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2. Introduction

2.1 Key role of pulmonary surfactant in normal lungs

Pulmonary surfactant consists of about 90% lipids and 10% specific proteins by
weight [1, 2], which is synthesized and then secreted via exocytosis by alveolar type II
(AT 1) cells [2]. After secreted into alveolar space, surfactant forms a monolayer with
one or more closely functionally associated lipid bilayers in places at the alveolar air-
liquid interface [3] (Figure 1). Pulmonary surfactant reduces the alveolar surface tension
when the alveolar surface is lowered to a minimum at the end of expiration, which makes
it a crucial modulator for normal breathing [3, 4]. After performing its physiological func-
tions, most of the surfactant is recycled via endocytosis, and part of the remainder is taken
up by the alveolar macrophages, both of which are integrated into lamellar bodies locating
within alveolar type II cells [3]. A lack of surfactant causes gas exchange disturbance
and affected individual may suffer from neonatal respiratory distress (NRDS) or even
neonatal death [1]. Surfactant dysfunction is also playing an important role in adult res-
piratory diseases, which could be explained by surfactant’s involvement in several de-

fense mechanisms of lungs, e.g. host defense against infection and inflammation [5].

The major surfactant lipids are phospholipids (90 - 95% by weight) [6]. Among the
phospholipids components, phosphatidylcholine (PC) and its active species dipalmitoyl-
PC (DPPC) are the most prevalent key components, accounting for about 80% of the
total phospholipids [1]. Generally, DPPC is tightly packed, which can effectively elimi-
nate the direct air-liquid contact and reduce the surface tension when the alveolar surface
area is reduced [7]. DPPC is not only produced by de novo synthesis, but also by recycled
from pulmonary surfactant [1, 8]. It has been estimated in 3-day-old rabbits that the effi-

ciency of recycling surfactant PC could be as high as 95%, which is only about 55% in
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the adult rat lungs [9-11]. It is helpful to better understand metabolism pathway of PC

and/or DPPC, when estimating potential surfactant dysfunction in specific related lung

diseases.
Alveolar space \
0]
Co, 25l
Alveolar O
Macrophage /" ¢
; - Alveolar type II cells
Capillary Pulmonary op
~ surfactant
Alveolar type I cells

A pulmonary alveolus

Figure 1: Pictogram of structure of a pulmonary alveolus.

2.2 Surfactant-related interstitial lung diseases in children

Interstitial lung diseases (ILD) in children is a broad spectrum of chronic lung con-
ditions frequently related to inflammation and sometimes to pulmonary fibrosis, charac-
terized by diffuse infiltrates, restrictive functional defect and gas exchange disorders [12-
14]. Patients with ILD often develop respiratory symptoms, such as dry cough, shortness
of breath during physical exercising or even at rest in severe cases [14, 15]. Physical
examination commonly reveals increased respiratory rate at rest and rales or crackles in
the basal lungs segments [14, 15]. To note, a spectrum of interstitial pulmonary dysfunc-
tion occurs mainly in children, covering genetic disorders of surfactant metabolism [15,
16]. The majority of patients with surfactant dysfunctions are diagnosed with gene anal-
ysis. Pathogenic adenosine triphosphate (ATP)-binding cassette subfamily A member 3
(ABCA3) variants, SFTPB variants, and SFTPC variants have been found to cause surfac-
tant dysfunctions, which play key roles in the pathogenesis of lung diseases [15, 17].

Generally, mutant SFTPB is related to severe respiratory distress in the first month of life
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[18]. Mutant SPTPC is more frequently linked to ILD in children beyond the neonatal

period, or in adults, whereas patients with mutant ABCA3 have various clinical manifes-

tations [18].

2.3 ABCAS3 deficiency: a monogenetic cause for surfactant-related

interstitial lung diseases

To date, there are 588 ABCA3 variants reported in ClinVar (444 of 588 ABCA3 var-
iants are reported in gnomAD v2.1.1). Among the ClinVar variants, only 222 ABCA3
variants are identified, with 52 pathogenic or likely pathogenic ABCA3 variants and 170
benign or likely benign ABCA3 variants. The other 366 ClinVar ABCA3 variants are cat-
egorized as variants of uncertain significance (Data resource from: https://gno-

mad.broadinstitute.org/gene/ENSG00000167972). ABCA3 deficiency is a common

monogenetic cause for pulmonary surfactant disorders [15, 19, 20]. Increasing evidence
indicates respiratory conditions of patients with ABCA3 variants depend on the level of
ABCA3 dysfunctions, with a broad range from neonatal respiratory distress and deaths
in full-term infants, progressive ILD in children or adults, and free of respiratory symp-
toms [19, 21]. In lung histology, characteristic abnormal lamellar bodies could be de-
tected on electron microscopic level [22, 23]. However, there are variable unspecific pat-
terns on light microscopic level [24]. Chest high-resolution CT images might demonstrate
a sustained ground glass opacities pattern [24], whereas typical features of fibrosis were
with interindividual heterogeneity and progression with age [24]. A retrospective study
of 44 ABCA3-deficient patients surviving more than 1 year after birth indicated clearly
progressive ILD in this cohort, with a decline of 1.1% per year in forced vital capacity
(FVC) % predicted [24]. Apart from lung transplantations, currently no curative treatment

exists for ABCA3 deficiency [19].
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2.4 Biogenesis and function of ABCA3

2.4.1 Structure of ABCA3 protein

ABCA3 is a member of the transmembrane ABC superfamily of transporters [25,
26]. As illustrated in Figure 2, it consists of 2 nucleotide binding domains (NBDs), 2
regulatory domains (RDs) and 2 transmembrane domains (TMDs) with 6 TM helices re-
spectively [27]. The TMDs fold discretely, with two large extracellular loops (EL1 and
EL2) and four intracellular helices (IHs), i.e. IH1 before TM1 and IH3 before TM7, IH2
between TM2 to TM3 and IH4 between TMS8 to TM9, and four exocytoplasmic helices
(EHs), i.e. EH1 and EH2 inserted between TM5 to TM6, EH3 and EH4 inserted between
TM11 to TM12 [27]. ABCAS3 protein localizes at the external membranes of lamellar
bodies (LBs), which are key compartments for the pulmonary surfactant storage in AT 11
[28]. Normal ABCA3 protein is essential for LBs biogenesis and surfactant-lipid trans-

portation with its ATP hydrolysis activity [28].
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Figure 2: Topology model of ABCA3 protein. EL1: the first extracellular loop; EL2: the second extracellular
loop. RD1: regulatory domain 1; RD2: regulatory domain 2. IH1: intracellular helice 1; IH2: intracellular
helice 2; IH3: intracellular helice 3; IH4: intracellular helice 4. EH1: exocytoplasmic helice 1; EH2: exo-
cytoplasmic helice 2; EH3: exocytoplasmic helice 3; EH4: exocytoplasmic helice 4. NBD 1: nucleotide
binding domain 1; NBD 2: nucleotide binding domain 2. The scissors icon indicates the amino acid site for
proteolytic cleavage of ABCA3 protein. N124 and N140 are at amino acid sites for N-glycosylation of
ABCA3 protein.
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2.4.2 Intracellular trafficking and function of ABCA3

As illustrated in Figure 3, after correct transcription, ABCA3 is translated in the
endoplasmic reticulum (ER) and then is routed to Golgi apparatus for N-glycosylation,
which is necessary for the stability of ABCA3 protein [26, 29]. It has been demonstrated
that glycosylation at amino acid site N124 and N140 is indispensable for correct traffick-
ing of ABCA3, and the ER has a checking mechanism for the N-glycosylation process
[29]. With correct N-glycosylation, ABCA3 is trafficked to multivesicular bodies, and
then localizing the external membranes of LBs [26, 30]. Within these lysosome-related
compartments, ABCA3 is involved in LB biogenesis and transports those surfactant lipids
both from de novo synthesis and from surfactant recycling into LBs, using the energy
from ATP-hydrolysis activity [1, 28]. After the lipoprotein complex of pulmonary sur-
factant is secreted into the alveolar space, ABCA3 is either reused in the existing LBs or

will undergo proteolytic cleavage in lysosomes [30-34]. It has been found that cleavage

Alveolar space
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| ]
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Golgi apparatus & <9

ER~ <

LT Nucleus @
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Figure 3: Intracellular trafficking of ABCA3 within an alveolar type II cell. ER: endoplasmic reticulum.
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of ABCA3 occurs after K174 at the first extracellular loop of ABCA3 [33]. The removal
of this about 20 kDa segment from the full-length ABCA3 protein profoundly alters the
structure of primary ABCA3 and yield a cleaved product, which is likely to regulate

ABCA3 levels, though specific mechanisms need to be further clarified [33].

2.4.3 Classification of ABCA3 variants based on genotypes

The genotype of ABCA3 variant and its associated dysfunction strongly predicts the
outcome of children with ABCA3 deficiency [24, 35]. Nonsense and frameshift variants
were defined as “null” variants, which commonly caused a complete loss of ABCA3
function [35]. The majority of patients with biallelic complete loss-of-function variants
develop respiratory distress or die in infancy, whereas patients with “hypomorphic” var-
iants, such as in-frame insertions or missense variants, may possibly survive with chronic
ILD, or with mild or little respiratory symptoms [24, 35, 36]. Despite a genotype—pheno-
type pattern exists, the wide range of clinical presentations makes it very challenging to
clearly distinguish the residual function of ABCA3 protein, which might help support
clinical management according to the patients’ disease prognosis. Therefore, it is essential

to gain comprehensive data from in vitro experiments on ABCA3 variants.

2.4.4 Classification of ABCA3 variants based on in vitro assays

At present, it is still not possible to evaluate the effects of ABCA3 variants based
exclusively on in silico prediction and structure analysis [27, 37]. Deep biological
knowledge of ABCA3 variants is relatively poor and mainly obtained from methodologi-
cally heterogeneous in vitro studies on cellular level [22, 23, 26, 28, 29, 31, 34, 38-50].
ABCA3 variants have been previously grouped into trafficking mutations, i.e., resulting
in intracellular mis-localization and dysfunction of ABCA3 protein, and functional mu-

tations, i.e., having normal intracellular ABCA3 protein trafficking but lipid pumping
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impairment [31, 38-40, 48]. However, this level of classifications might lose too many
details from different trafficking and functional assays to come to precise interpretations
[37]. It is essential to come up with a quantitative method to compile results from different
assays, and to carry out a quantitative correlation analysis with data from in vitro experi-
ment and data from clinical observations, so as to better interpret the effects of ABCA3
variants and to predict patient’s outcomes more accurately, with a view to implement

precise treatments [21, 35, 38, 40].

Therefore, in this study, we first characterized and quantified overall in vitro dys-
function of ABCA3 variants by assessing their intracellular trafficking and pumping ac-
tivity [37]. Then a definition was proposed to describe the deviation of trafficking and

pumping for ABCA3 variants, i.e., normal, impaired and defective, respectively (Figure

4) [37].
Trafficking / Pumping
of ABCA3 of ABCA3

Defective

\

Figure 4: Illustration of ABCA3 dysfunction based on quantitative readouts from trafficking and pumping

in vitro assays.

For a further in vivo and in vitro correlation analysis, quantitative in vitro dysfunc-
tion of ABCA3 variants from different studies were correlated to the outcomes of patients
carrying those specific variants [37]. The sum of the quantitative trafficking and pumping
in vitro was helpful to predict a clinical outcome [37]. An approximately 50% loss of

function in vitro was a threshold for considerable morbidity and mortality [37].
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2.5 Therapeutic strategy for ABCA3 deficiency related lung diseases

With the structural similarities of ABCA3 and ABCC7 (see the list of abbreviations
at page 7), possible approaches to treat ABCA3-deficiency have been modeled in analogy
to the approaches to treat cystic fibrosis caused by ABCC7 variants [51-53]. It has been
proven in in vitro studies that several mutant ABCA3 protein could be rescued by low
temperature and small molecules ivacaftor and genistein, or Cyclosporin A (CsA) [38, 39,
54]. However, to our knowledge, apart from lung transplantations, currently there is no

cure available for patients with ABCA3 deficiency related lung diseases.

2.5.1 Hydroxychloroquine for patients with ABCA3 deficiency

Apart from steroids, hydroxychloroquine (HCQ) is frequently used to treat children
with interstitial lung diseases empirically, either as a single treatment or combined with
other medicines [55-57]. Currently, the respiratory outcomes of patients with ABCA3
deficiency under HCQ therapy are inconclusive, varying from remarkable respiratory im-
provements, or partial improvement with remaining chronic ILD, or no response with
sustained respiratory deteriorations [55, 56]. As data from randomized controlled clinical
trials are unlikely to be available in the near future, it is of certain value to collect retro-
spective clinical data of patients with ABCA3 variants and to correlate to the in vitro re-

sponse of these variants [36].

2.5.2 Effects of hydroxychloroquine on intracellular trafficking and pumping of
ABCA3

As a weak base, HCQ has a well-known lysosomotropism activity [58-60]. As men-
tioned above, ABCA3 protein locates at the outer specific membranes of LBs, which are
acidic lysosome related compartments [26, 31]. Currently, it has not been extensively
studied whether HCQ has effects on the intracellular biogenesis of ABCA3, or on the

lipid pumping activities of ABCA3 in appropriate in vitro models [36].
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In this study, we first retrospectively reviewed the individual clinical courses of 39
patients with ABCA3 deficiency, who received HCQ therapy exclusively or in combina-
tion with other small molecule agents [36]. Then we explored the in vitro effect of HCQ
with different concentrations on sixteen mutant ABCA3-HA tagged transfected A549
cells [36]. At the last step, we analyzed the correlation of in vivo data and in vitro results
[36]. The respiratory responses to HCQ treatment were linked to the ABCA3 variants in
patients [36]. A mean value of ABCA3 positive vesicle volume > 60% of the wild type
volume may predict a concentration-dependent response to HCQ in vitro [36]. There was

a moderate correlation between the in vitro and in vivo responses to HCQ [36].
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3.  Summary (in Englisch)

Pathogenic ABCA3 variants are currently known as a common monogenetic cause
for surfactant dysfunction [15, 19, 20]. The quantitative ABCA3 overall function in vitro
allows for in-depth variant characterization and correlation analysis to in vivo observation,
which possibly supports treatment decisions in patients [37]. More detailed biological
data on more variants will be necessary to empower the prediction for the broad spectrum

of ABCA3 variants in asymptomatic carriers or patients.

At present, there is no proven cure drug for patients with ILD caused by ABCA3
deficiency [19]. As a common empirical treatment for chILD, HCQ showed variant-spe-
cific effects on ABCA3 in vitro, with supportive evidence from retrospective clinical data
on the patients with ABCA3 deficiency and under HCQ treatment, though various con-
strains existed [36]. Prospective and randomized controlled trials in patients with ABCA3
deficiency are necessary in the future, as well as the establishment of advanced in vitro

models to better develop personalized treatments.
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4. Zusammenfassung (deutsch)

Krankheitsauslosende ABCA3 Varianten sind der am haufigsten beschriebene Grund
fiir monogenetisch bedingte Lungenerkrankungen des Surfactantsystems im Kindes- und
Jugendalter. In dieser Arbeit wurde durch eine in-vitro Quantifizierung der Lipid-Trans-
porterfunktion von ABCA3 eine detaillierte Charakterisierung pathogener ABCA3 Vari-
anten vorgenommen. Diese Daten wurden zu in-vivo Beobachtungen an Patienten korre-
liert und eine detailliertere Genotyp-Phénotyp-Korrelation herausgearbeitet. Obwohl hier
eine relativ groBe Anzahl an Varianten charakterisiert wurde, sind weitere biologische
Daten von weiteren Varianten notwendig, um das breite klinische Spektrum von ABCA3
Varianten bei Patienten und asymptomatisch Mutationstrigern zu verstehen und deren

Auswirkungen sicher zu prognostizieren.

Bis heute gibt es keine etablierte medikamentdse Therapie der ABCA3-assoziierten
Lungenerkrankungen. In dieser Arbeit wurde der Zusammenhang zwischen retrospektiv
erhobenen klinischen Daten von molekular charakterisierten Patienten mit ABCA3-
Defizienz die mit Hydroxochloroquine (HCQ) behandelt wurden und in-vitro HCQ-Ex-
position von ABCA3 Varianten untersucht. Es fand sich ein lockerer Zusammenhang.
Vielfdltige Storfaktoren konnten nicht kontrolliert werden. Zukiinftige, am besten
prospektive Untersuchungen an Patienten mit ABCA3-Defizienz sind wiinschenswert,
um personalisierte Behandlungsoptionen basierend auf Zellmodellen weiter zu entwick-

eln.
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