgE synthesis [22,23], and high-dose OmeGo significantly
reduced IL-4 by 17% (p < 0.05); however, the numeric reduction in serum IgE did not quite
achieve significance.

The house dust mite is a common air-borne allergen, with up to 85% of asthma patients
being allergic to HDM [24]. The HDM model of induced asthma is, therefore, commonly
used to mimic the inflammatory and allergic milieu found in many asthma patients, namely
eosinophilia, raised IgE levels and other inflammatory mediators associated with Type
2 inflammation as well as neutrophilia [24,25]. Consistent with the published literature,
HDM sensitisation in our study resulted in a leukocytosis driven by eosinophils and
neutrophils. We saw no impact on lymphocyte numbers and only a limited impact on
macrophage numbers, and previous work indicates that longer duration HDM models
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are more likely to induce a significant expansion of macrophage numbers [26] and drive
greater fold increases overall in leukocyte recruitment [27,28].

A 5-week HDM mouse model of induced asthma demonstrated a 500-fold increase
in BAL eosinophils, equating to 1.5 million eosinophils/mL on flow cytometry [27]. In
contrast, a short duration, higher HDM dose (total of 300 μg) in vivo study resulted in
a BAL eosinophilia of around 350,000 cells/mL in the saline control group, which was
almost totally resolved with intraperitoneal dexamethasone and reduced by approximately
50% with CRTH2 antagonist treatment [29]. We utilized a standard short-exposure HDM
model protocol with a total HDM challenge dose of 50 μg; this resulted in an eosinophil
count of 97,400 cells/mL in the negative control group (saline). This lower level of induced
leukocytosis may explain the smaller magnitude of cell count reductions with CRTH2
antagonism (fevipiprant) in our study, such as a 20% decrease in eosinophilia, compared
to previous ex vivo studies with CRTH2 antagonists. This methodological difference may
also have influenced the magnitude of effect observed with OmeGo.

The CRTH2 receptor is a well recognised activator of eosinophil-driven inflamma-
tion [30,31], hence our choice of the CRTH2 antagonist (fevipiprant) as a positive control.
The effects of fevipiprant and OmeGo were generally similar with regard to lung and sys-
temic inflammation, with significant reductions in both eosinophil and neutrophil counts
as well as total lung collagen. CRTH2 antagonists are known to inhibit experimental al-
lergen challenge responses in humans [32,33], and the similarity of the effects observed in
this in vivo animal model indicates potential for OmeGo to attenuate allergic responses
in humans.

Vehicle control, consisting of 0.5 mL cod liver oil, containing DHA (docosahexanoic
acid) and EPA (eicosapentaenoic acid) omega-3, did not show an effect on any of the
endpoints compared to negative control. This contrasting effect between OmeGo and cod
liver oil is consistent with our previous work on the modulation of eosinophil function
with OmeGo. This effect appears to be driven by a bioactive fraction not present in highly
processed supplements [12,13]. The variable outcomes seen with omega-3 supplementation
compared to the consumption of fresh fish [10] suggests that minimal processing helps to
retain the full bioactivity of the individual PUFAs to provide health benefits associated
with eating fresh fish.

Our study has a number of limitations. By using a shorter-duration HDM exposure
model, we did not elicit an elevation in lymphocytes and only a moderate increase in
macrophage count, which, therefore, limits the insights on the potential of the interventions
to modulate the activity of these immune cells. In addition, analyzing other mediators of in-
flammation would have been valuable, but there was insufficient serum to analyse changes
in IL-5, a cytokine involved in eosinophil activation and recruitment. The elevation of IL-17
was not modulated by OmeGo, and other analyses for inflammatory mediators such as the
impact on IL-1β and granulocyte-macrophage colony-stimulating factor (GM-CSF) in the
BAL could have provided useful insights into OmeGo’s impact on lung barrier function
and provided mechanistic explanations for the modulation of lung collagen deposition.
Investigation of primary inflammatory pathway mediators, such as nuclear factor kappa B
(NFκB), GATA-3, and peroxisome proliferator-activated receptor gamma (PPARγ), would
have been valuable to assess the means by which OmeGo reduced lung inflammation. Ad-
ditionally, further immunohistochemistry work, including assessments of lung damage and
collagen deposition, could provide more insights regarding pharmacological effects. Nev-
ertheless, the study builds on previous work and elucidates further the anti-inflammatory
action of the whole fish oil, OmeGo.

5. Conclusions

OmeGo, dosed orally, significantly reduced lung and systemic inflammation in an
HDM mouse model of induced asthma. Reductions in eosinophils and neutrophils were
accompanied by a reduction in total lung collagen, suggesting the potential to moderate
airway inflammation and remodelling and help maintain lung function. Human studies
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are planned in subjects with mild to moderate asthma to assess whether these results can
translate into improved asthma control with OmeGo added to standard-of-care treatment.
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Appendix A

The animals were allocated to different test groups by a manual randomization method.
Individual body weights of allocated animals were within 20% of the group means, and the
body weights of the animals were analysed statistically to rule out significant differences
between the groups before administration of the HDM extract. Following allocation to the
experimental groups, each animal was uniquely identified by turmeric fur marking/micro-
toe pad tattooing and colour-coded cage card labelled with project number, project type,
test system, sex, dose, group, animal number, date of treatment, and experiment start and
completion dates.

The mice were housed in groups of five animals per individually ventilated cages.
Corn cob, prepared from pure corn and dried, freed of dust and sterilized, was procured
from an approved vendor and used as bedding material. The bedding was replaced as
often as necessary to keep the animals and their surroundings clean and dry. The room
temperature was maintained between 21 ◦C to 22.5 ◦C and relative humidity at 50.9% to
66.8% for the duration of the study. Artificial light was set to give a cycle of 12 h light and
12 h dark. Adequately filtered air was provided with at least 12 changes per hour. The
animals were offered a conventional laboratory rodent diet ad libitum supplied by Nutrivet
Life Sciences, and Aquaguard filtered drinking water was provided ad libitum.

For the differential leukocyte counts, including eosinophil count, 80 μL of resuspended
cell pellets were stained using the HEMA3 stain set (Fisher Scientific), and centrifuged
using a StatSpin Cytofuge 2 (Beckman Coulter).

Ninety-six well plates coated with 5 μg HDM in 100 μL coating buffer and incubated
for 12 h at 4 ◦C were blocked with 200 μL/well of assay diluent. Precleared serum samples
(Protein G Sepharose beads) were washed with PBS, and a 50 μL aliquot of undiluted serum
was added to each well and incubated at 4 ◦C overnight. The wells were washed with
PBS; 100 μL of biotin-anti-mouse IgE (Sigma, Virginia Beach, VA, USA) was added and
incubated for 1 h, followed by a 30 min incubation with avidin-horse radish peroxidase.
TMB substrate solution (100 μL) was added to each well and incubated in the dark for
30 min. The reaction was stopped with 2 N sulphuric acid. Optical densities, normalized to
saline controls, were read at 450 nm using a Varian Cary 50 spectrophotometer.
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Abstract: Granulocyte colony-stimulating factor (G-CSF) has been suggested to be closely associated
with neutrophilic asthma pathogenesis. However, little is known about the factors regulating the
production of G-CSF in neutrophilic asthma. We previously reported that a leukotriene B4 receptor
2, BLT2, played an important role in neutrophilic airway inflammation. Therefore, in the current
study, we investigated whether BLT2 plays a role in the production of G-CSF in lipopolysaccha-
ride/ovalbumin (LPS/OVA)-induced steroid-resistant neutrophilic asthma. The data showed that
BLT2 critically mediated G-CSF production, contributing to the progression of neutrophilic airway
inflammation. We also observed that 12-lipoxygenase (12-LO), which catalyzes the synthesis of the
BLT2 ligand 12(S)-HETE, was also necessary for G-CSF production. Together, these results suggest
that the 12-LO-BLT2-linked signaling network is critical for the production of G-CSF, contributing
to the development of neutrophilic airway inflammation. Our findings can provide a potential new
target for the therapy of severe neutrophilic asthma.

Keywords: BLT2; G-CSF; 12-LO; neutrophil; airway inflammation

1. Introduction

Neutrophilic asthma is considered to be a poorly controlled disease, showing severe
pathological symptoms [1,2]. While mild and moderate asthma can be treated effectively
with glucocorticoids, severe neutrophilic asthma is poorly controlled by steroid treat-
ment [3]. Increased numbers of neutrophils are closely correlated with the severity of the
disease, and their presence is suggested to be associated with the exacerbation of asthmatic
inflammation [4]. Since there is no effective therapy for neutrophilic asthma, identifying a
target for developing an effective therapy for severe asthma is urgently needed.

Colony-stimulating factors (CSFs) were previously defined as regulators of the gen-
eration of myeloid populations but were later demonstrated to also regulate the survival,
proliferation, and function of myeloid cells, which are functions closely related to inflam-
mation [5]. Among CSFs, granulocyte colony-stimulating factor (G-CSF)/CSF3 is a major
regulator of neutrophil differentiation, migration, and recruitment to inflammation sites,
as well as survival [6,7]. Various types of cells, including epithelial cells, stromal cells,
endothelial cells, and macrophages, produce G-CSF [8]. Recently, G-CSF was reported
to be associated with severe neutrophilic asthma development and exacerbation, and
increased levels of G-CSF were reported in the sputum of patients with asthma [9,10].
A transcriptomic sputum dataset from patients with severe asthma showed that CSF3
and CSF3R expression levels showed a positive correlation with the severity of the neu-
trophilic asthma [11]. Also, the neutralization of the G-CSF receptor (G-CSFR) attenuated
neutrophilic asthma and mucus secretion in a murine model [11]. Together, these results
suggest the role of G-CSF as a critical player in neutrophilic asthma development and
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exacerbation [12]. Despite the suggested critical roles of G-CSF in neutrophilic asthmatic
pathogenesis, little is known about the regulators of the production of G-CSF in severe
neutrophilic asthma.

Eicosanoids such as leukotrienes (LTs) and prostaglandins (PGs) are well-defined lipid
metabolites that were reported to be associated with asthma pathology [13–15]. Among
them, leukotriene B4 (LTB4) interacts with two distinct receptors, BLT1 and BLT2 [16]. The
majority of studies have focused on BLT1, which is the high-affinity receptor for LTB4 and is
expressed mainly on immune cells, such as leukocytes [17–19]. On the other hand, BLT2 is a
low-affinity receptor for LTB4 and is expressed ubiquitously, including in airway epithelial
and mast cells [20,21]. BLT2 is also known to interact with 12(S)-hydroxyeicosatetraenoic
acid (12(S)-HETE), a lipid mediator derived from arachidonic acid by the enzymatic action
of 12-lipoxygenase (12-LO) [22]. Recently, we observed that BLT2 and its ligand 12(S)-HETE
played critical roles in asthmatic airway inflammation [23–28]. Especially, BLT2 was shown
to play mediatory roles in the production of IL-17 and IL-1β, eventually contributing to the
neutrophilic asthma development in the murine models [29–31]. However, the mediatory
role of BLT2 in G-CSF production in neutrophilic asthma has not been elucidated yet.

In the present study, we examined whether BLT2 was involved in G-CSF production in
lipopolysaccharide/ovalbumin (LPS/OVA)-induced steroid-resistant severe neutrophilic
airway inflammation. The data showed that BLT2 critically mediated the production of
G-CSF, thereby contributing to the progression of neutrophilic airway inflammation. We
also observed that 12-LO was located upstream of BLT2, mediating G-CSF production.
Collectively, our results suggest that a 12-LO-BLT2-linked network mediates the production
of G-CSF, thus contributing to neutrophilic airway inflammation. The present study can
provide a potential new target for the therapy of severe neutrophilic asthma.

2. Materials and Methods

2.1. Reagents and Chemicals

Dexamethasone, dimethyl sulfoxide (DMSO), LPS (Escherichia coli serotype O55:B5),
and ovalbumin were purchased from Sigma-Aldrich (St. Louis, MO, USA). The 12-LO
inhibitor baicalein and BLT2 antagonist LY255283 were purchased from Enzo Life Sciences,
Inc. (Farmingdale, NY, USA) and Cayman Chemical (Ann Arbor, MI, USA), respectively.
Antibodies against BLT2, 12-LO, and GAPDH were obtained from Enzo Life Sciences, Inc.,
Invitrogen (Rockford, IL, USA), and Santa Cruz Biotechnology, Inc. (Dallas, TX, USA),
respectively. Neutralizing monoclonal antibodies against G-CSF and the IgG1 isotype
control were obtained from R&D Systems (Minneapolis, MN, USA).

2.2. Mice

8-week-old wild-type (WT) female C57BL/6 mice were obtained from Orient Bio
(Seongnam, Republic of Korea). BLT2−/− mice used in the experiments were generated
and genotyped by analyzing polymerase chain reaction (PCR) as reported previously [26].
Animals used in the experiments were maintained under a 12:12 h light/dark cycle with a
density of 4–5 mice per cage on disposable bedding. The mice were provided with rodent
chow and water ad libitum. The study was conducted in strict accordance with guidelines
approved by Korea University Institutional Animal Care and Use Committee (KU-IACUC).
The experimental protocol in the present study was approved by KU-IACUC (approval no.
KU-IACUC-2022-0031).

2.3. Animal Model for LPS/OVA-Induced Steroid-Resistant Neutrophilic Airway Inflammation

Mice were anesthetized with 5% isoflurane before the treatment. Then, the mice
were sensitized with 10 μg of LPS plus 75 μg of OVA in 20 μL of phosphate-buffered
saline (PBS) by intranasal administration. During the challenges, 50 μg of OVA in 20 μL
PBS was administered intranasally (i.n.). To test for steroid resistance, dexamethasone
(1 mg/kg) was injected intraperitoneally (i.p.) 1 h before each challenge. For the inhibition
experiments, 100 μL of LY255283 (10 mg/kg), baicalein (20 mg/kg), or vehicle control
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(mixture of 8:2 DMSO/PBS) was administered i.p. 1 h before each challenge. For the
neutralization of G-CSF, an anti-G-CSF antibody (5 mg/kg) or control IgG antibody in PBS
(100 μL) was injected i.p. 1 h before each challenge. Negative control (NC) mice were not
injected or treated during the experiment.

2.4. Western Blotting

Western blotting was performed as previously described [30]. Mouse lung tissues were
homogenized in buffer containing 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% sodium
deoxycholate, 1% Triton X-100, 100 mM Tris-HCl (pH 7.4), and proteinase inhibitor cocktail.
Lysate proteins were separated by running 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, then transferred onto polyvinylidene fluoride membranes. The mem-
branes were then blocked for 1 h in TBS-T containing 5% nonfat dry milk, then incubated
with primary antibodies for 1 h at room temperature (RT). After the membranes were
washed for 1 h, they were incubated with horseradish peroxidase-conjugated secondary
antibodies for 1 h and then washed for 1 h. Then, the bands were detected by enhanced
chemiluminescence (Amersham Biosciences, Buckingham, UK).

2.5. Measurements of 12(S)-HETE, G-CSF, and Myeloperoxidase (MPO)

G-CSF and MPO were measured using bronchoalveolar lavage fluid (BALF) by
enzyme-linked immunosorbent assay (ELISA) kits (Abcam, Cambridge, UK) in accordance
with the manufacturer’s instructions. The 12(S)-HETE ELISA kit was purchased from Enzo
Life Sciences Inc., and the levels of 12(S)-HETE in BALF were quantified following the
manufacturer’s instructions.

2.6. Bronchoalveolar Lavage Cell Counting

Bronchoalveolar lavage (BAL) cells were separated from BALF by centrifugation at
1000× g for 3 min. Then, the supernatants were collected for ELISAs, and the cell pellets
were resuspended in PBS. Slides of BAL cells were processed using a CytoSpin (CytoSpin,
Hanil Science, Gimpo, Republic of Korea) at 500 rpm for 5 min and stained by a Diff-Quik
staining kit (Sysmex, Kobe, Japan).

2.7. Histological Staining and Analysis of Lung Tissues

Lung tissues were fixed in 10% formalin for 10 days and then embedded in paraffin.
The sections of lung tissues (4.0–4.5 μm thick) were adhered on Superfrost Plus glass
slides (Fisher Scientific, Pittsburgh, PA, USA). After deparaffinization, they were stained
with hematoxylin and eosin (H&E) or periodic acid-Schiff (PAS) staining solution. The
images were observed through a DP71 digital camera (Olympus, Tokyo, Japan) using a
BX51 microscope (Olympus, Tokyo, Japan). A subjective scale from 0 to 3 was used to
evaluate the degree of lung inflammation [23]. Briefly, grade 0 indicated no observable
inflammation, and grade 1 indicated intermittent cuffing with inflammatory cells. Grade 2
is defined when most vessels or bronchi have slight (1–5 cells thick) layers of inflammatory
cells, and grade 3 is defined when most vessels or bronchi have dense (more than 5 cells
thick) layers of inflammatory cells. To perform immunofluorescence (IF) staining, the
sections of lung tissues (4.0–4.5 μm thick) were precisely adhered on SuperfrostTM Plus
slides. After deparaffinization, they were rehydrated and then blocked for 1 h with buffer
(PBS containing 1% bovine serum albumin) at RT. Then, the slides were incubated with
antibodies against BLT2, MPO, and G-CSF conjugated with Alexa Fluor 488, 594, and
647, respectively, using antibody conjugation kits (Abcam, Cambridge, UK) at 4 ◦C. After
washing three times in PBS, they were incubated with 4′,6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich). The slides were processed with washing in PBS and mounted.
The images were observed by confocal laser scanning microscopy (LSM 700, Carl Zeiss,
Oberkochen, Germany).
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2.8. Statistical Analysis

Statistical analyses were performed with a one-way analysis of variance (ANOVA)
followed by Bonferroni’s post hoc test. A two-way ANOVA followed by Bonferroni’s post
hoc test was done to compare the data obtained from BLT2−/− and WT mice. GraphPad
Prism 8.0 (GraphPad Software Inc., San Diego, CA, USA) was used for the statistical
analyses. The results are presented as the mean ± SD. A p-value of <0.05 indicated
statistical significance.

3. Results

3.1. Elevated Levels of G-CSF in the Steroid-Resistant Neutrophilic Airway Inflammation Model

First, we established a murine model for steroid-resistant neutrophilic airway inflam-
mation as described previously with some modifications [10,32]. Mice were intranasally
sensitized with 10 μg of LPS and 75 μg of OVA on days 0, 1, 2, and 7, followed by a chal-
lenge with 50 μg of OVA on days 14, 15, 21, 22, 28, and 29. The mice were euthanized 6 h
after the last challenge. Inhibitors were i.p. injected 1 h before each challenge (Figure 1A).
To confirm whether the mouse model was steroid-resistant, we examined the effect of corti-
costeroid (dexamethasone) treatment. Dexamethasone administration did not significantly
reduce the recruitment of immune cells, airway inflammation (H&E), or mucus secretion
(PAS) induced by LPS/OVA treatment (Figure 1B,C). Similarly, myeloperoxidase (MPO)
and G-CSF levels in BALF were not reduced by dexamethasone treatment (Figure 1D,E).
Neither the number of total cells nor neutrophils in BALF were affected by dexamethasone
treatment (Figure 1F). Immunofluorescence staining analysis showed that the levels of
MPO and G-CSF expression increased by LPS/OVA treatment were not attenuated by
dexamethasone treatment (Figure 1G,H). Taken together, our experimental murine model
exhibited a steroid-resistant neutrophilic airway inflammation phenotype with elevated
G-CSF levels.

3.2. G-CSF Is Critical for Neutrophilic Airway Inflammation

Recent studies showed that G-CSF had a critical role in the recruitment of neutrophils
into airways in severe asthma [10]. To investigate the contributory role of G-CSF in our neu-
trophilic asthma model, a neutralizing monoclonal antibody against G-CSF was i.p. injected
1 h before each challenge. Histopathological analysis by H&E and PAS staining showed
that the lung inflammation and mucus secretion induced by LPS/OVA were reduced by
anti-G-CSF treatment (Figure 2A,B). We also observed that the increased levels of G-CSF
and MPO activity were significantly suppressed by anti-G-CSF treatment (Figure 2C,D).
Similarly, increases in the number of total cells and neutrophils infiltrating the airways
induced by LPS/OVA administration were reduced to basal levels after anti-G-CSF treat-
ment (Figure 2E). IF staining showed that G-CSF neutralization decreased G-CSF and MPO
levels in lung tissue (Figure 2F,G). Together, these results suggest a critical contributory role
of G-CSF in neutrophilic airway inflammation.
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Figure 1. Elevated levels of G-CSF in the steroid-resistant neutrophilic lung airway inflammation
model. For the experiment, mice were administered dexamethasone (Dexa; 1 mg/kg) or DMSO by
i.p. injection 1 h before each challenge (n = 4 per group). The negative controls (NC) were not treated.
(A) Scheme of the LPS/OVA-induced steroid-resistant neutrophilic airway inflammation model.
(B,C) H&E and PAS staining of mice lung tissues. Perivascular and peribronchial inflammation, in
addition to mucus secretion, was examined and scored (400×). Inflammation scores are shown as the
mean ± SD (n = 4 per group). (D,E) MPO and G-CSF levels in BALF were analyzed by ELISA. (F) The
number of immune cells in BALF was estimated using a CytoSpin and staining with Diff-Quik. The
results are shown as the mean ± SD (n = 4 per group). (G,H) Immunofluorescence (IF) staining of
mice lung tissues for MPO (magenta, Alexa Flour 594) and G-CSF (red, Alexa Flour 647). The nuclei
were counterstained with DAPI (blue; 400×). The IF images are representatives of three independent
trials with similar results. All experiments were performed in triplicate. ** p < 0.01, *** p < 0.001,
**** p < 0.0001, ns: not significant versus each control group.
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Figure 2. G-CSF is critical for neutrophilic airway inflammation. For the analysis of the effect of
anti-G-CSF, mice were administered anti-G-CSF (5 mg/kg) or control IgG1 (5 mg/kg) by i.p. injection
1 h before each challenge (n = 3–5 per group). The negative controls (NC) were untreated. (A,B) H&E
and PAS staining of mice lung tissues. Perivascular and peribronchial inflammation, in addition to
mucus secretion, was examined and scored (400×). Inflammation scores are shown as the mean ± SD
(n = 3–5 per group). (C,D) G-CSF and MPO levels in BALF were analyzed by ELISA. (E) The number
of immune cells in BALF was estimated using a CytoSpin and staining with Diff-Quik. The results are
shown as the mean ± SD (n = 3–5 per group). (F,G) IF staining of mouse lung tissues for G-CSF (red,
Alexa Flour 647) and MPO (magenta, Alexa Flour 594). The nuclei were counterstained with DAPI
(blue; 400×). The IF images are representatives of three independent trials with similar results. All
experiments were performed in triplicate. ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not significant
versus each control group.
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3.3. BLT2 Mediates the Production of G-CSF in Neutrophilic Airway Inflammation

Since previous studies suggested a mediating role of BLT2 in neutrophilic airway
inflammation [29–31], we investigated whether BLT2 had any role in the production of
G-CSF. Lung inflammation and mucus secretion were markedly suppressed by treatment
with the BLT2 antagonist, LY255283 (Figure 3A,B). Under our experimental conditions, the
protein level of BLT2 in lung tissue was suppressed by LY255283 (Figure 3C). Clearly, G-
CSF, as well as MPO levels increased by LPS/OVA treatment, were alleviated by LY255283
treatment (Figure 3D,E). We also found that the number of total cells and neutrophils in
BALF was significantly suppressed by LY255283 (Figure 3F). IF staining also showed that
the levels of G-CSF and MPO, as well as that of BLT2, in lung tissue were attenuated by
LY255283 treatment (Figure 3F,G). Together, these data suggest that BLT2 is essential for the
production of G-CSF, thus contributing to neutrophilic airway inflammation.

Figure 3. BLT2 mediates the production of G-CSF in neutrophilic airway inflammation. The BLT2
antagonist LY255283 (10 mg/kg) or DMSO was administered by i.p. injection 1 h before each
challenge. The negative controls (NC) were untreated. (A,B) H&E and PAS staining of mice lung tissues.
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Perivascular and peribronchial inflammation in addition to mucus secretion, was examined and
scored (400×). Inflammation scores are shown as the mean ± SD (n = 5 per group). (C) Lung tissue
was homogenized, and the protein was isolated to assess the level of BLT2 by Western blotting. (D,E)
G-CSF and MPO levels in BALF were analyzed by ELISA. (F) The number of immune cells in BALF
was estimated using a CytoSpin and staining with Diff-Quik. The results are shown as the mean ± SD
(n = 5 per group). (G,H) IF staining of mice lung tissue for BLT2 (green, Alexa Flour 488), G-CSF (red,
Alexa Flour 647), and MPO (magenta, Alexa Flour 594). The nuclei were counterstained with DAPI
(blue; 400×). The IF images are representatives of three independent trials with similar results. All
experiments were performed in triplicate. *** p < 0.001, **** p < 0.0001 versus each control group.

3.4. BLT2 Knockout Attenuates Both G-CSF Production and Neutrophilic Airway Inflammation

To further investigate the role of BLT2 in neutrophilic airway inflammation, BLT2−/−
mice were tested. As expected, we found that BLT2−/− mice showed the suppression of
inflammation and mucus secretion in the airways (Figure 4A,B). Clearly, G-CSF, as well as
MPO levels after LPS/OVA treatment, were also attenuated in BLT2−/− mice (Figure 4C,D).
The numbers of total cells and neutrophils in BLT2−/− mice were reduced compared to
those in WT mice (Figure 4E). IF staining showed decreased levels of G-CSF and MPO in
the lung tissue of BLT2−/− mice after LPS/OVA treatment compared to the lung tissue of
WT mice (Figure 4F,G). These results also suggest that BLT2 mediates the production of
G-CSF and neutrophilic airway inflammation.

Figure 4. BLT2 knockout attenuates both G-CSF production and neutrophilic airway inflammation.
BLT2−/− mice received the same schedule for sensitization and challenge (BLT2−/− + LPS/OVA).
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Wild-type negative controls (WT + NC) and BLT2−/− negative controls (BLT2−/− + NC) were
not treated. (A,B) H&E and PAS staining of mice lung tissues. Perivascular and peribronchial
inflammation in addition to mucus secretion, was examined and scored (400×). Inflammation scores
are shown as the mean ± SD (n = 5 per group). (C,D) G-CSF and MPO levels in BALF were analyzed
by ELISA. (E) The number of immune cells in BALF was estimated using a CytoSpin and staining
with Diff-Quik. The results are shown as the mean ± SD (n = 5 per group). (F,G) IF staining of mice
lung tissues for BLT2 (green, Alexa Flour 488), G-CSF (red, Alexa Flour 647), and MPO (magenta,
Alexa Flour 594). The nuclei were counterstained with DAPI (blue; 400×). The IF images are
representatives of three independent trials with similar results. All experiments were performed in
triplicate. * p < 0.05, ** p < 0.01, **** p < 0.0001, ns: not significant versus each control group.

3.5. 12-LO Is Also Necessary for the Production of G-CSF and Contributes to Neutrophilic
Airway Inflammation

Since 12-LO is an enzyme that produces 12(S)-HETE, which is a ligand for BLT2, we
examined whether 12-LO activity was also necessary for the production of G-CSF. The
levels of 12(S)-HETE in BALF were suppressed by the administration of the 12-LO inhibitor,
baicalein (Figure 5A). Histopathological analysis showed that inflammation and mucus
secretion in lung tissue were suppressed by baicalein treatment (Figure 5B,C). Under these
experimental conditions, the protein level of 12-LO was also suppressed in lung tissue
by baicalein (Figure 5D). Clearly, G-CSF, as well as MPO levels in BALF increased by
LPS/OVA treatment, were markedly suppressed by baicalein administration (Figure 5E,F).
The number of total cells and neutrophils in BALF was also significantly reduced by
baicalein treatment (Figure 5G). IF staining also showed that the levels of G-CSF, MPO, and
BLT2 in lung tissue were markedly decreased by baicalein treatment (Figure 5H,I). Taken
together, these results showed that 12-LO was necessary for the production of G-CSF, thus
contributing to neutrophilic airway inflammation.
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Figure 5. 12-LO is also necessary for the production of G-CSF and contributes to neutrophilic airway
inflammation. The 12-LO inhibitor baicalein (20 mg/kg) or DMSO was administered by i.p. injection
1 h before each challenge. The negative controls (NC) were untreated. (A) 12(S)-HETE levels in
BALF were analyzed by ELISA. (B,C) H&E and PAS staining of mice lung tissues. Perivascular
and peribronchial inflammation in addition to mucus secretion, was examined and scored (400×).
Inflammation scores are shown as the mean ± SD (n = 5 per group). (D) Mouse lung tissue was
homogenized, and the protein was isolated to assess the level of 12-LO by Western blotting. (E,F) G-
CSF and MPO levels in BALF were analyzed by ELISA. (G) The number of immune cells in BALF was
estimated using a CytoSpin and staining with Diff-Quik. The results are shown as the mean ± SD
(n = 5 per group). (H,I) IF staining of mice lung tissue for BLT2 (green, Alexa Flour 488), G-CSF (red,
Alexa Flour 647), and MPO (magenta, Alexa Flour 594). Nuclei were counterstained with DAPI
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(blue; 400×). The IF images are representatives of three independent trials with similar results. All
experiments were performed in triplicate. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 versus each
control group.

4. Discussion

In this study, we demonstrated the critical mediatory role of BLT2 in the production of
G-CSF in steroid-resistant neutrophilic airway inflammation. The results showed that the
blockade of BLT2 by antagonist treatment or genetic ablation suppressed the production
of G-CSF, thus alleviating neutrophilic inflammation in the murine model. We also found
that 12-LO, an enzyme that synthesizes 12(S)-HETE, which is a ligand for BLT2, was
necessary for the production of G-CSF. Taken together, our results point to BLT2 as a
potential therapeutic target in G-CSF-associated neutrophilic airway inflammation.

The contributory role of myeloid hematopoietic growth factors such as G-CSF has been
reported in a variety of neutrophilic inflammatory diseases. G-CSF was shown to play roles
in the pathogenesis of neutrophilic inflammatory diseases such as inflammatory arthritis,
allergic encephalomyelitis, and cigarette smoke-induced chronic obstructive pulmonary
disease (COPD) [33–36]. In patients with smoke-induced COPD, single nucleotide polymor-
phisms (SNPs) of G-CSF were suggested to protect against low lung function [37]. Recently,
the contributory roles of G-CSF in inducing neutrophilic influx were demonstrated in
severe asthma [10,38,39].

In addition to G-CSF, interleukin-17 (IL-17) and interleukin-1β (IL-1β) have been
reported to be strongly related to severe neutrophilic asthma [40–44]. Th17 cells secrete
inflammatory cytokines such as IL-17 to communicate with other cells in the immune
system and were shown to be involved with the neutrophil influx into bronchial airways
and asthma severity [45,46]. NLRP3 inflammasome-dependent IL-1β production also
acts as a major chemoattractant of neutrophils and contributes to the development of
neutrophilic airway inflammation [43,47]. We previously reported the mediating roles of
BLT2 in regulating the production of IL-17 and NLRP3-dependent IL-1β in neutrophilic
airway inflammation [29–31]. Thus, we were curious about the signaling network linking
BLT2-mediated G-CSF production to IL-17 or IL-1β production. To test this, we examined
whether G-CSF depletion affected the production of IL-17/IL-1β in neutrophilic airway in-
flammation. We observed the suppression of IL-17 levels in BALF and IL-1β in lung lysates
by anti-G-CSF treatment (Figure S1A,B). These results suggest that G-CSF is necessary for
the production of IL-17/IL-1β in the development of neutrophilic airway inflammation.

In addition to BLT2, BLT1 was also reported to play a role in mediating the recruitment
of neutrophils in inflammatory responses [48]. Therefore, we investigated whether LTB4
and its receptor BLT1 played roles in the production of G-CSF in our experimental con-
ditions. Quite interestingly, no reduction in the levels of G-CSF in BALF was detected by
treatment with the BLT1 antagonist U75302 (Figure S2A). We also did not observe increases
in the levels of LTB4 in BALF (data not shown). The reason why BLT1 did not mediate the
production of G-CSF in the present study is not clear, but we suspect that it may be due
to the different cell types targeted by LTB4-BLT1 and 12(S)-HETE-BLT2 signaling. BLT1
is highly expressed in leukocytes [16], whereas BLT2 is broadly expressed in other cell
types, including airway epithelial cells [20]. Therefore, we suspect that BLT2 activation in
airway epithelial cells mainly mediated the production of G-CSF at the early time point
(6 h) following the LPS/OVA challenge in our murine experimental model. Then, G-CSF
was, in turn, likely to trigger the production of IL-17 and IL-1β at the delayed time point by
activating BLT1 and BLT2 on other cell types (e.g., macrophages) in the asthmatic airway mi-
croenvironment. Indeed, the level of G-CSF in BALF was reduced by the antagonist of BLT1
as well as BLT2 at the delayed time point (24 h) following the last challenge (Figure S2B).
Further studies are necessary to elucidate the detailed mechanism of how BLT1 contributes
to the synthesis of these cytokines in the development of severe neutrophilic asthma.
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5. Conclusions

In summary, we have shown that BLT2 played a critical mediating role in the pro-
duction of G-CSF in steroid-resistant neutrophilic lung airway inflammation. We also
found that the blockade of BLT2 suppressed the production of G-CSF, thus alleviating
neutrophilic inflammation in the murine model. In support of the mediatory role of BLT2
in the production of G-CSF, the synthesis of its ligands by 12-LO was also shown to be
necessary for mediating the production of G-CSF. Together, our results suggest that the
12-LO-BLT2 cascade is critical for the production of G-CSF, thus contributing to the pro-
gression of neutrophilic airway inflammation (as summarized in Figure 6). This study was
the first to report the mediatory role of BLT2 in the production of G-CSF in neutrophilic
asthma. The results provide a new perspective for developing effective therapies for severe
neutrophilic asthma.

Figure 6. The proposed scheme of the 12-LO-BLT2-G-CSF cascade in LPS/OVA-induced steroid-
resistant neutrophilic airway inflammation.
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