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Immunofluorescence Analysis as a Diagnostic Tool in a Spanish Cohort of Patients with 
Suspected Primary Ciliary Dyskinesia
Reprinted from: J. Clin. Med. 2020, 9, 3603, doi:10.3390/jcm9113603 . . . . . . . . . . . . . . . . . 115

Janice L. Coles, James Thompson, Katie L. Horton, Robert A. Hirst, Paul Griffin, Gwyneth M.

Williams, Patricia Goggin, Regan Doherty, Peter M. Lackie, Amanda Harris, Woolf T. Walker,

Christopher O’Callaghan, Claire Hogg, Jane S. Lucas, Cornelia Blume and Claire L. Jackson

A Revised Protocol for Culture of Airway Epithelial Cells as a Diagnostic Tool for Primary
Ciliary Dyskinesia
Reprinted from: J. Clin. Med. 2020, 9, 3753, doi:10.3390/jcm9113753 . . . . . . . . . . . . . . . . . 129
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In the 1970s, the term “rare disease” was coined to describe a category of inherited
metabolic diseases with low prevalence and a wide range of symptoms. The majority of
rare diseases are life-threatening and have a considerable impact on a patient’s quality of
life. Many of them are fatal. Although rare diseases are uncommon, they affect millions of
people worldwide, and the available information on them is often insufficient, consisting
of a few isolated clinical cases. The term “low prevalence” is defined differently in different
countries. A disease is considered rare in the European Union when the prevalence is
fewer than 5 cases per 10,000 people. In the United States, the Orphan Drug Act defines a
rare disease as one that affects fewer than 200,000 people. Other countries, such as Japan,
prefer to employ a stricter threshold, such as fewer than 4 cases per 10,000 people. The
number of rare diseases is estimated to be between 5000 and 8000, with the majority of
them being genetic and having a hereditary component, while some occur due to exposure
to infectious agents, toxins, or severe treatment side-effects. Between 3.5% and 5.9% of
the world’s population is affected by rare diseases, translating into 18–30 million in the
European Union and 263–446 million worldwide. The figures for uncommon respiratory
disorders are also significant. Even with a reasonable estimate of 5% of rare diseases with a
respiratory component, 1–2 million Europeans are likely to be affected by a rare respiratory
disease. As a result, rare (respiratory) disorders are a public health and social issue [1–3].

The pathophysiology of rare diseases is unclear due to a lack of research, making
the creation of safe and efficient medications, biologics, and medical technologies to
prevent, diagnose, treat, or cure these diseases extremely difficult. All of this translates
into significant challenges in obtaining public or private funding for rare disease research
and assembling a sufficient number of patients for ensuring conclusive results from which
health authorities could authorize the use of safe and effective pharmaceutical products
to treat rare diseases. Collaboration is always required to increase the understanding
and development of innovative medicines for these uncommon diseases. In recent years,
health authorities worldwide have collaborated closely to solve these issues with the help
of pharmaceutical corporations, scientists, and healthcare professionals. As a result of
this partnership, new methods for improving the diagnosis, prognosis, and treatment of
uncommon diseases have been established [3]. Patient organizations play a significant
role in this regard [4]. The physical, emotional, and financial impacts of rare diseases
on affected people and their families explain why those affected join groups dedicated
to supporting research into the origins or causes of their illness and the development
of effective medicines. A growing number of patient organizations promote and fund

J. Clin. Med. 2021, 10, 5906. https://doi.org/10.3390/jcm10245906 https://www.mdpi.com/journal/jcm
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research projects, learn about and follow up on their findings, and partner with government
agencies, the pharmaceutical sector, and clinical and academic researchers. To name a
few, the American Association of patients with alpha-1 antitrypsin deficiency (AATD) has
been funding research on this disease for years [5]. The Alpha-1 Spanish Association has
recently announced the first edition of the Amadeu Monteiro Fellowships to encourage
younger researchers to initiate new research projects on AATD [6].

As is the case with most rare diseases, patients with rare respiratory diseases face
several problems, including underdiagnosis and delayed diagnosis, which, in many cases,
have a detrimental influence on the prognosis of patients. In addition, the lack of prognostic
biomarkers and disease-specific treatments are also challenges. These problems have been
addressed in this special issue on rare respiratory diseases that cover, among others,
conditions such as AATD, primary ciliary dyskinesia (PCD), pulmonary hypertension, and
cystic fibrosis (CF).

Alpha-1 antitrypsin deficiency (AATD) is a potentially deadly hereditary type of
chronic obstructive pulmonary disease (COPD). Precise diagnostic criteria are lacking and
might take years to arrive, and late diagnosis is an almost impossible challenge. Over
3 million individuals worldwide have deficient allele combinations leading to AATD,
with over 120,000 Europeans expected to have severe forms of the disease. Because the
symptoms and signs are similar, AATD is easily confused with smoking-induced COPD
or asthma. The average time between the onset of pulmonary symptoms and diagnosis is
8.3 years, and patients visit an average of 2.7 doctors before receiving a definitive diagnosis,
which translates into more than 90% of AATD patients being undiagnosed. These figures
are unacceptable because there is a specific treatment for the disease. Augmentation
therapy, the only approved therapy to treat the disease, slows down the progression of the
pulmonary disease and improves survival rates significantly [7].

Lack of awareness is one reason that accounts for underdiagnosis and delayed di-
agnosis. In this special issue, several strategies are described that may help to improve
AATD diagnosis. Requena et al. showed significant gaps in knowledge about AATD and
PCD among medical students and paediatricians. The authors suggest that all physicians
responsible for detecting and diagnosing rare respiratory diseases should get additional
training—allowing for early diagnosis, the implementation of preventive measures, and
appropriate treatment in the early stages [8].

Expert centres on rare respiratory diseases that focus on both the experience and the
number of patients will lead to a more effective approach in managing these patients, as
described in the article by Lopez-Campos et al [9].

Annunziatta et al. studied rare variants in the geographic area of Naples (Italy). The
authors’ findings may be useful for understanding the prevalence of AATD and its rare
mutations, promoting early diagnosis and treatment for patients with chronic pulmonary
disease and frequent exacerbations, and challenging the link between environmental causes
of pulmonary damage, such as tobacco use [10].

Similar to AATD, the underdiagnosis of PCD is common. PCD symptoms are similar to
those of other respiratory diseases [11]. To overcome these challenges, Armengot-Carceller
et al. developed a diagnostic decision tree based on pansinusitis, situs inversus, periodicity,
rhinorrhea, bronchiectasis, and chronic wet cough to classify new individuals. The authors
concluded that the presence of all of these clinical symptoms in the same patient indicates
a high risk of developing PCD [12]. However, validation of this diagnostic algorithm is
still missing.

In addition, there is no gold standard for diagnosing PCD, and the currently available
diagnostic methods are complex and not available in all hospital centres, leading to under-
diagnosis in many cases. Several methods are currently being studied that will improve
PCD diagnosis. Coles et al. have set up a new air–liquid culture procedure that produces
high ciliation rates across three centers, minimizing patient recall for repeat brushing
biopsies and improving diagnostic certainty. In addition, cryostorage of diagnostic samples
was successful, facilitating PCD research [13]. Baz-Redon et al. demonstrated that an
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immunofluorescence-based method is a quick, low-cost, and reliable diagnostic test for
PCD and is available in most hospitals. However, it cannot be used as an independent
test [14].

Several authors have also studied the availability of prognostic biomarkers.
Hernandez-Perez et al. demonstrated that the presence of a PI*Z allele seemed to be a risk
factor for developing hepatic damage. Deficient AAT genotypes were linked to changes
in liver enzymes, and low AAT levels were associated with high liver enzyme levels [15].
Pons et al. showed that abnormal liver enzymes are common in patients with AATD;
however, most patients do not have significant liver fibrosis. The authors proposed using
transient elastography to identify AATD patients with liver fibrosis, even if they have
normal liver enzymes; this technique should be performed in all individuals with the Z
allele to screen for liver disease [16].

In CF children, Stachowiak et al. discovered a profile of miRNAs, the expressions of
which change during pulmonary exacerbations, and which are strongly linked to clinical
outcomes [17].

The role of oxidative stress in the pathophysiology of rare respiratory diseases has also
been discussed. In a review paper, Magallon et al. showed oxidative stress and increased
biomarkers of oxidative damage in patients with AATD, idiopathic pulmonary fibrosis,
and CF. As a result, targeting oxidative stress with antioxidant therapies is a rational
approach to delaying disease progression and improving patient quality of life in all three
conditions. In the case of PCD, the available data are limited, and further research is
needed to determine the pathophysiological role of oxidative stress in the disease and, as a
result, the possibility of administering antioxidant supplements [18]. A new method based
on flow cytometry has been developed to investigate a comprehensive set of oxidative
parameters in nasal epithelial cells, which might be useful in investigating respiratory
diseases. This method has the benefit of using small samples and a non-invasive sampling
technique [19].

Finally, the potential for new therapeutic strategies based on gene therapy has been
explored, since no curative treatments are available for these diseases. As evidenced by
the encouraging results in the preclinical and clinical phases, gene therapy is a promising
alternative for the current therapies. However, further research is needed to ensure treat-
ment safety and efficacy. In addition, new gene-editing tools used to correct mutations and
enable cures for these diseases have been discussed [20].

In conclusion, this series of articles highlights some of the major problems that patients
with rare diseases face and the need for further cooperative research between basic and
clinical researchers to solve these problems.
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Abstract: Background: Due to the lack of a gold standard diagnostic test, reference centres with
experienced personnel and costly procedures are needed for primary ciliary dyskinesia (PCD)
diagnostics. Diagnostic flowcharts always start with clinical symptoms. Therefore, the aim of this
work is to define differential clinical criteria so that only patients clinically compatible with PCD are
referred to reference centres. Materials and methods: 18 variables from 476 Mediterranean patients
with clinically suspicious PCD were collected. After analysing cilia function and ultrastructure,
89 individuals were diagnosed with PCD and 387 had a negative diagnosis. Simple logistic regression
analysis, considering PCD as a dependent variable and the others as independent variables, was done.
In order to define the variables that best explain PCD, a step-wise logistic regression model was
defined. Aiming to classify individuals as PCD or PCD-like patients, based on variables included
in the study, a classification and regression tree (CART) was designed. Results and conclusions:
Simple logistic regression analysis shows statistically significant association between age at the
beginning of their symptomatology, periodicity, fertility, situs inversus, recurrent otitis, atelectasis,
bronchiectasis, chronic productive cough, rhinorrea, rhinusinusitis and recurrent pneumonias,
and PCD. The step-wise logistic regression model selected situs inversus, atelectasis, rhinorrea,
chronic productive cough, bronchiectasis, recurrent pneumonias, and otitis as PCD predictive
variables (82% sensitivity, 88% specificity, and 0.92 Area Under the Curve (AUC)). A decision tree
was designed in order to classify new individuals based on pansinusitis, situs inversus, periodicity,
rhinorrea, bronchiectasis, and chronic wet cough.

Keywords: standard diagnosis; reference centres; clinical presentation; cilia; primary ciliary dyskinesia

1. Introduction

Primary ciliary dyskinesia (PCD) is a rare disease with an estimated prevalence of 1/20,000–40,000
births (Code Orphanet: ORPHA244). It is a genetically determined condition, characterized by
abnormal or absent mobility of motile cilia and flagella. Consequently, PCD patients present a deficient
clearance of secretions and detritus from upper and lower airways. Thus, these patients have infections
and chronic inflammation of airways, as well as reduced fertility and situs inversus in 40–50% of cases
(Kartagener syndrome) [1]. As PCD presents clinical similarities with other chronic respiratory diseases,
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its diagnostic is often delayed and, consequently, its evolution and prognosis worsen. Symptoms often
start from birth, and a daily wet cough, persistent rhinitis, and serous otitis are the most frequent
manifestations in children [1].

At present, there is no “gold standard” diagnostic test. However, according to the European
Respiratory Society Task Force guidelines [2], PCD patients are diagnosed based on their clinical
manifestations, cilia motility pattern, and frequency, measured by high-speed video microscopy
(HSVM) [3], cilia ultrastructure, analysed by transmission electron microscopy (TEM) [4], and genetic
testing. Nasal nitric oxide (nNO) levels are used as a screening test [1,5], but other diseases,
such as adenoid hypertrophy, could also cause low nNO levels in non-PCD patients [6]. Recently,
immunofluorescence staining of specific ciliary structure proteins is becoming a potential test that
needs to be validated [7,8], and poor sensitivity means that genotyping cannot be used in isolation [6].

PCD testing is expensive and time-consuming and requires an experienced team of clinicians
and scientists. It is, therefore, necessary to define specific and differential clinical criteria regarding
other causes of chronic respiratory disease, so that only patients clinically compatible with PCD are
referred to diagnostic centres [1,2,9]. In this paper, we define a clinical PCD profile, based on the
comparison between data from PCD-diagnosed patients and others clinically suspicious of PCD but
with negative diagnostic tests (“PCD like”). With this work, we aim to help to identify patients that
require PCD testing.

The definition of a specific clinical profile together with the decision tree based on clinical
manifestations will help clinicians to know when do they have to refer a patient to a PCD diagnostic
reference centre. Although there already exist other studies that aim to identify candidate patients
for PCD diagnostic studies [10,11], our work complements studies by defining specific parameters
that allow us to differentiate between a group of patients clinically similar to PCD from those who are
PCD-confirmed by diagnostic tests.

2. Materials and Methods

Samples of nasal epithelial cells for diagnostics and clinical data from patients were collected
for the study after informed consent. The study protocol complied with the ethical guidelines of
the 1975 Declaration of Helsinki [12]. Before starting the PCD diagnostic pathway, cystic fibrosis
and alpha-1-antitrypsin deficiency were discarded. Diagnostics were established with the study of
ciliary motility using HSMV and ciliary structure by TEM, according to the criteria established by
the European Respiratory Society guidelines2. PCD patients were considered positive when having
abnormal ciliary motility by HSVM and presented a TEM defect. Additionally, patients without the
obvious TEM defect, who presented abnormal ciliary motility in three different HSVM analyses (when
patients were free of infection), with strong clinical history, and low nNO in (those who had the
measure), were also considered in the PCD group. In contrast, patients with normal HSVM and TEM
tests were considered in PCD-like group.

2.1. Study Population and Clinical Data

A total of 18 variables from 476 Mediterranean patients clinically suspicious of PCD were
collected in the Valencian PCD Reference Centre from 2005 to 2018: gender, age at the beginning
of their clinical symptomatology (younger or older than 2 years old), familiar history of respiratory
diseases, periodicity, fertility problems, situs inversus, otitis, immunodeficiency, asthma, atelectasis,
bronchiectasis, chronic productive cough, rhinorrhea, rhinosinusitis, pansinusitis, pneumonias,
and nasal polyposis. Additionally, tobacco was included in the study as it is a standard variable
included in the majority of respiratory disease studies. After studying ciliary motility frequencies and
patterns and ciliary ultrastructure, 89 PCD cases were confirmed and 387 PCD-like cases were obtained.

Male infertility was determined, only in adults, by a spermiogram after obtaining patients’
informed consent. By contrast, females were considered infertile after 3 years of failure in their
attempts to become pregnant [3,13]. Immunodeficiency was considered by immunoglobulins, blood
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cell counting, and C3 and C4 complement determination. Functional tests, such as vaccine titers, were
not considered for immunodeficiency diagnostics. Asthma was considered, according to GEMA 4.4
Guide (Spanish Guide for asthma management) [14]. Family history of respiratory diseases were
considered when they presented chronic bronchopulmonary or rhinosinusal disease with unclear
aetiology. Bronchiectasis and atelectasis were characterized according to Kennedy et al., 2007, [15]
and rhinosinusitis, according to the European Position Paper on Rhinosinusitis and Nasal Polyps [16].
A partial or total occupation of all sinus, what is known as pansinusitis, was categorized according to
the Beguinon et al., 2019, evaluation of PCD patients [17].

2.2. Data Analysis

Statistical analysis was carried out with R for windows software (R Foundation for Statistical
Computing, Vienna, Austria) [18]. A 5% probability of rejecting a null hypothesis when it is true
(α = 0.05) was established in all tests. For all categorical variables, contingency tables were used, which
reflected the number of data observed in each category and each group. Simple logistic regression (SLR)
analysis, considering PCD as the dependent variable and the others as independent variables, was done
with all variables. In some variables, there were missed values because particular clinical data from
some patients are unknown. These missed values were not taken into account for statistical analysis.

2.3. Multivariate Logistic Regression Model

A multivariate logistic regression analysis was carried out. All variables were entered into the
model individually, and a step-wise selection was made to identify and select the significant predictors
of PCD. Moreover, the influence of each significant variable on PCD diagnosis was assessed. Finally,
a receiver operating characteristic (ROC) curve showing sensitivity, specificity, and overall accuracy
was used to interpret significant predictors [19]. Discrimination was considered moderate if Area
Under the Curve (AUC) 0.6–0.8 and good if AUC > 0.8 [20]. The Hosmer–Lemeshow goodness-of-fit
test was used to assess the calibration of the model, indicating a result of <0.05, which the predicted
probabilities, and the current outcome agrees poorly [21].

2.4. Classification and Regression Tree (CART)

Aiming to classify individuals as PCD or PCD-like patients based on variables included in the
study, a multivariate data analysis was carried out [22]. A classification and regression tree (CART)
was designed, which is based on decision rules that appear in a binary tree manner [23,24]. The leaf
nodes of the tree contain an output variable, which is used to make a decision. In order to search for
the best algorithm, the program starts by growing an overly large tree using forward selection. At each
step, it finds the best split and grows until reaching all terminal nodes. It then prunes the tree back,
creating a nested sequence of trees, decreasing in complexity [25].

3. Results

3.1. Study Population

3.1.1. Demographic Characteristics

From the initial population of 476 PCD clinically suspicious cases, 89 individuals were diagnosed
with PCD (19%) and 387 (81%) had a negative diagnosis (Table 1). The age range and the median value
was 19 (0–76) for the PCD group and 13 (2–83) for the PCD-like group. Additionally, we had 116 adults
in the PCD-like group and 45 adults in the PCD group.
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Table 1. Demographical and clinical symptom characteristics of the study populations.

Total PCD PCD-Like Adjusted OR (95% CI) p-Value

Subjects (n) 476 (1) 89 (0.19) 387 (0.81) - -

Gender
Male 250 (0.53) 46 (0.52) 204 (0.53) 1.04 (0.66–1.65) 0.861Female 226 (0.47) 43 (0,48) 183 (0,47)

Tobacco
Smoker 13 (0.03) 3 (0.03) 10 (0.03) 1.31 (0.35–4.87) 0.692Non-smoker 462 (0.97) 86 (0.97) 376 (0.97)

Age at the Beginning of Symptomatology
Older than 2 years old 73 (0.16) 2 (0.02) 71 (0.19) 10.23 (2.46–42.54) <0.001Younger than 2 years old 389 (0.84) 87 (0.98) 302 (0.81)

Family History of Respiratory Diseases
Yes 185 (0.39) 42 (0.47) 143 (0.37) 1.52 (0.96–2.43) 0.076No 291 (0.61) 47 (0.53) 244 (0.63)

Periodicity
Intermittent 186 (0.42) 7 (0.08) 179 (0.50) 11.65 (5.24–25.90) <0.001Perennial 262 (0.58) 82 (0.92) 180 (0.50)

Fertility Problems
Yes 61 (0.56) 19 (0.66) 42 (0.53) 1.67 (0.69–4.05) 0.029No 47 (0.44) 10 (0.34) 37 (0.47)

Situs Inversus
Yes 40 (0.08) 26 (0.30) 14 (0.04) 11.17 (5.53–22.57) <0.001No 435 (0.92) 62 (0.70) 373 (0.96)

Chronic Otitis Media
Yes 185 (0.39) 58 (0.68) 127 (0.33) 4.38 (2.65–7.25) <0.001No 286 (0.61) 27 (0.32) 259 (0.67)

Immunodeficiency
Yes 12 (0.03) 0 (0) 12 (0.03) - -
No 464 (0.97) 89 (1) 375 (0.97)

Asthma
Yes 130 (0.28) 22 (0.27) 108 (0.28) 0.93 (0.54–1.59) 0.785No 339 (0.72) 61 (0.73) 278 (0.72)

Atelectasis
Yes 47 (0.10) 21 (0.28) 26 (0.07) 5.27 (2.78–10.01) <0.001No 414 (0.90) 55 (0.72) 359 (0.93)

Bronchiectasis
Yes 165 (0.35) 54 (0.68) 111 (0.29) 5.37 (3.18–9.06) <0.001No 301 (0.65) 25 (0.32) 276 (0.71)

Chronic Productive Cough
Yes 342 (0.72) 86 (0.97) 256 (0.66) 14.56 (4.52–46.92) <0.001No 133 (0.28) 3 (0.03) 130 (0.34)

Rhinorrhea
Yes 255 (0.54) 83 (0.93) 172 (0.45) 17.21 (7.34–40.37) <0.001No 220 (0.46) 6 (0.07) 214 (0.55)

Rhinosinusitis
Yes 120 (0.25) 53 (0.62) 67 (0.17) 7.65 (4.60–12.71) <0.001No 352 (0.75) 33 (0.38) 319 (0.83)

Pansinusitis
Yes 20 (0.18) 20 (0.95) 0 (0) - -
No 90 (0.82) 1 (0.05) 89 (1)

Pneumonias
Yes 217 (0.46) 65 (0.73) 152 (0.39) 4.19 (2.51–6.98) <0.001No 259 (0.54) 24 (0.27) 235 (0.61)

Nasal Polyposis
Yes 16 (0.03) 2 (0.02) 14 (0.04) 0.61 (0.14–2.74) 0.497No 460 (0.97) 87 (0.98) 373 (0.96)

Primary Ciliary Dyskinesia (PCD), bold format means the statistically significant p-values.

In our PCD population, 18.6% had immotile cilia, 34.6% had stiff ciliary movement, and 46.8% had
low frequency and uncoordinated movement when analysing using HSVM. Additionally, 20% of our
PCD patients had normal ultrastructure, 14.1% undetermined defects (ciliary ultrastructure was unable
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to be determined because there were insufficient ciliary numbers, inadequate orientation, bad quality
of the simple, etc. after sampling repetition), 18.6% combined Inner Dynein Arm (IDA) and Outer
Dynein Arm (ODA) defects, 38.6% partial IDA, ODA, and short arms defects, and 9.2% presented
other abnormalities (such as axoneme disorganization) when studying ciliary ultrastructure by TEM.

A total of 53% of PCD-like individuals were males, while 47% were females. A total of 52% of PCD
patients were males, whereas 48% were females. SLR has a p-value of 0.861, indicating that gender is
not significantly related to PCD.

3.1.2. Tobacco

A total of 97% PCD-like patients were non-smokers, having the same percentages as the PCD
patients group. As expected, SLR had a p-value of 0.692, so was not significantly related to PCD.

3.1.3. Age at the Beginning of Symptomatology

Based on the age of the patients at the beginning of their clinical manifestations, two groups were
made: younger than 2 years old and older than 2 years old. A tota, of 81% of PCD-like patients were
under 2 years, whereas 19% were older than 2 years. A total of 98% of PCD patients were under 2
years and 2% of them were older than 2 years. A p-value of <0.001 in SLR shows that, in the great
majority of PCD patients, symptoms started before they were 2 years old.

3.1.4. Family History of Respiratory Diseases

A total of 63% PCD-like individuals had no familiar history of respiratory diseases and 53% of
PCD ones also had no familiar history of respiratory diseases. SLR had a p-value of 0.076, indicating
that familiar history is not significantly related to PCD.

3.1.5. Periodicity

While 92% of PCD patients presented their clinical symptoms in a perennial manner, in PCD-like
cases, 50% of them presented their symptoms perennially. A p-value of <0.001 indicates that the
variable periodicity is significantly related with PCD; the risk of having perennial symptoms being 11
times higher in PCD patients than in PCD-like patients.

3.1.6. Fertility Problems

Out of 89 PCD patients, 60 did not proceed with any information about their fertility due to the
fact that they were minors or they did not consent to spermiogram realization. Therefore, in our cohort,
we had 66% with and 34% without fertility problems. On the other hand, 53% of PCD like-patients
presented fertility problems and 47% of them had no problems related to fertility. A p-value of 0.029
indicated that fertility is significantly related with PCD, and the risk of having fertility problems in
PCD patients was 67% higher than in PCD-like patiens.

3.1.7. Situs Inversus

While 30% of PCD patients presented situs inversus, only 4% of PCD-like patients presented this
characteristic. SLR had a p-value of <0.001, indicating that the probability of having situs inversus is 11
times higher in PCD patients than in PCD-like patients.

3.1.8. Chronic Otitis Media

Results show that 33% of PCD-like patients suffered from chronic otits media during their life.
In contrast, 68% of PCD patients presented chronic otitis media. SLR had a p-value of <0.001, indicating
that variable otitis is significantly related to PCD and the probability of having otitis in PCD patients is
4.38 times higher than in PCD-like patients.
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3.1.9. Immunodeficiency

A total of 3% of PCD-like patients had immunodeficiency. However, as none of the PCD patients
presented immunodeficiency, SLR analysis did not make sense.

3.1.10. Asthma

A total of 28% of PCD-like patients had asthma. Similarly, 27% of PCD patients presented with
asthma. SLR had a p-value of 0.785, indicating that asthma is not significantly related to PCD.

3.1.11. Atelectasis

Our results show that 7% of PCD-like patients presented atelectasis at any time. In contrast, 28% of
PCD patients had atelectasis. SLR had a p-value of < 0.001, indicating that atelectasis is significantly
related to PCD, and the risk of having atelectasis in PCD patients was 5.27 times higher than in
PCD-like patients.

3.1.12. Bronchiectasis

A total of 29% of PCD-like patients presented bronchiectasis. In contrast, 68% of PCD
patients had bronchiectasis. SLR analysis had a p-value of <0.001, indicating that the variable
bronchiectasis is significantly related to PCD. The risk of suffering bronchiectasis is 5.37 times higher
in PCD-diagnosed patients.

Bronchiectasis are clinical manifestations that are not present from birth and appear with age [1].
Our cohort of PCD-confirmed patients support this fact, as the mean age of PCD patients with
bronchiectasis was 31.2, and for PCD patients without this clinical symptom, the mean age was 15.8.
The p-value of the t-test was <0.001, indicating that the mean age of PCD-patients with bronchiectasis
was significantly higher than PCD-patients without bronchiectasis.

3.1.13. Chronic Productive Cough

Results show that 66% of PCD-like patients suffered a chronic productive cough. In contrast, 97%
of PCD patients presented a chronic productive cough. SLR with a p-value of <0.001 indicates that a
chronic productive cough is significantly related to PCD. The risk of presenting a chronic productive
cough was 14.56 times higher in PCD patients than in PCD-like patients.

3.1.14. Rhinorrhea

A total of 45% of PCD-like patients presented rhinorrhea. In contrast, 93% of PCD diagnosed
patients presented this clinical manifestation. A p-value of <0.001 in the SLR indicates that rhinorrhea
is significantly related to PCD and is 17 times higher in PCD diagnosed patients.

3.1.15. Rhinosinusitis

A total of 17% of PCD-like patients had chronic rhinosinusitis. On the other hand, 62% of
PCD patients had chronic rhinosinusitis. SLR analysis had a p-value of <0.001, indicating that
rhinosinusitis is significantly related with PCD, and the risk was 7.65 times higher in PCD patients
than in PCD-like patients.

3.1.16. Pansinusitis

From 89 PCD patients, 68 patients had no information about pansinusitis (children under 14 do
not have a complete sinus formation and, therefore, maxillofacial computed axial tomography does
not proceed in these patients). Of 21 patients with pansinusitis information, our cohort had 95% of
PCD patients with pansinusitis. In contrast, none of the 89 analyzed PCD-like patients presented
pansinusitis. In this case, SLR does not make sense because of the disequilibrium and low number of
PCD patients.
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3.1.17. Pneumonias

Results show that 39% of PCD-like patients and 73% of PCD patients suffered recurrent pneumonias.
SLR with a p-value of <0.001 indicates that recurrent pneumonias are significantly related to PCD.
The risk of this clinical manifestation was 4.19 times higher in PCD patients than in PCD-like patients.

3.1.18. Nasal Polyposis

Results show that only 4% of PCD-like patients and 2% of PCD patients presented nasal polyposis.
SLR had a p-value of 0.497, indicating that nasal polyposis is not significantly related to PCD.

3.2. Stepwise Logistic Regression Model

Only individuals that started their symptomatology from infancy were considered for the step-wise
logistic regression model, as there were not enough individuals that started in adulthood. From the
18 variables included in the program, 7 were selected for the best logistic regression model (Table 2).
These predictors were situs inversus, atelectasis, rhinorrhea, chronic productive cough, bronchiectasis,
recurrent cases of pneumonia, and otitis (ordered by the odds ratio value); p-values indicate that all
variables were statistically significant.

Table 2. Factors that best predict primary ciliary dyskinesia selected by step-wise logistic regression.
Regression coefficient, adjusted odds ratio (by the others variables included), and test p-value
are included.

Regression Coefficient Adjusted OR (95% CI) p-Value

Situs Inversus 3.835 46.29 (12.51–171.33) <0.001

Chronic Otitis Media 0.723 2.06 (1.02–4.15) 0.043

Atelectasis 2.380 10.81 (3.9–29.97) <0.001

Bronchiectasis 1.394 4.03 (1.85–8.76) <0.001

Chronic Productive Cough 1.419 4.13 (0.98–17.34) 0.032

Rhinorrhea 2.328 10.26 (3.63–29.03) <0.001

Pneumonias 1.253 3.5 (1.66–7.38) <0.001

The Hosmer–Lemeshow test showed a good agreement between the predicted probabilities and
the actual outcome (p = 0.1182). The sensitivity (proportion of PCD patients correctly identified) and
specificity (proportion of PCD-like patients correctly identified) of the model were 80% and 88%,
respectively. The discriminant ability (AUC) of this model was 0.92, indicating a good discriminative
capacity (Figure 1).
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Figure 1. Receiver operating characteristic (ROC) curve for the best prediction model. Sensitivity 80%,
specificity 88%, Area Under the Curve (AUC) 0.92.

3.3. Classification and Regression Tree Model

From all the variables included in the program, six were selected for the best decision
tree (pansinusitis, situs inversus, periodicity, rhinorrhea, bronchiectasis, and chronic wet cough).
Only individuals who started their symptomatology from infancy were considered for the CART
design, as there were not enough individuals that started in adulthood. Based on these mentioned
variables, an individual could be classified as a PCD patient or a PCD-like patient. As previously
mentioned, pansinusitis only can be applied in patients older than 14 years old, as computed axial
tomography findings could only be considered from this age. In each node (y = p1, p2), the probability
of being PCD-like (p1) or PCD (p2) is specified (Figure 2). The number of patients belonging to each
final group is also written.

• An individual with pansinusitis will be classified in group 13 (n = 20), with a 100% probability of
being PCD and 0% probability of being PCD-like.

• An individual without pansinusitis that has situs inversus and intermittent periodicity will be
classified in group 11 (n = 7) with a 100% probability of being PCD-like.

• An individual without pansinusitis that presents situs inversus and a perennial periodicity will be
classified in group 12 (n = 20), with a 10% probability of being PCD-like and a 90% probability of
being PCD.

• An individual without pansinusitis, situs inversus, and rhinorrhea will be classified in the fourth
group (n = 154), with a 97.4% probability of being PCD-like and a 2.6% probability of being PCD.

• An individual without pansinusitis and situs inversus who presents rhinorrhea and bronchiectasis
will be classified in the sixth group (n = 62), with a 59.7% probability of being PCD-like and a
40.3% probability of being PCD.

• An individual without pansinusitis, situs inversus, bronchiectasis, and chronic wet cough who
presents rhinorrhea will be classified in group 8 (n = 36), with a 100% probability of being PCD-like.

• An individual without pansinusitis, situs inversus, and bronchiectasis who presents rhinorrhea
and chronic wet cough will be classified in group 9 (n = 90), with a 77.8% probability of being
PCD-like and a 22.2% probability of being PCD.
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Figure 2. Classification and regression tree (CART) for the classification of individuals as PCD
or PCD-like by using clinical variables as classificatory criteria. Intermittent (I), perennial (P),
and not-applicable (NA).

4. Discussion

From our experience as a reference centre, we strongly believe that patient clinics are determinant
for diagnostics. As mentioned before, expert personnel and expensive techniques are required, so only
a compatible clinical history justifies the study [26]. Therefore, it is necessary that primary care
clinicians, paediatricians, Ear, Nose and Throat clinicians (ENTs), and pulmonologists know PCD
clinical compatible symptoms, in order to select which patients to refer to PCD centres. With this
aim, we defined a clinical PCD profile, focused on symptoms that are significantly different in
PCD-confirmed cases and PCD-like cases.

The main limitations of the study are that some data were missing for some variables, decreasing
statistical test power. Due to the low number of individuals in some groups, we have no comparison
between adults and patients groups to demonstrate if there were differences in the logistic regression
model and the CART diagram between these age populations. Additionally, all data come from a
Spanish reference centre, which can lead to bias.
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We demonstrated that the great majority of PCD patients started their symptoms under 2 years
old (2 years were selected as a cut-off point because patients had doubts about the neonatal clinic [22])
and they present edtheir symptomatology perennially (it did not differ between seasons). This fact is
supported by Leigh et al. [10], who propose the early onset of symptoms and perennial periodicity as
characteristics of PCD. Additionally, situs inversus, recurrent otitis, atelectasis, chronic productive
cough, rhinorrhea, rhinosinusitis, and recurrent pneumonias are more frequent in PCD patients than in
PCD-like patients, indicating that patients with these symptoms are highly suspicious of having PCD.

Immunodeficiency in some moments of its evolution could manifest with symptomatology similar
to PCD, and thus we included it in our work to highlight it is an important criterion to discard before
referring a patient to PCD diagnostics.

Fertility problems are significantly greater in PCD patients than in PCD-like patients. However,
as our cohort was majorly composed of children, these problems were unknown in a great number of
patients, which gives us inconclusive results when comparing differences between sexes. Additionally,
fertility was the variable with more missing data because many patients did not consent to spermiogram
realization for personal reasons. Thus, this variable was not included in the logistic regression model
and the CART diagram as it was a variable that introduced bias in our data.

Bronchiectasis is also significantly more frequent in PCD patients than in PCD-like patients, being
another PCD-clinical suggesting symptom. However, this clinical manifestation does not appear from
birth, and our data demonstrated that this symptom became more frequent in adults than in children
with PCD. Thus, bronchiectasis are helpful for PCD-suspicious adults, but it is a manifestation that is
less informative in children.

One critical aspect before starting the diagnostic flowchart in a PCD reference centre is to define
which are the key clinical manifestations [27,28]. With this aim, the step-wise logistic regression analysis
of this work associates situs inversus, atelectasis, rhinorrhea, chronic productive cough, bronchiectasis,
recurrent cases of pneumonia, and otitis as PCD predictive variables. These results agree with the four
clinical features proposed by Leigh et al. [10] for PCD clinical characterisation, despite differing in the
methodology used for diagnostics and statistical analysis.

Behan et al. in the PICADAR (PrImary CiliARy DyskinesiA Rule) study used a similar statistical
approach to decide seven variables significantly associated with PCD. They found associations between
PCD and situs inversus, neonatal chest symptoms, and hearing problems [11]. Our results are in
the same line, but we considered symptoms presenting before 2 years old and chronic otitis media.
However, we did not assess admission to the neonatal unit, rhinitis, gestational age, and congenital
heart defects in our Mediterranian cohort.

Complementary to our work, Behan et al. [11] in PICADAR and Leigh et al. [10] defined clinical
variables that help clinicians suspect PCD. On the one hand, Leigh et al. only included children and
adolescents in their study. On the other hand, the PICADAR algorithm design is not sufficient for
diagnosing PCD in adult patients as three of their considered items are related to neonates (scoring 6
points out of a maximum of 14). Our diagnostic diagrams arise not only in new-borns or paediatric
patients, but also in adult clinics. This is a relevant point, as there are still many adults with PCD without
a correct diagnostic and not all of them remember to register or have registered their manifestations
when they born, so our method, which was also based in exploratory findings (such as rhinosinusal
and pulmonary Computed Tomgraphy (CT)), is a valuable tool for adult patients. Additionally, in this
work, we defined a classificatory tree that could help clinicians to know the probability of having a
PCD patient, according to their clinical manifestations, based on our experience [23].

5. Conclusions

• SLR analysis shows a statistically significant association between some explicative variables
and PCD: age at the beginning of their symptomatology, periodicity, fertility, situs inversus,
recurrent otitis, atelectasis, bronchiectasis, chronic productive cough, rhinorrhea, rhinosinusitis,
and recurrent pneumonias.
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• Bronchiectasis is significantly more frequent in adults than in children with PCD.
• A step-wise logistic regression model selected situs inversus, atelectasis, rhinorrhea, chronic

productive cough, bronchiectasis, recurrent pneumonias, and otitis as PCD predictive variables
(from the most to the least important predicting factor), designing a model with 82% sensitivity,
88% specificity, and 0.92 AUC. Combination of all these clinical symptoms in the same patient
determines a high probability of having PCD.

• A decision tree was designed in order to classify new individuals based on different clinical
manifestations: pansinusitis, situs inversus, periodicity, rhinorrhea, bronchiectasis, and chronic
wet cough.
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Abstract: Alpha-1-antitrypsin deficiency (AATD) and primary ciliary dyskinesia (PCD) are
underdiagnosed rare diseases showing a median diagnostic delay of five to ten years, which
has negative effects on patient prognosis. Lack of awareness and education among healthcare
professionals involved in the management of these patients have been suggested as possible causes.
Our aim was to assess knowledge of these diseases among paediatricians and medical school students
to determine which knowledge areas are most deficient. A survey was designed with questions
testing fundamental aspects of the diagnosis and treatment of AATD and PCD. A score equal to or
greater than 50% of the maximum score was set as the level necessary to ensure a good knowledge
of both diseases. Our results indicate a profound lack of knowledge of rare respiratory diseases
among paediatric professionals and medical students, suggesting that it is necessary to increase rare
respiratory diseases training among all physicians responsible for suspecting and diagnosing them;
this will allow early diagnosis and the setup of preventive measures and appropriate early-stage
treatment. The first step in closing this knowledge gap could be to include relevant material in the
medical syllabus.

Keywords: alpha-1 antitrypsin deficiency; primary ciliary dyskinesia; rare respiratory diseases

1. Introduction

Alpha1-antitrypsin deficiency (AATD) is a rare hereditary condition characterised by low plasma
levels of alpha1-antitrypsin (AAT), a serine protease inhibitor synthesised and secreted mainly by
hepatocytes, of which the primary role is to protect the lung parenchyma from proteolytic enzymes such
as neutrophil elastase (NE) and proteinase 3. The disease is caused by mutations in the SERPINA1 gene.
Clinical manifestations include pulmonary emphysema; liver cirrhosis; and, in rare cases, necrotising
panniculitis and antineutrophil cytoplasmic antibody (C-ANCA)-positive vasculitis [1]. Current
American Thoracic Society (ATS) and European Respiratory Society (ERS) guidelines recommend
testing plasma AAT levels in individuals with Chronic Obstructive Pulmonary Disease (COPD),
unexplained chronic liver disease, bronchiectasis, panniculitis, or granulomatosis with polyangiitis,
along with the parents, siblings, and children of individuals with a mutated AAT allele. Despite
these recommendations, AATD is highly underdiagnosed [2]. AATD is one of the most common
inherited disorders [3], with a prevalence of 1–5/10,000. It is estimated that about 3.4 million individuals
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worldwide have deficient allele genotypes that lead to AAT deficiency [4]; nevertheless, more than
90% of affected subjects remain underdiagnosed [3,5]. A diagnostic delay is observed with an average
interval of 8.3 years between onset of pulmonary symptoms and diagnosis and consultations with
several clinicians before diagnosis [5] (an average of 2.7 physicians), leading to irreversible lung
function impairment, which could be delayed by establishing clinical controls and healthy lifestyle
habits in childhood or early stages of the disease.

Primary ciliary dyskinesia (PCD) is a rare hereditary disorder with autosomal recessive inheritance,
characterised by altered or absent ciliary movement, which generates mucociliary clearance deficit [6].
Prevalence is estimated at around 1/10,000 live births [7]. Clinical manifestations include neonatal
respiratory distress of unknown cause; presence of situs inversus, ventriculomegaly, constant rhinorrhoea,
chronic productive cough, or bronchiectasis of unknown cause; immobile sperm in adult males;
and recurrent ectopic pregnancies in women [8,9]. Symptoms are early and recurrent from the
first years of life, but as they are linked to respiratory infections, frequent in childhood, it is easy to
underestimate the existence of this disease. In addition, diagnostic tests involve complex studies of
ciliary motility, electron microscopy, and genetic tests, which are inaccessible in many centres and yield
difficult-to-interpret results.

Prompt diagnosis is important in both diseases because early treatment helps slow progression.
Therefore, the aim of the present work was to evaluate whether the under- and delayed diagnosis
observed was due to a lack of knowledge of these diseases by medical doctors who manage these
patients at the paediatric age (primary care paediatricians and paediatric specialists in pulmonology
and gastroenterology). To this end, a series of surveys assessing physicians’ knowledge of these rare
diseases were prepared. Medical students were also included in the survey to ascertain whether the
problem is due to insufficient medical school training (since education in medical schools is generalist
and based primarily on knowledge of highly prevalent diseases) or to the impossibility of gaining
experience in clinical practice because of the rarity of these pathologies together with limited training
recycling in this area.

2. Materials and Methods

2.1. Study Design, Setting, and Participants

An analytical, observational, and cross-sectional study was carried out using anonymous surveys
at the Paediatric Pulmonology Unit of the Hospital Clínico Universitario Valencia (HCUV) from
January 2015 to January 2017.

All members of the Valencian Society of Paediatrics (SVP) (1241 members); Spanish Society
of Paediatric Pulmonology (SENP) (275); and Spanish Paediatric Gastroenterology, Hepathology
and Nutrition Society (SEGHNP) (400) were invited to participate in the study, as were all students
enrolled in the final year of the Faculty of Medicine of the University of Valencia (271 students).
The Supplementary file shows the specific questionnaires developed for AATD and for PCD, respectively.
Both questionnaires were validated by four experts in both pathologies (see Supplementary file for
further explanations on validation). After project approval from the Boards of Directors of the Scientific
Societies involved and by the Dean of Valencia School of Medicine, a letter of invitation was sent
by e-mail to all members of the institutions and to final-year medical school students requesting
their participation.

A separate online data-collection questionnaire was used for each of the two diseases studied,
using a web platform called Typeform, which permits centralised data collection. Members of the
SEGHNP answered a 12-question AATD survey (Supplementary file), while members of the SVP
and SENP and medical students completed a test on both diseases, which consisted of 21 questions
(Supplementary file). The surveys included four questions on professional profile (years of clinical
experience, type and location of work centre, and paediatric medical speciality) and on the number of
children diagnosed. Questions on self-assessment and a test of diagnostic and therapeutic competence
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in both diseases were also included. Overall, maximum scores were set at 7 points for the AATD
and at 17 for the PCD tests. Both surveys took place in parallel. Correct answers are shown in
Supplementary file.

Data were collected on an individual basis. Confidentiality was maintained in all surveys in
accordance with Spanish personal data protection laws. After requesting approval from the societies’
boards of directors and the Dean of the University of Valencia medical school, an invitation letter was
sent by e-mail (through the medical societies and the medical school, which have legitimate access to
such mailings) to the members of the aforementioned societies and to the students, requesting their
participation in the study. No personal data were collected in the questionnaires. Answers collected
from the online form were automatically stored in a database and then converted to a numerical scale
for processing.

2.2. Statistical Analysis

Data recorded on the Typeform web platform were exported to the statistical software “IBM SPSS
Statistics for Windows, Version 20.0” (IBM Corp, Armonk, NY, USA) for further analysis. A descriptive
study of the sample was conducted, separating the results for the two diseases. Qualitative variables
are shown as frequency and percentages, while for quantitative variables, data are shown as mean
and standard deviation (SD). Assessment of normality was performed using the D’Agostino–Pearson
normality test. Comparison between clinical specialities was performed using chi-square or Fisher test
for qualitative variables and by ANOVA or by Student’s t-test (normal distribution) or Mann–Whitney
U test (non-normal distribution) for quantitative variables. Differences were considered statistically
significant when p was <0.05.

3. Results

3.1. AATD Knowledge

The demographic characteristics and professional experience of the individuals participating in
the AATD/PCD knowledge survey are shown in Table 1; 618 surveys were completed on AATD with the
following distribution by groups: (i) 193 General Paediatricians (GP); (ii) 123 Paediatric Pneumologists
(PP); (iii) 166 Paediatric Gastroenterologists (PG); and iv) 136 Medical School students (MS).

Regarding years of clinical practice, about one-quarter of GP (25.3%) and PG (28.3) and 7.3% of PP
had less than five years’ clinical experience. Characteristics of respondents with 5–15 years of clinical
practice were more homogeneous between groups, showing similar percentages in GP (35.2%) and PG
(32.0%) with a higher percentage of PP (43.1%). Similar results were observed in the group with more
than 15 years of clinical practice, in which GP (39.3%) and PG (39.7%) showed similar percentages,
with a higher percentage of PP (49.6%).

Regarding the type of healthcare practice, 57.5% of the GPs who completed the survey worked in
primary care, while around 64.2% of the PPs and 63.2% of PGs worked in public tertiary hospitals.
Paediatric pneumologists were considered the paediatric specialists best prepared to diagnose AATD
by all the groups that participated in the survey (selected by 59% of paediatricians, 86.1% of
gastroenterologists, 93.5% of pneumologists, and 35.2% of medical students). Medical doctors
were notably unaware of the existence both of reference units for AATD (unknown to 70% of PPs and
77.1% of PGs) and of the Spanish Register of AATD (REDAAT) (unknown to 67.8% of those surveyed).

In the self-evaluation section, 61.7% of MSs and 45.6% of GPs admitted to having a very basic
knowledge of the disease, while the majority of paediatric specialists (78.8% of pulmonologists and
62% of gastroenterologists) positively self-evaluated on diagnostic procedures. The professionals
surveyed reported screening serum levels of AAT in children with hepatopathy or transaminase
elevation (40.9%), repeat pneumonias (39.9%), or bronchiectasis (34.1%).

Regarding level of expertise on clinical manifestations of the disease [1] (Table 2), 39.8% of
PPs and 31.9% of PGs got two or three answers correct, compared to 16% of GPs and 2.1% of
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MSs. Responses regarding the most severe AATD phenotype [1] were quite satisfactory: 93.5%
of PPs, 86.1% of PGs, and 59.1% of GPs answered correctly, whereas 35.3% of MSs got it right.
The results are definitively unbalanced in the third question about treatment/management of AATD in
children [1,10–15]. Only 25.9% of GPs, 25.2% of PPs, and 21.7% of PGs choose the three correct options.
This percentage was reduced to 14.7% in MSs (Table 2).

When analysing the average score of the four groups surveyed, the highest score corresponds to
the group PP (3.12 points) which, nonetheless, failed to reach the theoretical 50% set as the minimum
level to “pass”, a fact that reveals the respondents’ low AATD knowledge level (Figure 1A).
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Figure 1. Alpha-1 Antitrypsin Deficiency (AATD) and Primary Ciliary Dyskinesia (PCD) knowledge in
paediatric specialists in relation to years of professional experience: No group reached the minimum
score required to make an early diagnosis and to adopt the appropriate measurements for correct
management of patients with AATD (A) or PCD (B) regardless of years of professional experience.
Maximum scores were 7 points for the AATD and 17 for the PCD tests.

A statistically significant relationship between professional profile and AATD test score (p < 0.001)
was observed, with PPs achieving a significantly higher average than the rest. Also significant is the
relationship between years of experience and score achieved (p = 0.045), with the particularity that the
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group of professionals with intermediate experience (between 5 and 15 years) were shown to be the
most up-to-date on AATD, with higher average scores than those with greater or lesser experience.
No significant relationship was found between subjective perception of competence by the different
groups analysed (self-evaluation) and results obtained in the test (p = 0.139) or between degree of
awareness the disease and type of healthcare practice, with the exception of the PP group (p = 0.008).

Finally, experience of treating patients with AATD correlated significantly with the average score
obtained in the test on this pathology in PPs and PGs (p = 0.029 and p < 0.001, respectively), in contrast
with the GP group (p = 0.329).

3.2. PCD Knowledge

Of the 457 respondents to the PCD survey, 190 were GPs, 123 were PPs, and 135 were MSs (Table 1).
Professional experience was also very disparate, being more homogeneous among GPs (<5 years of
experience: 25.78%; 5–15 years: 35.78%; and >15 years: 38.42%) and longer among PPs (43% 5 to
15 years and 49.6% over 15 years). As for the type of healthcare practice, 57.3% of GPs worked in
health centres and 64.2% of PPs worked in tertiary public hospitals.

The professionals considered most suitable for diagnosing PCD were also paediatric specialists;
specifically, the paediatric pulmonologist was chosen by 243 of those surveyed.

In the study, 66.6% of PPs stated that they knew where to refer this type of patient for more
specialised diagnosis and/or follow-up. However, 78.9% of GPs and 91.1% of MSs were unaware of the
existence of referral units for this disease. These data are inconsistent with their own self-evaluation,
since around 50% of the three populations analysed (49.5% of GPs, 58.5% of PPs, and 54.4% of MSs)
claimed to know PCD.

Based on a total score of 0–7, more than one-half of the GPs (52.6%) and MSs (77.7%) obtained
a score of less than 50% (Table 3), nowhere near the results of PPs (49.59% correctly identified all
early symptoms). However, this apparently excellent result is overshadowed by a not inconsiderable
percentage (38.2%) that considered some late clinical manifestations such as bronchiectasis to be early
ones or that incorrectly identified others as characteristic symptoms of PCD (e.g., recurrent bronchial
obstructive crisis).

In the section on diagnostic options (Table 3), with a maximum score of 10 points, 27.36% and
26% of GPs and MSs, respectively, obtained more than 50% of correct options, whereas 43.9% of PPs
obtained five or more correct answers [16–22].

After penalising respondents for incorrectly selected options, the average scores obtained by GPs,
PPs, and MSs were −1.64, 2.15, and −2.47 points, respectively, out of a total 17 possible points, denoting
very low overall PCD knowledge (Figure 1B).

Not unexpectedly, the results are closely related to the respondent’s professional profile (p < 0.001),
with PPs showing the greatest knowledge of the disease, despite not reaching the minimum 8.5 points
(50% of the maximum score) required to pass. The overall test score does not correlate with years of
professional experience (p = 0.778), self-assessment (p = 0.687), or work centre (p = 0.132). Only the GP
group showed a significant correlation with having diagnosed patients with PCD (p = 0.023), absent in
PPs (p = 0.163).
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Correct diagnostic options in childhood:

- Not definitive for PCD diagnosis: audiometry [17], sperm motility [18], saccharin test [17].
- Partially diagnostic: chest and/or sinus x-ray [16,19], pulmonary CT, spirometry and/or
plethysmography and/or diffusion test [20].
Diagnostic screening tests: nasal nitric oxide [16], mucociliary clearance test with radioisotopes [21].
Determining diagnostic tests: ciliary motility (pattern and speed) and ciliary ultrastructure [16,21,23].

4. Discussion

In rare diseases, early diagnosis is key and represents one of the main problems faced by patients
and their families. Underdiagnosis and delayed diagnosis are relatively constant, probably due to the
insufficient academic training on this subject in medical schools, where teaching focuses mainly on the
most prevalent pathologies.

Identifying the cause of a problem is the first step towards a possible solution. Various studies
have shown that lack of knowledge of rare diseases by medical doctors is a cause of under- and delayed
diagnosis [5,23,24]. However, despite the fact that, in a high percentage of cases, paediatricians are at
the front line in attending this type of patient/pathology, no study so far has evaluated their knowledge
level in these areas, hence our proposition focusing on two of the most prevalent rare respiratory
diseases, AATD and PCD, and also including students in their final year at the School of Medicine of
the University of Valencia (Spain) in order to assess the level of academic training received.

We collected a total of 1081 surveys, 624 on AATD and 457 on PCD, widely surpassing the
number of participants in other previous studies and focusing on previously unstudied populations:
paediatricians, paediatric specialists, and final-year degree students.

The results of the two surveys showed that both MSs and GPs are unfamiliar with most of the
signs or symptoms on which diagnostic suspicion of both diseases is based and are also unaware of the
steps to be taken to arrive at a definitive diagnosis or to enter the relevant healthcare circuit.

As expected, familiarity with these processes is higher among PP who also have greater work
experience (49.6% practicing for more than 15 years); however, the difference cannot be explained by
this circumstance alone, since the number of cases diagnosed or treated by each professional is very
low, regardless of their years of professional service.

No group reached the minimum score required to be able to make an early diagnosis and to adopt
the appropriate measures for correct management of patients with AATD or PCD. This low formation
contradicts the self-evaluations of respondents who overestimated their knowledge of both diseases;
this further aggravates the problem because unawareness of shortcomings precludes learning. In the
case of AATD, 45.6% of GPs and 61.7% of MS claimed to know the disease, while 78.8% of PPs and 62%
of PGs believed they knew the diagnostic procedure. In PCD, half of those surveyed (49.5% of GPs,
54.4% of MSs, and 58.5%, of PPs) considered themselves competent in the disease.

In light of the above, it is particularly striking that half of the GP surveyed claimed to have
attended patients with AATD (50.6%) and/or PCD (41.6%) when the low prevalence of these rare
diseases limits this possibility. In the case of PCD, GP would not be the ones to diagnose these patients
due to the specialised and complex techniques required for diagnosis only available at two centres in
Spain (Valencia and Barcelona). This also raises doubt as to whether many PCD cases are correctly
classified by GPs. This is not an issue among PPs because their specialty requires a greater degree of
information/training on PCD and they do not rely exclusively on having diagnosed patients.

Analysing the responses to questions 9 and 16, PPs are the physicians considered most suitable for
diagnosing both clinical entities, which is fully in line with ATS/ERS recommendations on AATD [2,25]
and PCD [17], which advocate arriving at an early diagnosis during childhood.

Paediatricians’ lack of awareness about reference units for either disease is also noteworthy. This
could be due in the case of AATD to the scarce/null expression of the disease during paediatric age but
not in PCD, since one of the two Spanish referral units is in Valencia, where this study was carried out.
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It is even more surprising considering that 425 of the 457 surveyed viewed PCD as a complex disease
requiring diagnostic confirmation and management in specialised centres.

Turning to screening, since the initial AATD diagnosis is performed by measuring AAT plasma
levels, it was interesting to know in which cases the participating paediatricians requested this test,
a question previously posed only to doctors attending adult populations [5,23,24]. It is accepted that
AATD should always be ruled out in the blood relatives of patients with this diagnosis even if they are
asymptomatic and in cases of neonatal jaundice or hypertransaminasemia, regardless of age, especially
if there is a previous history of jaundice or liver disease. The association between AATD and asthma is
controversial, with contradictory publications regarding the presence of Z alleles in asthma patients.
The ATS–ERS-published consensus [2,25] recommends testing in adults with nonatopic asthma and in
individuals with unexplained liver disease, including neonates and children. In our study, more than
50% of the physicians surveyed claim to request AAT levels in the clinical circumstances mentioned
(Table 3) and almost 25% of PPs routinely include it when requesting any other blood test from their
patients. If so, one would expect that early diagnosis of this disease would be less uncommon than it
has been to date.

Contrary to expectations, working in tertiary hospitals does not seem to improve awareness
of AATD and PCD. As far as the latter is concerned, the fact that most Spanish hospitals are not
equipped to carry out the complete diagnosis probably explains why professionals are not familiar
with the disease.

Finally, medical students were the worst performers in all questions raised about both diseases.
This highlights the limited information received on rare diseases during their university studies and the
need to rectify this situation. On this note, it is worth mentioning that the first course on rare diseases
in Spain has been included in the Valencia School of Medicine syllabus [26]. The main objective of
this course is not that students know ALL rare diseases, which would not be realistic (since there
are between 6000 and 8000 rare diseases), but to generate an academic and formative space which
provides tools for students and future health professionals to cope with an orphan disease. More
specifically, the aim is to familiarise the student with aspects such as what a rare disease is, how and
when to suspect that a patient suffers from a rare disease, the main problems faced by rare disease
patients, the problems of underdiagnosis and delayed diagnosis, where to find information once
the patient has been diagnosed, the lack of specific treatments, the need to boost research on rare
diseases, the importance of patient associations, etc. In other words, it is intended to fill the gap in
specific training in this field by developing general competencies in the field of rare diseases without
focusing on individual rare diseases. Importantly, rare diseases are an opportunity, as they serve as
models for diseases of high prevalence. There are numerous examples. In particular, research on
familial hypercholesterolemia has contributed to the development of statins, drugs used daily by
millions of people worldwide to lower high cholesterol levels and to prevent the development of
cardiovascular diseases. In our view, this undoubtedly commendable initiative should be adopted in
other universities worldwide.

5. Conclusions

There are significant knowledge gaps regarding AATD and PCD among medical students and
paediatricians—the physicians responsible for diagnosing these diseases early—and this shortcoming is
not even recognised by the majority. Our results indicate that it is necessary to increase rare respiratory
diseases training among all physicians responsible for suspecting and diagnosing them, which will
allow early diagnosis and the setup of preventive measures and appropriate early-stage treatment.
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Abstract: Background: Multidrug therapy is essential for preventing respiratory failure in patients
with highly progressive Mycobacterium avium complex pulmonary disease (MAC-PD). However,
the prognosis and long-term outcome following combination therapy is poorly understood.
Methods: We retrospectively evaluated the clinical characteristics and long-term outcomes in
patients with chemo-naïve progressive MAC-PD, hospitalized for first-line multidrug therapy.
Results: Among 125 patients, 86 (68.8%) received standardized treatment (rifampicin, ethambutol,
clarithromycin), 25 (20.0%) received a fluoroquinolone (FQ)-containing regimen, and 53 (42.4%)
received aminoglycoside injection. The sputum conversion rate was 80.0%, and was independently
associated with standardized treatment. The incidence of refractory disease (45.6%) was independently
and negatively associated with standardized regimen and aminoglycoside use. Choice of an
FQ-containing regimen was not associated with positive outcome. Clarithromycin resistance occurred
in 16.8% and was independently associated with refractory disease. MAC-PD-associated death
occurred in 3.3% of patients with non-cavitary nodular bronchiectasis (NB) and 21.3% with cavitary
MAC-PD over a median follow-up period of 56.4 months. The rates of MAC-PD-associated death
were comparable between cavitary-NB and fibrocavitary disease. Concurrent chronic pulmonary
aspergillosis (CPA) occurred in 13 (17.3%) patients with cavitary MAC-PD, and age, diabetes mellitus,
and CPA were independent risk factors for mortality. Conclusions: Standardized intensive multidrug
treatment reduces disease progression and persistence in progressive MAC-PD. Cavitary NB may
differ from, rather than being just an advanced stage of, non-cavitary NB. The high incidence and
significant mortality of CPA in cavitary MAC-PD highlight the need for early diagnosis and treatment.

Keywords: Mycobacterium avium; Mycobacterium intracellulare; nodular bronchiectasis;
non-tuberculous mycobacteria; pulmonary aspergillosis; rare pulmonary disease

1. Introduction

Non-tuberculous mycobacterial pulmonary disease (NTM-PD) has been increasingly implicated
in a broad range of infectious diseases both in Japan and worldwide [1,2]. Mycobacterium avium
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complex (MAC), predominantly comprising M. avium and M. intracellulare, is the most common
etiology of NTM lung disease [3]. The correct diagnosis and management of this disease are extremely
important. Although, multidrug combination therapy is considered essential for preventing respiratory
failure in highly progressive MAC-PD, and rifampicin (RFP) + ethambutol (EB) + macrolides are
considered to be the standardized regimen, no large studies have validated the appropriateness of
current treatment guidelines for MAC-PD [4–6]. Fluoroquinolones (FQ) have also reportedly been
effective and represent a promising alternative for MAC infection [7,8]; however, data regarding
combination therapy including FQ are lacking. Furthermore, the addition of an aminoglycoside may
also be recommended in patients with severe and advanced disease, but their long term benefits
also remain unproven [9]. There is thus a need to determine the efficacy and long-term outcome of
combination therapy in patients with progressive MAC-PD. In this study, we aimed to evaluate the
clinical outcomes of patients treated with combined antimicrobial drugs for progressive MAC-PD,
and examine the factors associated with refractory disease and mortality.

2. Material and Methods

2.1. Study Design and Patients

This retrospective study was performed in accordance with the Declaration of Helsinki and was
approved by the institutional research ethics board of the National Hospital Organization Osaka
Toneyama Medical Centre (TNH-2019033), which waived the requirement for informed consent due
to the retrospective nature of the analysis. The medical records of patients with non-tuberculous
mycobacterial pulmonary disease (NTM-PD) hospitalized at the National Hospital Organization
Osaka Toneyama Medical Centre between January 2012 and April 2018 were retrospectively reviewed.
None of the patients tested positive for human immunodeficiency virus (HIV). None of the patients
received clarithromycin (CAM) monotherapy before hospitalization. All patients were followed until
their last visit, death, or the end of study period (31 October 2019).

2.2. Data Collection

Clinical data were collected from medical records. Baseline clinical parameters were obtained
within 1 month of the initial diagnosis. Patient data included age, sex, body mass index (BMI), smoking
status, underlying diseases, acquired comorbidities, treatment durations, antimicrobial treatment for
MAC-PD, results of bacterial culture, and chest computed tomography (CT) findings. The diagnosis
of chronic pulmonary aspergillosis (CPA) was based on the European Respiratory Society (ERS)
and European Society of Clinical Microbiology and Infectious Diseases (ESCMID) guidelines for the
management of CPA combined with clinical symptoms, radiological findings, positive Aspergillus
serology, or isolation of Aspergillus species from respiratory samples [10].

2.3. Radiological Evaluation

Radiographic abnormalities were classified according to distinct disease patterns on chest CT.
Patients with fibrocavitary lesions and pleural thickening mainly in the upper lobes on CT were
diagnosed with fibrocavitary (FC) disease, and patients with multiple nodules on CT and bronchiectasis
were diagnosed with nodular bronchiectatic (NB) disease. Patients with no specific pattern on CT,
such as solitary pulmonary nodules, were diagnosed with unclassifiable disease.

2.4. Antibiotic Therapy and Treatment Outcomes

All patients who began daily antibiotic therapy received standardized (rifampicin (RFP)
+ ethambutol (EB) + CAM) or modified combination antibiotic therapy with CAM, RFP, EB,
and fluoroquinolones (gatifloxacin, sitafloxacin, moxifloxacin, garenoxacin, or levofloxacin) [6].
Aminoglycoside antibiotics were administered intramuscularly (kanamycin and streptomycin) or
intravenously (amikacin). Streptomycin and kanamycin were administered intramuscularly three
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times a week for the first several months, at the discretion of the attending physician. Amikacin was
administered daily for 28 days, followed by kanamycin or streptomycin for the first several months.
The main treatment regimen was evaluated for 3 months after treatment initiation.

2.5. Sputum Examination

Sputum cultures were examined for acid-fast bacilli using 2% Ogawa egg medium (Japan BCG,
Tokyo, Japan) or a mycobacteria growth indicator tube (Japan Becton, Dickinson and Company,
Tokyo Japan). Nontuberculous mycobacterial species were identified using the AccuProbe (Gen-Probe
Inc., San Diego, CA, USA) or COBAS AMPLICOR (Roche Diagnostic, Tokyo, Japan) systems or by
DNA−DNA hybridization assay (Kyokuto Pharmaceutical Industrial, Tokyo, Japan) CAM susceptibility
was determined by broth microdilution (BrothMIC NTM; Kyokuto Pharmaceutical Industrial, Tokyo,
Japan), and CAM resistance was defined as a minimum inhibitory concentration ≥32 μg/mL [11].

2.6. Definition of Sputum Conversion, Recurrence, and Refractory Case

Patient status at the end of follow-up was recorded in terms of deceased or alive, microbiologic
or radiologic recurrence, and cause of death, if applicable. Sputum conversion was defined as more
than three consecutive negative sputum cultures over a period of 3 months. In patients who achieved
sputum conversion, clinical recurrence was defined by at least two positive sputum cultures. Refractory
cases were those with no negative sputum conversion, or recurrent cases as sustained positive sputum
culture until the end of follow-up.

2.7. Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 7 (GraphPad Software,
San Diego, CA, USA) and JMP Pro 13 (SAS Institute Inc., Cary, NC, USA). Continuous variables were
reported as mean and standard deviation, or median and interquartile range. Patient groups were
compared using the Mann–Whitney U test for continuous variables, and χ2 or Fisher’s exact test for
categorical variables. Potential independent factors identified as significant by univariate analysis
were evaluated by multivariate logistic regression analysis, in addition to age, sex, BMI, and cavity.
Cumulative rates of MAC-PD-associated death were estimated using the Kaplan–Meier method and
compared using log-rank tests. A two-sided p < 0.05 was considered significant.

3. Results

3.1. Patient Selection and Treatment Modalities

A total of 331 patients with a main diagnosis of NTM-PD (international classification of disease
(ICD)-10 code) were hospitalized during the study period. Among 331 patients, 313 met the American
Thoracic Society/Infectious Diseases Society of America criteria for non-tuberculous mycobacterial
pulmonary disease [6], and 252 met the diagnostic criteria for MAC-PD. Among these, 125 chemo-naïve
patients were hospitalized for the induction of first-line combination antibiotic therapy in our hospital
(Figure S1). The treatments regimens are shown in Table 1. Of the 125 patients, 86 (68.8%) were treated
with an RFP + EB + CAM-based regimen, 21 (16.8 %) were treated with EB + CAM with or without FQ,
18 (14.4 %) were treated with another treatment regimen (CAM + RFP, n = 4; CAM + RFP + FQ, n = 7;
EB + RFP, n = 2; CAM + FQ, n = 4; EB + FQ, n = 1), and 25 (20.0%) were treated with an FQ-containing
regimen (RFP + EB + CAM + FQ, n = 4; EB + CAM + FQ, n = 9; CAM + RFP + FQ, n = 7; CAM + FQ,
n = 4; EB + FQ, n = 1). Aminoglycoside injection was used in 53 (42.4%). All 125 patients were tested
for drug susceptibility before treatment. Susceptibility to CAM was as follows: sensitive (minimum
inhibitory concentration (MIC) ≤ 2, n = 124), resistant (MIC > 32, n = 1). Susceptibility to levofloxacin
was as follows: sensitive (MIC < 2, n = 84), intermediate (MIC ≥ 2 to < 8, n = 30), resistant (MIC ≥ 8,
n = 11). Susceptibility to moxifloxacin (MFLX) was tested in five levofloxacin-resistant patients and all
five strains were resistant to MFLX (MIC 4, n = 3; MIC > 8, n = 2). Susceptibility to aminoglycosides
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was as follows: amikacin: sensitive (MIC < 4, n = 17), intermediate (MIC ≥ 4 to <16, n = 82), resistant
(MIC ≥ 16, n = 26); kanamycin: sensitive (MIC < 4, n = 15), intermediate (MIC ≥ 4 to <16, n = 83),
resistant (MIC ≥ 16, n = 26); streptomycin: sensitive (MIC < 4, n = 56), intermediate (MIC ≥ 4 to <8,
n = 36), resistant (MIC ≥ 8, n = 32).

Table 1. Treatment regimen.

Treatment Regimen (n = 125) No. (%)

RFP + EB + CAM 82 (65.6)
RFP + EB + CAM + FQ 4 (3.2)

EB + CAM + FQ 10 (8.0)
RFP + CAM + FQ 7 (5.6)

CAM + FQ 4 (3.2)
EB + FQ 1 (0.8)

EB + CAM 11 (8.8)
RFP + CAM 4 (3.2)

RFP + EB 2 (1.6)

RFP, rifampicin; EB, ethambutol; CAM, clarithromycin; FQ, fluoroquinolones.

3.2. Baseline Characteristics

The median age and BMI of the patients were comparable to previous reports [12]. The main
underlying diseases were previous pulmonary tuberculosis (8.8%), chronic obstructive pulmonary
disease (4.0%), and diabetes mellitus (6.4%). Of the bacterial species identified, M. avium was the most
frequent, followed by M. intracellulare and both (Table 2).

3.3. Predictive Factors for Sputum Conversion

Of the 125 patients, 100 (80.0%) patients achieved sputum conversion. Univariate analysis
identified diabetes mellitus as a risk factor for failure of sputum conversion, while a standardized
(RFP + EB + CAM-based) regimen and aminoglycoside use were significantly associated with positive
outcome. Multiple logistic regression analysis revealed that a standardized regimen (p = 0.0238) was
significantly and independently associated with outcome (Table 2).

3.4. Risk Factors for Refractory Disease

Univariate analysis identified BMI, concurrent CPA, and acquired CAM resistance as risk factors
for refractory disease, and standardized (RFP + EB + CAM-based) regimen and aminoglycoside use as
significantly associated with positive outcome. Multiple logistic regression analysis revealed that BMI
(p = 0.0162), standardized regimen (p = 0.0023), aminoglycoside use (p = 0.0056), and acquired CAM
resistance (p = 0.0002) were independently associated with outcome (Table 3).
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3.5. Analysis of FQ-Containing Regimens

FQ-containing regimens showed no additional benefit in terms of sputum conversion and
preventing refractory disease (Tables 2 and 3). We further evaluated FQs as potential candidates of
multidrug regimens by comparing RFP + EB + CAM and RFP/EB + CAM + FQ regimens (Table 4).
The baseline characteristics and initial sputum conversion rates of the two regimens were comparable.
However, the number of refractory cases and acquired CAM resistance were significantly higher in
patients using the RFP/EB + CAM + FQ regimen.

Table 4. Comparison of RFP + EB + CAM and RFP/EB + CAM + FQ regimens.

Univariate Analysis

RFP + EB + CAM
(n = 82)

RFP/EB + CAM + FQ
(n = 17)

p-Value OR (95%CI)

Characteristic
Sex, female 54 (64.9) 12 (70.6) 0.7845
Age, years 69 (60–73) 70 (64.5–75.5) 0.3794

BMI 17.56(16.61–20.11) 17.46 (16.1–19.93) 0.8433
DM 8 (9.8) 1 (5.9) >0.9999
CRP 0.32 (0.1–1.93) 0.18 (0.1–3.505) 0.9702

NB form 59 (72.0) 15 (88.2) 0.2248
Cavitation 50 (61.0) 11 (64.7) >0.9999
M. avium 43 (52.4) 12 (70.6) 0.1921

Treatment duration, days 441 (351.3–694.5) 459 (220.5–1184) 0.5182
Aminoglycoside use 42 (51.2) 5 (29.4) 0.1171
Sputum conversion 71 (86.6) 13 (76.5) 0.2831

Refractory case 26 (31.7) 11 (64.7) 0.0141 3.95 (1.40–12.2)
Acquired condition

CAM resistance 7 (8.5) 7 (41.2) 0.0022 7.5 (2.16–26.9)
Concurrent CPA 9 (11.0) 3 (17.6) 0.1171 0.4277

Values given as no. (%) or median (IQR). OR, odds ratio; CI, confidence interval; BMI, body mass index; DM, diabetes
mellitus; CRP, C-reactive protein; NB, nodular bronchiectasis; IQR, interquartile range; RFP + EB + CAM, rifampicin
+ ethambutol + clarithromycin; FQ, fluoroquinolone; CAM, clarithromycin; CPA, chronic pulmonary aspergillosis.

3.6. Mortality

Death from any cause occurred in 27 (21.6%) patients over a median follow-up period of 56.4
months (38.1–82.9) (Figure S2). Among these, 18 patients died from MAC-PD-associated causes
(progression of MAC-PD, n = 14; respiratory failure due to MAC-PD, n = 2; concomitant bacterial or
fungal infection, n = 2) and nine patients died from other causes (interstitial pneumonia, n = 2; lung
cancer, n = 2; chronic obstructive pulmonary disease, n = 1; heart failure n = 1; tuberculosis, n = 1;
unknown, n = 2).

3.7. MAC-PD-Associated Death

The occurrence rate of MAC-PD-associated death according to radiographic features was estimated
(Figure 1). MAC-PD-associated death occurred mainly in patients with cavitary disease (88.9%).
There was a significant difference in survival curves between patients with non-cavitary and cavitary
NB (p = 0.0241). However, the survival curves for cavitary NB and FC disease were comparable
(p = 0.7830). The 5-year occurrence rates of MAC-associated death for patients with cavitary NB disease
and FC disease were 16.6% and 16.7%, respectively. We also analysed the prognostic factors in patients
with cavitary disease (Table 5). Among the 75 patients with cavitary MAC-PD, univariate analysis
identified age, low BMI, high C-reactive protein, diabetes mellitus, concurrent CPA, and acquired CAM
resistance as risk factors for death. In contrast, standardized RFP + EB + CAM-based regimen and
aminoglycoside use were significantly associated with positive outcome. Multiple logistic regression
analysis revealed that age (p = 0.0136), diabetes mellitus (p = 0.041), and concurrent CPA (p = 0.0243)
were independently associated with outcomes.
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Figure 1. Occurrence rates of Mycobacterium avium complex pulmonary disease-associated death in
patients with different forms of disease. The mortality rate of cavitary disease was high and different
from that of non-cavitary disease. MAC-PD, Mycobacterium avium complex pulmonary disease; NC-NB,
non-cavitary nodular bronchiectasis; FC, fibrocavitary form; C-NB, cavitary nodular bronchiectasis.

3.8. Occurrence Rate of CPA Diagnosis

CPA was diagnosed in 17 (13.6%) patients over a median follow-up period of 56.4 months
(38.1–82.9) and the occurrence rate of CPA was estimated (Figure 2). There was a significant difference
in CPA between patients with non-cavitary NB and cavitary NB/FC disease (p = 0.0388). The 5-year
occurrence rates of CPA in patients with non-cavitary NB and cavitary NB/FC were 3.3 and 16.5%,
respectively. Serial CT scans showed thickening of the cavitary wall with paracavity or extensive
fibrosis (Figure 3).

Figure 2. Occurrence rate of chronic pulmonary aspergillosis after diagnosis of Mycobacterium avium
complex pulmonary disease. CPA, chronic pulmonary aspergillosis, NC-NB, non-cavitary nodular
bronchiectasis; FC, fibrocavitary form; C-NB, cavitary nodular bronchiectasis.
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Figure 3. Serial computed tomography scans of patients with cavitary Mycobacterium avium complex
pulmonary disease (MAC-PD) before and after diagnosis of chronic pulmonary aspergillosis (CPA).
(A) Left: at the time of MAC-PD diagnosis (fibrocavitary form). Aspergillus galactomannan antigen
0.3, β-D glucan 8.8. Right: at the time of CPA diagnosis. Aspergillus galactomannan antigen 0.4,
Aspergillus precipitating antibody-positive, β-D glucan 18.8 pg/mL, and isolation of A. fumigatus
from sputum culture. (B) Left: at the time of MAC-PD diagnosis (cavitary nodular bronchiectasis).
Aspergillus galactomannan antigen 0.2, β-D glucan 7.5. Right: at the time of CPA diagnosis. Aspergillus
galactomannan antigen 5.0, Aspergillus precipitating antibody-positive, β-D glucan 300.0 pg/mL,
and isolation of A. fumigatus from sputum culture.

4. Discussion

This study evaluated the prognosis and long-term outcome in 125 patients with chemo-naïve
progressive MAC-PD hospitalized for the induction of multidrug combination therapy. In this study,
the standardized RFP + EB + CAM-based regimen was shown to be an independent factor associated
with negative-sputum conversion and a reduced rate of refractory disease, while aminoglycoside use
was independently associated with a reduced rate of refractory disease.

Multidrug combination therapy is currently considered essential for preventing respiratory failure
in patients with progressive MAC-PD, and RFP, EB, and macrolides are considered to be the standard
multidrug regimen [6,13]. However, although macrolides are generally accepted as key drugs and
a cornerstone of MAC treatment [14–16], no large studies have validated the appropriateness of
current treatment guidelines for MAC-PD. Furthermore, even after successful treatment with antibiotic
therapy, microbiological recurrence is relatively common [17,18]. However, most previous studies of
combination therapy focused primarily on negative culture conversion with short-term observation
periods [19–21], and the prognosis and long-term outcomes following combination therapy are thus
poorly understood. In addition, FQs have been reported to be effective against MAC infection in vitro
and in vivo and are widely and safely used, thus providing a promising alternative. However, data on
the use of combination therapy including FQ are totally insufficient [22]. There is thus an urgent need
to examine the efficacy and long-term outcomes of current standard regimens and other alternatives.
The results of the current study are therefore important. In this study of 125 chemo-naïve patients
with progressive MAC-PD, we showed that standardized regimens (RFP + EB + CAM containing at
least three drugs), but not FQ-containing regimens, inhibited long-term disease progression, while the
addition of an aminoglycoside inhibited refractory disease. In addition, although an FQ-containing
three-drug regimen showed a comparable sputum-conversion rate to the RFP + EB + CAM regimen,
the long-term disease-control rate was lower and CAM-resistant MAC strains were more frequent.
This result coincides with a previous report that suggested the benefit of three-drug macrolide regimens
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including EB and RFP for protecting against macrolide resistance [23]. In contrast, a recent study
showed that an EB + CAM-containing two-drug regimen was comparable to the standardized regimen
(RFP + EB + CAM) in terms of the negative sputum-conversion rate [20]. However, the current
results suggests that two-drug regimens should be selected cautiously in relation to long-term disease
progression and persistence.

Numerous retrospective studies have reported on the prognostic factors of MAC-PD, and male
sex, age, cavity, comorbidity, non-NB form, low BMI, and higher ESR have been associated with
mortality [12,24,25]. Aspergillus coinfection was also reported in a small study involving patients
with NTM-PD [26]. Furthermore, several issues remain to be clarified regarding MAC-PD disease
type. The prognosis of cavitary NB has been suggested to differ from that of non-cavitary NB
disease, rather than just being an advanced stage of the same disease [3]. However, many published
studies failed to differentiate between these [20,27,28], and clarification of the prognostic difference
between these two NB diseases is urgently needed to ensure the appropriate management of MAC-PD.
This study, involving chemo-naïve 125 patients with progressive MAC-PD, showed that the risk of
MAC-PD-associated death was higher in patients with cavitary disease, and age, diabetes mellitus,
and CPA were independently associated with mortality among patients with cavitary MAC-PD. We also
showed that mortality was significantly lower in patients with non-cavitary NB disease compared with
patients with cavitary NB and FC disease. No patients changed from non-cavitary to cavitary NB in this
study. These results suggested that cavitary disease, including cavitary NB, may be completely different
from non-cavitary NB, rather than just an advanced stage. Indeed, fewer than 5% of patients with
non-cavitary disease experienced MAC-PD-associated death, compared with about 25% of patients
with cavitary MAC-PD, despite intensive antimicrobial therapy. However, we cannot exclude the
possibility that the apparent lack of progression to cavitary disease may be ascribed to the effects of
combination antimicrobial treatment. Future studies of the natural history of NB disease are necessary
to confirm if cavitary NB disease is totally different from non-cavitary NB disease.

The incidence of refractory cases increased during the observation period, despite the use of
multidrug combination therapy, finally accounting for almost half of all patients (45.6% in this study).
The treatment of refractory MAC-PD presents a major clinical problem, requiring a thorough analysis
of the factors associated with this condition. The current study revealed that BMI and acquired
CAM resistance were independent risk factors for refractory disease. Notably, 21 (16.8%) patients
acquired CAM resistance during the observation period, which led to poor treatment outcomes [23].
We also showed that use of a standardized RFP + EB + CAM-based regimen and the addition of an
aminoglycoside inhibited future disease persistence. In contrast, FQ-containing regimens induced a
significantly higher rate of acquired CAM resistance.

Risk factor analysis for mortality identified age, BMI, chronic systemic inflammation, and diabetes
mellitus, which lead to reduced immune regulation, and cavitary form of the disease, which is a
reflection of pulmonary parenchymal damage caused by MAC, as factors significantly associated with
death. These factors predispose MAC-PD patients to the development of chronic Aspergillus infection,
which is a severely debilitating disease often resulting in a shortened lifespan [29]. As a consequence,
CPA was also an independent risk factor for death, especially in patients with cavitary MAC-PD.
Overall, 17.3% of patients with cavitary MAC-PD were diagnosed with CPA, mainly 2–5 years after a
MAC diagnosis, and 61.5% died during the observation period. The high incidence and significant
mortality of CPA in patients with cavitary MAC-PD suggests the need for prophylactic measures in
future practice.

Azoles such as voriconazole and itraconazole are important for the treatment of CPA, but the
interactions of these drugs with RFP are well known. Interactions between such antifungal agents and
RFP makes it difficult to select suitable therapeutic drugs, which, together with diagnostic difficulties,
may contribute to the poor prognosis of MAC-PD patients complicated with CPA. Among 17 CPA
patients, RFP was prescribed to eight patients at the diagnosis of CPA. Among these eight patients,
two patients stopped RFP because of concerns regarding drug interactions, micafungin (MCFG) was
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used in five patients, and itraconazole (ITZ) and voriconazole (VRCZ) were used in one patient each.
Among the other nine patients, caspofungin (CPFG) was used in three patients, MCFG in five, ITZ in
two, VRCZ in one, and liposomal amphotericin B (L-AMB) in one patient. We did not check drug levels
of antifungal agents. Interruption of RFP may result in inadequate MAC treatment, and continuation
of RFP with avoidance of ITZ and VRCZ in light of drug interactions may result in inadequate CPA
treatment, both of which could lead to a poor prognostic outcome. Difficulties in assessing the disease
activity and severity of CPA in MAC-PD patients meant that intermittent administration of candins,
such as CPFG and MCFG, was the main therapy in this study, and long-term oral anti-fungal agents
were administered in less than a third of CPA patients (29.4%). Thus, considering the high frequency
and mortality of this complication, treatment strategies for CPA and MAC co-infection need to be
examined and determined.

Furthermore, MAC-PD and fungal PD in adult bronchiectasis patients are associated with airway
clearance defects [30]. All patients with MAC-PD would therefore benefit from airway-clearance
therapies, in addition to optimal combinations of antibiotics. Considering the high rate of refractory
disease despite the use of multidrug combination therapy, airway-clearance therapy would improve
the conversion rate to sputum negativity, reduce the relapse frequency, and reduce disease persistence
and progression.

The current study had some limitations. First, it was a retrospective study and we therefore could
not exclude potential confounding factors, such as microbiologic and other laboratory data. Second,
this study included a heterogeneous population of progressive MAC-PD patients hospitalized for
initial combination antimicrobial drug therapy. Given that patients who are hospitalized in a referral
centre for first-line combination treatment tend to have advanced disease, this might have affected
the clinical outcome following treatment, and these results therefore cannot be generally applied to
all MAC-PD patients undergoing combination therapy. Prospective large-scale studies are therefore
needed to evaluate the outcomes of first-line combination therapies, involving strict statistics and
unbiased methods. Third, patients were only selected from one referral centre with experience in the
management of MAC-PD, which might have led to selection bias. Finally, we did not evaluate the
factors affecting decision-making by pulmonary physicians with regard to the timing and selection
of antimicrobial therapy. Indeed, of 39 patients treated with a modified regimen, 12 were initially
treated with a standardized regimen, which was modified soon after the start of treatment because
of side effects (RFP: exanthema, n = 3, fever, n = 3, hepatotoxicity, n = 2; EB: visual impairment,
n = 2; CAM: exanthema, n = 1, nausea + abdominal pain, n = 1). On the other hand, one patient
treated with a standardized regimen developed exanthema and fever caused by RFP and underwent
successful drug desensitization therapy, one patient stopped EB because of visual impairment more
than 1 year after initiation of standard treatment, and one patient continued standardized treatment
despite CAM-induced exanthema. Finally, no patients in this study were diagnosed with cystic fibrosis,
although examinations to definitely exclude this disease, such as CFTR polymorphisms, deltaF508
heterozygosity, and sweat chloride tests, were not performed. However, a previous study reported
that the incidence of cystic fibrosis in the Japanese population was much lower than other countries,
and all the patients in the current study were Japanese, with an average age of 68 years at diagnosis
(60–73.5 years) [31]. We therefore considered it unlikely that the lack of definite exclusion of cystic
fibrosis would have affected the results of this study. However, a previous study in the United States
involving adult patients with bronchiectasis, including MAC-PD, showed a significantly elevated
prevalence of CFTR mutations when they were screened for an expanded range of polymorphisms.
Further research applying clinical and genomic criteria based on our current knowledge of cystic
fibrosis is therefore necessary to clarify the incidence of cystic fibrosis in Japan [32].

5. Conclusions

In conclusion, the present study clarified that the choice of first-line treatment was independently
associated with sputum conversion and the development of refractory disease in patients with
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progressive MAC-PD. The use of an RFP + EB + CAM-based regimen was significantly and
independently associated with negative sputum conversion and reduced disease progression, although
the side effects were not acceptable in some patients. Aminoglycoside addition reduced the risk of
refractory disease. Regarding the prognosis, cavitary NB was associated with a higher mortality than
non-cavitary disease, and seems to be a totally different disease, rather than just an advanced form of
non-cavitary NB. CPA was prevalent among patients with cavitary MAC-PD and was independently
associated with increased mortality. Host factors affecting systemic immune regulation, and cavitary
lesions reflecting pulmonary parenchymal damage, predispose MAC-PD patients to the development
of chronic devastating Aspergillus infection. Intensive multidrug combination therapy including
aminoglycosides should be administered to patients with progressive MAC-PD to inhibit disease
progression and persistence. However, these results were based on patients with progressive MAC-PD
hospitalized for the induction of first-line combination therapy, and further prospective, large-scale
studies are therefore needed to validate these promising results.
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Abstract: MicroRNAs are small non-coding RNAs that regulate immune response and inflammation.
We assumed that miRNAs may be involved in the immune response during cystic fibrosis pulmonary
exacerbations (CFPE) and that altered expression profile in the airways and blood may underlie
clinical outcomes in CF pediatric patients. Methods: We included 30 pediatric patients diagnosed with
cystic fibrosis. The biologic material (blood, sputum, exhaled breath condensate) was collected during
pulmonary exacerbation and in stable condition. The miRNA expression profile from blood and
sputum (n = 6) was done using the next-generation sequencing. For validation, selected four miRNAs
were analyzed by qPCR in exosomes from sputum supernatant and exhaled breath condensate
(n = 24). NGS analysis was done in Base Space, correlations of gene expression with clinical data
were done in Statistica. Results: The miRNA profiling showed that four miRNAs (miR-223, miR-451a,
miR-27b-3p, miR-486-5p) were significantly altered during pulmonary exacerbation in CF patients
in sputum but did not differ significantly in blood. MiRNA differently expressed in exhaled breath
condensate (EBC) and sputum showed correlation with clinical parameters in CFPE. Conclusion:
MiRNA expression profile changes in the airways during pulmonary exacerbation in CF pediatric
patients. We suggest that miRNA alterations during CFPE are restricted to the airways and strongly
correlate with clinical outcome.

Keywords: miRNA expression; exhaled breath condensate; sputum; severity; pulmonary exacerbation

1. Introduction

Cystic fibrosis (CF) is a common autosomal recessive disorder caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene. It is a multiorgan disease that affects
the pancreas, gastrointestinal and reproductive tracts and lungs [1]. Common pulmonary symptoms
include deposition of thick mucus that leads to severe airflow obstruction, chronic inflammation and
chronic airway infection [2]. Lung disease is characterized by intermittent episodes of acute worsening
of respiratory symptoms, pulmonary exacerbations (CFPE) [3] that cause lung function decline and
contribute to disease progression, poor quality of life and shortened life expectancy in CF patients.
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Retention of thick mucus in the airways facilitates frequent pulmonary infections (caused by
such pathogens as P. aeruginosa, S. aureus, H. influenzae) [4]. However, pulmonary exacerbations
do not usually result from increased bacterial density within the airways [5,6], and more severe
symptoms are caused by chronic enhanced airway inflammation that may even precede infection.
Chronic inflammation in the airways leads to airway epithelium damage and activates repair processes
contributing to remodeling and subepithelial fibrosis that further impair lung function. Current CFPEs
are the leading cause of morbidity and mortality [7,8], indicating the need for biomarker discovery.

Published data looking for CFPE biomarkers either in blood or the airways suggest many
immunologically active molecules, such as TNFα, IL-8, myeloperoxidase (MPO), calprotectin, C reactive
protein (CRP), correlated with clinical deterioration [9,10]. However, none of them were specific for CF
pulmonary exacerbation. Moreover, peripheral biomarkers may not truly reflect the local inflammatory
response in the lungs [11]. Available data suggest that sputum is a reliable source of inflammatory
biomarkers, including circulating miRNA [12,13]. Less is known about the markers in exhaled breath
condensate (EBC) [14].

MicroRNA are small (21–23 bp), non-coding RNAs that modulate the expression of various
proteins via post-transcriptional inhibition of gene expression. They are well-known regulators of
immune responses and chronic inflammation in respiratory diseases, including asthma, COPD or
idiopathic pulmonary fibrosis (as reviewed by [15,16]). Moreover, they are expressed not only inside
the cells but are also stably present in extracellular space i.e., body fluids such as plasma, sputum,
bronchoalveolar lavage fluid (BALF) and EBC. Previous studies of miRNA in the course of CF
reported a few miRNAs associated with CFTR activity (either decreased expression e.g., miR-509-3p,
miR-145, miR-223 or increased expression, e.g., miR-138) [17] as well as a pulmonary exacerbation.
Krause et al. studied the latter and found that the expression of the Mirc1/Mir17–92 cluster correlated
with pulmonary exacerbation, but only in sputum samples and not in plasma [18]. Altered miRNA
expression also affects innate immune responses in the CF lung. Previous reports showed that mir-126
was significantly downregulated in CF bronchial brushings and thus influenced the expression of
Target of Myb1 (TOM1) membrane trafficking protein [19,20]. However, previous studies on the role
of miRNA in the pediatric CF population are limited. The recent analysis focused on the miRNA
expression profile and gender differences in CF children [21], but the studies investigating miRNA
expression profile in CF pulmonary exacerbation are lacking.

Taking into account that miRNAs are regulators of immune inflammatory responses and that
enhanced chronic inflammation plays a significant role in pulmonary exacerbations in cystic fibrosis,
we aimed to investigate if miRNA expression differs between exacerbation and stable period of disease
and if altered expression profile in the airways may underlie clinical outcome in CF pediatric patients.

2. Materials and Methods

2.1. Study Design

The prospective cohort of 30 pediatric patients, girls and boys aged 6–18 years diagnosed with
cystic fibrosis and admitted to the Department of Pulmonology, Pediatric Allergy and Immunology,
was enrolled in the project. Patients were either experiencing a pulmonary exacerbation or in a stable
stage of disease (control visit). The Bioethics Committee approved the study (no. 386/17). All pediatric
participants and their parents gave written consent.

2.2. Clinical Analysis

CF was diagnosed based on typical clinical presentation, two positive sweat chloride tests and the
presence of two pathogenic mutations of CFTR. Pulmonary exacerbation was defined according to the
EuroCareCF working group [22,23]. In all patients, we assessed: blood morphology, inflammatory
proteins (CRP), microbiologic sputum culture, chest imaging (Brasfield score), spirometry and disease
severity (with Shwachman–Kulczycki score). The data were collected, as described previously [24].
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Sputum samples were collected during spontaneous expectoration. Samples were prepared by the
addition of Sputolysin (Merck, Kenilworth, NJ, USA) and centrifuged to separate the cell pellet from
the supernatant. For further analysis, sputum supernatant was used. We used the Turbo DECCS device
(Medivac) to collect EBC according to ERS recommendation [25]. From all patients, the same amount
(3 mL) of EBC was collected. Whole blood samples were drawn to tubes with EDTA anticoagulant,
and after the immediate addition of Lysis Buffer (Macherey–Nagel, Düren, Germany), samples were
frozen at −80 ◦C for further analysis.

2.3. Molecular Analysis

MiRNA samples from blood and sputum were extracted using NucleoSpin RNA blood kit
(Macherey–Nagel). Exosomes from sputum supernatant and exhaled breath samples were precipitated
using a miRCURY exosome cell/urine/CSF Isolation Kit (Qiagen, Hilden, Germany). MicroRNA was
extracted using RNeasy mini kit (Qiagen) and RNeasy MinElute spin columns according to protocol to
obtain miRNA fraction. The quantity of miRNA in the samples was measured using microRNA assay
kit (Thermo Fisher Scientific, Waltham, MA, USA). The miRNA expression profile from the whole
blood and sputum samples of 6 CF patients during exacerbation and stable period was performed
using next-generation sequencing. Libraries were generated from 50 ng of miRNA sample using
TruSeq small RNA library preparation kit (Illumina, San Diego, CA, USA) following the manufacturer’s
instructions. Libraries were validated and quantified using high sensitivity DNA screen tape (Agilent,
Santa Clara, CA, USA) on Tape Station 2200 (Agilent) and run on MiniSeq sequencer (Illumina) with
50-nt single-end reads. Differential miRNA expression analysis was done in Base Space software.
The miRNA genes that showed the most significant differences between CF exacerbation and stable
period in miRNA expression profiling from sputum were analyzed using qPCR in the validation
CF cohort (n = 24 samples) in sputum supernatants and exhaled breath condensate. For reverse
transcription, we used MystiCq microRNA cDNA Synthesis Mix (Sigma-Aldrich, St. Louis, MO,
USA). Quantitative PCR was done using MystiCq microRNA SYBR Green qPCR ReadyMix (Sigma
Aldrich) and microRNA assays for miR-486-5p, miR-223, miR-451a, miR-27b. Expression analysis
was conducted on the 7900HT fast-real time PCR system (Applied Biosystems, Foster City, CA, USA).
Differential expression results from qPCR were compared using Data Assist software (Thermo Fisher
Scientific) with a relative quantification method based on the global normalization algorithm.

2.4. Statistical Analysis

The data distribution was analyzed using the Shapiro–Wilk test. Normally distributed data
were analyzed using parametric tests and data that deviated from normal distribution were analyzed
using nonparametric tests. The correlation of miRNA expression and interval variables (lung function
parameters, Shwachman–Kulczycki score, Brasfield score, neutrophil counts, CRP level) compared
between exacerbation and stable period was done using the Spearman correlation test. The comparison
of miRNA expression and nominal variables (presence of bacterial or fungal infection, presence of
exacerbation) was performed using analysis of variance (one-way or two-way ANOVA) in Statistica
v.12 (Statsoft, Cracow, Poland).

3. Results

3.1. A Clinical Description of the Analyzed Group

Clinical characteristics of the patients based on biologic material (exhaled breath condensate,
sputum supernatant) are given in Tables 1 and 2. The exacerbation group was similar in age and gender
to the patients during a stable period. Chronic Pseudomonas aeruginosa colonization was rarely observed
in our population (≤25%) and not significantly different between exacerbation vs. stable groups.
The lung function between groups was not significantly different, but the groups differed in clinical
outcomes such as disease severity (SK score, Brasfield score). The treatment was uniform for the CF
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patients, depending on clinical symptoms. Patients chronically infected with Pseudomonas aeruginosa
were treated with inhaled antibiotics, mostly colistimethate sodium, and two patients received inhaled
tobramycin. All the patients received dornase alfa, all patients with pancreatic insufficiency received
pancreatic enzymes and none were treated with CFTR modulators.

Table 1. Characteristics of the Cystic fibrosis (CF) patients (exhaled breath condensate (EBC) samples).

Mean (±SD) or Number (%)

Variable Stable Exacerbation p Value

Number of subjects 12 12 -
Female 6 (50%) 7 (58%) 1.000

Age (years) 12.4 (±3.5) 13.0 (±3.4) 0.706
F508 del homozygous 4 (33%) 6 (50%) 0.680
F508del heterozygous 5 (42%) 2 (17%) 0.371

BMI (kg/m2) 17.8 (±2.0) 17.1 (±2.3) 0.421
Diabetes (including under observation) 3 (25%) 5 (42%) 0.667

Pancreatic insufficiency 10 (83%) 11 (92%) 1.000
P. aerugionsa colonization 2 (17%) 4 (33%) 0.365

P. aeruginosa current infection 0 (0%) 3 (25%) 0.217
S. aureus colonization 9 (75%) 11 (92%) 0.590

FEV1% pred. 98.3 (±19.8) 82.8 (±14.9)
84.8 (±12.5) *

0.041
0.058

FVC% pred. 96.6 (±14.5) 82.9 (±16.4)
83.2 (±13.3) *

0.041
0.027

Shwachman–Kulczycki score (median) 90.0 (65.0–95.0) 65.0 (40.0–85.0) 0.001
Brasfield score (median) 23.0 (11.0–25.0) 13.0 (5.0–22.0) 0.009

* spirometry baseline result. BMI–body mass index; FEV1–forced expiratory volume in the first second, FVC–forced
vital capacity.

Table 2. Characteristics of the CF patients (sputum samples).

Mean (±SD) or Number (%)

Variable Stable Exacerbation p Value

Number of subjects 11 13 -
Female 5 (45%) 6 (43%) 1.000

Age (years) 11.8 (±3.1) 13.7 (±3.8) 0.200
F508 del homozygous 5 (45%) 10 (71%) 0.241
F508del heterozygous 3 (27%) 3 (21%) 1.000

BMI (kg/m2) 18.5 (±3.1) 18.7 (±2.4) 0.885
Diabetes (including under observation) 4 (36%) 7 (50%) 0.689

Pancreatic insufficiency 9 (81%) 12 (92%) 0.615
P. aeruginosa colonization 2 (18%) 0 (0%) 0.113

P. aeruginosa current infection 2 (18%) 6 (43%) 0.234
S. aureus colonization 8 (73%) 13 (93%) 0.288

FEV1% pred. 96.0 (±20.7) 79.6 (±24.6)
84.2 (±22.2) *

0.095
0.194

FVC% pred. 94.8 (±15.1) 83.2 (±19.4)
86.9 (±18.1) *

0.121
0.263

Shwachman–Kulczycki score (median) 90.0 (60.0–95.0) 70.0 (40.0–85.0) 0.009
Brasfield score 20.2 (±3.3) 15.4 (±3.9) 0.006

* spirometry baseline result. BMI–body mass index; FEV1–forced expiratory volume in the first second, FVC–forced
vital capacity.

3.2. Comparison of miRNA Expression Profile between Exacerbation and Stable Period

Next-generation sequencing of the whole blood miRNA profile showed that out of 186 miRNAs
expressed in blood, CF patients did not differ significantly between exacerbation and the stable
period in (Figure 1a). Comparative analysis of the miRNA expression profile in sputum showed
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significant differences in the expression of 9 miRNAs (including mature miRNAs: miR-223-3p,
miR-451a, miR-27b-3p and miR-486–5p and their isomiRs: 2 isomiRs of miR-486–5p, one of miR-451a
and one of miR-223-3p.) between exacerbation and stable period out of 158 expressed in sputum
(Figure 1b). Three of them, miR-27b, miR-223 and miR-19b, showed a decrease, whereas the other two
(miR-486-5p, miR-451a) showed increased expression during exacerbation.

Figure 1. MA-plot between exacerbation and stable period of the gene expression counts (a) for the
whole blood and (b) for sputum. Significantly altered miRNAs are marked as red dots (DeSeq).

Four mature miRNAs differentially expressed in sputum (miR-223-3p, miR-451a, miR-27b-3p and
miR-486–5p) were selected for qPCR analysis in the sputum supernatant from 24 patients and exhaled
breath condensate samples from 24 patients. One miRNA, miR-19b, showed very low expression in the
sequencing experiment, so we excluded it from qPCR validation. During exacerbation, we observed
the highest increase in expression for miR-486–5p in both EBC and sputum supernatant samples,
but the difference compared to a stable period was not significant. For miR-223-3p, we found that
decreased expression during exacerbation in the sequencing experiment was not confirmed in the
validation cohort.

Expression of exosomal miR-223-3p was higher in CF patients during exacerbation in EBC and
sputum samples, but the difference was not significant (p > 0.05). In EBC during exacerbation miR-451a
was more abundant than in stable period, but the difference was not statistically significant (p = 0.41).
In sputum supernatant, miR-451a was decreased during exacerbation than stable period, yet the
difference did not reach significance. The only miRNA that showed decreased expression in both
EBC and sputum samples during exacerbation was miR-27b, but this decrease was not significant.
The results are shown in Table 3.

Table 3. MicroRNA (MiRNA) levels in patients during pulmonary exacerbation in reference to
stable period.

miRNA Expression (EBC) p Value Expression (Sputum) p Value

miR-223-3p ↑ 0.177 ↑ 0.411
miR-451a ↑ 0.342 ↓ 0.406

miR-27b-3p ↓ 0.160 ↓ 0.312
miR-486-5p ↑ 0.656 ↑ 0.341
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3.3. Correlation of miRNA Expression with Clinical Parameters

3.3.1. MiR-223-3p

The higher expression of this miRNA in EBC correlated with Aspergillus infection in the airways
during pulmonary exacerbation in CF patients (p = 0.02). Similar to EBC, we observed higher levels of
this miRNA in sputum supernatants in children infected with Aspergillus (p = 0.08) (Figure 2), but not
with symptoms severity (Shwachman–Kulczycki score, Brasfield score) or lung function.

Figure 2. The association of miR-223-3p expression and clinical parameters in CF patients (a) in EBC
in relation to Aspergillus infection and exacerbation (F = 5.953, p = 0.024, 2-way analysis of variance);
(b) in sputum supernatant in relation to Aspergillus infection (F = 6.714, p = 0.017, one-way analysis of
variance).

3.3.2. MiR-451a

We observed that CF patients infected with H. influenzae had significantly higher miR-451a EBC
expression during exacerbation (p = 0.02). In contrast, the level of expression in uninfected CF patients
was similar and independent of exacerbation. We also observed a significant inverse correlation
between miR-451a EBC expression and the Brasfield score (r2 = −0.53, p = 0.01) (Figure 3), but the
other clinical parameters did not correlate with the expression of this miRNA. We found no significant
differences in miR-451a expression with clinical parameters in sputum.

 

Figure 3. Association of miR-451a expression in EBC and clinical parameters in CF patients, (a) in
relation to Hemophilus infection and exacerbation (F = 5.760; p = 0.024, 2-way analysis of variance);
(b) correlation with the Brasfield score (r = −0.526; p = 0.001, Spearman correlation).

3.3.3. MiR-27b-3p

The expression of miR-27b in EBC positively correlated with lung function parameters:
FEV1 (r2 = 0.669, p = 0.077) and FVC (r2 = 0.637, p = 0.006) during pulmonary exacerbation.
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Current infection with Pseudomonas aeruginosa was associated with decreased expression of
miR-27b-3p in sputum supernatant during exacerbation than the patients in a stable period (p < 0.0001).
It remained unaltered in patients without Pseudomonas infection (Figure 4).

 

Figure 4. Association of miR-27b expression and clinical parameters in CF patients, (a) in sputum
correlation with Pseudomonas infection during exacerbation (F = 25.267, p < 0.001, 2-way analysis of
variance); (b) in EBC correlation with FEV1 (r = 0.510; p = 0.077) and (c) FVC (r = 0611; p = 0.034) during
exacerbation (Spearman correlation).

3.3.4. MiR-486-5p

The expression of this miRNA in EBC did not correlate significantly with analyzed clinical
parameters in CF patients. In sputum, miR-486-5p expression was higher in CF patients colonized with
Pseudomonas aeruginosa (p = 0.044). Further analysis showed an inverse correlation between this miRNA
and Shwachman–Kulczycki score (r2 = −0.419, p = 0.047) as well as the Brasfield score (r2 = −0.459,
p = 0.031) and lung function (FVC) (r2 = −0.421, p = 0.046). On the other hand, results for two
parameters of peripheral inflammation, CRP and neutrophilia, positively correlated with miR-486-5p
expression in CF patients during PE for CRP (r2 = 0.592, p = 0.027) and neutrophilia (r2 = 0.772,
p = 0.001) (Figure 5).

 
Figure 5. Association of miR-486-5p expression in sputum and clinical parameters in CF patients
(a) in relation to Pseudomonas infection (p = 0.044, 1-way analysis of variance); (b) correlation with
Shwachman–Kulczycki score (r = −0.42, p = 0.048), (c) correlation with Brasfield score (r = −0.45,
p = 0.031); (d) Spearman correlation with FVC (r = −0.451, p = 0.045); correlation with peripheral
markers of inflammation: (e) neutrophil counts (r = 0.772; p = 0.001) and (f) CRP levels (r = 0.592;
p = 0.025) during exacerbation (Spearman correlation).
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4. Discussion

The main finding of this study is the altered miRNA expression profile in the airways, but not in
blood, during pulmonary exacerbation. We also found that altered miRNAs (miR-223-3p, miR-451a,
miR-27b, miR486-5p) correlate with clinical outcomes (bacterial infections, the severity of symptoms,
lung function, peripheral inflammation) in sputum and exhaled breath condensate of CF patients.

Previous studies showed that miR-223 is a negative regulator of neutrophil activation and
chemotaxis in experimental models of inflammatory diseases. This miRNA mediates intracellular
neutrophil action as well as extracellular inflammation responses in the lungs [26,27]. In CF, neutrophilic
inflammation in the lung correlated with more severe lung disease [28,29]. Previous data indicated
that Aspergillus colonization may be associated with reduced lung function and that Aspergillus
infection increased neutrophil count and elevated the levels of inflammatory cytokines (e.g., IL-8)
in BALF [30,31]. In our study, we found increased expression of miR-223 during exacerbation with
concurrent Aspergillus infection. Thus, miR-223-3p upregulation may be a response to infection and
enhanced airway inflammation induced by Aspergillus.

Regarding miR-451a, a previous study showed increased expression of this miRNA in BALF
from healthy subjects in the lower lung lobes compared to the upper lobes [32]. In silico analysis
indicated several targets for miR-451a, e.g., macrophage migration inhibitory factor (MIF) and matrix
metalloproteinase-2 (MMP-2), that are innate immunity mediators [33]. MIF is a proinflammatory
molecule that enhances Gram-negative inflammatory responses, and its high level accelerates end-organ
injury in CF [33]. In our study, we found the highest miR-451a expression in EBC during exacerbation
in patients infected with Hemophilus influenzae. Infection with these Gram-negative bacteria in
cystic fibrosis often co-occurs with PE [34]. An inverse correlation of miR-451a expression with
the Brasfield score suggests that increased expression in the upper airways (EBC) may be a marker
of disease progression assessed by radiological changes. Interestingly, the expression of miR-451a
in CF exacerbation slightly decreased in sputum and did not correlate with Hemophilus infection.
This observation indicates that miRNA alterations are site-specific within the respiratory tract and
differ between body fluids from the upper and lower airways.

The expression of miR-27b-3p decreased during pulmonary exacerbation in both EBC and sputum
supernatant, however, this change was not significant. Previous studies indicated this miRNA
silences the immune response by reducing cytokine secretion, thus inhibiting local macrophage
recruitment. Its expression increased during acute infection, e.g., sepsis preventing the spreading
of inflammation [35]. This action was confirmed in an animal model of Mycobacterium tuberculosis
infection [36]. Infected mice overexpressed in the airways miR-27b that suppressed the production
of pro-inflammatory factors and excessive inflammation. Similarly, we observed that Pseudomonas
aeruginosa infection correlated with overexpression of miR-27b in sputum in a stable period. Thus,
its increase seems to suppress the exaggerated inflammatory response. Its significant decrease during
exacerbation correlated with enhanced inflammation induced by Pseudomonas infection. Increased
expression of miR-27b in EBC also associated with better lung function parameters, e.g., FEV1 or
FVC, suggesting that airway inflammation suppressed by miR-27b overexpression may translate into
improved lung function in CF.

Previous data regarding mir-486–5p showed its increased plasma expression in CF patients than
healthy controls [37]. We confirmed its expression in whole blood and also in sputum and EBC. A recent
study showed that mice with induced acute lung injury presented higher miR-486-5p expression,
whereas its inhibition with antagomir blocked inflammatory response and apoptosis, thus reducing
lung injury [38]. Our results showed an increased expression of exosomal miR-486-5p in the sputum of
CF patients infected with P. aeruginosa. Its expression inversely correlated with symptoms severity
(Shwachman–Kulczycki and Brasfield scores) and lung function indicating a worse course of lung
disease. Therefore, the increased local expression of this microRNA may be a marker of worse prognosis
in CF patients. However, further studies are needed to confirm this assumption.
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One of the main limitations of the study is small sample size of our group and the fact that patients
from the exacerbation group were different from patients from the stable group.

Another limitation may be high variability in clinical and miRNA expression data comparisons
in the correlation analysis and to address this issue, we used nonparametric tests to minimize the
influence of outliers on the results interpretation.

5. Conclusions

In conclusion, we found the altered miRNA expression profile in the airways of CF patients.
These changes correlate with the clinical outcomes and suggest the involvement of miRNA regulation
in pulmonary exacerbation. Our study also indicates the potential of non-invasively collected material
from the airways (exhaled breath condensate) that may be a source of extracellular biomarkers of CF
pulmonary exacerbation in children.
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Abstract: Ever since the first studies, restoring proteinase imbalance in the lung has traditionally
been considered as the main goal of alpha1 antitrypsin (AAT) replacement therapy. This strategy was
therefore based on ensuring biochemical efficacy, identifying a protection threshold, and evaluating
different dosage regimens. Subsequently, the publication of the results of the main clinical trials
showing a decrease in the progression of pulmonary emphysema has led to a debate over a possible
change in the main objective of treatment, from biochemical efficacy to clinical efficacy in terms of lung
densitometry deterioration prevention. This new paradigm has produced a series controversies and
unanswered questions which face clinicians managing AAT deficiency. In this review, the concepts
that led to the approval of AAT replacement therapy are reviewed and discussed under a new
prism of achieving clinical efficacy, with the reduction of lung deterioration as the main objective.
Here, we propose the use of current knowledge and clinical experience to face existing challenges
in different clinical scenarios, in order to help clinicians in decision-making, increase interest in the
disease, and stimulate research in this field.

Keywords: alpha1 antitrypsin deficiency; augmentation therapy; replacement therapy; rare diseases

1. Introduction

Alpha1 antitrypsin deficiency (AATD) is a rare genetic condition that determines the appearance
of pulmonary emphysema and liver damage in its severe forms [1]. As a rare condition, the available
evidence indicating how to proceed in different clinical situations that may occur is limited and not
always clear-cut. Therefore, controversies and doubts may arise about the management of different
aspects of this condition in daily clinical practice. This is particularly evident when it comes to
considering exogenous alpha1 antitrypsin (AAT) replacement therapy, which is also known as
augmentation therapy, for severely deficient patients. Different aspects including indications, the dose
regimen for dose intervals, or the differences between the presentations available are still a matter
for debate. Interestingly, in recent years, there have been some advances that have clarified, at least
in part, some of the previous controversies in relation to this therapy. One major finding is the
ability of AAT augmentation therapy to decrease emphysema progression as measured by lung
densitometry [2–4]. Consequently, the preservation of pulmonary density with exogenous AAT has
sparked a debate over a potential change in the main aims of treatment from biochemical efficacy
to clinical efficacy, based on emphysema progression evaluated by lung densitometry. Under this
new paradigm, clinicians managing AATD are faced with a number of controversies and unanswered
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questions. In this work, we propose harnessing current knowledge and clinical experience to find
answers to the current debate, with a view to helping clinicians to take key decisions, arouse interest in
the disease, and foster research in this field.

2. Initial Assumptions

2.1. Biochemical Efficacy

Plasma AAT normally diffuses through the endothelial barrier into the interstitium. Here, most of
the AAT flows out through the lymphatic vessels; however, part of the diffuse AAT passes through the
epithelial barrier into the alveolar epithelial lining fluid (Figure 1). Accordingly, the amount of serum
AAT is directly proportional to the amount of AAT that migrates to the interstitium and the epithelial
lining fluid of the lungs [5]. As a result, the initial trials on AAT replacement therapy were focused on
demonstrating that this therapy could restore the AAT levels and anti-elastase activity in the epithelial
lining fluid. This aim is referred to as biochemical efficacy.

Figure 1. Diagram indicating alpha1 antitrypsin in plasma from normal individuals diffusing
across the alveolar capillary endothelial barrier into the interstitium. AAT, Alpha1 antitrypsin;
ELF, epithelial lining fluid. The sizes of the vascular, interstitial, and alveolar compartments are
not to scale, for educational purposes.

However, four figures obtained from five patients (Figure 2) in 1981 [6] were enough to start
a path that would culminate in the approval of the Food and Drug Administration in 1987. This initial
study demonstrated that, by administering intravenous exogenous AAT in seven-day infusion periods,
exogenous AAT could reach the epithelial lining fluid, increase the protein concentration at this
compartment, and improve the anti-elastase activity [7]. A subsequent study in a few patients also
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confirmed that, by administering AAT infusions every seven days, serum levels of AAT were kept
above a level defined as a protective threshold (discussed below) [8].

 

Figure 2. Initial study evaluating the biochemical efficacy of AAT augmentation therapy.
Reproduced with permission from Reference [6]. (A) The response of serum al-antitrypsin levels
to the infusion of 4.0 g of AAT. (B) Serum neutrophil elastase inhibitory activity following weekly
intravenous infusions of 4.0 g of AAT. (C) Lower respiratory tract al-antitrypsin levels during intravenous
replacement therapy with 4.0 g of AAT. (D) Lower respiratory tract neutrophil elastase inhibitory
activity following weekly intravenous infusions of 4.0 g of AAT.

Finally, AAT replacement therapy was approved for intravenous infusion based on biochemical
efficacy and preliminary safety data. Therefore, it is important to remember that, at those times,
augmentation therapy for AATD was an example of a treatment that had been approved for use in
patients, without being evaluated for efficacy and safety in cohorts of patients through traditional
clinical trials in clinical, functional, or radiological terms.

2.2. Protective Threshold Level

A so-called protective threshold level has been defined as the amount of AAT in serum from which
there is no increased risk of developing emphysema. Notably, this limit was not based on specific
patient data but on epidemiological data, following the description of the presence of emphysema in
the initial cases [8]. Interestingly, this threshold level was first described by radial immunodiffusion,
which suggests that that AAT levels ≤50 mg/dL are associated with a high risk for the development of
emphysema, levels between 50 and 80 mg/dL confer an uncertain risk, and levels >80 mg/dL confer no
increase in risk above the background risk [8]. Therefore, 80 mg/dL by radial immunodiffusion was
the initial accepted limit.

However, there is a considerable confusion regarding this level. In those days, commercially
available standards yielded values for amounts of AAT that were identified as higher than the
true values [8]. Therefore, the result had to be adjusted depending on which standard was
used—the commercially available standard or a true laboratory standard. To differentiate the procedures,
initial studies expressed values as milligrams per deciliter when based on the commercial standard,
and as micromolar units when based on the true laboratory standard. According to these different units,
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80 mg/dL with the commercial standard corresponded to 11.2 μM with the true laboratory standard [8].
Later, in another study, 80 mg/dL by radial immunodiffusion corresponded to 10.9μM [9]. Consequently,
in the ATS consensus, it was established that 80 mg/dL by radial immunodiffusion corresponded to
50 mg/dL by nephelometry, using commercially available standards, which in turn corresponded to
11 μM, using the American National Health Lung Blood Institute (NHLBI) standard [10]. Interestingly,
11 μM of the NHLBI standard corresponds to 57.2 mg/dL by nephelometry. Therefore, these two values
of 11 μM and 57.2 mg/dL by nephelometry, using the NHBLI standard, have been interchangeably
identified as the protective threshold.

Interestingly, what this protective threshold really shows is a level from which emphysema
associated with the deficit is more likely to appear, based on epidemiological studies. However,
we really have no idea if this is the limit above which the progression of emphysema is slowed
down with replacement therapy, as the concept of “protective threshold” would imply. Accordingly,
we still do not know the threshold which identifies the optimal therapeutic response in terms of
emphysema progression [11], and so, rather than “protective threshold”, it would be better to call it
“detection threshold” or “severity threshold” or “risk threshold”.

2.3. Dose

Since AAT half-life in healthy MM individuals is reported to be from 3.8 to 5.2 days (mean 4.6,
standard error of the mean 0.21) [12], the initial trials devised an infusion schedule that would allow
once-weekly administrations for PiZ individuals, thus maintaining serum AAT levels above the
considered protective level (as discussed above). Weekly infusions containing around 4.0 g of AAT
were therefore prepared from 3.5–4.0 L of pooled plasma [6]. This dose corresponds to 57.1 mg/kg for
a subject of 70 kg. Accordingly, the subsequent trial used the standard dose of 60 mg/kg in weekly
infusions [8], which has been maintained until now.

2.4. Route of Administration

Since the first studies, the administration of AAT has been intravenous [6–8]. This route of
administration is the only one available to this day. Inhaled AAT administration has been tried in
recent years, but it is still under exploration [13].

2.5. Origin of AAT

From the beginning, the AAT has been obtained from fresh plasma from human donors. Specifically,
the first studies reported that between 3 and 4 L of pooled human plasma was necessary to obtain
4 gr of AAT for administration [6]. Alternative ways of obtaining AAT were investigated in the
early years, in particular from recombinant DNA in microorganisms [14] or from recombinant AAT
associated with virus vectors as a potential tool for the gene therapy [15], cell lines producing AAT [16],
silkworm larvae [17], or a plant-made recombinant AAT from Nicotiana benthamiana, a close relative
of the tobacco plant which is indigenous to Australia [17]. All of these are exploratory possibilities,
but, currently, AAT continues to be obtained from human plasma.

2.6. Final Statement

Starting from the uncertain origins commented above, replacement treatment with exogenous
AAT obtained from human plasma, at a dose of 60 mg/kg in weekly intravenous administrations, is the
maintenance therapy for severe AATD, with the objective of achieving biochemical efficacy by aiming
for serum levels of AAT above 11 μM, using the NHBLI standard.

3. Clinical Efficacy: A Change of Paradigm

It was only from the late 1990s onward when longitudinal data on the impact of AAT
replacement therapy started to become available. This information comes mainly from seven
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major observational studies (Table 1), and mostly from two major cohorts, namely the German
scientific working group for the therapy of lung diseases (WALT from the German abbreviation:
Wissenschaftliche Arbeitsgemeinschaft zur Therapie von Lungenerkrankungen) [18–20] and the
American NHBLI registry for individuals with severe deficiency of AAT [21,22], together with other
studies in the USA [23] and Spain [24]. Additionally, three clinical trials plus one pooled analysis
of two of these trials explored the clinical impact of AAT augmentation therapy [2–4,25] (Table 1).
To cut a long story short, although observational trials reported several significant results favoring
augmentation therapy in terms of exacerbations, lung function, or survival, the main finding from the
formal clinical trials was a reduction in the loss of lung density by lung densitometry. This finding
was relevant since it implied that, by administering intravenous exogenous AAT, not only are we able
to regain biochemical efficacy, but the treatment also achieves a change in the natural progression of
emphysema, with a potential longer-term prognostic impact [26,27]. Therefore, augmentation therapy
has the potential to modify the natural progression of AATD-associated emphysema.

As a main consequence, the objective of exogenous administration of AAT is to be modified from
seeking biochemical efficacy to seeking clinical impact in the form of prevention of lung deterioration
and emphysema progression. However, this change in therapeutic objective poses a dilemma. If the
goal of treatment is no longer to ensure biochemical efficacy but to slow the progression of emphysema,
this opens up a number of controversies and unanswered questions as regards when the therapy is
indicated and its administration and follow-up, which are discussed hereafter.
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4. Controversies over Indication

4.1. Age Limits

The eligibility criteria regarding age are not very explicit in all trials. When available, these are
adult studies (>18 years), and the average age is around 45 to 50 years (Table 1). Although there may
be extreme values in the distributions, there is little information on very young or very old cases.
Although cases in children requiring augmentation therapy have been described anecdotally [28],
being young is not normally an issue from a clinical perspective, since by the time emphysema develops,
patients are already young adults [29,30]. The issue comes with elderly cases. Currently, there is no
information on the impact of AAT augmentation therapy in this cohort. These patients are clearly
disease survivors, and the dilemma of initiating a life-long weekly intravenous treatment over the
age of 70 or 80 is controversial. In these cases, despite the fact that we could restore AAT anti-elastase
activity, achieving the biochemical efficacy, it is not well established how much further the emphysema
may progress and what window of opportunity is available to have an impact on long-term lung
density deterioration in these elderly patients. Therefore, therapy ought to be individualized and must
be agreed with the patient and the caregivers, since many comorbidities and social circumstances may
influence this decision. In any case, family screening should be carried out in these cases, to detect
severe cases amongst younger relatives. Fortunately, current technologies facilitate these diagnostic
procedures in the population [31,32].

4.2. Mutations

AATD is a co-dominant autosomal inherited genetic disease caused by mutations in the SERPINA1
gene on chromosome 14. Mutations are named with a letter from A to Z, according to the migration
speed in the isoelectric focusing gel. The normal M allele has an average migration rate. The two
most frequent mutated alleles are S and the more severe Z. As shown in Table 1, most studies include
ZZ and rare or null allele carriers, with only a minority with SZ or other less frequent mutations.
Interestingly, in these trials, the eligibility criteria focused on having a severe AATD (identified by
an AAT value below the protective threshold), irrespective of the mutation. Although we can restore
the biochemical efficacy of the approved dose for all mutations, the impact on emphysema progression
has been shown for those with AAT ≤ 11 μM, which included ZZ, Zn, and other unspecified severe
mutations. Accordingly, the drug′s technical specifications for augmentation therapy states that the
indication is for PiZZ, PiZ (null), Pi (null) (null), and PiSZ. However, in the main study showing a clear
impact on lung density, the RAPID trial [4], there were only 12 cases (7%) with severe mutations other
than ZZ, which were two SZ, one Z/Null, and nine other non-specified mutations. Unfortunately,
these mutations were not evaluated separately and there is no sensitivity analysis evaluating this in
the trial. As a result, when aiming at biochemical efficacy, it is reasonable to consider treatment in
those with severe deficits (AAT ≤ 11 μM), regardless of the associated mutation. However, the exact
impact on the decline of lung densitometry in non-ZZ patients needs to be clarified in the future.

4.3. Lung Function Limits

The evaluation of lung function impairment in chronic obstructive pulmonary disease (COPD) is
performed with FEV1. Consequently, the limits of lung function impairment in previous studies was
evaluated by this parameter (Table 1). Additionally to the potential relevance of AAT in COPD [33],
according to these studies, there were two ways of evaluating FEV1 as the baseline value or as the
yearly decline. Although the majority of the cases had an FEV1 below 50%, the included patients
presented a wide variability in this spirometric value. Interestingly, the main trial evaluating AAT
augmentation therapy on densitometry, the RAPID trial, included patients with FEV1 between 35 and
70% [4]. In fact, the technical specifications for Prolastin include a formal indication of FEV1 limits
from 35 to 60%. This has led to the question about whether milder or more severe cases should receive
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augmentation therapy to impact on emphysema progression. There are two points worth considering
about this issue.

First, despite this formal lack of evidence, common sense and clinical experience urge us to
indicate or not to stop augmentation therapy below an FEV1 of 35%. The clinical practice guidelines
from the Alpha1 Foundation clearly state that intravenous augmentation therapy is recommended
for individuals with a predicted FEV1 less than 30%, and, for those with an FEV1 greater than 65%,
they recommend discussing with each individual the potential benefits of reducing lung function
decline, considering the cost of the therapy and lack of evidence for its benefits [34]. Similarly,
the Portuguese guidelines state that augmentation therapy should not be discontinued in case of
pulmonary function deterioration, even if it reaches the lowest established limit for its initiation [35].

Second, despite the well-known role of FEV1 in COPD, we know that FEV1 is a poor surrogate
measure for emphysema. Notably, gas transfer is reduced much earlier than FEV1 [36,37], and it is
therefore a more sensitive marker of disease onset. Additionally, gas transfer keeps worsening in the
final stages of the disease, whereas FEV1 decline slows down [38], thus making it also a more sensitive
marker of disease deterioration than FEV1 [36]. Finally, during disease progression, gas transfer
is a better marker of emphysema progression than FEV1. Altogether, gas transfer may be a more
sensitive and specific test of emphysema development than FEV1. However, the indication for
augmentation therapy continues to be established according to FEV1 values instead of diffusing
capacity. Thus, if emphysema is the goal of treatment rather than biochemical efficacy, it would
probably be desirable to use diffusing capacity instead of FEV1 as the basis for indication for therapy
and as a monitoring and follow-up parameter. If this is the case, we should consider the FEV1 debate
to be over and turn our focus to the functional parameters with a closer relationship to emphysema.

4.4. Indication in Liver Disease

Despite the potential clinical importance of AATD-associated liver failure, the available treatments
are still at the very early stages of clinical development. Currently, liver transplantation remains the
definitive option for its treatment [39]. However, according to the current records, AATD is a rare cause
of liver transplantation [40]. Some treatments are beginning to be evaluated, such as glibenclamide
analogs [41], ursodeoxycholic acid homologues [42], or RNA-targeted treatments [43]. In this context,
AAT augmentation therapy has not been explored as a potential treatment for AATD-associated
liver condition until very recently. Interestingly, a recent collaborative study between Sweden and
Germany reported that exogenous AAT lowered SERPINA1 expression in primary human hepatocytes
in a dose-dependent manner [44] (Figure 3). Consequently, if the reproducibility and clinical relevance
of these findings are confirmed, a possible new indication is opened as a treatment for the prevention
of liver involvement that should be prospectively evaluated in trials with patients at risk of developing
this complication.
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Figure 3. Purified A1AT reduces SERPINA1 expression in a dose-dependent manner in primary human
hepatocytes. Exogenously added purified AAT reduced SERPINA1 expression in primary human
hepatocytes isolated from both proficient and deficient liver tissue. The reduction was more prominent
following Oncostatin M (OSM 10 ng/mL) stimulation, known to increase expression of SERPINA1.
*, P < 0.05; **, P < 0.001; ***, P < 0.001; ****, P < 0.0001). © 2017 Karadagi, et al. This is an open-access
article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and
source are credited. Obtained from Reference [44].

5. Controversies in the Administration

5.1. Infusion Frequency

As discussed above, the weekly frequency of AAT infusions was based on the half-life of this protein
and the biochemical efficacy of the first preparations. However, in our search for more comfortable
dosages, other alternatives have been tried by doubling, tripling, and even quadrupling the dose and
the administration interval to up to 240 mg/kg every four weeks. From the point of view of biochemical
efficacy, it seems that administrations every three and every four weeks would be insufficient to keep
the trough pre-dose value (Cmin) above the considered protection threshold (as discussed above) [45].
For this reason, it is recommended to use the usual weekly dose, which, in some cases, can be
changed to a biweekly administration with double doses, since this regimen has also been shown to be
appropriate [46] and safe [47]. However, if we include in the equation the objective of slowing down the
progression of emphysema instead of achieving biochemical efficacy, the scenario changes considerably.
Interestingly, the so-called Danish–Dutch study, the first study to evaluate the role of replacement
therapy in lung density, used a dose of 250 mg/kg every four weeks, resulting in an improvement in the
progression of emphysema [3]. Unfortunately, the study of lung density was an exploratory objective
in which the densitometric technique was not standardized. Consequently, it would be desirable to
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replicate the study with the current lung densitometry methodology. Interestingly, the result of the
Danish–Dutch study opens up another question about how it is possible that administration every
four weeks does not maintain biochemical efficacy during the four weeks [45] but does have an effect
on lung densitometry [3]. This paradox highlights the discrepancy between biochemical and clinical
efficacy, which should be explored in future trials. Additionally, it supports the idea mentioned above
that the so-called “protective threshold” is a misnomer and should rather be known as “the risk
threshold for developing emphysema”.

5.2. Correct Dose

As discussed above, the weekly dose of 60 mg/kg was established following the experience of
the first researchers, and it has remained to this day, since it ensured biochemical efficacy. However,
the RAPID trial identified that lung density decrease rate was related with the median serum AAT
concentration, so that the higher the serum concentration, the higher impact on lung density decline
prevention. This data also suggested that there was no ceiling effect with the data provided by the
RAPID trial [4], implying that achieving higher serum level might have a greater impact on lung
density decline. This hypothesis has been recently explored in the SPARK study, which evaluated
the safety and pharmacokinetic profile of weekly infusions of a 120 mg/kg dose and showed that
this dose is safe and well-tolerated and provides more favorable physiologic AAT serum levels [48].
SPARTA (Study of ProlAstin-C Randomized Therapy with Alpha-1 augmentation), an ongoing
randomized, placebo-controlled trial is currently assessing the efficacy and safety of 120 mg/kg
administered weekly over three years [11]. The recruitment for this trial is now over, and the results,
once available, will have to be evaluated to complete this discussion between the discrepancy between
biochemical and clinical efficacy.

5.3. Differences between Preparations

Augmentation therapy with AAT has undergone extensive pharmacological development since
the first approval of Prolastin in 1987 (Figure 4). All the preparations can be divided into three types:
lyophilized preparations (Prolastin and other country-specific brand names, Trypsone, Alfalastin,
and Aralast, originally named Respitin), lyophilized concentrated preparations (Zemaira in the
USA—known as Respreeza in Europe—Prolastin C, and Aralast NP), and finally the preparations with
a liquid presentation (Prolastin C liquid and Glassia). From a biochemical efficacy perspective, all of
these gained approval by comparing their clinical efficacy with either Prolastin, as the first approved
presentation, or Prolastin C (pivotal studies showing biochemical efficacy are depicted in Figure 5).

However, if the aim of the treatment is to decrease loss of lung density rather than biochemical
efficacy, then only three of these products have been evaluated in clinical trials, namely Alfalastin in the
Danish–Dutch study [3], Prolastin in the EXACTLE (EXAcerbations and Computed Tomography scan
as Lung End-points) trial [2], and Zemaira/Respreeza in the RAPID trial [4]. Nevertheless, neither the
standard methodology of lung densitometry nor the approved explored dose was followed in the
Danish–Dutch study. Therefore, it would be of interest to compare the differences between Prolastin
and Zemaira/Respreeza in trials.
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Figure 4. Temporal distribution of the years of approval of augmentative AAT treatments in the USA
(upper) and Europe and European countries, with their own presentation (lower). In red: year of initial
official approval. In blue: year when company changed. LFB, Laboratoire français du fractionnement
et des biotechnologies.

To begin with, there are certain differences between these two presentations [49]. First, it has been
reported in biochemical comparisons between both that Zemaira/Respreeza shows a better profile
in terms of total protein content, AAT potency, specific AAT activity, and purity [50,51]. Secondly,
the concentration of AAT is different in both preparations with Zemaira/Respreeza having a higher
concentration (Table 2). Thirdly, the results of the clinical trials are probably not directly comparable
due to the different population and study design (Table 2). Therefore, until the possible emergence of
new therapeutic options, augmentative treatment with AAT is the only specific treatment for patients
with congenital emphysema, and both products have demonstrated their efficacy in slowing the
progression of emphysema (Table 2). Accordingly, this treatment should be available for patients
who meet internationally established criteria and are controlled and supervised by reference health
centers [49]. Unfortunately, we will probably not be able to directly explore these differences further,
since future trials are being planned with lyophilized concentrated or liquid preparations.
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Figure 5. List of studies evaluating biochemical efficacy by type of preparation.

Table 2. Differences between Prolastin and Zemaira/Respreeza.

Prolastin Zemaira/Respreeza

Origin * Human donor plasma Human donor plasma

Presentations * 1 gr + 40 mL solvent (25 mg/mL)
1 gr + 20 mL solvent (50 mg/mL)
4 gr + 76 mL solvent (50 mg/mL)
5 gr + 95 mL solvent (50 mg/mL)

Excipients *

Powder:
Sodium chloride

Sodium dihydrogen phosphate
Solvent: Water for injections

Powder:
Sodium chloride

Sodium dihydrogen phosphate
monohydrate

Mannitol
Solvent: Water for injections

Purity (AAT/proteins) [49] 76.9% 97.4%

Specific activity (active AAT/proteins) [49] 64% 86.2%

Infusion velocity * 0.08 mL/kg/min 0.08 mL/kg/min

Time of infusion 60 mg/kg dose † 30 min 15 min

Time of infusion 120 mg/kg dose ‡ 60 min 30 min

Lung density decline reduction [4,25] Versus basal: −1.73 g/L/year
Versus placebo: 1.01 g/L/year

Versus basal: −1.45 g/L/year
Versus placebo: 0.74 g/L/year

*, Obtained from the technical leaflet; †, At a dose of 60 mg/kg/wk for a 75 kg patient; ‡, At a dose of 120 mg/kg/2 wk
for a 75 kg patient.

6. Controversies in the Follow-Up

6.1. Monitoring Control in the First Few Months

Due to the current controversy over dosage therapy and replacement therapy, once indicated,
the next question is how to establish the suitable dose. From the perspective of biochemical efficacy,
the debate is about the use of Cmin during the initial administration as a way of identifying which
patients can receive biweekly infusions. Here, some authors warn against systematic measurements
of Cmin [52], whereas others suggest there is scope for an individualized dosage regimen for AAT
augmentation therapy [53]. Interestingly, if we are aiming for individualized biochemical efficacy,
it follows that measuring Cmin during the first infusions is the only way to identify how patients
respond to other regimens than weekly administrations. Once established, there is no further need to
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evaluate it. However, if we are aiming to achieve clinical efficacy in terms of preventing lung density
decline progression, we will have to admit that further information is needed. We have the results
of the Danish–Dutch study, which quadrupled the dose and the administration interval and showed
a significant impact on the outcome (with the limitations mentioned above) [3], despite biochemical
efficacy not being guaranteed [45]. Additionally, the really interesting measure would be the evaluation
of the progression of emphysema by lung densitometry. Unfortunately, the methodology used in the
RAPID trial for lung density evaluation is not available for clinical practice. Alternatively, other forms
of evaluation emphysema progression should be evaluated in the future to identify lung function
or radiological parameters that allow us to identify the correct dose for emphysema progression
prevention in the follow-up.

6.2. Discontinuation of Augmentation Therapy

The impact of discontinuation of augmentative treatment has not been a major topic of debate in
recent years until the recent publication of two letters. McElvaney, et al. [54] recently reported on the
consequences of abrupt cessation of AAT replacement therapy, showing an increase in the frequency of
exacerbations over a 77-day period, with two deaths due to exacerbation (Figure 6), accompanied by
increased circulating levels of inflammatory biomarkers. Recently, another study [55] described
post-transplant complications leading to reduced survival only in patients who had discontinued
replacement therapy a few weeks before transplant. Interestingly, the effect seemed to have faded
by 11 months, suggesting a possible role of the timing of the withdrawal of replacement therapy.
These authors [55] hypothesized about a transient inflammatory rebound phenomenon short after
withdrawal of therapy. Interestingly, the study by McElvaney, et al. [54] describes this increase in the
inflammatory load during the weeks after withdrawal, which seems to peak at three months (Figure 6).
The progression of the inflammatory markers and the clinical consequences beyond that point should
be explored, to define the window of risk, since two behaviors could potentially be seen thereafter
(Figure 6). As a result, these two letters have opened up new questions about the repercussion of
abrupt cessation of augmentation therapy that should be further explored. Very recently the role of
AAT as a modulator of the neutrophil membrane has been described, providing new data on the role
of neutrophil-associated AATD disease [56].

 

Figure 6. Total number of pulmonary exacerbations per month in the 19 patients in Ireland receiving
AAT augmentation therapy for AAT deficiency–associated emphysema during the year before the
study (black line) and during the withdrawal period (red line), as reported in the original article.
Reproduced with permission from Reference [54]. On the right, we have added (dashed line) two
possible hypothetical changes that the curve could have had if the patients had been followed
longer, with two possibilities: curve A, with a persistent increase of exacerbations risk, and curve B,
with a transient increase in the exacerbation risk. COPD, chronic obstructive pulmonary disease.
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6.3. Pulmonary Transplantation

The relationship between augmentation therapy and lung transplantation has sparked another
major controversy. Beyond the debate on the survival benefits of lung transplantation in AATD [57–59],
the issue at hand now is the role of augmentation therapy in the peritransplantation. At this point,
the debate is largely mediated by the decision over whether to continue replacement therapy after
transplantation, with two conflicting opinions with their own arguments (Table 3). On the one hand,
augmentation therapy has been shown to have several potential benefits. First, intravenous AAT
inhibits elastase mediated injury to the transplanted lung in humans [60]. Second, animal models have
shown that the administration of human AAT before reperfusion in recipients improved immediate
post-transplant lung function [61]. Third, AAT attenuates acute lung allograft injury [62]. On the other
hand, as expected, augmentation therapy retains its biochemical efficacy in the recipient, although we
do not know about the potential preventive effect of augmentation therapy on newly developed
emphysema in the transplanted lung. With the available information, this decision is especially
relevant, in the light of the study by Kleinerova, et al. [55] mentioned above, in which the authors
suggested that discontinuation of augmentation therapy should be undertaken several months before
lung transplantation, to avoid an increased risk of complications. Therefore, either augmentation
therapy is stopped just at inclusion in the lung-transplant waiting list or is maintained non-stop during
the complete process. Trials are needed to clarify this confusing situation.

Table 3. Arguments for and against maintaining augmentation therapy after lung transplant.

In Favor Against

The biochemical efficacy is expected to be the
same as in non-transplanted AATD patients.

There are no formal trials on its clinical efficacy in lung
density deterioration after transplant.

Augmentation therapy is safe and
well-tolerated, and patients get used to it as part

of their lives. It is not expected to create an
additional burden.

Lung transplant patients already have to cope with
a considerable amount of medication with potential

adverse effects that determine their lives, without adding
another treatment of unproven efficacy in this context.

AATD lung-transplant patients are generally
younger, with a longer life expectancy, so it is

vital to take all the necessary measures to
protect the transplanted lung.

Emphysema due to AATD is a slow, progressive disease.
It may take decades until clinically relevant emphysema

is developed in the new lung.

The number of lung donors is limited, so every
transplant has an opportunity cost, since it

could have been received by another patient.
Therefore, it is unethical not to take all possible

steps to preserve the transplanted lung.

It has not been proven that the risk of rejection is
increased if recipients do not receive

augmentation therapy.

7. The Future: A Second Change of Paradigm Coming

Despite the fact that the diagnostic approach to AATD currently varies between different health
institutions and countries [63], diagnosis currently begins with the determination of AAT levels in blood
as the main form of screening for the disease. Although this approach is probably the most suitable at the
moment, it leaves us with some unknowns. It has been reported a variable disease penetrance of AATD,
with different patients with the same mutations suffering different degrees of disease burden. Of note,
AAT levels do not clarify why some patients develop severe lung disease, while others do not carry the
same mutation [64,65]. In this context, the potential role of evaluating anti-elastase activity could be of
help. Anti-elastase activity is one of the main markers in the importance of a specific mutation [66].
Beyond serum AAT levels, anti-elastase activity is also influenced by external and environmental factors
like alcohol intake [67] or active smoking [68], as well as by inorganic compounds [69] and inflammatory
processes [70]. In human-immunodeficiency virus patients, AAT levels increased in bronchoalveolar
lavage fluid and blood. However, anti-elastase activity decreased in bronchoalveolar lavage from
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human-immunodeficiency virus patients, suggesting impaired AAT function [71]. Accordingly, it has
been described that there is a disagreement between protein concentration in peripheral blood with
anti-elastase activity [72]. Finally, to complicate things further, a mutation has been described which
is secreted at normal levels in cellular models of AATD but with a severe reduction in anti-elastase
activity, therefore identifying the first pure functionally deficient AATD mutation [73].

Consequently, we may need to address the debate about the adequacy of basing AATD screening
exclusively on the peripheral blood concentration of AAT or if it is possible to determine anti-elastase
activity as a complementary marker of lung involvement in AATD [74,75]. Beyond making general
recommendations for a healthy lifestyle, which is also necessary, anti-elastase activity should probably
be measured to provide a clearer idea of the potential penetration of the disease and enable us to
give more thorough patient-based diagnosis and information on the presence and importance of the
disease in specific cases in order to evaluate its impact on the long-term deterioration of lung density.
Here, multinational clinical research collaboration initiatives [76] will pave the way for acquiring more
thorough knowledge on AATD that will result in a more personalized approach for these patients.
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Abstract: Gene therapy is an alternative therapy in many respiratory diseases with genetic origin
and currently without curative treatment. After five decades of progress, many different vectors
and gene editing tools for genetic engineering are now available. However, we are still a long
way from achieving a safe and efficient approach to gene therapy application in clinical practice.
Here, we review three of the most common rare respiratory conditions—cystic fibrosis (CF), alpha-1
antitrypsin deficiency (AATD), and primary ciliary dyskinesia (PCD)—alongside attempts to develop
genetic treatment for these diseases. Since the 1990s, gene augmentation therapy has been applied
in multiple clinical trials targeting CF and AATD, especially using adeno-associated viral vectors,
resulting in a good safety profile but with low efficacy in protein expression. Other strategies, such
as non-viral vectors and more recently gene editing tools, have also been used to address these
diseases in pre-clinical studies. The first gene therapy approach in PCD was in 2009 when a lentiviral
transduction was performed to restore gene expression in vitro; since then, transcription activator-like
effector nucleases (TALEN) technology has also been applied in primary cell culture. Gene therapy is
an encouraging alternative treatment for these respiratory diseases; however, more research is needed
to ensure treatment safety and efficacy.

Keywords: gene therapy; rare respiratory diseases; alpha-1-antitrypsin deficit; cystic fibrosis; primary
ciliary dyskinesia

1. Introduction

1.1. Why Gene Therapy?

Since the discovery of the way DNA transmits information from parents to progeny, medical
research has focused on finding a way to reverse malfunctions to improve the quality of life in
people suffering genetic-related conditions. Advances in the understanding of gene interactions
and their physiological consequences have put gene therapy in the spotlight as the key for creating
personalized medicine.

Gene therapy can be described as a disease treatment that introduces exogenous genetic material
such as plasmid DNA, antisense oligonucleotides, mRNA or peptide nucleic acids into cells or tissues
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with the aim of treating hereditary or acquired genetic disorders. In essence, it is the use of nucleic
acids as a drug to obtain therapeutic benefits for the patient [1].

1.2. A Brief History of Gene Therapy

When Theodore Friedmann introduced the idea that gene therapy could treat monogenic diseases
in 1972 [2], the novel gene therapists started facing the barriers that the body has to protect us from
foreign DNA. We are currently on the race to treatments that promise a one-dose administration and a
stable expression of a protein of interest. Thus, through the last 50 years, gene therapy development
has been facing countless challenges and feeding back on itself until it has reached the first glimpses
of clinical uses. At the beginning of the 1990s, clinical assays using viral vectors started with high
optimism, but a series of catastrophic events ended up with the death of the first volunteer during
gene therapy clinical trials, Jesse Gelsinger [3]. That particular event reached far beyond the scientific
community and severely damaged the already controversial studies on human research. Lack of
support from the institutions during the beginning of the millennia revived the debate on the concerns
of gene editing. Thus, in order to improve the safety of the possible treatments, basic science continued
studying the mechanisms of the viral vectors used and developed synthetic particles that could mimic
the process of delivering genetic material without the risk of letting a virus get out of control. The deeper
knowledge on the metabolic routes allowed more and more clinical trials, and after exhaustive tests, the
FDA approved the first gene therapy in 2017, Luxturna from Novartis [4]. To date, 17 cellular and gene
therapy drugs have been FDA-approved and listed in the Office of Tissues and Advanced Therapies
(OTAT), and there are hundreds of clinical trials on the way due to the broad range of available viral
and non-viral vectors and techniques to modify genetic information. At the same time, we have gained
a greater understanding of molecular bases and genetic causes of many diseases, which encourages
gene therapy applications targeting key cells and organs for almost any genetic disease.

One of the most promising branches of gene therapy uses avant garde gene-editing techniques
such as CRISPR Cas9. The appearance of these techniques in scientific papers saw exponential growth
from 2012 on, and clinical trials have started to appear during the recent years. In 2018, the first human
in vivo test using CRISPR technology was performed by Editas with the drug EDIT-101 [5], which
used associated adenoviruses to introduce the genetic material for editing a mutation causing Leber
congenital amaurosis 10. Results from the clinical trial were satisfactory, and the first patient has
received treatment in 2020 during the clinical trial phase II [6]. The events are promising; nevertheless,
especially concerning are the possible off-target effects, mutations that appear in erratic locations, and
the transmission of those mutations to the germ cells, which could end up in the progeny and cause
several problems. History has shown that further tests are needed to prove the safety of these therapies
in the long term.

1.3. Gene Therapy Challenges in Rare Respiratory Diseases

Many respiratory conditions have a genetic origin that can be addressed by gene therapy
techniques. Lungs are an attractive organ for gene therapy as vector delivery can be performed directly
into the lungs via the air with nebulization, bronchoscopy, pleural administration, or through the blood
via intravenous administration [7–9]. Nevertheless, the complexity of the lung structure places certain
physical and chemical barriers to vector delivery, especially for viral vectors. The airway epithelium
is covered by a mucus layer whose function is to trap and clear exogenous material, including gene
therapy vectors. Moreover, most of the vector’s cell receptors are located in the basolateral surface
of the cells. Epithelial cells form tight junctions between them, making it very difficult for vectors
aiming at the basolateral side to reach their destination [10,11]. Given the exposure of airways to the
external environment, lungs have natural protection from the immune system against viruses and other
exogenous agents, which increases the possibility of adverse effects due to inflammatory response [12].
In addition, in many respiratory diseases, these barriers are often exacerbated: mucus production
is increased, and there is a proinflammatory basal state. The constant renewal of epithelial cells is
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also challenging, provoking the need for repeated administration, which increases the possibility of
activating the immune system [13]. One possible solution could be to target stem cells with integrating
vectors, but there are some associated concerns such as integrational mutagenesis and the low efficiency
of stem cell transduction in vivo due to their location in the basal surface of the tissue. Preclinical
studies are also challenging, due to the difficulty of finding an animal model that mimics human
lung cell biology and function, with the result that therapies successful in animals are complicated to
translate to humans [14]. Despite all these obstacles, there have been many attempts to develop both
in vitro and in vivo gene therapy, using all kinds of vectors and strategies to treat different respiratory
diseases [14].

In this review, we aim to provide a general overview of the state of the art of gene therapy
applied to three of the most common rare respiratory diseases such as cystic fibrosis (CF), alpha-1
antitrypsin deficiency (AATD), and primary ciliary dyskinesia (PCD). We summarize the vectors used
and developed to treat these diseases, the administration routes implemented, and the outcomes
obtained, successful or otherwise. Among the approaches used to address these respiratory conditions
are augmentation therapy introducing a wild-type copy of the gene, silencing defective gene expression,
directly removing the mutation, and trying to edit and correct the nucleotide sequence. Finally, we
shed some light on future perspectives for gene therapy and lung disease.

2. Gene Therapy Strategies

2.1. Transfection Vectors

The effective delivery of genetic material inside cells of interest can be achieved by a myriad of
methods. Focusing on gene editing, the vectors have to be capable of inserting Cas9, the associated
tracrRNA (trans-activated Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) RNA)
and gRNA (guide RNA). Some approaches are more suitable for in vitro and others for in vivo therapies.
However, the key aspect for selecting between different methods is undoubtedly the kind of project
carried out [15].

2.2. Viral Vectors

Viral methods exploit the innate abilities of viruses to insert the desired genetic material, although
their generally high efficiency in delivering and expressing genetic material has a major drawback: they
require at least a level II biosafety laboratory and safety procedures to ensure no major complications
arise when manipulating the virus. Viral methods are generally divided into genome-integrative
and non-genome integrative, and their advantages and disadvantages are shown in the table below
(Table 1) [16]. The last column indicates the existence of studies using the virus for CF, AATD, or PCD.
Strict regulations and safety concerns only allow few viral vectors to reach the clinical trial phase.
In CF and AATD, there are several studies and clinical trials explained in their corresponding sections.
In PCD, there is no information about clinical trials using viral vectors.

2.3. Non Viral Vectors

Non-viral methods take advantage of different chemical and physical properties to pierce the
membrane and insert the genetic material or proteins. The optimal method depends on the cell or tissue
to be transfected. Naked DNA may be inserted directly in the cells, using a physical method; however,
its lack of stability and low permeability through the membrane due to its negative charges cause
a very low expression of the gene of interest and can cause inflammatory responses [24]. For these
reasons, chemical coating systems are highly recommended or necessary in some cases. This issue has
been overcome using different creative solutions such as physical methods, inorganic molecules, and
other biocomponents. Combining different methods best optimizes the transfection process [25].
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Table 1. Viral vectors used in gene therapy reporting genome integration capability and summary of
main advantages and drawbacks. The “studies in CF, AATD, PCD” column shows if there are any
in vitro or in vivo studies using the viral method. * Herpes simplex virus is used as a complementation
method for the adeno-associated virus. CF (Cystic fibrosis), AATD (Alpha 1 antitrypsin deficiency),
PCD (Primary ciliary dyskinesia).

Viral Vector
Genome

Integration
Advantages Disadvantages

Studies in CF, AATD,
PCD

Lentivirus Yes Long-term expression Mutagenesis potential Yes [17], yes [18], yes [19]

Retrovirus Yes Long-term expression
in dividing cells Mutagenesis potential Yes [20], yes [18], no

Adenovirus No Transduction is
efficient in many cells

Strong antiviral immune
response Yes [21], yes [22], no

Adeno-associated virus No Non-inflammatory and
non-pathogenic

Requires helper virus
Small packaging capacity Yes [21], yes [18], no

Herpes simplex virus No Large capacity
No expression when the

infection is latent
Tropism to neurons

No, yes [23] *, no

2.4. Physical Methods

Physical methods (Table 2) are mainly used to penetrate the cell membrane barrier. This can be
done by briefly creating holes and making it permeable for a sufficient amount of time to allow the
material of interest to enter the cytoplasm [26].

Table 2. Physical methods used for DNA insertion into cells with a summary of the main advantages,
disadvantages, and the physical principle underlying the method.

Physical Methods Advantages Disadvantages Principle

Microinjection Specific delivery
Safe, Simple Low efficiency Uses a needle to inject the

material [27]

Ballistic DNA Precise delivery Limited applications
Application of a pressurized

gas to introduce
nanoparticles in the cell [28]

Electroporation
Good efficiency
Reproducible

results
Low viability

Uses a high-voltage electric
current to destabilize

membrane polarity [29]

Sonoporation Safe, Flexible Cell damage Ultrasounds create pores in
the membrane [28]

Photoporation Theoretically very
efficient

Expensive
Complex

Use of highly concentrated
light beams that perforate

the membrane [28]

Magnetofection
Specific delivery

Used for difficult to
transfect cells

Expensive
Complex

Uses magnetic fields to move
magnetic-sensitive particles
to the cells of interest [30]

Hydroporation Safe, Simple
Low efficiency

Complex in large
animals

Exerting osmotic pressure in
the tissue environment

Promotes particle movement
to the interior of the cells [28]

Mechanical Massage Safe, Simple Low efficiency
Mechanical movement of the
liver makes it permeable to
DNA and nanoparticles [31]

Some of these methods of mammal cell modification can only be performed in cell culture and
they are useful in understanding the mechanisms of the disease, while others are used to modify
animal models and have the potential to be used in medical trials. Decisions about their use are made
depending on the size of the plasmid, the cell type and organization, or the aim of the project.

The use of the techniques used in rare respiratory diseases is expanded in each of the sections of
the diseases of the article.

There are different approaches for improving the efficiency of the physical methods; binding the
DNA to different structures increases the stability and reproducibility of results. Conventionally, they
are stratified into inorganic particles and biocomponents.
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2.5. Inorganic Particles

Inorganic particles (Table 3) bind to DNA due to their chemical properties and allow better
insertion control than naked DNA; they are also generally cheap to produce and easy to store [32].

Table 3. Inorganic particles used to stimulate DNA insertion into the cells with a summary of the main
advantages, disadvantages, and the chemical principle underlying the method.

Inorganic Particles Advantages Disadvantages Principle

Calcium Phosphate Biocompatible
Biodegradable Might crystalize when stored Calcium is naturally absorbed

by the cell [33]

Silica
Low toxicity
Easy to store
Very versatile

Interacts with serum
proteins

Silica-functionalized
nanoparticles are recognized

and engulfed by cells [34]

Gold
Inert

High transfection
efficiency

Accumulation
Long-term effects have not

been studied

Its small size allows it to
permeate the cell, the near

infrared light absorption can be
used for selective delivery [35]

2.6. Biocomponents

Biocomponents (Table 4) are biodegradable structures enclosing DNA or biopolymers that interact
with their negative charges. Their versatility and chemical properties are highly attractive for gene
therapy use. Their main benefit against inorganic particles is that their degradation products are
organic and normally enter the citric acid cycle after use, lowering toxicity and increasing biosafety.

Table 4. Biocomponents used to stimulate DNA insertion into the cells with a summary of the main
advantages, disadvantages, and the chemical principle relying on the method.

Biocomponents Advantages Disadvantages Principle 

Cationic lipids Flexible 
Can become 

toxic at certain 
concentrations 

Positive charges interact with the 
negative charged proteoglycans 

and glycoproteins in the 
membrane, helping the particles 

of interest enter the interior of 
the cells [36] 

Lipid Nano 
Emulsions 

Stable 
Very low 
toxicity 

Less toxic than 
cationic lipids 

Solid lipid 
particles 

Increased 
protection for 
the delivery 

material 

Complex to 
produce 

Peptide based 
Multifunctional 

Specific 
Safe 

Complex to 
produce 

Peptides can be added to 
lipoparticles for specific 

recognition or delivery [37] 

Polyethylenimine Widely used 
Difficult to use in 

in vivo models 

Increases osmotic pressure in the 
cell, creating pores in the 

membrane [38] 

Chitosan 
Non-toxic 

Mucoadhesive  Low efficiency 
Increases osmotic pressure in the 

cell [39] 

PLA/PLGA Small, 
Phagocyted 

Can induce 
immune reaction 

Biodegradable polyesters that  
deliver their content by 

hydrolysis [40] 

Dendrimers 
Flexible, Good 

interaction Toxicity 
Small size allows them to interact 

with cell membranes, favoring 
DNA uptake in cells [41] 

Polymethacrylate Small Poor membrane 
interaction 

Small size allows them to reach 
the whole organism and deliver 

the content [42] 
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2.7. Gene Editing Techniques

Gene editing techniques allow researchers to manipulate genes according to their interests.
These tools are based on a domain that specifically binds to a DNA sequence associated with an
endonuclease domain that produces a double-strand break (DSB). Then, the damage on the genome is
repaired by the cell mechanisms. During the process, a small insertion or deletion can be produced or
a single nucleotide can be precisely changed due to the presence of two alternative pathways to repair
the DSB: non-homologous end joining (NHEJ) or homology-directed repair (HDR). The first, NHEJ,
generates random insertions or deletions to repair the DSB, which results in disruption of the gene
function useful for gene knockout experiments, while the HDR pathway repairs the DNA damage by
copying a homologous template. By delivering a DNA donor encoding the sequence of interest into
the cell, the genome can be precisely edited [43] (Figure 1).

2.8. Zinc Fingers and Transcription Activator-Like Effector Nucleases

The first gene editing tool to be developed was zinc finger nucleases (ZFN). Cys2His2 zinc fingers
proteins are DNA-binding proteins with a particular structure that interact with a specific triplet on
the DNA. By varying the amino acid sequence of the finger, different DNA triplets can be recognized.
Due to the modular nature of zinc fingers, different fingers can be linked together to recognize a specific
DNA sequence. In addition, zinc fingers are fused to the proteolytic domain of nuclease FokI to obtain
the ZFN editing tool [44] (Figure 1).

Another approach in gene editing is transcription activator-like effector nucleases (TALEN),
based on the transcription activator-like (TAL) effectors from plant pathogenic Xanthomonas spp.
The bacteria use TAL effectors to bind the host DNA and activate the expression of certain genes.
They consist of modules of 33–35 amino acids that recognize one specific nucleotide. Through creating
a modular protein by fusing different TAL effectors, virtually any sequence on the genome can be
targeted. These proteins have been fused to the endonuclease activity of FokI, just as in ZFN, to
develop the TALENs gene editing tool (Figure 1). The only requirement of TALENs is that the target
sequence must start with a thymine. Since two domains of FokI are needed to produce a DSB, both
ZFN and TALENs must be designed in pairs, binding the two complementary DNA strands while
leaving enough space for FokI to dimerize [45].

2.9. CRISPR/Cas9

The most recently emerged gene editing tool is the CRISPR/Cas9 system (Clustered Regularly
Interspaced Short Palindromic Repeats). It is an adaptation of an adaptive immune system against
viruses from bacteria and archaea. In 2012, two independent publications pointed to the CRISPR/Cas9
system as a potential gene editing tool, describing it as a two-RNA structure targeting a specific DNA
sequence and the Cas9 nuclease that cuts it [46,47]. It is this simplicity that has boosted the spread
of CRISPR/Cas9 among thousands of laboratories worldwide. Basically, it consists of (1) a single
guide RNA (sgRNA), formed by two RNA molecules: a crRNA with approximately 20 nucleotides
complementary to the target sequence, fused to an invariable trans-activating crRNA (tracRNA), and
(2) the Cas9 protein that contains two nuclease domains, an endonuclease domain named HNH for
having characteristic histidine and asparagine residuesand another domain named Ruv-C, producing
a DSB. The main drawback of the CRISPR/Cas9 system is that a protospacer adjacent motif (PAM) with
an NGG sequence is required at the end of the target site. After binding, the Cas9 protein cuts three
bases upstream of the PAM sequence [48] (Figure 1).

In addition to knock-in and knockout experiments such as ZFN and TALENs, different applications
have been developed by modifying the Cas9 protein function. Endogenous genes can be activated or
repressed using CRISPR activation (CRISPRa) [49] or CRISPR interference (CRISPRi) [50]. By fusing a
dead Cas9 with other deaminase enzymes, one nitrogenous base can be transformed into another in
a specific way without producing a DBS. These tools are called CRISPR base editors [51,52]. One of
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the main concerns regarding the CRISPR/Cas9 system is off-target activity. In order to reduce it, the
widely used Streptococcus pyogenes Cas9 nuclease (SpCas9) has been engineered to improve its
specificity, such as for instance the D10A Cas9, which only cuts one DNA strand, thus necessitating two
proteins binding in the same locus to produce a DSB [53]. Other examples are modified Cas9 proteins
such as enhanced specificity Cas9 (eSpCas) [54] or SpCas9-HF [55]. Aiming to expand the limits of
the Cas9 protein, other nucleases have been reported as efficient and specific when editing human
cells. Among examples are the smaller but also efficient Staphylococcus aureus Cas9 (SaCas9), which
recognizes NNG(A/G)(A/G)T PAM sequence, and its variant KKH SaCas9 [56], which recognizes the
NNN(A/G)(A/G)T PAM sequence, but it also nucleases different from Cas9 proteins, such as Cpf1
nucleases: AsCpf1 (from Acidaminococcus sp. BV3L6) and LbCpf1 (from Lachnospiraceae bacterium
ND2006). Cpf1 nucleases are guided by a 42-nt crRNA, without tracRNA, and recognizes the TTTN
PAM sequence, which is located at the 5′ end of the target sequence [57]. AsCpf1 nuclease has also
been engineered to obtain new variants associated with new PAM sequences [58].

 

Figure 1. Genome editing with zinc finger nucleases (ZFN) (a), transcription activator-like effector
nucleases (TALEN) (b) and CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats).
(c) First, a double-strand break (DSB) is produced in the target sequence, and then, it is repaired by
non-homologous end joining (NHEJ) or homology-directed repair (HDR). NHEJ produces random
insertions and deletions useful for knockout experiments, while HDR results in a precise modification
of the target sequence. Reproduced with permission from Torres-Durán et al. [59] under the terms of the
Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

2.10. Cellular and Animal Models

Animal models are key to understanding the physiopathology of a disease. Rare diseases are
generally caused by one or a cluster of genes that are conserved among species, so finding the
orthologue of the gene of interest in an animal allows detailed studies on malfunction and unravels
different approaches on how to find a therapy. Each animal model has its pros and cons, and using one
or the other depends on the nature of the study to be conducted.

Murine models are the classical example of an animal model, and they are useful for their fast
reproduction, relatively easy maintenance, well-studied genomes, and highly reproducible results.

81



J. Clin. Med. 2020, 9, 2577

Focusing on respiratory diseases, mice, guinea pigs, rats, and pigs are the most frequently used models,
noting that inflammatory processes are mimicked in mice. Pigs have the most similar lungs to humans
due to the presence of the connective tissue, the size, and the arrangement of the lymphoid tissues in
the nasopharynx [60].

2.11. Animal Models in CF

The most important trait for CF animal models is CFTR gene homology, so listing the animals
most commonly used as CF models in this order, pigs have a homology percentage of 93% [61], while
ferrets have 92% [62], sheep have 91% [63], mice have 78% [64], rats have 75.5% [65], and zebrafish
have 55% [66]. CF models should also ideally have spontaneous lung disease and/or infection by the
common pathogens that appear in CF patients.

Each animal has its advantages and drawbacks, and research is focused on finding a model that
reproduces the physiopathology of the disease [67].

2.12. Animal Models in AATD

AAT is a multi-functional molecule that requires complex organisms for understanding its different
roles. Murine models used in the studies provide excellent information on how AAT is created and
transported, but hepatopathies, lung emphysema, and anomalous inflammatory responses do not
affect mice as much as humans [68]. First, human Protein inhibitor Z mutacion (PiZ) AAT murine
models were developed in 1987 and were used to measure the expression of PiZ in different tissues,
mainly liver and kidneys [69]. Liver accumulation and damage was reported similar to that in
humans, but pulmonary disease was not reported due to the presence of other antiproteases [70].
Due to the complexity of the murine Serpina1-gene locus, that presents up to six Serpina1 paralogs,
it was not until 2018 that Borel et al. created a Serpina1(a–e) knockout mouse to mimic AATD lung
physiopathology. This mouse could be used not only for a better understanding of the formation of
panlobular emphysema in AATD, but also for the genetics pathways of the disease [71]. So far, there is
no murine model with concurrent lung and liver disease [72]. In silico approaches for the creation
of humanized AAT mice might help to create better models for testing gene editing techniques in
living organisms. Nevertheless, some of the techniques applied in mice genetic modifications, such as
hydroporation, which is further explained later on the article, are not scalable to bigger animals such
as pigs because the stress exerted causes fatal organ damage. New techniques developed to overcome
these issues make it a better approach to find a human therapy [73].

Besides murine models, a transgenic zebrafish model has recently been developed which expresse
the Z mutant form of the human AAT(Z-hAAT) and shows liver stress and decrease in AAT circulating
levels. This new animal model may help explore AATD physiological bases and treatment [74].

2.13. Animal Models in PCD

Murine models are adequate to study the function of the cilia in an organism because of their
left-right asymmetry, lungs, mucociliary clearance, and similar genetic disposition to humans. However,
many mutant alleles have proven lethal due to hydrocephalus, cardiac, or kidney defects caused
in neonatal or early live stages [75]. Due to the nature of the disease, which consists of a defect
in an organelle, different approaches may be taken according to the nature of the malfunction to
study. Unicellular organisms are useful for understanding cilia biology, among which Chlamydomonas
reinhardtii is the most commonly used, particularly due to its wide spectrum of mutants, which
exhibit different mutations. Studies using this model have furthered understanding of the basics
of the cilia structure [76]. Other unicellular organisms such as Trypanosoma brucei and Paramecium
tetraurelia provide different insights into motility mechanisms [77] and genetics [78]. However, complex
organisms are required to understand the pathophysiology of the disease. Drosophila melanogaster has
two types of cilia, with 9 + 0 (in cells involved in hearing and coordination) and 9 + 2 (in sperm cells)
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structures, and it shares transcription factors with humans [79]. However, cilia assembly mechanisms
are different, and mucociliary clearance is absent.

Xenopus laevis and tropicalis are very useful to study these traits because of their ciliated epidermis,
which creates a flow from the head to the tail [80], and additionally, left–right asymmetry developmental
studies can be performed due to their short developmental cycle [81]. Meanwhile, zebrafish (Danio
rerio) is a well-known model for left–right asymmetry [82] and is suitable for gene editing techniques
such as the ones previously mentioned; however, it has no lungs, and some of the cilia-related genes
are duplicated, which can create confusion due to genetic redundancy.

3. Gene Therapy in Rare Respiratory Diseases

3.1. Cystic Fibrosis

Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene, with pediatric onset and a median life expectancy
of 36.8 years. Over 70,000 people are affected by CF in Europe and the United States, and around 2000
different mutations in CFTR gene have been described. Unfortunately, it is found in a wide range of
phenotypes, and affected organs that are not always explained by the genotype–phenotype relation,
leading experts to postulate whether CF could be the result of multiple combining effects such as
modifier genes or epigenetics [21,83].

The CFTR protein is a chloride and bicarbonate channel expressed in epithelial cells located in
different organs. Dysfunctional CFTR provokes abnormalities in epithelial electrolyte transport leading
to complications in the lungs, intestine, colon, liver, reproductive system, salivary, and sweat glands.
In general, CF is characterized by increased salt concentration in sweat and thickened secretions in
affected systems (Figure 2). However, specific symptoms can vary from chronic respiratory tract
infections due to thick mucus immobility, chronic sinusitis, nasal polyps, bronchiectasis, and abnormal
chest computed tomography to pancreatitis, failure to thrive or fat malabsorption, and many others.
Among all these affected organs and symptoms, it is respiratory disease that provokes the most
severe effects and is the main cause of CF-related death. Historically, CF diagnosis was based on
sweat chloride levels and clinical symptoms. Today, it is confirmed by the presence of characteristic
symptoms and evidence of dysfunctional CFTR. Over time, a tendency has emerged toward molecular
diagnosis that can detect both symptomatic and pre-symptomatic patients [83].

Mutations described for CF have been organized into five groups. Class I mutations provoked
the partial or complete absence of CFTR protein due to nonsense or frameshift mutations or mRNA
splicing defects. Class II mutations are defects in protein processing causing the partial or complete
absence of CFTR. The most common CF mutation, ΔF508, belongs to this group and results in complete
absence of the protein. Class III mutations are called gating mutations because the resulting channels
are resistant to normal activation and gating. Cass IV mutations affect transmembrane domains; the
protein is functional but has a reduced capacity to conduct anions through the pore. Finally, class V
mutations are found on the gene introns, so the protein is functional but the expression level is low or
zero. This wide variety of mutations complicates finding a single drug to treat all CF patients. However,
in 2012, the US Food and Drug Administration (FDA) approved ivacaftor, a CFTR potentiator, to treat
patients with class III G551D mutation. In combination with lumacaftor (trade name Orkambi), this
can treat ΔF508 homozygous patients. Although promising, these treatments are not indicated for all
CF patients [84].
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Figure 2. Pathophysiology of CF. Comparison between airway surface from a healthy (top) individual
and a CF patient (bottom). In a normal situation, the cystic fibrosis transmembrane conductance
regulator (CFTR) channel secretes chloride ions and inhibits sodium ions’ entrance, allowing water to
hydrate the mucus by osmosis. When CFTR is mutated, ions are kept inside the cell and water moves
inside the cell by osmosis, dehydrating the mucus and impeding mucus clearance from the airways.

3.1.1. Adenoviral Vectors

In the last few decades since the discovery of the CFTR gene in 1989 [85], many different strategies
have been attempted to develop a gene therapy for CF. The first approaches arrived in the early 1990s,
with adenovirus expressing CFTR cDNA. The partial restoration of chloride transport was detected,
but patients reported nasal epithelium damage and immune response against the viral vector [86–88].
Recently, using a helper-dependent adenoviral (HD-Ad) vector expressing CFTR, in vivo mouse and
pig airway basal cells and airway basal cells from CF patients in air–liquid interface (ALI) culture were
transduced, and CFTR activity was restored [89].

3.1.2. Lentiviral Vectors

Sendai virus (SeV) vectors efficiently transduce the apical surface of airway epithelial cells and
achieve high gene expression levels. Both characteristics are very useful in CF gene therapy. Meanwhile,
lentiviruses such as simian immunodeficiency virus (SIV) are able to transduce non-dividing cells,
including airway epithelial cells. The SIV vector has been pseudotyped with key proteins of the Sev
envelope: hemagglutinin-neuraminidase (HN) and fusion (F) protein. In addition, F/HN-pseudotyped
SIV was optimized with the central popypurine tract (cPPT) and the Woodchuz hepatitis virus
post-transcriptional regulatory element (WPRE) to drive CFTR gene expression. The respiratory mouse
epithelium was transduced in vivo using a single formulation and without preconditioning, achieving
beneficial expression levels. Long-term expression was detected, and readministration was also shown
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to be feasible. In addition, the F/HN-pseudotyped SIV vector was able to efficiently transduce human
ALI cultures, where CFTR channel activity was restored [90]. Assessment of in vitro and in vivo models
of toxicity, transduction efficiency, CFTR gene expression, protein functionality, genome integration
sites, immune response, and optimization of the enhancer and promoter indicated that this vector
could progress to human clinical trials to treat CF [91]. Other lentiviral vectors have been shown to
be efficient in restoring CFTR function in animal models. For instance, three newborn pigs received
aerosolized feline immunodeficiency virus vector pseudotyped with GP64 envelope encoding CFTR
(FIV-CFTR). Two weeks after, functional CFTR, increased airway surface liquid pH and an increase
also in bacterial killing was detected [92].

3.1.3. Recombinant Adeno-Associated Viral Vectors

Outcomes of pre-clinical studies in animal models with recombinant adeno-associated virus
serotype 2 encoding CFTR (AAV2-CFTR) resulted in a long sequence of clinical trials (Table 5).

Table 5. Summary of clinical trials performed in CF with tgAAVCG viral vector and pGM169/GL67A
non-viral vector. FEV1: Forced Expiratory Volume in the first second, IL: interleukin.

Clinical Trial Vector Administration Route Outcome References

Phase I

rAAV2-CFTR
(tgAAVCG)

Nasal epithelium
Low gene transfer

efficiency
Safety profile

Flotte et al. (1996)

Phase I/II Maxillary sinus Dose-dependent effect
Safety profile Wagner et al. (1998)

Phase II Maxillary sinus
No significant

differences
Safety profile

Wagner et al. (2002)

Phase I One-dose nebulization Safety profile Aitken et al. (2001)

Phase II Repeated-dose
nebulization

Decrease of IL-8
Improvement of FEV1 Moss et al. (2004)

Phase IIb
NCT00073463

Repeated-dose
nebulization

No improvement of
lung function Moss et al. (2007)

Phase I
NCT00004533

Adverse effects
Minimal vector

shedding
PCR positive only in

highest dose

Flotte et al. (2003)

Phase I/IIa
NCT00789867

pGM169/GL67A

One-dose nebulization Safe and efficient Alton et al. (2015)

Phase IIb
NCT01621867

Repeated-dose
nebulization each

28 days for one year

Modest improvement
in FEV1 value

No adverse effects
Alton et al. (2015)

The first one applied in humans consisted of AAV2-CFTR or placebo administration to the
nasal epithelium of 12 CF patients. Even though gene transfer efficiency was very low, this study
demonstrated that viral therapy was safe [92]. A phase I/II clinical trial concluded that AAV2-CFTR
applied on the maxillary sinus was safe and has a dose-dependent effect on chloride secretion without
immune response after 10 weeks [93]. Based on these results, a phase II trial was performed in patients
who had undergone antrostomy. In one maxillary sinus, AAV2-CFTR was administered and in the
other sinus, placebo was administered. Nevertheless, after 90 days, no significant differences were
detected. Only anti-inflammatory interleukin-10 (IL-10) was increased in treated sinus. Gene therapy
with AAV2 proved again to be safe but not efficient [94]. After a phase I trial to prove the safety of
one-dose nebulization of the vector [7], a phase II trial assessed the safety of repeated aerosolized doses
in CF patients, showing a decrease in interleukin-8 (IL-8) and an improvement of Forced Expiratory
Volume in the first second (FEV1) measurement [95]. However, a phase IIb of this study with a higher
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number of participants did not prove any amelioration in CF patients, indicating that AAV2-CFTR did
not improve lung function in the study conditions [96]. Other administration routes were tested, such
as bronchoscopic procedures to reach the lower lobe of the lung, but this resulted in adverse effects
related to bronchoscopy, minimal vector shedding, and PCR was only positive in the highest doses [8].

Due to the good safety profile but low expression level of transgene achieved by AAV2-CFTR,
new adeno-associated virus serotypes have been investigated. A pseudotyped AAV5 was designed
with chicken β-actin (CBA) promoter encoding a CFTR minigene (rAAV5-Δ264CFTR), given that
the whole CFTR gene is bigger than the insert capacity of AAV5 vector. Either rAAV5-Δ264CFTR or
rAAV5-GFP was aerosolized to macaques. Transfection efficiency, transgene expression, and CFTR
protein detection were positive for both Δ264CFTR and GFP in all lung regions of the treated macaques
in the absence of inflammatory response [97]. AAV1 has also shown to be more efficient in transducing
cells and less immunogenic in chimpanzees and primary human airway cells.

AAV1 has also shown to be more efficient than AAV5 in transducing respiratory cells and less
immunogenic when tested in chimpanzees. Both events are independent from one another, since AAV1
transfection efficiency is also higher than AAV5 in ALI culture [98]. Another study proved that AAV6
may be more efficient than AAV2 in mice for gene therapy targeting lung diseases [99]. In a different
approach, Excoffon et al. [100] used PCR-based mutagenesis combined with a high-throughput in vitro
recombination to create a library of chimeric capsid genes from AAV2 and AAV5. These variants were
used to infect the human airway epithelial in ALI culture in order to select the most infectious form:
AAV2.5T. This novel chimera vector encoding a shortened CFTR gene was able to restore chloride
transport in CF airway epithelia [100]. Similarly, after in vivo selection of successful AAV2 evolved
forms in pigs, the AAV2H22 high-efficient capsid was created. AAV2H22 expressing CFTR cDNA
transduced to pig airways was able to restore chloride transport, but also to improve bacterial killing
capacity [101].

Another possibility to tackle CFTR transduction is pre-mRNA segmental trans-splicing, where
two halves of CFTR cDNA are encoded in two AAV6.2 vectors. After infection, the two pre-mRNAs
form a full CFTR mRNA. CFTR function was restored in FRT-YFP cells (CFTR negative) and in IB3-1
cells, an airway epithelial cell line derived from an individual with CF [102].

3.1.4. Non-Viral Vectors

Studies have also explored the option of non-viral therapies. For example, the plasmid called
pGM169 expresses the CFTR gene under the control of human cytomegalovirus enhancer/elongation
factor 1α sequence promoter. This plasmid was treated with cationic lipid GL67A to obtain
pGM169/GL67A preparation (Table 5). A first preliminary clinical trial (NCT00789867) assessed
the safety and efficacy of a single-dose nebulized administration of pGM169/GL67A [102]. Based on
this study, a phase IIb trial performed repeated nebulization each 28 days for a year with 5 mL of
pGM169/GL67A in CF patients (NCT01621867). At the end of the trial, a modest improvement in
lung function, measured by Forced Expiratory Volume in the first second (FEV1) value, was observed
in pGM169/GL67A group compared with the placebo group, and no serious adverse effects were
reported [103].

A different non-viral approach was to combine a plasmid carrying CFTR gene with polyethylene
glycol (PEG)-substituted 30-mer lysine polymers to form DNA nanoparticles that were administered
to CF patient’s nostrils. After 14 days, there were no serious adverse effects. The measurement of
nasal potential difference evidenced a partial completion of CFTR channel reconstitution in some
patients, and PCR analysis demonstrated a mean of 0.58 vector copies/cell [104]. Although initial data
are encouraging, more research is needed before development of a non-viral gene therapy that can be
efficiently applied to CF patients.
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3.1.5. CFTR Gene Correction

Since viral and non-viral vectors failed to reach desirable efficacy outcomes as gene therapy, novel
strategies for treating CF were developed as new editing tools appeared. ZFN have been applied to
human bronchial epithelial (HBE) and CF tracheal epithelial (CFTE) cell lines, demonstrating that
CFTR ΔF508 mutation, the most frequent among CF patients, was a suitable target and can be edited
by both NHEJ and HDR [105]. ΔF508 and ΔI507 mutations were corrected with ZFN in iPSC from CF
patients; after gene correction, the edited iPSC were derived to epithelial monolayer cells, where CFTR
function was restored [106].

Two independent studies showed that ΔF508 mutation can also be corrected by iPSC electroporation
from CF patients to introduce TALENs pairs and donor DNA. In one of them, iPSC were differentiated
to airway epithelial submucosal gland cells that expressed a wild-type form of CFTR [107,108]. Given
the many mutations that are described for CF, Xia et al. opted to use a HD-Ad vector to deliver TALENs
in the IB3-1 cell line to introduce CFTR minigene cDNA on the AAVS1 locus. CFRT mRNA expression
and protein function correction was detected on transfected cells [109].

Finally, promising results can also be found relative to CRISPR/Cas9 and CF gene therapy. CFTR
ΔF508 mutation was corrected by the CRISPR/Cas9 system in intestinal stem cell organoids from CF
patients transfected with lipofectamine. Clonally expanded organoids showed corrected allele of the
target gene and a functional protein [110]. The same mutation was also corrected in iPSC cells. A 20%
correction rate was achieved using electroporation for transfection and introducing the CRISPR/Cas9
system as a ribonucleoprotein complex [111]. Following a different approach, three mutations found in
1.5% of CF patients that provoke alternative strong splice sites were assessed. Two gRNA targeting
either side of each mutation were designed to produce two DSBs that resulted in the mutation excision
in the region; thus, normal splicing was restored via NHEJ [112].

3.1.6. Conclusion

In summary, CF is a monogenic but complex disease for which definitive treatment has not yet
been established. As a consequence, since the CFTR gene was discovered as the cause of CF, there
has been considerable interest in developing gene therapy, as exemplified by viral and non-viral
vectors, aerosolized and intratracheal administration, single-dose and multiple-dose, wild-type gene
integration, and gene editing tools. Although there are promising and hopeful breakthroughs in CF
gene therapy, drawbacks such as the renewal of epithelial cells, difficult-to-transduce airway cells, and
thick mucus in CF patients together with concerns about immune activity against delivery vectors
must be resolved before gene therapy can be brought to clinical practice.

3.2. Alpha-1 Antitrypsin Deficiency, the Genetic COPD

Alpha-1 antitrypsin deficiency (AATD) is a rare genetic condition caused by mutations on the
SERPINA1 gene, which is responsible for expression of the protein alpha-1 antitrypsin (AAT). Over 100
mutations have been reported to provoke AATD, but the most frequent defective alleles are called PiZ
and PiS (the S mutant form of human AAT), while the wild-type form is called M.

AAT is a glycoprotein whose main function is the inhibition of serine proteases such as neutrophil
elastase. Around 80% of AAT is produced and secreted by the hepatocytes. Through systemic
circulation, AAT diffuses to the lung, where it protects the tissue from the proteolytic activity of
neutrophil elastase. In AATD patients with the PiZZ phenotype, mutated protein forms polymers
inside the hepatocyte, which not only leads to a decrease in AAT circulating levels but also produces a
chronic liver inflammation state that may result in cirrhosis. In the case of PiS mutation, the misfolded
protein is degraded before being secreted and does not reach the bloodstream. Therefore, both PiZ
and PiS precipitate a decrease in AAT concentration in the pulmonary tissue. As a result, the lungs
are left unprotected from neutrophil elastase, creating a protease–antiprotease activity imbalance and
thus facilitating the destruction of parenchymal lung. Consequently, patients often develop chronic
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obstructive pulmonary disease (COPD); in fact, AATD is known as the genetic COPD, because it is the
main genetic cause of this highly common disease (Figure 3).

Figure 3. Schematic view of AATD associated with the Z mutant form of human AAT (PiZ) allele
pathophysiology. At the top, the SERPINA1 gene scheme with the seven introns and the PiZ mutation
in the V exon, where the active site is found. Z-AAT variant, codified by the PiZ allele, polymerized
in the hepatocytes leading to a proinflammatory state in the liver that can produce cirrhosis and
decrease AAT plasma secretion levels. In addition, the proteinase inhibitory capacity of Z-AAT variant
is reduced, facilitating pulmonary emphysema development.

The only approved treatment for AATD is called augmentation therapy. Based on intravenous
infusions of purified AAT, it is only able to slow the progression of emphysema and is expensive and
time-consuming for the patient [59].

AATD is a complex disorder presenting a wide range of symptoms and severity. The most severe
condition is associated with the PiZ allele. Ninety-six percent of diagnosed AATD cases have the PiZZ
phenotype, and the remaining 4% are mostly PiSZ [113]. These data can be explained by the fact that
it is a highly underdiagnosed disorder, above all in patients with mild symptoms, similar to other
prevalent diseases, that usually have PiMS or PiSS phenotypes.

The fact that it is a monogenic disease and that PiZ, the most frequent allele, is a well-characterized
point mutation produced by a G > A substitution at codon 342 (Glu342Lys) in exon 5 of SERPINA1
gene make AATD a suitable target for gene therapy [114]. Overall, two different approaches have been
performed: gene augmentation therapy by introducing the M allele sequence in the organism and
correction of the PiZ allele by gene editing.

3.2.1. Viral Gene Augmentation Therapy

The first gene augmentation therapy attempts used retroviral vectors to deliver AAT into cell lines.
Results were promising, but when performed in vivo in animal models, retroviral therapy produced
severe adverse effects due to insertional mutagenesis. To avoid these problems, research focus then
turned to adenoviral vectors, which do not integrate in the genome. Some in vivo applications in
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animal models were reported, but they showed two major drawbacks: high immunogenicity and
transient protein expression [9].

In the late 1990s, adeno-associated viral (AAV) vectors began to be used in AATD gene therapy.
AAV vectors were first tested in different mouse strains with two different promoters via intramuscular
injection. It was found that in vivo, cytomegalovirus (CMV) promoter achieved therapeutic and
long-term serum levels of human AAT in C57BL6 mice, which were even higher in severe combined
immunodeficiency (SCID) mice [115]. These promising data lead to a phase I clinical trial where an
rAAV serotype 2 expressing AAT (rAAV2-AAT) vector was administered via intramuscular injection in
12 adults with AATD with at least one PiZ allele. Only low levels of wild-type AAT were achieved,
but high safety levels were proven, and although antibodies against rAAV2 were detected, there were
no associated adverse effects [116]. In order to improve the efficiency of transgene expression but
maintain the safety profile, another phase I clinical trial was launched switching to a rAAV1-AAT
vector. One year after administration, M-AAT levels were sustained in two subjects, although 200-fold
below the therapeutic level. Although T cell response against rAAV1 capsid was developed within the
first 14 days after treatment, no elevation of creatine kinase was detected, so it was concluded that
immune response did not completely eliminate transduced myofibers, which allowed the sustained
expression of M-AAT over time [117]. In a phase II clinical trial, the same vector was produced by a
herpes simplex virus complementation system and administered by intramuscular injection to nine
adults with AATD. As in the previous trial, an immune response to AAV capsids was detected, but not
against M-AAT. M-AAT levels were dose dependent, peaked at day 30, and then decreased to 3–5% of
target concentration for at least 90 days [118]. Five years after the single administration, similar results
were obtained. Patients continue to show a persistent but low expression of M form of AAT and a
regulatory T cell response that did not provoke adverse effects. Beneficial effects on neutrophil activity
such as elastase inhibition and degranulation were also reported [119].

Aiming to circumvent human immune response against rAAV2 and to optimize cell transduction
and AAT expression efficiency, alternative administration methods and new AAV serotypes have been
explored. The intrapleural administration of rAAV2-hAAT and rAAV5-hAAT in C57BL/6 mice showed
that this method generated higher lung and serum levels of hAAT than intramuscular administration
and that rAAV5-hAAT was 10-fold more efficient than rAAV2-hAAT in both pleural and intramuscular
administration [120]. As a consequence, another study screened 25 AAV vectors derived from human
and non-human primates [121]. After intrapleural administration in mice, analysis of AAT serum levels
showed that AAV rhesus macaque-derived serotype 10 (AAVrh.10-AAT) was the most efficient vector,
and as humans are not exposed to it, there are presumably no problems of previous sensibilization.
These results led to an ongoing phase I/II clinical trial called ADVANCE, which assessed two different
doses of AAVrh.10-AAT intrapleural administration in individuals with AATD to evaluate the safety
and changes in AAT expression in serum and liver (ClinicalTrials.gov Identifier: NCT02168686) [9].

Other approaches for gene augmentation therapy have been applied to in vitro and in vivo mouse
models reporting potential strategies to increase serum protein concentration. Stoll et al. [122] created a
fusion plasmid vector that contains the Epstein–Barr virus nuclear antigen 1 (EBNA1) gene sequences
and the full length SERPINA1 genomic sequence encoding hAAT. This plasmid showed high expression
efficiency when transfected in vitro human and mouse cell lines and also when applied in vivo by
hydrodynamic tail-vein injection in mice. Invasive methods such as intratracheal administration of
lentivirus or rAAV8 expressing the M allele of hAAT have shown to produce high levels of hAAT
in mice lung cells and to ameliorate pulmonary emphysema [123,124]. Recently, in vivo intravenous
injection in mice tails with an adenoviral delivery of CRISPR/Cas9 achieved hAAT integration into the
ROSA26 safe harbor. Gene integration led to the long-term detection of hAAT in mice serum and liver
cells [125]. The autologous transplantation of ex vivo transduced cells with lentiviral or AAV vectors
encoding hAAT resulted in sustained hAAT circulating levels in mice [126,127]. Hepatocyte-like cells
derived from human mesenchymal stem cells were successfully transduced with a lentiviral vector
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encoding AAT as a potential source of cells for possible future autologous transplant in the clinical
management of AATD [128].

3.2.2. Dual Therapy Approach: Addressing Hepatic and Respiratory Disease with MiRNA

Up to now, our review has focused on various attempts to increase AAT circulating levels; however,
AATD is also characterized by the harmful polymerization of Z-AAT forms in hepatocytes, and a
complete cure for this syndrome should therefore tackle both hepatic and respiratory symptoms.
To assess this dual therapy strategy, Mueller et al. have developed several rAAV vectors containing
microRNA (miRNA) targeting the mutant AAT gene and also expressing a miRNA-resistant M-AAT
allele. Transgenic mice expressing human Z-AAT were treated with a dual-function rAAV9 vector.
Z-AAT aggregates were reduced in hepatocytes at the same time that Z-AAT levels in serum decreased
by 80% and M-AAT levels were increased. In addition, the miRNA profile was not altered, suggesting
that this miRNA-based dual approach could be safe and efficient to treat AATD, in contrast to small
interfering RNA (siRNA) and short hairpin RNA (shRNA) based-therapies that have previously
reported side effects [129].

3.2.3. Non-Viral Therapy

Safety concerns about viral vectors have encouraged many researchers to develop other non-viral
gene delivery methods for gene therapy. One example is the hydrodynamic procedure, which is
based on the rapid intravenous injection of a large volume of a naked DNA solution to transfect
mainly liver cells in small animals [28]. Long-term therapeutic levels of hAAT were achieved in mice
via the hydrodynamic procedure by transfecting liver cells through the tail vein with the pTG7101
plasmid. This plasmid encodes the full length of the hAAT gene under the control of its natural
promoter. The AAT plasma concentration reached therapeutic levels and remained stable for at least
20 days. Furthermore, liver cells showed hAAT expression four months after treatment [130]. However,
hydrodynamic transfection has some hemodynamic adverse effects that must be circumvented for
this method to be considered in clinical practice. To do that, larger animal models such as pigs have
been used to set up a new hydrodynamic approach whereby the liver was surgically sealed and
pTG7101 delivery was subsequently performed through the infrahepatic inferior vena cava directly to
the liver. The hepatic expression of hAAT was achieved, but at lower levels than in mice, and AAT
plasma presence could unfortunately not be detected, which is possibly due to a species-related issue
(Figure 4) [131].

Hydrodynamic gene delivery is a promising tool for liver genetic modification to treat AATD
and other hepatic pathologies, especially since ex vivo human liver segments have been efficiently
transfected with the IL-10 gene [132].

3.3. SERPINA1 Gene Correction

The gene correction of SERPINA1 mutations in hepatocytes is another option that could provide a
definitive therapy to cure AATD. It still needs more in-depth research, but some steps toward gene
correction therapy have already been taken. Yusa et al. [133] were able to correct PiZ mutation in both
alleles of iPSC from patients with AATD. iPSCs were cotransfected with ZFN targeting PiZ mutation
and a puromycin resistance cassette flanked by piggyBac repeats, which after the selection of modified
colonies is removed using piggyBac transposase transient expression. This method proved capable of
correcting both alleles in 4% of colonies and had little off-target activity. Edited iPSCs were transformed
in vitro to hepatocyte-like cells. These hepatocyte-like cells maintain their biological functions, did not
form polymers of mutant AAT, and secreted functional AAT. They were successfully transplanted via
intrasplenic injection to mice liver, where they integrated into the mouse liver parenchyma, did not
form tumors, and expressed M form of hAAT.

Some years later, a similar study was published, also transfecting iPSC with the same integrating
vector, but in this case with TALEN constructs, in which the results obtained were successful. All selected
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clones after gene correction and the excision of selection cassette showed that both PiZ alleles changed
to the M sequence. When differentiating iPSC to hepatocyte-like cells, they showed no alteration of
growth pattern nor metabolic capabilities. The aggregation of mutant AAT was not detected; instead,
levels of wild-type AAT as measured by ELISA assay were normal [114].

Figure 4. Schema of hydrodynamic transfection within liver tissue in pigs. Retrograde injection of
DNA through the infrahepatic inferior vena cava produces a separation between endothelial cells and
their fenestration and the formation of endocytic vesicles, allowing DNA molecules to enter the hepatic
cells. Modified with permission from Sendra et al. [131] under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/).

CRISPR/Cas9 have also been applied to iPSC lines to correct PiZ mutation of the SERPINA1
gene. In the study discussed below, Smith et al. investigated the relative efficiency of CRISPR/Cas9
and TALENs for inducing NHEJ and HDR. Most relevant for this review is the fact that PiZ point
mutation was chosen to perform the experiments. iPSC cells were transfected by electroporation with
4D-Nucleofector equipment (Lonza) with the designed TALENs constructs or with two plasmids:
one expressing Cas9 protein and the other expressing the sgRNA. The percentage of indel produced
was around 2% for CRISPR/Cas9 but was undetectable for TALENs. Curiously, HDR efficiency was
very similar across both systems. TALENs showed a relative preference for HDR over NHEJ, while
CRISPR/Cas9 was prone to NHEJ. In addition, sgRNA proved to be allele-specific. In heterozygous
PiMZ iPSC lines, the CRISPR/Cas9 system was able to discriminate and specifically target PiZ
allele [134].

With regard to animal models, the CRISPR/Cas9 system has been delivered with an adenoviral
vector to a mouse model of human AATD which expresses the PiZ allele of hAAT. In this study,
PiZ expression was disrupted via the NHEJ reparation pathway after the DSB produced by Cas9.
Circulating hAAT levels were reduced by 94% at nine weeks after treatment. Liver biopsies showed a
significant decrease in AAT aggregates and a decrease in liver fibrosis and inflammation. Obviously,
this study does not address the reversal of AATD pathology, but it nonetheless opens a door to research
in CRISPR/Cas9 gene editing in vivo treatment to reduce mutant protein, although potential risks must
be carefully investigated [135].

91



J. Clin. Med. 2020, 9, 2577

Conclusions

In conclusion, gene therapy is a promising substitute to the existing and controversial augmentation
therapy, as evidenced by the encouraging results in both pre-clinical and clinical phases. Research is
centered mainly on AAV vectors. Despite the safety of these vectors, AAT expression remained far
below the minimum therapeutic level. Some projects in animal models are working on optimizing this
therapy. Furthermore, new gene editing tools used to correct mutations are trying to find a definitive
cure for AATD, but for the moment, testing remains at the animal and in vitro model stage, as there
still are many concerns about safety and off-target activity.

4. Primary Ciliary Dyskinesia

Primary ciliary dyskinesia (PCD) is a rare genetically heterogeneous disease that causes the
disrupted movement of motile cilia in the organism. This disruption is generally related to poor
mucociliary clearance and long-term lung function distress. The main cause of the PCD is inherent to
the cilia. Over 600 proteins form its ultrastructure, and the malfunction of any of the genes related to
forming or docking the structure could impair movement (Figure 5).

 
Figure 5. Structure of motile cilia and role of mutant proteins. Motile ciliopathies are caused by
mutations in the (top panel) components of the ciliogenesis pathway or (bottom panel) structural and
attachment proteins of the axoneme dynein ‘arm’ motors (green), the dynein arm docking complex,
the nexin–dynein regulatory complex (dotted lines), the central apparatus (brown), the radial spokes
(blue), as well as molecular ruler proteins and cytoplasmic dynein arm assembly factors. Reported
syndromes are: primary ciliary dyskinesia (PCD) associated with retinitis pigmentosa (RP), and
Simpson–Golabi–Behmel syndrome, type 2 (SGBS2). Reproduced with permission from [136].
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Thus, over 40 genes are known to be related to PCD. Of the total diagnosed patients, around 70%
have a mutation in one of those 40 genes, while in the remaining 30%, the origin is unknown [137].
The most common mutations found in patients are located in the outer dynein arm (ODA) docking
proteins, with DNAH5 mutations being the cause of around 25% to 30% of all PCD cases [138–140].
Other ODA-related genes are also commonly mutated in PCD such as DNAI1 (approximately 10%),
DNAH11 (approximately 6%) and DNAI2, which are genes related to radial spokes (RSPH4A, RSPH9)
and other genes involved in ciliary assembly (KTU, LRRC50) [141].

The complexity and heterogeneity of this disease is a major concern when testing new approaches
to find a suitable gene therapy. Due to the multigenic nature of the disease, finding a single drug
that can treat the whole patient pool is highly unlikely, so personalized medicine will play a key role
in PCD.

Restoring cilia motility in PCD using genetic tools started back in 2009 with studies in the ODA
gene DNAI1. DNAI1 is a PCD-related gene whose deficiency has been observed to cause a loss
of ODA structures and thus impair cilia motility. Incidence is estimated to be 10% of PCD cases.
Dnaic1 is the murine DNAI1 orthologue, so Dnaic1-deficient cells show a lack of ODA in ALI culture.
In order to mimic PCD, Dnaic1−/− mice were created using tamoxifen-inducible Cre-Lox technology
to overcome embryo development complications. When tamoxifen is applied, Dnaic1−/− mice show
reduced mucociliary clearance and chronic rhinosinusitis [142].

The transduction of Dnaic1−/− undifferentiated ALI culture with a full-length Dnaic1 cDNA
encoded in a lentiviral vector showed a visible increase in ciliary activity, from approximately 0.4% to
10%, and the CBF remained roughly the same. On the other hand, the transduction of a differentiated
ALI culture also showed a surface area increase from approximately 1.0% to a maximum of 8.8% and a
10-fold increase in ciliary activity. On differentiated cultures, active ciliated cell appearance showed a
5–6 day delay after treatment.

The tamoxifen-induced deletion of Dnaic1 in a murine model showed that less than 20% of
normal gene expression could restore a significant mucociliary clearance and reduce the severity of the
disease. To observe gene transfer in the airway epithelium, a luciferase and β-gal lentiviral vector was
administered by nasal inhalation. Vector infection rates in PCD mice showed an 8-fold drop compared
to control. This inhibited gene transfer was afterwards attributed to the chronic rhinosinusitis [19].

In 2016, new gene therapy approaches using TALENs were used for the ex vivo restoration of the
DNAH11 gene. Ciliated cells were collected via nasal brushing from PCD patients heterozygous for a
known mutation (p.R2250*/p.Q3604*). Left and right TALENs were designed to target p.R2250*, and
after successful design, they were cloned into LAW34 lentivirus, which is a feline immunodeficiency
virus (FIV) vector.

Nasal brushings from the patients were cultivated in spheroids containing the ciliated cells inside.
Six to eight days after obtaining the spheroids, the lentiviral vector containing the TALEN sequences
was added to the media and successfully corrected the mutated sequence to the wild-type one, as
proven by molecular analysis, evaluation of ciliary beat phenotype, and visual examination of cells
treated for immunohistochemistry (Figure 6) [143].
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Figure 6. Analysis of ciliary motility and number of wild-type alleles at day 0 and 8 post-transduction.
Spheroids from patient A were transduced with the vectors indicated on the left and monitored every
2 days for ciliary beating pattern and frequency. Panels show the ciliary beat frequency measured
at day 5 post-transduction for untreated cells (upper panel), cells treated with L-and R-transcription
activator-like effector nucleases (TALENs) (middle panel), and L-and R-TALENs and Rec (lower panel).
The latter treatment reduced beating frequency to normal levels (12–14 Hz). Normalization lasted
throughout the observation treatment. At day 0 and 8 post-treatment, spheroids were collected in
part and processed to extract the genomic DNA. Extracted nucleic acids were analyzed by droplet
digital PCR (ddPCR) to count the number of molecules containing the wild-type sequence at nucleotide
position 172 381. The center gray panels show, spatially separated, the wild-type sequence molecules in
the top left quadrant (blue dots), mutated sequence molecules in the lower right quadrant (green dots),
and irrelevant molecules in the lower left quadrant (gray dots) counted by ddPCR. The histograms
on the right show the number of wild-type sequence molecules counted in spheroids at day 0 and 8
post-transduction and the percentage increment increase in wild-type molecules between the time
points. Spheroids treated with L- and R-TALENs and Rec show >30% increase in wild-type molecules.
This increase reached statistical significance (*) as determined by the sequential probability ratio test (α
value 0.01). Reproduced with permission from [143].

In conclusion, there is still a long road ahead to find a suitable treatment for PCD, but by deepening
our insight into cilia biology, its role in molecule trafficking and its assembly, we have created new
approaches for restoring motility.

5. Discussion

Nowadays, there are numerous tools available to conduct a gene therapy experiment. Endogenous
genes can be modified, edited, disrupted, inhibited, and enhanced; likewise, exogenous genetic material
can be introduced into the cell as an episome or integrated in the genome. Many different organs can be
targeted via different administration routes; theoretically, cells can even be modified ex vivo and then
implanted back in the same individual. Extensive research effort has gone into bringing gene therapy
from bench to bedside and hundreds of clinical trials have been performed; however, only a few gene
or cell therapies are approved at the moment. Yet during the last few decades, especially since the

94



J. Clin. Med. 2020, 9, 2577

development of CRISPR/Cas9 technology, there is renewed hope in gene therapy as a treatment for
genetic conditions.

As regards respiratory diseases, many of them are chronic and caused by genetic defects. The lung
is an organ accessible to gene therapy, but it also presents physical and immunological barriers
that impair gene delivery, especially for viral transduction. Aside from physiological barriers,
symptomatology such as a thick mucus layer in CF or rhinosinusitis in PCD complicate the process.
In addition, to achieve the long-term expression needed in chronic conditions, repeated administrations
are needed because of the constant cell renewal in the lung, thus potentially stimulating the immune
response. As observed in CF and AATD clinical trials with rAAV vectors, efficacy in gene delivery
is very low, and although there are no related adverse effects, there is an immune response to the
viral capsid. To circumvent this problem and obtain permanent effects with a unique administration
therapy, respiratory stem cells should be targeted, requiring integrative vectors that can produced
insertional mutagenesis. Furthermore, gene delivery into these cells in vivo is an important limitation,
as they are located in the basal surface of distal airways, and available vectors are not able to reach
them efficiently. Undoubtedly, lung stem cell gene delivery is one of the main future challenges for
gene therapy development.

In the case of CF and AATD, rAAV vectors have turned out to be the most efficient and safe for
therapy, and many clinical trials have been run using them as drugs. However, research is focused on
optimizing transfection efficiency by pseudotyping and optimizing promoters and enhancers, such as
F/HN-pseudotyped SIV, or looking for new serotypes, such as the AAVrh.10. Conversely, the most
frequently used vector for PCD is the lentiviral type. Target cells for PCD therapy are ciliated epithelial
cells, which are non-dividing cells that only can be infected with lentivirus or retrovirus.

Alternatively, non-viral vectors can also be used for gene therapy. They are safer but also less
efficient than viral vectors. A handful of non-viral vector clinical trials can be found using plasmids
encoding CFTR gene combined with cationic lipids and PEG, with modest results. The hydrodynamic
procedure has shown encouraging outcomes to treat AATD in pre-clinical studies in vivo, but there are
many concerns about the hemodynamic effects if applied to humans. In contrast, non-viral vectors are
very useful for in vitro or ex vivo applications.

Gene augmentation therapy is the most widely used approach to treat CF, AATD, and PCD.
However, the development of gene editing tools has opened up a new range of possibilities in
gene therapy, one of the most promising of which involves editing iPSC ex vivo and then inducing
differentiation in the target cell of interest, and finally, autotransplantation with corrected cells. Recently,
a number of clinical trials using CRISPR/Cas9 have been approved for oncologic conditions. Pending
the results of these trials, the successful application of gene editing tools in CF, AATD, and PCD might
be the first step toward definitive and personalized treatment.

In conclusion, the three conditions considered in this review are rare genetic respiratory diseases
with complex clinical expression and without definitive treatment. For all three, gene therapy is an
encouraging alternative treatment to conventional drugs that have been inefficient up to now. As
discussed in this review, recent decades have seen great strides in applying gene therapy in these
respiratory conditions; however, researchers are still working toward new breakthroughs due to
ongoing concerns about safety, specificity, and efficacy.
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Abstract: Neonatal respiratory distress (NRD) is common among infants with primary ciliary
dyskinesia (PCD), but we do not know whether affected neonates receive a timely diagnosis. We used
data from the international PCD cohort and assessed the proportion of patients with PCD who had
a history of NRD and their age at diagnosis, stratifying by presence of laterality defects. First we
analyzed data from all participants diagnosed after 2000, followed by individuals from a subgroup
diagnosed using stricter criteria. Among the 1375 patients in the study, 45% had a history of NRD and
42% had laterality defects. Out of the 476 children with definite PCD diagnosis, 55% had a history of
NRD and 50% had laterality defects. Overall, 30% of children with PCD were diagnosed during the
first 12 months of life. This varied from 13% in those with situs solitus and no NRD, to 21% in those
with situs solitus and NRD, 33% in those with situs anomalies but no NRD, and 52% in those with

J. Clin. Med. 2020, 9, 2871; doi:10.3390/jcm9092871 www.mdpi.com/journal/jcm

105



J. Clin. Med. 2020, 9, 2871

both situs anomalies and NRD. Our results suggest that we need to improve our knowledge of the
neonatal presentation of infants with PCD and apply it so that these patients will receive appropriate
care sooner.

Keywords: primary ciliary dyskinesia; neonatal respiratory distress; laterality defect; orphan diseases

1. Introduction

Primary ciliary dyskinesia (PCD) is a multiorgan genetic disease that affects approximately 1 in
10,000 people [1,2], or as many as 1 in 400 in highly consanguineous populations [3,4]. The clinical
phenotype is variable, but most patients have chronic upper and lower airway disease with rhinitis
and cough resulting in recurrent infections of ears, sinuses, and lungs [5,6]. About half of patients
with PCD have situs inversus, and an additional 10–12% have other laterality defects, which may be
associated with congenital heart disease [7,8]. Already in childhood, lung function is comparable to
patients with cystic fibrosis (CF), and as the disease progresses most patients develop progressive lung
disease with bronchiectasis and chronic pseudomonas infection [9–13]. At advanced disease stages,
many adults become oxygen dependent and undergo a lobectomy, with some eventually requiring
lung transplantation [14,15]. It is believed that, as in other genetic respiratory diseases such as CF,
early diagnosis followed by initiation of regular physiotherapy and prompt antibiotic treatment may
reduce lung function decline and improve long-term outcomes [16].

Patients with PCD are usually born at term, and typically present with chronic respiratory
symptoms from birth such as rhinitis and a wet-sounding cough. A large proportion present with
neonatal respiratory distress (NRD) [17–19]. The frequency of these symptoms in neonates with PCD
is unclear; in a systematic review, the proportion of PCD patients reported to have NRD varied widely
between studies, from 15% to 91%. However, these data were generally of poor quality [20]. In a
single-center case-control study from Canada, detailed neonatal data were extracted from health
records to identify characteristics that distinguish PCD from other causes of NRD [19]. The study
showed that compared to other term infants with NRD, infants with PCD had a characteristic clinical
picture that should point toward the diagnosis [19].

The neonatal period offers an ideal window for early diagnosis of PCD before long-term damage
to the lungs has occurred. However, timely diagnosis has not yet been investigated in an international
setting. We used a multicenter dataset from the international PCD (iPCD) cohort to determine the
proportion of patients presenting with NRD and the age when PCD was finally diagnosed. We grouped
infants into those with and without NRD, and stratified additionally by presence of laterality defects.

2. Methods

2.1. Participants

The iPCD cohort, described in detail elsewhere [21], included 3824 patients as of June 2019 when
reviewed for this study [21]. The core dataset of the iPCD cohort is compulsory for all contributors,
while specific modules including the one on neonatal history are voluntary. For this analysis, we included
only patients from data providers who had also contributed data on the neonatal period for their patients
(Figure 1 and Supplementary Materials Table S1). We further excluded patients diagnosed before the year
2000 because PCD diagnosis has evolved considerably during the past 20 years and because we were
mainly interested in recent data that are representative of contemporary neonatal care [22].
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Figure 1. Flow chart showing the patients included for the different analyses performed. PCD: primary
ciliary dyskinesia.

2.2. Definition of NRD and PCD Diagnosis

Information on NRD was delivered by data providers and was retrieved from patient charts.
NRD was described as a history of hospitalization for respiratory distress during the neonatal period
either retrieved from neonatal hospital records or reported to the PCD clinic at diagnosis by patients
or their parents. In one of the centers, NRD was defined as the presence of respiratory distress or
physician-recorded chest symptoms during the neonatal period, since the data did not distinguish
between the two. We also retrieved information on laterality status and defined the presence of situs
inversus or heterotaxia as a laterality defect. All patients included in the study had a clinical phenotype
consistent with PCD and were under PCD management at the contributing centers.

All patients included in the iPCD cohort had a strong clinical suspicion of PCD and were followed
up as PCD cases in the contributing centers after alternative diagnoses such as CF or immunodeficiency
had been excluded. However, because the diagnosis of PCD is complex and can sometimes remain
inconclusive even after multiple tests, we grouped patients into groups of diagnostic certainty based
on the diagnostic guidelines of the European Respiratory Society Task Force [23].

“Definite PCD” diagnosis was defined as a pathogenic biallelic PCD genetic mutation or hallmark
structural abnormality in transmission electron microscopy (TEM) [23]. The remaining patients had
either abnormal high-speed video microscopy findings or low nasal nitric oxide (probable PCD
diagnosis), or were patients with strong clinical suspicion (e.g., Kartagener syndrome) in whom the
diagnostic algorithm was not complete (clinical PCD diagnosis). For the diagnostic classification,
we reviewed all diagnostic data provided by the centers and contacted the centers where clarifications
were required. Age at diagnosis was defined based on information provided by the centers or, when not
available, based on the date of positive diagnostic tests. In case several positive tests were available,
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age of diagnosis corresponded to the date of the first positive test. For patients with only clinical
diagnosis, age of diagnosis was defined as the age when the patient started to be managed as PCD
at the participating center. We divided the ages at diagnosis into periods, to investigate whether the
diagnosis was made in the first three months of life, within infancy (age 3–11 months), during the
preschool period (age 1–4 years), or during school years (age 5–9, 10–14, or over 14 years).

2.3. Analysis

We first analyzed data from all patients regardless of age or diagnostic certainty (Figure 1),
and assessed the proportions of patients who reported NRD and laterality defects overall and by
country. We then stratified the population into four groups and described their ages at diagnosis:
patients without NRD and with situs solitus, patients with NRD and situs solitus, patients without
NRD and with laterality defects, and patients with both NRD and laterality defects. We assessed the
proportion of children diagnosed with PCD within the first three and the first 12 months of life, and the
proportion diagnosed later at ages 1–4, 5–9, 10–14, or 15–19 years. We also compared age at diagnosis
using a Kruskal–Wallis test [24], followed by pairwise comparisons between groups using a Wilcoxon
rank sum test [25].

Second, we repeated all analyses in patients who had “definite PCD” based on recent diagnostic
guidelines and were younger than 20 years at the time of investigation, because recall of neonatal
problems declines with age (subgroupanalysis, Figure 1) [23,26]. We used STATA 15.1 (StataCorp,
College Station, TX, USA) for all analyses. While the first dataset is representative of the majority of
patients with PCD currently in treatment, the second includes those for whom quality of information
on PCD diagnosis and the neonatal period is best.

2.4. Ethics

In most participating countries, researchers are not required to obtain patient informed consent
for retrospectively collected anonymized observational data. In countries where informed consent was
needed, primary investigators obtained local ethics approval and informed consent for the contribution
of their anonymized data to the iPCD cohort for research purposes [21]. In Switzerland, contribution
of anonymized data were approved by the Cantonal Ethics Committee of Bern (KEK-BE: 060/2015).

3. Results

Out of the 3824 patients included in the iPCD cohort at the time of the study, 1461 originated from
centers that completed also the module on the neonatal period (Figure 1). After excluding patients
diagnosed earlier than 2000, 1375 patients were included in the study (extended analysis). The subgroup
analysis included 476 patients who were 0–19 years old and had a definite PCD diagnosis (Figure 1).
Data came from 11 centers in nine countries: Argentina, Australia, Colombia, Cyprus, Czech Republic,
Italy, Norway, Turkey, and the United Kingdom (UK). Seven countries were represented by one center,
while Turkey and UK each had two contributing centers.

Of the entire study population (n = 1375), 45% (95% Confidence Interval (CI): 43–48%) had a
history of NRD and 42% (95% CI: 40–45%) a laterality defect (Supplementary Materials Table S2).
PCD was diagnosed at a median age of 9.8 years. Only 13% of the 1375 were diagnosed during the first
12 months of life, varying from 4% in those with situs solitus and no NRD to 32% in those with NRD
and a laterality defect (Table S2). Median age at diagnosis was 12.4 years for patients without NRD
and situs solitus, 10.4 years for those with NRD and situs solitus, 8.8 years for those without NRD but
with a laterality defect, and 4.5 years for the group combining a history of NRD and laterality defects.
In 14% of patients with NRD and a laterality defect, PCD was diagnosed in the first three months of
life (Supplementary Materials Table S3). Among patients with NRD but without a laterality defect,
PCD was only diagnosed in the first three months of life only in 2.9%. We found a difference in median
age at diagnosis between male and female patients (2.6 compared to 4.4 years) but it disappeared after
accounting for NRD and laterality defects.
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Results were comparable in the subgroup analyses that included only patients 0–19 years with
definite PCD diagnosis. Fifty-five percent (95% CI: 50–59%) reported a history of NRD and 50%
(95% CI: 46–55%) had a laterality defect (Table 1). Prevalence of NRD and laterality defects varied
between centers (Supplementary Materials Table S4). Age at diagnosis overall was lower than in the
whole study population and the differences between the four groups more pronounced. Patients were
diagnosed at a median age of 3.4 years, varying from less than one year in Norway and Cyprus to
10 years in Turkey (Table 1). Overall, 30% of children with PCD were diagnosed during the first
12 months of life, varying from 13% in those with no NRD and situs solitus, to 21% in those with NRD
and situs solitus, 33% in those with a laterality defect but no NRD, and 52% in those with both NRD
and a laterality defect.

Table 1. Characteristics of PCD patients aged 0–19 years with a definite PCD diagnosis (n = 476).

Characteristic N (%)
Age at Diagnosis

(in Years)
N (%) of Patients

Diagnosed at 0–12 m
Median (IQR)

Total 476 (100) 3.36 (0.69–7.76) 144 (30.3)
Sex

Male 262 (55.0) 2.62 (0.61–7.06) 87 (33.2)
Female 214 (45.0) 4.38 (0.97–8.34) 57 (26.6)

Country of residence
Argentina 30 (6.3) 1.5 (0.50–5.00) 10 (33.3)
Australia 19 (4.0) 1.26 (0.40–3.78) 9 (47.4)
Colombia 11 (2.3) 6.61 (4.04–8.34) 1 (9.1)

Cyprus 5 (1.0) 0.61 (0.21–0.67) 4 (80.0)
Czech Republic 21 (4.4) 4.75 (1.49–9.28) 4 (19.0)

Italy 89 (18.7) 1.62 (0.38–5.67) 36 (40.4)
Norway 25 (5.3) 0.63 (0.10–7.17) 14 (56.0)
Turkey 31 (6.5) 10.11 (7.37–12.53) 0 (0.0)

United Kingdom 245 (51.5) 3.53 (0.89–8.08) 66 (26.9)
NRD

No 193 (40.6) 4.96 (1.10–8.44) 43 (22.3)
Yes 261 (54.8) 1.96 (0.50–6.40) 98 (37.5)

No information 22 (4.6) 2.47 (1.42–9.40) 3 (13.6)
Organ laterality

Situs solitus 218 (45.8) 5.93 (2.00–9.08) 37(17.0)
Laterality defect 240 (50.4) 1.44 (0.42–5.07) 103 (42.9)
No information 18 (3.8) 6.35 (1.09–9.54) 4 (22.2)

Clinical characteristics groups
No NRD, situs solitus 114 (24.0) 6.47 (2.73–9.08) 15 (13.2)

NRD, situs solitus 132 (27.7) 5.44 (1.50–9.41) 27 (20.5)
No NRD, laterality defect 91 (19.1) 2.51 (0.67–6.97) 30 (33.0)

NRD, laterality defect 139 (29.2) 0.91 (0.31–3.17) 72 (52.0)

PCD: primary ciliary dyskinesia, NRD: neonatal respiratory distress, IQR: interquartile range.

Table 2 and Figure 2 show a detailed breakdown of age at diagnosis for the four patient groups.
For infants with NRD and a laterality defect, median age at diagnosis was 0.9 years (11 months):
21% were diagnosed within three months of birth, a further 31% before the age of 12 months, and most
(80%) before they reached five years. Children with laterality defects not presenting with neonatal
respiratory symptoms were also diagnosed relatively early (median age 2.5 years): one-third were
diagnosed during infancy and 57% before the age of five years. These results stand in contrast with
those for infants with situs solitus. Among infants who presented with NRD and situs solitus, only 6%
were diagnosed with PCD within three months, 20% within the first year of life, and only 39% by
age five. Of the children who had situs solitus, PCD was diagnosed at a median age of 5.4 years if
they had NRD, but of 6.5 years if they had no neonatal symptoms (p = 0.15, Figure 2), suggesting that
neonatal symptoms alone, in the absence of situs anomalies, do not lead to diagnostic testing for PCD.
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Table 2. Age at diagnosis of PCD patients aged 0–19 years with definite PCD diagnosis, per clinical
characteristics group, based on reported NRD and organ laterality (n = 476).

Clinical Characteristics Groups
Age at Diagnosis n (%)

0–2 m 3–11 m 1–4 yrs 5–9 yrs 10–14 yrs > 14 yrs Total

No NRD, situs solitus 2 (1.7) 13 (11.4) 24 (21.1) 46 (40.4) 26 (22.8) 3 (2.6) 114 (100)
NRD, situs solitus 8 (6.1) 19 (14.4) 25 (18.9) 45 (34.1) 34 (25.7) 1 (0.8) 132 (100)

No NRD, laterality defect 6 (6.6) 24 (26.3) 22 (24.2) 27 (29.7) 11 (12.1) 1 (1.1) 91 (100)
NRD, laterality defect 29 (20.9) 43 (30.9) 39 (28.1) 20 (14.4) 7 (5.0) 1 (0.7) 139 (100)

TOTAL 45 (9.4) 99 (20.8) 110 (23.1) 138 (29.0) 78 (16.4) 6 (1.3) 476 (100)

PCD: primary ciliary dyskinesia, NRD: neonatal respiratory distress, m: months, yrs: years. Age 0–2 months
corresponds to 0–2.999 months, similar for all age groups.

Figure 2. Age at diagnosis of PCD patients (n = 476) aged 0–19 years with definite PCD diagnosis,
per clinical characteristics group. PCD: primary ciliary dyskinesia, NRD: neonatal respiratory distress.

Each box represents the median and interquartile range (IQR) of age at diagnosis for the respective
group (in years). The whiskers represent the range of age at diagnosis and the dots represent outliers;
pairwise comparisons between the four groups using a Wilcoxon rank sum test corrected for multiple
testing (Benjamini–Hochberg) resulted in p ≤ 0.003, with the exemption of the comparison between
infants with situs solitus and no NRD and infants with situs solitus and NRD (p = 0.150).

4. Discussion

This is the first large multinational study that describes the proportion of infants with PCD who
presented with respiratory distress after birth and the age they were diagnosed. Among the 55% of
children with PCD in the iPCD cohort who reported NRD, those who also had situs inversus were
diagnosed with PCD relatively early, at a median age of 0.9 years. Children who had no laterality
defect were diagnosed at a median age of 6 years, independently of whether or not they had presented
with NRD. This suggests that although NRD in infants with PCD has typical features, the diagnosis is
usually missed by neonatologists and pediatricians unless patients also present with situs anomalies.

The iPCD cohort is the largest dataset on patients with PCD worldwide, and is representative of
and follows currently diagnosed PCD patients in developed countries [21]. We analyzed the whole
dataset, which was large and representative of the majority of PCD patients in medical follow-up;
then, to reduce uncertainties in diagnosis of PCD and of recall bias regarding the neonatal presentation,
we repeated all analyses for patients with a definite diagnosis of PCD based on current diagnostic
criteria, including those who were younger than 20 when neonatal history was taken. Still, our study
has limitations. In particular, since information on NRD was collected retrospectively, there was a
lack of standardization for the definition of NRD between centers, and for some participants this
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information was patient- or parent-reported. This could possibly explain the lower prevalence of NRD
compared to previous studies [17–19]. We also lacked detailed information on the characteristics of
the neonatal disease presentation, such as onset and duration of respiratory distress, exact diagnoses
and treatments given at the hospital, and results of x-rays and other investigations. Thus, we cannot
state whether the clinical picture of NRD was as typical as that previously described [19]. There are
few other studies to compare our findings with. Prevalence of NRD in our study was lower than in a
single-center study from Canada (91%), which was based on a chart review of neonatal records [19].
Similarly, a multicenter study including 205 children with PCD from North American centers reported
a higher (81%) prevalence of NRD [18]. In our study, neonatal history was usually obtained from
the patients or the parents at the time of PCD diagnosis. NRD prevalence varied between countries
and was low in some centers. In several centers the prevalence of NRD was higher (e.g., 68–100%),
suggesting that the recorded average might be an underestimation due to a less detailed history in
some centers. In another study of consecutively referred and diagnosed patients with PCD from the
UK, 56 of 75 patients (75%) reported neonatal chest symptoms [17]. As in our study, these data were
also collected from patients or their parents at the first diagnostic visit. The prevalence found was
higher than ours (45%). A possible explanation for this difference might be that the definition used for
NRD in the UK study was wider, as it included also other neonatal chest symptoms, while in our study
it included only history of NRD (with the exception of one center).

What implication does this have for clinical management? Given that up to 5% of term-born
infants present with some type of respiratory distress and assuming that 50% of infants with PCD
present with NRD while estimating prevalence of PCD as 1 in 10000, it follows that around 1 in 500 term
neonates with NRD has PCD [27]. Performing the complex and expensive set of diagnostic tests to
diagnose one infant with PCD in 500 is unrealistic, if not impossible. However, the data from the
Canadian case-control study suggests (though this needs to be confirmed in other populations) that the
clinical picture of NRD is quite typical in PCD, and it differs substantially from much more common
diagnoses such as transient tachypnea of the newborn or peripartum pneumothorax, given that infants
with PCD often required supplemental oxygen for several days to weeks and had lobar collapse.
In that study, the combination of oxygen therapy for more than two days and lobar collapse in the
chest x-ray had a sensitivity of 83% for detecting PCD [19]. Thus, term-born infants with late onset but
long-duration respiratory distress not needing intubation, and with a radiological picture typical for
PCD, could be picked up as suspected PCD candidates and referred for diagnosis from the first days of
life. In our study, the average age at diagnosis for children in some centers (e.g., in Norway and Cyprus
was 7–8 months) suggests that, although the number of patients was low, earlier diagnosis is possible.

5. Conclusions

We found that only a minority of infants with PCD who present typical symptoms in the neonatal
period are diagnosed early, but examples from some countries suggest early diagnosis is possible.
In term neonates with NRD, better recognition of the typical clinical picture associated with PCD during
the neonatal period could increase the proportion of neonates referred for detailed PCD diagnostic
testing. We believe that if the typical clinical picture of PCD in neonates can be better characterized and
its recognition improved during the neonatal period, more infants suffering from PCD could receive
appropriate care sooner.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/9/2871/s1,
Table S1: Inclusion criteria for the total study population and for the subgroup of younger patients with definite
PCD, Table S2. Characteristics of PCD patients diagnosed after 2000 (n = 1375), Table S3. Age at diagnosis of
PCD patients of all ages, per clinical characteristics group, based on reported NRD and organ laterality (n = 1375),
Table S4. Prevalence of NRD and laterality defects in PCD patients aged 0–19 years with definite PCD diagnosis
by country (n = 476).
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Abstract: Primary ciliary dyskinesia (PCD) is an autosomal recessive rare disease caused by an
alteration of ciliary structure. Immunofluorescence, consisting in the detection of the presence
and distribution of cilia proteins in human respiratory cells by fluorescence, has been recently
proposed as a technique to improve understanding of disease-causing genes and diagnosis rate
in PCD. The objective of this study is to determine the accuracy of a panel of four fluorescently
labeled antibodies (DNAH5, DNALI1, GAS8 and RSPH4A or RSPH9) as a PCD diagnostic tool in
the absence of transmission electron microscopy analysis. The panel was tested in nasal brushing
samples of 74 patients with clinical suspicion of PCD. Sixty-eight (91.9%) patients were evaluable
for all tested antibodies. Thirty-three cases (44.6%) presented an absence or mislocation of protein
in the ciliary axoneme (15 absent and 3 proximal distribution of DNAH5 in the ciliary axoneme,
3 absent DNAH5 and DNALI1, 7 absent DNALI1 and cytoplasmatic localization of GAS8, 1 absent
GAS8, 3 absent RSPH9 and 1 absent RSPH4A). Fifteen patients had confirmed or highly likely PCD
but normal immunofluorescence results (68.8% sensitivity and 100% specificity). In conclusion,
immunofluorescence analysis is a quick, available, low-cost and reliable diagnostic test for PCD,
although it cannot be used as a standalone test.

Keywords: cilia; primary ciliary dyskinesia; PCD; immunofluorescence; antibody

1. Introduction

Primary ciliary dyskinesia (PCD) is an autosomal recessive rare disease (1/15,000) caused by an
alteration of ciliary structure, which impairs mucociliary clearance [1,2]. Symptoms of PCD may
include persistent wet cough from early infancy, recurrent respiratory infections, bronchiectasis,
chronic rhinosinusitis, persistent otitis media with effusion and associated conductive hearing loss,
male infertility, female subfertility, situs inversus in half of PCD patients [1–3] and heterotaxic defects
in 6–12% of cases [4].

Diagnosis is often delayed, with the possibility of an impairment of lung function [1], because of
non-specificity of PCD symptoms and limitations of the available techniques [5]. According to the
European Respiratory Society (ERS), PCD diagnosis is commonly based on studying the ciliary
function by high-speed video-microscopy (HSVM) and ciliary ultrastructure by transmission electron
microscopy (TEM) [6]. As there is not a unique gold standard diagnostic test, the ERS [6] and the
American Thoracic Society (ATS) [7] have recently proposed the use of different diagnostic techniques
to improve the accuracy and diagnosis rate of PCD.

Immunofluorescence (IF) is a technique consisting in the use of fluorescently labeled antibodies
for the detection of the presence and distribution of different ciliary proteins in human respiratory
cells by fluorescence or confocal microscopy, and it has been recently proposed as a tool to improve
the diagnosis rate in PCD and facilitate a better understanding of disease-causing genes [6,7]. Motile
respiratory cilia (9 + 2 cilia) are composed of nine peripheral microtubular doublets (composed of A
and B tubules) and a central pair (C1 and C2) surrounded by a protein central sheath. An important
number of protein complexes are distributed among these microtubule structures: the outer (ODA)
and inner dynein arms (IDA), the nexin links, the central sheath and the radial spokes [8,9] (Figure 1).
The methodology for IF staining of ciliated respiratory epithelial cells was first described by Omran
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and Loges [10]. Nowadays, an important number of antibodies against different cilia proteins are
available, including antibodies against proteins in ODA, IDA, radial spoke head and dynein regulatory
complex [6]. IF is cheaper and easier than other techniques and the use of IF as a diagnostic test in
PCD is likely to increase as more antibodies become available [6]. However, studies on the use of IF
in diagnostic settings and IF validation studies are necessary to consider IF as a diagnostic tool for
PCD in diagnostic cohort studies [6]. The ATS considers the IF as one of the emerging PCD diagnosis
techniques, although it has emphasized the lack of consensus on a gold standard for diagnosis and the
insufficient sensitivity and specificity when applied to the general population [7].

 

Figure 1. Ciliary axoneme in transverse section indicating the ultrastructural parts and the target
proteins by immunofluorescence. Proteins are indicated in parentheses. DRC = dynein regulatory
complex. A and B: outer microtubule doublets; C1 and C2: central pair.

A study by Shoemark et al. demonstrated that IF is a useful diagnostic technique and presents
the same accuracy as well-performed TEM analysis, which is why the authors support IF as a routine
diagnostic test for PCD, especially when TEM expertise or equipment is not available [5]. To our
knowledge, this is the only study evaluating the accuracy of conventional IF for the diagnosis of
PCD. In a recent study, Liu et al. presented a quantitative super-resolution imaging workflow for the
detection of cilia defects thanks to the validation of 21 commercially available IF antibodies. Molecular
defects using this super-resolution imaging toolbox were described in 31 clinical PCD cases, including
patients with negative TEM results and/or with genetic variants of uncertain significance (VUS) [11].

We hypothesized that an IF panel would be a useful technique to study the cilia structure and
improve PCD diagnosis, especially in settings with low availability of TEM results. Our aim was to
establish the utility and accuracy for PCD diagnosis of an IF panel in a Spanish cohort of patients with
suspected PCD in relation to clinical characteristics, genetics and/or HSVM.

2. Experimental Section

2.1. Patients

This study belongs to a prospective multicentric study including all 74 consecutive patients with
a clinical history suggestive of PCD during the period from 2016 to 2020.

This project was approved by the Clinical Research Ethics Committee (CEIC) of Hospital
Universitari Vall d’Hebron (PR(AMI)148/2016). Written informed consent was obtained from
≥18-year-old patients, from ≥12-year-old patients and their parents or guardians and from <12-year-old
patients’ parents or guardians.
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The majority of patients attended the Hospital Universitari Vall d’Hebron (HUVH), and patients
and samples from other hospitals from Spain were also analyzed: Hospital Sant Joan de Déu (Esplugues
de Llobregat, Barcelona), Hospital del Mar (Barcelona), Hospital Parc Taulí (Sabadell, Barcelona),
Hospital Germans Trias i Pujol (Badalona, Barcelona), Hospital Clínic (Barcelona), Hospital Miguel
Servet (Zaragoza), Hospital Josep Trueta (Girona), Hospital Universitari Sant Joan de Reus (Reus,
Tarragona), Consorci Sanitari de Terrassa (Terrasa, Barcelona) and PCD group Valencia (Hospital
Universitario y Politécnico la Fe, Hospital Clínico Universitario de Valencia and INCLIVA).

2.2. PCD Diagnostic Evaluation

Patients were evaluated for PCD with a clinical symptoms questionnaire and PICADAR (PrImary
CiliARy DyskinesiA Rule) score [12], nasal nitric oxide (nNO), high-speed video-microscopy analysis
(HSVM) and genetic testing. In our setting, TEM analysis was available only in a few cases because of
logistic difficulties.

ERS guidelines [6] were followed to classify patients as: confirmed PCD (suggestive clinical
history with hallmark ciliary ultrastructure defects assessed by TEM and/or presence of pathogenic
bi-allelic variants in PCD-associated genes); highly likely PCD (suggestive history with very low nNO
and HSVM findings consistently suggestive of PCD after repeated analysis or cell culture); or highly
unlikely PCD (weak clinical history, normal nNO and normal HSVM).

Nasal nitric oxide (nNO) measurements were performed using CLD 88sp NO-analyzer (ECO
MEDICS, AG, Duerten, Switzerland) according to ERS guidelines [13].

Genetic testing was performed with a high-throughput 44 PCD gene panel using the SeqCap EZ
Technology (Roche Nimblegen, Pleasanton, CA, USA) as previously described [14]. Genetic results for
most of the patients included in this study have been previously published [14].

HSVM was performed to study ciliary beat frequency (CBF) and ciliary beat pattern (CBP) (local
normal values: CBF 8.7–18.8 Hz; CBP ≤20% dyskinetic ciliated cells). Nasal respiratory epithelia were
sampled at the inferior nasal meatus with a 2 mm diameter brush submerged in HEPES-supplemented
Medium199. A minimum of ten lateral strips with 10 cells each and two overhead axes were captured
at 37 ºC with an optical microscope coupled to a high-speed video camera (MotionPro® X4, IDT, CA,
USA) using MotionPro® X4 software [15].

2.3. Immunofluorescence Technique and Analysis

Nasal-brush respiratory epithelial samples were spread or dropped, air dried and stored at −80 ◦C
until use. Cells were fixed with 4% PFA for 15 min at room temperature (RT), washed 4 times with
1xPBS, permeabilized with 0.2% TritonX100 for 10 min at RT and blocked with 1% fat-free skim milk in
PBS overnight at +4 ◦C to avoid nonspecific binding. Samples were incubated with primary antibodies
(all Sigma Aldrich, St. Louis, MO, USA) for 4 h at RT using the following dilutions in 1% skim milk:
anti-DNAH5 antibody 1:200, anti-DNALI1 1:100, anti-GAS8 1:200, anti-RSPH4A 1:200 and anti-RSPH9
1:70.

We washed 5 times with 1xPBS at RT (2 washes of 10 min), and all slides were incubated for 45 min
at RT with 1:2500 anti-acetylated tubulin antibody (Sigma Aldrich) for cilia localization. After 5 more
washes with 1xPBS at RT (2 washes of 10 min), cells were incubated for 30 min at RT with secondary
monoclonal anti-rabbit Alexa Fluor 594 and anti-mouse Alexa Fluor 488 antibodies (Thermo Fisher,
Waltham, MA, USA). Nuclei DNA was stained with Prolong antifade DAPI (Thermo Fisher).

Slides were analyzed using a fluorescence microscope at X100 magnification. A minimum of ten
cells were analyzed for each target protein. The results were considered: (1) normal or present when the
protein was present in 8 or more cells, (2) absent or aberrant when the protein was completely absent
in the ciliary axoneme or had an abnormal distribution in 8 or more cells, (3) inconclusive when results
differed from previously described ones, and (4) insufficient when less than ten cells were observed.
In inconclusive or insufficient cases, IF was repeated when possible, following recommendations by
Shoemark et al. [5].
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Patients were analyzed using antibodies against component proteins for the different structures
of the ciliary axoneme: DNAH5 (an ODA component), DNALI1 (an IDA component), GAS8
(a nexin-dynein regulatory complex component) and radial spoke head components RSPH4A
(42 patients), RSPH9 (31 patients) or both (1 patient). When this analysis was designed, we
specifically chose and optimized these commercial antibodies to detect most cilia defects, following
Shoemark et al. [5] and expert recommendations. Anti-acetylated tubulin antibody was used to localize
the microtubular doublet (protein location shown in Figure 1).

2.4. Data Analysis

Confirmed and highly likely PCD cases were considered as positive for calculation of sensitivity
and specificity. Data were analyzed by using MedCalc Statistical Software version 19.5.3 (MedCalc
Software bvba, Ostend, Belgium).

3. Results

Immunofluorescence analysis was performed in a cohort of 74 PCD-suspected patients. Sixty-six
percent of patients included in this study were <18 years old (49/74) and the mean age at study was
17.9 years (range 1–63).

After PCD diagnostic evaluation, 25 patients were considered as confirmed PCD, 25 as highly
likely and 24 as highly unlikely PCD (Table 1).

Table 1. Immunofluorescence results from 74 primary ciliary dyskinesia (PCD) suspected patients
related to the results of the PCD diagnostic evaluation.

PCD Diagnostic Evaluation

Immunofluorescence Test Outcome (n = 74) Confirmed (n = 25) Highly Likely (n = 25) Highly Unlikely (n = 24)

Evaluable/Closed 68 (91.9%) 24 24 20

Normal results (all markers presents) 35 (47.3%) 3 12 20
Absent/aberrant results 33 (44.6%) 21 12 0

DNAH5 (-) (ODA) 15
Proximal DNAH5 (ODA) 3

DNAH5 (-), DNALI1 (-) (ODA+IDA) 3
DNALI1 (-), GAS8 (-) (IDA+Nexin-DRC) 7

GAS8 (-) (Nexin-DRC) 1
RSPH9 (-) (Radial spoke) 3

RSPH4A (-) (Radial spoke) 1

Inconclusive/insufficient results 6 (8.1%) 1 1 4

(-): absent in ciliary axoneme; ODA: outer dynein arm; IDA: inner dynein arm; DRC: dynein regulatory complex.

IF was technically evaluable for all tested antibodies in 68 patients (91.9%), whereas in six, the
results were inconclusive/insufficient (8.1%) (Table 1). IF analysis demonstrated an absence or aberrant
localization of one or more proteins in the ciliary axoneme in 33 cases: 15 patients presented absent
DNAH5; 3 a proximal localization of DNAH5 in ciliary axoneme; 3 patients exhibited absent DNAH5
and DNALI1; 7 showed absent DNALI1 and a cytoplasmatic localization of GAS8; 1 patient presented
absent GAS8; 3 showed absent RSPH9; and 1 had absent RSPH4A (Table 1). Figure 2 shows examples
of absence/aberrant localization of IF markers in four patients with confirmed PCD.

To evaluate the usefulness of IF analysis as a tool for PCD diagnosis, IF results were compared
with those obtained from our PCD gene panel and HSVM analyses (Table 2). The 33 patients with
aberrant/absent ciliary axoneme proteins had been diagnosed with confirmed or highly likely PCD.
All of them presented a concordant abnormal HSVM and 21 of them presented likely pathogenic
variants in PCD-related genes (Table 2). The relation of these abnormal IF results with clinical
characteristics and other PCD diagnostic tests for each patient is shown in Table S1.
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Figure 2. Example results of immunofluorescence technique in control subjects and patients with
primary ciliary dyskinesia. The first column shows cilia by acetylated α-tubulin (green); the second
column shows the protein of interest (red); and the third column shows the final merged image with the
nuclei stained with DAPI (blue). (a) Patient IF-024 exhibited absent DNAH5 and DNALI1. (b) Patient
IF-056 had absent DNALI1 and cytoplasmatic localization of GAS8. (c) Patient IF-050 showed a
normal axonemal localization of RSPH4A and absent RSPH9. (d) Patient IF-046 presented a proximal
localization of DNAH5.
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Thirty-five patients had normal distribution or presence of all IF antibodies. The clinical
characteristics and results of PCD diagnostic tests for each patient with normal IF are presented in
Table S2. We confirmed PCD in three of these patients because they presented likely pathogenic
variants in DNAH11 and hyperkinetic stiff cilia by HSVM (Tables 2 and S2). Another patient presented
two variants in SPAG1, but there was no concordance with HSVM and IF results (Table S2). Another
11 patients presented normal IF, but abnormal HSVM results together with typical PCD symptoms,
so they were considered highly likely PCD (Table S2). Thus far, we have not detected any likely
pathogenic genetic variants in these patients. Finally, 20 out of the 33 patients with normal IF were
considered highly unlikely to have PCD because of weak clinical history, normal or mild HSVM results
and/or negative genetics (Table S2).

It should be mentioned that six (8.1%) samples were not technically evaluable by our IF panel:
two cases lacked enough cells to analyze and were considered insufficient; two cases remained
inconclusive for one or more antibodies; and two cases resulted in being insufficient for some markers
and inconclusive for others (Table S3). Only one patient with insufficient and inconclusive IF sample
was diagnosed with PCD because of presenting stiff cilia by HSVM and likely pathogenic variants in
CCDC39. Among the other cases, four were finally regarded as having no PCD or unlikely to have
PCD because of normal or mild HSVM results (Table S3).

Considering all the previous results, IF analysis as a diagnostic test for PCD had a sensitivity of
68.8% (CI 95% 53.7–81.3%) and a specificity of 100% (CI 95% 83.2–100%). In our laboratory, the PCD
prevalence (confirmed or highly likely cases) of patients referred for clinical suspicion in the last 4 years
was 27.4% (non-published data). Assuming this prevalence, IF positive predictive value would be
100% and the negative predictive value 89.4% (CI 95% 84.8–92.8%).

4. Discussion

In this study, we have explored the diagnostic utility of an immunofluorescence panel of commercial
antibodies in 74 patients with clinical suspicion of PCD. A technical evaluable result was possible in
91.9% of cases (Table 1). IF evidenced a protein defect in 44.6% of analyzed patients, all with confirmed
or highly likely PCD (Table 1). A normal IF result (47.3% of cases) was seen not only in all non-PCD
patients, but also in some patients with confirmed or highly likely PCD. This means that IF detected
ciliary structural defects in 68.8% of confirmed or highly likely PCD patients. In our population, IF has
shown the highest positive predictive value (a positive value is consistent with a PCD diagnosis) of
100% and a negative predictive value (a normal result may be seen not only in non-PCD patients but
also in PCD patients) of 89.4%. Considering our low availability of TEM results, IF was a useful PCD
diagnostic test, because it showed a sensitivity (68.8%) close to TEM studies, where 30% of all affected
individuals had normal ciliary ultrastructure [16].

To our knowledge, only one previous study by Shoemark et al. [5] evaluated the accuracy of IF in
PCD, concluding that IF and TEM have a similar diagnostic rate. Therefore, they proposed IF as a
useful diagnostic tool when TEM equipment or expertise is not available, as IF is cheaper, easier to
perform, requires more basic equipment and improves the turnaround time [5]. As TEM analysis was
not available in most of our cases, we have confirmed that, under these circumstances, IF is a reliable
test to study cilia structure. Furthermore, IF may be useful to confirm the results of other diagnostic
tests like HSVM and genetics and guide new tests in those cases with absent or aberrant protein/s
localization. In Shoemark’s study, IF failed to identify 12% of PCD cases [5], which is lower than the
31.3% of normal IF results that we found in our confirmed or highly likely PCD cases. This difference
could be related to genetic differences between both series.

DNAH5 absence in ciliary axoneme correlated with immotile cilia by HSVM and variants in genes
related to ODA defects concurring with other studies: DNAH5 [17,18], DNAI2 [19], TTC25 [20] and
CCDC151 [21] (Table 2 and Table S1). Moreover, we found proximal axonemal DNAH5 IF staining in
three unrelated patients (Figure 2d) with mild clinical symptoms and subtle HSVM defects (mainly

122



J. Clin. Med. 2020, 9, 3603

stiff and disorganized ciliary beat). One of them presented likely pathogenic variants in DNAH9,
in concordance with recently published data [22,23] (Tables 2 and S1).

Some of the patients showed absence of both DNAH5 and DNALI1 (Figure 2a) also with completely
immotile cilia. We could not find any candidate variant in these patients (Tables 2 and S1). These IF
and HSVM results could be explained by genetic alterations in proteins involved in the assembly of
both ODA and IDA [24–35] and further studies are warranted.

The patients with absent DNALI1 and abnormal localization (cytoplasmatic) of GAS8 (Figure 2b)
had mainly stiff (reduced amplitude) and immotile cilia and likely pathogenic variants in CCDC39
and CCDC40 (Tables 2 and S1). These results are consistent with previous description of CCDC39 [36]
and CCDC40 [37] as assembling factors of the IDA and the nexin–dynein regulatory complex
structures [36–38].

Only one patient presented an absence of GAS8 in ciliary axoneme. This patient had hyperkinetic
stiff cilia and respiratory symptoms beginning at neonatal age. These results could be explained by
defects in the nexin–dynein regulatory complex (DRC) subunits, as previously described [39–41].

In our IF approach, radial spoke defects were first studied with the RSPH4A antibody and later
with RSPH9. We decided to switch to RSPH9 because it is more informative for detecting all radial
spoke head defects, and it has been recommended due to its reported absence from ciliary axonemes
in radial spoke mutant cells [5,42]. In fact, one of our patients had normal RSPH4A, but absent
RSPH9 (Figure 2c). Radial spoke defects in our patients were related to situs solitus and two different
HSVM patterns: circular motion and stiff cilia, consistent with previously reported data (Tables 2 and
S1) [42–44].

Our IF panel could not detect defects caused by DNAH11 genetic variants in our patients,
consistent with previously reported data [45]. For this reason, it would be interesting to include an
anti-DNAH11 antibody in the IF panel, considering that it is commercially available, but it has not
been optimized. As it happens with DNAH11, other ciliary proteins have been described to cause
none or subtle ultrastructural defects: HYDIN [46], STK36 [47] and, most recently, SPEF2 [48]. STK36
has been described as a protein involved in the interaction between the central pair and the radial
spoke [47]. HYDIN and SPEF2 have been functionally described to cause central pair defects in humans,
and mutants of both proteins can be detected using antibodies against SPEF2 [48]. These ultrastructural
defects could explain some of our normal IF results in highly likely PCD patients.

Some patients could not be resolved by IF as analysis was inconclusive and/or insufficient for
some of the target proteins, requiring reevaluation of new brushing samples. Blood and mucus in the
IF samples were found to be confounding factors in the analysis in a previous publication [5]. From our
experience, we considered the slides with nasal brush sample prepared by dropping a better option
than those by spreading. Slides with a dropped sample allowed a faster analysis due to having more
cells in a smaller area. In addition, when the sample contained mucus, analysis was more complicated
in spread samples, and usually there were not enough viable cells to complete the analysis.

The major limitation of the IF analysis is that, because of the use of primary antibodies directed
to specific proteins, defects in unrelated proteins may be missed [5]. Moreover, patients with partial
defects or missense mutations have been reported to have normal IF results [5], although we did not
have any case with this particular observation in our cohort. As new genes and proteins related to PCD
are discovered, the IF antibody panels may need to be revised and expanded in the future for an accurate
diagnosis [49]. In fact, antibodies against a high number of ciliary proteins are already commercially
available, although most of them have not yet been tested and/or validated for immunofluorescence
or in human respiratory tissue [11]. For this reason, the optimization of antibodies in nasal brushing
samples is difficult and time-consuming. Furthermore, from our experience, we have not even been
able to properly optimize some commercially available antibodies, i.e., DNAH11. Further antibody
optimization is necessary, and, as a matter of fact, Liu et al.’s extensive IF technical protocols may help
with this [11]. Another pitfall is the lack of consensus regarding the performance of the IF technique and,
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more importantly, the agreement in the IF considerations when the analysis is performed. Currently,
a consensus statement on IF, initiated during the European BEAT-PCD 2019, is on the way.

One important limitation of measuring the accuracy of IF for PCD diagnosis is the lack of a gold
standard reference against which to measure it. In our study, we use the ERS task force criteria [6]
assuming as a standard for comparison confirmed and highly likely PCD cases, with the added
limitation of low availability of TEM analysis.

Moreover, the positive rate of our series was quite high (25 confirmed and 25 highly likely of
74 cases). This is related to a previous pre-screening for IF study of cases with more suggestive
clinical symptoms.

Taking all into account, we propose a two-step IF analysis: a first panel with DNAH5, DNALI1,
GAS8 and RSPH9 and, in cases with normal IF and consistent PCD suspicion (clinical symptoms and
other techniques), a second IF round with antibodies against ciliary components associated with none
or subtle ultrastructural defects: DNAH11 [45], STK36 [47] and SPEF2 [48]. Shoemark et al. [5] also
recommended a first antibody panel with DNAH5, GAS8 and RSPH9 and omitted DNALI1 because its
absence always coexists with an absence of DNAH5 or GAS8 [5]. This recommendation is supported
by our cohort results, but as TEM is mostly unavailable and we are using IF results to clarify the
genetics, we considered to maintain anti-DNALI1 antibody in our IF studies. Therefore, our proposed
two-step IF analysis may be used in cases with non-available TEM. Alternatively, centers with available
TEM analysis might use a first step IF panel with DNAH11, SPEF2, GAS8 and RSPH9 antibodies,
omitting DNAH5 and DNALI1. For the translation to clinical diagnosis, Liu et al. also proposed
a restricted 10-antibody panel (instead of 21) based on proteins which are non-detectable by TEM
or those indirectly detecting mislocalization of other proteins (DNAH5, DNAH11, DNALI1, GAS8,
CCDC65, RSPH4A, RSPH9, RPGR, OFD1 and SPEF2) [11]. Although a quantitative super-resolution
imaging tool, such as the one proposed by Liu et al. [11], gives much more information and may solve
so-called difficult or unsolved cases, it would be hard to implement in our clinical setting due to its
high costs in time and personnel.

To conclude, the presented results confirm that IF is a reliable diagnosis technique for PCD (with
a sensitivity of 68.8% and a specificity of 100%), even when TEM analysis is unavailable, although it
cannot be used as a standalone test. Considering our results, we propose IF as a cheap, easy and widely
available test to include in PCD diagnosis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/11/3603/
s1, Table S1: Patients with absence or aberrant distribution of target proteins by immunofluorescence and
correlation with other PCD analysis techniques, Table S2: Patients with normal localization of target proteins by
immunofluorescence and correlation with other PCD analysis techniques, Table S3: Patients with inconclusive
and/or insufficient immunofluorescence results and correlation with other PCD analysis techniques.

Author Contributions: A.M.-G. and N.C.-T. were responsible for the conception and design of this study.
N.B.-R., N.C.-T., M.F.-C., M.G.-P., S.R.-A., M.A.C.-R, F.D. and A.R. performed immunofluorescence studies and/or
diagnostic PCD studies. S.R.-A., S.C.-C., M.C., M.A.C.-R., O.A., C.M.d.V., M.d.M.M.-C., A.T.-V., I.M.-M., S.G.,
I.I.-S., A.D.-I., E.P., E.A.-P., R.A.-R., M.V., M.M., M.T.P.-S., B.P.-D., A.R., A.E., F.D. and M.A.-C. recruited the patients
and undertook the data collection. N.B.-R., N.C.-T. and A.M.-G. performed statistical analysis. N.B.-R., N.C.-T.,
S.R.-A. and A.M.-G. drafted the manuscript. All remaining authors revised and approved the manuscript before
submission. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a grant from the Health Research and Development Strategy (AES) of
Instituto de Salud Carlos III (ISCIII) (PI16/01233), co-financed by the European Regional Development Fund, Smart
Growth Operational Programme 2014–2020, and with grants from the Spanish Society of Pediatric Pulmonology
(SENP, 2016) and the Catalan Pneumology Foundation (FUCAP, 2016). N.C.-T. received a grant for a Short Term
Scientific Mission from COST Action BM1407. It was also supported by the CIBER of Rare Diseases (CIBERER,
ISCIII) U-712 to N.C.-T. and M.F.-C.

Acknowledgments: The authors have participated in COST Action BM1407 Translational research in primary
ciliary dyskinesia: bench, bedside, and population perspectives (BEAT PCD). A.M.-G. and S.R.-A. participate
at ERN-LUNG. This work has been carried out within the framework of the Doctorate Program of Pediatrics,
Obstetrics and Gynecology of Universitat Autònoma de Barcelona.

124



J. Clin. Med. 2020, 9, 3603

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lucas, J.S.; Burgess, A.; Mitchison, H.M.; Moya, E.; Williamson, M.; Hogg, C. Diagnosis and Management of
Primary Ciliary Dyskinesia. Arch. Dis. Child. 2014, 99, 850–856. [CrossRef] [PubMed]

2. Reula, A.; Lucas, J.S.; Moreno-Galdó, A.; Romero, T.; Milara, X.; Carda, C.; Mata-Roig, M.; Escribano, A.;
Dasi, F.; Armengot-Carceller, M. New Insights in Primary Ciliary Dyskinesia. Expert Opin. Orphan Drugs
2017, 5, 537–548. [CrossRef]

3. Wallmeier, J.; Nielsen, K.G.; Kuehni, C.E.; Lucas, J.S.; Leigh, M.W.; Zariwala, M.A.; Omran, H. Motile
Ciliopathies. Nat. Rev. Dis. Prim. 2020, 6, 1–29. [CrossRef] [PubMed]

4. Shapiro, A.J.; Davis, S.D.; Ferkol, T.; Dell, S.D.; Rosenfeld, M.; Olivier, K.N.; Sagel, S.D.; Milla, C.;
Zariwala, M.A.; Wolf, W.; et al. Laterality Defects Other Than Situs Inversus Totalis in Primary Ciliary
Dyskinesia. Chest 2014, 146, 1176–1186. [CrossRef] [PubMed]

5. Shoemark, A.; Frost, E.; Dixon, M.; Ollosson, S.; Kilpin, K.; Patel, M.; Scully, J.; Rogers, A.V.; Mitchison, H.M.;
Bush, A.; et al. Accuracy of Immunofluorescence in the Diagnosis of Primary Ciliary Dyskinesia. Am. J.
Respir. Crit. Care Med. 2017, 196, 94–101. [CrossRef] [PubMed]

6. Lucas, J.S.; Barbato, A.; Collins, S.A.; Goutaki, M.; Behan, L.; Caudri, D.; Dell, S.; Eber, E.; Escudier, E.;
Hirst, R.A.; et al. European Respiratory Society Guidelines for the Diagnosis of Primary Ciliary Dyskinesia.
Eur. Respir. J. 2017, 49, 1601090. [CrossRef]

7. Shapiro, A.J.; Davis, S.D.; Polineni, D.; Manion, M.; Rosenfeld, M.; Dell, S.D.; Chilvers, M.; Ferkol, T.W.;
Zariwala, M.A.; Sagel, S.D.; et al. Diagnosis of Primary Ciliary Dyskinesia. An Official American Thoracic
Society Clinical Practice Guideline. Am. J. Respir. Crit. Care Med. 2018, 197, e24–e39. [CrossRef]

8. Ibañez-Tallon, I.; Heintz, N.; Omran, H. To Beat or Not to Beat: Roles of Cilia in Development and Disease.
Hum. Mol. Genet. 2003, 12, R27–R35. [CrossRef]

9. Olm, M.A.K.; Caldini, E.G.; Mauad, T. Diagnosis of Primary Ciliary Dyskinesia. J. Bras. Pneumol. 2015, 41,
251–263. [CrossRef]

10. Omran, H.; Loges, N.T. Immunofluorescence Staining of Ciliated Respiratory Epithelial Cells. Methods Cell
Biol. 2009, 91, 123–133. [CrossRef]

11. Liu, Z.; Nguyen, Q.P.H.; Guan, Q.; Albulescu, A.; Erdman, L.; Mahdaviyeh, Y.; Kang, J.; Ouyang, H.;
Hegele, R.G.; Moraes, T.J.; et al. A Quantitative Super-Resolution Imaging Toolbox for Diagnosis of Motile
Ciliopathies. Sci. Transl. Med. 2020, 12, eaay0071. [CrossRef]

12. Behan, L.; Dimitrov, B.D.; Kuehni, C.E.; Hogg, C.; Carroll, M.; Evans, H.J.; Goutaki, M.; Harris, A.; Packham, S.;
Walker, W.T.; et al. PICADAR: A Diagnostic Predictive Tool for Primary Ciliary Dyskinesia. Eur. Respir. J.
2016, 47, 1103–1112. [CrossRef]

13. Horváth, I.; Barnes, P.J.; Loukides, S.; Sterk, P.J.; Högman, M.; Olin, A.-C.; Amann, A.; Antus, B.; Baraldi, E.;
Bikov, A.; et al. A European Respiratory Society Technical Standard: Exhaled Biomarkers in Lung Disease.
Eur. Respir. J. 2017, 49, 1600965. [CrossRef] [PubMed]

14. Baz-Redón, N.; Rovira-Amigo, S.; Paramonov, I.; Castillo-Corullón, S.; Roig, M.C.; Antolín, M.; Arumí, E.G.;
Torrent-Vernetta, A.; Messa, I.D.M.; Gartner, S.; et al. Implementation of a Gene Panel for Genetic Diagnosis
of Primary Ciliary Dyskinesia. Arch. Bronconeumol. 2020, 20, 30073–30079. [CrossRef]

15. Kempeneers, C.; Seaton, C.; Espinosa, B.G.; Chilvers, M.A. Ciliary Functional Analysis: Beating a Path
towards Standardization. Pediatric Pulmonol. 2019, 54, 1627–1638. [CrossRef] [PubMed]

16. Kouis, P.; Yiallouros, P.; Middleton, N.; Evans, J.S.; Kyriacou, K.; Papatheodorou, S.I. Prevalence of Primary
Ciliary Dyskinesia in Consecutive Referrals of Suspect Cases and the Transmission Electron Microscopy
Detection Rate: A Systematic Review and Meta-Analysis. Pediatric Res. 2016, 81, 398–405. [CrossRef]

17. Fliegauf, M.; Olbrich, H.; Horvath, J.; Wildhaber, J.H.; Zariwala, M.A.; Kennedy, M.; Knowles, M.R.; Omran, H.
Mislocalization of DNAH5 and DNAH9 in Respiratory Cells from Patients with Primary Ciliary Dyskinesia.
Am. J. Respir. Crit. Care Med. 2005, 171, 1343–1349. [CrossRef]

125



J. Clin. Med. 2020, 9, 3603

18. Baz-Redón, N.; Rovira-Amigo, S.; Camats-Tarruella, N.; Fernández-Cancio, M.; Garrido-Pontnou, M.;
Antolín, M.; Reula, A.; Armengot-Carceller, M.; Carrascosa, A.; Moreno-Galdó, A. Role of
Immunofluorescence and Molecular Diagnosis in the Characterization of Primary Ciliary Dyskinesia.
Arch. Bronconeumol. 2019, 55, 439–441. [CrossRef]

19. Loges, N.T.; Olbrich, H.; Fenske, L.; Mussaffi, H.; Horvath, J.; Fliegauf, M.; Kuhl, H.; Baktai, G.; Peterffy, E.;
Chodhari, R.; et al. DNAI2 Mutations Cause Primary Ciliary Dyskinesia with Defects in the Outer Dynein
Arm. Am. J. Hum. Genet. 2008, 83, 547–558. [CrossRef] [PubMed]

20. Wallmeier, J.; Shiratori, H.; Dougherty, G.W.; Edelbusch, C.; Hjeij, R.; Loges, N.T.; Menchen, T.; Olbrich, H.;
Pennekamp, P.; Raidt, J.; et al. TTC25 Deficiency Results in Defects of the Outer Dynein Arm Docking
Machinery and Primary Ciliary Dyskinesia with Left-Right Body Asymmetry Randomization. Am. J. Hum.
Genet. 2016, 99, 460–469. [CrossRef]

21. Hjeij, R.; Onoufriadis, A.; Watson, C.M.; Slagle, C.E.; Klena, N.T.; Dougherty, G.W.; Kurkowiak, M.;
Loges, N.T.; Diggle, C.P.; Morante, N.F.; et al. CCDC151 Mutations Cause Primary Ciliary Dyskinesia by
Disruption of the Outer Dynein Arm Docking Complex Formation. Am. J. Hum. Genet. 2014, 95, 257–274.
[CrossRef]

22. Loges, N.T.; Antony, D.; Maver, A.; Deardorff, M.A.; Güleç, E.Y.; Gezdirici, A.; Nöthe-Menchen, T.; Höben, I.M.;
Jelten, L.; Frank, D.; et al. Recessive DNAH9 Loss-of-Function Mutations Cause Laterality Defects and Subtle
Respiratory Ciliary-Beating Defects. Am. J. Hum. Genet. 2018, 103, 995–1008. [CrossRef]

23. Fassad, M.R.; Shoemark, A.; Legendre, M.; Hirst, R.A.; Koll, F.; Le Borgne, P.; Louis, B.; Daudvohra, F.;
Patel, M.P.; Thomas, L.; et al. Mutations in Outer Dynein Arm Heavy Chain DNAH9 Cause Motile Cilia
Defects and Situs Inversus. Am. J. Hum. Genet. 2018, 103, 984–994. [CrossRef]

24. Tarkar, A.; Loges, N.T.; Slagle, C.E.; Francis, R.; Dougherty, G.W.; Tamayo, J.V.; Shook, B.; Cantino, M.;
Schwartz, D.; Jahnke, C.; et al. DYX1C1 is Required for Axonemal Dynein Assembly and Ciliary Motility.
Nat. Genet. 2013, 45, 995–1003. [CrossRef]

25. Knowles, M.R.; Ostrowski, L.E.; Loges, N.T.; Hurd, T.; Leigh, M.W.; Huang, L.; Wolf, W.E.; Carson, J.L.;
Hazucha, M.J.; Yin, W.; et al. Mutations in SPAG1 Cause Primary Ciliary Dyskinesia Associated with
Defective Outer and Inner Dynein Arms. Am. J. Hum. Genet. 2013, 93, 711–720. [CrossRef]

26. Olcese, C.; UK10K Rare Group; Patel, M.P.; Shoemark, A.; Kiviluoto, S.; Legendre, M.; Williams, H.J.;
Vaughan, C.K.; Hayward, J.; Goldenberg, A.; et al. X- Linked Primary Ciliary Dyskinesia Due to Mutations
in the Cytoplasmic Axonemal Dynein Assembly Factor PIH1D3. Nat. Commun. 2017, 8, 14279. [CrossRef]

27. Paff, T.; Loges, N.T.; Aprea, I.; Wu, K.; Bakey, Z.; Haarman, E.G.; Daniels, J.M.; Sistermans, E.A.; Bogunovic, N.;
Dougherty, G.W.; et al. Mutations in PIH1D3 Cause X-Linked Primary Ciliary Dyskinesia with Outer and
Inner Dynein Arm Defects. Am. J. Hum. Genet. 2017, 100, 160–168. [CrossRef]

28. Loges, N.T.; Olbrich, H.; Becker-Heck, A.; Häffner, K.; Heer, A.; Reinhard, C.; Schmidts, M.; Kispert, A.;
Zariwala, M.A.; Leigh, M.W.; et al. Deletions and Point Mutations of LRRC50 Cause Primary Ciliary
Dyskinesia Due to Dynein Arm Defects. Am. J. Hum. Genet. 2009, 85, 883–889. [CrossRef]

29. Austin-Tse, C.; Halbritter, J.; Zariwala, M.A.; Gilberti, R.M.; Gee, H.Y.; Hellman, N.; Pathak, N.; Liu, Y.;
Panizzi, J.R.; Patel-King, R.S.; et al. Zebrafish Ciliopathy Screen Plus Human Mutational Analysis Identifies
C21orf59 and CCDC65 Defects as Causing Primary Ciliary Dyskinesia. Am. J. Hum. Genet. 2013, 93, 672–686.
[CrossRef] [PubMed]

30. Mitchison, H.; Schmidts, M.; Loges, N.T.; Freshour, J.; Dritsoula, A.; Hirst, R.A.; O’Callaghan, C.; Blau, H.; Al
Dabbagh, M.; Olbrich, H.; et al. Mutations in Axonemal Dynein Assembly Factor DNAAF3 Cause Primary
Ciliary Dyskinesia. Nat. Genet. 2012, 44, 381–389. [CrossRef] [PubMed]

31. Zariwala, M.A.; Gee, H.Y.; Kurkowiak, M.; Al-Mutairi, D.A.; Leigh, M.W.; Hurd, T.W.; Hjeij, R.; Dell, S.D.;
Chaki, M.; Dougherty, G.W.; et al. ZMYND10 Is Mutated in Primary Ciliary Dyskinesia and Interacts with
LRRC6. Am. J. Hum. Genet. 2013, 93, 336–345. [CrossRef] [PubMed]

32. Diggle, C.P.; Toddie-Moore, D.; Mali, G.; Lage, P.Z.; Ait-Lounis, A.; Schmidts, M.; Shoemark, A.; Munoz, A.G.;
Halachev, M.R.; Gautier, P.; et al. HEATR2 Plays a Conserved Role in Assembly of the Ciliary Motile
Apparatus. PLoS Genet. 2014, 10, e1004577. [CrossRef]

126



J. Clin. Med. 2020, 9, 3603

33. Horani, A.; Druley, T.E.; Zariwala, M.A.; Patel, A.C.; Levinson, B.T.; Van Arendonk, L.G.; Thornton, K.C.;
Giacalone, J.C.; Albee, A.J.; Wilson, K.S.; et al. Whole-Exome Capture and Sequencing Identifies HEATR2
Mutation as a Cause of Primary Ciliary Dyskinesia. Am. J. Hum. Genet. 2012, 91, 685–693. [CrossRef]
[PubMed]

34. Fassad, M.R.; Shoemark, A.; Le Borgne, P.; Koll, F.; Patel, M.; Dixon, M.; Hayward, J.; Richardson, C.;
Frost, E.; Jenkins, L.; et al. C11orf70 Mutations Disrupting the Intraflagellar Transport-Dependent Assembly
of Multiple Axonemal Dyneins Cause Primary Ciliary Dyskinesia. Am. J. Hum. Genet. 2018, 102, 956–972.
[CrossRef]

35. Höben, I.M.; Hjeij, R.; Olbrich, H.; Dougherty, G.W.; Nöthe-Menchen, T.; Aprea, I.; Frank, D.; Pennekamp, P.;
Dworniczak, B.; Wallmeier, J.; et al. Mutations in C11orf70 Cause Primary Ciliary Dyskinesia with
Randomization of Left/Right Body Asymmetry Due to Defects of Outer and Inner Dynein Arms. Am. J.
Hum. Genet. 2018, 102, 973–984. [CrossRef]

36. Merveille, A.-C.; Davis, E.E.; Becker-Heck, A.; Legendre, M.; Amirav, I.; Bataille, G.; Belmont, J.W.; Beydon, N.;
Billen, F.; Clément, A.; et al. CCDC39 is Required for Assembly of Inner Dynein Arms and the Dynein
Regulatory Complex and for Normal Ciliary Motility in Humans and Dogs. Nat. Genet. 2011, 43, 72–78.
[CrossRef]

37. Becker-Heck, A.; Zohn, I.E.; Okabe, N.; Pollock, A.; Lenhart, K.B.; Sullivan-Brown, J.; McSheene, J.; Loges, N.T.;
Olbrich, H.; Haeffner, K.; et al. The Coiled-Coil Domain Containing Protein CCDC40 Is Essential for Motile
Cilia Function and Left-Right Axis Formation. Nat. Genet. 2011, 43, 79–84. [CrossRef]

38. Antony, D.; Becker-Heck, A.; Zariwala, M.A.; Schmidts, M.; Onoufriadis, A.; Forouhan, M.; Wilson, R.;
Taylor-Cox, T.; Dewar, A.; Jackson, C.; et al. Mutations in CCDC39 and CCDC40 are the Major Cause of
Primary Ciliary Dyskinesia with Axonemal Disorganization and Absent Inner Dynein Arms. Hum. Mutat.
2013, 34, 462–472. [CrossRef]

39. Olbrich, H.; Cremers, C.; Loges, N.T.; Werner, C.; Nielsen, K.G.; Marthin, J.K.; Philipsen, M.; Wallmeier, J.;
Pennekamp, P.; Menchen, T.; et al. Loss-of-Function GAS8 Mutations Cause Primary Ciliary Dyskinesia and
Disrupt the Nexin-Dynein Regulatory Complex. Am. J. Hum. Genet. 2015, 97, 546–554. [CrossRef] [PubMed]

40. Wirschell, M.; Olbrich, H.; Werner, C.; Tritschler, D.; Bower, R.; Sale, W.S.; Loges, N.T.; Pennekamp, P.;
Lindberg, S.; Stenram, U.; et al. The Nexin-Dynein Regulatory Complex Subunit DRC1 Is Essential for Motile
Cilia Function in Algae and Humans. Nat. Genet. 2013, 45, 262–268. [CrossRef] [PubMed]

41. Horani, A.; Brody, S.L.; Ferkol, T.W.; Shoseyov, D.; Wasserman, M.G.; Ta-Shma, A.; Wilson, K.S.; Bayly, P.V.;
Amirav, I.; Cohen-Cymberknoh, M.; et al. CCDC65 Mutation Causes Primary Ciliary Dyskinesia with
Normal Ultrastructure and Hyperkinetic Cilia. PLoS ONE 2013, 8, e72299. [CrossRef] [PubMed]

42. Frommer, A.; Hjeij, R.; Loges, N.T.; Edelbusch, C.; Jahnke, C.; Raidt, J.; Werner, C.; Wallmeier, J.;
Große-Onnebrink, J.; Olbrich, H.; et al. Immunofluorescence Analysis and Diagnosis of Primary Ciliary
Dyskinesia with Radial Spoke Defects. Am. J. Respir. Cell Mol. Biol. 2015, 53, 563–573. [CrossRef]

43. Kott, E.; Legendre, M.; Copin, B.; Papon, J.-F.; Moal, F.D.-L.; Montantin, G.; Duquesnoy, P.; Piterboth, W.;
Amram, D.; Bassinet, L.; et al. Loss-of-Function Mutations in RSPH1 Cause Primary Ciliary Dyskinesia with
Central-Complex and Radial-Spoke Defects. Am. J. Hum. Genet. 2013, 93, 561–570. [CrossRef]

44. Castleman, V.H.; Romio, L.; Chodhari, R.; Hirst, R.A.; De Castro, S.C.; Parker, K.A.; Ybot-Gonzalez, P.;
Emes, R.D.; Wilson, S.W.; Wallis, C.; et al. Mutations in Radial Spoke Head Protein Genes RSPH9 and RSPH4A
Cause Primary Ciliary Dyskinesia with Central-Microtubular-Pair Abnormalities. Am. J. Hum. Genet. 2009,
84, 197–209. [CrossRef]

45. Dougherty, G.W.; Loges, N.T.; Klinkenbusch, J.A.; Olbrich, H.; Pennekamp, P.; Menchen, T.; Raidt, J.;
Wallmeier, J.; Werner, C.; Westermann, C.; et al. DNAH11 Localization in the Proximal Region of Respiratory
Cilia Defines Distinct Outer Dynein Arm Complexes. Am. J. Respir. Cell Mol. Biol. 2016, 55, 213–224.
[CrossRef]

46. Olbrich, H.; Schmidts, M.; Werner, C.; Onoufriadis, A.; Loges, N.T.; Raidt, J.; Banki, N.F.; Shoemark, A.;
Burgoyne, T.; Al Turki, S.; et al. Recessive HYDIN Mutations Cause Primary Ciliary Dyskinesia without
Randomization of Left-Right Body Asymmetry. Am. J. Hum. Genet. 2012, 91, 672–684. [CrossRef]
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Abstract: Air–liquid interface (ALI) culture of nasal epithelial cells is a valuable tool in the diagnosis
and research of primary ciliary dyskinesia (PCD). Ex vivo samples often display secondary dyskinesia
from cell damage during sampling, infection or inflammation confounding PCD diagnostic results.
ALI culture enables regeneration of healthy cilia facilitating differentiation of primary from secondary
ciliary dyskinesia. We describe a revised ALI culture method adopted from April 2018 across three
collaborating PCD diagnostic sites, including current University Hospital Southampton COVID-19 risk
mitigation measures, and present results. Two hundred and forty nasal epithelial cell samples were
seeded for ALI culture and 199 (82.9%) were ciliated. Fifty-four of 83 (63.9%) ex vivo samples which
were originally equivocal or insufficient provided diagnostic information following in vitro culture.
Surplus basal epithelial cells from 181 nasal brushing samples were frozen in liquid nitrogen;
39 samples were ALI-cultured after cryostorage and all ciliated. The ciliary beat patterns of
ex vivo samples (by high-speed video microscopy) were recapitulated, scanning electron microscopy
demonstrated excellent ciliation, and cilia could be immuno-fluorescently labelled (anti-alpha-tubulin
and anti-RSPH4a) in representative cases that were ALI-cultured after cryostorage. In summary,
our ALI culture protocol provides high ciliation rates across three centres, minimising patient recall
for repeat brushing biopsies and improving diagnostic certainty. Cryostorage of surplus diagnostic
samples was successful, facilitating PCD research.

Keywords: PCD; ALI culture; bio-resource; primary nasal epithelium; diagnostics
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1. Introduction

Primary ciliary dyskinesia (PCD) is a rare disease usually inherited as an autosomal recessive
condition although autosomal dominant and X-linked cases exist [1]. The incidence of PCD is
approximately 1:10,000, higher in consanguineous populations [2], and it is associated with impaired
function of motile cilia in the airways, embryonic node, and reproductive system [3]. This causes
a spectrum of symptoms including unexplained neonatal respiratory distress, persistent wet cough
from infancy, repeated respiratory infections, rhino-sinus disease, organ laterality abnormality and
subfertility [4]. Early diagnosis is essential to initiate treatment, with the aim of slowing disease
progression and improving quality of life [5].

There is no “gold standard” diagnostic test for PCD [6]. European Respiratory Society and
American Thoracic Society guidelines both recommend a multidisciplinary approach using a
combination of tests to make a diagnosis [7–9]. Ex vivo nasal or bronchial samples obtained by
brushing or curette biopsy are imaged by high-speed video microscopy analysis (HSVA) [10,11] and
ciliary motility analysed as a frontline functional test [12]. Transmission electron microscopy (TEM) is
used to assess and quantify ultrastructural abnormalities of motile cilia [13,14]. Immunofluorescence
labelling (IF) can demonstrate the absence or mis-localisation of ciliary proteins [15,16], particularly
helpful in cases where no TEM abnormalities are detected such as with DNAH11 [17], DNAH9 [18]
and HYDIN gene mutations [19]. Genotyping can detect pathogenic bi-allelic or X-linked hemizygous
mutations in 50 PCD-related genes to confirm the diagnosis in approximately 70% of well characterized
cases [1,3,20]. However, there are still many individuals without a genetic diagnosis. Some genetic
defects result in subtle ciliary beat pattern abnormalities, which are difficult to differentiate from
secondary defects (e.g., GAS8 [21], DNAH9 [18], CCDC103 [22,23] mutations) by HSVA and appear
normal by TEM. MCIDAS [24], CCNO [25] and FOXJ1 [26] mutations cause a lack of cilia rather than
dyskinesia, and this could be mistaken for severe secondary epithelial damage.

1.1. How Can Cell Culture Be Used in PCD Diagnostics and Research?

Secondary damage of cilia caused by infection, inflammation or sampling trauma is a common
feature in ex vivo airway samples [27–29]. In addition, sample yield may not be sufficient to support
the growing array of tests required to diagnose difficult cases. Therefore, to address poor quality,
low yield or expanded diagnostic testing, cell culture can be used.

Airway epithelial cell monolayer mini-culture methods have been used to reduce secondary ciliary
dyskinesia in the nasal brushings (from chronic sinusitis patients) to enable better ciliary function
measurements by HSVA following 3 days in culture with 83% culture success and improved ciliary
beat pattern visualization [30]. However, following recent infections, the airway cilia may be shed and
this culture method does not allow for cilia re-growth.

Likewise, monolayer-suspension methods, initially developed for whole resected tissue [31],
have been adapted for nasal brush biopsy [32] and are useful for reducing secondary abnormalities in
culture for PCD diagnostics. Briefly, nasal brushing cell suspensions are seeded onto a 1% collagen gel
substrate and non-adherent cell aggregates are harvested at 24 h for suspension culture with continuous
movement. After 24–48 h, cell spheroids form, which are cultured for at least 21 days before analysis of
newly formed cilia on the apical surface of the spheroid. This method confirmed a PCD diagnosis or
resolved secondary defects in 46 of 59 cultures (78%) [32]. Pifferi et al., also described a later study in
which of 151 subjects, a PCD diagnosis could be confirmed in 36 patients using the suspension model
optimally following a 5-day culture process [33].

Marthin et al., (2017) reported a more rapid nasal epithelial cell culture method, where spheroids
spontaneously formed from terminally differentiated nasal epithelium, retaining their original cilia [34].
Spheroids formed in 82% of 18 samples, with the median number of days to harvest being 4 (1–5) in
7 healthy volunteers and 2 (1–5) in 8 PCD patients’ samples. Whilst retaining their original ciliary
beat pattern and frequency, spheroids survived up to 16 days (albeit n = 1) and provided ciliated
spheroids for HSVA and IF testing of cilia [34]. However, using this method, spheroid numbers are not
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expanded and are limited by the original sampling yield, which may not support a multitude of tests.
Additionally, unhealthy or unciliated samples cannot be re-grown to resolve secondary damage since
new cilia are not formed.

Alternatively, basal epithelial cells can be expanded in submerged culture before cells are
differentiated on porous membrane inserts within a culture well at an air–liquid interface (ALI) to
stimulate cell polarisation and widespread ciliogenesis, which takes 4–6 weeks in vitro. Re-analysis of
cilia function after ALI culture gives a further opportunity to carry out HSVA, TEM and IF without
secondary health issues [27,35].

Cilia regeneration by spheroid suspension or ALI culture can negate the need for patients,
with insufficient or inconclusive test results, to undergo repeat nasal brushing biopsy, reduce the time
to a diagnosis of PCD and increase the accuracy of HSVA [7,12]. We have also previously shown how
ALI cultures may be used as an airway model to investigate nasal epithelial cell interactions with
drugs [36–38], bacterial [37–41] and viral infections [40–43]

1.2. A Revised Protocol with High Diagnostic Efficiency Is Being Used within the UK PCD Service

Here, we present our ALI culture protocol using commercially available expansion and
differentiation media, PneumaCult Ex Plus and PneumaCult ALI (STEMCELL Technologies, Vancouver,
BC, Canada). We report its efficacy at three UK diagnostic centres. We also report on creating a
bio-resource for PCD research and the performance of cell cultures after cryostorage at University
Hospital Southampton (UHS). Due to the current COVID-19 pandemic we have additionally described
the protocol modifications at UHS used to mitigate risk of SARS CoV2 infection during patient
interaction and sample handling since July 2020.

2. Methods

We collected culture data from 70 consecutive patient samples attending the PCD Centre at
University Hospital Southampton (UHS) between 1st April 2018 and 1st April 2019 (Table 1). Local and
national R&D and ethical approvals were complied with Southampton and South West Hampshire
Research Ethics Committee A (approval reference: CHI395, 07/Q1702/109). We further report data from
128 samples processed at Leicester and 45 samples processed at the Royal Brompton Hospital using
the same culture protocol (with some minor variations depending on equipment and consumables).

Patients were diagnosed as “PCD highly-unlikely” if they had a non-suggestive clinical
history and/or PICADAR score (a diagnostic clinical prediction rule for PCD) [4], normal nNO,
and “PCD unlikely” HSVA on ex vivo nasal brushing. Patients with a suggestive clinical history and/or
PICADAR score with inconclusive/insufficient or “PCD likely” HSVA on ex vivo nasal brushings
underwent further testing. This included TEM of cilia ultrastructure and IF labelling of ciliary proteins,
and could include repeat HSVA following ALI culture and/or genetic testing. See HSVA outcome
definitions below. Hallmark TEM or genetics diagnosed PCD and “PCD highly-likely” cases were
diagnosed according to the ERS guidelines [3,7,44]. All available diagnostic data were discussed at a
multidisciplinary team (MDT) meeting to decide the patients’ outcome and follow up.

2.1. Nasal Epithelial Cell Culture Protocol (with Additional UHS COVID-19 Modifications)

Nasal brushing biopsies were taken from patients’ inferior turbinates, using a 3 mm bronchoscopy
cytology brush (Conmed, Utica, NY, USA, #149R). Individually sterile wrapped brushes were opened
in clinic and the wire handles were cut to approximately 15 cm to hold (with wire cutters). To maximise
chances of a good yield of healthy ciliated tissue, brushings were performed when patients had
been free from respiratory exacerbations for at least 6 weeks. Patients were seated (children on
parent’s laps) and asked to remove spectacles, and to clear mucus secretions from their nose with
a tissue. Clinicians placed one brush sequentially into each nostril (without anaesthetic), ensuring that
the patients’ nostrils were clear. Whilst applying gentle pressure to the inferior turbinate the brush
was passed back and forth for approximately 5 s, whilst turning, to ensure coverage. The sample
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was then placed into a capped 5 mL round bottomed cytology tube (Fisher Scientific, Hampton, NH,
USA, #10186400) containing 1.5 mL Medium 199 (Fisher Scientific, Hampton, NH, USA, #22350029)
supplemented with 1% penicillin (5000 U/mL)/streptomycin (5000 μg/mL) (Fisher Scientific, Hampton,
NH, USA, #15070063).

Table 1. The characteristics of subjects referred for diagnostic testing to University Hospital
Southampton primary ciliary dyskinesia (PCD) centre 1st April 2018 to 1st April 2019, grouped by final
multidisciplinary team (MDT) diagnostic outcomes.

PCD Positive/PCD
Highly-Likely

(n = 7)

PCD Highly-Unlikely
(n = 55)

Equivocal/Ongoing
(n = 8)

Median age (min, max) 11.15 (0.1, 32.2) 4.5 (0.1, 70.4) 13.5 (4.0, 63.7)
Female n (%) n = 5 (71.4%) n = 26 (47.3%) n = 5 (62.5%)

Chronic wet cough % 100 63.6 87.5
Rhinosinusitis % 85.7 80 75

Situs abnormality % 71.4 12.7 0

Median nNO nl/min
24.4

(Q1 18.8, Q3 47.5, min 18,
max 67, n = 6)

380
(Q1 240, Q3 596, min 1.2,

max 1280, n = 49)

280
(Q1 93, Q 3 548.5, min 5,

max 762, n = 8)

TEM

n = 3 normal
n = 2 outer arm defects

n = 2 outer arm defects with
possible inner arm defect

n = 49 normal
n = 6 no data

n = 7 normal
n = 1 no data

Mean ex vivo sample CBF or
CBP

n = 5 static, 0 Hz
n = 2 variable dyskinesia

14.8 Hz, SD ± 1.8 (n = 52)
n = 2 variable dyskinesia

n = 1 insufficient

13.9 Hz, SD ± 1.2 (n = 6)
n = 2 variable dyskinesia

Mean in vitro ALI-culture
CBF or CBP

n = 5 static, 0 Hz
n = 2 no data (1 failed due to

bacteria, 1 sample frozen)

13.9 Hz, SD ± 2.1 (n = 52)
n = 3 not done

14.4 Hz, SD ± 2.4 (n = 4)
n = 2 became static, 0 Hz

n = 2 no data (failed due to
bacteria)

Causative genes

RSPH4 homozygous
CCDC151 homozygous
DNAAF3 homozygous
DNAAF5 heterozygous
DNAH11 homozygous

n = 2 no data

n = 13 no mutation found
n = 42 no data

n = 4 no mutation found
n = 1 CCDC164 single

heterozygous mutation
n = 3 no data

nasal nitric oxide (nNO); transmission electron microscopy (TEM), ciliary beat frequency (CBF); ciliary beat
pattern (CBP).

Since the COVID-19 pandemic, we have adopted several clinical and laboratory modifications
to mitigate the risk of acquiring SARS CoV2 infection at UHS, which were approved by UHS and
University of Southampton Health, Safety and Risk directorates. We recommend that all those
wanting to undertake nasal epithelial cell culture during the COVID-19 pandemic consult their
local institute and government policy to ensure health and safety measures are in place. Patients
are seen within 48 h of a negative SARS CoV2 polymerase chain reaction (PCR) test. Patients are
contacted directly before attending clinic to ensure that they had none of the main COVID-19 symptoms
(as cited by http://www.nhs.uk/conditions/coronavirus-covid-19/symptoms/#symptoms including
“a high temperature, a new continuous cough and a loss or change to sense of smell or taste”).
The clinicians wear full personal protective equipment (PPE) including clinical scrubs with disposable
aprons, gloves, FFP3 ‘filtering face piece’ respirator mask (personally fitted) and plastic face shields.
The clinical area is ventilated and the number of personnel and patients are restricted to ensure 2 m
distancing before and after brushing sampling. To reduce risk of aerosol generation, patients wear
disposable surgical face masks whilst in the hospital. Patients enter UHS via a patient-only entrance
and are temperature tested on arrival, and escorted to the clinical area directly before their appointment
(to minimize interactions with other staff and patients whilst on site). Patient samples are contained
and transported at room temperature (within an hour of sampling) to the onsite laboratory within a
plastic sample bag within an anti-crush container. Couriered samples from other hospitals are not
refrigerated and can take up to 3 h to arrive. Samples received at our containment level 2 laboratory
are handled within a class 2 microbiological safety cabinet (MSC). Specific to COVID-19-modified
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processing: 100 μL of the sample is sent for a SARS CoV2 PCR test via the Public Health England
laboratory at UHS and 900 μL of the sample is kept at 4 ◦C until the test result is returned (24–48 h).
Only those samples proven negative are cultured. We have so far not received a nasal brushing sample
that has tested positive for SARS CoV2 by PCR. To remove mucus, the remaining 500 μL of sample is
washed in 2 mL HBSS without calcium and magnesium, (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA, #10532003) and epithelial cells pelleted by centrifugation at 400× g for 7 min. Cell pellets are
resuspended in 500 μL Medium 199 (including 1% pen/strep) for HSVA (100 μL), IF diagnostic testing
(20 μL/slide, n = 10) and the remaining 200 μL is fixed in 4% glutaraldehyde for TEM processing.

To remove mucus, cell suspensions (directly from the brush) intended for culture were washed
in 2 mL HBSS without calcium and magnesium, (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA, #10532003) and epithelial cells pelleted by centrifugation at 400× g for 7 min. Cell pellets
were resuspended in 1 mL PneumaCult Ex plus medium (STEMCELL Technologies, Vancouver, BC,
Canada, Ex plus kit #05040) supplemented with hydrocortisone (0.1%) (STEMCELL Technologies,
Vancouver, BC, Canada, #07925) to directly seed cell clusters in 1–2 collagen (0.3 mg/mL, PureCol
5005.B CellSystems, Troisdorf, Germany)-coated wells of a 12-well culture plate (Corning Life Sciences,
Corning, NY, USA, #3548). We did not digest or quantify cell numbers directly from the brush biopsies,
and in our experience cell health is more important than yield. Under-seeding is to be avoided
particularly if cell health is considered compromised after microscopic assessment. Cells were cultured
in 37 ◦C incubators with 5% CO2 and ~100% relative humidity and all culture medium contains
additional 1% penicillin (5000 U/mL)/streptomycin (5000 μg/mL) (Fisher Scientific, Hampton, NH,
USA, #15070063) and 0.002% nystatin suspension (10,000 U/mL) (Fisher Scientific, Hampton, NH, USA,
#15340029). Medium was replaced 3 times weekly and cells were passaged with 0.25% trypsin EDTA
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA, #11560626) when at 50–70% confluence for
both initial seeding passage 0 and at passage 1 in collagen-coated T25 cm2 flasks, to give a final basal
epithelial cell yield of 1–2 million. All centrifugations were at 400× g for 5 min and cells washed twice
in 7 mL HBSS to remove residual trypsin (without use of a trypsin inhibitor). At passage 2,100,000 cells
were seeded per collagen-coated 12 mm Transwell® with 0.4 μm pore polyester membrane insert
(Corning Life Sciences, Corning, NY, USA, #3460) in a 12-well culture plate. Cells on Transwell® inserts
were initially cultured submerged in 250 μL PneumaCult Ex plus medium on the apical side and 650 μL
of the same medium on the basolateral side. When a confluent monolayer of basal cells was observed
(usually between 1 and 2 days) cells were taken to air–liquid interface (ALI) by apical medium removal
and replacement of the basolateral medium with 650 μL PneumaCult ALI medium (STEMCELL
Technologies, Vancouver, BC, Canada, ALI kit #05001) supplemented with hydrocortisone (0.5%) and
heparin (0.2%) (STEMCELL Technologies, Vancouver, BC, Canada, #07925 and #07980, respectively),
replaced 3 times weekly and with apical cell washing (briefly with 100 μL HBSS) aspirated to prevent a
build-up of mucus. Cultures were harvested between 3 and 6 weeks to allow for optimal ciliation.

2.2. Bio-Resource

Between March 2018 and August 2020 UHS has cryopreserved surplus diagnostic cells from
181 PCD clinic patient samples and 30 healthy donor samples. Surplus cells from passage 1 were
frozen 1 million per cryovial in 1 mL CryoStor® cell cryopreservation medium (Sigma, St. Louis, MO,
USA, #C2874). Cells were initially frozen at −80 ◦C (graduated freezing −1 ◦C/minute in a Mr. FrostyTM

container Thermo Fisher Scientific, Waltham, MA, USA, #5100–0001), then transferred to liquid nitrogen
for longer-term storage. After thawing, washed cells were seeded for research in a smaller Transwell®

insert format in 24-well plates. Briefly, 50,000 cells per collagen-coated 6.5 mm Transwell® with
0.4 μm pore polyester membrane insert (Corning Life Sciences, Corning, NY, USA, #3470) in 100 μL
PneumaCult Ex plus medium supplemented (apical side) and 350 μL of the same medium on the
basolateral side. Cultures were taken to ALI after 1–2 days replacing only the basolateral medium with
350 μL PneumaCult ALI medium supplemented and maintained as detailed above.
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2.3. Post-ALI Culture High-Speed Video Microscopy Analysis

Motile cilia were usually first observed by day 7 post-ALI by low power light microscopy with
normal ciliary function and widespread coverage confirmed by HSVA [12] from day 20. Cultures
were analysed between 3 and 6 weeks post-ALI when considered optimally ciliated. Cultures with no
discernible cilia were analysed 6 weeks post-ALI, to examine for static cilia or ciliary aplasia. For HSVA,
cells were scraped gently from the membrane with a pipette tip, washed and centrifuged to reduce
mucus, transferred in 100 μL PneumaCult ALI medium into a 0.5 mm-depth Coverwell imaging
chamber (Sigma, St. Louis, MO, USA, #635051) and mounted on a glass slide.

Ciliary beat pattern (CBP) and ciliary beat frequency (CBF) were analysed during HSVA using a
×100 objective lens, with samples equilibrated to 37 ◦C. Videos were recorded at 500 frames per second
and analysed at 30–60 frames per second from a minimum of 6 strips of ciliated epithelium as previously
described [27]. Observers with extensive experience [45] in ciliary function analysis then denoted
the sample as either “PCD likely”, where a widespread “hallmark” beat pattern was observed that
was unlikely to be caused by secondary factors alone; “PCD unlikely” where normal ciliary function
was observed in at least six areas and any minor abnormalities present could be attributed to obvious
secondary factors; “inconclusive” where abnormal ciliary beating was observed which was likely to
be due to secondary factors but PCD could not be excluded; or “insufficient” where the quality or
quantity of ciliated epithelium was not sufficient for an accurate decision to be made.

2.4. Fast Fourier Transform Analysis of Cilia Coverage

We pseudo-quantified the percentage area of cilia coverage on ALI cultures in-situ on a
representative subset of 10 consecutive UHS ciliated samples where cilia were motile (cilia coverage
on static cultures requires alternative imaging approaches, e.g., by immunofluorescence labelling
or SEM not discussed here). HSVA was carried out at 37 ◦C with a ×20 objective lens (to acquire
larger area mean CBF measurements), imaging every 3rd field of view across the midline of each
12 mm Transwell® insert to collect non-overlapping representative data across the whole membrane.
Fields of view with significant moving particulates or mucus debris were avoided. Fast Fourier
transform analysis of HSVA.cih Photron video files was performed using an in-house written plugin
for https://imagej.net/(by Dr Peter Lackie) to determine the proportion of movement to non-movement
(CBF in Hz) detected in the video, using a minimum box size of 4 × 4 pixels (Figure 1). The percentage
area of movement detected within 16 fields of view was averaged to give a surrogate for cilia coverage.
Of 10 samples the mean cilia coverage was 38.9%, which was within the expected range of 15–50%
reported in the respiratory tract in vivo [46].

2.5. Trans-Epithelial Electrical Resistance Measurements

One hour before trans-epithelial electrical resistance (TEER), measurements were taken,
PneumaCult ALI medium was replaced on the test ALI cultures (ciliated at passage 2) (using 100 μL
PneumaCult Ex plus medium on the apical side and 350 μL on the basolateral side in the Transwell®

insert format in 24-well plates) and incubated at 37 ◦C. A control well with an empty Transwell®

insert containing only medium (no cells) was also prepared. A World Precision Instrument EVOM2
epithelial Volt/Ohm meter with STX2 electrode (chopstick probe) (Fisher Scientific, Hampton, NH,
USA, #15169112) was used. The chopstick probe was sterilized in 70% industrial methylated spirit for
5 min and rinse in medium before and after use and between test and control wells. The mean of three
measurements was taken and background control measurements were subtracted before calculating
mean Ω.cm2 (±SD).
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Figure 1. Fast Fourier transform (FFT) analysis of ciliary movement using high-speed video microscopy
analysis (HSVA) data. FFT analysis (left) “colour map” corresponding to ciliary movement detected
by HSVA (using a 20× objective lens) on the surface of an air–liquid interface (ALI) culture (right).
The colour scale (left to right) depicts increasing ciliary beat frequency (CBF) from 0 (black) to 25 Hz
(white). Black pixels also represent a CBF measurement outside of the detection threshold (below 2 Hz
or above 50 Hz). Normal mean CBF at 37 ◦C is 11–20 Hz. Scale bar represents 100 μm.

2.6. Immunofluorescence Labelling of Ciliated Ali Cultures

The membranes of ciliated ALI cultures were excised at 4 weeks using a surgical scalpel blade
(15) and placed into the well of a 24-well plate submerged in 100 μL PneumaCult Ex plus medium.
The ciliated epithelial cells were scraped from the membrane surface using a pipette tip into the medium.
Then, 20 μL of cell suspension was dropped onto each coated Shandon™ Cytoslides™ (Fisher Scientific,
Hampton, NH, USA, #12026689) and allowed to air dry in the class 2 MSC. Once dry, slides were
sealed in slide mailer boxes (Fisher Scientific, Hampton, NH, USA, #11719885) and transferred to
a −20 ◦C freezer for storage for up to 4 months. For immunofluorescence labelling, slides were
thawed and fixed with 4% PFA for 15 min, washed in PBS with 0.1% triton X-100 (Fisher Scientific,
Hampton, NH, USA, #T/3751/08) then blocked with 5% milk powder in PBS-triton X-100 for 1 h.
After washing, primary antibodies (anti-RSPH4a 1:200, Atlas Antibodies, Sigma, St. Louis, MO, USA,
#HPA031197; anti-alpha tubulin 1:500, Sigma, St. Louis, MO, USA, #T9026) in PBS-triton X-100 were
incubated for 2 h at room temperature, followed by washing and secondary antibody (Alexafluor 488,
Life Technologies, Carlsbad, CA, USA, #A21121; Alexafluor 594, Life Technologies, Carlsbad, CA, USA,
#A11012) incubation at a dilution of 1:2500 in PBS-triton x-100 for 30 min at room temperature. DAPI
(300 nM) (Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA #D1306) was added to
the final wash before mounting onto coverslips with Mowiol aqueous mounting media. The slides
were kept in the fridge (at least overnight) until imaging using a Leica SP8 laser scanning confocal
microscope with Leica Application Suite X software v3.5.5.19976 (Leica Biosystems, Wetzlar, Germany).

2.7. Statistics

Descriptive statistics are presented in Table 1. Normality was checked using the Shapiro–Wilk test.
Two sample comparisons were undertaken using the student t-test when normality test passed or
Mann–Whitney test when normality tests failed. Matched samples were analysed using the parametric
paired student’s t test or non-parametric Wilcoxon test. For multiple comparisons One-Way ANOVA
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was used for parametric samples or Kruskal–Wallis test for non-parametric samples. Statistical analysis
was performed in GraphPad Prism 8 (GraphPad, San Diego, CA, USA). A p-value less than 0.05 was
considered significant.

3. Results

3.1. How Did the Nasal Epithelial Cell Culture Protocol Improve Diagnostic Accuracy at UHS

Sixty-seven of 70 consecutive UHS patients’ (Table 1) samples were cultured and 64 of those 67
ALI cultures were successfully ciliated (95.5%). Of three samples that were not cultured, two were
not suspected of PCD (due to a weak clinical history, normal nNO and “PCD unlikely” HSVA on the
ex vivo nasal brushing) and one was diagnosed as “PCD positive” with hallmark TEM (absent outer
dynein arms) with static cilia (by HSVA on the ex vivo sample) as determined at MDT meetings and
surplus epithelial cells were cryopreserved.

Of 67 in vitro ALI cultures, only 3 (4.5%) failed (1 insufficient sample, 2 due to infection) and HSVA
was performed on the 64 ciliated cultures. The original ex vivo CBP was confirmed in seven normal
and six abnormal (PCD likely) ALI-cultured samples (19.4%). Fifty-one original ex vivo samples had
an equivocal CBP and ALI culture resolved a normal CBP in 30 (44.8%), an abnormal CBP (PCD likely)
in 2 (3%) and remained equivocal in 19 samples (28.4%) (Figure 2). As expected, TEM analysis
of ALI cultures demonstrated that normal and PCD hallmark defects were replicated in vitro from
representative samples (Figure 3). Example HSVA videos showing the quality of ALI culture after
equivocal or abnormal “PCD likely” ex vivo samples are shown in Supplementary Video S1a–d.

 

Figure 2. Flow diagram of diagnostic sample processing for ALI culture by repeat HSVA and
MDT outcomes. Seventy patients’ ex vivo samples evaluated by HSVA (as part of the whole
diagnostic process) and their ALI culture outcomes were followed. HSVA on ALI culture either
confirmed the original HSVA finding, resolved an originally equivocal HSVA or remained equivocal
despite culture. In bold, the ALI culture HSVA outcomes are shown by MDT outcome (“PCD”/“PCD
highly-likely”; “PCD highly-unlikely” or “equivocal” pending follow up, repeat tests or further tests
(genetics or additional IF for example).
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Figure 3. TEM of cilia in transverse section and CBF (by HSVA) in nasal samples and after ALI culture.
Representative TEM images (a,b) of in vitro ALI-cultured cilia in transverse section, showing a “9 + 2”
microtubular arrangement. Cilia have normal ciliary ultrastructure in (a) a “PCD highly-unlikely”
subject (with 3% microtubular defects, 18% inner and 4% outer dynein arm defects quantified from
102 cilia), and (b) a “PCD positive” subject (with 11% microtubular defects, 47% inner and 99% outer
dynein arm absence quantified from 302 cilia). Scale bar represents 100 nm. Dot plot (c) demonstrates
the mean CBFs (Hz) of 57 ex vivo nasal brushing samples compared to their matched in vitro ALI
cultures (Wilcoxon paired test * p = 0.03). Data from ex vivo samples without a matched ALI sample
were excluded (n = 13), which was due to 7 ex vivo samples with a variable ciliary beat pattern (CBP),
3 with failed ALI cultures and 3 that were not cultured. Normal CBF range of ex vivo samples at
University Hospital Southampton (UHS) is 11–20 Hz.

The mean CBF was determined in 57 patients’ in vitro ALI cultures with unambiguous
CBP (completely static cilia were recorded with a mean CBF of 0 Hz). Of the 57, three cases
(two “PCD highly-likely” and one “equivocal” at MDT outcome) with mostly static cilia and some
residually moving dyskinetic cilia in the original ex vivo sample became completely static in culture,
which we have reported before [27]. The Shapiro–Wilk test showed that ex vivo (W = 0.99, p = 0.81)
and in vitro (W = 0.96, p = 0.06) sample CBFs were normally distributed only when static samples
(three in each group) were excluded. Compared to their matched ex vivo samples (n = 57) the mean
CBF of patients samples significantly varied after in vitro ALI culture (median: 14.7 Hz ranging from
0 to 18.5 Hz ex vivo; 13.9 Hz ranging from 0 to 17.5 Hz in vitro) (Wilcoxon matched pairs p = 0.03)
(Figure 3). A mean CBF was not considered meaningful in seven patients’ ex vivo samples caused by a
mixed motile ciliary beat pattern, three samples were not cultured and three failed accounting for the
remaining without a CBF.

The in vitro ALI cultures’ results were compared by patients’ MDT outcome. Of 55 “PCD
highly-unlikely” patients, a normal culture CBP was seen in 37 (67.3%) but remained equivocal in
16 (29.1%) and 2 were not cultured. Of seven “PCD”/“PCD highly-likely” patients, an abnormal
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“PCD likely” HSVA result was seen in five (71.4%), one was progressing but was deliberately “paused”
and frozen due to “hallmark TEM defects” [14] and one patient failed due to infection (Figure 2).

There were eight patients with an equivocal MDT outcome due to inconclusive tests. After all tests,
five patients with an unconvincing clinical history were considered to have equivocal diagnostic
results at MDT evaluation, with patients advised to seek re-referral if symptoms persisted.
Of this group, one patient had a normal CBP, three were equivocal after ALI culture and two
failed (insufficiency/infection). Two other patients with normal TEM and “PCD likely” HSVA on
in vitro ALI culture are being followed up with genetic testing.

3.2. Was the Nasal Epithelial Cell Culture Protocol Reproducible across the UK PCD Service?

This culture method was simultaneously adopted by the Leicester and Royal Brompton PCD
Centres. One hundred and five of 128 (82%) cultures from the Leicester PCD Centre ciliated and of
these, 21 of 29 (72.4%) insufficient biopsy samples were successfully differentiated at ALI culture for
diagnostic use, providing HSVA results where patients would otherwise have been recalled for repeat
biopsy. At the Royal Brompton PCD Centre, 30 of 45 (66.7%) ALI cultures ciliated. Therefore, 199 of
239 consecutive ALI cultures ciliated across 3 UK PCD diagnostic sites, giving a combined ciliation
success rate of 83.3%.

Since the COVID-19 pandemic, UHS has cultured 44 patients’ samples with protocol modifications
to mitigate the risk of acquiring SARS CoV2 infection from nasal brushing samples. This includes
storing the nasal cell suspensions in Medium 199 (with 1% pen/strep) at 4 ◦C for up to 48 h, whilst
awaiting the outcome of a SARS CoV2 PCR test. Of the 44 samples cultured during this period, 8 (18%)
are still in progress, 28 (64%) ciliated successfully and 8 (18%) failed (3 due to bacteria, 3 due to fungus
and 2 as a result of insufficient cell yield).

3.3. Can a Bio-Resource Extend Diagnostic Testing and Research?

Studies have been challenged by the limited number of PCD patients’ samples available for
research; therefore, since March 2018, UHS has cryopreserved surplus diagnostic cells from PCD
clinic patient samples following consent (n = 181 to August 2020 including 25 (13.8%) confirmed
“PCD positive”/“PCD highly-likely”) and 30 healthy donor samples (20 (66.7%) female; median age 37.4,
range 21.4–58.3). We have, to date, recovered 6 confirmed “PCD positive”/“PCD highly-likely” samples,
25 confirmed “PCD highly-unlikely” disease control samples and 8 healthy donors from liquid nitrogen
storage, with a ciliation success rate of 100% at ALI culture. Here we report representative data from a
subset of the thawed samples (Figure 4). The ciliary beat patterns seen on original ex vivo samples
(by HSVA) were recapitulated, scanning electron microscopy demonstrated excellent ciliation, and cilia
could be immuno-fluorescently labelled in representative cases after cryostorage and ALI culture
differentiation (Figure 4).

The physical barrier properties, measured by TEER at 4 weeks post-ALI, of n = 10 thawed
“PCD highly-unlikely” 383 Ω.cm2 (SD ± 86.5) and n = 4 defrosted “PCD highly-likely” 314 Ω.cm2

(SD ± 153.9) samples were not significantly different to each other (t test) or to n = 4 representative
fresh (non-frozen) healthy donor in vitro ALI cultures 299 Ω.cm2 (SD ± 97.6) (Mann–Whitney test)
(Figure 4). HSVA demonstrated that n = 4 representative “PCD highly-unlikely” samples with
mean nasal brushing CBF of 17.3 Hz, SD ± 2.9 (ex vivo) resolved a normal CBP with mucociliary
clearance with a significantly reduced mean CBF of 12.7 Hz, SD ± 2.5 in matched samples that were
ALI-cultured (4 weeks) after liquid nitrogen storage (paired t test, p = 0.01); while three of these
cultures retained a normal CBP, one culture’s CBF fell just below the UHS normal range (11–20 Hz) [27]
(Figure 4). Six “PCD positive”/“PCD highly-likely” samples that had predominantly static cilia (n = 4)
or uncoordinated and stiff dyskinetic cilia (n = 2) on the ex vivo nasal brushing samples retained their
abnormal CBP at week 4 of ALI culture in vitro after freezing (CBF not shown). The quality of ALI
cultures prepared for HSVA after samples were defrosted from cryostorage compared to their original
ex vivo samples are shown in Supplementary Video S2a–d.
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Figure 4. Characteristics of in vitro ALI cultures (ciliated and differentiated at passage 2) derived
from frozen liquid nitrogen storage. (a) There was no difference in the mean (±SD) trans-epithelial
electrical resistance (TEER) (Ω.cm2) of n = 10 “PCD highly-unlikely” and n = 4 “PCD highly-likely”
ALI cultures recovered from liquid nitrogen cryostorage (post-LN2) (t test), or compared to n = 4
healthy donor sample (non-frozen) controls (Mann–Whitney test) measured in triplicate per Transwell®

insert at 4 weeks ALI culture, when cells were widely ciliated. (b) The mean CBF (Hz) of n = 4
matched PCD clinic samples differed before (ex vivo) and after liquid nitrogen storage (in vitro ALI
culture) * p = 0.01 (paired t test). (c) A representative SEM image from a “PCD highly-unlikely”
ALI culture showing typical ciliation at week 4 post-LN2. (d) Representative PCD diagnostic
immunofluorescence [15] images from an SP8 laser scanning confocal microscope, showing a PCD clinic
ALI culture after cryostorage with 4% paraformaldehyde fixation and immunofluorescence labelling
with anti-alpha-tubulin (cilia marker-Alexa488 secondary antibody, green), anti-RSPH4a (radial spoke
head protein-Alexa549 secondary antibody, red) and DAPI (nuclei DNA stain, blue). Scale 20 μm.

4. Discussion

After revisions to our 2014 [27] culture protocol, employing the commercially available STEMCELL
Technologies media system, we demonstrate an excellent 95.5% success rate of ALI cultures
differentiating cilia with 38.9% cilia coverage for analysis at the UHS PCD centre. Three UK PCD
diagnostic centres share protocols [47,48]. Therefore, this revised protocol was simultaneously adopted,
enabling us to confirm a combined success of 83.3% of ALI cultures ciliated across our national service.
Differences in success rates between our centres may have been due to several factors such as different
patient demographics, sampling variability and physical management of samples due to our logistical
setups. For example, the UHS benefits from having laboratories on the same site as the patient clinics
and we were able to repeat insufficient samples during clinic, whilst the patient was still onsite as
needed. Since we have introduced COVID-19 mitigation measures, to limit our risk of acquiring the
illness from our patients and samples, we have cultured 44 nasal brushing samples and 28 (64%) are
so far ciliated, 8 (18%) are ongoing and 8 (18%) failed since July 2020. This is encouraging that a high
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success rate can be maintained during the constraints of the current COVID-19 pandemic. Analyses
following ALI culture have negated the need to recall patients for repeat nasal brushing biopsy after
inconclusive HSVA results due to secondary factors, and/or insufficient sample for analyses [27,35].
The excellent yield of cilia coupled with the speed at which normally functioning cilia generate allow
for repeat HSVA analysis and if needed repeat TEM to be reported within diagnostic time constraints,
with sample also available for IF labelling of cilia and RNA extraction for further genetic splice variant
screening (as well as genomic DNA genetic screening) if required. Results from ALI cultures gave
added confidence for patient discharge as “PCD highly-unlikely” when abnormalities resolved in
culture, or a diagnosis of “PCD positive” or “PCD highly-likely” to be given when abnormalities
persist after culture.

Cell culture is an important tool in the diagnostic pathway but is a lengthy and technically
demanding process. A reliable system for obtaining a good yield of healthy ciliated epithelial cells is
vital. In our experience, most failures occur early in the culture process due to either a lack of viable
epithelial cells from nasal brush biopsy or viral/bacteria/fungal infections. To minimise failure rates,
we recommend nasal brush biopsies are taken only from patients free from symptoms of infection for
the previous six weeks. Basal epithelial cell survival, proliferation and differentiation in vitro rely on
high cell densities [49]. With the patients still in clinic, typically cell yields from biopsies can quickly
be checked by low power light microscopy to ensure enough material is present for all tests needed.
In the event of a poor yield of healthy cells the patient may be approached for another brushing if
tolerated. However, in light of the current COVID-19 pandemic, we are not practicing this to limit our
exposure to nasal brushing samples in the laboratory. Although this could potentially be circumvented
if microscope equipment can be housed within a customized class 2 MSC. As with all long-term cell
culture, infection risks are high, maintaining the cultures in a designated culture facility with limited
numbers of experienced users is important to maximise success rates.

Airway cells stored in a bio-resource and cultured at ALI retain their pre-frozen characteristics
and provide a model for PCD diagnostic testing and investigating the pathogenesis and treatments
of respiratory disease (particularly for rare samples) without needing to recall patients for repeat
brushings [36–39,50]. Exceptionally, 100% of samples recovered from liquid nitrogen successfully
ciliated (n = 6 “PCD positive”/“PCD highly-likely”, n = 25 “PCD highly-unlikely” and n = 8 healthy
donor samples). In n = 4 “PCD highly-unlikely” samples with normal CBP and normal CBF (11–20 Hz
at UHS) ex vivo, the CBF of ALI cultures significantly (p = 0.01) reduced after freezing despite
maintaining normal CBP, either due to low sample numbers or the freezing/defrosting process
(Figure 4). The CBF reduction was not pronounced after the ALI culture process in 56 patients’
samples that were not previously stored in liquid nitrogen (Figure 3). We believe this method
provides great scope for studies of both healthy and diseased ciliated epithelia, yet we advise for
CBF studies that a baseline CBF of ALI cultures derived from cryostored cells be established in-house.
However, limitations of the model are the reliance upon commercially obtained culture media, and the
undisclosed nature of the culture media components. In summary, we have presented an updated
protocol for culture of airway epithelial cells, which has been stable and reliable, with consistently
high success rates over the course of one year, based on the experience at three PCD diagnostic
centres within a national service. Long-term, our patients will benefit directly from reduced recall for
repeat samples, and advances in our understanding of disease phenotype and new treatment efficacy.
Bio-resourcing will enable us to participate in national and international networks (https://bestcilia.eu/
and https://beat-pcd.squarespace.com/) that are collaborating to better characterise and treat PCD.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/11/3753/s1.
Video S1: Removing secondary dyskinesia in “PCD highly-unlikely” and confirming “PCD highly-likely” in
ex vivo clinic samples before and after in vitro ALI culture. Video S2: Removing secondary dyskinesia in “PCD
highly-unlikely” and confirming “PCD highly-likely” in ex vivo clinic samples before and after in vitro ALI culture
post LN2. All UHS videos were recorded at 500 fps and are shown at 30 fps playback.

140



J. Clin. Med. 2020, 9, 3753

Author Contributions: Conceptualization, C.L.J., C.B. and J.L.S.; methodology, C.L.J, J.L.C., C.B., R.A.H. and P.G.
(Paul Griffin); software, P.M.L.; validation, C.L.J., J.L.C., R.A.H., G.M.W. and P.G. (Paul Griffin); formal analysis,
J.L.C., C.B. and C.L.J.; investigation, C.L.J., J.L.C., J.T., K.L.H., P.G. (Patricia Goggin), R.D., A.H., W.T.W., R.A.H.,
G.M.W. and P.G. (Paul Griffin); data curation, C.L.J., J.L.C., J.T., K.L.H., P.G. (Patricia Goggin), R.D., R.A.H., G.M.W.
and P.G. (Paul Griffin); writing—original draft preparation, J.L.C, C.L.J., and J.S.L.: writing—all authors reviewed
and edited; supervision, J.S.L., C.L.J. and C.B.; funding acquisition, J.S.L., C.H., C.O., C.L.J. and C.B. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by AAIR Charity: “Expansion of an ex vivo primary respiratory epithelial
cell model to facilitate primary ciliary dyskinesia airway research” and the NIHR Research for Patient Benefit
Programme: 200470. The National PCD Service is commissioned and funded by NHS England.

Acknowledgments: PCD research in Southampton is supported by NIHR Southampton Biomedical Research
Centre, NIHR Welcome Trust Clinical Research Facility). PCD research in Leicester is supported by the NIHR
GOSH BRC. Authors are members of BEAT-PCD (supported by COST Action BM1407 and ERS Clinical Research
Collaboration). UHS and RBH are members of the European Reference Network for Rare Respiratory Diseases
(ERN-LUNG)—Project ID No 739546. The views expressed in this publication are those of the authors and not
necessarily those of the NHS, the National Institute for Health Research, or other organisations.

Conflicts of Interest: All authors certify that they have no conflicts of interest to declare.

References

1. Wallmeier, J.; Nielsen, K.G.; Kuehni, C.E.; Lucas, J.S.; Leigh, M.W.; Zariwala, M.A.; Omran, H.
Motile ciliopathies. Nat. Rev. Dis. Prim. 2020, 6, 1–29. [CrossRef]

2. O’Callaghan, C.; Chetcuti, P.; Moya, E. High prevalence of primary ciliary dyskinesia in a British
Asian population. Arch. Dis. Child. 2010, 95, 51–52. [CrossRef] [PubMed]

3. Lucas, J.S.; Davis, S.D.; Omran, H.; Shoemark, A. Primary ciliary dyskinesia in the genomics age.
Lancet Respir. Med. 2020, 8, 202–216. [CrossRef]

4. Behan, L.; Dimitrov, B.D.; Kuehni, C.E.; Hogg, C.; Carroll, M.; Evans, H.J.; Goutaki, M.; Harris, A.; Packham, S.;
Walker, W.T.; et al. PICADAR: A diagnostic predictive tool for primary ciliary dyskinesia. Eur. Respir. J. 2016,
47, 1103–1112. [CrossRef] [PubMed]

5. Lucas, J.S.; Alanin, M.C.; Collins, S.; Harris, A.; Johansen, H.K.; Nielsen, K.G.; Papon, J.F.; Robinson, P.;
Walker, W.T. Clinical care of children with primary ciliary dyskinesia. Expert Rev. Respir. Med. 2017, 11,
779–790. [CrossRef] [PubMed]

6. Lucas, J.S.; Leigh, M.W. Diagnosis of primary ciliary dyskinesia: Searching for a gold standard. Eur. Respir. J.
2014, 44, 1418–1422. [CrossRef] [PubMed]

7. Lucas, J.S.; Barbato, A.; Collins, S.A.; Goutaki, M.; Behan, L.; Caudri, D.; Dell, S.; Eber, E.; Escudier, E.;
Hirst, R.A.; et al. European Respiratory Society guidelines for the diagnosis of primary ciliary dyskinesia.
Eur. Respir. J. 2017, 49. [CrossRef]

8. Shapiro, A.J.; Davis, S.D.; Polineni, D.; Manion, M.; Rosenfeld, M.; Dell, S.D.; Chilvers, M.; Ferkol, T.W.;
Zariwala, M.A.; Sagel, S.D.; et al. Diagnosis of Primary Ciliary Dyskinesia. An Official American Thoracic
Society Clinical Practice Guideline. Am. J. Respir. Crit. Care Med. 2018, 197, e24–e39. [CrossRef]

9. Shoemark, A.; Dell, S.; Shapiro, A.; Lucas, J. ERS and ATS diagnostic guidelines for primary ciliary dyskinesia:
Similarities and differences in approach to diagnosis. Eur. Respir. J. 2019, 54. [CrossRef]

10. Jackson, C.L.; Behan, L.; Collins, S.A.; Goggin, P.M.; Adam, E.C.; Coles, J.L.; Evans, H.J.; Harris, A.;
Lackie, P.M.; Packham, S.; et al. Accuracy of diagnostic testing in primary ciliary dyskinesia. Eur. Respir. J.
2016, 47, 837–848. [CrossRef]

11. Kempeneers, C.; Seaton, C.; Chilvers, M.A. Variation of Ciliary Beat Pattern in Three Different Beating Planes
in Healthy Subjects. Chest 2017, 151, 993–1001. [CrossRef] [PubMed]

12. Rubbo, B.; Shoemark, A.; Jackson, C.L.; Hirst, R.; Thompson, J.; Hayes, J.; Frost, E.; Copeland, F.; Hogg, C.;
O’Callaghan, C.; et al. Accuracy of High-Speed Video Analysis to Diagnose Primary Ciliary Dyskinesia.
Chest 2019, 155, 1008–1017. [CrossRef] [PubMed]

13. Shoemark, A.; Dixon, M.; Corrin, B.; Dewar, A. Twenty-year review of quantitative transmission
electron microscopy for the diagnosis of primary ciliary dyskinesia. J. Clin. Pathol. 2011, 65, 267–271.
[CrossRef] [PubMed]

141



J. Clin. Med. 2020, 9, 3753

14. Shoemark, A.; Boon, M.; Brochhausen, C.; Bukowy-Bieryllo, Z.; De Santi, M.M.; Goggin, P.; Griffin, P.;
Hegele, R.G.; Hirst, R.A.; Leigh, M.W.; et al. International consensus guideline for reporting transmission
electron microscopy results in the diagnosis of Primary Ciliary Dyskinesia (BEAT PCD TEM Criteria).
Eur. Respir. J. 2020, 55. [CrossRef]

15. Shoemark, A.; Frost, E.; Dixon, M.; Ollosson, S.; Kilpin, K.; Patel, M.; Scully, J.; Rogers, A.V.; Mitchison, H.M.;
Bush, A.; et al. Accuracy of Immunofluorescence in the Diagnosis of Primary Ciliary Dyskinesia. Am. J.
Respir. Crit. Care Med. 2017, 196, 94–101. [CrossRef]

16. Liu, Z.; Nguyen, Q.P.H.; Guan, Q.; Albulescu, A.; Erdman, L.; Mahdaviyeh, Y.; Kang, J.; Ouyang, H.;
Hegele, R.G.; Moraes, T.J.; et al. A quantitative super-resolution imaging toolbox for diagnosis of
motile ciliopathies. Sci. Transl. Med. 2020, 12. [CrossRef]

17. Dougherty, G.W.; Loges, N.T.; Klinkenbusch, J.A.; Olbrich, H.; Pennekamp, P.; Menchen, T.; Raidt, J.;
Wallmeier, J.; Werner, C.; Westermann, C.; et al. DNAH11 Localization in the Proximal Region of Respiratory
Cilia Defines Distinct Outer Dynein Arm Complexes. Am. J. Respir. Cell Mol. Biol. 2016, 55, 213–224. [CrossRef]

18. Loges, N.T.; Antony, D.; Maver, A.; Deardorff, M.; Güleç, E.Y.; Gezdirici, A.; Nöthe-Menchen, T.; Höben, I.M.;
Jelten, L.; Frank, D.; et al. Recessive DNAH9 Loss-of-Function Mutations Cause Laterality Defects and Subtle
Respiratory Ciliary-Beating Defects. Am. J. Hum. Genet. 2018, 103, 995–1008. [CrossRef]
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Abstract: Background: Patients with liver disease associated with alpha-1 antitrypsin deficiency
(AATD) are homozygous for the Z mutation, leading to chronic liver damage. Objective: To assess the
serum levels of glutamate-oxaloacetate transaminase (GOT), glutamate-pyruvate transaminase (GPT),
and gamma-glutamyl transpeptidase (GGT) in patients with different genotypes for the alpha-1
antitrypsin (AAT) gene. Methods: Patients (n = 1494) underwent genotyping of the SERPINA1 gene,
together with a determination of AAT and GOT and GPT and GGT transaminase levels. Patients with
a deficient allele (n = 476) and with a normal genotype were compared. Results: A statistically
significant association was found between deficient genotypes and GOT (p < 0.0003), GPT (p < 0.002),
and GGT (p < 0.006). Comparing GOT levels in patients with PI*Z deficient variant versus those with
normal genotype, an odds ratio (OR) of 2.72 (CI: 1.5–4.87) (p < 0.0005) was obtained. This finding
was replicated with the PI*Z allele and the GPT values (OR = 2.31; CI: 1.45–3.67; p < 0.0003).
In addition, a statistically significant association was found between liver enzymes and AAT
values. Conclusion: The PI*Z allele seemed to be a risk factor for the development of liver damage.
AAT deficient genotypes were associated with GOT, GPT, and GGT altered values. Low AAT levels
were associated with high GPT and GGT levels.

Keywords: Alpha-1 antitrypsin deficiency; liver disease; glutamate-oxaloacetate transaminase;
glutamate-pyruvate transaminase; gamma-glutamyl transpeptidase

1. Introduction

Alpha-1 antitrypsin (AAT) is a glycoprotein synthesized and secreted primarily by hepatocytes,
whose main function is to neutralize excess elastase released by activated neutrophils, thereby protecting
the extracellular matrix of the lungs from the harmful effects of this protease [1].

The two alleles that an individual possesses for this genetic locus are transmitted by autosomal
Mendelian inheritance. The phenotypic relationship between normal and deficient alleles is partial
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dominance when circulating AAT levels are analyzed, or codominance when different protein variants
are detected by isoelectric focusing (becoming complete dominance in the case of null alleles).
Normal alleles, found in 85–90% of individuals, are called PI*M, while the most common deficient
alleles are PI*S and PI*Z, with a prevalence among Caucasians of 3–10% and 1–3%, respectively [2].

Severe alpha-1 antitrypsin deficiency (AATD) is a hereditary condition, typically associated with
PI*ZZ genotypes, which promotes the development of various diseases, including: chronic obstructive
pulmonary disease (COPD), with onset in early adulthood in up to 50% of deficient subjects (from the
age of 40, as opposed to 50–60 years for common COPD); childhood-juvenile cirrhosis in 2.5% of
individuals with the PI*ZZ genotype; adult cirrhosis in 30% (generally men from the age of 50 years);
hepatocarcinoma in 2–3% of elderly individuals with PI*ZZ genotype; systemic vasculitis (Wegener’s)
in 2–3%; and neutrophilic panniculitis (in 1% of PI*ZZ individuals in the UK registry and 0.1% in the
American registry) [3].

In clinical practice, most patients with AATD-associated liver disease are homozygous for the
Z mutation (Glu342Lys). This genetic defect causes an abnormal folding of the PiZ protein, 80–90%
of which is retained in the rough endoplasmic reticulum [4] of hepatocytes, forming highly stable
polymer accumulations, which lead to a cellular stress response and chronic liver damage in some
individuals [5]. The PiS protein polymerizes moderately, but its inhibitory capacity remains unchanged.
However, the S and Z proteins of PI*SZ heterozygotes can form hepatic heteropolymers that can cause
cirrhosis [6].

The transaminases glutamate-oxaloacetate transaminase (GOT), glutamate-pyruvate transaminase
(GPT), and gamma-glutamyl transpeptidase (GGT) are enzymes routinely used as general laboratory
markers of liver disease. GPT and GGT are expressed in hepatocytes. As well as in the liver,
GOT is expressed in the myocardium, skeletal muscle, kidneys, brain, pancreas, lung, leukocytes,
and erythrocytes [7].

The objective of this study was to determine whether patients with AAT deficiency have a higher
risk of liver involvement according to the different genotypes.

2. Experimental Section

2.1. Study Design

An observational, cross-sectional, and descriptive study was carried out, in which a total of
1494 patients who attended the pulmonology outpatient clinic for any reason were included and
analysed. They were divided into two comparable groups, those with a normal genotyping result
(Pi*MM) and another group of subjects whose genotyping result was different (Pi* �MM). In addition,
two comparable age-based groups were created (≤25 years and >25 years). The study was conducted
in accordance with the Declaration of Helsinki. This study was approved by the ethics committee of
the hospital, and all patients were informed of the study objectives and signed an informed consent.
In the case of minors, their parent or guardian signed the consent.

Inclusion criteria: Patients who attended the pulmonology outpatient clinic consecutively,
regardless of the reason for doing so, patients who had undergone genotyping of the SERPINA1
gene, patients whose GOT, GPT, and GGT values had been measured via blood clinical chemistry,
and patients who expressed their participation in the study by signing the informed consent.

Exclusion criteria: Patients with severe chronic alcoholism or diagnosed with previous alcoholic
liver disease, a history of drug-related liver toxicity, autoimmune or viral liver cirrhosis, fatty liver,
viral hepatitis, haemochromatosis, or Wilson’s disease were excluded. Various analytical studies were
carried out (serological determination of hepatitis virus, autoimmunity, iron levels, and copper levels).
In addition, imaging studies were performed using liver ultrasound or computed axial tomography in
some patients with abnormal laboratory tests to rule out involvement from other causes (neoplasms,
malformations, infections, etc.).
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2.2. Patients

Each patient underwent genotyping to check for PI*S alleles, PI*Z alleles, and rare variants of
the SERPINA1 gene. To make comparisons, the sample of patients was subdivided into two groups:
476 patients with a genetic diagnosis of AATD and 1018 with a normal genotype for the SERPINA1 gene.

2.3. Genetic Analysis

The genotype was determined using so-called hybridization probes or HybProbes [8], which allow
both real-time PCR to be performed and, after the initial amplification process, the genetic
variants present in a certain region within the amplified DNA fragment to be identified.
Specifically, the genotyping protocol described by Hernández-Pérez et al. was followed [9].

Determination of AAT and Transaminase Serum Levels

The AAT serum levels of each patient were quantified by immunonephelometry, while the serum
concentrations of the enzymes GOT, GPT, and GGT were determined by standard clinical analysis
procedures. Cut-off levels were those determined by the reference laboratories.

2.4. Statistical Analysis

The descriptive analyses of the variables were expressed as median (interquartile range (IQR)) or
number (%). Differences in the distributions of patient characteristics by subgroups of outcomes were
reported using differences with a 95% CI. Categorical data were compared using the χ2 test or Fisher’s
exact test. Continuous variables were expressed as absolute (n) and variables (%). Differences between
both groups were evaluated by univariate analysis and multiple logistic regression to calculate odds
ratios (ORs). The different ORs are shown with their respective 95% confidence intervals (CIs).
Multivariate logistic regression was used to assess independent associations. Linear correlations
between clinical variables and biomarkers were evaluated by Pearson’s or Spearman’s correlation
coefficient. A significant difference was considered when p < 0.05. Statistical analysis was performed
with the IBM® SPSS Statistics version 25 program.

3. Results

3.1. Baseline Characteristics

Of the 1494 patients, elevated GOT levels were observed in 5.7%, elevated GPT in 10.6%,
and elevated GGT in 20.3%. Most cases were male, with a mean age of 51.4 years and a range between
1–94, a weight of 76.14 kg ranging between 36 and 152, and a median BMI of 27.67 kg/m2 with a range
between 14.9 and 53.6. The median AAT level of the patients was 82.14 mg/dL with a range between
5 and 308.2. The rest of the baseline characteristics of the patients are shown in Table 1.
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Table 1. Baseline characteristics of study patients. N/S: not significant. BMI: body mass index.
AAT: Alpha-1 antitrypsin.

Pi*MM
n = 1018

Pi*MS
n = 287

Pi*SS
n = 23

Pi*MZ
n = 112

Pi*SZ
n = 26

Pi*ZZ
n = 7

Rare
Variants

n = 21

Degree of
Significance

PiMM-Pi �MM

Male, n 612
(59.18%)

142
(49.47%)

10
(43.47%)

62
(53.35%)

11
(42.30%)

4
(57.14%)

6
(28.57%) p < 0.0001

Age, years,
median
(range)

57
(11–94)

52.05
(1–86)

57.13
(16–86)

48.68
(1–89)

46.54
(10–81)

57.86
(45–87)

40.57
(1–75) p < 0.004

Weight, kg
median (range)

82.22
(39–152)

79.94
(3.6–135)

74.76
(49–116)

79.67
(4.6–119)

80.52
(54–115)

65.67
(47–97)

70.22
(4.4–92) N/S

BMI, kg/m2

median (range)
30.16

(14.9–53.6)
29.06

(15–52.5)
27.43

(19–40.1)
28.67

(17.9–42.2)
29.14

(21.4–44.1)
23.03

(16.3–31.3)
26.20

(19.6–37) N/S

Serum AAT
levels, mg/dL

median (range)

135.9
(82.8–308.2)

115.05
(76.2–126.6)

90.31
(74.6–125)

85.15
(62.3–137.6)

60.18
(43.9–82.1)

18.94
(5–36.3)

69.51
(7–111) p < 0.05

3.2. Relationship between Genotypes and Transaminase Levels

A statistically significant association was found between genotypes for the SERPINA1 gene
and serum levels of liver enzymes, in the sense that the more deficient the genotype, the higher
the enzyme elevation observed (odds ratio (OR): GOT = 25.32, p < 0.0003; GPT = 20.19, p < 0.002;
GGT = 17.78, p < 0.006). It was found that serum GPT and GGT values changed more frequently the
more deficient the genotypes (Figure 1). Similar results were observed with GOT values, excluding the
Pi*ZZ genotype, although this was not so marked.

0%
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10%

15%

20%

25%

30%

35%

40%

45%

MM MS SS MZ SZ ZZ Rare v.

GOT

GPT

GGT

Figure 1. Relationship between genotypes and transaminase levels (IU/L). Transaminases
(GOT > 37 U/L), (GPT > 38 U/L), and (GGT > 40 U/L). It can be seen that the most deficient
genotypes are those that cause the greatest significant increases in transaminases levels (p < 0.05). * In
the Pi*ZZ genotype, no changes in GOT levels were observed.

Regarding the GOT and GPT serum levels, when measuring the prevalence of exposure in patients
who had a genotype with the Pi*Z allele and comparing them with patients of normal genotype
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(Pi*MM), an OR of 2.72 (CI: 1.5–4.87) was obtained for GOT with a significance level of p < 0.0005,
and for GPT an OR of 2.31 (CI: 1.45–3.67) with a level of statistical significance of p < 0.0003 was
obtained. When analyzing the GGT levels, an OR of 1.25 (CI: 0.82–1.88) was obtained, but this time
without reaching statistical significance. Table 2 describes the results for genotypes containing the Pi*Z
allele in more detail.

Table 2. Odds ratio relationship between the genotypes that include the PI*Z allele and the
serum transaminase levels. GOT: glutamate-oxaloacetate transaminase. GPT: glutamate-pyruvate
transaminase. GGT: gamma-glutamyl transpeptidase. N/S: not significant.

Genotype GOT GPT GGT

Pi*MZ 2.49 (CI: 1.28–4.85) 4.65 (1.68–12.84) 0.91 (0.55–1.51)
p < 0.005 p < 0.001 N/S

Pi*SZ 2 (CI: 1.17–3.42) 2.75 (CI: 1.07–7) 6.87 (CI: 1.52–31.15)
p < 0.01 p < 0.02 p < 0.003

Pi*ZZ Not applicable 2.72 (1.23–6) 2.78 (0.61–12.52)
N/S p < 0.01 N/S

No statistically significant relationship was found between the PI*S allele and altered transaminase
levels, with OR values for GOT, GPT, and GGT levels of 1.003 (CI: 0.55–1.81), 0.88 (CI: 0.56–1.37),
and 0.70 (CI: 0.50–1), respectively.

3.3. Relationship between Transaminases and Serum AAT Levels

Finally, a statistically significant association was found between the transaminase values and the
different AAT values, with a chi-squared statistical value of 14.06 for GOT (p < 0.002) and 17.12 for
GPT (p < 0.0007). The result was not significant for GGT (p > 0.05). Our study found that low levels of
AAT were associated with high levels of GPT and GGT transaminases (Figure 2).
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Figure 2. Relationship between transaminase levels (IU/L) and the different ranges of AAT levels
(mg/dL). Transaminases (GOT > 37 U/L), (GPT > 38 U/L), and (GGT > 40 U/L). It can be seen that lower
AAT levels were associated with statistically significant increases in transaminase levels (p < 0.05) *.
However, in the group with the lowest AAT values (0–40), no changes were observed in GOT.

Correlation studies showed a statistically significant (p < 0.001) negative correlation between AAT
levels and GOT, GPT, and GGT levels.
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4. Discussion

The liver damage associated with AAT deficiency and caused mainly by the deposition of AAT
polymers is well-known, having been confirmed in the literature with various articles that all reach
similar conclusions [2,10,11]. Our study shows that having the Pi*Z allele is a risk factor for developing
liver damage, which is reflected in abnormal transaminase serum levels, especially GOT and GPT.
In our results, the association of abnormal transaminase levels and the PI*ZZ genotype was only
statistically significant with GPT, mainly due to the small number of these patients in the sample.

Although several studies cast doubt on the association of heterozygous PI*MZ or PI*SZ genotypes
and liver impairment [12,13], our results suggest that heterozygous states of the Pi*Z allele are a risk
factor for the development of abnormal serum levels of some transaminases. As such, these patients
require stricter liver enzyme control, albumin levels, and coagulation status throughout their lives,
and imaging tests, such as abdominal ultrasound or fibroscan, that allow for early detection of
abnormalities suggestive of cirrhosis could even be considered. In addition, healthy lifestyle habits,
such as physical exercise, a fat-free diet, and avoiding alcohol are advisable in patients homozygous or
heterozygous for the Z allele. These findings are in line with various liver function studies and the
development of cirrhosis in patients with deficient genotypes, especially with the Pi*ZZ genotype,
showing that it is a risk factor for the development of liver cirrhosis 20 times greater than in normal
individuals [14–16]. However, our low number of PI*ZZ patients is not representative to confirm
the results reported in those studies. This association has also been described in PI*MZ and PI*SZ
heterozygous individuals, reporting ORs that can vary between 1.8–3.1, especially in men [17,18].

Similarly, it is generally accepted that the PI*MS or PI*SS genotypes do not pose a risk of liver
disease due to deposits of AAT polymers [19,20], mainly due to the fact that the polymerization of
PiS polypeptides occurs in a lower percentage of molecules and more slowly than in PiZs, in which
cellular inclusion bodies responsible for liver damage are not formed. The results obtained in our
study show that the presence of the PI*S allele by itself is not a risk factor for the development of
liver disease. Polymerization of mutated Z-AAT is an inhomogeneous phenomenon. In the liver,
undamaged hepatocytes can coexist with hepatocytes presenting large accumulations of polymer.
The cause of this difference is unknown, although it is postulated that it may be related to the different
secretion capacity of AAT by the hepatocytes of the same liver [20]. Some studies have described
that heteropolymers are common in heterozygous patients for the Z allele [6,21]. We believe that
heterozygous patients have a risk of developing elevated transaminases in response to intrahepatic
damage due to varied accumulation of polymers, although it will be necessary to assess whether this
damage is evolutionary or self-limiting and does not have pathological implications.

Low levels of AAT are associated with elevated levels of GPT and GGT transaminases.
Specifically, AAT values between 0–40 mg/dL were associated with the most altered GPT and GGT
levels, which indicates that the most deficient genotypes and, therefore, that have lower AAT levels,
are frequently associated with liver involvement, with the exception of the presence of null alleles
where no liver damage has been reported.

The study by Mostafavi et al. [22] reports that GOT is the liver enzyme with the highest serum
levels in PI*ZZ and PI*SZ individuals up to the age of 30 years. In the elderly, GGT is affected to a greater
extent, concluding that GGT plasma levels are a more useful marker to measure liver involvement.
Our study revealed similar data, probably due to the fact that most of our patients were older than
30 years. However, other authors [23] have found that in patients with the PI*ZZ genotype, being male
and over 50 years of age, having repeated elevation of plasma transaminase levels, and having been
diagnosed with diabetes mellitus or COPD were associated with the development of liver disease,
so these variables are proposed as risk factors.

Patients were subsequently stratified into two groups (≤25 years and>25 years), and no statistically
significant results were found for any of the three transaminases (GOT, GPT, GGT) that indicated that
our patients had a higher degree of liver disease in childhood and that it progressively disappeared as
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adulthood was reached, although our sample was lacking a significant population of patients aged 25
or under (9.86%).

Our analysis has the limitations of a cross-sectional observational study. The temporal sequence
of the variables studied could not be established, making it difficult to separate risk factors from
prognostic factors. Furthermore, as no imaging study was performed using fibroscan or serial
abdominal ultrasound over time, it is impossible to know which patients with altered transaminases
developed liver fibrosis or cirrhosis. Despite this major limitation, our data indicate that it must
be considered that patients with a PI*Z allele may not only have altered lung function (determined
by spirometry), but also that, in these patients, liver involvement is more frequent than expected,
often going unnoticed, and transaminase alteration may be the first indication of underlying liver
disease. For this reason, closer long-term follow-up should be considered with serial analytical controls
that include, in addition to transaminase levels, levels of bilirubin and albumin, and a complete
blood count with coagulation, to detect abnormalities that guide us towards established liver damage.
The influence of potential confounding factors, such as toxic habits affecting the liver, including
alcoholism and drug-related liver toxicity, as well as hepatotropic viral infections, was minimized by
the application of exclusion criteria.

5. Conclusions

In conclusion, the results of this study indicate that the presence of a PI*Z allele seems to be
a risk factor for the development of liver involvement, since the different genotypes of AAT deficiency
were associated with abnormal GOT, GPT, and GGT values. Furthermore, lower levels of AAT imply
a greater involvement of GOT and GPT transaminases.
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Abstract: The aim of the study was to analyze the effect of personal restrictions on physical
activity, mental health, stress experience, resilience, and sleep quality in patients with pulmonary
hypertension (PH) during the “lockdown” period of the COVID-19 pandemic. In total, 112 PH patients
and 52 age-matched healthy control subjects completed a questionnaire on the topics of physical
activity, mental health, resilience, and sleep quality. PH patients had significantly lower physical
activity, mental health, and sleep quality compared to age-matched healthy controls. Physical activity
positively correlated with mental health and sleep quality in the PH group. Mental wellbeing and life
satisfaction could be predicted by total physical activity, sleep, stress level, and resilience. PH patients
appeared as an especially vulnerable group, demanding interventions to promote an active lifestyle
and protect mental health in these patients. This could be helpful in counseling on how to carry out
physical activity while maintaining infection control.

Keywords: resilience; active lifestyle; stress levels; infection control measure; self-quarantine

1. Introduction

Pulmonary hypertension (PH) is a multifactorial chronic pulmonary disease which is defined
by an elevated mean pulmonary arterial pressure, which untreated eventually can lead to right heart
failure and death [1]. Depending on the clinical classification and risk stratification PH patients have
quite a different prognoses, treatment options, and impairment in daily life [2]. Patients with PH
experience symptoms such as shortness of breath, exertion, fatigue, chest pain that restrict physical
activity, which in turn impairs quality of life and favors mental disorders such as depression [3–6].

J. Clin. Med. 2020, 9, 4023; doi:10.3390/jcm9124023 www.mdpi.com/journal/jcm

153



J. Clin. Med. 2020, 9, 4023

Accordingly, PH patients experience a high degree of functional limitations, which was shown to be
almost comparable to those reported by cancers patients [7].

In January 2020, the outbreak of COVID-19 was declared as a “Public Health Emergency of
International Concern” by the WHO. On January 27th, the first COVID-19 infection in Germany was
detected. By end of March 2020, the COVID-19 was classified as a pandemic. Since “socio-physical
distancing” is seen as one of the most effective strategies to reduce the number of infections, Robert-Koch
Institute (RKI) called on the population in Germany to keep their distance from other people [8].
As elderly and patients with specific risk factors and pre-existing diseases are at a higher risk of severe
COVID-19 course of disease and mortality [8], these groups, including PH patients, were prompted
to be particularly careful to reduce individual infection risks. One can therefore assume that many
persons at risk stayed at home, reduced their physical activity, and performed a social distancing to
protect themselves.

Recent studies indicate that common reactions to the COVID-19 pandemic and the protection
measures are elevated levels of anxiety [9–11], depression [12,13], and stress [14]. Being a woman and
having a (chronic) disease [15] are factors associated with stronger mental burdens during COVID-19
relate to shock and lockdown measures amongst others. Those identifying themselves as a high-risk
group when being infected with COVID-19 also showed higher levels of anxiety, depression, and stress
symptoms [10]. Furthermore, it seems reasonable that high-risk patients are particularly careful and
isolate themselves, which ultimately may result in physical deconditioning [12–14]. Decreased exercise
capacity and emotional difficulties such as anxiety, depression, and stress correlate with a negative
HRQoL of patients with pulmonary arterial hypertension (PAH) [6]. Research also shows that
this relationship works in both directions with PH symptoms reinforcing stress and anxiety [10].
Data suggests that PH patients might be very susceptible to mental impairment due to pandemic
restrictions and protection measures. Remaining physically active though has been associated with
better mental health scores during this pandemic [13,16]. Whether this also applies to PH patients is
currently unknown. Related knowledge would however be of utmost importance to better understand
risk factors of lockdown measure-related vulnerabilities and possible therapeutic approaches.

On this background, the present study aimed to investigate the quality of life of PH
patients during the first weeks of the lockdown period of the COVID-19 pandemic in Germany.
More specifically, associations between mental health, stress experience, physical activity, sleep quality,
and sociodemographic factors were analyzed. As the individual’s resilience (i.e., adapting, managing,
and negotiating adversity) [17] is another important factor supporting mental health and wellbeing as
it for example moderates physical activity effects, we also assessed resilience. We analyzed whether
and to which degree resilience, physical activity, stress experience, and sleep behavior determined
mental health issues. We further explored whether the subjective stress level is related to the perceived
mental well- or illbeing of PH patients compared to an age and education-matched control group.
We hypothesize that PH patients experience a stronger reduction of physical activity, sleep quality,
and resilience as well as an increased subjective stress experience during the pandemic than healthy
subjects, which is at the same time associated with a higher psychological burden.

2. Methods

2.1. Subjects Characteristics

In this cross-sectional study, subjects diagnosed with pulmonary hypertension were compared
to a healthy control group concerning to their mental health represented by WHO-5, PHQ-4, L-1,
physical activity, resilience, stress experience, and sleep quality during the COVID-19 associated
lockdown. The control group was matched by age.

Subjects of the PH group had to have their residence inside of Germany and a medical diagnosis of
PH. To be eligible for the control group, subjects must not have had a confirmed infection or symptoms
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of COVID-19, any comorbidities, or a residence outside of Germany. Only subjects declaring consent
were included in this study.

PH patients of the University Hospital of Gießen and Marburg (UKGM) were directly contacted.
The questionnaire was promoted during online consultation hours of the UKGM and in PH support
groups (https://pulmonale-hypertonie-selbsthilfe.de/). If necessary, the questionnaire was sent to
patients per mail due to lacking access to the internet and was entered into the online survey by hand.

In total, 251 PH patients followed the invitation to participate in the survey. There were 139 cases
that were excluded, 111 of those for not completing the questionnaire, 25 for reporting to have no
medical diagnosis of PH, and three because their residence was outside of Germany. This left us
with questionnaires of 112 subjects being valid for the PH group. The mean age in the PH group
was 54.4 ± 14.0 years with 77.7% being female. The average number of comorbidities was 2.6 ± 2.0.
52 healthy subjects were recruited into the control group in dependence of their eligibility criteria
and age matching. The mean age of the control group was 52.3 ± 8.9 years with 67.3% being female.
The sociodemographic characteristics of both groups are presented in Table 1.

Table 1. Sociodemographic characteristics of patients with pulmonary hypertension (PH group) and
subjects of the control group.

Subcategory PH Group Control Group

Age 54.4 ± 14.0 52.3 ± 8.9

Gender
Female 77.7 (69.6; 84.8) 67.3 (53.8; 80.7)
Male 22.3 (15.2; 30.4) 32.7 (19.3; 46.2)

Relationship
status

Single 19.8 (12.6; 27.9) 11.5 (3.8; 19.2)
Partnership 68.5 (60.4; 76.6) 86.5 (76.9; 94)

Other 11.7 (6.3; 18.0) 1.9 (0.0; 5.8)

Living situation 1
Rural 54.1 (45.0; 63.1) 44.2 (30.8; 57.7)

Suburban 23.4 (15.3; 31.5) 21.2 (11.5; 32.7)
Urban 22.5 (15.3; 30.6) 34.6 (23.1; 48.1)

Living situation 2

None 6.3 (2.7; 11.7) 7.7 (1.9; 15.4)
Balcony 23.4 (15.3; 31.5) 25.0 (13.5; 36.5)
Garden 43.2 (33.3; 53.2) 42.3 (28.8; 57.7)

Balcony and garden 27.0 (18.9; 35.1) 25.0 (13.5; 36.5)

Residents
Residents per household 2.1 ± 1.1 3.0 ± 1.3
Children per household 0.3 ± 0.6 0.7 ± 1.0

Level of
education

Certificate of secondary education 10.1 (4.6; 15.6) 3.8 (0.0; 9.6)
General certificate of secondary education 18.3 (11.9; 25.7) 5.8 (0.0; 13.5)

Completed apprenticeship 29.4 (21.2; 38.5) 19.2 (9.6; 30.8)
Advanced vocational certificate

of education 19.3 (11.9; 27.5) 9.6 (1.9; 17.3)

A level 5.5 (1.8; 10.1) 17.3 (7.7; 28.8)
Bachelor’s degree 8.3 (3.7; 13.8) 3.8 (0.0; 9.6)
Master’s degree 9.2 (4.6; 14.7) 30.8 (19.2; 42.3)

PhD 0 9.6 (1.9; 19.2)

Occupational
status

Student/articled 0.9 (0.0; 2.8) 0
Full-time equivalent 19.8 (12.3; 27.4) 46.2 (32.7; 59.6)
Half-time equivalent 7.5 (2.8; 13.2) 7.7 (1.9; 15.4)

Public official 0.9 (0.0; 2.8) 13.5 (5.8; 23.1)
Self-employed 2.8 (0.0; 6.6) 9.6 (1.9; 17.3)
Unemployed 1.9 (0.0; 4.7) 0

Retired 45.3 (35.8; 55.6) 15.4 (5.8; 25.0)
Other 20.8 (13.2; 28.3) 7.7 (1.9; 15.4)

Comorbidities 2.61 ± 2.0 0 ± 0

Data are presented as an arithmetic mean ± SD or % (n/N) and (95%-CI). The PH group is lacking data >2% in four
variables: children per household (6), level of education (3), occupational status (6), comorbidities (3). There were
no missing cases in the control group regarding the listed variables.

2.2. Questionnaire and Outcomes

The survey contained several questions and validated questionnaires to evaluate study variables.
In the beginning, sociodemographic data such as age, gender, relationship status, living situation,
the number of residents per household, educational level, occupational status, worries about health,
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and satisfaction with sports behavior were gathered. The living situation covered the living area and
the availability of a garden or a balcony. The number of residents per household was divided into
the total number of residents and those younger than 18 years. The category comorbidity included
sub-categories of comorbidities (apart from PH for the PH group). Every sub-category could be
answered with “No”, “Yes, medical diagnosis”, or “Yes, self-assessment”, although a self-assessed
diagnosis was counted as a “No” in the analysis. The number of “Yes, medical diagnosis” was counted
and summed up to create the variable “Comorbidities”. Possible SARS-CoV-2 infection or symptoms
were also evaluated.

Physical activity data were collected through items three to six of the BSA-F which was shown to
be a valid tool for the measurement of physical activity and sports behavior [18]. The outcome scores
were total physical activity, the activity of daily living, sports activity, and climbing stairs. The variable total
physical activity is a sum of the activity of daily living and sports activity. The amount of different physical
activity, exercise and sports modalities are calculated by multiplying the duration and frequency of the
corresponding items and then summating them. The examined period for all scores was four weeks in
the PH group. The scores total physical activity, activity of daily living and sports activity were converted
into the unit minutes/week as designated and were thereby made comparable. The item climbing stairs
was converted into unit floors/week.

Mental health was assessed by using the WHO-5 Well-Being Index (WHO-5), the Patient Health
Questionnaire-4 (PHQ-4), the L-1-scale, one question on perceived stress, and four items measuring
state resilience [19]. The 5-item WHO-5 scale, which assesses subjective wellbeing but is also a valid tool
for the screening of depression [20], was converted into a score ranging from 0 to 100 for comparison
with other studies. Zero represents the worst mental health and a score ≤50 was used as sign for
depression. Another valid and reliable score for the investigation of depression and anxiety in the
general population is the PHQ-4 [3]. The PHQ-4 was added up to create a single score ranging
between 0 and 12 with 0 indicating good mental health. The PHQ-4 consists of the Patient Health
Questionnaire-2 (PHQ-2) measuring depression and the Generalized Anxiety Disorder 2 (GAD-2)
quantifying anxiety. The overall life satisfaction was measured by the valid and reliable eleven-point
L-1-scale [21] with 0 indicating no satisfaction and 10 representing a strong overall life satisfaction.
Resilience was measured by four eight-point Likert-scales that were then averaged to a total score [19].
The subjective stress-level was assessed by a further eight-point Likert-scale rating the statement “I feel
stressed out”.

Sleep data were divided into general sleep quality and current sleep quality. Both scores were
measured through a ten-point Likert-scale with 1 indicating bad sleep quality and 10 indicating
excellent sleep quality.

2.3. Statistical Analysis

First, descriptive statistics were performed for both groups. Prior to this, we z-standardized
all variables.

In the next step, we tested all observed variables regarding their distribution features. As none of the
variables were normally distributed, the Mann–Whitney-U-Test was used to identify differences between
the PH and the control group regarding mental health scores (WHO-5, PHQ-4, L-1), physical activity
(total physical activity, the activity of daily living, sports activity, climbing stairs) resilience, stress experience,
and quality of sleep.

We further used Spearman’s rank correlation coefficients to determine the relationship between
mental health (as indicated by WHO-5, L-1, and PHQ-4), physical activity (total physical activity,
the activity of daily living, sports activity, climbing stairs), resilience, feelings of stress, and sleep quality
for the PH and the control group separately.

Lastly, we analyzed the impact of resilience, total physical activity, sleep quality and feelings of
stress as potential predictors of mental health using multiple regression analyses for the PH group as
well as over both groups. We, therefore, further added four product terms to the model to test for an
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interaction between total physical, resilience, stress, sleep, and group membership. SPSS 22 was used
for statistical analysis and partly for graphical illustration. For further illustration of the data, we used
Python 3. p values < 0.05 will be considered significant. Bonferroni-correction was used to correct for
multiple comparisons.

3. Results

3.1. Mental Health Indicated by WHO-5, PHQ-4, and L-1

For the PH group, the level of mental health was represented through the WHO-5 scoring
11.9 ± 5.6, the PHQ-4 being 3.9 ± 3.0, and the L-1 being 5.6 ± 2.7 on average. In the present cohort,
a prevalence of depression ranged from 36.4% and 53.6% derived from the WHO-5 score (score less
than or equal to 50 as depressed), the PHQ-2 yellow flag (score greater than or equal to 3), and PHQ-2
red flag. Symptoms of anxiety were found in about one-third of the PH patients. The assessment
of mental health revealed significantly lower life satisfaction (L1), well-being (WHO-5) as well as
increased levels of depression and anxiety (PHQ-4) in the PH group regarding WHO-5, PHQ-4 and its
subscores PHQ-2 and GAD-2 and L-1 (all p < 0.001) (Table 2).

Table 2. Characteristics and group differences of subjects of the PH and control group.

Variable Subcategory PH Group Control Group p-Value

Physical activity

Activity of daily living (ADL)
(min/week) 551.4 ±816.9 707.0 ±686.8 <0.001

Sports activity (min/week) 129.4 ±219.8 407.5 ±314.7 <0.001
Total physical activity (min/week) 684.3 ±954.3 1103.8 ±851.4 <0.001

Climbing stairs (floors/week) 14.3 ±23.0 38.0 ±56.6 <0.001

Mental health
WHO-5 11.9 ±5.4 16.0 ±4.1 <0.001
PHQ-4 3.9 ±3.0 1.6 ±1.7 <0.001

L-1 5.6 ±2.7 7.5 ±1.6 <0.001
Resilience

(z-standard.) −0.2 ±0.85 0.0 ±0.88 n.s.

Stress (z-standard.) 0.0 ±1.01 0.0 ±1.0 n.s.

Support of
surrounding people

Respected 2.8 ±1.1 3.3 ±0.6 0.002
Supported 2.9 ±1.0 3.2 ±0.7 n.s.

Liked 3.1 ±1.0 3.3 ±0.7 n.s.
Sum 8.7 ±2.7 9.8 ±1.7 n.s.

Sleep General sleep quality 5.7 ±2.4 7.5 ±1.8 <0.001
Acute sleep quality 5.3 ±2.5 7.3 ±1.9 <0.001

Lifestyle estimation

Satisfaction with nutrition 3.8 ±1.7 4.3 ±1.3 n.s.
Worries about health 4.5 ±1.6 2.5 ±1.7 <0.001

Satisfaction with sports behavior 2.3 ±1.8 3.9 ±1.6 <0.001
Worries about finances 2.4 ±2.3 1.8 ±1.6 n.s.

Data are presented as the arithmetic mean ± SD. p-values were adjusted to p < 0.0026 through the level for
multiple comparisons. WHO-5: The World Health Organization-Five Well-Being Index, PHQ-4: Patient Health
Questionnaire-4; L-1: Likert-scale rating-1.

3.2. Resilience, Stress Experience, and Sleep Quality

The level of resilience was rated on average 4.1 ± 1.6, subjective stress experience was rated
on average 2.9 ± 2.1 in the PH group. The general sleep quality was rated as 5.7 ± 2.4 on average,
while the current sleep quality was only 5.3 ± 2.5. The level of resilience as well as the subjective stress
experience in the PH group did not differ significantly compared to the control group. The general and
current sleep quality were both significantly lower in the PH group compared to the control group
(both p < 0.001). The estimation of one’s living standard showed a statistically significant increased
score in the PH group regarding the item “worries about health” and a decreased score in the PH group
regarding the item “satisfaction with sports behavior” (p < 0.001). Results are depicted in Figure 1 and
Table 2.
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Figure 1. Z-standardized values of mental health variables. (A): z-standardized values of life satisfaction,
mental wellbeing, mental health, resilience, total physical activity, stress experience, and sleep habits of
healthy controls during the lockdown. The dashed inner line of each violin graph reflects the quartiles
of each health variable. (B): z-standardized values of life satisfaction, mental wellbeing, mental health,
resilience, total physical activity, stress experience and sleep habits of PH patients. The dashed inner
line of each violin graph reflects the quartiles of each health variable.

3.3. Physical Activity

The average total physical activity of the PH group was 684.3 ± 954.3 (min/week), whereby
551.4 ± 816.9 (min/week) were accounted for by the activity of daily living and 129.4 ± 219.8 (min/week)
for sports activities. The mean score of climbing stairs was 14.3 ± 23.0 (floors/week). All modalities of
physical activity were significantly lower compared to the control group (all p < 0.001, Table 2).

3.4. Associations between Subjects’ Characteristics, Physical Activity, Mental Health (Reflected by L-1,
WHO-5, PHQ-4), Resilience, and Stress Experience in PH Patients

The four activity indices were correlated with the mental health scores, resilience, stress experience,
sleep quality, and sociodemographic data in the PH group (Table 3 for a detailed description).
Total physical activity showed a significant positive correlation with WHO-5 (r = 0.26, p = 0.016), L-1
(r = 0.30, p = 0.005), general sleep quality (r = 0.31, p = 0.003), and current sleep quality (r = 0.25,
p = 0.018). The subcategory activity of daily living significantly correlated with WHO-5 (r = 0.33,
p = 0.002), L1 (r = 0.33, p = 0.001), general (r = 0.33, p = 0.001), resilience (r = 0.236, p = 0.027),
and acute sleep quality (r = 0.32, p = 0.002). Sports activity though only showed a significant correlation
with age (r = −0.23, p = 0.020) and educational level (r = 0.27, p = 0.007) but not with any of the
self-report measures. Significant correlations regarding climbing stairs were found with WHO-5 (r = 0.33,
p = 0.002,), PHQ-4 (r = 0.23, p = 0.031), L-1 (r = 0.31, p = 0.003), general sleep quality (r = 0.39, p < 0.001),
resilience (r = 0.312; p = 0.004), and current sleep quality (r = 0.32 p = 0.002). These associations were
not found in the control group. All correlations for the PH group can be found in Table 3.
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Table 3. Spearman’s rank correlation coefficients for associations between activity scores,
sociodemographic data, mental health, and sleep quality of PH patients. Significant associations are
depicted in bold.

Activity of
Daily Living

Sports
Activity

Total Physical
Activity

Climbing
Stairs

Age −0.19 (0.080) −0.23 (0.020) −0.22 (0.041) 0.22 (0.041)
Level of education 0.06 (0.570) 0.27 (0.007) 0.14 (0.202) 0.06 (0.575)

Residents per household 0.20 (0.052) 0.09 (0.353) 0.20 (0.067) 0.21 (0.049)
Children per household 0.18 (0.101) −0.00 (0.945) 0.19 (0.093) 0.19 (0.080)

Comorbidities −0.20 (0.062) 0.03 (0.787) −0.17 (0.116) 0.13 (0.234)
WHO-5 0.33 (0.002) 0.09 (0.396) 0.26 (0.016) 0.33 (0.002)
PHQ-4 −0.16 (0.130) 0.13 (0.207) −0.11 (0.300) 0.23 (0.031)

L-1 0.33 (0.001) 0.04 (0.716) 0.30 (0.005) 0.31 (0.003)
General sleep quality 0.33 (0.001) 0.11 (0.263) 0.31 (0.003) 0.39 (<0.001)
Acute sleep quality 0.32 (0.002) 0.09 (0.385) 0.25 (0.018) 0.32 (0.002)

Resilience (z-standard.) 0.24 (0.027) 0.058 (0.572) 0.20 (0.076) 0.31 (0.004)
Stress (z-standard.) 0.06 (0.578) 0.074 (0.461) 0.85 (0.438) 0.05 (0.649)

WHO-5: The World Health Organization-Five Well-Being Index, PHQ-4: Patient Health Questionnaire-4; L-1:
Likert-scale rating-1.

3.5. Regression Analysis: Prediction of the Mental Health by Resilience, Stress Experience, and Sleep Quality
during the Lockdown

In a first step, we calculated regression models for the PH group only to investigate whether life
satisfaction, mental well- and illbeing (represented by L1, WHO-5, and PHQ-4) could be predicted by
total physical activity, sleep, stress, and resilience.

The present data revealed that life satisfaction of PH patients is significantly predicted by sleep
quality (B = 0.327, beta = 0.321, p = 0.001), total physical activity (B = 0.190, beta = 0.178, p = 0.012),
stress experience (B = −0.215, beta = −0.184, p = 0.017), and resilience (B = 0.465, beta = 0.438, p < 0.001).
The total variance explained by the full model as a whole was R2 = 0.632, F(4, 82) = 36.260, p < 0.001.
For psychological wellbeing, we found significant associations for sleep quality (B = 0.248, beta = 0.264,
p = 0.001), stress experience (B = −0.195, beta = −0.181, p = 0.006), and resilience (B = 0.579, beta = 0.591,
p < 0.001) in the PH group. The total variance explained by the model as a whole was R2 = 0.739,
F(4, 80) = 57.596, p < 0.001. With regard to mental health, we found significant associations for sleep
quality (B = −0.182, beta = −0.175, p = 0.03), stress experience (B = 0.348, beta = 0.293, p < 0.001),
and resilience (B = −0.601, beta = −0.555, p < 0.001) in the PH group. The total variance explained by
the model as a whole was R2 = 0.682, F(4, 81) = 44.379, p < 0.001. These data revealed that especially
resilience, sleep quality, and stress experience are relevant predictors of mental health outcomes and
wellbeing. The patients’ total physical activity only seem to impact variables related to life satisfaction
(Figure 2A–C).

When considering the total sample and including the group variable in order to reveal differences
between the PH group and healthy controls, linear regression analysis revealed that the mental health
issues and mental wellbeing could be predicted by the diagnosis of PH, resilience, stress experience,
total physical activity, and the current sleep quality. Total physical activity level had an albeit smaller
impact on mental wellbeing.

Regarding life satisfaction, results showed that the L1-score was significantly lower for PH patients
compared to healthy controls (B = −0.482, beta = −0.226, p < 0.001). Moreover, increases in L1-scores
correlated significantly with increases in resilience (B = 0.444, beta = 0.449, p < 0.001), increases in sleep
quality (B = 0.288, beta = 0.291, p < 0.001), increases in total physical activity (B = 0.168, beta = 0.165,
p = 0.004), as well as decreases in stress experience (B = −0.157, beta = −0.149, p = 0.014) The total
variance explained by the model as a whole was R2 = 0.627, F(5, 129) = 44.431, p < 0.001. The inclusion
of the product terms did not explain significant additional variance in the L1 score, corrected R2 = 0.649,
F(9, 129) = 27.505, p < 0.001, revealing no significant interactions between PH and control group.
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Figure 2. Associations between mental health dimensions, daily activity, and resilience for PH and
control group. (A): Association between total physical activity, resilience, and wellbeing for PH and
control group. (B): Association between total physical activity, resilience, and mental health for PH and
control group. (C): Association between total physical activity, resilience, and life satisfaction for PH
and control group. (D): Association between resilience and mental health for PH and control group.
(E): Association between stress and mental health for PH and control group.

Results further showed that the WHO-5 score was significantly lower for the PH group compared
to healthy controls (B = −0.511, beta = −0.246, p = 0.001). Like for the PH group only, the WHO-5 score
was significantly moderated by the individual resilience (B = 0.522, beta = 0.539, p < 0.001), subjective
stress level (B = −0.179, beta = −0.172, p = 0.001), and sleep quality (B = 0.269, beta = 0.278, p < 0.001)
in the total sample analysis. Total physical activity had also a small significant impact on wellbeing
(B = 0.096, beta = 0.097, p = 0.044) The total variance explained by the model as a whole was R2 = 0.740,
F(5, 127) = 73.393, p < 0.001. The inclusion of product terms reflecting interaction by group did not
explain significant additional variance in the WHO-5 score, R2 = 0.738, F(9, 127) = 40.809, p < 0.001,
revealing no significant interactions between PH and control group.

Regarding mental health, results showed that the PHQ-4 score was significantly higher for PH
patients compared to healthy controls (B = 0.638, beta = 0.295, p < 0.001). Moreover, increases in
PHQ-4 scores correlated significantly with decreases in resilience (B = −0.505, beta = −0.504, p < 0.001),
decreases in sleep quality (B = −0.196, beta = −0.196, p = 0.004) and increases in stress (B = 0.235,
beta = 0.219, p < 0.001). The total variance explained by the model as a whole was R2 = 0.640, F(5, 128)
= 46.508, p < 0.001. The inclusion of the product terms did explain significant additional variance in
the PHQ-4 score, R2 = 0.685, F(9, 128) = 31.85, p < 0.001, revealing that significant interactions between
group and resilience (B = −0.251, beta = −0.201, p = 0.034) as well as group and stress experience
(B = 0.299, beta = 0.218, p = 0.014) reflecting a lower resilience as well as a higher stress experience
during lockdown in patients with PH leading to a stronger rate of change of mental disorders in PH
patients (Figure 2C,D).
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4. Discussion

The present data showed that during the COVID-19 pandemic PH patients had significantly
lower physical activity, mental health, and sleep quality compared to age-matched healthy subjects.
Being physically active positively correlated with mental health and sleep quality in the PH group.
The inclusion of product terms reflecting interaction by group did not explain significant additional
variance in the WHO-5 score, revealing no significant interactions between PH and control group.
Using multiple regression, data revealed for the PH group that mental health issues could be predicted by
total physical activity, sleep, stress level, and resilience indicating that especially resilience, sleep quality
and stress experience are relevant predictors of mental health outcomes and wellbeing. The patients’
total physical activity levels, however, only seem to impact life satisfaction. When comparing both
groups, we found that in PH patients as well as healthy controls lower resilience, higher stress
experience, lower sleep quality as well as reduced physical activity leading to a diminishment of life
satisfaction and mental wellbeing. Furthermore, the present data demonstrate that lower resilience
and higher stress experience were even leading to a stronger increase of mental illbeing in PH patients
compared to healthy controls.

Previous studies documented that PH patients are significantly less active compared to healthy
subjects in non-pandemic living conditions [22,23]. During the lockdown period of the pandemic,
PH patients seemed to further reduce their activity levels to about 50% compared to accelerometry
data from Gonzales-Saiz et al. [22]. Here, one has to keep in mind that accelerometer data are
difficult to compare with questionnaire data. However, due to social desirability, most people are
even more positive about themselves in surveys than they are [24]. Interestingly, these results are in
contrast to recent findings in healthy subjects. Here, it has been demonstrated for a large group of
participants that lockdown restrictions did not lead to a decrease in sports activity levels in previously
low active subjects [16]. From a therapeutic point of view, this seems to be problematic for PH patients,
because a daily activity is an important prognostic factor for the symptomatology and progression of
the disease [25].

Concerning mental health issues, PH patients show a significantly decreased mental wellbeing
compared to healthy controls. The present data further implicate a prevalence of depression
ranging from 36.4% and 53.6% during the pandemic. In contrast, during non-pandemic times,
depression prevalence of 7.5 to 55% was reported, with an average prevalence of depression of
36% [5,26,27]. Hence, the prevalence of depressive symptoms of PH patients during the pandemic
was found in the upper half of the occurrence under normal circumstances. These findings suggest
that social distancing and self-isolation only slightly favor the development of depressive symptoms.
However, the more significant factor seems to be the functional limitations of PH patients [26].
Mental impairments that promote depression, are represented by anxious symptoms which were
found in about one-third of the PH patients. Compared to the given control group, this prevalence
is significantly higher. However, previous studies found anxiety disorders in PH patients in a range
of 13 to 45.5% in non-pandemic situations [27–29]. Accordingly, the level of anxiety seems to be not
significantly higher during the COVID-19 pandemic.

A potential driver of mental disorders seems be the worse sleep quality of PH patients.
The self-reported general sleep quality indicates an about 25% lower level compared to subjects
of the control group. Similar results were found for the current sleep quality during the COVID-19
pandemic, where the PH group scored 27% lower levels compared to the control group. PH patients
seem to suffer also during non-pandemic conditions from a reduced sleep quality compared to healthy
subjects [26]. Quality of sleep and the mental health scores WHO-5 and L-1 positively correlated with
total physical activity, total activity and climbing stairs. These associations once again underline the
close connection between different lifestyle factors. However, it has to be stated that the participation in
sports activities is generally low in PH patients, even if there is sufficient evidence available that regular
exercise training has an overall positive effect on the physiological and psychological components of
PH [25]. The positive relationship between sports activity and mental wellbeing and life satisfaction
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holds for the PH and the control group as revealed by the missing interaction in the multiple regression
analysis which is not surprising given the tremendous evidence for physical activity and sports to
promote wellbeing and buffer stress [30]. However, correlations for the control group failed to reach
significance. Here, we speculate that this effect is driven by the rather small size of this sub-group.

The present data revealed that especially subjective stress experience as well as individual
resilience seem to be strong predictors of mental illbeing of PH patients as well as healthy controls.
We assume that subjects of the control group also experience more stress during the pandemic and that
their resilience suffers. Therefore, they are approaching the lower level of PH patients. As one major
antecedent of mental health issues, like depression, is life stress, both daily hassles [31] and major
negative life events [32], it is not surprising that the subjective stress level is strongly associated with
mental wellbeing in both groups. Our data revealed that lower resilience and higher stress experience
even lead to a stronger increase of mental illbeing in PH patients than in healthy controls reflecting
that the present pandemic hit PH patients even harder as their adaptive capacity and resources to react
on the situation are lower and mental health might be impaired even more.

The observed impact of resilience on mental health seems plausible and has already been
confirmed in healthy subjects [33]. Theory suggests that resilient individuals bounce back from
negative experiences quicker and more effectively [34]. As it is demonstrated by a broad body of
literature, physical activity is positively associated with a person’s resilience [35]. Recent research
showed that especially individuals with high trait anxiety, which may be a risk factor for developing
clinically significant mental health problems, may preferentially show psychological, as well as
physiological, benefit from physical activity [36]. In the present study, however, this could only partly
be confirmed as we found only a small relationship between the activity level and life satisfaction and
mental wellbeing.

A limitation of our study is that we used the hemodynamic PH definition of the current European
Society of Cardiology (ESC)/European Respiratory Society (ERS) guidelines. The impact of the newly
proposed hemodynamic PH criteria on mental health, physical activity, and resilience merit further
investigation [2].

5. Clinical Implications

Given current research [25] and the present data, we suggest that patients should be encouraged to
remain physically active even in pandemic times, although they should certainly do so in consideration
of infection control. Vulnerable populations should also receive therapeutic support to improve their
sleep quality and stress management as well as psychological resilience factors. All these interventions
should also have a positive effect on mental wellbeing accompanied by less anxiety and depressive
symptoms [37,38]. Of note, scheduling of appointments of PH patients in specialized outpatient PH
expert centers was significantly reduced during the lockdown period [39].

6. Conclusions

Current data showed that PH patients showed significantly lower physical activity, mental health,
and sleep quality compared to the healthy subjects during the lockdown period of the COVID-19
pandemic. While levels of depression seem to be only slightly affected during the COVID-19 pandemic,
significantly lower resilience and higher stress experience lead to an albeit stronger diminishment of
wellbeing in PH patients. Hence, it seems desirable to pay special attention to PH patients. Especially
in this situation, patients should receive increased therapeutic support to improve lifestyle factors such
as sleep quality, stress management and physical activity levels. This could be helpful, for example,
in counseling on how to carry out physical activity while observing infection control.
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Abstract: Several studies have shown the importance of oxidative stress (OS) in respiratory disease
pathogenesis. It has been reported that the nasal epithelium may act as a surrogate for the bronchial
epithelium in several respiratory diseases involving OS. However, the sample yields obtained from
nasal biopsies are modest, limiting the number of parameters that can be determined. Flow cytometry
has been widely used to evaluate cellular OS profiles. It has the advantage that analyses can be
performed using a small amount of sample. Therefore, we aimed to set up a new method based on
flow cytometry to assess the oxidative profile of human nasal epithelial cells which could be used in
research on respiratory diseases. Levels of total nitric oxide, superoxide anion, peroxynitrite, and
intracellular peroxides were measured. Reduced thiol levels, such as antioxidant-reduced glutathione
and oxidative damaged lipids and proteins, were also analysed. The intracellular calcium levels,
plasma membrane potential, apoptosis, and percentage of live cells were also studied. Finally,
a strategy to evaluate the mitochondrial function, including mitochondrial hydrogen peroxide,
superoxide anion, mitochondrial mass, and membrane potential, was set up. Using small amounts of
sample and a non-invasive sampling technique, the described method enables the measurement of a
comprehensive set of OS parameters in nasal epithelial cells, which could be useful in research on
respiratory diseases.

Keywords: flow cytometry; rare respiratory diseases; nasal epithelium; oxidative stress; reactive
oxygen species

1. Introduction

Free radicals are molecules with at least one unpaired electron in their outer layer.
The need to acquire an electron to achieve electrochemical stability drives reactions of
free radicals with other biomolecules. Free radicals react with DNA, lipids, and proteins,
producing oxidation and a loss of activity in these biomolecules [1]. As a by-product of cel-
lular aerobic metabolism, various reactive species are generated, including reactive oxygen
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species (ROS), such as superoxide (O2
−) or hydrogen peroxide (H2O2), and reactive nitro-

gen species (RNS), such as nitric oxide (NO) or peroxynitrite (ONOO−) [2,3]. The primary
intracellular sources of ROS and RNS are mitochondria, lysosomes, peroxisomes, nuclear
and cytoplasmic membranes, and the endoplasmic reticulum [4]. ROS and RNS are also
generated by external factors, such as tobacco or environmental pollution [5]. Eukaryotic
cells possess defence mechanisms to avoid biomolecular oxidative damage, with vitamin
C, vitamin E, and glutathione all relevant examples of simple defence mechanisms [6].
Cells also have complex enzymatic systems, such as superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx), and glutathione reductase (GR), which evolved to
reduce ROS levels [7,8]. Under physiological conditions, basal ROS and RNS levels are
necessary for cells’ function by acting as regulatory and signalling molecules. Thus, cells
need these species to maintain the cellular reduction-oxidation (REDOX) balance [9].

Oxidative stress (OS) is produced when there is an imbalance toward pro-oxidation
between pro-oxidant and antioxidant systems. When defensive mechanisms cannot prevent
ROS and RNS accumulation, signalling pathways are activated and gene expression and
protein synthesis changes occur [9]. In response to DNA oxidative damage, cells react by
repairing the damage, activating different cell cycle checkpoints, or inducing apoptosis [10].
These conditions are linked to numerous pathological processes, such as cancer, chronic
inflammation, ageing, neurodegenerative and cardiovascular disease, and asthma, among
others [11,12].

Nasal epithelial cells represent the first line of defence against various environmental
factors. These cells clean, humidify, and warm inhaled air and produce mucus, which
attaches to particles transported by cilia present on some cells to the digestive tract, where
they are eliminated. Nasal epithelial cells are not only a physical barrier but were also
shown to respond by producing inflammatory mediators that can affect the local immune
response [13]. These cells are suitable in vitro models for the study of novel defence
mechanisms [14]. Thus, the nasal epithelium may act as a surrogate for the bronchial
epithelium in asthma studies [15].

On the other hand, numerous studies have shown the importance of OS as a factor
involved in the pathogenesis of several diseases of the respiratory system, such as Chronic
Obstructive Pulmonary Disease (COPD) [16], asthma [17], alpha-1 antitrypsin deficiency
(AATD) [18–21] and primary ciliary dyskinesia (PCD) [22]. Therefore, it is essential to
know the underlying mechanisms by which OS directs pathogenesis in these diseases to
develop more effective therapies. There are currently no methods based on flow cytometry
that allow the analysis of different OS parameters in nasal epithelial cells. Therefore, given
the importance of these cells in different respiratory pathologies and the important role of
OS in their development, we present a new method based on flow cytometry to assess the
oxidative profile of human nasal epithelial cells, which could be very useful in the future
research of several respiratory diseases.

2. Experimental Section

2.1. Biological Samples

Nasal epithelial cells were obtained from six healthy donors (3 males and 3 females; ages
(mean ± Standard Deviation) 27 ± 1.5 and 28 ± 2.3, respectively) at the Hospital Clínico
Universitario de Valencia (HCUV) and Hospital General Universitario de Valencia (HGUV)
(Valencia, Spain). A cytology brush (Covaca SA CE2005, Madrid, Spain) was inserted into the
patient’s nostril, and the nasal epithelium of the middle meatus was gently brushed, yielding
strips of ciliated nasal epithelium. Samples were transported using Medium199 supplemented
with Hanks’ salts, L-glutamine, 25 mM HEPES, and 1% penicillin/streptomycin. Before
labelling, samples were filtered using 50 μm CellTrics® filters (Sysmex; Sant Just Desvern;
Barcelona, Spain) (25004-0042-2317 Sysmex) to isolate cells from cell debris and aggregates.
Participants were healthy, non-smoking individuals without respiratory bronchial disease,
local or systemic disease, allergies, rhinosinusitis, or upper respiratory tract infection for at
least one month before sampling. The study protocol was approved by the Ethics Committees
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of the HCUV and HGUV and followed the ethical guidelines of the 1975 Declaration of
Helsinki [23]. All the participating individuals gave their written informed consent. Samples
were analysed in the Cytometry Service of the Unidad Central de Investigación Medicina
(UCIM) of Instituto de Investigación Sanitaria INCLIVA.

2.2. Reagents

The probes used in this study are detailed, including global distributors, in the Supple-
mentary Materials (Reagents). Flow cytometry methods, including reagent concentrations;
storage temperature; species studied; incubation protocols in basal tubes; and positive con-
trols, cytometers, and lasers used for each measurement are summarized in Tables 1 and 2.
Additionally, a step-by-step protocol is available in the Supplementary Materials section.

2.3. Determination of Dead and Live Cells

Dead cells may compromise flow cytometric data analysis, especially when studying
physiological conditions, such as OS. As cellular viability is usually determined by measur-
ing cells’ capacity to exclude vital dyes, we excluded dead cells from our analysis by adding
a DNA-binding dye. 4′,6-diamidino-2-phenylindole (DAPI) was added into tubes with
dihydroethidium (HE), 2’-7’dichlorofluorescin diacetate (DCFH), Dihydrorhodamine 123
(DHR1,2,3), Diaminofluorescein-FM diacetate (DAF-FM DA), 5-chloromethylfluorescein
diacetate (CMFDA), Tetramethylrhodamine, methyl ester (TMRM), MitoTracker Green,
MitoSOX, MitoPY 1, FLUO-4, BODIPY 665 (B665), and FTC, whereas propidium iodide (PI)
was used with Bis(1,3-dibutylbarbituric acid)trimethine oxonol (DIBAC). PI is widely used
with Annexin V to determine if cells are viable, apoptotic, or necrotic through differences
in plasma membrane integrity and permeability. PI does not stain live or early apoptotic
cells due to the presence of an intact plasma membrane, but in late apoptotic and necrotic
cells the integrity of the plasma and nuclear membranes decreases, allowing PI to cross the
cell membrane, intercalate into nucleic acids, and display red fluorescence [24,25].

2.4. Reactive Oxygen Species and Reactive Nitrogen Species Assessment

Superoxide anion (O2
−) is detected by HE, a fluorescent probe selectively oxidised and

hydroxylated by O2
− to 2-OH-ethidium, emitting fluorescence when bound to DNA [26,27].

Hydrogen peroxide (H2O2) detection was based on DCFH oxidation, which generally
exhibits a low basal fluorescence, but is converted to highly fluorescent DCF when oxidised
by H2O2 in the presence of peroxidase [27,28]. Peroxynitrite (ONOO−) production was
assessed using DHR1,2,3, an uncharged, nonfluorescent ROS indicator that passively
diffuses across membranes where it is oxidised to cationic rhodamine 123, exhibiting green
fluorescence [29,30]. Nitric oxide (NO) production was assessed using DAF-FM DA, an
otherwise nonfluorescent probe that forms a fluorescent benzotriazole when it reacts with
NO, thereby acting as a specific NO detector [31,32]. Intracellular thiol-reduced status,
including reduced glutathione (GSH), was measured using CMFDA [33,34]. For each
measurement, cells were incubated with the appropriate probe in individual tubes—i.e.,
HE (2.5 ug/mL), DCFH (2.5 μg/mL), DHR1,2,3 (100 μM), DAF-FM DA (1 μM), or CMFDA
(25 nM)—for 20 min at 37 ◦C. Fluorescence was measured by flow cytometry with the
appropriate settings.

2.5. Plasmatic Membrane Potential Assessment

Plasma membrane potential was evaluated using DIBAC, a potential-sensitive fluores-
cent probe that can enter depolarised cells and bind to intracellular proteins or membranes.
Increased depolarisation results in an additional influx in the anionic dye and increases
fluorescence. Conversely, hyperpolarisation results in a decrease in fluorescence. DIBAC
dyes are excluded from mitochondria because of their negative charge, making them suit-
able for measuring plasma membrane potentials [35,36]. Cells were incubated with DIBAC
(1.2 μM) for 20 min at 37 ◦C, and fluorescence was measured by flow cytometry with the
appropriate settings.
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2.6. Mitochondrial Assessment

Mitochondrial membrane potential (Ψm) was analysed using TMRM, a fluorescent
probe that accumulates inside mitochondria directly proportional to their membrane po-
tential [37,38]. Mitochondrial mass was determined using MitoTracker Green, a fluorescent
dye that locates mitochondria independently to Ψm [39,40]. Mitochondrial O2

− (mtO2
−)

was measured using MitoSOX, which enters live cells, specifically the mitochondria, where
it is rapidly oxidised by O2

− [30,41]. Mitochondrial H2O2 (mtH2O2) was measured using
mitoPY 1, a cell-permeable fluorescent probe that selectively tracks the mitochondria of
living cells by selectively binding to mtH2O2 [30,42]. For each measurement, cells were in-
cubated with the appropriate probe in individual tubes—i.e., TMRM (600 nM), MitoTracker
Green (78 nM), MitoSOX (640 nM), or MitoPY 1 (4 μM)—for 20 min at 37 ◦C. Fluorescence
was measured by flow cytometry with the appropriate settings.

2.7. Intracellular Calcium Assessment

Intracellular calcium (Ca2+) was measured using FLUO-4, a fluorogenic probe that
detects intracellular Ca2+ [43,44]. Cells were incubated with FLUO-4 (0.5 μM) for 20 min at
37 ◦C, and fluorescence was measured by flow cytometry with the appropriate settings.

2.8. Oxidative Damage to Biomolecules

Lipid peroxidation was detected using the lipophilic probe BODIPY 665/676 dye,
which exhibits a change in fluorescence emission after interaction with peroxyl radi-
cals [45,46]. Cells were incubated with B665 (800 nM) for 30 min at 37 ◦C, and fluorescence
was measured by flow cytometry with the appropriate settings.

Protein oxidation (carbonylation) levels were measured using FTC, a molecule that
emits green fluorescence when it interacts with carbonyl groups of proteins [26,47]. Cells
were incubated with FTC (800 nM) for 20 min at 37 ◦C, and fluorescence was measured by
flow cytometry with the appropriate settings.

2.9. Apoptosis Assay

Apoptosis status was determined using Annexin V, a 35–36 kDa Ca2+-dependent
phospholipid-binding protein with a high affinity for phosphatidylserine (PS), which binds
to PS on exposed apoptotic cell surfaces [48]. Cells were incubated in the dark for 15 min at
room temperature with Annexin V, PI, and Annexin V-binding buffer (previously diluted
to 1/10 in PBS). After incubation, 300 μL of the 1/10 Annexin V-binding buffer was added
to the dilution. Samples were analysed by flow cytometry with the appropriate settings.

2.10. Positive Control Incubations

As controls, appropriate fluorochromes were added to each tube after previous in-
cubation with their respective inducers. An H2O2 generator, t-BHP (100 μM) [49,50], was
used for the B665, DCFH, MitoPY 1, and DIBAC tubes. PB (2.24 μg/mL), an O2

− gener-
ator [50,51], was used for HE and MitoSOX tubes. DEM (20 mM), which produces GSH
depletion [33,50], was used for CMFDA. Menadione (1 mM) was used for FTC to increase
the carbonylated protein levels [50,52], and FCCP (52 μM), a mitochondrial uncoupler that
decreases Ψm [50,53], was used for TMRM. Each tube was incubated in the dark for 15 min
(except menadione, which was incubated for an hour, and DEM, which was incubated for
90 min) at 37 ◦C with their respective inducers. Next, each tube was incubated in the dark
for 30 min at 37 ◦C. Samples were run on the flow cytometer with the appropriate settings.

A kinetic strategy was designed for the real-time follow-up of intracellular NO, ONOO−,
and Ca2+ generation. Cells were previously incubated with their respective fluorochromes—
i.e., DAF (1 μM), DHR1,2,3 (100 μM), or FLUO-4 (0.5 μM), and DAPI. Each tube was incubated
in the dark for 20 min at 37 ◦C. Afterwards, the acquisition process was paused to add
the inducers. In the NO-positive control, two doses of NOR-1 (16 μg/mL), a nitric oxide
generator [35], were added, and the acquisition process was continued until 300 s. In the
ONOO−-positive control, PB (2.24 μg/mL) and NOR-1 (16 μg/mL) were added, and the
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acquisition was continued until 200 s. In the Ca2+-positive control, the ionophore ionomycin
(50 μM) was added to stimulate Ca2+ influx, and acquisition was continued until 600 s.

2.11. Cytometer Settings and Data Analysis

All flow cytometry assays were carried out using the FACSVerse cytometer (BD
Biosciences, San Jose, CA, USA), except the lipid oxidised/lipid reduced ratio, which was
carried out using the FacsAria III cytometer (BD Biosciences), and kinetic analyses of NO,
ONOO, and Ca2+ generation, which were carried out using the LSR Fortessa X-20 (BD
Biosciences) (Table 1).

Blue (488 nm), violet (405 nm), and red (635 nm) lasers were used. The fluorescence
results of DCFH, CMFDA, FTC, Mitotracker Green, Annexin, DIBAC, and MitoPY 1 were
collected using a 527/32 507LP filter. Fluorescence results of MitoSOX and HE were collected
using a 700/54 665LP filter, and TMRM and PI fluorescence results were collected using
a 586/42 560LP filter. The fluorescence of DAPI was collected using a 448/45 filter. The
fluorescence of B665 was detected using 586/42 556LP and 780/60 735LP filters. The DAF-
FM DA, DHR1,2,3, and FLUO-4 fluorescence were gathered using a 530/30 505LP filter.

BD FACSSuite software was used for data acquisition with the FACSVerse cytometer,
and the FACSDiva 4.0 software was used for FACSAriaIII and LSR Fortessa X-20 cytometer
data acquisition. Offline data analysis was performed using the FLOWJO V.10.1 software
(FlowJo™ Software Version 10.1. Becton, Dickinson and Company, 2019; Ashland, OR, USA).

3. Results

Due to the lack of previous research regarding the OS profile of the human nasal
epithelial cells, a complex experimental design was needed. Besides cell quantity adjust-
ment, reactive concentration, and voltage, positive controls were used to ensure that each
parameter was correctly determined, as explained below. Basal labelling, the positive
control and the corresponding graphics for each parameter from the six healthy individuals
included in the study are shown in the Supplementary Materials section.

3.1. Gating Strategy

Figure 1 shows the population gating strategy used for each parameter. Nasal ep-
ithelial cells were selected by morphology, as measured by forward scatter (FSC), a cell
size indicator, and side scatter (SSC), which estimates the internal complexity of the cells
(1A). After this, individual cells were selected from all nasal epithelial cells through height
confrontation (high-FSC) in front of the FSC area (area-FSC), disregarding doublets (1B).
Dead cells were excluded using DAPI or PI (1C).

 

Figure 1. Gating strategy used to select the population of interest using a FACS Verse cytometer. (a) Nasal epithelial cells
were selected by side scatter characteristic (SSC) and forward scatter characteristic (FSC) density plots. (b) A gate was
applied to identify specific populations of individual cells. Each dot represents one nasal epithelial cell that passed through
the cytometer laser. (c) Dead cells were identified and excluded from further analysis using either DAPI or PI.
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3.2. ROS and RNS Generation

Supplementary Tables S1 and S2 show an example of intracellular peroxides and total
O2

− levels detected after incubating the nasal epithelial cells with the respective fluorescent
probes and inductors in positive controls. The gating strategy shown in Figure 1 was used,
and dead cells were discarded using DAPI.

A kinetic strategy was designed for the real-time follow-up of intracellular NO (Supple-
mentary Table S3) and ONOO− generation (Supplementary Table S4). Single human nasal
epithelial cells were selected based on morphology and DAPI exclusion. The strategies for the
sequential gating of NO and ONOO− generation are shown in Figures 2 and 3, respectively.

 

Figure 2. Kinetic measurements of nitric oxide (NO) assays using flow cytometry. (a) Dot blot
acquired from kinetic measurements. Live nasal epithelial cells were gated according to FSC and
SSC, and the gated events were plotted against a FITC-A channel (in this case, DAF-FM DA) and
time. (b) Table showing gating percentages and fluorescence levels increasing over time.
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Figure 3. Flow cytometric analysis of peroxynitrite generation kinetics in nasal epithelial cells. (a) Dot
blot acquired from kinetic measurements. Live nasal epithelial cells were gated according to FSC and
SSC, and the gated events were plotted against a FITC-A channel (in this case DHR123) and time.
Acquisition was paused at two points to add plumbagin (PB) (an O2

− provider) and NOR-1 (a NO
inductor). (b) Table showing gating percentages and fluorescence levels increasing over time.

3.3. GSH Detection

Supplementary Table S5 shows an example of total GSH levels after incubating the
nasal epithelial cells with CMF and DEM as a positive control. The gating strategy shown
in Figure 1 was used, and DAPI was used to identify dead cells.

3.4. Intracellular Ca2+ and Plasma Membrane Potential Detection

A kinetic strategy was designed for the real-time follow-up of intracellular Ca2+

generation. Human nasal epithelial cells were selected based on morphology. After that,
single cells were selected, and dead cells were discarded using DAPI. Gating percentages
and fluorescence values for FLUO-4 are shown in Figure 4 and Supplementary Table S6.
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Figure 4. Flow cytometric analysis of intracellular calcium (iCa2+) generation kinetics in nasal epithelial cells. Intracellular
calcium was measured using FLUO-4. Human nasal cells were gated accordingly to SSC and FSC. Dead cells were excluded
using DAPI. Gating percentages and iCa2+ levels are shown.

Plasmatic membrane potential levels detected after incubating the nasal epithelial
cells with DIBAC and t-BHP (positive controls) are shown in Supplementary Table S7. The
gating strategy shown in Figure 1 was used, with PI used to identify any dead cells.

3.5. Mitochondrial Function

Supplementary Tables S8–S11 show the levels of mitochondrial membrane potential,
mitochondrial mass, and mitochondrial H2O2 and O2

– detected after incubating the nasal
epithelial cells with their respective fluorochromes and inductors for positive controls. The
gating strategy in Figure 1 was used, and DAPI was used to identify dead cells.

3.6. Oxidative Damage in Lipids and Proteins Analysis

Supplementary Table S12 shows the carbonylated protein levels after incubating the
nasal epithelial cells with FTC and menadione in the positive controls. The gating strategy
in Figure 1 was used, and DAPI was used to identify dead cells.

Figure 5 shows the detection and gating strategy and the corresponding fluorescence
values of the lipidic peroxidation levels in the human nasal epithelial cells after incubation
with BODIPY665. Nasal epithelial cells were selected based on morphology after eliminat-
ing doublets, and fluorescence levels were determined for BODIPY665. Supplementary
Table S13 shows the basal sample results and the control, which were previously incubated
with t-BHP and then with BODIPY665.

3.7. Apoptosis and Cell Death Detection

Figure 6 shows the levels of apoptosis and cell death of human nasal epithelial cells
after Annexin V and PI staining. Nasal epithelial cells were selected based on morphology
after eliminating doublets. Gating for Annexin V−/PI− (live), Annexin V+/PI− (early
apoptosis), Annexin V−/PI+ (necrosis), and Annexin V+/PI+ (late apoptosis) populations
are demonstrated.
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Figure 5. Evaluation of lipid peroxidation using BODIPY 665/676 C11. (a) Nasal epithelial cells were selected based on
morphology and PI staining to exclude dead cells. (b) and (c) show the ratios of oxidised vs. reduced lipids.

 

Figure 6. Apoptosis and cell death determination using Annexin V and propidium iodide (PI) staining. Nasal epithelial cells
were selected based on morphology. Apoptosis status was determined by Annexin V staining. Cell death was determined
by PI staining. Gating methods for Annexin V−/PI− (live), Annexin V+/PI− (early apoptosis), Annexin V−/PI+ (necrosis),
and Annexin V+/PI+ (late apoptosis) are shown.

4. Discussion

Numerous studies have shown the importance of OS in the physiopathology of
diseases. Therefore, detailed knowledge of the association between OS and pathogenesis
could be used to deepen the understanding of the disease’s pathophysiology and the
discovery of new therapeutic targets that will allow the development of new drugs with
clinical utility. Three approaches are used to measure OS: (i) the direct determination of
ROS/RNS; (ii) the determination of oxidative damage to biomolecules (lipids, proteins,
and nucleic acids); and (iii) the determination of enzymatic and non-enzymatic antioxidant
systems [54]. Whichever method is used, OS is difficult to measure for several reasons.
Firstly, sampling itself is a source of OS and must be carried out carefully to avoid OS
artificial generation that could oxidise the biomolecules, giving rise to false results. The
addition of a control group whose samples are manipulated in the same way as those of
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the patients would partially solve this problem, since the differences between groups could
be attributed to changes related to the disease’s physiopathology. Secondly, many of the
techniques used have a low sensitivity, which implies that a large number of cells must
be used to obtain reliable results. This is a significant problem, mainly when often limited
clinical samples are used. Thirdly, ROS/RNS have a very short half-life and it is therefore
difficult to determine them accurately and precisely. To solve this problem, the indirect
measurement of ROS/RNS was used by assessing the oxidative damage that these radicals
cause in biomolecules [55,56].

Although many analytical techniques have been developed to measure OS over
the years, there is still no gold standard. Methods such as electron spin resonance or
nuclear magnetic resonance lack sensitivity and are unfeasible due to the short half-life of
some ROS/RNS. Other methods, such as gas chromatography/mass spectrometry or high-
performance liquid chromatography, require highly trained personnel. Recently, techniques
based on spectrophotometry and enzyme assays have been developed. These methods
have several advantages, such as being easy to perform, quantitative, and high-throughput
and having a high sensitivity and the ability to be used with a wide variety of biological
samples (serum, plasma, saliva, etc.). However, when analysing heterogeneous populations
(e.g., blood), all these methods can lead to biased results as they are not able to separate the
different cell populations, and therefore only overall results are obtained [55–58].

Flow cytometry has several advantages over previous methods in determining OS. It
can measure OS in a large number of individual cells quickly and identify subpopulations
within heterogeneous samples, providing qualitative results from a high number of indi-
vidual cells from a particular subpopulation, instead of measuring the average of the total
population. It also allows the analysis of multiple parameters from the same biological
sample in a single experiment. Besides, sorting of subpopulations is possible, allowing
further analysis by other methods of these sorted subpopulations. Our group aims to
characterise the role of OS in rare respiratory diseases, such as PCD, to study its potential
implication in disease pathophysiology. As sample yield obtained from biopsies is often a
limiting factor when studying the affected tissue in respiratory diseases, we developed a
novel method based on flow cytometry to determine fourteen parameters related to cell
metabolism using a small amount of sample. To our knowledge, this is the first use of
flow cytometry to assess OS levels in human nasal epithelial cells and could represent a
new procedure for the study of respiratory diseases in which nasal epithelial cells are the
affected tissue.

It has been described that mitochondria, which are the main cellular organelles in-
volved in the production of ROS/RNS, are affected in some respiratory diseases [59].
Therefore, a new protocol to study the mitochondrial mass, mitochondrial membrane
potential, and mitochondrial production of H2O2 and O2

− in human nasal epithelial cell
samples was set up. Moreover, a method to measure the general oxidative status of these
cells and their ROS and RNS production, including intracellular peroxides, O2

−, and
ONOO−, was developed. As some respiratory diseases are related to inflammation, which
is also related to OS, this methodology allowing us to study reactive species production
in affected tissues could be advantageous [1,11]. In addition, the study of intracellular
Ca2+ and plasma membrane potential provides investigators with necessary information
regarding cell metabolism, which could provide insight into various diseases. In our study,
Fluo-4 has been used to measure intracellular Ca2+ levels. Single-wavelength dyes, such
as Fluo-4, cannot provide quantitative data as the variability of dye concentration and/or
photobleaching influence the emission intensities. Consequently, using Fluo-4 only the
presence/absence of intracellular Ca2+ can be determined, and the use of dual-wavelength
dyes, such as Fura-2 AM, that allows for accurate quantification of intracellular Ca2+ con-
centration, is only limited by the C2+ response of Fura-2 [60]. Finally, mitochondrial GSH,
one of the most important non-enzymatic defences against OS, can be studied relatively
quickly and cheaply using this protocol [9].
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Additionally, this work allows the study of OS damage in biomolecules, such as
proteins and lipids [1] [10]. Combined with the study of apoptosis and cellular death, this
provides a complete profile of the effect of oxidative stress on human nasal epithelial cells,
which make up part of the affected tissues in some respiratory diseases, such as PCD [61].
Finally, a great advantage of this method is that a comprehensive set of OS parameters
regarding different respiratory diseases could be studied in future research using tiny
samples and non-invasive sampling techniques.

5. Limitations

This article was written to show a laboratory protocol to measure OS parameters in
nasal epithelial cells. The study was performed using samples from a small number of
healthy individuals, so it is not intended to draw conclusions on OS status, which should
be done in future research. As an example, the fluorescence values obtained in the samples
(Supplementary Tables S1–S13) are shown.

6. Conclusions

We have established a method based on flow cytometry to study a comprehensive set
of OS parameters in nasal epithelial cells that could be useful in research on respiratory
diseases. This method has the additional advantage of using small amounts of sample and
a non-invasive sampling technique.

Supplementary Materials: The following are available online at https://www.mdpi.com/2077-038
3/10/6/1172/s1, Table S1: Basal labeling and the corresponding positive control for intracellular
H2O2 from six healthy individuals; Table S2: Basal labeling and the corresponding positive control for
O2

− from six healthy individuals; Table S3: Basal labeling and the corresponding positive control for
nitric oxide (NO) from six healthy individuals; Table S4: Basal labeling and the corresponding positive
control for peroxynitrite (ONOO−) from six healthy individuals; Table S5: Basal labeling and the
corresponding positive control for GSH from six healthy individuals; Table S6: Basal labeling and the
corresponding positive control for intracellular Calcium (iCa2

+) from six healthy individuals; Table
S7: Basal labeling and the corresponding positive control for plasmatic membrane potential (PMP)
from six healthy individuals; Table S8: Basal labeling and the corresponding positive control for
mitochondrial membrane potential (Δψm) from six healthy individuals; Table S9: Basal labeling and
the corresponding positive control for mitochondrial H2O2 (mt H2O2) from six healthy individual;
Table S10: Basal labeling and the corresponding positive control for mitochondrial O2

− (mtO2
−) from

six healthy individuals; Table S11: Labeling for mitochondrial mass from six healthy individuals;
Table S12: Basal labeling and the corresponding positive control for carbonylated proteins from
six healthy individuals; Table S13: Basal labeling and the corresponding positive control for the
oxidized/reduced lipid ratio (ox/red lipid) from six healthy individuals.
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Abstract: Several studies have shown that some rare respiratory diseases, such as alpha-1 antitrypsin
deficiency (AATD), idiopathic pulmonary fibrosis (IPF), cystic fibrosis (CF), and primary ciliary dysk-
inesia (PCD) present oxidative stress (OS) and endoplasmic reticulum (ER) stress. Their involvement
in these pathologies and the use of antioxidants as therapeutic agents to minimize the effects of OS
are discussed in this review.

Keywords: oxidative stress; endoplasmic reticulum stress; antioxidant therapies; rare respiratory
diseases; Alpha-1 antitrypsin deficiency; idiopathic pulmonary fibrosis; cystic fibrosis; primary
ciliary dyskinesia

1. Introduction

Oxidative stress (OS) is defined as an imbalance between pro-oxidant and anti-oxidant
substances favouring the former [1]. In the physiological state, Reactive Oxygen Species
(ROS) are necessary to neutralise pathogens that may attack the organism. One of their
functions is to activate inflammatory intracellular signalling pathways, leading to the im-
mune system activation [2]. However, when ROS appear in excess and accumulate within
the cells, they create a highly oxidative state that can cause severe and irreparable damage
to the tissues either directly or through altering signaling pathways [3]. Endoplasmic
reticulum (ER) stress is the consequence of the accumulation of misfolded proteins in the
ER lumen. Consequently, the ER activates the unfolded protein response (UPR), which
leads to the elimination or repair of these proteins [4].

Considerable evidence has shown that oxidative and ER stress play an essential role
in the pathophysiology of multiple disorders, including rare respiratory diseases, a group
of hereditary disorders affecting the respiratory tract, characterized by low incidence and
very heterogeneous symptoms [5].

In this review, we summarize the implications of ER and OS in the pathophysiology of
four of the most common rare respiratory diseases: alpha-1 antitrypsin deficiency (AATD),
idiopathic pulmonary fibrosis (IPF), cystic fibrosis (CF), and primary ciliary dyskinesia
(PCD), for which there is no definitive treatment. In addition, since considerable evidence
indicates that OS and ER stress could be potential therapeutic targets for these conditions,
the current status of antioxidant therapies for treating these diseases will be discussed.
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2. What Is Oxidative Stress?

Free radicals are molecules with an unpaired electron in their outer orbital; therefore,
they are prone to react with other molecules to obtain the electron they need to reach their
electrochemical stability [6]. Thus, free radicals can react with DNA, lipids, and proteins,
leading to oxidation and, generally, to the loss of these biomolecules’ activity [7].

As a product of aerobic cell metabolism, two basic types of free radicals are generated
in cells. Reactive oxygen species (ROS) include the hydroxyl radical (OH.), the superoxide
anion (O2

−), the hypochlorite ion (OCl−), and hydrogen peroxide (H2O2); as well as re-
active nitrogen species (RNS) such as nitric oxide (NO) and peroxynitrite (ONOO−) [8].
The main sources of intracellular ROS and/or RNS generation are mitochondria, lyso-
somes, peroxisomes, xanthine oxidase, cytochrome P450, and the ER. Free radicals are also
generated by exposure to external factors such as cigarette smoke, ionizing radiation, UV
radiation, or environmental toxins [9,10].

Eukaryotic cells possess some mechanisms that diminish oxidative damage caused
by ROS. The most straightforward defence mechanism involves small molecules such
as reduced glutathione (GSH) and dietary components (i.e., vitamins, lipoic acid, and
carotene), which oxidate themselves, thereby protecting the biomolecules. A more complex
defence mechanism involving enzymes such as superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx), and glutathione reductase (GR), has evolved to
reduce ROS levels [7,11,12].

Under physiological conditions, a balance exists between production and degradation
of ROS. When the balance between pro- and anti-oxidants shifts in favour of the former,
a condition known as OS is produced, linked to the development of numerous diseases.
Overproduction of ROS, induced by various exogenous and endogenous cellular sources,
depletes antioxidant capacity and contributes to developing several disease-related pro-
cesses. When the defence mechanisms cannot prevent ROS accumulation, the activation
of specific signalling pathways causes changes in gene expression and protein synthesis.
All these effects led to the hypothesis that increased free radicals and oxidative damage
cause an increase in cell damage, which leads to the development of various pathological
conditions, such as carcinogenesis [13], chronic inflammation [14], ageing [15], autoimmu-
nity [16], cardiovascular diseases [17], neurodegenerative diseases [18], and respiratory
diseases [3], among others.

However, OS cannot be only defined by a quantitative disbalance between reactive
species and antioxidant defence mechanisms. OS is a more complex concept, besides
the increment of ROS, other features such as their cellular, subcellular, or tissue location,
chemical nature, the kinetics of formation and degradation, and time of exposure should
be considered. Moreover, even in the absence of OS, basal levels of ROS exist in the cells.
ROS act as regulatory and signalling molecules and are essential to proper cell function in
a system known as REDOX regulation [19], participating in cell division, differentiation,
and death. Consequently, OS also produces dysregulation of the redox signalling, and
therefore, an alteration in cellular homeostasis [20,21].

Specific cell mechanisms remove oxidized lipids and oxidized proteins. However,
oxidised DNA cannot be replaced and has to be repaired [22]. In response to the oxidative
DNA damage, the cell reacts through several mechanisms, such as repairing these lesions;
activation of control points of the cell cycle, which produces cell cycle arrest and prevents
the transmission of damaged chromosomes; and apoptosis [23].

As a result of the various molecular oxidation processes, some products are produced
and released to the extracellular media and can be used to measure the redox state. Three
approaches are used to measure OS. The first approach involves determining oxidative
damage to biomolecules, including lipids, proteins and nucleic acids. The most representa-
tive markers of lipid peroxidation include isoprostanes and malondialdehyde (MDA) [24],
while carbonyl groups reflect the oxidative modification of proteins [25], and mutagenic
and modified base 8-hydroxy-2′-deoxyguanosine (8-OHdG) reflecting DNA oxidation [26]
products, which can be either nuclear or mitochondrial. A second approach involves the
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direct determination of ROS/RNS. Finally, a third approach involves measuring the enzy-
matic and non-enzymatic antioxidant systems (oxidized glutathione/reduced glutathione,
dietary vitamins, and oligo-elements).

3. Clinical Relevance of Oxidative Stress

Redox homeostasis involves a wide range of substances. As mentioned above, the
balance of pro-oxidant and anti-oxidant substances is conditioned by many variables,
which are complex to understand. Oxidative damage is the endpoint in which the cells’
biomolecules are oxidized and lose their functionality (Figure 1) [27].

Figure 1. Clinical relevance of reactive oxygen species. Reactive oxygen species (ROS) have numerous
functions involved in maintaining cellular homeostasis, such as those shown in the figure. However,
when ROS levels increase, these functions are altered by dysregulation of signalling pathways.

Given the complexity of the oxidant-antioxidant pathways and their relationships, it is
essential from a clinical perspective to understand the cause of the OS and its source because
various free radicals act differently, causing different cell responses. It was initially thought
that all free radicals could act as second messengers. However, further research showed
that only H2O2 and other hydroperoxides fit the requirements to be considered as second
messengers [28]. Among the RNS, NO is a well-known second messenger [29]. Other free
radicals are not second messengers, although they trigger adaptive cell responses [28].

Second messengers are the intracellular component through which cells or organs
interact with each other [30]. They should have a significant specificity with effectors
from signalling pathways, and the reaction should be fast enough to not react with other
molecules [28]. The hydroxyl radical does not fit the specificity requirement because it can
oxidize any organic molecule [31], nor does the superoxide radical because the reduction
of O2

− to H2O2 by SOD [32] occurs in the cell more rapidly than the interaction with the
signalling pathways effectors [28]. When O2

− has been produced extracellularly (as in
NADPH oxidases (NOX)), it can move into the cell and alter signalling pathways [33].
Even though O2

− cannot be considered a second messenger, it oxidizes GSH and other
thiols, but it only produces a physiological effect when there is little SOD present, such as
in phagosomes or endosomes [34]. GSH can scavenge O2

−, but it generates thiol radicals,
which further react to generate O2

− and subsequently H2O2 [34]. Therefore, O2
− might be

considered as an H2O2 precursor [28,31].
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H2O2 oxidizing potential can occur in two different ways. The first one is a one-
electron reduction reaction, where a transition metal reduces H2O2. For instance, in the
Fenton reaction, Fe2+ reduces the H2O2, forming a hydroxyl radical plus Fe3+. As stated
above, the hydroxyl radical is not a second messenger because it can react with any organic
molecule, so it is not specific enough to be involved in controlled cell signalling [28]. Con-
versely, H2O2 can be reduced through another mechanism, the two-electron nucleophilic
substitution reaction, where a thiol is converted to a thiolate anion, which reacts with the
neighbouring cysteine residues of proteins such as peroxiredoxins. This reaction allows
H2O2 or any peroxide to act as a second messenger [19].

Depending on the cell type targeted by H2O2, different cell responses can be achieved.
It was demonstrated that exogenous addition of H2O2 in T cells activates the nuclear
factor-κB (NF-κB) transcription factor [35], as does endogenous production [36]; a protein
kinase C (PKC) is upstream of this signalling pathway [37]. In addition, hydroperoxides
and H2O2 are linked with the respiratory burst in macrophages. At high concentrations,
hydroperoxides inhibit the respiratory burst without killing the cells [38], but low con-
centrations stimulate it [39] by increasing intracellular Ca2+ levels [40] and activating the
phosphatidylcholine specific to phospholipase C [41]. The oxidative burst activation in
the extracellular-regulated kinase (ERK) pathway is also H2O2-dependent [42]. Likewise,
the increase in the endogenous production of H2O2 causes a transitory inactivation of
the protein tyrosine phosphatase 1B (PTP1B). PTP1B inhibits the activation of the ERK
signalling pathway, dephosphorylating Raf1 [43]. This inactivation is reversible [44].

NO is a second messenger because it can pass across plasma membranes to exert
its action in adjacent cells in a paracrine way. The NO mechanism of action consists of
activation of guanylyl cyclase, which rapidly increases cyclic guanosine monophosphate
(cGMP) concentration, leading to the phosphorylation of other proteins kinases that become
involved in diverse cell functions such as relaxation of blood vessels, apoptosis, or penile
erection [45].

OS parameters can be used as non-invasive diagnostic [46] or prognostic biomarkers
because, as previously stated, in different diseases, free radicals have different effects.
Although numerous studies have attempted to achieve this, limitations in the sample size
or the fact that the study was a meta-analysis with a high heterogeneity among the studies
have not allowed the establishment of a cut-off point for the use of OS parameters in
rapid molecular risk stratification and outcome prediction. To overcome these limitations,
extensive multicentric longitudinal studies with a larger sample size should be performed.

4. Endoplasmic Reticulum Stress

ER stress is the consequence of a mismatch between the load of unfolded and mis-
folded proteins in the ER and the cellular machinery’s capacity to cope with that load [4].

Protein folding occurs in the ER lumen, and its efficiency depends on several intrinsic
and extrinsic factors, such as the ER environment, gene mutations, or altered posttranscrip-
tional modifications. Every protein, before being secreted, must pass a quality control to
check that it is correctly folded. Misfolded proteins are retained in the ER lumen to be
correctly folded or degraded. Accumulation of unfolded/misfolded proteins leads to ER
stress. This complex situation activates the UPR using three main approaches: increased ER
capacity to fold and modify proteins, decreased global mRNA translation, and activated
ER-associated degradation (ERAD) and autophagy. When UPR cannot solve the prob-
lem, it becomes chronic, and cell death is promoted by the activation of the pro-apoptotic
signalling machinery.

ER stress activates three different signalling pathways of the UPR: inositol-requiring
protein-1 (IRE1), activating transcription factor-6 (ATF6), or protein kinase R-like endoplas-
mic reticulum kinase (PERK) (Figure 2).
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Figure 2. Signalling pathways of the Unfolded Protein Response (UPR). In a normal situation inside
the endoplasmic reticulum, proteins are folded and taken to the places where they carry out their
function (green arrows). When proteins are not folded correctly, they are stored in the lumen of
the endoplasmic reticulum (ER), and the ER-associated protein degradation machinery (ERAD) is
activated (red arrows). Occasionally, the ER shows dysfunctions that cause malformed proteins not
to be degraded by ERAD and the proteins associate with each other creating aggregates, producing
what is known as ER stress (blue arrows). When this occurs, the cell activates the UPR, which might
mean that accumulated misfolded proteins can be detected by inositol-requiring enzyme 1 (IRE1),
which activates transcription factor 6 (ATF6) and protein kinase R-like endoplasmic reticulum kinase
(PERK) proteins.

Consequently, IRE1 dimerises and autophosphorylates, activating its endoribonu-
clease activity, removing an intron of the transcription factor X-box-binding protein 1
(XBP1u) converting it into XBP1s, which activates transcription of UPR target genes. On
the other hand, and as a consequence of the accumulation of these unfolded proteins,
the ER can also activate ATF6, which splits and activates the transcription factor ATF6c,
which travels to the nucleus and activates UPR genes. Finally, another option for UPR
pathway activation is PERK activation. PERK dimerises and phosphorylates eukaryotic
initiation factor 2α (eIF2α), which activates the transcription factor ATF4 that, like the
previous ones, targets the nucleus to activate UPR gene transcription. Nevertheless, UPR
genes can also decrease translation by preventing the accumulation of more misfolded
proteins. They can also induce activation of ER chaperones to increase protein folding
capacity, induce transcription of ERAD genes to increase degradation capacity, and activate
apoptosis of ER-presenting cells if needed. Reproduced with permission from Torres-Durán
et al. [47] under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/ (accessed on 17 March 2021)).

The ATF6 pathway is activated by unfolded/misfolded proteins sequestering the
immunoglobulin heavy chain binding protein (BiP). BiP was previously attached to ATF6,
and the sequestration of BiP triggers that signalling pathway [48]. IRE1 and PERK have
related and interchangeable sensing domains when activating homodimerize, although
the activation mechanism is not fully understood. Three different hypotheses have been
proposed [4]: direct recognition, where the luminal domain directly binds the unfolded
proteins [49]; indirect recognition, in which BiP is attached to IRE1 and PERK [50], and
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finally the hybrid recognition model, where both BiP dissociation and unfolded protein
binding cause the activation of the signalling pathways [51].

4.1. ATF6

ATF6 is a regulatory protein that binds to ER stress-response elements (ERSE), a
consensus sequence (CCAAT-N9-CCACG) that promotes UPR responsive genes. It has two
homologous proteins: ATF6α (90 kDa) and ATF6β (110 kDa); both are synthesized in all
cell types as ER transmembrane proteins [52]. In normal conditions, ATF6 is attached to the
ER membrane-bound to BiP, but when the unfolded proteins accumulate, BiP dissociates
from ATF6, and ATF6 goes to the Golgi complex, where it is cleaved by two proteases [48].
Serine protease site-1 (S1P) cleaves ATF6 in the luminal domain, whereas metalloprotease
site-2 (S2P) cleaves the N-terminal portion within the phospholipid bilayer [53]. These
reactions release the basic leucine zipper (bZIP) domain, which translocates to the nucleus
to activate transcription. ATF6 binds to ATF/cAMP response element (CRE) and ERSE [54]
to upregulate the expression of refolding genes [55].

4.2. IRE1

IRE1 was the first-identified component of the UPR, and it is an atypical type I
protein kinase endoribonuclease, with a luminal dimerization, a cytosolic kinase, and an
endonuclease domain [56–58]. When unfolded proteins are detected, IRE1 homodimerizes
and trans-autophosphorylates to activate its RNAse domain. The IRE1p endoribonuclease
substrate was first discovered in yeast. It is an mRNA that encodes bZIP, containing the
transcription factor Hac1p [56]. The homologue in mammals is X-box binding protein
(XBP1) [59,60], which is cleaved by IRE1 to remove an intron that causes frameshift. This
splicing causes a change in the C-terminal region of XBP1, and only the spliced form of
XBP1, XBP1(S), is a transcriptional factor involved in a variety of UPR target genes [61],
both refolding and degrading genes [55].

4.3. PERK

PERK is a type I transmembrane protein with a kinase domain. During ER stress,
PERK homodimerizes and trans-autophosphorylates (same way as IRE1). The C-terminal
cytoplasmic domain of activated PERK directly phosphorylates the Ser51 of eukaryotic
initiation factor 2 (eIF2α), attenuating global protein synthesis, thereby reducing the ER
protein-folding burden. PERK activation occurs within minutes after developing ER
stress [62]. Phosphorylated eIF2 α is required for selective translation of a subset of
mRNAs. One important transcription factor activated by eIF2 α is transcription factor 4
(ATF4), which promotes the transcription of genes involved in amino acid biosynthesis,
antioxidant responses, ER chaperones, growth arrest, DNA damage 34 (GADD34), and
CAAT/enhancer-binding protein (C/REB) homologous protein (CHOP).

5. Endoplasmic Reticulum Stress and Oxidative Stress

Several studies have shown a link between ER and OS together (Table 1), but this
relationship’s mechanism is still not completely understood. For clarity, we have separate
it into three sections: (i) ER oxidative environment for disulfide-bond-forming; (ii) cross-
talk between ER, mitochondria, and UPR, and (iii) activation of antioxidant genes (Nrf2)
(Figure 3).
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Figure 3. The connection between oxidative stress and endoplasmic reticulum stress. The presence of
reactive species inside the endoplasmic reticulum favours the formation of the disulphide bonds in
the protein folding. When this occurs, two electrons are released and accepted by protein disulphide
isomerase (PDI), which loses its original conformation, accumulating inside the endoplasmic retic-
ulum (ER) and triggering ER stress. PDI then releases two more electrons that are accepted by ER
oxidoreductase (ERO1). Finally, the electrons are accepted by O2, leading to the production of H2O2.
An increase in H2O2 causes Ca2+ levels in the ER to increase. The ER and mitochondria are linked by
channels called MAM. When Ca2+ increases in the ER, it moves to the mitochondria. Elevated Ca2+

levels in the mitochondria stimulate mitochondrial metabolism, producing even more ROS. Ca2+ also
increases the permeability of the mitochondrial membrane, allowing cytochrome C to be released
and activate cellular apoptosis pathways. The increased ROS levels induce the release of Nrf2 from
Keap1, translocates to the nucleus where it binds to an accessory protein, Maf. The complex formed
by Nrf2 and Maf leads to the activation of antioxidant genes, interacting with an antioxidant response
element (ARE).

In physiological conditions, the ER environment is between 10 and 100 times more
oxidative than the cytosolic compartment [63]. This oxidative environment of the ER
favours protein folding, particularly forming disulfide bonds between two cysteine residues
with the generation of H2O2. Disulfide bond formation is a reversible process achieved
by a thiol-disulfide exchange reaction; this stabilizes the tertiary and quaternary protein
structures [64]. It has been suggested that increased H2O2 levels oxidize and inactivate
ER-resident proteins, such as protein disulfide isomerases (PDI), contributing to unfolded
protein accumulation [65]. During disulfide bond formation, PDI accepts two electrons
from the cysteine residues in polypeptide substrates, leading to the reduction of PDI and
oxidation of the protein substrate. Then, PDI transfers the electrons to another acceptor,
ER oxidoreductase 1 (ERO1), starting another cycle of disulfide bond formation. Then,
ERO1 transfers the electrons to molecular oxygen (O2) to produce H2O2, the major ROS
produced in the ER lumen [61,64]. It was calculated that 25% of the cellular ROS is the
H2O2 produced in the ER by ERO1 folding activity [66].

The ER is the principal intracellular reservoir of calcium that controls Ca2+ home-
ostasis. However, more actors directly or indirectly play this role, such as mitochondria,
pyruvate, isocitrate, and α-ketoglutarate dehydrogenases [67]. The ER and mitochondria
are physically connected by mitochondrial-associated membranes (MAM), where mem-
brane and luminal components can be exchanged [68]. The MAM composition depends on
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internal and external stimuli. The formation and destruction of mitochondrial associated
membranes (MAMs) depend on changes in organelle dynamics [69]. Under ER stress
conditions, CHOP expression increases in the ER’s cytosolic membrane, favouring the
formation of a complex between CHOP and the mitochondrial translocase, translocase
of outer mitochondrial membrane 22 (Tom22), either directly or through steroidogenic
acute regulatory protein (StAR). The formation of this complex allows a stronger interac-
tion between Tom22 and 3β-hydroxysteroid dehydrogenase type 2 (3βHSD2) increasing
steroid metabolism [70,71]. Moreover, the inositol 1,4,5-trisphosphate receptor (IP3R), the
voltage-dependent anion channel (VDAC), and the chaperon glucose-regulated protein
75 (GRP75) form a complex that provides the main Ca2+ transfer channel in MAMs [72].
Verfaille et al. suggested PERK as a novel component of MAMs in the ER surface. The
perturbations of the ER/mitochondria contact sites reduce the propagation of ROS signals
to the surrounding mitochondrion, attenuating the onset of apoptosis provoked by ROS-
based ER stress [73]. This structure has lipids and proteins that suggest a two-way supply
of fundamental metabolites and messengers that control mitochondrial function, thereby
controlling the bioenergetics rate [69].

Bravo et al. showed that in early ER stress stages, MAMs increase, so the Ca2+ transfer
increases from ER to mitochondria, thus enhancing mitochondrial respiration, reductive
power, and ATP production [74]. Moreover, mitochondrial Ca2+ uptake stimulates the
activity of some Krebs cycle enzymes both directly (isocitrate and α-ketoglutarate dehy-
drogenases) and indirectly (pyruvate dehydrogenase) [75], which, in time, increases O2
consumption, resulting in an ROS increase [61]. Ca2+ opens the permeability transition
pore so that cytochrome c can be released, blocking the respiratory chain complex III,
which increases O2

− production [76]. Wang et al. showed that chronic ER stress oppositely
modulates cellular metabolism, decreasing the mitochondrial metabolism, lowering the
mitochondrial membrane potential and the mitochondrial mass [77].

The nuclear factor erythroid-derive-2 (Nrf2) protein is a bZIP transcription factor
characterized by its conserved structural domain, referred to as the cap‘n’collar (CNC)
domain. These CNC transcription factors function as heterodimers, binding to accessory
proteins such as Mafs to activate gene expression [78]. Nrf2 binds an antioxidant response
element (ARE), a cis-element in the promoters of many anti-oxidative genes that is crucial
to their inducible activation [79]. Under non-stressed conditions, Nrf2 persists at low
levels in the cytoplasm, where it is bound to its inhibitor, Keap1 [80]. Keap1 serves to
anchor Nrf2 in the cytoplasm and signal its ubiquitination and subsequent proteasomal
degradation, resulting in low baseline expression of the Nrf2-dependent genes. However,
the disulfide bonds in Keap1 are susceptible to OS, and exposure to a wide variety of elec-
trophiles/oxidants triggers a conformational change in Keap1, caused by the modification
of thiol residues, releasing Nrf2. Other post-translational modifications also facilitate this
dissociation, including phosphorylation of Nrf2 and S-nitrosylation of Keap1.

Upon dissociation from Keap1, Nrf2 translocates to the nucleus, heterodimerizes with
Maf proteins, binds ARE, and activates the coordinate expression of hundreds of genes.
The net result is an adaptive cytoprotective response that detoxifies stressors.

PERK-dependent phosphorylation triggers the dissociation of Nrf2/Keap1 complexes
and inhibits the reassociation of Nrf2/Keap1 complexes in vitro. Activation of PERK via
agents that trigger the UPR is necessary and sufficient for the dissociation of cytoplasmic
Nrf2/Keap1 and the subsequent Nrf2 nuclear import [81]. Nrf2 activation contributes
to the maintenance of GSH levels, which functions as a buffer of ROS accumulation
during the UPR. The nocive effects of Nrf2 or PERK deficiencies could be attenuated by
the restoration of cellular GSH levels or Nrf2 activity. The inhibition of ROS production
attenuates apoptotic induction following ER stress. These data suggest that perturbations
in cellular redox status sensitize cells to the harmful effects of ER stress [82].
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Malhotra et al. showed both in vivo (mice) and in vitro (CHO-H9 cells) that an-
tioxidant treatment reduced ER stress and the associated OS, and protein secretion was
improved [84]. Therefore, even though it is unknown how the misfolded proteins accu-
mulated in the ER produce ROS, these authors demonstrated that accumulated unfolded
proteins are sufficient to produce ROS and that both unfolded proteins and ROS are
required to activate UPR [84].

6. Endoplasmic Reticulum and Oxidative Stress in Rare Respiratory Diseases

6.1. Serpinopathies, Endoplasmic Reticulum, and Oxidative Stress

Serpins are a protein superfamily of around 350–500 amino acids distributed in the
metazoan, plantae, and certain viruses [91]. They have a similar structure with a high
homology in sequence and alike structures. Their primary function is to inhibit proteases,
but studies using model organisms have shown that serpins also control proteolysis in
molecular pathways associated with cell survival, development, and host defence. Non-
inhibitory serpins are described as essential elements with diverse biological systems
serving as chaperones, hormone transporters, or anti-angiogenic factors [92]. Serpins are
vulnerable to mutations that lead to protein misfolding and polymerization of mutant
proteins frequently occurs, reducing the number of active inhibitors and leading to the
accumulation of polymers, causing cell death and organ failure [93]. These diseases are
called serpinopathies.

The most studied serpinopathy is AATD (ORPHA:60), a rare genetic disease with a
prevalence of 1–5/10,000. In this case, the serine protease inhibitor is alpha-1 antitrypsin
(AAT), which is mainly synthesized and secreted by hepatocytes. AAT’s main function is
to protect lung tissues from neutrophil elastase [94]. Z-AAT is the deficient variant with
the most clinical relevance leading to the formation of polymers that accumulate in the
hepatocytes, producing severe liver disease in some patients. The lack of circulating AAT
predisposes to emphysema.

There are some AATD studies related to ER stress, and it is unclear if Z polymers
activate the UPR. Some studies showed that Z polymers do not cause UPR, nor in CHO-K1
expressing human Z-AAT [95], nor in HeLa cells [96] or rat liver [96,97], but they do in
human peripheral blood monocytes [98] and HepG2 cells [99], which could be explained
by the UPR needing secondary stress to activate the UPR. Lawless et al. reported that in
CHO cells, the expression of the Z-AAT polymer alone does not lead to UPR, but when
they added thapsigargin (an ER stressor) or heat stress, UPR was triggered [100]. Ordónez
et al. supported the theory of the second stressor to activate the UPR. They observed that
polymer-forming mutants of AAT (Z-AAT) only activate the ER overload response (EOR),
whereas truncated AAT mutants only activate the UPR. These two pathways usually occur
together. Their data revealed that polymers of AAT that accumulate in a spheric manner
produce a loss of the normal tubule ER network, forming a vesiculated ER, which leads
to impairment of luminal protein mobility [87]. ER vesiculation is associated with other
cellular stresses, including mechanical injury and elevated cytosolic calcium concentra-
tion [101,102]. The truncated polymers cause classical ER stress (UPR) and are efficiently
degraded by the proteasome, showing a different ultrastructural change characterized by
gross expansion of ER cisternae. Z-AAT activate chaperones. The observation of enhanced
sensitivity to ER stress following Z-AAT expression correlates with marked changes in the
ER’s biophysical features. In cells experiencing ER overload, misfolded proteins cannot
diffuse freely, decreasing their accessibility to the quality control required for folding and
transportation. Conversely, in cells with reticular and highly interconnected ER, chaperones
can diffuse to misfolded proteins’ sites. Therefore, a model is proposed in which decreased
mobility or availability of ER chaperones due to changes in the diffusive features or/and
obstruction caused by protein overload sensitizes the cell to subsequent activation of the
UPR [96].

A study conducted in mice carrying the human mutant Z-AAT gene showed that
protein aggregation does not trigger the elevation of the major stress proteins in UPR
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(calnexin, Gpr78, Gpr94, and PDI). The most abundant disulfide isomerase and chaperone
in the ER, PDI, was found attached to the Z-AAT protein. Protein disulfide reductase
(PDR) activity is predominantly performed in the ER by PDI, which is decreased in these
transgenic mice, probably because of PDI sequestration in PiZ aggregates. PiZ mice were
found to have more reduced ER, with a more considerable amount of reduced protein thiol
groups, GSH, and GSH/GSSH ratio. The redox status in the cytoplasmic fraction was a
little more oxidized, with the same amount of protein thiol groups and GSH but a slightly
lower GSH/GSSG [97], which is consistent with our study, where we found that children
with AATD have systemic OS, in part, through a decrease in GSH [103]. Thus, the shift in
ER redox potential toward a reduced state promotes PDI acting as a chaperone rather than a
disulfide isomerase [104]. The reduction of PDI disulfides and PDI’s decreased availability
could explain the PDR deficiency of PiZ transgenic mice [97], which can be an adaptation
of the ER, as found in other long-term stress models, such as diabetes [105]. Altogether,
these data reveal a rescuing mechanism activated in long-term, nonlethal stress, during
which a less productive, but more protective, steady-state of the ER is maintained, in which
a more reducing environment protects the ER from OS and apoptosis and regulates PDI to
act as a chaperone rather than an oxidoreductase [88]. To conclude, the study suggested a
model for chronic ER stress, where different protective pathways are activated in contrast to
short-term ER stress. The reduced ER environment, the change in PDI function, decreases
in PDR activity, and the differences in chaperone complexes in the ER and chaperone and
antioxidant enzyme induction in the cytoplasm, suggest a long-term adaptive response,
which sacrifices efficient protein folding for long-term survival [97].

Some studies have linked OS and AATD. The first, performed in the PiZ mouse liver
model, showed that Z transgenic mice experience oxidative was damage by increasing pro-
tein carbonylation, MDA, and 8-OHdG levels. This study also found that ageing liver tissue
from older PiZ mice had elevated ROS and generally lower antioxidant enzyme levels than
younger mice [106]. Another study showed that healthy children with AATD experienced
increased oxidative damage caused by decreased GSH levels, decreased GSH/GSSG ratio
and diminished CAT activity. Oxidative damage in lipids (MDA), DNA (8-OHdG), and car-
bonyl proteins was also observed [103]. Along this line, a report showed two PiZZ patients
with severe emphysema and extremely high urine levels of 8-OHdG. The patient with
the highest 8-OHdG also had a mutation in glutathione S-transferase pi 1(GSTP1) [107],
an enzyme that plays an important role in detoxification by catalyzing the conjugation of
many hydrophobic and electrophilic compounds with GSH [108]. A recent study showed
that AATD patients with an intermediate and high risk of developing lung and/or liver
disease were observed to have significantly shorter telomeres and increased oxidative
damage than control individuals [109], indicating an association between telomere length
and OS markers in AATD patients.

AAT is a protein that acts as an antioxidant because it has nine methionine residues,
which may protect proteins from oxidative damage [110]. These methionines can be oxi-
dized, but mainly two (351 and 358) are prone to it. The oxidation of these two methionines
results in the loss of antielastase activity [111]. Another study showed that exogenous
AAT increases the antioxidant defence (SOD and GPx) and prevents preeclampsia develop-
ment [112]. Then, deficient patients have less serum AAT and increased OS, which oxidizes
the AAT and inactivates it, so the antielastase activity is even lower, increasing lung disease
risk. Altogether, these findings suggest that OS is associated with AATD-related lung
disease [103,107].

6.2. Interstitial Lung Diseases, Endoplasmic Reticulum, and Oxidative Stress

IPF is an interstitial lung disease (ILDs), a heterogeneous group of lung diseases
characterized by inflammation and fibrosis. ILDs can be produced by exposure to envi-
ronmental and pharmacological agents or sarcoidosis. Some patients have no identifiable
cause, and the disease is classified as idiopathic interstitial pneumonia (IIPs). IPF is the
most common form of ILD and one of the most aggressive forms of IIP [113].
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The global IPF incidence ranges from 0.2 to 9.4 per 100,000 per year. The prevalence
was estimated to be higher in men than in women (ORPHA:2032). IPF is a chronic disor-
der characterized by progressive fibrosis that leads to a severe decline in lung function,
progressive respiratory failure, and high mortality [113]. The aetiology of IPF remains
unknown; however, some pathogenic factors have been proposed: aberrant wound healing,
profibrotic proteins (i.e., TGFβ), OS, and inflammation [114].

Recent studies have suggested that ER stress could also be involved in the patho-
genesis of IPF. Various ER stress markers (i.e., ATF4, ATF6, CHOP BiP, EDEM, and XBP1)
were found to be increased in alveolar epithelial cells (AECs) from IPF patients [115,116].
Fibroblasts in lung tissue from IPF patients show upregulated expression of BiP [117].
Alveolar macrophages from mice with asbestos-induced lung fibrosis and bronchoalveolar
macrophages from asbestosis patients also showed increased BiP expression [118]. M2
macrophages from IPF patients were reported to express CHOP [119].

Based on the available data, ER stress could modulate several key components of
lung fibrosis such as AEC apoptosis, myofibroblast differentiation, epithelial-mesenchymal
transition (EMT), and M2 macrophage polarization [120]. Kamp et al. provided evidence
that asbestos-induced ER stress can induce AEC apoptosis through IRE1 expression and ER
Ca2+ release [121]. There is evidence of the influence of ER stress in cell differentiation. Baek
et al. suggested that ER stress through UPR could induce differentiation of fibroblasts to
myofibroblasts [117]. Other studies have reported that ER stress induces EMT in epithelial
cells [122,123]. In a recent report using macrophages, Yao et al. showed that the ER stress
might be able to induce M2 (pro-fibrotic phenotype) polarization through Jun N-terminal
kinase (JNK) or CHOP in IPF [119].

Several studies have provided evidence of augmented OS in biological fluids and lung
tissue from IPF patients. Oxidized proteins have been identified in the bronchoalveolar
lavages (BAL) of IPF patients. Oxidation may lead to dysfunctional proteins, suggesting a
pathological role of OS in IPF [124,125]. A remarkable increase in serum isoprostane levels
was observed in IPF patients [126]. These findings suggest that increased OS and could be
negatively correlated with the disease’s severity [127].

Additional studies showed higher ROS levels in IPF patients compared to healthy
controls. In exhaled breath condensates (EBCs) from IPF patients, higher levels of H2O2
were determined [128]; pulmonary inflammatory cells were obtained from epithelial lining
fluid (ELF) of IPF patients showed increased levels of ROS [129]. NOX, a family of pro-
oxidant enzymes, was found to be upregulated in the lungs of IPF patients, and several
studies have reported an increase in mitochondrial ROS generation [130,131].

The role of nitrosative stress in IPF has also been studied; NO seems to induce TGFβ-
and ECM-degrading enzymes in fibroblasts in animal models of lung fibrosis [114,132].
Upregulated expression of inducible NO synthase (iNOS) was demonstrated in IPF epithe-
lial cells, macrophages, and fibroblasts, which can provoke abnormal nitrosative stress,
contributing to fibrogenesis [133].

The antioxidant defence is also altered in IPF patients. GSH is decreased in the alveolar
ELF of the lower respiratory tract of IPF patients [134]. Several antioxidant enzymes,
including SOD, are lower in fibroblast foci from IPF patients [135].

Increasing the expression of Nrf2 in fibrotic lungs was not able to counteract the
OS [136]. It has also been suggested that polymorphisms in Nrf2 may participate in IPF
susceptibility [137].

These alterations in redox signalling can affect the development of disease through
different processes. ROS-induced DNA damage can lead to apoptosis of airway epithelial
cells; ROS can increase the production of cytokines and TGFβ, which favours chronic
inflammation, leading to progressive fibrosis [138].

6.3. Cystic Fibrosis, Endoplasmic Reticulum, and Oxidative Stress

CF is a rare autosomal recessive disease (ORPHA:586). The incidence of CF is currently
1:3500 [139]. It is a monogenic disease affecting the CFTR gene, located on chromosome
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7 [140]. This gene codes for a type of ATP-binding cassette (ABC) transporter, whose func-
tion is to transport chloride and sodium ions and other anions such as GSH or bicarbonate
(H3CO3). Located mainly in the apical membranes of epithelial cells in many tissues [141],
CFTR can be affected by numerous types of mutations; more than 2000 variants of the
CFTR gene are currently described [142]. Malfunctioning CFTR often affects ion conduc-
tance efficiency through the membrane pores [143], which changes the characteristics and
composition of cellular secretions by changing the composition of the extracellular milieu.
This accumulation of events causes organs to become gradually obstructed, eventually
leading to fibrosis [140].

One of the main causes of CF is a mutation in the CFTR gene. The most common
mutation is the loss of a phenylalanine at position 508, ΔF508 [144]. This sequence defect
renders the protein unable to properly perform its transporter function, so it should be
tagged by Hsc70-CHIP ubiquitin ligase and taken to the proteasome for degradation [145].
However, numerous studies have shown that the ER can fail in this process and produce an
unwanted accumulation of CFTR protein, leading the cell to experience ER stress [144,146].
As discussed above, an accumulation of misshaped proteins leads to the activation of the
UPR, which consists of three different but complementary signalling pathways: IRE1, ATF6,
and PERK.

Kerbiriou et al. studied the relationship of CF pathogenesis in the activation of
UPR pathways [147]. These researchers analyzed the presence of markers, showing that
UPR signalling pathways were activated and studied ATF6, a bZIP transcription factor
synthesized in the reticulum membrane that, during UPR activation, binds to the Golgi
apparatus, converting itself into an active form and migrates to the nucleus, where it acts
as a transcription factor generating a stress response [148]. Another marker they studied
was Grp78, a glucose-regulated protein. Grp78 binds to the hydrophobic part of unfolded
proteins and is related to the activation of ATF6, IRE1, and PERK, which makes it an
exciting marker for studying UPR activation [149]. Finally, they showed that, as proposed,
ATF6 and Grp78 levels were elevated in cells with mutated CFTR [147]. This could confirm
the existence of ER stress in CF.

In another study, Tang et al. [150] aimed to find a relationship between the worsening
of inflammation in CF patients and the activation of UPR pathways to find a therapeutic
pathway involving ER stress in CF. They proposed that UPR signalling cascades lead
to stimulation of the IκB kinase (IKK) through the interaction of tumour necrosis factor
(TNFα) and IRE1α, leading to the activation of NF-κB. Nevertheless, they were unable to
find such a relationship.

A CTFR abnormality in bronchial epithelial and ciliated cells leads to alteration of
the pulmonary extracellular medium due to poor conduction of Na+, Cl− ions, or GSH,
resulting in excessive O2 consumption [151], causing hypoxia, among other effects [152]
making the airways of CF patients a niche for bacterial infections [140]. This situation results
in the activation of inflammatory MAPK pathways [140], leading to stimulation of NF-
kB [153], which targets the nucleus and activates the cytokines IL-8 and IL-6 and TNFα [154].
These biomolecules attract the polymorphonuclear (PMN) cells of the immune system, the
neutrophils, to the airway surface liquid (ASL). The primary function of neutrophils is to
kill bacteria by phagocytosis. For the destruction of ingested material, neutrophils release
ROS, such as O2

−, H2O2, or free OH. resulting from NADPH’s oxidation [155]. Although
neutrophil activation is a defence mechanism of the body, if ROS are not neutralized or
controlled, they can cause irreparable damage in CF patients. Therefore, neutrophils are a
significant ROS source in the ASL of children with CF [156,157].

Bronchial ciliated and type II AECs are the second source of oxidants in CF lungs
through DUOX1 and DUOX2, two isoforms of the NOX family found in epithelial cells [158].

One of the main mechanisms of ROS neutralization is GSH. In 1993, Roum et al.
demonstrated that GSH levels in CF patients are below those of healthy controls [159].
Years later, in 1998, Lindsell et al. studied the relationship of the CFTR channel to these
decreased values, then demonstrated that CFTR, along with its chloride and sodium
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transport function, is also actively involved in the transfer of GSH from the intracellular to
the extracellular environment [160] indicating that an alteration in the CFTR gene could
lead to a decrease in GSH levels in the ASL, producing an oxidative imbalance. This
hypothesis is now accepted and is proposed as one of the main reasons for OS in CF.

Other factors contributing to this OS, such as NO and H2O2, are currently being
studied. It was shown that NO is decreased in CF patients’ bronchial airways, allowing
an abnormal interaction of its mediator species with the surrounding environment, which
would produce harmful effects [161]. Asymmetric dimethylarginine, an endogenous NOS
inhibitor, is increased in CF airways [162], contributing to the reduced levels of NO in
CF airways. Conversely, increased H2O2 levels have been found in different cultured
epithelial cell models of CF, which are related to the elevated IL-6 and IL-8 production in
CF epithelia [163]. These augmented H2O2 levels are associated with a lack of expression of
regulatory agents due to the poor interaction between CFTR and Nrf2, a factor responsible
for activating H2O2 regulatory mechanisms [163]. According to this finding, differential
expression of antioxidant proteins was reported in cultured CF models compared with
normal controls, such as TRX-1, GSTP1, peroxiredoxin (PRDX) 6, TRX-dependent peroxide
reductase (PRDX-1), and CAT [163].

Biomarkers of oxidative damage have been reported in lipids and proteins from CF
patients. Variations in lipid peroxidation have been found: MDA was demonstrated to
be increased in plasma or serum from patients with CF [164] and 8-isoprostane was also
found elevated in CF plasma [165], buccal mucosal cells [166], and breath condensate [167].
Oxysterols, a biomarker of cholesterol oxidation, are also increased in CF plasma [168].
Moreover, oxidative damage in proteins was observed in the airways of children with
CF [157].

6.4. Primary Ciliary Dyskinesia and Oxidative Stress

PCD is a rare disease, with an estimated incidence of 1:20,000 live births (ORPHA:244).
PCD is a genetically heterogeneous disorder. Disease-causing mutations in at least 40
genes have already been reported [169]. It is characterized by structural and/or functional
alteration in motile cilia, which causes a deficit in the mucociliary clearance of the respira-
tory secretions [170] leading to chronic respiratory infections and chronic inflammation
of the airways. An inefficient inflammatory process increases the number of neutrophils,
increasing ROS and RNS, as explained above [171].

OS has rarely been studied in PCD. Altered RNS has been reported in PCD. Nasal NO
(nNO) measurement is recommended as the initial test in patients with clinical suspicion of
PCD since diminished nNO values are characteristic of patients with PCD [172]. However,
despite its good sensitivity, there are cases of PCD with normal values of nNO, so even
if the nNO is normal—if the symptoms are consistent—the disease should not be ruled
out [173,174].

Patients with PCD suffer from oxidative damage, and increased levels of the OS
marker, 8-isoprostane, has been observed in the exhaled breath condensate (EBC) of
children with PCD compared to healthy controls [175].

A study of nasal epithelium cells from patients with PCD showed an alteration in
the OS state compared to cells from healthy volunteers. Patients with PCD have lower
apoptosis levels, NO, ONOO−, O2

−, H2O2, and mitochondrial O2
− in nasal epithelium

cells compared to healthy individuals [176]. Nevertheless, no significant differences were
observed in the oxidative damage in lipids and proteins [176].

More studies are needed to determine the role that OS plays in the pathophysiology
of the disease.

7. Antioxidants Therapies in Rare Respiratory Diseases

Due to the extensive evidence of oxidant/antioxidant imbalance and the role of OS
in the pathogenesis of disease, several research groups have proposed antioxidants as
promising therapeutic agents in AATD [177], IPF [178], and FQ [179].
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7.1. Alpha-1 Antitrypsin Deficiency and Antioxidant Therapy

The only currently available specific treatment for AATD that currently exists is aug-
mentation therapy, which consists of the intravenous administration of AAT purified from
the plasma of healthy human donors [47]. This treatment has proved its clinical efficacy
by delaying emphysema progression, protecting the lungs from excessive neutrophil elas-
tase [47]. However, there had been controversy regarding the use of augmentation therapy
and its efficacy [180] until the appearance of randomized, placebo-controlled trials, such
as the RAPID trial [181]. Augmentation therapy requires regular intravenous infusion of
AAT, which depends on the protein’s availability from donors. Therefore, to overcome
these problems, other strategies are currently being investigated.

More than 5% of patients diagnosed with chronic obstructive disease (COPD) are also
diagnosed with AATD, and more than 40% of AATD patients develop COPD [47]. OS is
one of the pathogenic mechanisms in COPD, as well as in AATD. OS enhances chronic
inflammation and favours the appearance of emphysema. These findings have provided
the possibility to study antioxidant therapies. Various studies have been conducted using
GSH generating antioxidants, which have been observed to reduce exacerbations in COPD
patients, although it has not been confirmed whether the benefit is due to their antiox-
idant or mucolytic properties. Various research groups are currently looking for more
effective antioxidants; along this line, studies have been conducted using different types of
antioxidants such as SOD mimetics, NOX inhibitors, mitochondria-directed antioxidants,
or Nrf2 activators [182]. The last one shows promise as a therapeutic target for COPD
patients since it was observed that it is not increased in response to ROS as it does in normal
cells. However, an antioxidant has yet to be found that demonstrates a clinical benefit for
patients, so further studies evaluating the OS in lung tissue are required to identify more
effective antioxidant therapies for COPD and, consequently, for AATD patients.

There is no specific treatment for AATD-related liver disease, other than liver trans-
plantation, which has high associated risks [183]. Several studies have suggested that
antioxidant therapy may modulate the secretion of AAT polymers into the bloodstream
from hepatocytes. Ronzoni et al. suggested that the redox state in the ER could contribute
to the retention of AAT, since the formation of disulfide bonds favours the accumulation of
Z-AAT and other variants inside hepatocytes, being, therefore, OS, an AATD-modifying
factor and a possible therapeutic target [184]. Studies reported that tobacco smoke induces
the oxidation and polymerization of Z-AAT, which would explain emphysema’s premature
appearance in smoking ZZ individuals. Using the antioxidant N-acetyl cysteine, the same
authors managed to avoid the oxidation induced by tobacco extract in vitro and by the
polymerization of Z-AAT [185].

7.2. Idiopathic Pulmonary Fibrosis and Antioxidant Therapy

ROS scavengers and drugs targeting redox imbalances might be promising strategies
in treating IPF, among other targets such as senescence or the immune response. N-
acetylcysteine (NAC) is a precursor to GSH and a free radical scavenger widely tested in
the treatment of IPF. Various studies in animal models have proven the efficacy of this
exogenous scavenger in mitigating bleomycin-induced fibrosis [186–188]. However, NAC
did not show clear evidence of benefit in IPF patients [189]. Interestingly, specific patient
subpopulations with the TOLLIP TT genotype show different responses, suggesting the
need for personalized medicine in IPF [190].

Another therapeutic target studied for IPF is SOD, which is decreased in patients. A
study on mice showed decreased bleomycin-induced fibrosis after intravenous adminis-
tration of lecithinized SOD, a more biologically stable form of SOD [191]. However, in
humans, a randomized controlled trial using lecithinized SOD in IPF patients showed no
lung function improvement [192].

Novel targets for IPF have been investigated, targeting the redox imbalance. Hecker
et al. suggested that GKT137831, a dual inhibitor of both NOX1 and NOX4, could be
a promising therapeutic strategy in age-associated fibrotic disorders, able to reverse
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bleomycin-induced fibrosis in mice [193]. The anti-fibrotic role of metformin was also
examined in a bleomycin-induced lung fibrosis model, being found to inhibit TGFβ1-
induced NOX4 expression [194]. Azithromycin was found to enhance the proteasome
degradation of NOX4 [195], and in another study in mice models, this compound was able
to reduce bleomycin-induced fibrosis [196]. A single-centre, retrospective, observational
study, carried out in IPF patients with acute exacerbation treat with azithromycin, indicated
a possible improvement in mortality [197].

Activators of Nrf2 might be promising as an IPF treatment as they are supported by
several studies in animal models. Rapamycin seems to protect against paraquat-induced
pulmonary fibrosis [198]. The ability of several substances, such as sulforaphane, pir-
fenidone, salidroside, and salvianolic acid B, to attenuate bleomycin-induced pulmonary
fibrosis has been examined [199–202]. However, human trials are needed to evaluate the
utility of Nrf2 activators in IPF.

Another possible approach to IPF treatment is targeting ER stress. An example could
be phenylbutyric acid (PBA), a chemical chaperone, which was found to inhibit EMT in
the lungs, reduce the expression of pulmonary TGFβ1, and attenuate bleomycin-induced
pulmonary fibrosis [203].

7.3. Cystic Fibrosis and Antioxidant Therapy

Antioxidants proposed as possible therapies include vitamin E, β-carotene, vitamin C,
selenium supplements, and GSH or NAC [140,179].

GSH, both inhaled and orally, has been examined in numerous studies. Griese et al.
showed that inhalation of GSH does not reduce inflammation nor OS [204]. Regarding
the use of oral GSH, some controversy exists since some studies showed a reduction in
OS [179], while others suggested the incompatibility that may exist between this treatment
and those patients who have absorption difficulties, which is quite common in CF patients,
opening up the possibility for further research with targeted therapies [140,205].

However, some of these studies suggested that it is difficult to obtain accurate results
due to the effects of the treatment to which the patient is subjected, so repeating GSH and
NAC treatments is proposed in children for a prolonged time [179].

Another common strategy in antioxidant research is the administration of NAC.
Conrad et al. showed that NAC oral administration could, if not improve lung capacity, at
least slow the process [206].

The use of vitamin E, vitamin C, or β-carotene, has also been extensively studied.
These biomolecules have a great capacity as radical-scavenging antioxidants and could be
used as neutralizers of free radicals [140,179,207]. However, no studies have analyzed their
effects on redox imbalance in FC, leaving an open door for research with these substances.

Although still in the study phase, for selenium supplements, it has been observed that,
together with other antioxidants such as vitamin E or β-carotene, they can improve lung
function in CF patients [208].

8. Conclusions

The presence of increased OS and elevated biomarkers of oxidation damage on
biomolecules implies that AATD, IPF, and CF patients have a higher demand for an-
tioxidant defence mechanisms. Therefore, targeting OS with antioxidant therapies is a
logical approach in these three conditions to delay disease progression and improve patient
quality of life. For PCD, the available data are limited, and further studies are required
to determine the pathological role of OS in the disease and, therefore, the possibility of
antioxidant supplementation.

As discussed above, several approaches to reduce OS have been explored in animal
models or cultured cells in rare respiratory diseases, but few have been tested clinically.
Basic research is needed to improve our knowledge of the underlying effects of OS in the
lungs to develop more effective antioxidant therapies. Some authors have suggested that
antioxidants with relevant therapeutic benefits are molecules that increase the physiological
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antioxidant response, such as the Nrf2 activators, and not the antioxidant molecules, which
is a promising area for drug development in the future.

As for ER stress-targeting therapy, PERK [209], IRE1 [210], or XBP1 [211,212] knockout
mice have lethal consequences. Therefore, blocking primary UPR components is unlikely to
be a suitable solution. Nevertheless, some studies suggested the use of drugs that improve
the chaperone functions, such as a chemical chaperon 4-phenylbutyrate (4-PBA [213] and
tauroursodeoxycholic acid (TUDCA) [214,215], as an alternative to reduce the consequences
of ER stress.
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Abstract: Introduction. Alpha-1 antitrypsin deficiency (AATD) is a genetic condition associated with
several respiratory diseases in patients with severe protein deficiency. AATD is often late diagnosed
or underdiagnosed. Diagnosis frequently occurs in patients with chronic obstructive pulmonary
disease and emphysema characterized by frequent exacerbations and over ten years’ duration. The
purpose of this study was to evaluate the incidence of alpha-1 antitrypsin deficiency in patients
with the chronic pulmonary disease after a thorough screening in the city of Naples in southern
Italy. Materials and methods. Two hundred patients suffering from respiratory pathology (chronic
obstructive pulmonary disease (COPD), emphysema, asthma, or bronchiectasis) were examined
and evaluated in our outpatients’ clinic and tested for serum levels of AAT. Patients who had a
respiratory disease suspected of AATD and/or serum AAT < 120 mg/dL underwent genetic testing.
Genetic screening was performed on samples from 141 patients. Results. A total of 36 patients had
an intermediate deficiency of AAT levels. Among them, 8 were PI*MZ, 6 were PI*MS and 22 had rare
pathological mutations. Five patients had a severe AATD, all were composite heterozygous with S
or Z allele, while the other allele had a rare pathological mutation. Conclusions. The incidence of
genetic defects as AATD in the population of patients affected by chronic respiratory disorders is
always a matter of discussion because of the frequent interaction between genes and environmental
causes. In our series, numerous rare variants and compound heterozygosity have been described.
No homozygous patients have been described. The present is one of few studies available on the
incidence of rare variants in the geographic area of the city of Naples. So, our results could be
considered interesting not only to know the incidence of AATD and its related rare mutations but
also to support early diagnosis and treatments for patients with chronic pulmonary disease and
frequent exacerbation and to fight the association with environmental causes of pulmonary damages
as smoking.

Keywords: alpha1 antitrypsin deficiency; chronic obstructive pulmonary disease; bronchiectasis;
asthma; emphysema

1. Introduction

Alpha-1 antitrypsin (AAT) is a circulating glycoprotein, and its main function is to
inhibit neutrophil elastase and other serine proteases in blood and tissues [1–3].

AAT is the most prevalent protease inhibitor in human serum (90–200 mg/dL), and
it is also coded as SERPINA1 (serine protease inhibitor, group A, member 1) gene. AAT
deficiency (AATD) was first identified in 1963 by Laurell and Eriksson. From a clinical
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point of view, the absence of the AAT in the alpha-1 electrophoresis band was observed in
patients who had developed emphysema at a young age [4].

Epidemiologically, AATD deficiency is a relatively common genetic disorder [5,6]. In
a study compiling data from 97 countries, approximately 190 million cases of AATD were
estimated out of a total population of 5.2 billion or a prevalence of about 3.6% [7]. Of these
190 million estimated cases of AATD, approximately 75% will have a mild deficiency that
does not increase their risk of the onset of the clinical disease. Serum protein deficiency
can be severe when both alleles are pathological, or intermediate when one of the two
alleles is pathological. The serological decrease may be due to genetic alteration. AATD is
an autosomal codominant genetic condition that mainly affects Caucasians of European
heritage due to the presence of a deficient allele that could be identified as S allele or Z
allele according to the type of genetic mutation. Of the remaining 25%, almost all (24%) are
heterozygous with one normal allele (M) and one deficient allele (S or Z). There are data of
increased disease risk in the presence of these mutations. The SZ (0.7%) phenotype and the
ZZ (0.1%) genotypes have a well-documented increase in their risk of AATD-associated
diseases [7]. Furthermore, although S and Z are the most common mutations, 150 different
mutations of SERPINA1 have been reported [8,9].

Currently, the World Health Organization, the American Thoracic Society, and the Eu-
ropean Respiratory Society recommend screening for AATD in patients suffering from the
chronic obstructive pulmonary disease (COPD), emphysema, bronchiectasis and asthma.
The clinical course of the following respiratory diseases in homozygous patients with
AATD is severe [10]. Typically, patients show an early onset of COPD and emphysema
in adults and liver disease. Less frequently, AAT deficiency is associated with asthma,
systemic vasculitis, neutrophilic panniculitis, and other inflammatory, autoimmune and
neoplastic diseases.

Some individuals with genetic variants manifest overt clinical diseases, while others
have only minor symptoms [11,12]. Often the diagnosis is made in patients with COPD
and emphysema with frequent exacerbations of over 10 years duration. Of course, early
diagnosis of these patients could be beneficial to improve the outcome and also to provide
additional motivation for smoking cessation and avoidance of second-hand smoke, which
could reduce the risk of lung damage. Diagnosis of AATD could also provide an additional
avenue for treatment of lung dysfunction with AAT replacement therapy. The first step in
diagnosing AATD is the measurement of AAT level in plasma or serum. This is a simple,
inexpensive, and widely available test. AAT level can be determined by radial immun-
odiffusion, nephelometry, or turbidimetry. Currently, the preferred method is nephelom-
etry, because radial immunodiffusion tends to overestimate the AAT concentration [13].
The reference range for serum AAT concentrations in adults is usually 90–200 mg/dL,
corresponding to 20–60 μmol/dL. Sensitive, specific quantification of plasma AAT by
immunoturbidimetry or nephelometry is followed by isoelectric focusing to determine the
phenotypic variants and/or by genotyping. Phenotyping and genotyping are carried out
by only a few specialized laboratories. Homozygous or compound heterozygous patients
generally have a severely deficient serum level, <50 mg/dL; heterozygotes, depending on
the different mutations, may have a serum level of alpha 1 antitrypsin, sometimes even
higher than 90 mg/dL. The clinical significance of these intermediate levels of AAT has
always been debated.

Yet, AATD remains underdiagnosed, despite the recommendations of international
health organizations for broader screening. So, the purpose of this study is to evaluate
the incidence of AATD in a cohort of 200 patients in our specialist outpatients’ clinic for
pulmonary diseases in the geographic area of the city of Naples in Southern Italy.

2. Materials and Methods

From October 2018 to May 2019, 200 patients who were examined in our clinic (Divi-
sion of Respiratory Physiopathology, Monaldi Hospital, Naples, Italy) for various respira-
tory diseases were also screened for serum AAT and the C-reactive protein.
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The patients suffered from one of the following conditions for at least five years:
COPD, emphysema, asthma, bronchiectasis of unknown etiology, or obstructive sleep
apnea syndrome with persistent diurnal dyspnea.

Familial anamnesis was negative for AATD in first degree relatives, and all patients
never measured their serum AAT levels before this study.

All patients quantified plasma AAT by nephelometry. Patients who had a suspected
clinical picture associated with serum AAT levels <120 mg/dL with normal C-reactive
protein (normal value < 1) underwent further testing. These patients performed high-
resolution CT lung scan.

Furthermore, samples underwent subjected qualitative analysis of the SERPINA1
gene and AAT protein by the specialized Center in Pavia [14].

3. Results

Out of 200 pulmonary patients screened, 141 were found to have alpha1-antitrypsin
(AAT) levels less than 120 mg/dL and were subjected to isoelectric focusing for phenotyp-
ing of the most common variants and genotyping, while 41 patients presented mutations
of the SERPINA1 gene. The mean age of the 41 patients was 56.6 ± 15.7 years old. The
majority of these patients were non-smokers (51.0%) and former smokers (46%). Only one
patient was an active smoker.

After the clinical evaluation, the high-resolution CT lung scan showed no findings
in 12 patients (29%). Most of the patients with CT abnormalities showed evidence of
emphysema (46% panlobular and 17% centrilobular) or other pathological findings. The
most common clinical pictures were emphysema (44%) and COPD (39%); bronchiectasis
was also found in six patients (14.6%), while pulmonary fibrosis in two patients (2.8%).
Some patients had multiple pathological findings together (Table 1).

Table 1. Patients’ characteristics. Out of 200 pulmonary patients screened, 141 were found to have
alpha1-antitrypsin (AAT) levels less than 120 mg/dL and were subjected to isoelectric focusing for
phenotyping of the most common variants and genotyping, while 41 patients presented mutations of
the SERPINA1 gene. The demographics and patient characteristics of these 41 patients are listed in
this table. COPD = chronic obstructive pulmonary disease; CT = computed tomography.

Female/Male, n (%) 15/26 (36.5%/63.5%)

Age (years, mean ± SD) 56.6 ± 15.7

Smoking History
Active Smokers, n (%) 1 (2.4%)
Former Smokers, n (%) 19 (46.3%)
Never Smokers, n (%) 21 (51.0%)

Clinical pattern
Dyspnea, n (%) 4 (9.7%)

COPD, n (%) 16 (39.0%)
Bronchiectasis, n (%) 1 (2.4%)

Asthma, n (%) 3 (7.0%)
Emphysema, n (%) 18 (44%)

CT Features
No findings, n (%) 12 (29.0%)

Panlobular Emphysema, n (%) 19 (46.0%)
Centrilobular Emphysema, n (%) 7 (17.0%)

Bronchiectasis, n (%) 6 (14.6%)
Fibrosis, n (%) 2 (2.8%)

A total of 141 patients had serum levels of AAT < 120 mg/dL and were subjected
to qualitative analysis. Among them, 36 showed an intermediate deficiency of AAT and
five showed a severe deficiency of AAT. Subgroup analysis was performed for these 41
patients. Most of them showed an intermediate deficit of AAT with a mean value of 86.37
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+/− 16.46 mg/dL, while the average serum AAT level in patients with the severe deficit
was 49.50 +/− 31.02 mg/dL. Twelve patients had a serum alpha 1 antitrypsin value greater
than 90 mg/dL, the maximum value was 119 mg/dL in two patients. No differences were
found in other laboratory values as C reactive protein.

Molecular analysis was conducted on 141 patients with AAT < 120 mg/dL. Of them, 41
were heterozygous or compound heterozygous for pathological mutations of the SERPINA1
gene, as reported in Figure 1. Commonly, the M allele is the most common allele and is
associated with normal serum levels of AAT. The S allele produces moderate levels of AAT,
and the Z allele produces very little AAT. The genotype PI*MS is associated with AAT
levels about 80% of normal, while PI*MZ is associated with levels ≈50–70% of normal. The
rare alleles determine a variable serum level depending on the variant of AAT.
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Genotyping of AATD patients

M/P Lowell M/M Procida M/S Munich M/M Whitstable M/I M/S

M/M Wurzburg M/Q0 Perugia M/Z M/Q0 ourem S/P Lowell Z/M Procida

Figure 1. Genotyping of alpha-1 antitrypsin deficiency (AATD) patients. Samples from 41 patients with intermediate or low
levels of AAT were subjected to genotyping, and the mutations identified are shown in this table.

Among 36 patients that showed an intermediate deficiency of AAT, 8 showed genotype
PI*MZ and 6 showed PI*MS, while 22 showed other genotypes.

Six patients carried the mutation Plowell [15]. These patients had emphysema and
COPD. Six patients were identified with the mutation Mprocida [16]; these patients were
affected by COPD, obstructive sleep apnea syndrome, and fibromyalgia. One COPD
patients had the mutation Smunich [17]. Three patients with emphysema had MWurzburg
mutation [18]. Two patients had the mutation MWhitestable [19]: one with pulmonary em-
physema and the other with combined emphysema and pulmonary fibrosis pattern. Two
patients were heterozygous for mutation I [20], and they had emphysema and bronchiecta-
sis. One patient with COPD and lung cancer had the mutation Q0ourem [21] and one with
respiratory failure and emphysema had the mutation Q0perugia [22] (Table 2).

Five patients had a severe AATD in serum (i.e., AAT levels <50 mg/dL).

4. Discussion

Alpha/1 antitrypsin deficiency is an autosomal codominant genetic condition that
predisposes to the early onset of chronic pulmonary disease and liver disease. Even if AATD
is one of the most widespread inherited diseases in Caucasian populations, identifying
and diagnosing affected patients is still unsatisfactory, with only a minority of affected
individuals being detected. Although WHO recommends that all patients with a diagnosis
of COPD or adult-onset asthma should be tested [23], these recommendations are often
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disregarded [24]. Accurate and complete identification of the AATD geno/phenotype
is clinically fundamental when deciding on potential treatment options for individual
patients [25]. Methodological advances have facilitated the more widespread application
of rapid, convenient, and cost-effective AATD tests, leading to an increase in the number
of individual diagnosed with the disorder [26]. Laboratory diagnosis of AATD currently
consists of serum biochemical analysis to evaluate protein deficiency and electrophoretic
abnormalities, as well as genetic analysis to identify gene variants responsible for the
protein deficiency [14].

Table 2. The M allele is the most common, and homozygosity (MM) is associated with normal alpha1-antitrypsin levels.
The S, Z, and rare alleles are associated with varying degrees of AAT deficiency. The AAT variants are indicated with the
corresponding mutation, the consequent anomaly, and the clinical data detected in our population.

Variant Name Mutation Consequences Clinical Manifestation

Z Glu 342 > Lys
c. 1096G > A

Polymerization, decreased inhibitory
activity; protein deficiency Emphysema, COPD

S Glu 264 > Val
c. 863A > T

increased turnover; decreased inhibitory
activity; mild protein deficiency Emphysema, Asthma

PLowell
Asp 256 > Val

c. 839A > T
Polymerization, degraded in liver cells;

protein deficiency Emphysema, COPD

MProcida
Leu 41 > Pro
c.194T > C

Intracellular proteolysis, decreased
inhibitory activity; protein deficiency COPD, Asthma

SMunich
Ser330Phe

c. 1061C > T Mild protein deficiency COPD

MWhitstable
Intron mutation, 26 bp detection
and 2 bp insertion in intron IV Truncated protein, protein deficiency Emphysema and fibrosis

I Arg 39 > Cys
c. 187C > T

Polymerization, slightly decreased
inhibitory activity; mild protein deficiency

Emphysema,
bronchiectasis

MWurzburg
Pro369Ser

c. 1177C > T Degradation, protein deficiency Emphysema

Q0Perugia
Val239→ DelG→STOP CODON241

V239GTG−delG > T ter241TGA No detectable protein Emphysema

Q0ourem
IVS1C + 1G→A

exon5L352TTA, insT > Ter376TGA No detectable protein COPD, Lung cancer

The first step in diagnosing AATD is the quantitative test to determine the AAT
concentration in plasma. It is a simple, inexpensive, and widely available test in most bio-
chemical laboratories [27]. To interpret the result of an isolated quantitative determination,
it must be considered that AAT is also an acute phase reactant. Therefore, infectious or
inflammatory processes increase levels of AAT and give false normal or high values in
patients with moderate deficiency. High levels of serum AAT during pregnancy and after
the consumption of oral contraceptives have also been reported [28].

Indeed, the World Health Organization, the American Thoracic Society, and the
European Respiratory Society recommend screening for AATD in patients with recurrent
re-exacerbation pulmonary diseases and to test AAT level in a different moment from
acute infection/inflammation. For the current study, 120 mg/dL accompanied by clinical
evidence of lung disease was used as the decisional value to suspect AATD to address
patients for further testing.

According to this selection, several SERPINA1 genotypes with different clinical fea-
tures have been described. Nevertheless, the measurement of protein levels can identify
patients with protein deficiency, but it cannot differentiate between the various AATD
genetic subtypes. Therefore, molecular analysis of the AAT gene is the reference method to
identify allelic variants.

213



J. Clin. Med. 2021, 10, 1546

Among 200 patients screened, 141 had AAT levels <120 mg/dL and underwent genetic
testing. Of these, 36 (25.5%) were found to have an intermediate deficiency, and five (3.5%)
were found to have severe AATD. This incidence is slightly higher than recent data based
on the case-finding program in COPD in Spain, Ireland, and Argentina [29–31], but it is
lower than those reported in the German population [32]. Therefore, since South Italy is a
low AATD prevalence area, the frequencies of intermediate and severe AATD reported in
the present study is higher than expected, thus supporting the correct approach in selecting
patients for AATD testing.

The most prevalent SERPINA1 genotypes in the general Italian population were MS
and MZ (5.8% and 1.5%, respectively) [16]. Accordingly, in the current study on patients
with chronic pulmonary disease, MS and MZ mutations were the most common genotypes
at 3.0% and 4.0% of the screened population and 14.6% and 19.0% of the population with
reduced AAT, respectively [33].

PI*SS and PI*ZZ genotypes together are further rare pathological mutations that have
a prevalence of 0.1% in the general population. Moreover, a study on the Italian population
showed that the rare AATD variants displayed a different geographic distribution, peaking
in some regions, for example in Sardinia. The authors also considered that the nomenclature
of many rare AATD variants reflects their probable southern Italian origin (e.g., MProcida,
MPalermo, Q0isola di Procida, Q0trastevere) [34]. Furthermore, concerning the distribution
of rare mutations, another study focused on a North Italian area known to have a high
incidence of AATD, showed that the prevalence of combined rare mutations was 0.5% [35].

As expected, we found a relative main difference in the distribution of AATD in
the general population with a high incidence of AATD. In fact, in this study, in our
cohort of 200 pulmonary patients, the prevalence in the overall patient population was
9.0%. Of course, the patients who were screened were selected patients with chronic
pulmonary disease, and so this would explain the difference with the general population.
A further selection analyzing patients with AAT levels <120 mg/dL found a combined
global incidence of 20% (i.e., including MS, MZ and other rare alleles).

The main findings of our study are the high incidence of AATD in a selected cohort of
patients tested in a specialist division of pulmonary disease as far as the identification of a
considerable number of rare mutations causing AATD. Actually, there are only a few case
reports on Italian cohorts [36,37], and this is the first report that looked for the prevalence
of AATD in the geographic area of the city of Naples in Southern Italy.

From a clinical point of view, although the clinical condition most frequently associated
with AATD is pulmonary emphysema [25], there are little data on the clinical presentation
of rare mutations. In our study, patients with rare mutations showed frequently asthma
and bronchiectasis as a main clinical feature.

Finally, our screening program enables us to diagnose a great number of rare mutations
among patients with AATD, 27 rare alleles out of a total of 40 AAT alleles (67.5%), thus
supporting the importance of an accurate molecular diagnosis that does not limit the testing
to the S and Z variant. A recent paper showed a high prevalence of Mmalton mutation in
a small Italian cohort of patients admitted to the outpatient lung clinic in Parma [38]. In
the present paper, we detected even eight different variants (Mprocida, Plowell, I, Mwhitstable,
Q0ourèm, Smunich, Mwurzburg, Q0peerugia). This finding enables us to speculate about the
genetic inhomogeneity of the Neapolitan population, which was historically submitted to
migratory and conquest movements.

Further larger studies are needed to give improved information not only from an
epidemiological point of view but also regarding the outcome of this clinical setting,
in particular on our geographic area. For this objective, it should be fundamental to
approach, as in our study, clinical data together with radiological findings and genetic
screening to better understand the gene–environmental interactions and their influence on
the clinical outcome.
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Abstract: Screening of liver disease in alpha-1 antitrypsin deficiency (AATD) is usually carried out
with liver enzymes, with low sensitivity. We conducted a multicenter cross-sectional study aiming to
describe the utility of transient elastography for the identification of liver disease in patients with
AATD. A total of 148 AATD patients were included. Among these, 54.7% were Pi*ZZ and 45.3%
were heterozygous for the Z allele. Between 4.9% and 16.5% of patients had abnormal liver enzymes,
without differences among genotypes. Liver stiffness measurement (LSM) was significantly higher in
Pi*ZZ individuals than in heterozygous Z (5.6 vs. 4.6 kPa; p = 0.001). In total, in 8 (5%) individuals
LSM was >7.5 kPa, considered significant liver fibrosis, and ≥10 kPa in 3 (1.9%) all being Pi*ZZ.
Elevated liver enzymes were more frequently observed in patients with LSM > 7.5 kPa, but in 5 out of
8 of these patients all liver enzymes were within normal range. In patients with AATD, the presence
of abnormal liver enzymes is frequent; however, most of these patients do not present significant
liver fibrosis. Transient elastography can help to identify patients with liver fibrosis even with normal
liver enzymes and should be performed in all Z-allele carriers to screen for liver disease.

Keywords: alpha1-antitrypsin deficiency; liver disease; transient elastography

1. Introduction

Alpha1-antitrypsin deficiency (AATD) is caused by a specific mutation of the SER-
PINA 1 gene which results in abnormal production and low circulating levels of alpha1-
antitrypsin (AAT). It is one of the most common genetic diseases in adulthood and is
associated with an increased risk of developing pulmonary emphysema and liver dis-
ease [1,2].

J. Clin. Med. 2021, 10, 1724. https://doi.org/10.3390/jcm10081724 https://www.mdpi.com/journal/jcm
217



J. Clin. Med. 2021, 10, 1724

AAT is a protein synthesized and secreted mainly by hepatocytes, the main function
of which is to protect lung tissue from damage caused by proteolytic enzymes such as
neutrophil elastase [2]. AAT is a highly polymorphic protein with more than 120 variants,
including about 60 deficient alleles. The normal allele, present in more than 95% of normal
subjects, is called M [1,2]. The most frequent deficient alleles are S and Z, and they are
found in 10% and 2% of the Spanish population, respectively [3–6].

The Z variant presents an alteration in its tertiary structure that facilitates misfolding
of the protein and gives rise to the spontaneous formation of polymers, leading to the
accumulation of the protein in the endoplasmic reticulum of the hepatocytes [7,8]. Liver
damage is then caused by this protein accumulation, inducing apoptosis of the hepatocytes
and a compensatory hepatocyte proliferation that eventually produces liver fibrosis that
can evolve to cirrhosis or hepatocellular carcinoma [8,9]. Most patients with liver disease
are homozygous for the deficient Z allele (Pi*ZZ), although different degrees of liver in-
volvement have been described in heterozygotes (Pi*SZ and Pi*MZ), especially if associated
with other co-factors such as alcohol consumption or metabolic syndrome [10,11].

Currently there is no non-invasive gold standard technique for the screening and early
diagnosis of liver disease in patients with AATD [12]. In clinical practice, liver enzymes
are routinely checked, while liver ultrasound is performed if necessary. However, it has
been observed that transaminase levels have a low sensitivity to identify liver disease, and
they correlate little with the degree of liver disease, especially in adulthood [13]. Serum
biomarkers and image devices based on elastography technique have been developed to
overcome this problem and to assess the presence of fibrosis in liver diseases of different
etiologies [14,15].

Recently, there has been increasing interest in the use of elastographic methods, such
as transient elastography, for screening liver disease in AATD patients [16–18]. However,
the screening and management of asymptomatic liver disease in AATD can differ among
centers due to a lack of consensus or guidelines. Therefore, the aim of our study was
to describe the utility of transient elastography for the identification of liver disease in
patients with AATD.

2. Materials and Methods

This was a multicenter cross-sectional study including patients older than 18 years
with mild, moderate, and severe AATD (Pi*MS, SS, MZ, SZ, ZZ, and rare variants) consecu-
tively recruited from the outpatient Pneumology Clinics of three AATD reference centers
in Spain (Vall d’Hebron University Hospital, Barcelona, University Hospital Complex of
Vigo, and Hospital Clínico San Carlos, Madrid) from 1 April 2017 to 1 January 2020. As
part of the assessment of patients with AATD, all of them were offered blood analysis, full
lung function tests, and transient elastography, and the only exclusion criterion was to
refuse to sign informed consent. The study was approved by the Vall d’He- bron Hospital
Ethics Committee (Barcelona, Spain), number PR(AG)335/2016, and all patients provided
written informed consent.

2.1. Variables

During the first visit, a complete physical examination was performed in all patients
with special interest in signs of chronic liver disease such as splenomegaly, jaundice, or
palmar erythema. Sociodemographic and clinical characteristics were collected and other
parameters such as body mass index (BMI), lung function tests (forced expiratory volume
in the first second (FEV1), FEV1/forced ventilatory capacity (FVC), and carbon monoxide
transfer coefficient (KCO)), comorbidities, treatments, and AAT augmentation therapy were
reported. Diagnosis of chronic obstructive pulmonary disease (COPD) was established
when the post-bronchodilator FEV1/FVC ratio was below 0.7.

Blood samples were obtained for determination of liver function tests: Aspartate
aminotransferase (AST), alanine aminotransferase (ALT), gamma-glutamyl transferase
(GGT), alkaline phosphatase (ALP), international normalized ratio (INR), platelet count,
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and albumin. In addition, the Fibrosis-4 (FIB-4) score was calculated as age (years) × AST
[IU/L]/(platelet count [109/L] × √

ALT [IU/L]) and AST-to-platelet ratio index (APRI) as
(AST [IU/L]/40 IU/L)/platelet count [109/L] × 100. Patients were classified according to
the previously established FIB-4 cut-offs of <1.45 with a high negative predictive value for
ruling out advanced fibrosis and >3.25 with a high specificity and a 65% positive predictive
value for ruling in advanced fibrosis [19]. For APRI, we used the cut-off <0.5 for excluding
cirrhosis (high negative predictive value) and >1.0 as a high specific cut-off for predicting
cirrhosis [20].

The Enhanced Liver Fibrosis (ELF) test (Siemens Healthcare Diagnostics, Vienna,
Austria) was available as a biomarker of liver fibrosis in one of the centers. The ELF
test is a panel of markers that consists of 3 components: Type III procollagen peptide,
hyaluronic acid, and tissue inhibitor of metalloproteinase-1. We explored the manufacturer-
recommended 9.8 cut-off to rule in advanced fibrosis [21].

2.2. Liver Stiffness Measurement by Transient Elastography

Liver stiffness measurements (LSM) were performed in a fasting state using a Fi-
broscan 502 Touch (Echosens, Paris, France) using the M or XL probe as per device indi-
cation. Quality criteria used in all centers were at least 10 valid measurements and an
interquartile-to-median ratio ≤ 30%. The LSM technique was carried out in accordance
with the European Association for Study of the Liver (EASL) clinical guidelines [22].

Results were expressed in kilopascals (kPa). Normal liver stiffness values are around
5 kPa. Transient elastography has good re-producibility and has good diagnostic perfor-
mance for estimating liver fibrosis. However, the accuracy is not as good for detecting
significant fibrosis compared to advanced fibrosis or cirrhosis [22,23]. Since there are no
specific LSM cut-offs for AATD liver disease, a LSM > 7.5 kPa was used as suggestive of
significant fibrosis and ≥10 kPa was suggestive of advanced fibrosis according to previ-
ously established cut-offs in other liver diseases (mainly viral etiologies and alcoholic liver
disease) [22,24].

The presence of steatosis was assessed by the controlled attenuation parameter (CAP)
and results were expressed in decibel per meter (dB/m). The cut-off >268 dB/m was used as
an indicator of moderate steatosis, and for severe steatosis the cut-off was >280 dB/m [25].

2.3. Statistical Analysis

Qualitative variables were described with absolute frequencies and percentages. The
description of quantitative variables was performed using the mean, standard deviation
(SD) or median, and interquartile range (IQR). The Kolmogorov–Smirnov test was used to
assess the normality of distributions.

Patient characteristics were compared according to genotypes and other clinical con-
ditions. In the case of quantitative variables, the Student’s t-test for normally distributed
variables or the Mann–Whitney U-test if normality was not assumed was used, while
ANOVA tests were performed in the case of variables with more than 2 categories. The
Chi-squared test (Fisher test for frequencies < 5) was used for the comparison of categorical
variables. A linear relationship between quantitative variables, in particular between
surrogates of liver disease (LSM, CAP and FIB-4) and spirometric markers of airflow ob-
struction (FEV1(%) and FEV1/FVC), were analyzed using Spearman tests. For all the tests,
p-values < 0.05 were considered statistically significant. The statistical package R Studio
(V2.5.1) was used for the analyses.

3. Results

3.1. Demographic and Clinical Findings

A total of 148 AATD patients were included from January 2017 to December 2019.
Among these, 81 (54.7%) were homozygous Pi*ZZ and 67 (45.3%) were heterozygous for
the Z allele (29 Pi*SZ, 35 Pi*MZ, 1 Pi*FZ, 1 Pi*PlowellZ, 1 Pi*MmaltonZ).
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The mean age was 52.5 and 57 years for heterozygous and Pi*ZZ, respectively, and
50% of the patients were male. Liver disease in infancy was reported as the cause of
the diagnosis of AATD in 19.4% and 11.1% of heterozygous and homozygous patients,
although there were no patients with an active diagnosis of liver disease at the time of the
study. COPD was diagnosed in 22.7% of heterozygous subjects and up to 70% for Pi*ZZ
patients. Consequently, the mean FEV1 (%) was significantly lower in Pi*ZZ compared
with heterozygous (69% (SD: 30.5%) versus 92.9% (SD: 27.6%); p < 0.001). The baseline
characteristics of the global population and the two genotype groups are shown in Table 1.

Table 1. Baseline characteristics of the patients included by AAT genotype.

ZZ (n = 81)
Heterozygous Z

(n = 67)
p-Value

Age 57.0 (14.4) 52.5 (14.5) 0.051 1

Sex, men 41 (50.6%) 34 (50.7%) 0.985 2

BMI 25.1 (3.9) 24.0 (7.0) 0.398 1

Smoking exposure: 0.010 2

Active 43 (53.1%) 22 (32.8%)

Former smoker 7 (8.6%) 16 (23.9%)

Never smoker 31 (38.3%) 29 (43.3%)

Alcohol consumption 19 (23.5%) 19 (28.4%) 0.991 2

Diabetes mellitus 0 (0%) 2 (3.0%) 0.203 2

Hypertension 14 (17.5%) 16 (23.9%) 0.453 2

AAT levels, mg/dL 33.3 (61.9) 71.9 (20.8) <0.001 1

Reason for diagnosis: 0.002 2

Liver disease 9 (11.1%) 13 (19.4%)

Lung disease 52 (64.2%) 23 (34.3%)

Family study 17 (21.0%) 28 (41.8%)

Other 3 (3.7%) 3 (4.5%)

COPD 57 (70.4%) 15 (22.7%) <0.001 2

Asthma 5 (7.8%) 14 (21.2%) 0.056 2

Neonatal jaundice 6 (7.4%) 3 (4.5%) 0.513 2

FVC, L 3.6 (1.5) 3.9 (1.1) 0.197 1

FVC, % 90.0 (28.5) 99.8 (19.8) 0.033 1

FEV1, L 2.1 (1.2) 3.0 (1.2) <0.001 1

FEV1, % 69.0 (30.5) 92.9 (27.6) <0.001 1

FEV1/FVC 0.6 (0.2) 0.7 (0.2) 0.001 1

KCO, % 51.0 (32.5) 58.9 (36.7) 0.231 1

Footnote: BMI: Body mass index; COPD: Chronic obstructive pulmonary disease; FVC: Forced ventilatory
capacity; FEV1: Forced expiratory volume in 1 s; KCO: Transfer coefficient of the lung for carbon monoxide; AAT:
Alpha-1 antitrypsin. 1 Mann–Whitney U-test p-value, 2 Chi-squared p-value.

3.2. Clinical and Laboratory Signs of Liver Disease

Thirty-two patients (21.6%) had abnormal liver enzymes. The distribution of values
showed significant differences only in AST values, which were significantly higher in
Pi*ZZ patients (29.2 UI/L (SD: 15.4) vs. 25.0 UI/L (SD: 8.0; p = 0.029). The most frequent
pattern was an elevation in GGT (14.9% of patients). Pi*ZZ patients had a higher FIB-4
score compared to heterozygous Z (1.6 (SD: 0.8) vs. 1.2 (SD:0.5); p < 0.001). Only 5 patients
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had FIB-4 > 3.25 and all were Pi*ZZ. The APRI score was higher in Pi*ZZ patients than in
heterozygous Z (0.35 (SD: 0.18) vs. 0.27 (SD: 0.09); p = 0.007), but most of the patients had
APRI values < 0.5, excluding advanced fibrosis or cirrhosis, and only one Pi*ZZ patient
had an APRI score > 1.0. The ELF score was obtained in 52 patients (27 Pi*ZZ and 25 Pi*Z
patients). Pi*ZZ had significantly higher values compared to Pi*Z phenotypes (8.6 (SD:
0.8) vs. 8 (SD: 0.6); p = 0.007). Only 1 Pi*ZZ patient showed values above the cut-off of
9.8 (Table 2).

Table 2. Results of blood analysis and transient elastography in patients with different AAT genotypes.

ZZ (n = 81)
Heterozygous Z

(n = 67)
p-Value

Laboratory findings

Platelet count, ×109/L 222 (59) 239 (61) 0.074 1

INR 1.0 (0.2) 1.0 (0.1) 0.067 1

Bilirubin, mg/dL 0.8 (0.5) 0.7 (0.3) 0.158

AST, IU/L 29.2 (15.4) 25.0 (8.0) 0.029 1

AST > ULN 4 (4.9%) 4 (6%) 0.869 2

ALT, IU/L 26.6 (22.6) 26.1 (13.4) 0.967 1

ALT > ULN 6 (7.4%) 5 (7.5%) 0.952 2

ALP, IU/L 78.2 (29.6) 81.8 (21) 0.412 1

ALP > ULN 6 (7.4%) 2 (3%) 0.294 2

GGT, IU/L 36.2 (33.9) 31.1 (29.4) 0.336 1

GGT > ULN 13 (16.5%) 9 (13.6%) 0.637 2

Albumin, g/dL 4.3 (0.6) 4.4 (0.3) 0.044 1

Cholesterol, mg/dL 207 (35) 198 (36) 0.161

FIB-4 1.6 (0.8) 1.2 (0.5) <0.001

FIB-4 < 1.45 38 (47.5%) 51 (78.5%) <0.001 2

FIB-4 > 3.25 5 (6.2%) 0 0.065 2

APRI 0.35 (0.18) 0.27 (0.09) <0.001 1

APRI < 0.5 67 (83) 64 (91) 0.023 2

APRI > 1.0 1 (1.2) 0 0.956

ELF, n = 60 8.6 (0.8) 8 (0.6) 0.007 1

Transient elastography

LSM 5.6 (2.4) 4.6 (1.2) 0.001 1

LSM > 7.5 kPa 8 (9.9%) 0 0.040 2

LSM ≥ 10 kPa 3 (3.7%) 0

CAP 256 (59) 253 (50) 0.252 1

CAP 268–280 dB/m 7 (8.6%) 4 (6%) 0.807 2

CAP > 280 dB/m 26 (32.1%) 21 (31.3%)

Footnote: INR: International normalized ratio; ULN: Upper limit of normal; AST: Aspartate aminotransferase; ALT: Alanine amino-
transferase; ALP: Alkaline phosphatase; GGT: Gamma-glutamyl transferase; FIB-4: Fibrosis 4; APRI: AST to platelet ratio index; ELF:
Enhanced liver fibrosis; LSM: Liver stiffness measurement; CAP: Controlled attenuation parameter. 1 Mann–Whitney U-test p-value, 2

Chi-squared p-value.
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3.3. Transient Elastography

The mean LSM was significantly higher in Pi*ZZ individuals than in heterozygous Z
(5.6 (SD: 2.5) kPa vs. 4.6 (SD:1.2) kPa, respectively; p = 0.007). In total, LSM was >7.5 kPa
in 8 (5%) individuals and ≥10 kPa in 3 (1.9%), all being Pi*ZZ (Figure 1). By lowering the
cut-off of LSM to >7.1 kPa as suggested in other studies [11], we found 10 Pi*ZZ patients
(12.3%) and 3 heterozygous patients (4.5%), two of whom were Pi*SZ patients with LSM
7.3 kPa, and one was a Pi*MZ patient with LSM 7.5 kPa.

Figure 1. Comparison of mean LSM values by phenotype.

Using the LSM > 8.45 kPa cut-off of the study by Clark et al. [13], we would have
identified 4 Pi*ZZ patients (4.9%) suggestive of having F ≥ 3.

Almost one-third of the patients had severe steatosis according to CAP values > 280 dB/m,
with no significant differences between homozygous and heterozygous patients. (Table 2).

3.4. Characteristics of Pi*ZZ Patients According to LSM Values

Pi*ZZ individuals with LSM > 7.5 kPa were older and had a higher BMI. Two-
thirds consumed alcohol, and all had COPD (versus 67% in patients with LSM ≤ 7.5 kPa;
p = 0.097).

Elevated liver enzymes were more frequently observed in patients with LSM > 7.5 kPa.
Twenty-five percent of patients with LSM > 7.5 kPa had elevated AST values compared to
2.7% in patients with LSM ≤ 7.5 kPa (p = 0.048), and 37.5% of patients with LSM > 7.5 kPa
had elevated GGT compared to 14.1% of patients with LSM ≤ 7.5 kPa (p = 0.120) (Table 3,
Figure 2). Conversely, 11/61 patients (18%) had at least one elevated liver enzyme but with
normal LSM values (LSM < 6 kPa). Correlations between LSM and liver enzymes were
only significant, albeit weakly, between LSM and AST (0.311 (p < 0.001)), and LSM and
GGT (0.389 (p < 0.001)).
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Table 3. Comparison between Pi*ZZ individuals based on liver stiffness (LSM) and diagnosis of chronic obstructive
pulmonary disease (COPD).

LSM ≤ 7.5
(n = 73)

LSM > 7.5
(n = 8)

p-Value
No COPD

(n = 24)
COPD
(n = 57)

p-Value

Age 56.2 (14.5) 64.9 (11.4) 0.076 46.2 (14.5) 61.6 (11.7) <0.001 1

Sex, men 37 (50.7%) 4 (50%) 1.00 11 (45.8%) 30 (52.6%) 0.752 2

BMI 24.6 (3.4) 29.0 (5.3) 0.056 24.2 (3.7) 25.4 (3.9) 0.186 1

Smoking exposure: 0.527 <0.001 2

Active 37 (50.7%) 6 (75%) 7 (29.2%) 36 (63.2%)

Former smoker 7 (9.6%) 0 (0%) 0 (0%) 7 (12.3%)

Never smoker 29 (39.7%) 2 (25%) 17 (70.8%) 14 (24.6%)

Alcohol consumption 16 (24.2%) 3 (60%) 0.115 5 (25%) 14 (27.2) 1.000 2

Hypertension 10 (13.9%) 4 (50%) 0.028 1 (4.2%) 13 (23.2%) 0.054 2

COPD 49 (67.1%) 8 (100%) 0.097 0 57 (100%) 0.001 2

Neonatal jaundice 6 (8.2%) 0 (0%) 1.000 4 (16.7%) 2 (3.5%) 0.060 2

FEV1, % 70.4 (30.7) 56.4 (27.3) 0.205 99.6 (13.1) 56.2 (26.3) <0.001 1

Laboratory findings:

Platelet count, ×109/L 224 (60) 202 (49) 0.267 210 (48) 226 (62) 0.214 1

INR 1.0 (0.2) 1.1 (0.1) 0.378 1.0 (0.1) 1.1 (0.2) 0.040 1

Bilirubin, mg/dL 0.8 (0.5) 0.6 (0.2) 0.262 1.0 (0.9) 0.7 (0.2) 0.143 1

AST, UI/L 27.2 (10.1) 47.6 (34.7) 0.141 27.2 (10.6) 30.0 (16.9) 0.375 1

AST > ULN * 2 (2.7%) 2 (25%) 0.048 1 (4.2%) 3 (5.3%) 0.675 2

ALT, UI/L 24.2 (14.2) 48.8 (55.8) 0.254 25.5 (14.4) 27.1 (25.3) 0.719 1

ALT > ULN * 4 (5.5%) 2 (25.0%) 0.108 3 (12.5%) 3 (5.3%) 0.226 2

ALP, UI/L 78.5 (30.9) 75.9 (14.8) 0.816 70.3 (31) 81.4 (28.7) 0.130 1

ALP > ULN * 6 (8.5%) 0 (0%) 1.000 2 (8.3%) 4 (7.0%) 1.000 2

GGT, UI/L 31.8 (19.3) 75.6 (84.1) <0.001 33.2 (22.2) 37.2 (37.7) 0.685 1

GGT > ULN * 10 (14.1%) 3 (37.5%) 0.120 5 (20.8%) 8 (14%) 0.589 2

Albumin, g/dL 4.3 (0.6) 4.4 (0.3) 0.615 4.5 (0.3) 4.2 (0.6) 0.004 1

Cholesterol, mg/dL 206 (35) 208 (39) 0.901 205 (39) 207 (34) 0.824 1

FIB-4 1.5 (0.8) 2.2 (0.7) 0.032 1.3 (0.8) 1.7 (0.8) 0.046 1

FIB-4 < 1.45: 37 (50.7%) 1 (12.5%) 0.059 15 (62.5%) 23 (40.4%) 0.077 2

FIB-4 > 3.25: 4 (5.5%) 1 (12.5%) 0.418 1 (4.2%) 4 (7%) 1.000 2

APRI 0.33 (0.1) 0.56 (0.3) <0.001 0.35 (0.17) 0.35 (0.19) 0.992 1

Transient elastography

LSM 5.0 (1.1) 10.8 (4.6) 0.009 5.3 (1.1) 5.7 (2.8) 0.361 1

CAP 249 (56) 318 (48) 0.004 233 (56) 266 (58) 0.023 1

LSM > 7.5 kPa: 0 8 (100%) NA 0 8 (14.0%) 0.097 2

Footnote: BMI: Body mass index; COPD: Chronic obstructive pulmonary disease; FEV1: Forced expiratory volume in 1 s; AAT: Alpha-
1 antitrypsin; INR: International normalized ratio; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; ALP: Alkaline
phosphatase; GGT: Gamma-glutamyl transferase; ULN: Upper limit of normal; FIB-4: Fibrosis 4; APRI: AST to platelet ratio index; ELF:
Enhanced liver fibrosis; LSM: Liver stiffness measurement; CAP: Controlled attenuation parameter. *: Upper limit of normal according to
sex-specific cut-offs: For AST and ALT: >35 IU/L in female, >50 IU/L in male; for ALP: >120 IU/L for both genders; for GGT: >38 IU/L in
females and >55 IU/L in males. 1 Mann–Whitney U-test p-value, 2 Chi-squared p-value.
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Figure 2. All individuals from the cohort with liver enzymes above the highest level of normal based
on LSM values. UPN: Upper limit of normal for GGT: >38 IU/L in females and >55 IU/L in males.

Among the 8 patients with LSM > 7.5, 3 had GGT above the normal limit and 1 also
had a FIB-4 score > 3.25 (Figure 3). The FIB-4 score (2.2 (SD: 0.7) versus 1.5 (SD: 0.8);
p = 0.032), as well as CAP measurement (317.9 (SD: 48) dB/m vs. 249.6 (SD: 56.5) dB/m;
p = 0.004), were also higher in Pi*ZZ patients with LSM > 7.5 kPa (Table 3). Severe steatosis,
with CAP > 280 dB/m, was present in 6 patients (75%) with LSM > 7.5 kPa compared to
20 patients (27.4%) with LSM < 7.5 kPa (p = 0.041).

Figure 3. Relation between elevated GGT, FIB4, and LSM in Pi*ZZ patients. GGT: Gamma-glutamyl
transferase; FIB-4: Fibrosis 4; LSM: Liver stiffness measurement; UPL: Upper limit of normal (accord-
ing to sex-specific cut-offs: for GGT: >38 IU/L in females and >55 IU/L in males).

The APRI was higher in Pi*ZZ patients with LSM > 7.5 kPa than in those with
LSM ≤ 7.5 kPa (0.56 vs. 0.33, p < 0.001). The APRI had a significant correlation with LSM
(r = 0.353, p = 0.030).

3.5. Comparison between Pi*ZZ Patients with or without COPD

Fifty-seven Pi*ZZ patients (70.4%) had COPD. Pi*ZZ patients with COPD were older
and more frequently had a history of smoking compared with non-COPD individuals. As
expected, they had worse lung function with a lower FEV1 (1.6 (SD: 0.8) L vs. 3.5 (SD: 1) L;
p < 0.001) and KCO (%) (43.7% (SD: 30.8%) vs. 68% (SD: 30.4%); p = 0.003).

Regarding the liver study, no differences were observed in transaminase levels, but
the FIB-4 score was higher in COPD patients (1.7 (SD: 0.8) vs. 1.2 (SD: 0.8); p = 0.046). More
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individuals in the COPD group had a LSM > 7.5 kPa (14% vs. 0%; p = 0.097) and they
also had higher CAP values (265.9 (SD: 58.3) dB/m vs. 233.5 (SD: 55.8) dB/m; p = 0.023)
(Table 3). Significant, albeit weak, correlations were found between FIB-4 and FEV1 (mL)
(r = −0.350, p = 0.002), and CAP and FEV1 (mL) and FEV1(%) (r = −0.391, p < 0.001 and
r = −0.306, p = 0.006, respectively). No significant correlations were found between LSM
or ELF and measures of airflow obstruction.

4. Discussion

In our study population, we found that 10% of Pi*ZZ individuals had transient
elastography results suggestive of liver fibrosis, but none of the heterozygous individuals
reached the suggested threshold. Although individuals with higher LSM had higher
transaminase levels and FIB-4 scores, normal levels of these biomarkers did not reliably
rule out liver disease, since some of the patients with normal values had high LSM values.
All patients with high LSM also had COPD.

Transient elastography is a non-invasive tool that has proven to be useful in the
diagnosis of liver fibrosis of different etiologies. More recently, its utility has also been
explored in AATD-related liver disease with promising results [16–18,26]. Although dif-
ferent cut-offs have been proposed, there is no validated cut-off of LSM for AATD liver
disease. In a study including 94 Pi*ZZ patients with paired LSM and liver biopsies, Clark
et al. [26] observed that cut-offs of 5.54 and 8.45 kPa had the highest accuracy for detecting
significant fibrosis (≥F2) and advanced fibrosis (≥F3), respectively. However, these cut-offs
had a low specificity and a low positive predictive value. Hamesch et al. [17] increased
the cut-off for significant fibrosis to >7.1 kPa in order to increase the positive predictive
value, confirming the presence of ≥F2 in 22 out of 23 patients with liver biopsies [27], while
Guillaud et al. [16] suggested an LSM > 7.2 kPa for significant fibrosis and LSM > 14 kPa
for cirrhosis. In another study in 75 patients with AATD, the investigators offered a liver
biopsy to all individuals with a LSM > 6 or altered liver enzymes in combination with an
abnormal ultrasound. Among the 11 biopsies analyzed, they found that the LSM scores
in patients with moderate or severe fibrosis were >8 kPa [18]. According to these results
and the cut-offs previously established in other etiologies, we chose an arbitrary cut-off
of LSM > 7.5 kPa as suggestive of significant fibrosis, and LSM ≥ 10 kPa as advanced
fibrosis/cirrhosis. In our sample, there were two Pi*SZ patients with LSM = 7.3 kPa, one
of whom was overweight and had diabetes mellitus and increased GGT values, and the
other was a Pi*MZ patient with LSM = 7.5 kPa without other identified risk factors of liver
disease. Since the etiology of liver disease has an impact on LSM and the data on AATD
induced liver disease are limited [28], further studies are needed to validate the best LSM
cut-off for screening of liver disease in AATD.

Ten percent of Pi*ZZ patients in our cohort had LSM > 7.5 kPa, similar to the preva-
lence of liver fibrosis reported in initial studies in AATD patients, which varied from
10–15% in clinical studies [29,30] to 37% in autopsy studies [31]. More recently, with the
development of transient elastography, there has been growing interest in the early detec-
tion of liver disease in AATD. The study by Guillaud et al. [16] described 5 patients (18%)
with LSM suggestive of significant fibrosis and 2 patients (7%) with LSM suggestive of ad-
vanced liver fibrosis/cirrhosis. Other studies have reported a higher prevalence; Hamesch
et al. [17] described a prevalence of liver fibrosis of 23.6% among 403 Pi*ZZ individuals and
observed that liver disease was 9 to 20 times more frequent in this population compared
to non-AAT-deficient individuals. In a cohort of COPD Pi*ZZ patients referred for lung
transplantation, Morer et al. [32] found that 13% of patients had significant fibrosis (F2)
and 8% advanced fibrosis (≥F3). Similar to these numbers, 8 (14%) of our COPD Pi*ZZ
patients had LSM > 7.5 kPa, while in 3 (5.7%) LSM was higher than 10 kPa, suggesting the
presence of advanced fibrosis.

In our cohort, Pi*MZ individuals had lower values of LSM compared to Pi*ZZ indi-
viduals. The mean LSM was 4.7 kPa for the 34 Pi*MZ patients included. None of these
patients had values above 7.5, and only one had LSM = 7.5 kPa. In this patient, other
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co-factors for liver disease such as obesity, alcohol consumption, or metabolic syndrome
were not found. The incidence of liver disease could be higher in heterozygous Z than in
the general population, although some authors have hypothesized that while the Pi*MZ
genotype acts as a disease modifier, it is not sufficient per se to trigger clinically relevant
liver impairment [33]. In a study that analyzed 1184 individuals with non-alcoholic fatty
liver disease (NAFLD) and 2462 with chronic alcohol misuse, the Z variant increased the
risk of patients with NAFLD to develop cirrhosis and was more frequently present in
alcohol misusers with cirrhosis compared to those without significant liver injury [34]. In
contrast, a recent analysis of data from the European alpha-1 liver cohort showed that
10% out 419 Pi*MZ had LSM values ≥ 7.1 kPa compared with 4% of non-Z carriers. After
adjusting for potential confounders, Pi*MZ individuals still had significantly higher odds
for LSM ≥ 7.1 kPa [12]. There is agreement that, in coexistence with other risk factors, and
especially in the context of alcohol misuse or NAFLD, Z carriage is a strong risk factor
for the development of cirrhosis [17,18] and may also lead to faster hepatic decompen-
sations [35]. In our cohort, 60% of Pi*ZZ patients with LSM > 7.5 kPa had some alcohol
consumption and had a higher BMI than those with LSM ≤ 7.5 kPa, and, therefore, these
factors could have contributed to the progression of liver disease.

Liver enzymes have often been used to screen liver disease in AATD in clinical
practice [36]. In our cohort, elevated liver enzymes and FIB-4 were more frequently
observed in patients with LSM > 7.5 kPa, but normal levels were also frequently present in
patients with high LSM. In fact, liver enzyme alterations ranged from only 25% of cases for
AST and ALT to 37.5% for GGT in Pi*ZZ patients with LSM > 7.5 kPa. Patients with fibrosis
or even cirrhosis may present normal serum liver enzymes [11], and this has also been
observed in Pi*ZZ individuals [13,17]. On the other hand, up to 10% of AATD patients
with normal liver function tests and ultrasound may have increased LSM values [16].
Furthermore, an increase in ALT has a low sensitivity for identifying liver disease in AATD
individuals [13,15]. In the European alpha-1 liver cohort, heterozygous Pi*MZ carriers
also had higher serum transaminases compared to non-carriers, although this percentage
varied from 5.4% to 28.6% and was higher in individuals older than 50 years [12].

The relationship between lung and liver disease in individuals with AATD is contro-
versial. The first series of patients with the deficiency suggested that lung and liver disease
rarely coexisted in AATD, and liver disease was more frequently reported in AATD never
smokers compared to smokers [37,38]. However, more recent studies using new diagnostic
techniques have reported more frequent coexistence of the alterations in both organs [39].
In this line, all of our patients with elevated LSM also had COPD, although the correla-
tion between lung function and LSM was not significant. Moreover, recruiting patients
from respiratory departments may have influenced the high prevalence of COPD among
patients with elevated LSM; although they were also older, with higher BMI and with a
higher frequency of alcohol misuse compared with patients with normal LSM. Therefore,
a clear relationship between elevated LSM and lung disease cannot be established from
our results.

Our study had some limitations. First, the identification of liver fibrosis was only
made by transient elastography as we did not perform liver biopsies. However, as there
are no specific treatments for AATD liver disease to date, the performance of an invasive
diagnostic technique in otherwise asymptomatic patients may not be justified. Second, this
was a cross-sectional study, and data on the evolution of LSM over time were not available.
Third, the design of our study did not allow us to investigate a causal relationship between
AATD and liver alterations. Our sample size was not big enough for a multivariate analysis
adjusted for known confounders of increased liver fibrosis. However, the study had some
strengths: We recruited individuals from three reference centers, and, considering that
AATD is a rare disease, we reported information from a large series of patients with
homozygous and heterozygous AATD.

In conclusion, the results of this study support the assessment of liver disease in all
AATD Pi*ZZ individuals and heterozygous Pi*Z individuals with additional liver risk
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factors. Transient elastography has been shown to be a valuable tool to screen for AATD
liver disease, and collaboration between hepatologists and pneumologists is crucial for pro-
viding the best care to AATD patients. Due to the poor correlation between liver enzymes
and other serum biomarkers and the underlying liver disease, all Z-allele carriers, even
those with normal serum biomarker values, should be screened with transient elastography.
Since AATD is a rare disease, international collaboration in large registries is needed to
investigate the best screening strategy for lung and liver disease [12,17,40].
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