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Pulmonary surfactant is essential to maintain alveolar patency, and invariably fatal neonatal lung disease has
been recognized to involve mutations in the genes encoding surfactant protein-B or ATP-binding cassette
transporter family member ABCA3. The lipid transporter ABCA3 targets surfactant phospholipids to lamellar
bodies that are lysosomal-derived organelles of alveolar type II cells. ABCA3�/� mice have grossly reduced
surfactant phosphatidyl glycerol levels and die of respiratory failure soon after birth. We studied lung biopsy
samples of two siblings with a novel homozygous ABCA3 mutation at nucleotide position 578 (c.578C4G),
leading to a Pro193Arg amino-acid exchange, who died at 55 and 105 days of age. Light microscopy revealed
thickened alveolar septa with abundant myxoid interstitial matrix, marked hyperplasia of type II pneumocytes,
desquamation of alveolar macrophages and focal alveolar proteinosis. Surfactant protein-B was detected by
immunohistochemistry after antigen retrieval. Transmission electron microscopy showed rare cytoplasmic
inclusions with concentric membranes and eccentrically placed electron-dense aggregates. These ‘fried-egg’-
appearing lamellar bodies differed both from normal lamellar bodies and the larger, poorly formed composite
bodies with multiple vesicular inclusions observed in surfactant protein-B deficiency. In conclusion, our
findings underscore that the implications of interstitial lung disease in infant lungs differ from those in adults.
In infants with a desquamative interstitial pneumonitis pattern, surfactant or ABCA3 mutations should be
evaluated. Importantly, these findings support the notion that electron microscopy is useful in distinguishing
between surfactant protein-B and ABCA3 deficiency, and has an important role in evaluating biopsies or
autopsies of term infants with unexplained severe respiratory failure and interstitial lung disease.
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Pulmonary surfactant is a highly surface-active,
complex mixture of lipids and proteins that lowers
surface tension and prevents atelectasis.1 Surfactant
is synthesized in alveolar type II cells, stored in
lamellar bodies and secreted into the alveolar space
by exocytosis. The most abundant lipid component
is phosphatidylcholine, and the major surfactant
proteins are surfactant protein-A, -B, -C and -D.2

In preterm infants, insufficient amounts of surfac-
tant produced by type II cells lead to respiratory
distress syndrome.3 In term infants, inherited muta-

tions in the genes coding for surfactant protein-B,
SFTPB (surfactant protein-B deficiency) and SFTPC
have been identified as cause of respiratory failure.4–6

Histopathology of surfactant protein-B deficiency
resembles the adult form of alveolar proteinosis or a
desquamative interstitial pneumonitis (DIP)-like
pattern.4,7

In addition to SFTPB and SFTPC mutations,
inherited severe neonatal respiratory distress has
recently been attributed to mutations in the ATP-
binding cassette A3 transporter (ABCA3) gene.1,8–12

ABCA3 is a member of the ATP-binding cassette
transporter family of proteins that actively transport
a wide range of substrates across cell and intracel-
lular membranes.11,13 In infants with severe neonatal
respiratory distress due to ABCA3 mutations, the
histological features correspond to a pattern of
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non-specific interstitial pneumonia.8 Such mutations
in the ABCA3 transporter gene are increasingly
being recognized.

We studied members of a consanguinous family,
two of which died from congenital respiratory
distress syndrome, by conventional histology, ultra-
structure as well as by ABCA3 gene sequencing to
look for a responsible ABCA3 mutation and to
determine phenotypic–genotypic correlation.

Materials and methods

Patients

Two of four infants of an inbred Algerian family
suffered from progressive respiratory distress with
onset in the first hours after birth. The girl, born in
2000, and the boy, born in 2006, were admitted to
the neonatal intensive care unit for cyanosis and
tachydyspnea on the first day of life and treated with
increasing concentrations of oxygen. Chest X-rays
showed diffuse opacities. Mechanical ventilation
was started at day 3 or 4 of life, respectively. The
patients did not respond to exogenous surfactant
administration, inhaled nitric oxide, intravenous
prostacyclin, steroids, chloroquine or immunoglo-
bulins. Surfactant protein-B was detected in broncho-
alveolar lavage fluid. Open lung biopsies were
performed at the age of 2 and 7 weeks, respectively.
The infants died of relentless hypoxemic respiratory
failure at 105 and 55 days of life. Two siblings,
parents and grandparents were asymptomatic.
Informed consent was given for mutational analysis.

Conventional Histology

Lung tissue was formalin-fixed and paraffin-em-
bedded for conventional histologic stains.

Immunohistochemistry

Formalin-fixed and paraffin-embedded lung tissue
was submitted for immunohistochemical inves-
tigation. Immunohistochemistry for surfactant
protein-A, surfactant precursor protein-B and mature
surfactant protein-B was performed according to
standard protocols (surfactant protein-A mouse
monoclonal 1:200 and surfactant precursor protein-B
mouse monoclonal 1:50, Novocastra, Newcastle
upon Tyne, UK; and surfactant protein-B mouse
monoclonal 1:25, Lab Vision, Fremont, CA, USA).
Antigen retrieval was achieved by microwave at
981C for 30min in citrate buffer.

Ultrastructural Examination

Small pieces of lung tissue (o1mm) were glutar-
aldehyde fixed, epon resin embedded, semithin and
ultrathin cut, uranyl acetate and lead citrate stained

for ultrastructural investigation at an FEI Morgagni
transmission electron microscope with digital
camera equipment.

ABCA3 Gene Mutation Analysis

Genomic DNA was extracted from EDTA whole
blood using the DNA Midi kit (Qiagen, Hilden,
Germany), and from fresh-frozen lung tissue and
deparaffinized-paraffin sections using the QIAamp
DNA Mini kit (Qiagen), as described in the manu-
facturer’s protocol. The 30 coding exons of the
ABCA3 gene of the index patient and individual
exons from five family members were PCR-ampli-
fied with flanking, intronic sequences and the exon
sequences, and splice sites were compared to the
genomic ABCA3 wild-type sequence as derived
using the NM_001089.1 mRNA as described in
Brasch et al.10 PCR products were sequenced by
direct cycle sequencing using an ABI Prism 3130xl
Genetic Analyser capillary sequencer and BigDye
terminator (Applied Biosystems, Foster City, CA,
USA). The primer sequences, annealing tempera-
tures and length of PCR products are provided in the
Supplementary Table.

Results

Conventional Histology

Lung histology demonstrated chronic pneumonitis
of infancy with a combination of morphologic
features of non-specific interstitial pneumonia,
pulmonary alveolar proteinosis and a DIP pattern
(Figure 1). Features of non-specific interstitial
pneumonia consisted of thickened alveolar septa
with increase in cell content, abundant myxoid
interstitial matrix and minor loose fibrosis. Result-
ing slit-like airspaces indicated severe acinar dys-
plasia. Smooth muscle hyperplasia in the
bronchiolar–alveolar duct area was present as often
seen in ‘stiff’ lungs with interstitial pneumonitis
(Figure 2). There was marked hyperplasia of type II
pneumocytes. Focally, an alveolar accumulation
of finely granular, eosinophilic and PAS-positive
material was found (Figure 2), as seen in pulmonary
alveolar proteinosis. Similarly, desquamation of
alveolar macrophages was observed, typical of a
DIP pattern.

Immunohistochemistry

Immunohistochemistry for surfactant precursor
protein-B and mature surfactant protein-B showed
granular expression in type II pneumocytes. Immuno-
histochemistry for surfactant protein-A demon-
strated homogeneous cytoplasmic expression. The
intra-alveolar accumulated material stained for
surfactant protein-A and focally for surfactant
precursor protein-B (Figure 2).
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Figure 1 Conventional histology (2 weeks, patient boy). (a) Low power of open lung biopsy shows interstitial fibroplasia (Alcian blue
PAS� 50). (b) Interalveolar septa are widened and occupied by loose connective tissue. Alveoli are collapsed (Alcian blue PAS�200).
(c) Lung lobule with massive pneumocyte type II hyperplasia (Alcian blue PAS� 400). (d) Intraalveolar deposition of PAS-positive
material (Alcian blue PAS�400). (e) Intraalveolar deposits of finely granular material (Alcian blue PAS� 630). (f) Massive pneumocyte
type II hypertrophy, hyperplasia and desquamation (Alcian blue PAS�630).
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Ultrastructure

Ultrastructurally, hyperplastic type II pneumocytes
contained rare cytoplasmic inclusions with tightly
packed concentric membranes and an aggregate of
electron-dense material within the cytoplasmic
inclusions (‘fried-egg’ appearance) as described by
Cutz et al1 and Edwards et al.14 Regular lamellar
bodies as in normal type II pneumocytes or
composite bodies typical of surfactant protein-B
deficiency were absent (Figures 3 and 4).

ABCA3 Gene Mutation Analysis

Mutation analysis was performed on seven indivi-
duals. All 30 coding exons of the ABCA3 gene were
submitted to sequence analysis in the second
patient. The patient was found to be homozygous

for a point mutation of base pair 578 C4G in exon 7
(c.578C4G, numbering beginning at the ATG start as
given in mRNA NM_001089.1), resulting in amino-
acid exchange Pro193Arg (Figure 5). DNA extracted
from paraffin-embedded material from the first
patient revealed homozygosity for the same muta-
tion. Both asymptomatic parents, an asymptomatic
sister and the asymptomatic grandmother on the
mother’s side were heterozygous for this mutation.
A healthy brother showed an ABCA3 wild-type
sequence. The mutation was not found in 54
controls.

Discussion

Pulmonary homeostasis at birth and later in life
depends on the precise regulation of synthesis and
secretion of surfactant proteins-B and -C, as well as

Figure 2 Conventional histology (6 weeks, patient girl) and immunohistochemistry. (a) Low power of lung biopsy at 6 weeks shows
smooth muscle hyperplasia in the bronchiolar–alveolar duct area (PAS� 100). (b) Persisting pneumocyte type II hyperplasia, intraluminal
deposition of finely granular PAS-positive material and desquamation (PAS�400). (c) Immunohistochemistry for surfactant precursor
protein-B shows fine granular cytoplasmic expression pattern in alveolar pneumocytes type II (� 400). (d) Immunohistochemistry for
surfactant protein-A demonstrates diffuse expression in alveolar pneumocytes and intense staining of alveolar exudate (�400).
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the formation of lamellar bodies. Surfactant pro-
teins-B and -C are synthesized and packaged with
surfactant phospholipids in lamellar bodies. Normal
lamellar body formation requires surfactant protein-
B and ABCA3 as a member of the ABC family of
ATP-dependent membrane-associated transport
proteins. Mutations in SFTPB, SFTPC and ABCA3
genes disrupt type II alveolar pneumocyte function
and cause abnormalities in surfactant homeo-
stasis.15,16 ABCA3 gene mutations have recently

been described in fatal respiratory disease in new-
borns and severe chronic lung disease in in-
fancy.1,8,10 Expression of surfactant proteins-B, -C
and ABCA3 are coregulated during late gestation by
thyroid transcription factor 1 and forkhead box a2.
SFTP-B and -C mutations account for a relatively
small percentage of severe respiratory failure in
newborns.15 Clinical manifestation has been de-
scribed as similar between SFTP-B, -C and ABCA3
mutations.15 Conventional histology shows similar
overlapping features.

We have studied lung conventional morphology,
immunohistochemistry and ultrastructure in two
patients of a consanguinous family and correlated
morphology with ABCA3 gene analysis in affected
and non-affected family members, as well as 54
control patients.

The histopathologic findings in the lung biopsies
of our patients revealed a variable combination of
non-specific interstitial pneumonia, a DIP-like pat-
tern and pulmonary alveolar proteinosis-like fea-
tures as are characteristic of the so-called ‘chronic
pneumonitis of infancy’.10 This term was originally
coined by Katzenstein et al17 and denotes alveolar
septal thickening, striking type II pneumocyte
hyperplasia and a granular alveolar exudate with
numerous macrophages.19 While alveolar septal
thickening due to fibroblast proliferation, type II
pneumocyte hyperplasia and focal intraalveolar
accumulation of fine granular, eosinophilic material
in conjunction with alveolar macrophages as the
typical conventional histologic elements of this
chronic pneumonitis of infancy have been described
in association with ABCA3 mutations,8,10,11 there is
considerable heterogeneity in the findings between
different infants. It has been emphasized that the
light microscopy findings are not specific for
ABCA3 gene mutations,9 as the morphology is
similar to those observed in infants with SFTPB
and SFTPC gene mutations. Rather, such morpholo-
gic findings are suggestive of an inborn error-
disrupting surfactant metabolism, but are not spe-
cific for the disorder.9 Morphologic findings of
congenital chronic pneumonitis of infancy should
trigger immunohistochemical and ultrastructural
investigation to search for abnormal surfactant
metabolism and surfactant lamellar body structure.

The importance of ultrastructural investigation in
the diagnosis of congenital surfactant deficiencies
has recently been outlined in the recommendations
of the Children’s Interstitial Lung Disease Pathology
Co-operative Group (chILD Pathology Co-operative
Group) in the protocol for the handling of tissue
obtained by operative lung biopsy.20 Besides ade-
quate preservation of tissue for microbiological
cultures and molecular studies, in infants and
young children, collection of tissue in glutaralde-
hyde for electron microscopy is strongly recom-
mended for lung biopsies. Our study emphasizes the
usefulness of setting aside a small piece of lung
tissue for ultrastructural investigation in neonatal

Figure 3 Electron microscopy (patient boy). (a) Overview of
alveolar cell hyperplasia (�2200). (b and c) Normal lamellar
bodies are absent. Instead, multiple small condensed lamellar
bodies are visible in the apical cytoplasm of pneumocytes (� 5600
and �7100).
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patients with clinical presentation of interstitial
lung disease. An electron microscopy study should
be part of the evaluation of an infant with unex-
plained severe respiratory failure who undergoes a
lung biopsy, or in the autopsy of a full-term infant
who dies from hypoxic respiratory failure of
unknown cause.20

In patients with ABCA3 gene mutations, abnormal
processing of surfactant protein-B has been re-
ported, resulting in decreased expression of mature
surfactant protein-B in alveolar pneumocytes.10

Decreased surfactant protein-B expression with
granular appearance was found in immunohisto-
chemistry without antigen retrieval and recovered

Figure 4 Electron microscopy (patient boy). (a) Apical pneumocyte type II cytoplasm is occupied with small lamellar bodies of compact
texture and irregular, focally eccentric electron dense deposits (� 22000). (b) Lamellar body with irregular electron dense deposits
(�36 000). (c) Lamellar body composed of compact concentric membranes with vesicular core (� 32000). (d) Even more compact
lamellar body architecture of smaller size (� 56000). (E) Small compact lamellar bodies with eccentric electron dense deposits
(�36 000). (f) Small abnormally compact lamellar bodies contain a vesicular core (� 58000).

ABCA3 in neonatal pneumonia
E Bruder et al

1014

Modern Pathology (2007) 20, 1009–1018



with antigen retrieval. In our patient, we found a
focally prominent granular pattern of pneumocyte
surfactant protein-B expression in line with pre-
vious findings.

Electron microscopic investigation is an impor-
tant tool in the investigation of congenital surfactant
deficiency. In normal type II pneumocytes, surfac-
tant-containing mature lamellar bodies occupy the
apical cytoplasm and appear as onion-skin arrange-
ment of regular concentric lamellae on ultrastruc-
tural examination.18 In contrast, in congenital
surfactant deficiency, ultrastructural investigation
shows a characteristically abnormal lamellar body
pattern. Importantly, the ultrastructural aspect is
distinct for each type of congenital surfactant
deficiency and may be applied for morphologic
discrimination (Table 1). Mature lamellar bodies are
absent in type II pneumocytes in surfactant protein-
B deficiency, which features composite bodies with
membranous and vesicular structures instead.14,21

Similarly, deficiency of mature lamellar bodies in
alveolar type II cells has been described in ABCA3
mutations.1,14 In contrast to surfactant protein-B
deficiency, in ABCA3 mutations, a different, char-
acteristic phenotype of lamellar bodies has been
described.1,14 Cytoplasmic inclusions with tightly
packed concentric membranes and distinctive elec-
tron dense aggregates of ‘fried-egg’ appearance are
present in congenital surfactant deficiency caused
by ABCA3 mutations.14 These inclusions may now
be regarded as characteristic of ABCA3 mutations,
and should trigger molecular ABCA3 mutation

analysis in the patient. In the rarer SFTPC muta-
tions, lamellar bodies are characterized by vesicular
lamellar bodies with dense cores.22,23

Pediatric interstitial lung diseases are a hetero-
geneous group of disorders, and are gradually being
better understood. The types of interstitial lung
disease in adults differ from those seen in children,
and the course and prognoses differ between
children and adults.11,24,25 Consequently, it is im-
portant to recognize that a DIP pattern in children
differs from and has entirely different implications
from that found in adults. Both in children and
adults, the major histopathologic feature of a DIP
pattern is the presence of alveolar macrophage
accumulations.26 In addition, in pediatric patients,
hyperplasia of type II pneumocytes is described as
characteristic.27 In contrast to a DIP pattern as seen
in DIP respiratory bronchiolitis-associated intersti-
tial lung disease in adults, a DIP pattern in children
is not linked to smoking.26,19 Whereas a DIP pattern
in adults is associated with a good prognosis and 10-
year survival of 100%,28 congenital manifestation is
associated with a high mortality rate. Over recent
years, surfactant deficiencies as causative factors
have been delineated in a minority of patients,
particularly with congenital manifestation (Table
1).11,16 As a consequence, in infants with a DIP-like
pattern, mutations in surfactant or ABCA3 genes
should be sought.

Morphologic findings on conventional histology
are considerably heterogeneous between different
infants but rather similar for infants with SFTPB,

Figure 5 Structural model of ABCA3 protein and location of novel ABCA3 mutation. ABCA3 is constituted by 12 putative membrane-
spanning helices, two extracellular domains (ECD) and two nucleotide-binding domains (NBD). A and B indicates critical conserved
motifs Walker A and B, respectively, in the two nucleotide-binding domains. The red circle indicates the novel mutation Pro193Arg
found in this study, located in the first extracellular domain.
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SFTPC and ABCA3 gene mutations. Therefore,
conventional histology is suggestive for an inborn
error disrupting surfactant metabolism, but has not
been regarded as specific for a particular surfactant
disorder.11 The age of onset as currently known is
typically earlier for SFTPB and ABCA3 mutations,
and has been found more variable in patients with
SFTPC mutations. The clinical course is character-
istically rapid for SFTPB and ABCA3 mutations and
typically more protracted for patients with SFTPC
mutations (Table 1). However, recently, in a number
of older patients with a milder course, ABCA3
mutations have been documented.9 Therefore, it
may be speculated that ABCA3 mutations, if sought
in a population-based study, may prove to be far
more widespread than currently recognized.11

ABCA3 mutations are inherited in an autosomal
recessive manner and involve the gene encoding the
ABC transporter A3.8 ABC transporters are a super-
family of highly conserved membrane proteins that
transport a wide variety of substrates across cell
membranes.13 The ABCA3 gene is located on
chromosome 16p13.3 and encodes a 1704 amino-
acid protein highly expressed in the lung. It has
been localized to the limiting membrane of lamellar
bodies.29–31 The ABCA3 transporter is thought to be
involved in the traffic of specific lipids essential for
the formation of mature lamellar bodies.32 ABCA3
mutants in fatal surfactant deficiency have been
characterized and classified.2 The role of ABCA3
mutations depends on the codon affected. The
mechanism of surfactant deficiency can be classified
into two categories: abnormal intracellular traffick-
ing (type I) and decreased ATP hydrolysis activity
with normal intracellular trafficking (type II).2

Homozygous type II mutations have not been
reported. Patients with type I/type II compound
heterozygous ABCA3 mutations died of surfactant
deficiency during the neonatal period, and lamellar
bodies from a patient with a type I/type II hetero-
zygous mutation were reported to be smaller than
those from normal lung tissue.8 However, type II
ABCA3 mutations on one allele do not result in fatal
surfactant deficiency and suggest that a sufficient
level of ATP hydrolysis activity of the ABCA3
protein encoded in the other allele is essential for
the function of the ABCA3 protein, maturation of
the lamellar bodies and surfactant metabolism.2

Therefore, intracellular trafficking and/or ATP hy-
drolysis activity is dramatically impaired in the
ABCA3 mutant proteins so far found in fatal
surfactant deficiency. Such severe ABCA3 protein
dysfunction is implicated in the severe phenotype of
these patients.

ABCA3 mutations have also been implied in
pediatric interstitial lung disease with a milder
phenotype than that of fatal surfactant deficiency.9

In patients between 1 month and older than 16 years
with pediatric interstitial lung disease, ABCA3
mutations in codon 292 have been found to cause
a milder phenotype with survival into youngT
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adulthood.9 The finding of patients with disease
who have an ABCA3 mutation identified on only
one allele suggests that there are ABCA3 mutations,
some of which could be associated with an even
milder phenotype.9

The specific ABCA3 gene mutation found in our
patients is the point mutation 578C4G located in
exon 7 and replaces the amino-acid prolin with
arginin in codon 193 of the first extracellular
domain (Figure 5). This ABCA3 mutation has not
been described previously.8,10 Proline is known to
have a strong structural effect due to its long side
chain and is therefore also referred to as ‘helix
breaker’.33 As a consequence, the amino-acid
exchange Pro193Arg implies an alteration of sec-
ondary molecule structure and is predicted to result
in massive functional impairment of ABCA3. It
remains to be determined if intracellular trafficking,
nucleotide-binding affinity or ATP hydrolysis activ-
ity is more severely affected in this particular type of
ABCA3 gene mutation. The conventional and ultra-
structural morphologic findings in our patients
correlate with a severe phenotype associated with
homozygous Pro193Arg ABCA3 gene mutation.
Absence of respiratory symptoms in the three
Pro193Arg heterozygous adult patients implies
sufficiently retained ABCA3 protein function in
the heterozygous state. The c.578C4G ABCA3 point
mutation was not found in 54 control patients (108
alleles), rendering a DNA polymorphism unlikely.

In summary, we report a previously undescribed
mutation of the ABCA3 gene with predicted impact
on ABCA3 protein structure and function. Histo-
pathologic and ultrastructural electron microscopic
investigations yield characteristic morphologic find-
ings and play a key role in the triage for genetic
sequencing in infants with neonatal lung disease
and congenital surfactant deficiency. Unlike in
adults, in infants with a DIP-like pattern, surfactant
or ABCA3 gene mutations should be evaluated.
Ultrastructural evidence for ‘fried-egg’-like inclu-
sions should trigger ABCA3 sequencing.
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