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Summary
Background LAMP3 encodes a lysosomal membrane protein associated with lamellar bodies and has recently been
proposed as a candidate gene for childhood interstitial lung diseases (chILD). Here, we identified two LAMP3 variants
in a proband with chILD and performed functional validation of these variants as well as the previously reported
variants to demonstrate the role of LAMP3 in pathology.

Methods LAMP3 variants were identified by exome sequencing. Ex vivo studies included mRNA analysis from nasal
brushing and lung tissue and immunohistochemistry from lung biopsy. In vitro functional analyses in the A549 cell
line included immunofluorescence staining and expression analysis of LAMP3. Interactions between LAMP3 and the
surfactant protein (SP)-B and SP-C were evaluated by co-immunoprecipitation.

Findings Two heterozygous LAMP3 variants (Y302Qfs*2 and T268M) were identified in a 15 year old boy with chILD.
LAMP3 mRNA revealed that the frameshift variant resulted in nonsense-mediated mRNA decay. Reduced LAMP3
expression was confirmed in the patient’s lung tissue. Functional studies of the T268M and the previously
reported G288R variant revealed reduced levels of the mutant proteins. In addition, impaired N-glycosylation and
protein instability were demonstrated with the T268M variant. Finally, we provided evidence for an interaction
between LAMP3 and SP-B and SP-C, revealing a direct link between LAMP3 and surfactant metabolism.

Interpretation LAMP3 bi-allelic variants leading to LAMP3 dysfunction emerges as a cause of chILD associated with a
heterogeneous phenotype that remains to be further defined. The close links between LAMP3 and surfactant
metabolism could explain the pathophysiology of this genetic disease.
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Research in context

Evidence before this study
Childhood interstitial lung disease (chILD) is a heterogeneous
group of rare and devastating respiratory disorders.
Abnormalities in surfactant-related genes are the most
common cause of chILD, but the aetiology of chILD remains
unclassified in up to 30% of affected individuals. Recently,
LAMP3 has been proposed as a candidate gene for chILD.

Added value of this study
This study identified LAMP3 bi-allelic variants leading to
LAMP3 dysfunction as a cause of chILD. It provides an in vitro

functional characterisation of LAMP3 variants and highlights
that LAMP3 protein function is closely linked to surfactant
metabolism.

Implications of all the available evidence
LAMP3 dysfunction emerges as a molecular cause of chILD,
affecting surfactant metabolism. This study supports the
inclusion of LAMP3 sequencing in the workup of chILD and
adult ILD.
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Introduction
Childhood interstitial lung diseases (chILD) encompass
a wide, heterogeneous group of rare and severe respi-
ratory disorders that are characterised by an early
childhood onset with progressive chronic respiratory
disease, with high morbidity and mortality.1,2 The path-
ophysiology of chILD is incompletely understood and
probably involves diverse molecular and environmental
mechanisms that lead to inflammatory and fibrotic al-
terations of the lung parenchyma.3 Of all chILD aetiol-
ogies, molecular abnormalities in surfactant-related
genes are among the most common (≈20%) causes.4–6

However, for up to 30% of affected individuals, the
aetiology of chILD remains unclassified.6

In 2020, a segregation study performed in Airedale
Terrier (AT) dogs identified a homozygous missense
variant c.1159G>A, p.(Glu387Lys) (E387K) in LAMP3
(Lysosomal-associated membrane protein 3) in 25
affected puppies from the same pedigree who presented
with fatal neonatal respiratory distress.7 Although no
functional study was performed, the AT dog’s lamellar
bodies were abnormal, and this study suggested LAMP3
as a strong candidate gene for surfactant disorders.
These results were further supported in 2021 by a
mouse model that showed that LAMP3 deficiency
affected surfactant homoeostasis in Lamp3 KO mice.8

Notably, the mice are mildly affected with no prema-
ture death. Recently, an Israeli team identified by whole
exome sequencing (ES) the c.862G>A, p.(Gly288Arg)
(G288R) LAMP3 homozygous missense variant in seven
individuals with ILD in a large consanguineous family.9

However, no functional study has been carried out to
assess the pathogenicity of G288R. In addition; three
patients from two families have very recently been re-
ported at a medical meeting, they all exhibited neonatal
respiratory distress, and a comprehensive phenotypic
characterisation of these cases is currently underway.10

LAMP proteins are a family of highly glycosylated
lysosomal proteins. They comprise approximately half of
the proteins of the lysosomal membrane, forming a
glycoprotein coat on the inside of the lysosomal
membrane. The major LAMP family members are
LAMP1 and LAMP2, which are ubiquitously and
abundantly expressed in lysosomes but also in late
endosomes and mature phagosomes11,12 and are involved
in maintaining lysosomal integrity.12 More recently
identified, LAMP3, also known as DC-LAMP or CD208,
was originally described to be expressed in mature den-
dritic cells (DCs). Recently, it has been shown that
LAMP3 is also highly expressed in human lung tissue
and, more specifically, in type 2 alveolar epithelial cells
(AEC2).13,14 In AEC2 cells, LAMP3 localises to the limiting
membrane of lamellar bodies (LBs), in a similar pattern
(ring-like structures) as the surfactant transporter ATP-
binding cassette family A, member 3 (ABCA3).15

Although the exact function of LAMP3 in human AEC2
cells remains elusive, the subcellular localisation of
LAMP3 suggests a likely role in pulmonary surfactant
processing and/or trafficking.13 Similar to other LAMP
members, LAMP3 is composed of a N-terminal signal
peptide, a LAMP domain with two conserved disulfide
bonds, followed by a transmembrane helix and ending
with a cytoplasmic C-terminal tail. LAMP3 is highly N-
glycosylated with seven total N-glycosylation sites
throughout its different domains.12

Following the detection of two heterozygous LAMP3
variants in a patient with chILD from the RespiRare
network, we report here the functional consequences of
these newly identified variants as well as of the previ-
ously published variants in humans and in AT dogs.
Methods
Ethics
Clinical information was collected through the pro-
band’s medical file in a legally authorised database
(CNIL N◦681248). Written informed consent was ob-
tained from the proband’s parents for genetic tests and
data sharing according to French law and the principles
of the Declaration of Helsinki. The study is part of the
chILD genetic project approved by the ethical authorities
(Comité de protection des personnes n◦20130604).
www.thelancet.com Vol 113 March, 2025
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DNA sequencing
Genomic DNA was extracted from peripheral blood
leukocytes of the proband and his parents. Exome
sequencing (ES) was performed using the MedExome
SeqCap EZ kit (Roche). Sequencing was performed on a
NextSeq500 (Illumina) platform according to the man-
ufacturer’s instructions. Sequence reads in fastq format
were aligned to the reference human genome (hg19)
with BWA. Variant calling was performed with GATK,
VarScan, Bcftools, Vardict and Pindel. Variant calls in a
vcf format were annotated through SNPEff and SnpSift.
The following filters were then applied to identify rare,
predicted pathogenic variants: variant allele fraction
(VAF) above 0.10, minor allele frequency (gnomAD
v2.1.1) less than 1%, less than three occurrences in the
local laboratory database (n = 164); the analysis of null
variants (nonsense, frameshift, splice donor, or splice
acceptor variants) as a first step and then of non-
synonymous (i.e., missense variants and in-frame in-
sertions or deletions) and splice region variants. The
stepwise elimination process is shown in Supplemental
Figure S1. The results obtained by ES were confirmed
by Sanger sequencing. LAMP3 exons 3 and 4 were
amplified by polymerase chain reaction (PCR) and
analysed by Sanger sequencing using a BigDye Termi-
nator sequencing kit (Applied Biosystems) on an ABI
3730XL automated capillary DNA sequencer (Applied
Biosystems). Sequences were compared to the LAMP3
reference sequence (NM_014398).

Lung tissue staining
Lung biopsies from control and proband were analysed
by haematoxylin and eosin stain (HES) and by immu-
nohistochemistry using anti-CD208 antibody (Cell Sig-
nalling Technology Cat# 47778, RRID: AB_3107069)
at dilution 1/200 anti SP-B antibody (Abcam ab271345)
at dilution 1/1000, anti pro-SP-B (Abcam ab231551) at
dilution 1/1000, anti-SP-C antibody (Santa Cruz
Biotechnology Cat# sc-13979, RRID: AB_2185502) at
dilution 1/100 and anti pro-SP-C (Abcam Cat# ab90716,
RRID: AB_10674024) at dilution 1/1000, on a Leica
Bond Platform.

Plasmids constructs
LAMP3 (NM_014398.4) cDNA vector pCMV3_LAMP3
(with C-terminal HA-tag) was purchased from Sinobio-
logical (#HG10527-CY). Site directed mutagenesis was
performed on pCMV3_LAMP3 with high fidelity poly-
merase (Q5 HF NEB) to generate mutant plasmids
pLAMP3_E375K, pLAMP3_T268M, pLAMP3_G288R,
and pLAMP3_N266A.

Cell culture and transfection
Airway epithelial cells extracted from the proband’s
nasal brushing were seeded in collagen I coated flask
and cultured in PneumaCult-Exp Plus medium (Stem
Cell) supplemented with 5% FBS and 10 μM ROCK
www.thelancet.com Vol 113 March, 2025
inhibitor (Y27632, SIGMA). At confluence, cells were
seeded in collagen IV-coated transwell inserts (Costar)
in the same EXP Plus-FBS-ROCK medium. When
confluence was reached, the supernatant was removed
from the apical surface and replaced in the basal
chamber by PneumaCult-ALI medium (StemCell) in
order to expose cells to an air-liquid interface that pro-
motes in vitro differentiation over 1 month interval.

A549 cells (CCL-185 ATCC) were cultured on DMEM
1 g/l (Thermo Fisher) glucose complemented with 10%
foetal bovine serum (FBS) and 1% penicillin/strepto-
mycin. Cells were transfected with 3 μL of FuGene
(Promega) per 1 μg of plasmid in OptiMEM (Thermo
Fisher) according to manufacturer’s protocol.

RNA extraction and reverse transcription
RNA from nasal cell culture was extracted using the
RNeasy Mini Kit (Qiagen) including a DNAse step ac-
cording to the manufacturer’s protocol. RNA from lung
biopsy was extracted using the Maxwell RSC simply
RNA tissue Kit on a Maxwell RSC instrument (Prom-
ega) according to the manufacturer’s protocol with an
initial stage of manual grinding of lung tissue on dry
ice. cDNA from RNA samples were obtained using
Transcriptor High Fidelity cDNA Synthesis Kit (Roche).
PCR was assessed on cDNA with GoTaq green
polymerase (Promega) and the following primers:
5′-ACAGCTGATTGTTCAAGACAAGG-3′ (exon 2, for-
ward) and 5′-CAGGTGGGCTGACAACTGGAG-3′ (exon
5, reverse). Amplicons were controlled by electropho-
resis and then sequenced by Sanger sequencing using a
BigDye Terminator sequencing kit (Applied Biosystems)
on an ABI 3730XL automated capillary DNA sequencer
(Applied Biosystems).

Subcellular localisation analysis
Following 48 h after transfection, A549 cells were fixed
with 4% paraformaldehyde for 15 min, incubated with
NH4Cl 50 mM for 10 min, permeabilized with Perm/
Wash 1× (BD Bioscience) for 15 min, blocked with BSA
2% for 1 h, incubated for 2 h with an anti-HA Mono-
clonal Antibody (2-2.2.14) DyLight 488 (Thermo Fisher
Cat# 26183-D488, RRID: AB_2533051) at 1/200 dilution
and mounted with ProLong Gold Antifade Reagent with
DAPI (Cell Signalling).

Cycloheximide (CHX) protein stability assay
Following 24 h after transfection, A549 cells were
treated with 100 μg/ml cycloheximide (CHX, Merck) at
different times. The expression of proteins from soluble
lysate was detected by Western blot.

Protein extraction
Cells were harvested 48 h after transfection or after
treatment and lysed with RIPA 1× (RIPA 5×: 250 mM
Tris HCl pH 7.5, 750 mM NaCl, 5% Triton, 5% Sodium
Deoxycholate) and cOmplete protease inhibitor 1×
3
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(Roche). Soluble lysate was separated from total lysate by
centrifugation for 10 min at 20,780 g. Cell pellet was
discarded and supernatant was diluted with Laemmli 2×
DTT (4×: 250 mM Tris pH 6.8, 9% SDS, 200 mM DTT,
40% Glycerol, Bromophenol blue).

Immunoprecipitation
Soluble cell lysates (500 μL) were incubated with anti-
HA Magnetic beads (IP HA) (ThermoFisher 88836)
for 3 h at room temperature (RT) with end-over-end
rotation according to the manufacturer’s protocol. Af-
ter five washes with tris buffered saline solution, sam-
ples were eluted by heating for 10 min at 95 ◦C with
30 μL of Laemmli 4× DTT.

Western blot analysis
Proteins from soluble cell lysates were loaded under
reducing conditions onto SDS-PAGE gels and trans-
ferred after electrophoresis on nitrocellulose membrane
by semi-liquid transfer (TransBlot, BioRad). Membranes
were blocked in 5% w/v milk PBS 0.1% Tween-20 for
1 h at RT and incubated overnight with primary anti-
bodies diluted in blocking buffer: 1/1500 anti-HA HRP
(Roche Cat# 12013819001, RRID: AB_390917), 1/1500
anti-FLAG HRP (Sigma–Aldrich Cat# A8592, RRID:
AB_439702), 1/50 anti-proSP-B rabbit (Abcam
ab231551), or 1/1500 anti-α tubulin HRP (Cell signal-
ling Technology 9099 S) 1/1500 GAPDH HRP (Cell
Signalling Technology Cat# 8884, RRID: AB_11129865).
The anti-rabbit HRP secondary antibody was incubated
for 1 h at RT at dilution 1/5000 (Sigma–Aldrich Cat#
A0545, RRID: AB_257896). Proteins were detected with
Amersham ECL Select Western-Blotting Detection Re-
agent (GE Healthcare) according to the manufacturer’s
recommendations.

Statistics
Signals from Western blot were quantified with Image J
tool and Student’s unpaired t-test were performed with
Graphpad Prism 10.0 software. Data are representative
of 3 independent experiments. A p-value ≤ 0.05 was
considered significant.

Role of funders
There was no external funding for this study.
Results
Proband
The proband, a 15-year-old boy born to North African
distant consanguineous parents, had no neonatal res-
piratory distress but presented with a cough and dysp-
noea on exertion at the age of 9 years, which led to the
diagnosis of chILD. He also presented with 21-
hydroxylase deficiency requiring a life-long oral sup-
plementation with glucocorticoids (15 mg per day),
with growth retardation, micropenis, bilateral
cryptorchidism, Arnold Chiari type I compressive mal-
formation which was repaired at the age of three years,
and mild neurodevelopmental delay. High-resolution
chest CT-scan showed heterogeneous lesions of ILD,
including ground-glass opacities, reticulations and
parenchymal distortion consistent with early lung
fibrosis (Fig. 1a). Exhaustive workup was performed for
inflammatory and auto-immune markers with iterative
negative results, and targeted next generation
sequencing for surfactant-related genes (ABCA3, NKX2-
1, SFTPA1, SFTPA2, SFTPB, SFTPC) as well as COPA,
CSF2RA, CSF2RB, MARS1, and STING1 was non-
diagnostic. Environmental ILD are rare in childhood,
but a systematic chILD workup has been conducted and
no exposures have been identified. Furthermore, the
patient has relocated from one city to another, with no
observed improvement in their lung disease. The
administration of hydroxychloroquine and azithromycin
did not result in any clinical or functional improvement.
Corticosteroids pulses have been the only treatment to
demonstrate a positive impact on the patient’s lung
status, leading to the discontinuation of oxygen therapy
after a year.

To identify the molecular aetiology of chILD in the
proband, exome sequencing was performed and
revealed two heterozygous variants, the c.904_908del,
p.(Tyr302Glnfs*2) (Y302Qfs*2) frameshift variant and
the c.803C>T, p.(Thr268Met) (T268M) missense variant
in LAMP3 (Fig. 1b and 2a, Supplemental Figure S1).
Each parent was heterozygous for one of the two LAMP3
variants. Both LAMP3 variants are reported in the
gnomAD database (v.4.1.0) at very low minor allele
frequencies (1.3E-4 and 6.1E-5, respectively). The
frameshift variant leads to a premature stop codon in the
fourth of 6 exons and is therefore expected to result in
degradation of the transcripts through nonsense-
mediated mRNA decay (NMD). To confirm this hypoth-
esis, Sanger sequencing of the LAMP3 transcripts iso-
lated from the proband’s lung biopsy and nasal epithelial
cells revealed a reduction and an absence of the tran-
scripts carrying the c.904_908del variant, respectively
(Fig. 1b). The missense variant T268M is predicted as
pathogenic according to the Combined Annotation
Dependent Depletion score (CADD-score = 26.2). Thr268
is located in the LAMP domain of the protein, within a
residue conserved in mammals as well as among three
other members of the LAMP family (Fig. 2b–d), therefore
suggesting that amino-acid substitutions at this position
could be detrimental to LAMP3 function. Interestingly,
T268M is near the G288R variant that has been reported
in a large consanguineous family with lung disease
(Fig. 2a and b).9

Finally, the lung biopsy performed at the age 14 years
showed thickened alveolar walls with fibrosis, macro-
phages accumulation in alveolus, enlarged distal airways
and microcysts lined by hyperplastic alveolar epithelial
cells. Some degree of lymphocytic inflammation was
www.thelancet.com Vol 113 March, 2025
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Fig. 1: Patient. (a) High-resolution computed tomography (CT) scans of the proband carrying bi-allelic LAMP3 variants characterised by ground
glass opacities, reticulations, and parenchymal distortion. (b) Sanger electrophoregrams showing the LAMP3 variants from the proband’s blood
gDNA, lung, and nasal epithelial cells cDNA. The black arrow below the right electrophoregram of the lung cDNA indicates the reading direction
of the sequence. (c) Histological analyses of proband and control lung biopsies: haematoxylin and eosin staining (HES) and LAMP3, pro-
surfactant protein (SP)-b, SP-B, pro-SP-C, and SP-C immunohistochemistry (IHC). HES revealed septal thickening with hyperplastic alveolar
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also observed (Fig. 1c). LAMP3 immunostaining
revealed a drastic reduction of LAMP3 expression in the
lung from the proband compared to the control (Fig. 1c).
The surfactant proteins (SP) SP-B and SP-C were also
examined in their immature (proSP-B, proSP-C) and
mature forms, and a slight reduction in proSP-B and
SP-B immunostaining was observed in the proband’s
lung biopsy. The marked increase in proSP-C-positive
cells may not be indicative of an increase in proSP-C,
but rather a reflection of the type 2 alveolar cell hyper-
plasia (Fig. 1c).

Subcellular localisation and protein expression of
LAMP3 mutant proteins
In order to investigate the subcellular localisation of
LAMP3, we transiently overexpressed HA-tagged
LAMP3 in the A549 cell line in its native form (WT)
or mutated forms T268M, G288R, and E375K (corre-
sponding to the human equivalent of the E387K variant
in AT dogs). LAMP3 stained ring-like structures with
heterogeneous sizes inside the cells in all conditions
(WT, T268M, G288R, and E375K), suggesting that the
variants did not affect LAMP3 localisation, vesicles size,
or cellular trafficking (Fig. 3).

To better understand the impact of the missense
variants on the protein structure, an in silico analysis was
performed using the prediction tool PremPS16 which
uses the protein’s three-dimensional conformation
(PDB: 4AKM) to predict the impact of missense variants
on protein stability. T268M was predicted to be highly
destabilising with changes in unfolding Gibbs free en-
ergy (ΔΔG) of 1.0 kcal/mol. This missense variant also
predicted to drastically change the intra-molecular in-
teractions of the residues compared to the WT (Fig. 4a).
G288R and E375K were also predicted to decrease pro-
tein stability but to a lesser extent (ΔΔG 0.80 and
0.41 kcal/mol respectively). To confirm these results,
LAMP3 protein expression was then assessed in
A549 cells after transient overexpression of recombinant
LAMP3-HA proteins (WT, T268M, G288R, and E375K)
and analysed by Western blot. A major band was
observed at about 60 kDa for the WT, the G288R, and
the E375K mutants. For the proband’s variant T268M,
the band was slightly lower (at approximately 57 kDa).
Moreover, protein expression for the T268M and the
G288R variants were significantly reduced compared to
WT, confirming a destabilising effect of these variants
on LAMP3. Conversely, the canine variant E375K did
not seem to affect protein expression (Fig. 4b). To
further demonstrate in vitro the destabilising effect of
the proband’s variant T268M on LAMP3, cycloheximide
cells and subpleural microcysts, as well as inflammatory interstitial thick
marked lower protein expression for the proband compared to control. Pr
proband compared to the control. The marked increase of the proSP-C
corresponds to 50 μm.
assay (protein synthesis blocker) was used to determine
the half-life of the WT and the mutant protein. The
experimental results revealed a shorter half-life of
LAMP3 T268M than that of its WT counterpart (1.8 vs
6 h) (Supplemental Figure S2).

N-glycosylation of LAMP3
As a lower-than-expected band was observed for LAMP3
T268M on immunoblot (Fig. 4b), we hypothesised that
the T268M variant might impair post-translational
modifications of the protein. Indeed, one of the N-
glycosylation sites of LAMP3, the asparagine in position
266 (N266) is located near the threonine 268 (Fig. 2). To
test this hypothesis, we performed site-directed muta-
genesis of LAMP3 to replace the amino acid N266 with a
non-N-glycosylated residue, an alanine. We observed by
Western blot, that the N266A negative control of glyco-
sylation band was similar to the band previously
observed for the T268M variant, confirming that the
T268M variant affects the N-glycosylation of LAMP3
(Fig. 4c). To confirm this result, the protein lysates were
then treated with Endo H and PNGase F to remove N-
linked glycosylation. After enzymatic treatment, two
main bands at approximately 45–46 kDa were obtained
in all conditions (WT, T268M, N266A) for both Endo H
and PNGase F treatments (Fig. 4c), therefore confirm-
ing that the missense variant T268M disturbs the N-
glycosylation of the asparagine 266.

LAMP3 and surfactant protein C and protein B
interactions
To investigate the links between LAMP3 and surfactant
proteins in LBs, we transiently co-expressed LAMP3
with SP-C or SP-B in A549 cell lines and immunopre-
cipitated LAMP3-HA (IP HA) after protein extractions.
We observed by Western blot that the LAMP3 WT or
T268M co-immunoprecipitated with proSP-C (Fig. 5a).
In addition, the uncleaved immature form of SP-C
(proSP-C) was detected to a greater extent following
immunoprecipitation of LAMP3 T268M than following
immunoprecipitation of LAMP3 WT. The same experi-
ment was also performed with SP-B and similar results
were observed for proSP-B (Fig. 5b), indicating that
LAMP3 is involved in surfactant protein metabolism,
through at least the interaction with SP-B and SP-C, and
that LAMP3 abnormalities may be associated with an
alteration in surfactant protein homoeostasis.
Discussion
This study supports the hypothesis that LAMP3
dysfunction is a cause of chILD and provides an in vitro
ening with the presence of lymphocytes. LAMP3 staining revealed a
o-SP-B and SP-B cytoplasmic staining was also slightly reduced in the
positive cells confirmed type 2 alveolar cell hyperplasia. Scale bar
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Fig. 2: LAMP3 gene and protein structure. (a) LAMP3 gene representation with the untranslated exonic region (white box) and the six coding
exonic regions (black box). Localisation of the proband’s variants in red, the recently reported variant in a family with interstitial lung disease in
black and the human equivalent of the canine variation in grey. (b) Schematic representation of LAMP3 protein in a lamellar body without its signal
peptide (amino acids 1–20). The LAMP (lysosomal-associated membrane protein) domain with disulfide bonds (green) and the transmembrane
domain (TM, red) are shown. (c and d) Evolutionary conservation of LAMP3 protein across species (c), and in other members of the LAMP family
of proteins (d), with a focus on the LAMP domain (237–376 amino acids) and localisation of the amino acids T268, G288, and E375.

Articles
functional characterisation of LAMP3 variants. It also
highlights that LAMP3 protein function is closely linked
to surfactant metabolism.

The recent findings that a homozygous missense
variant of LAMP3 in the AT dog (E387K corresponding
to E375K in human) leads to a fatal neonatal form of
respiratory distress and abnormal lamellar bodies have
suggested that LAMP3 could be a candidate gene for
surfactant dysfunction in humans.7 More recently, a
study of Lamp3−/− mice revealed that these mice sur-
prisingly developed normally and did not display any
signs of lung pathology.8 Nevertheless, surfactant
homoeostasis was affected suggesting that LAMP3
www.thelancet.com Vol 113 March, 2025
dysfunction might also present with a mild phenotype
or even remain asymptomatic. This was further sup-
ported by the Israeli study, which reported both symp-
tomatic relatives, from birth to adulthood and
asymptomatic relatives, carrying the G288R LAMP3
variant in the homozygous state.9 On the contrary, three
other patients from two families have very recently been
reported in an abstract at a medical meeting, all pre-
senting neonatal respiratory distress syndrome with
ground glass opacities.10 The proband reported herein
with compound heterozygous LAMP3 variants, had a
delayed presentation of chILD at 9 years. LAMP3 defi-
ciency appears to manifest heterogeneously with
7
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Fig. 3: Subcellular localisation of LAMP3. Immunofluorescence staining of HA-tagged LAMP3 wild-type (WT) and T268M, G288R, and E375K
mutant proteins in A549 cells. Scale bar correspond to 10 μm. Results are representative of three independent experiments.
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variable ages of onset, whereas most surfactant meta-
bolism disorders usually present clinically at birth or
during infancy.17–19 For example, more than 80% of
ABCA3 patients manifest at birth with fatal forms of the
disease.19

The proband’s previous chILD workup did not find a
definite cause.6 Interestingly, no auto-immune markers
were detected despite iterative measures.6,20 Chest CT
scan showed severe ILD lesions with ground glass
opacities and signs of lung fibrosis despite the young
age of the proband. Lung biopsy was also non-specific
and could not provide an aetiologic diagnosis. Despite
the absence of cysts on CT, lung histology highlighted
microcysts, commonly observed in surfactant
www.thelancet.com Vol 113 March, 2025
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Fig. 4: Protein stability prediction and protein expression of WT, T268M, G288R, and E375K LAMP3. (a) Impact of the three variants on
protein stability based on human LAMP3 crystal structure of the LAMP domain (PDB: 4AKM). An unfolding Gibbs free energy score (ΔΔG)
above 0 is predictive of a destabilising effect (PremPS tool). Oxygen atoms are represented in red; nitrogen atoms are represented in blue; the
remaining atoms are in grey. Interactions are represented in dotted lines: van der Waals (green), carbonyl (orange), hydrophobic (blue), and
polar (cyan). (b) Protein expression of HA-tagged LAMP3 WT and mutant proteins from lysate, 48 h after transfection in A549 cells. (c) N-
glycosylation analysis of HA-tagged LAMP3 WT, T268M, and N266A (as a control for N266 glycosylation loss) performed on protein lysates
after digestion with (+) Endo H, PNGase F or without (−) treatment in A549 cells. HA-tagged LAMP3 proteins were fully deglycosylated after
Endo H or PNGase F treatments, leading to a shift in electrophoretic mobility to 45–46 kDa. Proteins were detected by immunoblot (IB) using
an anti-HA for LAMP3 and anti-GAPDH as a loading control. Protein intensity was quantified by Image J software. Results are representative of
three independent experiments. Data are plotted with SD error bars. Unpaired two-tailed Student’s t-test was used, p-values < 0.05 were
considered statistically significant. ****p < 0.0001 and non significative (ns) p > 0.05.
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Fig. 5: Interaction of LAMP3 and surfactant proteins C (SP-C) and B (SP-B). HA-tagged LAMP3 WT or T268M proteins were co-expressed
(input) with a empty vector (EV), SP-C FLAG (a) or SP-B (b) and immunoprecipitated (IP) with an anti-HA antibody in A549 cells. Proteins were
detected by immunoblot (IB) using an anti-HA antibody for LAMP3, an anti-FLAG antibody for SP-C, an anti-proSP-B antibody for SP-B. GAPDH
was used as a loading control. Protein intensity was quantified by Image J software. Results are representative of three independent experi-
ments. Data are plotted with SD error bars. Co-IP levels of SP-C (a) and SP-B (b) with EV, LAMP3 WT and LAMP3 T268M were quantified and
normalised with LAMP3 WT. Unpaired two-tailed Student’s t-test was used. p-values < 0.05 were considered statistically significant. p-values
<0.05 and <0.01 are indicated with * and **, respectively.
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disorders.18,21–24 A notable challenge in the clinical
characterisation of the proband is the presence of
comorbidities that do not appear to be attributable to his
LAMP3 deficiency. A proportion of these appear to be
attributable to 21-hydroxylase deficiency (e.g., growth
retardation, micropenis and bilateral cryptorchidism).

The functional consequences of the two LAMP3
variants Y302Qfs*2 and T268M identified in the pro-
band were then functionally characterised. The loss-of-
function effect of these two variants was demonstrated
ex vivo at the mRNA and protein levels in proband lung
tissue and nasal epithelial cells and in vitro after
transient overexpression of recombinant LAMP3 in
A549 cells. In addition, the deleterious effect of the
G288R variant identified in a large consanguineous
family with inherited chILD reported by Rips et al.9 was
also assessed.

The two missense variants T268M and G288R
identified in the proband and the Israeli pedigree,
respectively, are located in the LAMP domain of the
protein, near a cysteine involved in the first disulfide
bond. Both missense variants change the polarity of the
amino acid and are predicted to change local intra-
molecular interactions. A significant reduction of
www.thelancet.com Vol 113 March, 2025
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protein expression was shown in vitro for these two
variants. In addition, we demonstrated that the T268M-
LAMP3 protein has a shorter half-life than the WT. In
contrast, the human equivalent of the missense variant
identified in AT dogs, E375K, did not alter protein
expression. The E375K variant, also located in the LAMP
domain, was predicted in silico to moderately impair the
protein stability. However, the method used to quantify
LAMP3 (i.e., Western blot) may not have detected a
more subtle effect on protein stability.

Besides decreasing LAMP3 expression, we have
demonstrated that the missense variant T268M also
disturbs the N-glycosylation of asparagine 266. N-
glycosylation is a crucial post-translational modification
that can impact protein stability through appropriate
folding and/or trafficking. In the case of the LAMP3-
N266A used as a negative control of glycosylation, the
substitution of asparagine 266 by an alanine did not
appear to impair the stability of the protein, suggesting
that N266A might not be as destabilising as the T268M.
In other LAMP family members, it has been shown that
the removal of N-glycans by Endo H treatment in
LAMP1 and in LAMP2 resulted in more rapid degra-
dation of the proteins while the lysosomes containing
these proteins remained stable,12 thus indicating that N-
glycans protect against acidic proteases. An immuno-
fluorescence study revealed that the T268M mutant did
not disturb LAMP3 subcellular localisation, and it may
be hypothesised that only one disturbed glycosylation
site may not fully impair the protein trafficking or affect
organelle stability.

The exact function of LAMP3 remains unclear.
LAMP3 expression is restricted to dentritic cells and
AEC2.13 Recently, overexpression of LAMP3 in salivary
gland epithelial cells was shown to inhibit autophagy,
leading to apoptosis in patients with Sjögren’s syn-
drome.25 In AEC2, several elements point to a crucial
role in surfactant metabolism. First, LAMP3 expression
is regulated by the thyroid transcripton factor-1 (TTF-1,
also called NKX2-1) that also regulates surfactant related
genes: SFTPB, SFTPC, ABCA3, SFTPA1, and
SFTPA2.26,27 Second, in dogs presenting with fatal
neonatal respiratory distress and homozygous for the
LAMP3 missense E387K LAMP3 variant, abnormal LBs
were also found.7 Additionally, in another study,
Lamp3−/− mice showed increased levels of proSP-C and
mature SP-B with abnormal LB formation.8 In the pre-
sent study, we demonstrated in vitro by co-
immunoprecipitation an interaction between LAMP3
and the two surfactant proteins SP-B and SP-C. More-
over, the study of the LAMP3 T268M protein revealed
an increase of pro-SP-C and pro-SP-B interaction levels
as compared to the WT form of the protein, reflecting
that LAMP3 dysfunction may alter surfactant homoeo-
stasis. Finally, the decrease in proSP-B and SP-B levels
observed in the patient’s lung biopsy supports the
involvement of LAMP3 in SP-B metabolism.
www.thelancet.com Vol 113 March, 2025
In conclusion, LAMP3 dysfunction emerges as a
molecular cause of chILD, impairing surfactant meta-
bolism. The heterogeneous phenotypes in humans,
mice, and dog models illustrate that the phenotype of
LAMP3 dysfunction deserves to be further charac-
terised. The characteristic high-resolution chest CT scan
and histological ILD patterns of patients with LAMP3
deficiency support the inclusion of LAMP3 sequencing
in the genetic work-up of both children and adults with
ILD.1,6
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