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Abstract
Respiratory distress syndrome (RDS) is a disease characterized by neonatal respiratory failure. It is
principally caused by a deficiency of pulmonary surfactant, which is a lipoprotein mixture essential
for reducing surface tension at the air-liquid interface of the alveolus. Prematurity is the major risk
factor predisposing to RDS. Several pieces of evidence suggest the role of genetic factors in the
susceptibility to this multifactorial disease.
The present study was performed to determine whether polymorphisms of the surfactant protein
SP-A1, SP-A2 and SP-B genes associate with RDS and to evaluate the relative contributions of
genetic and environmental factors to the disease etiology. Allelic associations between the candidate
genes and RDS were investigated using a matched and unmatched case-control and family-based
study design. Disease concordance in monozygotic vs. dizygotic twin pairs was determined to
measure the impact of heredity in RDS.
SP-A and SP-B genes were shown to play a significant role in susceptibility to RDS. In very
premature singleton infants born before 32 weeks of gestation, SP-A1 and SP-A2 allelic variations
were associated with RDS, whereas the SP-B gene showed no direct association. Instead, the
association between the high-risk (6A2, 1A0) or low-risk (6A3, 1A1/1A2) SP-A alleles and RDS
was dependent on SP-B Ile131Thr variation, being restricted to a subset of infants carrying the
homozygous genotype Thr/Thr. No allelic associations were evident in premature infants born after
32 weeks of gestation.
RDS concordance was not significantly higher in monozygotic than in dizygotic twin pairs,
implying a non-genetic disease etiology. However, the present study suggests that the concordance
difference underestimates the extent
of heredity. Twin pregnancies include intrauterine
environmental factors that complicate the interpretation of the hereditary impact. SP-B Ile131Thr
variation was associated with RDS in the first-born, but not in the second-born twins.
The present results indicate that susceptibility to RDS is highly heterogeneous, involving
complex environmental and genetic interactions. The degree of prematurity, singleton vs. multiple
pregnancy, and birth order in a multiple birth are environmental confounders that determine disease
subgroups. Genetic variations in the SP-A and SP-B genes account for part of the genetic component
of RDS.
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1 Introduction
Respiratory distress syndrome, RDS, is an acute consequence of premature birth. It is a
disease characterized by respiratory failure and deficient gas exchange within the first few
hours after birth. Without treatment, RDS is a fatal disease in the neonate. It is principally
caused by a deficiency of pulmonary surfactant, a lipoprotein mixture that is required to
reduce surface tension at the air-liquid interface of the alveolus and to prevent generalized
atelectasis.
The survival of low birth weight infants has improved significantly during the past two
decades thanks to the development of antenatal and neonatal intensive care. However,
despite efficient prophylaxis and treatments, RDS still remains the major cause of
mortality and morbidity among small premature infants.
The major factor predisposing to RDS is prematurity and, more specifically,
immaturity of the lung. Gender and ethnicity also affect the disease incidence.
Additionally, based on a twin study and other epidemiologic data, there is evidence of a
genetic background. The gene or genes involved have not been resolved with certainty.
RDS can be regarded as a typical complex disease with multifactorial and possibly
multigenic etiology.
Surfactant protein SP-A and SP-B genes have been suggested to associate with RDS.
The previous studies have been hampered and complicated by heterogeneity and small
sample sizes of the study populations as well as racial differences in the allelic
distributions and insufficient consideration of the known environmental confounders.
The present study aimed to produce more comprehensive evidence of the contribution
of genetic factors to the etiology of RDS and of the potential role of SP-A and SP-B gene
variations in the development of the disease. Allelic associations of the candidate genes
were studied in the ethnically homogenous Finnish population by population- and familybased approaches. A twin study was used to evaluate the significance of the genetic
component in RDS.

2 Review of the literature
2.1 Neonatal RDS

2.1.1 Cause, phenotype and treatment of RDS
Respiratory distress syndrome (RDS) develops in a newborn infant within the first few
hours after birth and manifests as respiratory failure and deficient gas exchange. It is a
consequence of premature birth and caused by a deficiency of pulmonary surfactant due
to immaturity of the lung (Avery & Mead 1959). Difficulty in breathing is evident as high
frequency respiration, grunting, flaring, sternal retraction, cyanosis and apnea.
Radiographic findings include a diffuse reticulogranular pattern and air bronchograms.
The early term ‘hyaline membrane disease’ originated from a morphologic abnormality in
the alveoli, called hyaline membranes, seen in pathologic examinations. The respiratory
failure generally aggravates during the first two days of life. Thereafter, it plateaus, and
recovery takes place within the following two weeks. In most cases, the surfactant content
increases and reaches the normal level by one week of age (Hallman et al. 1994).
The remarkable development of antenatal and neonatal intensive care during the past
two decades has improved significantly the survival of prematurely born infants and the
prognosis of RDS. Prophylactic maternal glucocorticoid treatment is routinely used in
threatening premature labor to accelerate lung maturation and to prevent RDS (Crowley
1995). Antenatal glucocorticoid decreases the incidence of RDS by approximately 50%.
Major progress in the treatment of RDS has been achieved by means of artificial
ventilation. Administration of surfactant directly into the airways improves the respiratory
failure rapidly, decreasing severe lung injury and mortality. Surfactant supplementation
(Hallman et al. 1985) is currently a common practice as a treatment of RDS or as a
prophylactic therapy after very premature birth. Combination of supplemental oxygen
therapy, ventilatory support and exogenous surfactant therapy is an effective treatment of
RDS in most cases. However, bronchopulmonary dysplasia (BPD), also called the chronic

15

lung disease of prematurity, continues to be a common problem among the portion of
RDS infants whose disease is complicated by extensive lung damage.

2.1.2 Epidemiology and risk factors of RDS
Despite the new efficient therapies, RDS continues to be a common cause of neonatal
death and is associated with increased morbidity, particularly among extremely low birth
weight infants (ELBW, <1000g). Survivors of prematurity and RDS are at risk for shortand long-term morbidity, including the chronic lung disease due to prematurity (BPD)
and neurosensory disorders (Hallman 1999). RDS is the main risk factor of BPD, which
affects 5-15% of infants with RDS.
About 5-10 % of neonates worldwide are born prematurely, i.e., before 37 weeks of
gestation (Gomez et al. 1995). In the United States, mortality due to RDS declined during
the period between 1970 and 1995 from 2.6 per 1000 live births to 0.4 per 1000 (Lee et
al. 1999).
In Finland, the incidence of RDS is about 0.6% of all neonates and about 12% of
premature neonates (Koskinen et al. 1999). One percent of Finnish babies are born before
32 completed weeks of pregnancy (Erkkola & Kero 1991). Of the infants born between
the 24th and 33rd weeks of pregnancy by caesarean section because of maternal or fetal
indications in the Oulu University Central Hospital during 1990-1997, 64% had RDS,
which was the main cause of death (Kurkinen-Räty et al. 2000). In an investigation
concerning birth rate, mortality and morbidity of ELBW infants born in Finland in 19961997, the overall incidence of RDS among those surviving for more than 12 hours was
76% (Tommiska et al. 2001). According to the same study, 0.4% of all newborn infants
were ELBW. The early neonatal mortality of ELBW infants, i.e. death rate within the first
week after birth, was 33%, while overall early neonatal mortality in Finland was 2.2‰
(Koskinen et al. 1999, Tommiska et al. 2001).
Prematurity is the most important factor predisposing to RDS, which occurs very
rarely in term infants (Usher et al. 1971). Therefore, the most efficient means to reduce
the incidence of RDS is to prolong gestation and to achieve optimal benefit from the
administration of glucocorticoids for the enhancement of fetal lung maturation.
According to current knowledge, intrauterine infection plays a key role in the
pathogenesis of spontaneous preterm labor and delivery through the activation of
cytokines and other inflammatory mediators that trigger the cascade leading to parturition
(Gomez et al. 1995, Greci et al. 1998). On the other hand, a chorioamnionitis-associated
infection may accelerate lung maturation and protect from RDS (Watterberg et al. 1996).
More than half of premature births are due to spontaneous vaginal delivery or premature
rupture of fetal membranes (PROM) (Goldenberg & Rouse 1998), which are often
triggered by an incipient infection. Other common causes of premature birth include preeclampsia and multiple pregnancy.
The neonatal mortality rate and the risk of RDS differ between sexes. Male infants
have a higher incidence of RDS and higher RDS-related mortality compared to females,
possibly because of slower lung maturation (Farrell & Wood 1976, Khoury et al. 1985).
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Black race seems to protect from RDS. Black prematures have a lower incidence of
fatal RDS than white prematures (Farrell & Wood 1976). RDS also seems to occur less
frequently, to be less severe and to be accompanied by fewer complications in black
preterm infants compared to white ones (Hulsey et al. 1993).

2.1.3 Evidence of a genetic contribution in RDS
Several early epidemiological studies provide support for the idea of a familial tendency
and heredity in RDS.
Mothers who delivered low birth weight (LBW, <2500 g) babies could be divided into
low- and high-risk groups based on the frequency of RDS in the offspring (Graven &
Misenheimer 1965). Because the two groups did not differ in the progression of
pregnancy, labor or delivery, an unknown genetic factor was suggested to be involved in
the development of the disease.
A twin study (Myrianthopoulos et al. 1971) provided further evidence of a genetic
contribution in the disease etiology. Thirty-one twin pairs of known zygosity showed a
significantly higher concordance rate (i.e. frequency of twin pairs with the disease in both
cotwins) of RDS among monozygotic (MZ, 85%) compared to dizygotic (DZ, 44%)
twins.
In a study of more than 100 families with affected infants, the risk of RDS was
observed to be similar in maternal half-sibs and in full-sibs, whereas the risk was minimal
in paternal half-sibs compared to full-sibs (Lankenau 1976). The author proposed that
infants of certain mothers are predisposed to RDS through a genetically determined
factor. There is also an excess sibling recurrence of both RDS and LBW infants (Khoury
et al. 1989).
The attempts to elucidate the genetic factors contributing to RDS have been restricted
to only a few candidate gene studies concerning HLA genes (Hafez et al. 1989) and SP-A
and SP-B genes (Floros et al. 1995, Veletza et al. 1996, Kala et al. 1997, Kala et al. 1998),
which are reviewed more specifically in Chapter 2.11. Fig. 1 outlines the factors known
or assumed to be involved in the development of RDS.
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EXOGENOUS
FACTORS

Interaction

Prematurity

Gender

Acquired maternal factors
Prophylactic treatment

GENETIC
VARIATION

Concomitant diseases
Other factors?

INHERENT
FACTORS

Ethnicity
Congenital diseases
Other factors?

SP genes?
Other genes?

RDS
(Neonatal respiratory
failure, deficiency of
pulmonary surfactant)

Fig. 1. Schematic overview depicting the environmental and genetic factors and their
interaction contributing to the RDS disease phenotype. SP, surfactant protein.

2.2 Pulmonary surfactant

2.2.1 Function and composition of surfactant
Pulmonary surfactant is a highly surface-active complex that lines the alveolar surface of
the lung (Fig. 2). The main function of pulmonary surfactant is to maintain low surface
tension at the air-liquid interface and to prevent alveolar collapse on expiration (Hawgood
& Clements 1990). Surfactant also has a role in host defense mechanisms and immune
functions of the lung (Haagsman & van Golde 1991).
Surfactant is heterogeneous material that exists in specialized intracellular and
extracellular forms. The extracellular pool of surfactant can be harvested by
bronchoalveolar lavage (BAL). This pool comprises different morphological complexes,
such as the actual surfactant layer at the air-water interface and tubular myelin, a complex
of bilayer structures within the alveolar liquid subphase. The intracellular surfactant pool
resides in lamellar bodies, which are dense multilayer storage organelles specific to type
II cells (Haagsman & van Golde 1991, Johansson & Curstedt 1997).
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Surfactant consists of approximately 90% lipid and 10% proteins (King 1982). The
lipids are mainly phospholipids, and the most abundant of them is phosphatidylcholine
(PC). More than 60% of PC is in the disaturated form as dipalmitoyl phosphatidylcholine
(DPPC). DPPC is the major surface-active component assumed to provide alveolar
stability by decreasing surface tension (Clements 1977, Batenburg & Haagsman 1998).
Pulmonary surfactant contains serum proteins and surfactant-associated proteins.
Serum proteins have no known functional role in surfactant and may inhibit its activity
(Hallman et al. 1991). Of the four different surfactant proteins, SP-A, B and C are known
to be important determinants of the structure, homeostasis and surface activity of
surfactant, while SP-D together with SP-A has a role in immunomodulatory functions
(Mason et al. 1998). The most abundant protein component is SP-A, which accounts for
about 50% of total protein. SP-A and SP-D are hydrophilic and belong to a subgroup of
mammalian lectins called collectins. SP-B and SP-C are very hydrophobic small proteins.

Type II cell

Type I cell

Air-liquid
interface
Air space

Macrophage

Fig. 2. Schematic illustration of alveolus and alveolar epithelium (modified from Hawgood &
Clements 1990).

2.2.2 Metabolism of surfactant
Surfactant components are produced, assembled, secreted and recycled by type II alveolar
epithelial cells (Fig. 3) (Rooney et al. 1994).
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After synthesis in the ER of type II cells, surfactant components are modified within
the Golgi. The components are further processed and assembled through the
multivesicular body (MVB) and the composite body to the lamellar body (LB), from
which the surfactant components are secreted by exocytosis. Most of the surfactant
components are secreted through the previously described regulated secretory pathway,
but the secretion of SP-A is mostly constitutive and thus independent of LBs (Rooney et
al. 1993). After secretion, the LB contents are transformed into an extracellular lattice
structure called tubular myelin (TM), from which the lipids are inserted into the air-liquid
interface to form the surfactant layer (Williams 1977).
During expiration, the surface tension at the air-water interface is reduced to prevent
alveolar collapse. Surfactant is continuously recycled. To reach a low surface tension
upon compression, the surfactant layer becomes enriched in DPPC. During the next
inhalation and expansion of the surface area of the alveoli, the lipids are respread with the
aid of the hydrophobic surfactant proteins (Oosterlaken-Dijksterhuis et al. 1991a). Most
of the extracellular surfactant is recycled by the type II cell (Wright & Clements 1987).
Therefore, intracellular surfactant is not only assembled from newly synthesized
surfactant components, but also from the components taken up by type II cells via
endocytosis. Surfactant is catabolized by alveolar macrophages and type II cells (Gurel et
al. 2001).

Alveolar space
Surfactant

TM

Exocytosis
(secretion)

Endocytosis
(recycling)

LB
MVB

Sorting &
processing

Transcription
& translation

G
ER

Nucleus

Fig. 3. Type II alveolar epithelial cell (type II pneumocyte). TM, tubular myelin; LB, lamellar
body; MVB, multivesicular body; G, Golgi; ER, endoplasmic reticulum.

20

2.3 SP-A

2.3.1 Structure of SP-A
The major surfactant protein, SP-A, is a highly conserved hydrophilic glycoprotein with a
reduced molecular weight of 29-36 kDa (White et al. 1985, McCormack 1998). The
human SP-A peptide comprises 248 amino acids. SP-A, along with mannose-binding
protein MBP and SP-D, is a member of a family of collagenous carbohydrate-binding
proteins called collectins (Hoppe & Reid 1994). Within the alveolus, SP-A exists as a
multimer of six trimeric units (Voss et al. 1991) (Fig. 4).
The deduced primary structure of SP-A is characterized by four structural domains: a
short N-terminal segment, a collagen-like domain, a neck region, and a C-terminal
carbohydrate recognition domain (CRD) (Fig. 4). The N-terminal segment of 27 amino
acids contains two cysteine residues that form two interchain disulfide bonds required for
multimerization. The collagen-like domain of 73 amino acids forms a triple helix and is
composed of 23 repeating Gly-X-Y triplets, with one interruption between the 13th and
14th triplet and with Y often being a hydroxyproline residue (Creuwels et al. 1997). The
hydrophobic neck region is about 40 amino acids in length and critical for protein
folding. The CRD of SP-A is a C-type lectin domain that binds mannose in a Ca2+dependent manner. This region of about 115 amino acids includes two Ca2+ binding sites
and four conserved Cys residues that form two intramolecular disulfide loops (Haagsman
et al. 1989).
Monomer:

N-term.

Coll.

Neck

CRD

I

II

III

IV

Trimer:

Fig. 4. Structure of SP-A.

Multimer:

(Domain)

(Coding exon)
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2.3.2 Processing and secretion of SP-A
SP-A is synthesized as a polypeptide that undergoes a number of post-translational
modifications (King & MacBeth 1979, Whitsett et al. 1985, Hawgood et al. 1985, Weaver
et al. 1987). Most of the folding and assembly occurs before the protein exits the ER. SPA is co-translationally N-glycosylated in the ER (Asn187 in CRD), and late posttranslational carbohydrate modifications, namely sialylation and sulfation, take place in
the Golgi. SP-A traverses the secretory pathway at a relatively slow rate, probably
because of the complexity in folding, assembly and processing (Weaver & Whitsett
1991). Unlike the other surfactant components, SP-A is mostly secreted through the
constitutive pathway that bypasses the LB (Froh et al. 1993). While SP-A makes up about
half of total protein in isolated surfactant, only about 1% of total protein in LBs consists
of SP-A (Oosterlaken-Dijksterhuis et al. 1991b).

2.3.3 Function of SP-A

2.3.3.1 SP-A as a component of pulmonary surfactant
The physiological importance of SP-A is not fully understood, but it has been proposed to
have several putative biological functions in surfactant homeostasis. The assumptions
about the functional role of SP-A in surfactant are largely based on its in vitro activities.
SP-A has the capacity to bind lipids and carbohydrates and to interact with specific cell
surface receptors. Its activity is dependent on calcium and co-operation with SP-B and
SP-C (McCormack 1998).
SP-A promotes the formation of tubular myelin (Poulain et al. 1992). It improves the
surface activity of surfactant by binding strongly to surfactant phospholipids and by
enhancing phospholipid adsorption into the surface-active layer (Hawgood et al. 1987).
SP-A blocks the serum protein-induced inactivation of surfactant (Cockshutt et al. 1990).
SP-A has also been shown to inhibit the secretion of phospholipids by type II cells,
suggesting a negative feedback regulatory role (Dobbs et al. 1987, Rice et al. 1987).
Surprisingly, targeted disruption of the SP-A gene in SP-A knock-out mice causes no
major abnormalities in lung function (Korfhagen et al. 1996, Ikegami et al. 1998).
Surfactant from SP-A-/- mice yields a low surface tension, has a normal phospholipid
composition, and results in normal lung compliance. Type II cell morphology is
unchanged, but electron microscopy reveals a lack of tubular myelin. These initial
observations of SP-A-/- mice implied that the in vivo role of SP-A in the surface tension
lowering properties of pulmonary surfactant may become manifest under compromised
conditions, where the concentrations of phospholipids are altered. Although not essential
for breathing and survival, SP-A is clearly required for tubular myelin formation and has
a regulatory role in surfactant function.
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2.3.3.2 SP-A in host defense
In addition to the synthesis and secretion of SP-A by alveolar type II cells, SP-A is
expressed in bronchiolar Clara cells and various other airway epithelial cells, suggesting
its importance in nonsurfactant-associated pulmonary and non-pulmonary functions
(Voorhout et al. 1992, Khoor et al. 1993, Paananen et al. 1999).
The respiratory system is continuously exposed to insults by infectious and xenogenic
agents. Therefore, the lung and the upper airways need an efficient host defense system.
Apart from the essential protective role of resident alveolar macrophages, the lung
collectins SP-A and SP-D have been recognized as important components of the innate
immunity of the lung. Antibody-independent mechanisms have been presumed to be
significant before the postnatal development of acquired immunity (Fearon & Locksley
1996). In the light of accumulating evidence, SP-A is more and more considered as a lung
defense protein rather than a protein essential for surfactant function (Crouch 1998).
Lipopolysaccharide LPS, or endotoxin, is a major component in the cell walls of
gram-negative bacteria and participates in several events associated with inflammatory
response. SP-A binds to LPS and a variety of monosaccharide ligands via its CRD
(Haagsman et al. 1987). SP-A binds to carbohydrate moieties on the surfaces of viruses,
bacteria and fungi and thus facilitates microbial aggregation and phagocytosis and the
killing of certain micro-organisms by alveolar macrophages (Pikaar et al. 1995, Eggleton
& Reid 1999).
SP-A-/- mice are susceptible to microbial respiratory infections that occur frequently in
infants, such as those caused by group B streptococci or RSV (LeVine et al. 1997, LeVine
et al. 1998, LeVine et al. 1999a). The infections in SP-A-/- mice can be moderated by
exogenous SP-A, supporting the important role of SP-A in the clearance of lung
pathogens (Harrod et al. 1999, LeVine et al. 1999b).
Site-directed mutagenesis studies have defined some of the specific amino acids and
protein domains that are necessary for SP-A functions in animal models. N-linked
carbohydrate moieties of SP-A are not essential for lipid binding and interactions with
type II cells (Kuroki et al. 1988), but they are important for binding to viruses and
mycobacteria (van Iwaarden et al. 1992, Mason et al. 1998). Mutations introduced into
the N-terminal domain to remove a cysteine needed for disulfide bridge formation
(Cys6Ser) and removal of the collagenous domain (∆Gly8-Pro80) alter the ability of SPA to form oligomers and the interactions with type II cells and lipids (McCormack et al.
1997a). The predicted Ca2+ and carbohydrate binding sites reside at the amino acids
Glu195, Glu202, Asn214 and Asp215 (McCormack et al. 1997b).

2.4 The human SP-A gene locus and SP-A1 and SP-A2 gene
variations
The human SP-A locus in chromosome 10q22-q23 consists of two functional genes, SPA1 and SP-A2 (also called SFTP1 and SFTP1B or SFTPA1 and SFTPA2, respectively),
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and a pseudogene (SFTPP1) (White et al. 1985, Korfhagen et al. 1991, Katyal et al.
1992). Baboon is the only other species known to have two SP-A genes (Gao et al. 1996),
while rat, mouse, rabbit and dog have a single-copy gene (Floros & Hoover 1998). In
humans, the SP-A trimer is presumed to be composed of two SP-A1 monomers and one
SP-A2 monomer (Voss et al. 1991). SP-A1 and SP-A2 are in opposite transcriptional
orientation and separated by only about 40 kb (Fig. 5) (Hoover & Floros 1998). They are
highly homologous genes and most probably the result of a gene duplication.
Both SP-A genes have four coding exons (Fig. 6). SP-A1 and SP-A2 gene products
differ from each other at four amino acid positions in the collagenous domain. The most
significant difference in the coding regions between SP-A1 and SP-A2 is in codon 85.
The resulting amino acid difference Cys vs. Arg probably affects the formation of
disulfide bridges between the two SP-A1 peptides in the SP-A heterotrimer. (Katyal et al.
1992). SP-A1 contains four and SP-A2 three 5’UT exons that give rise to a number of
different splice variants (McCormick et al. 1994).

SP-A2

Pseudogene

SP-A1

Cen

Tel

20 kb

16 kb

Fig. 5. SP-A gene locus in chromosome 10q22-q23. The arrows indicate the transcriptional
orientation of the SP-A1 and SP-A2 gene. Cen, centromere; Tel, telomere.

5’

I

ATG

II

III

IV

3’
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Fig. 6. Exon-intron organization of SP-A genes. The black and white bars illustrate the
noncoding and coding exons, respectively, and the thin line represents the introns.

Both SP-A genes are highly polymorphic. Single-nucleotide polymorphisms (SNPs)
occur throughout the coding sequence, resulting in amino acid substitutions or silent
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changes within both the SP-A1 and the SP-A2 gene (McCormick et al. 1994). The alleles
of the SP-A1 gene have been denoted as 6An and the SP-A2 alleles as 1An, and the alleles
within each gene differ from each other in one or several SNPs in the coding exons, as
shown in Table 1 and Table 2 (Floros et al. 1996). Four SP-A1 alleles and five SP-A2
alleles occur at a generally moderate frequency in the population, and the rest of the
alleles described are very rare (DiAngelo et al. 1999). There is strong linkage
disequilibrium between the SP-A1 and SP-A2 alleles (Floros et al. 1996).
Table 1. SNPs of the most frequent SP-A1 alleles
SP-A1 allele (freq.a)

Val19Ala
T/C

Val50Leu
G/C

Pro 62
A/G

Thr 133
A/G

Arg219Trp
C/T

6A
2
6A
3
6A
4
6A
5
6A

C (Ala)
T (Val)
T (Val)
T (Val)
T (Val)

C (Leu)
G (Val)
C (Leu)
C (Leu)
C (Leu)

G
A
A
G
A

G
A
A
A
A

C (Arg)
C (Arg)
C (Arg)
T (Trp)
T (Trp)

CRD (IV)

CRD (IV)

(0.09)
(0.54)
(0.28)
(0.09)
(<0.01)

Position of the SNP in the
N-terminal Collagenous
Collagenous
SP-A1 peptide (exon)
domain (I)
domain (I)
domain (II)
a
Frequencies in a mixed population according to Floros et al. 1996

Table 2. SNPs of the most frequent SP-A2 alleles
a

SP-A2 allele (freq. )

Asn9Thr
A/C

Ala91Pro
G/C

Ser 140
C/T

Gln223Lys
C/A

1A
0
1A
1
1A
2
1A
3
1A
5
1A
10
1A

C (Thr)
A (Asn)
C (Thr)
C (Thr)
A (Asn)
C (Thr)
C (Thr)

C (Pro)
G (Ala)
G (Ala)
G (Ala)
G (Ala)
C (Pro)
C (Pro)

C
C
T
C
T
T
T

C (Gln)
C (Gln)
A (Lys)
C (Gln)
A (Lys)
C (Gln)
A (Lys)

(0.12)
(0.56)
(0.22)
(0.09)
(0.01)
(<0.01)
(<0.01)

Position of the SNP in the
N-terminal
Collagenous
CRD (IV)
SP-A2 peptide (exon)
domain (I)
domain (II)
a
Frequencies in a mixed population according to Floros et al. 1996

CRD (IV)

The SP-A 3’UT regions also show a considerable degree of sequence variability between
and within SP-A genes (Krizkova et al. 1994). The major SP-A1 allele 6A2 contains an
insertion of 11 bp in the 3’UTR, which is absent in the other SP-A1 alleles but present in
all the SP-A2 alleles (Karinch & Floros 1995, Hoover & Floros 1999). The SP-A1 and
SP-A2 5’ and 3’ UTR variations have not been studied extensively in populations. The
potential polymorphisms in the SP-A1 and SP-A2 promoter regions, if any, have not been
characterized.
The possible phenotypic consequences of SP-A1 and SP-A2 genetic variations are not
well understood. There may be a correlation between the SP-A alleles and mRNA levels.
A study of 23 unrelated adults showed that the major SP-A1 and SP-A2 alleles 6A2 and
1A0 appear to be associated with lower mRNA levels than the other alleles (Karinch et al.
1997). The variation in SP-A mRNA levels, at least in adults, may thus partly be a result
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of genetic heterogeneity. However, it is not known whether there are SP-A1 or SP-A2
genotype-specific differences in mRNA quantities during development, or what the role
of mRNA splice variation is in this respect. The products of certain SP-A1 and SP-A2
alleles seem to differ in their ability to stimulate TNF-α production in vitro (Wang et al.
2000), but it is not known whether there are allelic differences in SP-A-associated
cytokine regulation in vivo. It is also unknown what kinds of changes occur in the threedimensional protein structure due to single amino acid substitutions in the various SP-A
domains and what the functional consequences of these changes are.

2.5 SP-B

2.5.1 Structure of SP-B
SP-B and SP-C are small hydrophobic proteins present in organic solvent extracts of
pulmonary surfactant (Curstedt et al. 1987). SP-B isolated from extracellular surfactant is
a 79 amino acid homodimer of 18 kDa, with a reduced molecular mass of 8 kDa
(Hawgood et al. 1987). The primary translation product is a significantly larger
monomeric preproprotein of 381 amino acids with a molecular mass of 42 kDa.
Mammalian species share >80% identity at the SP-B polypeptide level (Whitsett et al.
1995). The coding sequence homology between human and mouse SP-B is 68% at the
nucleotide level and 78% at the active peptide amino acid level (D'Amore-Bruno et al.
1992). Each SP-B monomer contains three intrachain disulfide bridges, and the single
interchain disulfide at Cys248 is responsible for dimerization of the mature form of SP-B
(Johansson et al. 1991, Hawgood et al. 1998). Mature SP-B is strongly cationic, contains
52% hydrophobic amino acids and is presumed to form four (Andersson et al. 1995) or
five (Weaver & Conkright 2001) amphipathic helices. Based on the partial homology of
the SP-B precursor with prosaposin and sulphated glycoprotein and the particular
distribution of cysteine residues in SP-B, this protein can be placed in the family of
saposin-like proteins (Patthy 1991). Despite diversity in biologic functions within the
protein family, all members of this family interact with lipid membranes, causing
membrane instability and reorganization that often involves membrane fusion (Andersson
et al. 1995).

2.5.2 Synthesis, processing, sorting and secretion of SP-B
For a long time, SP-B expression has been considered lung-specific, as it is restricted to
alveolar type II epithelial cells and nonciliated bronchiolar epithelial (Clara) cells
(Weaver 1998). Recently, however, SP-B mRNA and protein were shown to be also
localized in the Eustachian tube epithelium in the upper airway (Paananen et al. 2001).
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According to current knowledge, however, type II alveolar cells are the only cell type
known to completely process the propeptide and to secrete the mature form of SP-B, and
SP-B protein has not been localized in Clara cells in vivo (Hawgood et al. 1993).
The 381 amino acid SP-B prepropeptide undergoes extensive post-translational
modification, resulting in a mature peptide of amino acids Phe201 through Met279 (Fig. 7).
SP-B maturation occurs in numerous steps, which have been studied with different in
vitro and in vivo models using cultured (Weaver & Whitsett 1989) or freshly isolated
(Weaver et al. 1992, Hawgood et al. 1993) rat type II cells, a Clara cell-derived NCIH441-4 cell line (O'Reilly et al. 1989), transfected neuroendocrine cells (Lin et al.
1996a), transfected Chinese hamster ovary (CHO) cells (Lin et al. 1996b), and human
fetal lung (Guttentag et al. 1998, Korimilli et al. 2000).
Post-translational processing, sorting and secretion of SP-B occurs via the regulated
secretory pathway and involves type II cell-specific secretory granules (Fig. 3). The
location of the sequential processing events is not precisely known, and there may be
species-specific differences. Most human proSP-B processing occurs in post-ER but prelamellar body compartments. The primary translation product contains a signal peptide of
23 amino acids. This preproprotein is translocated into the ER, accompanied by signal
peptide cleavage and COOH-terminal glycosylation at Asn311. Asn-linked glycosylation
possibly also takes place in the NH2-terminus at Asn129, but the relevant evidence is
controversial. The first NH2-terminal proteolytic cleavage resulting in a 25 kDa
intermediate probably occurs in the medial Golgi. The COOH-terminal propeptide is
removed in the trans-Golgi or between MVB and LB. The last 10 aa are removed in the
final NH2-terminal cleavage to produce the mature peptide, which then dimerizes and
associates with lipids in LB. The SP-B proprotein always exists as a monomer.
The sorting of SP-B within the secretory pathway of type II cells can be divided into
three distinct steps (Lin et al. 1996b). First, the proprotein is folded within ER and
transported to the Golgi. Then, recognition of the targeting determinants in the proprotein
directs the protein away from the constitutive secretory pathway to LB. Through
proteolytic processing stages, the mature protein is finally assembled and stored in LB
with surfactant phospholipids. The sorting and processing of SP-B are coincident but
independent events. The sorting determinants are not cell type-specific, but processing is.
The latest processing events are developmentally and hormonally regulated in
differentiating type II cells of second-trimester human fetal lung (Guttentag et al. 1998).
The SP-B precursor or its proteolytic fragments may have functional roles in type II
cells or other SP-B-expressing cells, but this issue remains obscure. The NH2-terminal
propeptide and the mature peptide are required for the targeting of SP-B to LB. The
function of the 23 kDa COOH-terminal propeptide is not known, since it is not required
for processing or sorting. It may have a role in SP-C proprotein processing and in the
maintenance of the intracellular surfactant pool size (Akinbi et al. 1997, Pryhuber 1998).
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Processing
stage:

Sign.

N-term.

N-flank

Mature

Cellular
compartment:

C-term.

PreproSP-B
1

23
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279

381

ER

ProSP-B
Medial Golgi
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Mature 8 kDa
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Dimer 16 kDa

Disulfide bridge formation

Fig. 7. Processing steps of human SP-B. The vertical marks above the N-and C-terminal
domains indicate (potential) Asn-linked glycosylation. The precise location of the final Nterminal cleavage event from 9 kDa to 8 kDa peptide is not completely clear but appears to be
post-Golgi and pre-LB. (Adapted from Korimilli et al. 2000.)

2.5.3 Function of SP-B
SP-B has several functions primarily related to surface tension reduction and the
metabolism of pulmonary surfactant, and it is essential for normal lung function (Suzuki
et al. 1988, Whitsett et al. 1995, Pryhuber 1998). SP-B accelerates the rate of adsorption
and spreading of surfactant phospholipids into the air-liquid interface, decreases the
surface tension of surfactant phospholipids, binds phospholipids, causes lipid fusion,
contributes to the formation of multilayer lipid membranes, and improves the respiratory
function in surfactant-deficient lungs of experimental animals (Revak et al. 1988, Suzuki
et al. 1989, Sarin et al. 1990, Cochrane & Revak 1991). SP-B interacts with negatively
charged head groups of surfactant phospholipids through its positively charged amino
acids. The dimeric nature of SP-B is presumed to allow it to bring two lipid bilayers into
close proximity. It may play a role in the organization and turnover of phospholipids. SPB also contributes to the recycling of surfactant from the alveolar space.
Targeted disruption of the SP-B gene in mice has yielded convincing information of
the role of SP-B in lung function in vivo. Complete deficiency of SP-B in mice results in
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respiratory failure and death immediately after birth (Clark et al. 1995). The lungs of SPB-/- mice contain no TM, and their type II cells have no fully formed LBs. The lack of SPB disturbs the processing of SP-C, with an aberrant proSP-C instead of mature SP-C
detected in the alveolus. SP-B-/- mice thus suffer from profound disruption of intra- and
extracellular surfactant homeostasis. Reduction of SP-B by 50% in heterozygous SP-B+/mice results in decreased lung compliance and air trapping, but is sufficient for normal
lamellar body formation and proSP-C processing in newborn and adult mice (Clark et al.
1997, Tokieda et al. 1997). While exhibiting no clinical symptoms under normal
conditions, SP-B+/- mice are more susceptible to hyperoxic lung injury than SP-B+/+ mice
(Tokieda et al. 1999a). Selective restoration of SP-B expression in type II cells but not in
Clara cells completely rescues the neonatal lethal phenotype in SP-B-/- mice, indicating
that expression and processing of the SP-B proprotein into the mature peptide in type II
cells are required for lung function in vivo and that SP-B expression in Clara cells cannot
substitute for this function (Lin et al. 1999a).
SP-B may also have functions not directly related to surfactant homeostasis, including
anti-inflammatory properties and protection against oxygen-induced lung injury (Miles et
al. 1999, Tokieda et al. 1999b, Weaver & Conkright 2001). Recently, SP-B has been
implicated in the regulation of the pulmonary immune function. It was shown in mice that
SP-B has the capacity to enhance an immunoglobulin M immune response against
intratracheally instilled antigen vesicles, whereas neither SP-A nor SP-C had a similar
effect (van Iwaarden et al. 2001). SP-B enhances the uptake of vesicles by alveolar type II
cells (Rice et al. 1989, Bates et al. 1992), and type II cell lipid metabolism may be closely
linked to the immune system of the lung (van Iwaarden et al. 2001).

2.6 The human SP-B gene and its variations
Human SP-B is encoded by a single-copy gene, also designated as SFTP3 or SFTPB, in
chromosome 2p12-p11.2 (Emrie et al. 1988, Vamvakopoulos et al. 1995). The SP-B gene
consists of 11 exons and spans a region of about 9.5 kb (Fig. 8) (Pilot-Matias et al. 1989).
The mature 79-amino acid peptide is encoded by the exons 6 and 7. A part of exon 1 and
exon 11 are untranslated. Repetitive sequences of two different types have been identified
within the gene: four complete Alu repeats in the largest introns 6, 8 and 10 and (CA)n
dinucleotide repeats in intron 4 (Pilot-Matias et al. 1989).
The SP-B gene is known to be polymorphic in at least five positions, as shown in
Table 3. Of these common variations, the exon 4 polymorphism T/C +1580 possibly has
the most potent functional consequence, because it affects the consensus sequence for Nlinked glycosylation Asn-X-Thr/Ser in the NH2-terminal propeptide of SP-B. The 5’
flanking variation A/C –18 is located closely upstream of the transcription start site and
within 15 bp downstream from the TATA box, which serves as a signal for the initiation
of transcription. The intron 2 variation A/C +1013 is located in a polypyrimidine tract of
the intron 2 – exon 3 splice junction. The variation in intron 4 (∆i4) is a complex length
polymorphism of composite (CA)n microsatellite sequences, characterized by deletion or
insertion of specific sequence motifs (Pilot-Matias et al. 1989). The 3’UTR
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polymorphism A/G +9306 is located 4 nucleotides (nt) upstream of the TAATAAA
polyadenylation signal. It is unclear whether any of these variations has an impact on
transcription, mRNA splicing, mRNA stability, or other regulatory processes.
A low-abundance alternatively-spliced SP-B mRNA has been identified from normal
human lung, with a 12 nt deletion at the beginning of exon 8 (Lin et al. 1999b). The
potential consequence of the loss of four amino acids in the COOH-terminus of the SP-B
precursor protein is not known.
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Fig. 8. Exon-intron organization of the SP-B gene. The gray and black bars illustrate the
noncoding and coding exons, respectively. The thin line represents the introns.

Table 3. Polymorphisms in the human SP-B gene
Location

Nucleotide
position a

5’UTR
-18
Intron 2
+1013
Exon 4
+1580
Intron 4
+1650 →
3’UTR
+9306
a
From the transcription start site

Nucleotide change

Amino acid change

Reference

A/C
A/C
T/C
del/ins
A/G

None
None
Ile131Thr
None
None

(Lin et al. 2000a)
(Lin et al. 1998)
(Glasser et al. 1987)
(Floros et al. 1995)
(Lin et al. 2000a)

2.7 Inherited deficiency of SP-B in humans
Congenital pulmonary alveolar proteinosis (CAP) is a fatal familial respiratory disease in
full-term infants (Coleman et al. 1980, Knight & Knight 1985). It is characterized
clinically by respiratory failure in the neonatal period and histopathologically by the
accumulation of granular, eosinophilic lipoproteinaceous material in the alveoli (Wallot et
al. 1999). SP-B deficiency is a common cause of CAP, which is a disorder with
heterogeneous pathophysiology and etiology (Nogee et al. 1993, deMello et al. 1994,
Nogee 1997).
Hereditary SP-B deficiency is a rare autosomal recessive disorder, which causes
affected infants to develop severe respiratory disease that clinically and radiographically
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resembles RDS, but results in death at a mean age of 3 months (Nogee 1997). These
infants are unresponsive to surfactant replacement therapy, mechanical ventilation and
extracorporeal membrane oxygenation (Nogee et al. 1993, deMello et al. 1994, Nogee et
al. 1994). Lung transplantation is the only treatment option currently available. Despite
the encouraging short-term results in the few SP-B-deficient infants that have undergone
transplantation, the production of anti-SP-B antibodies is a potential problem, which may
prevent long-term therapeutic success (Hamvas et al. 1997).
The lethal phenotype of SP-B-deficient infants supports the concept of SP-B being
essential for life. Complete or partial absence of SP-B protein in humans, as in SP-B-/mice, is associated with several abnormalities of surfactant metabolism, including a block
in SP-C processing and secretion of an aberrant proSP-C, accumulation of SP-A in the
alveoli, an abnormal phospholipid profile, a reduced number of lamellar bodies, absence
of tubular myelin, and high surface tension of surfactant (Nogee et al. 1993, deMello et
al. 1994, Hamvas et al. 1994, Vorbroker et al. 1995). The presence of an abnormal 12 kDa
form of SP-C instead of the normal 4 kDa active form in BALF has been used as a
diagnostic marker of SP-B deficiency (Hawgood 1998).
The first SP-B defect that was recognized as a cause of a complete SP-B deficiency
and fatal CAP was homozygosity of a frameshift mutation consisting of a substitution of
GAA for C in codon 121 of SP-B cDNA (121ins2) and introducing a premature
translation stop codon at amino acid 214 (Nogee et al. 1994). Most, if not all, of affected
homozygous 121ins2/121ins2 infants have a low but detectable amount of degraded SPB mRNA (Beers et al. 2000). This represents nonsense-mediated mRNA decay that has
been described for several human diseases, including the transmembrane conductance
regulator gene in cystic fibrosis (Hamosh et al. 1991) and the insulin receptor gene in
severe insulin resistance (Longo et al. 1992). In contrast to the phenotype of heterozygous
SP-B +/- mice (Clark et al. 1997), heterozygous 121ins2 human carriers seem to have
completely normal pulmonary function (Yusen et al. 1999). 121ins2 mutation is the most
common but not exclusive cause of SP-B deficiency of predominantly Western European
origin, with an estimated frequency of 1/1000-1/3000 in the population (Cole et al. 2000).
Various heterozygous and homozygous missense and nonsense mutations scattered
throughout the SP-B gene have been identified in SP-B-deficient patients (Nogee et al.
1994, Ballard et al. 1995, Wallot et al. 1999, Williams et al. 1999, Beers et al. 2000,
Nogee et al. 2000). Only two of the SP-B mutations, 121ins2 and 343ins3, have been
detected in two or more unrelated families, and no de novo mutations have been identified
(Nogee 1997, Nogee et al. 2000). Additionally, in some cases with no apparent genomic
mutation, CAP has been presumed to be associated with abnormal SP-B mRNA splicing
(Nogee et al. 1994, Nogee et al. 2000, Lin et al. 2000b, Mildenberger et al. 2001). A
single patient has been reported to survive severe reversible neonatal respiratory failure
caused by a transient SP-B deficiency (Klein et al. 1998). The mechanism in this instance
remained unclear, since the heterozygous point mutation in SP-B exon 5 that was found
both in the patient and in his healthy mother was unlikely to cause the observed transient
SP-B defect (Hawgood 1998).
The development of a lung disease in infants with a reduced amount of mature SP-B
supports the idea that a critical level of less than 50% of normal SP-B production is
required to prevent lung disease (Yusen et al. 1999, Nogee et al. 2000). Although
practically all of the SP-B-deficient infants identified to date have been born at or near
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term, it is possible that some premature infants with RDS unresponsive to surfactant
replacement therapy may be partly SP-B-deficient (Nogee 1997).

2.8 Structural lung development
Lung development initiates with budding of the foregut endoderm into the surrounding
mesenchyme, followed by a series of sequential branching and the eventual formation of
the conducting airways and the terminal gas exchange region in the alveoli (Burri 1997,
Hackett & Gitlin 1997, Kotecha 2000). Human lung development occurs as a series of
complex, strictly regulated events and can be divided into five overlapping stages:
embryonic, pseudoglandular, canalicular, saccular and alveolar (Hackett & Gitlin 1997).
The main developmental phases are listed in Table 4.
During the initial period of lung development, the embryonic stage or organogenesis,
the lung buds as an outgrowth from the foregut endoderm. Septation of the developing
lung and esophagus takes place, and the trachea and the main bronchi are formed. The
surrounding mesoderm is presumed to regulate the branching of the tracheobronchial
tree. SP-C expression is already detected.
Table 4. Stages of human lung development (Hackett & Gitlin 1997)
Stage

Time

Embryonic
Pseudoglandular
Canalicular
Saccular
Alveolar

1-7 weeks of gestation
5-17 weeks of gestation
16-26 weeks of gestation
24 weeks of gestation to term (40 weeks)
36 weeks of gestation to 2 years postnatal

Postnatal growth

2-18 years

During the pseudoglandular stage, branching morphogenesis results in fully formed
conducting airways, terminal bronchioles and primitive acini, and histological differences
between proximal and distal pulmonary epithelial cells become apparent. Expression of
SP-B is first detected in this stage.
The canalicular stage brings about important changes in lung structure. The
prospective gas-exchanging tissue becomes visible in light microscopy, and the future
lung parenchyma becomes canalized by multiplication of capillaries. Lamellar bodies
containing SPs and phospholipids in type II pneumocytes can be observed. The formation
of a thin air-blood barrier and the secretion of surface-active material give a prematurely
born baby the first chance to survive.
The saccular stage is characterized by further changes in the acinar portion of the lung,
resulting in the appearance of cells with morphological characteristics of type I alveolar
epithelial cells. The peripheral airways form typical terminal clusters of widened air
spaces called saccules. Septal structures form as a prerequisite for alveolar formation.
Capillaries are closely associated with type I cells, thus reducing the distance between the
future air-blood interface for gas exchange.
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The final stage of lung development, the alveolar stage, occurs primarily during
postnatal life. Alveolar formation and maturation occur, accompanied by marked
proliferation of all cell types and thinning of the alveolar walls. During this period,
further subdivision of the distal portion of the lung completes the process of alveolus
formation.
During postnatal lung growth, the gas-exchanging surface area increases markedly.
The number of alveoli increases from 20-50 million at birth to a final number of about
300 million by adulthood.
Besides the structural maturation, lung maturation has a biochemical component
involving hormonally regulated development of the surfactant (DiFiore & Wilson 1994).
Normal lung growth is also regulated by a number of transcriptional and growth factors,
such as HNF-3β, TTF-1, KGF, IGF, TGF-β and GM-CSF (Kotecha 2000).

2.9 SP-A and SP-B during fetal development
Expression of the genes for the hydrophobic surfactant proteins SP-B and SP-C begins
before the differentiation of type II cells and before the increased synthesis of surfactant
lipids and SP-A. Both SP-B and SP-C mRNA has been detected in preculture human lung
at 13 weeks of gestation already, with an exponential increase in expression during the
second trimester, and by 24 weeks of gestation, SP-B mRNA has reached 50% of the
adult level (Liley et al. 1989). In contrast, SP-A mRNA is not detected in lung specimens
before 24 weeks of gestation (Ballard et al. 1986).
Immunohistochemistry of preculture fetal lung has shown SP-B and SP-C proteins in
epithelial cells at 15-24 weeks of gestation (Whitsett et al. 1987). Consistent SP-B
immunostaining in terminal airway cells begins after 19 weeks of gestation, showing
excellent correlation with the timing of the appearance of lamellar bodies at the same
sites seen in electron microscopy (Stahlman et al. 1992). However, mature SP-B is not
consistently detectable until about 24 weeks of gestation and then only at 3% of the adult
levels (Beers et al. 1995).
The SP-A protein can be detected in the lung at 29 weeks of gestation (Auten et al.
1990, Phelps & Floros 1991). SP-A in amniotic fluid has been detected
immunochemically by ELISA as early as 26 weeks, with a sharp elevation from 32 weeks
towards term (Miyamura et al. 1994).
The SP-A1 and SP-A2 genes are differentially regulated during development. The
level of SP-A1 gene expression in fetal lung is high compared to the SP-A2 gene, and a
relative increase in SP-A2 expression takes place upon increasing lung maturity
(McCormick & Mendelson 1994).
The surfactant components are under a complex network of hormonal regulation
(Hallman et al. 1994). In vitro, accumulation of SP-B mRNA in fetal explants is
stimulated by natural and synthetic glucocorticoids, consistent with the acceleration of
lung development by glucocorticoid in fetal animals and the reduction of the incidence of
RDS in premature infants (Liley et al. 1989). The glucocorticoid regulation of SP-A in
fetal lung is more complex. Low concentrations of the hormone increase and high
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concentrations decrease SP-A mRNA levels in vitro (Odom et al. 1988). In rabbits, intraamniotic administration of IL-1 accelerates lung maturation by up-regulating the
expressions of SP-A and SP-B mRNA in the immature fetus (Bry et al. 1997).
Immature lung has a limited adaptive capacity for accelerated maturation when normal
lung development in utero is disturbed by premature birth. In response to precocious
initiation of air breathing, SP-B and SP-C mRNA levels increase rapidly within 24 hours
after birth, exceeding the levels seen in full-term infants, but the response of SP-A is
slower and less prominent (Minoo et al. 1991).

2.10 Surfactant components in the prediction of RDS
The presence, absence and relative amounts of each of the components of the surfactant
complex can be used as disease markers and to assess the degree of fetal lung maturity
(Stahlman et al. 1992).
Fetal lung maturity and thereby the risk of RDS can be assessed by phospholipid
analysis of the surfactant present in amniotic fluid. The lecithin/sphingomyelin (L/S) ratio
and the concentration of saturated PC have been used to predict the development of RDS
(Torday et al. 1979). The L/S ratio, however, often gives a false prediction of lung
maturity. Analysis of the profile of various phospholipids (Kulovich et al. 1979) and SP-A
immunoassay (Katyal et al. 1984) were developed to be better predictors of lung maturity
and the risk of RDS.
SP-A staining is very weak in the pathologic examination of lungs from infants that
have died from RDS (Kuroki et al. 1986). An ELISA assay of SP-A in amniotic fluid is
an accurate predictor of lung maturity, which is manifested as a several-fold increase in
the SP-A levels with advancing gestational age (Kuroki et al. 1985, Hallman et al. 1988).
Fibrinogen is one of the serum proteins that inhibit surfactant activity (Seeger et al.
1993). Serum proteins leak into the alveolar space during severe RDS (Jobe et al. 1983)
and alveolar proteins may leak into capillaries (Chida et al. 1991), indicating increased
bidirectional vascular permeability. The serum SP-A level was recently described as a
marker for assessing neonatal lung maturation, but no definitive correlation between low
SP-A levels and RDS emerged because of insufficient matching of premature RDS and
non-RDS infants for gestational age (Kaneko et al. 2001). When SP-A levels were
measured from cord blood sera from infants born before 32 weeks of gestation, high SPA levels were significantly related to non-RDS outcome (Cho et al. 2000).

2.11 Candidate genes in RDS
So far, the studies aiming to identify the genes involved in susceptibility to RDS have
been limited to case-control allelic association studies of only a few candidate genes.
The first allelic association study of RDS suggested the presence of HLA-linked RDS
susceptibility genes, with over-representation of the HLA antigen alleles A3 and B14 in
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RDS (n=38) compared to controls (n=380) (Hafez et al. 1989). This finding has not been
confirmed by later studies. In light of the recent data concerning the role of SPs in innate
immunity and immune response, it would be of a special interest to verify whether any of
the HLA antigen alleles is associated with RDS.
The genes coding for SPs, especially for SP-A and SP-B, have been regarded as the
most promising candidate genes involved in RDS. This is because of the direct functional
importance of these proteins in surfactant biology and the development of the disease.
The length variation of SP-B intron 4 was first suggested to associate with RDS, because
∆i4 variant alleles occurred at a higher frequency in the RDS population (n=82) than in
the control population (n=137) (Floros et al. 1995). SP-A allelic variation has also been
suggested to associate with RDS (n=82 RDS and 83 controls), with a synergistic positive
association of a specific SP-A2 allele and an unspecified length variant of SP-B intron 4
(Kala et al. 1998). These allelic associations have not been repeatedly detected, however,
and were only evident in small subgroups of infants. Furthermore, the studies have been
hampered by the heterogeneity of the study populations, the racial differences in allele
frequencies, small sample sizes and inappropriate controlling of the confounding factors,
such as the degree of prematurity (Floros et al. 1995, Veletza et al. 1996, Kala et al. 1997,
Kala et al. 1998).
The SP-C gene is polymorphic at several locations, but none of the common variations
are known to be associated with RDS or any other disease (Warr et al. 1987, Hatzis et al.
1994, Nogee 1998). On the basis of the present data, however, the SP-C gene cannot be
excluded as a candidate for RDS. The first association of the SP-C gene with a disease
was recently reported: a mutation was detected in a family suffering from a severe
interstitial lung disease (Nogee et al. 2001).
SP-D-/- mice have giant lamellar bodies and other surfactant-related abnormalities,
implying that SP-D may be more important in surfactant function than has previously
been assumed (Korfhagen et al. 1998, Botas et al. 1998). Despite the importance of SP-D
along with SP-A in the local pulmonary host defense, no associations have yet been
published between SP-D genetic polymorphisms and human diseases (Floros et al. 2000,
Guo et al. 2000, Lin et al. 2000a). Unlike the SP-B and SP-C genes, no cases have been
reported for SP-A or SP-D gene mutations as a cause of a genetic disease in humans.
Additionally, although no reports have been published, genes that encode proteins
known to be significant regulators of SPs would be plausible candidate genes for RDS,
such as glucocorticoid receptor; cytokines or cytokine receptors IL-1, TNF-α, IL-1
receptor or TLRs; growth factors GM-CSF or EGF; transcription factors HNF-3 or TTF1.

3 Outlines of the present study
Clinical, epidemiologic and biochemical evidence has strongly suggested that RDS is a
complex, multifactorial disease with a remarkable genetic component. In light of the
essential role of surfactant in normal pulmonary function, the genes coding for surfactant
proteins, especially SP-A and SP-B, have been regarded as the most plausible candidate
genes.
The main question in this study was whether polymorphisms of the SP-A1, SP-A2 and
SP-B genes have a predisposing or protecting role in the etiology of neonatal RDS.
The present study has the advantage of using large and ethnically homogenous
population samples and availability of highly informative medical records.
The aims of the present work can be briefly outlined as follows:
1.

2.

To determine whether SP-A and/or SP-B genes associate with RDS by monitoring
intragenic candidate gene variants in a well-characterized population- and familybased association study setting.
To assess the relative contribution of genetic and environmental factors to RDS using
statistical methods to control for known or potential external confounders and by
means of a twin study.

4 Subjects and methods
Detailed descriptions of the subjects and methods are presented in the original articles (IIV).

4.1 Ethical considerations
The study protocols were approved by the ethical committees of the University of Oulu
and the other participating centers. The clinical data on gestational age (GA) and the
neonatal and maternal clinical histories were obtained from medical records. The
permissions to review the medical records and to contact the twin families via the
respective hospitals were obtained from the Finnish Ministry of Social and Health Affairs
and each of the five university hospitals in Finland (Oulu, Kuopio, Tampere, Turku and
Helsinki). Written consent was obtained from the parents for their infants’ or their own
blood or buccal smear samples to be used for DNA studies.

4.2 Study populations and study design
The samples for the studies were collected during 1996-2000 from the university hospital
districts of Oulu (I-IV), Kuopio (IV), Tampere (I-IV), Turku (IV) and Helsinki (IV), and
from Seinäjoki Central Hospital (I, II).
RDS was diagnosed in the neonates according to the published clinical (grunting,
retraction, flaring, and need of supplemental oxygen for >48 h or need for exogenous
surfactant therapy), radiographic (diffuse reticulogranular pattern and air bronchograms)
and pathologic criteria (diffuse atelectasis and hyaline membranes) (I-IV). The infants
were excluded from the study either if intrauterine blood transfusion was given or if one
or both of the parents were not of Finnish origin. Four of the RDS infants were born at
term (GA ≥37 weeks), while all the others were premature (born before GA of 37 weeks).
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The premature control population (I-III) consisted of neonates born before GA 37
weeks during the same time period as the RDS infants. None of the neonates had been
treated with surfactant prophylactically. The exclusion criteria were the same as for the
RDS infants.
The term control infant population (I, II) consisted of all the neonates born at term
(mostly 39-40 weeks) during two months in 1998. In this subpopulation, none of the
infants had RDS.
Parents (III) were included in the study population as numerously as possible from the
families where an infant was born prematurely. None of the parents had had RDS at birth.
In the matched case-control allelic association study (I), the infants with RDS were
matched pairwise to those without RDS on the basis of the following criteria: gender,
length of gestation within one week, and prenatal glucocorticoid treatment for the
prevention of RDS. Altogether 88 pairs of RDS and control infants were included in the
study, and there was an additional control group of 225 infants born at term. The subjects
were analyzed for SP-A1, SP-A2 and SP-B ∆i4 genotypes.
In the unmatched case-control allelic association study (II), the subjects were
prematurely born neonates (n=707). Altogether 188 infants who developed RDS and 500
premature infants without RDS were available for these analyses. The additional control
group of infants included 475 neonates born at term. These subjects were analyzed for the
SP-A1, SP-A2, SP-B Ile131Thr and SP-B ∆i4 genotypes, with simultaneous control for
the known or potential confounders of the disease phenotype (degree of prematurity,
gender, steroid prophylaxis).
The family-based association study (III) included two sets of father-mother-offspring
trios in the transmission disequilibrium test (TDT). The RDS families (76 trios) were the
ones where the infant developed RDS in the neonatal period. The hypernormal families
(31 trios) were the ones where the infant had the hypernormal phenotype and did not
develop RDS despite severe prematurity (GA <32 weeks). These families were analyzed
for the transmission of SP-A and SP-B alleles from the parents to their affected or
hypernormal offspring.
Twin pairs (IV) were included in the study according to the following criteria: 1) same
gender, 2) neonatal RDS in one or both of the twins. The exclusion criteria were: early
death of one or both of the twins, delivery outside the university hospitals, non-Finnish
origin of one or both of the parents, and unconfirmed RDS diagnosis. The twin study
included 133 multiples of whom 122 were twin pairs and 11 were triplets. Of the triplets,
only two infants were included, resulting in 3 A-B and 8 A-C pairs (A, B and C being the
first-, second- and third-born infants, respectively). The multiples were studied for
concordance of RDS (Fig. 9), for the SP-A1, SP-A2, SP-B Ile131Thr and SP-B ∆i4
genotypes, and for several clinical variables. Special attention was given to the
characteristics unique to twins, such as zygosity (Fig. 9) and birth order, and their impacts
on the disease phenotype and on the potential associations between the SP genes and
RDS.

38

ZYGOSITY:
MZ twins

CONCORDANCE:

DZ twins

Concordant pair
(both sick)

100% genetic
identity

(one sick, one
healthy)

50% genetic
identity

Low

High

STRONG E,
WEAK G

Discordant pair

MZ
DISCORDANCE
CONCORDANCE
DIFFERENCE MZ VS. DZ
Low

STRONG G,
WEAK E

High

Fig. 9. The principle of twin disease concordance as a measure of the extent of a hereditary
component in disease etiology. E, environmental contribution; G, genetic contribution. The
disease is predicted to have a remarkable genetic component if disease concordance is
significantly higher in MZ compared to DZ twin pairs in the study population. On the other
hand, predominance of environmental over genetic contribution is predicted if MZ and DZ
twin pairs show comparable concordance rates. High disease discordance in MZ twins is
another indicator of strong environmental contribution and minimal genetic impact. The
model assumes that disease concordance is not lower in MZ than in DZ twin pairs.

The study populations of the individual studies (I-IV) are summarized in Table 5.
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Table 5. Characteristics of the study populations (n.d., not determined)
Study

No. of
subjects

GA, mean weeks
(±SD, range)

Birthweight, mean g
(±SD,range)

Steroid prophylaxis,
n (%)
GA<32 GA≥32
wk
wk

RDS

88

Premature controls

88

Term controls

225

31.6
(±2.6, 23.6-37.4)
31.7
(±2.6, 23.0-37.4)
n.d.

1788
(±646, 570-3280)
1784
(±604, 630-3860)
n.d.

36/46
(78%)
34/43
(79%)
-

14/42
(33%)
16/45
(36%)
n.d.

RDS

188

Premature controls

500

30.3
(±3.3, 23.6-37.6)
34.1
(±2.3, 23.0-36.9)
n.d.

1539
(±688, 452-3580)
2241
(±639, 545-5000)
n.d.

87/119
(73%)
64/78
(82%)
-

20/69
(29%)
117/422
(28%)
n.d.

30.2
(±3.3, 23.6-37.4)
29.5
(±1.8, 25.1-31.9)

1439
(±683, 520-3280)
1329
(±372, 775-2200)

40/50
(80%)
23/31
(74%)

10/26
(38%)
0/0

31.1
(±2.8, 24.3-36.7)
30.5
(±2.8, 24.0-36.4)

1615
( ±525, 515-3050)
1533
(±487, 630-3092)

12/34
(35%)
b
32/51
(63%)

I

II

Term controls
III
a
RDS families
Hypernormal families

a
b

475
76
a

31

IV
MZ twin pairs

58b

DZ twin pairs

75

b

b

b

6/24
(25%)
b
6/24
(25%)

Parameters of the infants
Number of pairs

4.3 DNA samples
Umbilical cord blood specimens were obtained prospectively from the neonates (n≈1200)
(I-IV), and venous blood was obtained from a subgroup of their parents (n≈280) (III)
during 1997-2000. None of these subjects had received blood products during the
preceding year. 0.5-3 ml of whole blood was used for the isolation of genomic DNA with
the Puregene DNA Isolation Kit (Gentra Systems). An aliquot of the DNA solution was
diluted to 50 ng/µl to be used for PCR amplification.
Part of the blood specimens from the neonates born in 1996-1997 were available only
as a blood spot dried on a filter paper (n=70) (I, II). A 3 mm disk containing about 12,000
white blood cells was punched from the paper. The sample disk was purified with DNA
Purification Solution (Gentra Systems) and used directly as a template for PCR
amplification. As a control for DNA cross-contamination, a blank paper disk treated in a
similar manner was included in each series.
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Duplicate buccal smear samples from cheek mucous membrane were collected
retrospectively into sterile swab collection tubes from the twins born in 1987-1996
(n≈240) (IV). Crude DNA was prepared using 10% Chelex 100 medium (Bio-Rad) and
used for PCR amplification. Appropriate DNA contamination controls for all reagents
were included in each series of buccal samples.

4.4 Genotyping
All the genotyping was based on PCR amplification. The PCR reactions were controlled
for purity by inclusion of a water sample in each series of amplification. In case of any
ambiguity in the interpretation of the genotype, the sample was excluded from the
analysis.
SNPs at the codons 19, 50, 62, 133 and 219 for the SP-A1 gene and at the codons 9,
91, 140 and 223 for the SP-A2 gene were analyzed for the SP-A genotypes (I-IV). The
SP-A genes were amplified by PCR using gene-specific primers. Because of the high
homology between the SP-A1 and SP-A2 genes, codon 85 was analyzed for both genes to
ensure the gene specificity of the PCR amplifications. The SP-A genotypes were
determined using a cRFLP method based on converted PCR primers (DiAngelo et al.
1999). The resulting PCR fragments were digested with appropriate restriction enzymes
and analyzed in EtBr-stained PAGE gels.
The SP-B Ile131Thr genotypes were analyzed from 290 bp PCR fragments after
digestion with the restriction enzyme TaaI and separation of the resulting fragments in
EtBr-stained LE agarose gels (II-IV). The SP-B ∆i4 length variants (≈240-760 bp PCR
fragment) were analyzed directly after PCR amplification in EtBr-stained NuSieve or LE
agarose gels (I-IV).
Twin zygosity was determined by using 4 highly informative tetranucleotide repeat
markers D7S3039, D15S1365, D17S976 and D21S11 in addition to genotyping of the
SP-A and SP-B loci (IV). Monozygosity was inferred if the genotype of the co-twins did
not differ with respect to any of the markers.
Part of the amplified SP-A1, SP-A2 or SP-B DNA fragments were sequenced with the
Abi Prism 377 DNA sequencing system by direct sequencing of the PCR product or after
subcloning into the pGEM-T Easy vector (Promega) (I, II).

4.5 Statistical analysis
Two-tailed χ2 test, 2x2 contingency tables and Fisher’s exact test were used for the allele
and genotype frequency comparisons (I-IV). Pairwise conditional (I, IV), multivariate
(II), and clustered (IV) logistic regression analyses were used to evaluate whether the
allelic and potentially confounding clinical variables explained the risk of RDS (I, II, IV).
The exact test for the homogeneity of odds ratios (HOR test) was used to evaluate
whether the length of gestation or the SP-B genotype was an effect modifier in the
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development of RDS (II). Familial transmission of the alleles was analyzed by the TDT
(III).
The software used for the computations included SPSS for Windows (basic statistical
calculations and logistic regression analysis), Arcus Quickstat (χ2 analysis and Fisher’s
exact test), Egret for Windows (conditional logistic regression analysis), StatXact for
Windows (HOR test), Intercooled Stata for Windows (clustered logistic regression
analysis) and Genehunter2 (TDT).

5 Results
5.1 Allelic association between SP-A genes and RDS (I)
An analysis of 88 pairs of RDS and control infants matched for the degree of prematurity,
sex and prenatal glucocorticoid therapy revealed an association between the SP-A genes
and RDS, as measured by differences in allele and genotype frequencies between the
RDS and control groups. The length of gestation in this study population varied between
23 and 37 weeks, with a median GA of approximately 32 weeks. Fifty of the 88 pairs had
been treated with prophylactic glucocorticoid. The roles of the degree of prematurity, sex,
steroid prophylaxis and etiology of prematurity in association with the SP-A alleles and
RDS were evaluated by subgrouping and by logistic regression models.
The degree of prematurity proved to be a major determinant of the observed allelic
association. The SP-A1 and SP-A2 allele frequencies as well as the SP-A1-A2 haplotype
frequencies differed significantly between the RDS and control groups of very premature
infants born before GA 32 weeks, while no significant differences were evident between
the RDS and control groups in less premature infants with GA ≥32 weeks. The most
frequent SP-A1 allele 6A2 was over-represented (p=0.018, OR 2.06, 95% CI 1.13-3.77),
and the second-most frequent SP-A1 allele 6A3 was under-represented (p=0.015, OR
0.44, 95% CI 0.23-0.86) in the RDS group compared to the controls with GA <32 weeks.
Consistent with the linkage disequilibrium between the SP-A genes, the results for the
SP-A2 alleles were in line with those for the SP-A1 alleles, with a higher frequency of
the SP-A1-A2 haplotype 6A2-1A0 and a lower frequency of the haplotypes 6A3-1A1 and
6A3-1A2 in RDS compared to control infants.
Gender did not have any influence on the association between SP-A alleles and RDS,
as judged by the similar allele distributions in males and females.
The allelic association was dependent on glucocorticoid prophylaxis. The severely
premature (GA <32 weeks) infants were divided into two subgroups according to
glucocorticoid prophylaxis, to assess their susceptibility or resistance to RDS. The infants
that did not develop RDS despite a lack of antenatal glucocorticoid were regarded as the
least susceptible infants, whereas the ones that developed RDS despite antenatal
glucocorticoid were regarded as the infants most prone to RDS. The comparison of these
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two subgroups revealed striking differences in both SP-A1 and SP-A2 allele frequencies,
further supporting the possible role of the alleles 6A2 or 1A0 as RDS risk factors or of the
alleles 6A3, 1A1 or 1A2 as protecting factors.
In terms of genotype frequencies and conditional logistic regression analyses, the
allelic association was evident in the homozygous but not in the heterozygous genotypes.
Four different conditions that resulted in premature birth were included in the logistic
regression models: spontaneous vaginal delivery, premature rupture of fetal membranes
(PROM), pre-eclampsia and twin pregnancy. The homozygous 6A3 genotype reduced the
odds of RDS regardless of the cause of premature birth. With the exception of
prematurity associated with spontaneous vaginal delivery, the homozygous 6A2 genotype
increased the odds of RDS.
SP-A alleles did not associate with prematurity per se, because the allele frequencies
did not differ between the subgroups defined by GA at birth (<32 weeks, 32-36 weeks,
≥37 weeks). The allele frequencies in the term control infants were generally between
those of the premature RDS and control infants.
The outlines of the study (I) are summarized in Table 6.
Table 6. Outlines of the matched case-control study (I)
Study
design
Pairwise
matched
casecontrol

Study population

Genetic variants

Statistics

RDS (n=88),
SP-A1 & SP-A2
Chi-squared analysis,
premature controls SNPs,
2x2 contingency tables,
(n=88),
conditional logistic
SP-B ∆i4
term controls
regression analysis
(n=225)
a
+ indicates evidence and – absence of allelic association between the marker and RDS.

Main outcome

a

SP-A1 & SP-A2 +,
SP-B ∆i4 –,
GA dependency in
association

5.2 SP-B Ile131Thr and ∆i4 polymorphisms and lack of association
with RDS (II)
The SP-B Ile131Thr allele frequencies were here determined for the first time in a
population. In term infants representative of the general Finnish population, the allele
frequencies were 54% Ile and 46% Thr and the genotype frequencies were 29% Ile/Ile,
50% Ile/Thr and 21% Thr/Thr.
The SP-B ∆i4 allele frequencies were similar to those reported for Caucasians, but
differed from those of African-American and Nigerian populations (Veletza et al. 1996).
In whites, deletion variants are more frequent than insertion variants, while the opposite
is true for black populations. There were also minor differences in the sequences of the
different ∆i4 alleles in the present study compared to the previously published sequences
(Floros et al. 1995), possibly reflecting racial or ethnic differences.
The two SP-B polymorphisms were in linkage disequilibrium (LD). LD was nearly
complete for the ∆i4 variant alleles but less strong for the ∆i4 invariant allele: 97% LD
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between Thr and deletion variants, 100% LD between Ile and insertion variants, and 58%
LD between Ile and invariant (Fig. 10).
Neither of the two SP-B polymorphisms differed in allele or genotype distributions
between the RDS and premature control groups or between the premature and term
infants, even after consideration of the known risk (severe prematurity, male sex) or
protective (antenatal steroid prophylaxis) factors. These results indicate a lack of direct
association between SP-B Ile131Thr or ∆i4 polymorphism and RDS.

Invariant (0.90)
Ile (0.54)
∆i4 allele

Deletion (0.09)

Ile131Thr allele
Thr (0.46)

Insertion (0.01)

Fig. 10. The pattern of LD between the SP-B Ile131Thr and ∆i4 polymorphisms. The allele
frequencies are indicated in parentheses. The thickness of the line illustrates the strength of
LD.

5.3 Influence of SP-B genotypes on association between SP-A alleles
and RDS (II)
In a large unmatched population sample (II), essentially similar results were obtained
compared to the matched case-control analysis (I) regarding the allelic association
between the SP-A alleles and RDS in infants born before GA 32 weeks, and especially in
the comparison between steroid - RDS and no steroid - no RDS subgroups.
The unmatched case-control study of 176 RDS and 491 premature control infants
revealed that the allelic association between the SP-A genes and RDS was dependent on
the SP-B Ile131Thr genotype. Contrary to a previous study (Kala et al. 1998), the
association was not dependent on the presence of the SP-B ∆i4 variant alleles. The
homogeneity of the odds ratio test showed the presence of an effect modification by the
degree of prematurity (GA < or ≥32 weeks) and the SP-B Ile131Thr genotype. Therefore,
the data were analyzed separately for premature infants after subgrouping according to
these effect modifiers.
When GA was <32 weeks, there was a significant difference in the SP-A1 and SP-A2
allele and SP-A1-A2 haplotype frequencies between the RDS and control infants, if the
SP-B genotype was Thr/Thr, but not if the SP-B genotype was Ile/Ile or Ile/Thr. No
significant differences in the SP-A allele frequencies were observed between the RDS and
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controls when GA was ≥32 weeks, regardless of the SP-B genotype. The association
between the SP-A genes and RDS was thus restricted to a subset of very premature
infants carrying the homozygous SP-B genotype Thr/Thr. In this subgroup of infants, the
SP-A alleles 6A2 and 1A0 can be regarded as potential high-risk RDS alleles and 6A3 and
1A2 as low-risk alleles. Furthermore, both the genotype frequency comparisons and the
logistic regression analyses showed that the increased or decreased risk of RDS was
associated with homozygosity (Fig. 11), but not with heterozygosity, of the SP-A alleles.
The outlines of the study (II) are summarized in Table 7.
2

0

2

SP-A genotype frequency %

0

1A /1A

6A /6A
70
60

*

*

50
40

3

RDS
nonRDS

3

6A /6A

30
20

GA <32 wk

10
0

I/I I/T T/T

I/I I/T T/T

I/I I/T T/T

SP-B Ile131Thr genotype

Fig. 11. The frequency of homozygous SP-A genotypes after division into subgroups
according to the SP-B Ile131Thr genotype in premature infants born before GA 32 weeks.
The P-values in the I/I, I/T and T/T subgroups were as follows: for 6A2/6A2: P=0.95, 0.91 and
0.007; for 6A3/6A3: P=0.056, 0.69 and 0.071; for 1A0/1A0: P=0.95, 0.75 and 0.005. An asterisk
(*) above a histogram indicates P<0.05.

Table 7. Outlines of the unmatched case-control study (II)
Study
design
Unmatched
casecontrol

Study population

Genetic variants

Statistics

Main outcome

a

Chi-squared analysis,
SP-A1 & SP-A2 +,
2x2 contingency
SP-B –,
tables,
dependency of the SP-A
b
HOR test ,
association on GA and
SP-B Ile131Thr
multivariate logistic
genotype
regression analysis
a
+ indicates evidence and – absence of allelic association between the marker and RDS
b
HOR, homogeneity of odds ratios
RDS (n=188),
premature
controls (n=500),
term controls
(n=475)

SP-A1 & SP-A2
SNPs,
SP-B ∆i4,
SP-B Ile131Thr
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5.4 Familial transmission of SP alleles (III)
Two separate parents-offspring trios were analyzed by the TDT: RDS families (n=76),
where the infant had RDS, and hypernormal families (n=31), where the infant was
protected from the disease despite extreme prematurity (GA <32 weeks).
As expected on the basis of the population-based allelic association analyses (I, II),
neither of the SP-B variations (Ile131Thr or ∆i4) showed transmission disequilibrium in
the RDS or hypernormal families. Instead, a significant transmission disequilibrium of
SP-A alleles was detected. In the RDS families, the SP-A1-A2 haplotype 6A2-1A0 showed
significant excess transmission. In the hypernormal families, the SP-A1 allele 6A2
showed slightly decreased transmission. In line with the other results (I, II), the effect of
GA was evident. Unfortunately, the family study suffered from a small number of fathermother-offspring triplets, and the study population was not large enough for an evaluation
of the role of the SP-B Ile131Thr variation in the familial transmission of the SP-A
alleles.

5.5 Concordance of RDS in MZ and DZ twins (IV)
The RDS concordance rates in the MZ (n=58) and DZ (n=75) twin pairs were 0.55 and
0.48, respectively. The 0.07 difference in the proportions was not significant. The
concordance rates did not differ between MZ and DZ pairs after adjustment for GA,
difference in birth weight, glucocorticoid prophylaxis, gender, mode of delivery or cause
of premature birth. Among the twins born before GA 32 weeks, the concordance rates in
the MZ (n=34) and DZ (n=51) pairs were 0.74 and 0.61, respectively (the difference of
0.13 is not significant). Among all the RDS-discordant twin pairs, the first-born had a
decreased risk of RDS (p=0.003, OR 0.5, 95% CI 0.3-0.8). A substantial birth weight
difference within the twin pair (≥30%) decreased the RDS concordance in both MZ and
DZ pairs. In 81% (13 out of 16) of the discordant twins, the heavier infants was the one
who had RDS.

5.6 Allelic association in twins (IV)
The SP-A alleles did not associate with RDS in twins. On the contrary, the SP-B Ile131
allele frequency differed in twins between the RDS and non-RDS groups. While the
difference in the SP-B Ile or Thr allele frequency between the RDS and controls was not
dependent on zygosity, the effect of birth order was evident. Among the first-born twins,
the allele frequency differed significantly between the RDS and non-RDS infants (Thr
allele frequency 0.53 vs. 0.33, p=0.005, OR 2.3, 95% CI 1.3-3.9), while the frequency
was not significantly different between RDS and non-RDS among the second-born twins
(Thr allele frequency 0.47 vs. 0.50, p=0.9, OR 1.1, 95% CI 0.6-2.2).
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5.7 Allelic association in singletons
Because the population-based association studies (I, II) and the twin study (IV) revealed a
discrepancy suggesting a difference in allelic association between SP genes and RDS in
singletons and twins, an additional analysis was performed. The study population (II) was
re-examined after the exclusion of infants from twin pregnancies, to see whether a similar
result of the SP-B genotype dependence in the association between SP-A genes and RDS
would be obtained in premature singletons alone. The number of singleton infants is
shown in Table 8.
The main outcome of the analysis was similar to the published results (II), with overrepresentation of 6A2 (and 1A0) and under-representation of 6A3 in the SP-B Thr/Thr
subgroup (Fig. 12). The small sample size did not allow a proper evaluation of the issue
separately in the GA subgroups, but the SP-A haplotype 6A2-1A0 was significantly more
frequent in the RDS infants (n=17) compared to the controls (n=11) in the Thr/Thr
subgroup with GA <32 weeks (frequency 0.79 vs. 0.50, p=0.021).
Table 8. Number of singleton infants in the SP-B genotype subgroups
SP-B subgroup
Ile/Ile
Ile/Thr
Thr/Thr

RDS
41
51
31

non-RDS
92
179
72

Total

123

343

48

2

6A

RDS
nonRDS

*

70
60

3

6A

50

*

40
30
20
10
0

I/I

I/T

T/T

I/I

I/T

T/T

SP-A1-A2 haplotype frequency %

2

70

0

1A

*

70
60
50
40

2

1A

30
20
10
0

I/I

I/T

T/T

I/I

I/T

T/T

SP-B Ile131Thr genotype

SP-B Ile131Thr genotype

C

B
SP-A2 allele frequency %

SP-A1 allele frequency %

A

0

6A -1A

*

60
50
40
3

2

6A -1A

30
20
10
0

I/I

I/T

T/T

I/I

I/T

T/T

SP-B Ile131Thr genotype

Fig. 12. Association between the SP-A genes and RDS in premature singleton infants as a
function of the SP-B Ile131Thr genotype. The infants (RDS n=123, control n=343) were
divided into subgroups according to their SP-B genotype. (A) Frequencies of the SP-A1 alleles
6A2 and 6A3. (B) Frequencies of the SP-A2 alleles 1A0 and 1A2. (C) Frequencies of the SP-A1A2 haplotypes 6A2-1A0 and 6A3-1A2. The P-values in the I/I, I/T and T/T subgroups were as
follows: (A) for 6A2: P=0.25, 0.32 and 0.005; for 6A3: P=0.071, 0.97 and 0.037; (B) for 1A0:
P=0.26, 0.24 and 0.014; for 1A2: P=0.85, 0.20 and 0.34; (C) for 6A2-1A0: P=0.13, 0.29 and
0.005; for 6A3-1A2: P=0.22, 0.41 and 0.29. An asterisk (*) above a histogram indicates P<0.05.

6 Discussion
Similarly to many common diseases, RDS seems to be a multifactorial disease with an
etiology involving both environmental and genetic predisposing and protecting factors.
Prematurity is clearly the most prominent factor predisposing to RDS, but there are
individual differences in disease susceptibility and in the response to treatments, implying
heterogeneity in the etiology. This may reflect phenotypic diversity partly due to genetic
variation, suggesting involvement of one or several genes. The present study evaluated
the hereditary component of neonatal RDS.

6.1 Methodological aspects
Common multifactorial diseases, such as diabetes, coronary heart disease, asthma and
cancer, result from complex interactions between several environmental (E) and genetic
(G) factors (E1↔G1, E1↔E2, G2↔G3, etc.). Identification of the hereditary components of
these diseases is not straightforward. Typically of complex diseases, RDS does not have a
clear pattern of inheritance. Before the development of successful treatments, RDS
invariably resulted in neonatal death. Therefore, studies of families with affected
individuals in multiple generations have not yet been possible, and large family pedigrees
are generally not available. Linkage studies and whole-genome scans, which are widely
used to detect linkage or LD between genetic marker loci and diseases, have not been
applied for RDS. Due to the benefit of successful treatments and good survival of RDS
infants during the past two decades, it may be possible in the future to perform family
studies spanning two generations of affected individuals born prematurely.
Three separate analytical approaches were used in an allelic association study of two
candidate gene loci encoding for SP-A and SP-B: a pairwise matched case-control study,
an unmatched case-control study, and a family study. Additionally, concordance of RDS
in MZ and DZ twin pairs was used to measure the hereditary component in the etiology
of RDS.
Genome scans and candidate gene studies are the two most common approaches to
identify genes involved in complex diseases (Borecki & Suarez 2001). An allelic
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association between a gene and a disease can be defined as a difference in allele
frequencies between a case and a control population. The gene under study can be a
genetic marker (usually a microsatellite or SNP) closely linked to a disease locus, or a
presumed causative candidate gene polymorphism. A positive allelic association may
arise for three reasons: 1) the associated allele is a true (partial) cause of the disease, 2)
the associated allele does not cause the disease but is in LD with the actual cause, and 3)
there is an artifact of population admixture, with no true relationship between the allele
and the disease (Lander & Schork 1994). Because association studies measure deviation
from the random occurrence of alleles by looking for differences in frequency of genetic
variants between unrelated affected individuals and controls, they do not concern familial
inheritance patterns. Linkage studies, instead, look for co-inheritance of genetic markers
with disease in families. While population-based allelic association can result from nongenetic causes, linkage analysis and other family-based tests are methods that provide
direct evidence of genetic association between the marker and the disease (Lander &
Schork 1994).
Isolated founder populations have proved extremely useful for mapping the genes for
simple rare monogenic disorders caused by mutations (Ikonen et al. 1991, Hästbacka et
al. 1992, de la Chapelle & Wright 1998, Kestilä et al. 1998, Peltonen et al. 1999).
Contrariwise, the Finnish population or other genetic isolates as a whole do not
necessarily involve significant benefits of overall genetic homogeneity in attempts to
identify genetic polymorphisms implicated in the etiology of common multifactorial
diseases (Kruglyak 1999, Eaves et al. 2000, Jorde et al. 2000). However, ethnic
homogeneity of the study populations helps to avoid spurious associations arising from
admixture (Lander & Schork 1994). The present study design has several advantages over
the previous RDS studies (Floros et al. 1995, Veletza et al. 1996, Kala et al. 1998). With
the restriction to individuals of Finnish origin, the study population was racially
homogenous, and thus one of the confounding factors was eliminated. Moreover, careful
attention was paid to other confounding factors, larger population samples were included,
and a family study was performed.
Matching involves the advantage of controlling for confounding factors in case-control
studies (Holford et al. 1978). However, matching also has drawbacks resulting in a loss of
power. There is the danger of overmatching if too many matching variables are chosen,
and not all of the individuals in a study population can be included in the analysis to form
the matched case-control strata. An unmatched case-control design allows the analysis of
larger study populations, and the effect of known or potential confounding factors can be
controlled by subgrouping or by logistic regression models.
In the presence of unrecognized population stratification, case-control association
studies may yield false evidence. This problem can be avoided by the TDT, which is used
to test for increased or decreased transmission of an allele from informative parents to
affected offspring (Spielman et al. 1993). Although the known confounders were
controlled in the present case-control study, the TDT was used as an additional test to
verify the genetic basis of the observed allelic association.
The use of a hypernormal phenotype (Morton & Collins 1998), which is presumed to
be genetically protected against a disease despite an environmental predisposition, was
introduced in the present study as a generally useful approach in the TDT design. For
cancer or infectious diseases, healthy persons with continuous exposure to a carcinogen
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or a disease-causing pathogen can be regarded as hypernormal. The hypernormal
phenotype in the present study, defined as an infant protected from RDS despite severe
prematurity, was used in the TDT to determine whether there is preferential familial
transmission of a potentially protecting allele or decreased transmission of a diseasecausing allele from parents to hypernormal offspring. The ultimate hypernormal
phenotype, i.e. the one that did not develop RDS despite severe prematurity and a lack of
prophylactic maternal steroid treatment, was used in allele frequency comparisons where
genetic protection against RDS was evident. Unfortunately, the present study suffered
from the lack of an adequate number of hypernormal infants.
Disease concordance in MZ vs. DZ twin pairs has often been used to verify the
presence of heredity in a complex disease (see Fig. 9 in Chapter 4.2) (Kaprio et al. 2000).
A significantly higher concordance in MZ (with 100% genetic identity) than DZ (with
approximately 50% genetic identity) twin pairs suggests the role of a genetic factor in the
disease etiology, while a similar concordance would indicate the absence of a genetic
contribution. However, this is not always the case, since the results of twin studies may be
misleading (Martin et al. 1997), especially in disorders in which the prenatal environment
is likely to play a part in the etiology (Phillips 1993). The lack of a significant difference
in RDS concordance does not directly rule out the presence of genetic factors in RDS.
The intrauterine environment differs between the presenting and non-presenting twins,
making the first-born twin more susceptible to ascending intrauterine infections and less
prone to RDS than the second-born twin (Arnold et al. 1987). Therefore, twinning or a
multiple pregnancy in itself is a confounding environmental factor, suggesting that the
traditional twin concordance study is not a suitable model for studying the hereditary
impact in RDS or other diseases confounded by multiple pregnancy.

6.2 Role of SP-A and SP-B gene polymorphisms in RDS
In a preliminary study of 88 matched pairs of RDS and control infants, a significant
association between both SP-A genes and RDS was detected. It could be presumed that
there are several SP-A alleles that either predispose to RDS (SP-A1 allele 6A2 and SP-A2
allele 1A0) or protect from it (SP-A1 allele 6A3 and SP-A2 alleles 1A1 and 1A2), in
prematurely born infants. In the next stage, the potential role of SP-A and SP-B genes in
the development of RDS was characterized more comprehensively in a larger, unmatched
study population.
Neither of the two SP-B polymorphisms studied, Ile131Thr or ∆i4, associated directly
with RDS or with prematurity, even after consideration of the confounding factors, i.e.
degree of prematurity, sex, and glucocorticoid prophylaxis. This was contrary to the
anticipations, as SP-B ∆i4 variants have previously been assumed to associate with RDS.
A significant difference in the ∆i4 variant frequency (all deletion and insertion variants
pooled together) was observed between a racially mixed RDS population (n=82, mean
GA 31.6 weeks) and controls (n=137, mean GA 37.3 weeks) (Floros et al. 1995). On the
basis of the present data, however, none of the SP-B ∆i4 or Ile131Thr alleles can be
generally claimed to be directly associated with RDS.
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By combining the SP-A1, SP-A2 and SP-B genotype data, we examined whether the
two gene loci associate interactively with the risk of RDS. The data revealed an
association between SP-A genes and RDS that was dependent on two major modifier
factors: the degree of prematurity and the SP-B Ile131Thr genotype. The allelic
association between SP-A genes and RDS was restricted to a subpopulation of very
premature (GA <32 weeks) infants carrying the homozygous SP-B genotype Thr/Thr.
SP-A and SP-B genes have been suggested to associate interactively with RDS (Kala
et al. 1998), but not in a manner similar to the present results. In a white population, the
presence of an SP-B ∆i4 variant allele increased the difference in the SP-A2 allele 1A0
frequency between RDS (n=32) and control (n=28) infants born after GA 28 weeks, but
the interactive effect was not evident in SP-A1 alleles or SP-A1-A2 haplotypes (Kala et
al. 1998). The presence of any SP-B ∆i4 variant did not have a similar effect in the
present study (RDS n=41 vs. controls n=105), despite the linkage disequilibrium between
SP-B Ile131Thr and ∆i4. To our knowledge, no other studies have been published on the
interaction between SP-A and SP-B genes in disease susceptibility. It remains to be seen
whether the same phenomenon is evident in other populations as well and whether there
are any racial differences in this respect.
SP-A-deficient mice born at term do not develop respiratory failure (Korfhagen et al.
1996, Ikegami et al. 1998). This is contradictory to the presumed role of SP-A in
maintaining alveolar stability, which is deteriorated in RDS. Although SP-A may not be
essential for respiratory function at term, it may be important for the maintenance of low
surface tension in compromised conditions, such as premature birth. Alternatively,
because premature birth is often triggered by an intrauterine infection, the importance of
SP-A in these conditions could arise from its role in host defense rather than in surfactant
function. This possibility is supported by a study indicating a decreased SP-A (and SP-D)
level in cystic fibrosis patients, which suggests a collectin-dependent susceptibility to
lung infections as a cause of the mortality and morbidity typical of cystic fibrosis (Postle
et al. 1999).
Low SP-A protein levels are associated with RDS (Hallman et al. 1988, deMello et al.
1989). The 6A2/6A2-1A0/1A0 genotype that was associated with RDS in the present study
may correlate with low mRNA levels (Karinch et al. 1997), suggesting that fetuses with
this genotype have a less than sufficient amount of SP-A at a critical stage of
development compared to fetuses with other genotypes. The role of SP-A appears to be
significant in the presence of surfactant inhibitors as a result of the high-permeability
lung edema that is prevalent in very premature infants with RDS (Hallman et al. 1991).
Similar to the present study, the frequency of the SP-A2 allele 1A0 tended to be increased
in a white RDS population (Kala et al. 1998). Based on several pieces of evidence,
variation in the SP-A genes is a plausible factor in the pathogenesis of RDS.
Subgrouping according to glucocorticoid prophylaxis in the present study is of special
significance. The striking difference observed between steroid-unresponsive (steroid,
RDS) and ultimate hypernormal (no steroid, no RDS) individuals in the present data
strongly suggests the presence of high-risk (6A2 and/or 1A0) or low-risk (6A3, 1A1 and/or
1A2) SP-A allele(s). This may reflect a genetic basis for a differential treatment response.
However, this aspect could not be properly evaluated because of the small number of
ultimate hypernormal individuals. Today, practically all severely premature infants that
avoid RDS have been treated with prophylactic glucocorticoid. The SP-A1 gene 3’UTR
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has been shown to be involved in the differential glucocorticoid response of 6A2 vs. 6A3
in vitro (Hoover & Floros 1999). Furthermore, sequences in the SP-A proximal promoter
region were necessary for the repression of SP-A transcription by dexamethasone in vitro
(Hoover et al. 1999). Although the mechanisms involved and the way in which these
observations reflect the in vivo situation are currently not understood, these findings
support the role of the SP-A genotype in the pathogenesis of RDS and in the response to
glucocorticoid therapy.
The amino acid differences between the high- and low-risk SP-A alleles are Val50Leu
in the collagenous domain for 6A2 vs. 6A3 and Asn9Thr in the N-terminal domain for 1A0
vs. 1A1/1A2 (Table 1 and Table 2). These variations are not likely to cause major
structural changes in the SP-A1 or SP-A2 peptide. Instead, the potential causative genetic
variation(s) may be in LD with these allelic variations. The 11 bp nucleotide segment in
the 3’UTR of the 6A2 allele but not in the other SP-A1 alleles is one of the candidate
sequences that could have a regulatory impact. However, the phenotypic consequences of
the SP-A allelic variations, regardless of whether they arise from structural or regulatory
differences due to individual SNPs, combinations of several SNPs, or other variations, are
not yet fully understood. Generally, DNA sequence variants affecting gene splicing and
regulation are likely to play an important role, and obvious deleterious mutations in the
coding sequences of genes are presumed to be responsible for only a fraction of the
differences in individual disease susceptibility (Peltonen & McKusick 2001).
Thr/Thr is the genotype that results in the presence of the putative glycosylation site in
the N-terminal SP-B propeptide at Asn129. Because of insufficient evidence, it is not
currently clear whether this site is glycosylated in type II pneumocytes in vivo. While
included in the N-terminal propeptide, this site is cleaved before the secretion of mature
SP-B into the alveolar space, where it profoundly improves the surface activity of the
surfactant phospholipids. In the heterozygous (Ile/Thr) NCI-H441-4 adenocarcinoma
Clara-like cells, proSP-B is N-glycosylated C-terminally at Asn311, but apparently not Nterminally at Asn129 (O'Reilly et al. 1989). On the other hand, N-terminal glycosylation
has been detected in a CHO cell line model (Lin et al. 1996b). Otherwise the assumptions
concerning the N-terminal Asn-linked glycosylation of proSP-B have been based on the
known cDNA sequence variation and on observations on human fetal lung tissue-derived
proSP-B regarding size heterogeneity on protein gels and endoglycosidase sensitivity
(Glasser et al. 1987, Jacobs et al. 1987, Whitsett et al. 1987, Weaver et al. 1988, PilotMatias et al. 1989). Appropriate processing of proSP-B to mature SP-B is type II cellspecific (Hawgood et al. 1993). Processing and sorting of proSP-B are independent
events, neither of which requires the C-terminal propeptide (Lin et al. 1996a, Lin et al.
1996b). Post-translational regulatory mechanisms have a role in the expression of mature
SP-B in type II cells, and proSP-B processing in these cells is developmentally and
hormonally regulated (Guttentag et al. 1998). The conflicting data regarding the proSP-B
glycosylation at Asn129 possibly reflects cell type-specificity and genetic heterogeneity.
The present study provides the first evidence of the role of variation in putative proSPB glycosylation in the genetic susceptibility to RDS after very premature birth.
Alternatively, but less likely, the SP-B Ile131Thr variation may be linked to an as yet
unidentified variable genetic element that, together with the SP-A allelic variants, has a
co-operative biologic role affecting the risk of RDS. The putative glycosylation at proSPB Asn129 is not essential, as this glycosylation site is not present in other mammalian
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species (Nogee 1998) and is absent in approximately 30% of humans. However, the
present evidence strongly suggests that this glycosylation site has functional importance
in surfactant-deficient states in humans.
It is known that SP-A interacts with mature secreted SP-B. SP-B and SP-A are
essential components of TM and have a co-operative influence on the surface activity of
the extracellular surfactant complex (Hawgood et al. 1987, Veldhuizen et al. 1994,
Toyoshima et al. 1995, Hawgood et al. 1998). Maintenance of the surface activity is
required for the prevention of generalized atelectasis, which is the principal
pathophysiologic feature in RDS. What possibly happens intracellularly between SP-A
and proSP-B is not currently known. It could be speculated that the proSP-B allelic
variant peptides are folded, sorted or processed differently in type II cells and would
thereby have different interactions with SP-A allelic products intra- or extracellularly.
Two possible pathways for the SP-B genotype-dependent interaction between SP-B
and SP-A are proposed. Differential folding of proSP-B N-glycosylation variants may
affect SP-B secretion and thereby have an influence on the availability of extracellular
mature SP-B. Based on its lectin property, SP-A could also interact intracellularly with
glycosylated proSP-B by its CRD either directly or through its receptor. Calreticulin is an
important ubiquitous soluble ER-resident lectin chaperone that facilitates proper folding
of glycoproteins in the ER, binds carbohydrates (Wada et al. 1995), and has the potential
to act as a receptor for SP-A (Malhotra et al. 1992). All glycoproteins are presumed to
interact transiently with ER lectins in mammalian cells (Parodi 2000). N-linked
glycosylation is required for the correct folding of many glycoproteins, and efficient
interaction between the glycoprotein and the folding-assisting chaperone may be affected
by the degree of glycosylation (Zhang & Salter 1998). Protein secretion can be regulated
by variation of a single N-linked glycosylation site (Mehta et al. 1997). Whether there are
differences in the folding or sorting of proSP-B allelic variants and whether this would
affect SP-A remains to be studied.
Besides RDS, interactions between unlinked genes have been found to contribute to
the risk of other complex diseases, such as myocardial infarction (Tiret et al. 1994),
diabetes (Cox et al. 1999), and early coronary disease (Alvarez et al. 1998), and to the
severity of the monogenic disorder cystic fibrosis (Garred et al. 1999).
The present study does not support the assumption of a role of the SP-A or SP-B
genes in predisposition to RDS in infants born at GA 32-36 weeks. The genetic
determinants of predisposition to RDS in these close-to-term infants, if any, could be
among the genes involved in the regulation of SPs. The GA threshold where the allelic
associations were evident was very close to 32 weeks. For instance, if the GA for severe
prematurity was increased to 33 or 34 weeks, or if the GA window was defined as 30-34
weeks, no allelic associations were evident (data not shown). This could reflect the
involvement of other genes in the pathogenesis of RDS in this developmental stage. On
the other hand, 32 weeks of pregnancy may mark a critical stage of fetal lung
development, when important changes in SP expression or regulation take place. This is
very interesting in light of the recent experimental data from a rabbit model showing that
the responsiveness of SP-A and SP-B to a proinflammatory cytokine IL-1 was dependent
on the degree of lung maturity: in immature lung, IL-1 upregulated SP-A and SP-B
mRNA expression, while downregulation occurred in mature lung (Glumoff et al. 2000).
Spontaneous premature birth caused by intrauterine infection is associated with increased
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IL-1 or IL-6 concentrations and a decreased incidence of RDS in very small premature
infants (Romero et al. 1992, Gibbs et al. 1992, Watterberg et al. 1996).
The family study utilizing TDT confirmed the genetic basis of the association between
the SP-A genes and RDS. To our knowledge, no other family studies have been published
concerning RDS.

6.3 Genetics of RDS in twins
The concordance of RDS did not differ significantly between the MZ (55%) and DZ
(48%) twin pairs and was remarkably low in the MZ pairs. This result, which implies the
absence of a direct hereditary impact in RDS, was quite unanticipated. The previous
study showing a high RDS concordance in MZ (85%) compared to DZ (44%) twins
consisted of a very small study population (altogether 31 pairs of known zygosity
compared to 133 pairs in the present study) and also included twin pairs of opposite sexes
(Myrianthopoulos et al. 1971), possibly resulting in a high concordance rate in MZ twins
by chance. The interpretation of the conflicting results between these two studies is
further hampered by the long interval between the sample collections, during which the
overall RDS incidence has decreased due to the changing practice of prophylactic
glucocorticoid treatment. The exclusion of opposite-sexed twin pairs and pairs with a
lethal disease may have decreased the difference in concordance between the MZ and DZ
pairs in the present data set.
The small, insignificant difference in RDS concordance between the MZ and DZ twin
pairs does not rule out the presence of a remarkable genetic component in the etiology of
RDS. The observed low concordance rate in MZ twins can be explained by the generally
lower risk of RDS in the first-born than in the second-born twins. In the present study and
other reports (Arnold et al. 1987, Mercer et al. 1993, Prins 1994), the presenting infant
had a lower incidence of RDS than the non-presenting one. In spontaneous premature
labor, ascending intrauterine infection is a common complication associated with a
decreased incidence of RDS (Watterberg et al. 1996). More than 70% of the twins in the
present study were born due to active premature labor. Inflammatory mediators accelerate
fetal lung maturity (Bry et al. 1997, Jobe et al. 2000) and may protect the presenting twin
against RDS, regardless of zygosity. Cervical ripening is associated with the generation
of cytokines and growth factors that could affect the presenting fetus even in the absence
of infection. Therefore, birth order in a twin pregnancy seems to be a confounding factor
that needs to be taken into consideration when evaluating the potential genetic component
of RDS in twins.
Contrary to singletons, SP-B Ile131Thr polymorphism associated with RDS in the
first-born, but not in the second-born twin. Homozygosity of the SP-B Thr allele
increased the odds of RDS in the first-born twin, regardless of the SP-A genotype. In the
non-presenting twins, the susceptibility to RDS was not dependent on the SP-B or SP-A
genotypes. SP-B Ile131Thr polymorphism may be an important determinant of lung
maturity in the fetus born first, partly explaining the association between the birth order
and the incidence of RDS. In twin pregnancies, SP-B Ile131Thr polymorphism and the
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birth order serve as an example of genetic and environmental interaction as a determinant
of the phenotype.
Apart from neonatal RDS, decreased SP-B level and other surfactant abnormalities are
also evident in adult acute RDS (ARDS) (Gregory et al. 1991). The SP-B Thr allele may
be associated with an increased risk of ARDS due to pneumonia (Lin et al. 2000a), which
is in line with the increased RDS risk of the Thr allele or the decreased RDS risk of the
Ile allele in first-born twins. Variation in the SP-B gene thus appears to influence the risk
of respiratory failure among newborn and adult patients exposed to an infectious or
inflammatory challenge. SP-B was recently shown to regulate the induction of immune
responses via the airways in mice (van Iwaarden et al. 2001). This highlights the
interesting question of whether SP-B has a role as a pulmonary inflammatory mediator in
humans.

7 Summary and conclusion
The present study enhances our understanding of the factors involved in heritable
susceptibility to neonatal RDS in premature infants. Allelic variation of the SP-A1, SPA2 and SP-B genes was shown to play an important role in the etiology of the disease.
The present study suggests that the genetic basis for susceptibility to RDS is highly
heterogeneous, involving complex environmental and genetic interactions. The degree of
prematurity, singleton vs. multiple pregnancies, and birth order in a multiple birth
determine the disease subgroups. Evidence was found to suggest that the role of genetic
factors due to common variation of the SP-A and SP-B genes are probably not the sole
genetic determinants of the disease.
Interaction of the SP-A and SP-B genes accounts for part of the heritable component
of RDS in severely premature singletons. RDS seems to have a direct genetic component
in twins as well, but additional complicating factors are involved. The extent of the
environmental contribution and the interaction between genetic and environmental factors
may be more prominent in multiples than in singletons. A direct allelic association
between the SP-B but not the SP-A1 or SP-A2 gene and RDS was evident in the firstborn twins, whereas there was no detectable allelic disease association in the second-born
twins.
The present results are not currently applicable to treatment strategies and should not
be used in prenatal diagnostics. They offer a partial response to the question of why some
infants are protected from RDS, despite their severe prematurity, or, on the other hand,
what makes some infants unresponsive to steroid prophylaxis. However, better
understanding of the precise biological mechanisms and phenotypic consequences of the
predisposing or protecting allelic variants requires further research. It also remains to be
studied whether the SP-C or SP-D gene, or genes regulating the surfactant proteins, have
a role in genetic susceptibility to RDS. A future vision would be that the recognition of
the candidate genes important in the pathogenesis of life-threatening respiratory failure
could help us develop new therapeutic and preventive strategies targeted for different
disease subgroups.
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