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Abstract The ATP-binding cassette transporter member A3 (ABCA3) is a lipid transporter
with a critical function in pulmonary surfactant biogenesis. Biallelic loss-of-function muta-
tions in ABCA3 result in severe surfactant deficiency leading to neonatal respiratory failure
with death in the first year of life. Herein, we describe a newborn with severe respiratory dis-
tress at birth progressing to respiratory failure requiring transplant. This patient was found to
have a maternally inherited frameshift loss-of-function ABCA3mutation and a paternally in-
herited synonymous variant in ABCA3 predicted to create a cryptic splice site. Additional
studies showed reduced ABCA3 expression in hyperplastic alveolar epithelial type II cells
and lamellar body alterations characteristic of ABCA3 deficiency, leading to a diagnosis
of autosomal recessive ABCA3-related pulmonary surfactant dysfunction. This case high-
lights the need for an integrated, comprehensive approach for the diagnosis of inherited
diseases when in silico modeling is utilized in the interpretation of key novel genetic
mutations.

[Supplemental material is available for this article.]

INTRODUCTION

The ATP-binding cassette transporter member A3 (ABCA3) is a lipid transporter involved in
pulmonary surfactant biogenesis. Biallelic loss-of-function mutations in the ABCA3 gene re-
sult in severe surfactant deficiency leading to neonatal respiratory failure with death in the
first year of life (Wambach et al. 2014a). Outcomes for infants and children with ABCA3 var-
iants that cause uncertain disruption of protein function, such as missense, predicted novel
splice sites, and in-frame insertions/deletions, are more challenging to predict, requiring
complex clinical decision-making. Determining clinical significance of ABCA3 mutations is
further complicated by the fact that disease-associated mutations occur throughout the
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gene and are typically unique to each affected proband or pedigree (Wambach et al. 2014a;
Peca et al. 2015; Schindlbeck et al. 2018). As utilization of multigene genetic testing increas-
es in clinical practice, identification of variants of unknown clinical significance is becoming
more frequent and can contribute to diagnostic confusion rather than clarity. Thus, reporting
novel variants and patient outcomes is critical for defining the significance of rare genetic
variants.

In this report, we describe a newborn with severe respiratory distress at birth progressing
to respiratory failure requiring transplant who was found to have novel compound heterozy-
gous ABCA3 variants: a maternally inherited frameshift mutation and a paternally inherited
synonymous variant predicted to create a cryptic splice site. Lung biopsy prior to transplan-
tation showed chronic pneumonitis of infancy, supporting a surfactant dysfunction disorder
and prompting genetic analysis. Weak staining for ABCA3 was detected in the hyperplastic
alveolar epithelial type II cells (AEC2) by immunohistochemical analysis. Lamellar body alter-
ations characteristic of ABCA3 deficiency were identified by ultrastructural analysis.
Together the patient’s clinical findings, lung pathology, and genetic results confirmed a
diagnosis of autosomal recessive ABCA3-related pulmonary surfactant dysfunction for this
patient. This case identifies a novel potential aberrant splicing variant for ABCA3-related
neonatal respiratory failure and highlights the need for an integrated, comprehensive ap-
proach for diagnosis of inherited diseases when interpretation of key novel genetic muta-
tions is based on in silico modeling.

RESULTS

Case Presentation
The patient was the first-born male child of nonconsanguineous parents. He was born full
term without complications by cesarean section delivery with Apgar scores of 8–9. Shortly
after birth, the newborn started grunting and became dusky with slight tachycardia. A diag-
nosis of respiratory distress was made, and continuous positive airway pressure (CPAP) was
started. His color improved despite continued grunting with subcostal retractions and de-
creasing Apgar score of 7. Lungs were clear on examination, and thrice suctioning revealed
thick clear secretions. CPAP continued for 20 min with high-flow nasal cannula (HFNC) oxy-
gen therapy. Initial oxyhemoglobin saturation was 98%–100%, which gradually declined to
91%–93%, resulting in the patient being transferred to the neonatal intensive care unit. A
broad differential diagnosis was considered, leading to a comprehensive evaluation includ-
ing chest radiograph, echocardiogram, sepsis workup, head ultrasound, and renal ultra-
sound. The cardiac echography identified a small patent foramen ovale, and renal
ultrasound showed moderate hydronephrosis of the left kidney. Chest radiograph and stud-
ies for an infectious etiology were negative, including bacterial cultures (performed on lung
tissue biopsy, tracheal aspirates, blood, urine, and cerebrospinal fluid [CSF]); acid-fast bac-
teria (AFB), fungal, and viral cultures on lung tissue; Neisseria meningitides, Escherichia
coli, and Group B strep antigen on CSF; enteroviral polymerase chain reaction (PCR), herpes
simplex virus (HSV) PCR, and respiratory viral PCR panel on nares swab; adenoviral, enteric
bacterial, and cryptosporidium antigen on stool; and viral nucleic acid amplification testing
on stool. A three-generation pedigree was obtained and was noncontributory for lung
disease.

Despite being treated with several doses of surfactant and multiple courses of methyl-
prednisolone for clinical suspicion of surfactant deficiency, the patient remained critically
ill in respiratory distress. The lack of response to exogenous surfactant and low suspicion
for infection led to congenital surfactant metabolism and/or pulmonary fibrosis–related dis-
orders being considered as etiologies for his clinical presentation. Lung wedge biopsy was
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obtained to define the disease process. Peripheral blood samples were also obtained from
the infant and parents for genetic analysis.

Lung Pathology
The lung biopsy had key histologic features of chronic pneumonitis of infancy (Fig. 1).
Alveolar septa were thickened by mesenchymal cells and hyperplastic AEC2 with minimal
inflammation and abundant intra-alveolar macrophages admixed with patchy accumulations
of proteinaceous material. These morphologic features raised strong suspicion for a surfac-
tant dysfunction disorder including genetic mutations in SP-B (SFTPB), SP-C (SFTPC), and
ABCA3 (ABCA3).

E F
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C D

Figure 1. Lung pathology showing chronic pneumonitis of infancy pattern. The overall lobular architecture of
the lung is preserved (A) with a combination of interstitial (B, arrows) and airspace (B, ∗) abnormalities including
some lobular remodeling (C ). The alveolar septa are thickened (C, arrows) by mesenchymal cells, minimal
chronic inflammation, some interstitial fibrosis (D, blue by trichrome stain), and diffuse alveolar epithelial pneu-
mocyte hyperplasia (E, arrows). Intra-alveolar macrophages, many with foamy cytoplasm, are abundant (E, ∗)
with small patchy accumulations of periodic acid–Schiff (PAS) stain–positive proteinaceous material (F, arrows,
PAS stain). Hematoxylin and eosin (H&E)-stained images are shown except where alternate stain is indicated.
Original magnifications, 40× (A); 100× (B); 200× (C,D); 400× (E,F ).
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Immunohistochemical studies on the lung biopsy showedweakAEC2 staining for ABCA3
that was markedly decreased compared to a control pediatric nontransplanted donor lung
(Fig. 2A). In contrast, strong AEC2 immunostaining was seen with antibodies against the
SP-Bmature and proprotein (proSP-B) (Fig. 2C,D). Moderate staining for the SP-C proprotein
(proSP-C) was present, being only slightly reduced compared to the control lung (Fig. 2B).
Importantly, extracellular staining for proSP-C, which is associated with its misprocessing
in the context of SP-B deficiency, was absent (Fig. 2B; Nogee et al. 2000). Together, the
markedly reduced ABCA3 protein expression, strong proSP-B, and SP-B protein staining
and lack of proSP-C accumulation in the alveolar spaces supported an ABCA3 abnormality,
as described previously (Brasch et al. 2006).

ABCA3 deficiency results in characteristic changes in lamellar bodies (LBs), the surfac-
tant-storing organelles in AEC2. Ultrastructural analysis in this case revealed numerous pleo-
morphic cytoplasmic inclusions in AEC2 with aggregates of electron-dense material and
absence of concentric lamellae characteristic of normal mature LBs (Fig. 2E,F). AEC2s con-
taining more normal-appearing LBs were also identified, but these cells also contained ab-
normal electron-dense aggregates (Fig. 2G,H). The combination of the patient’s clinical
findings, lung morphology, and immunostaining results (obtained within 3 wk from birth)
and ultrastructural findings (obtained 5 wk from birth) supported a diagnosis of ABCA3-relat-
ed pulmonary surfactant dysfunction disorder.

Sequencing Results
Concomitantly with the lung biopsy analyses, next-generation sequencing (NGS) was per-
formed on a peripheral blood sample from the patient using a Clinical Laboratory
Improvement Amendments (CLIA)-validated, laboratory-developed NGS platform
(Hartman et al. 2019). The custom gene panel included genes associated with surfactant me-
tabolism dysfunction, pulmonary fibrosis, and neonatal respiratory distress (ABCA3,
CSF2RA, CSF2RB, NKX2-1, SFTPA2, SFTPB, SFTPC, SFTPD, PARN, RTEL1, TERT, and
TOLLIP).

Two variants in the ABCA3 gene (NM_001089.2) were identified (preliminarily results re-
ported 5 wk after birth with final report issued 2 wk later): a heterozygous frameshift mutation
c.4885_4886insG, p.Ala1629GlyfsX15 and a heterozygous synonymous variant c.2883C>T,
p.Gly961Gly (rs1298655924) (Table 1; Supplemental Fig. 1). No other sequence variants or
copy-number alterations were detected in the tested genes. Subsequently, the ABCA3 var-
iants were determined to be in trans in the proband: The unaffected mother had the hetero-
zygous frameshift mutation c.4885_4886insG, p.Ala1629GlyfsX15, whereas the unaffected
father had the heterozygous c.2883C>T, p.Gly961Gly variant (Supplemental Fig. 2).

The c.4885_4886insG (p.Ala1629GlyfsX15) frameshift variant is located in exon 31 of the
total 33-exon ABCA3 gene and is predicted to result in a premature stop codon 15 amino
acids into the shifted reading frame. Although this specific variant is novel, other predicted
loss-of-function ABCA3 variants both upstream of and downstream from this variant have
been reported as disease-causing. This variant is also absent from the gnomAD population
database of more than 140,000 controls (Karczewski et al. 2019). Based on this evidence, the
novel variant was interpreted as likely pathogenic per American College ofMedical Genetics
(ACMG) guidelines (Richards et al. 2015).

The c.2883C>T (p.Gly961Gly) ABCA3 novel variant is synonymous and does not occur
at an intron/exon boundary. However, it is absent from the gnomAD population database
and two splice site algorithms (NetGene2 and NNSplice [a.k.a. Fruitly]) consistently predict-
ed creation of a novel cryptic donor splice site within exon 21 of the gene that may lead to
aberrant splicing of the ABCA3 pre-mRNA (Supplemental Fig. 3). Given the absence of the
c.2883C>T variant in control populations, the consistent in silico prediction of a deleterious
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Figure 2. Lung has reduced ABCA3 expression and abnormal lamellar bodies with retained expression of sur-
factant proteins SPB and SPC. Alveolar spaces are lined by type II epithelial cells with weak immunostaining for
ABCA3 (A, brown) and strong staining with antibodies generated against the SP-C proprotein (B, brown), SP-B
mature protein (C, brown), and SP-B proprotein (D, brown). Insets show staining for the respective proteins in a
control nontransplanted pediatric donor lung. Note similar immunostaining intensities between the control
and patient lung for all proteins except ABCA3, which has markedly reduced staining in the patient lung com-
pared to the control lung. Numerous pleomorphic cytoplasmic inclusions are present in alveolar type II cells by
electron microscopic analysis (E, arrows). The inclusions contain aggregates of electron-dense material and
lack the concentric lamellae characteristic of normal lamellar bodies (F ). Cells containing both normal (G, ar-
rowhead and inset) and abnormal lamellar bodies (G, arrow) with tightly packed concentric membranes and
aggregates of electron dense material (H) were present. Original magnifications, 400× (A–D); 4000× (E);
10,000× (F ); 2500× (G); 25,000× (G, inset); 15,000× (H).
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splicing effect, its presence in trans with a pathogenic variant, and the histopathologic as-
sessment consistent with surfactant metabolism dysfunction, this variant was also classified
as likely pathogenic per ACMG guidelines (Richards et al. 2015). Taken together, the pa-
tient’s typical clinical phenotype, ABCA3 genetic alterations (including variant segregation
studies), and lung histologic, immunohistochemical, and ultrastructural pathology resulted
in a diagnosis of autosomal recessive ABCA3-related pulmonary surfactant dysfunction
disorder.

Post-Transplant Clinical Course
The patient underwent successful bilateral lung transplant 15 wk after birth. The gross lung
weights were elevated at 186 and 141 g for right and left lungs, respectively. The explanted
lungs had widespread histopathologic features of chronic pneumonitis of infancy, similar to
the diagnostic biopsy. The left upper lobe had superimposed acute bronchopneumonia and
prominent congestion. The patient’s post-transplant course has remained free of infectious
or rejection complications to date. Serial transbronchial biopsies in the 9-mo period
post–lung transplant have been negative for acute and chronic rejection, and bronchoalveo-
lar lavage samples have been variably cellular with a preponderance of intra-alveolar
macrophages.

DISCUSSION

Mammalian breathing is dependent on the extensive gas exchange surface area provided by
expanded lung alveoli with patency maintained by lipid-rich surfactant at the air–liquid inter-
face. Surfactant function is dependent on proper synthesis, transport, and secretion by
AEC2, as well as uptake and recycling by AEC2 and alveolar macrophages. Quantitative
or qualitative changes in surfactant can result in alveolar collapse. Likewise, accumulation
of surfactant in the alveolar airspaces, as occurs in pulmonary alveolar proteinosis, impedes
gas exchange (Perez-Gil and Weaver 2010).

The major components of pulmonary surfactant are phospholipids (∼80%), neutral lipids
(mainly cholesterol, ∼10%), and two hydrophobic peptides (1%–2%): surfactant protein B
(SP-B) and surfactant protein C (SP-C) (Perez-Gil and Weaver 2010). AEC2s synthesize and
assemble the lipid and protein components into complexes that are stored as tightly packed
membranes in specialized organelles—the LBs—until they are secreted into the alveolar
airspaces.

ABCA3 is required for transport and organization of surfactant phospholipids in LBs
(Perez-Gil and Weaver 2010). ABCA3 deficiency results in the replacement of mature LBs
by structures containing densely packed concentric rings with electron-dense inclusions

Table 1. ABCA3 variant information

Gene Chromosome

HGVS DNA

reference

HGVS protein

reference Variant type

Predicted effect

(substitution, deletion,

etc.)

dbSNP/dbVar

ID

Genotype

(heterozygous/

homozygous)

Parent of

origin

ABCA3 Chr 16:g.2338148G>

A GRCh37 (hg19)

NM_001089.2

c.2883C>T

p.Gly961Gly

(exon 21)

Synonymous Cryptic splice

site activation

rs1298655924 Heterozygous Paternal

ABCA3 Chr 16:g.2327903_

2327904insC

GRCh37 (hg19)

NM_001089.2

c.4885dup

p.Ala1629GlyfsX15

(exon 31)

Frameshift

insertion

Frameshift with

premature

truncation

N/A Heterozygous Maternal
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forming a characteristic “fried-egg” appearance (Edwards et al. 2005; Bruder et al. 2007;
Doan et al. 2008). In 16 human infants with severe neonatal surfactant metabolism dysfunc-
tion, Shulenin et al. (2004) identified 12 different homozygous or compound heterozygous
mutations in the ABCA3 gene associated with ABCA3 protein deficiency (Shulenin et al.
2004). Severely diminished ABCA3 function alters transport of themajor surfactant phospho-
lipids—phosphatidylglycerol and phosphatidylcholine—decreasing quantity and quality of
surfactant at the air–liquid interface (Garmany et al. 2006). Accumulation of this dysfunctional
surfactant results in reduced alveolar macrophage activity, compromised gas exchange, and
secondary lung pathologies. A cause–effect relationship between ABCA3 deficiency and ab-
normal LB biogenesis was confirmed by Abca3 disruption in murine models that led to neo-
natal lethal respiratory distress syndrome (RDS) associated with loss of mature LBs and
decreased phospholipid production (Ban et al. 2007; Cheong et al. 2007; Fitzgerald et al.
2007; Hammel et al. 2007). In the present case, markedly reduced ABCA3 immunostaining
and the characteristic abnormal LBs in AEC2 by electron microscopy were critical for classi-
fying a novel genetic mutation as pathogenic, demonstrating the diagnostic importance of
protein expression studies and ultrastructural analysis in evaluating neonatal respiratory
distress.

ABCA3 function is mediated by two six-unit transmembrane structures that form a chan-
nel for ATP-dependent transport of lipids into LB (Fig. 3A; Paolini et al. 2015). The mutations

B

BA

C

C

Figure 3. Knownmutations in the ECD4 and carboxy-terminal domains of ABCA3. (A) The ABCA3 protein has
two six-unit transmembrane structures each paired with a nucleotide-binding domain (NBD). Between each
transmembrane unit are “extracellular domains” (ECDs) within the inner compartment of the lamellar body,
and intracellular domains in the cytoplasm. The mutations identified in this report are in ECD4 (B) and the car-
boxy-terminal region (C ). (B) Mutations in the ECD4 domain are represented as amino acid substitutions,
cDNA nucleotide changes resulting in alternative splicing arising from synonymous mutations, and cDNA nu-
cleotide changes resulting in large exon deletions. Following each mutation is the number of reported cases
and clinical outcome: (A) alive, (D) died, (Ta) alive post-transplant, (Td) died post-transplant. The novel muta-
tion in this case is bold and underlined. (C ) Carboxy-terminal domain mutations are represented as in B.
Additional clinical information and references for individual mutations are in Supplemental Tables 1 and 2.
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identified in the current patient are located in the ECD4 and carboxy-terminal domains, a
frequent location for mutations in ABCA3-deficiency-related disease (Fig. 3B,C; Sup-
plemental Table 1). Within these specific domains, missense mutations reported in clinical
cases lead to diminished ATPase activity of ABCA3 or prevent ABCA3 trafficking from the
endoplasmic reticulum to the LB (Matsumura et al. 2006). Comparatively, frameshift muta-
tions in the highly conserved carboxy-terminal domain likely abrogate both the LB localiza-
tion and ATPase activity. It is expected that the p.Ala1629GlyfsX15 mutation in this case also
disrupts one or both of these functions as three unique downstream frameshift mutations
have proven fatal (Fig. 3C; Wambach et al. 2014b; Akil and Fischer 2018; El Boustany
et al. 2018).

Because ABCA3deficiency is an autosomal recessive disorder, we propose that the novel
c.2883C>T p.Gly961Gly donor splice site variant further reduces the number of normal
ABCA3 transcripts to a symptomatic level in this patient (consistent with the very weak
ABCA3 immunostaining; Fig. 2A). To our knowledge, this is the first report of a cryptic, exonic
splicing variant in ABCA3, despite synonymous mutations being identified in more than 330
patients with neonatal RDS (Wambach et al. 2014b). In the reported cases, algorithms did not
predict disruption to RNA splicing, and no clear mechanism for RDS was identified
(Wambach et al. 2014b). The progression of the current patient to respiratory failure requir-
ing transplant combined with the very weak ABCA3 immunostaining provides evidence that
the p.Gly961Gly mutation behaves as a “mosaic null” allele, potentially with weak residual
ABCA3 expression due to variable usage of thewild-type rather than novel mutation-created
splice site. Preferential usage of the mutation-created cryptic splice site would be similar to a
nonsense or frameshift mutation, highlighting a novel mechanism for ABCA3 deficiency. An
appropriate clinical sample for RNA analysis was not available to confirm this predicted
mechanism; therefore, future studies are necessary to directly demonstrate the impact of
this variant on ABCA3 splicing and expression.

Reaching a final diagnosis in this case was crucially dependent on integration of clinical,
pathologic, and genetic findings. The clinical presentation and lung pathology on biopsy
identified a surfactant dysfunction disorder as a prime etiologic consideration. Although im-
munohistochemical staining cannot definitively identify the causative gene abnormality, it
provided valuable support for a surfactant dysfunction disorder with a quick turnaround
time to guide clinical decision-making. Electron microscopy can provide a specific diagnosis
and should be included in the evaluation of lung biopsies from infants with respiratory dis-
tress. Concurrent NGS identified the genetic basis for the disease with in silico functional
predictions for the novel ABCA3 variant being critical to establishing the diagnosis. It is im-
portant to note that use of increasingly available rapid exome/genome sequencing (Meng
et al. 2017; Clark et al. 2019) could further accelerate the establishment of timely molecular
diagnosis in newborns with rapidly deteriorating pulmonary function. In our case, a rapid ge-
netic diagnosis would have supported the diagnosis of ABCA3-related surfactant deficiency
earlier in the patient’s course; however, integration of all morphologic, laboratory, and clin-
ical information is still necessary to arrive at a final diagnostic conclusion when genetic anal-
ysis reveals a novel mutation and genetic mechanism as illustrated by the current case.

METHODS

Immunohistochemistry
Immunohistochemistry was performedwith the Roche Ventana BenchMark Ultra Systemwith
Tris-EDTA (ABCA3) or citrate (proSP-C, SP-B, proSP-B) antigen retrieval using the following
antibodies from Seven Hills Bioreagents at the indicated dilutions: ABCA3 (WRAB-ABCA3;
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1:200); pro-SP-C (WRAB-9337; 1:2000); mature SP-B (WRAB-48604; 1:2000); and proSP-B
(WRAB-55522; 1:800).

Genomic Sequencing
NGSwas performed on a peripheral blood sample using a CLIA-validated, laboratory-devel-
oped NGS platform, as previously described (Hartman et al. 2019). Briefly, genomic DNA
was extracted from a patient peripheral blood sample and quantified using the Qubit 2.0
fluorometer (ThermoFisher Scientific). Library preparation was carried out by tagmentation
following Nextera protocols (Nextera XT library preparation; Illumina, Inc.). Target enrich-
ment was performed by hybrid capture using vendor-customized baits (Integrated DNA
Technologies) and Illumina Rapid capture reagents per the manufacturer’s protocol. NGS
was performed using Illumina NovaSeq instrument (version 3 chemistry, 300-base pair
[bp] paired-end reads; Illumina, Inc.). FASTQ files were processed through a custom de-
signed bioinformatics pipeline, ScanIndel (Yang et al. 2015). Average coverage by base
was 140×, with 100% of all bases in the clinically reported genes achieving minimum 15×
coverage (see Supplemental Table 3). Variant call files (vcfs) were filtered to remove sub-
threshold calls with <20× coverage and/or variant allele frequency (VAF) less than defined.
Clinically relevant mutations from this VAF were annotated by a board-certified molecular
genetic pathologist with GeneInsight software (Sunquest) and reported. Parental blood sam-
ples were processed as above and tested for the identified ABCA3 variants using targeted
Sanger sequencing.

ADDITIONAL INFORMATION

Data Deposition and Access
The consent documentation signed and verbally acknowledged by the patient’s family does
not expressly allow submission of full sequencing data (FASTQ, BAM/BAI, VCF) for the germ-
line clinical NGS capture to external data repositories (see below). The variants were depos-
ited in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) and can be found under accession
numbers SCV001334048.1 and SCV001334049.1.

Ethics Statement
The patient’s parent signed the institution-approved, standard consent for clinical diagnostic
testing by NGS, including agreement to the opt in/opt out clause for use of genetic informa-
tion for research purposes. Further verbal consent from the parent was obtained and docu-
mented in the electronic medical record by a clinical care team member (genetic counselor)
to publish nonidentifying details about the patient’s specific diagnosis, clinical test results,
and care for advancement of clinical-academic practice. Neither of these consent mecha-
nisms allow for sharing of genetic information beyond that clinically relevant and reported
in the manuscript.
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