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A B S T R A C T

Purpose: Genetic causes of surfactant dysfunction are associated with childhood interstitial 
lung disease. Lysosome-associated membrane glycoprotein 3 (LAMP3) is highly expressed 
within lamellar bodies of alveolar epithelial type II cells, and variants in LAMP3 have 
recently been suggested as a novel cause of childhood interstitial lung disease. This study 
describes the phenotypes of participants with biallelic variants in LAMP3 and presents 
functional studies evaluating the role of specific LAMP3 variants.
Methods: Phenotypic data were collected through chart review and clinical evaluation. In vitro 
effects of LAMP3 variants were evaluated through immunohistochemistry, western blot, and 
flow cytometry.
Results: Thirteen participants were identified with biallelic variants in LAMP3. They presented 
with variable phenotypes ranging from neonatal respiratory distress to asymptomatic in 
adulthood. All symptomatic participants demonstrated ground glass opacities early in life and 
lung fibrosis later in life. For 1 participant, BAL analysis showed abnormal surfactant protein 
composition and lung biopsy revealed irregular lamellar bodies. In vitro studies in lung 
epithelial cells with induced expression of specific LAMP3 variants demonstrated reduced 
protein expression and abnormal glycosylation.
Conclusion: Biallelic LAMP3 variants are associated with an interstitial lung disease phenotype 
with variable expressivity. Evaluation for LAMP3 variants should be considered in individuals 
with unexplained interstitial lung disease.
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Introduction

Surfactant is produced by alveolar epithelial type II (AT2) 
cells and stored in lamellar bodies (LB) before being 
secreted into the alveolar space via exocytosis. 1 Surfactant 
metabolism is regulated by proteins involved in lipid traf-
ficking, transcriptional regulation, transport, and degrada-
tion. 2,3 Defects in surfactant production and function are 
associated with neonatal respiratory failure and interstitial 
lung disease (ILD). 4 To date, genes associated with 
disruption of surfactant metabolism include: ATP-binding 
cassette transporter A3 (ABCA3, MIM #610921), surfac-
tant protein B (SFTPB, MIM #265120), surfactant protein C 
(SFTPC, MIM #610913), NK2 homeobox 1 (NKX2-1, MIM 
#610978), surfactant protein A1 (SFTPA1, MIM #178360), 
and surfactant protein A2 (SFTPA2, MIM #178642). 1,5,6 

The age of onset and severity of disease varies depending 
on the genotype. 5,7,8 For example, infants with biallelic 
loss-of-function variants in SFTPB and ABCA3 present with 
severe neonatal respiratory failure; however, there can be 
variable clinical outcomes in infants, children, and adults 
with partial function ABCA3 variants. 9-12 In addition, pul-
monary phenotypes associated with SFTPC and NKX2-1 
variants include severe neonatal respiratory failure, ILD, 
adult pulmonary fibrosis, and lung cancer. 13-17 

Lysosome-associated membrane glycoprotein 3 
(LAMP3) is a transmembrane protein highly expressed in 
lung tissue and dendritic cells. 18 In the lung, LAMP3 lo-
calizes specifically to LBs within AT2 cells. 19,20 Over-
expression studies have shown that LAMP3 alters 
trafficking of membrane proteins and induces lysosomal 
disruption. 21 LAMP3 is thought to be involved in the traf-
ficking and regulation of surfactant components. 19,22-24 

Studies using LAMP3-deficient mice indicate that a lack of 
LAMP3 disrupts the balance of surfactant proteins, leading 
to altered surfactant functionality and increased airway 
resistance under induced asthma conditions. 22 Additionally, 
a study on fatal neonatal respiratory distress in dogs iden-
tified a homozygous missense variant in LAMP3 
p.(Glu387Lys) that results in defective lamellar body for-
mation. 25 In humans, a recent semi-automated genotype-
phenotype matching study identified LAMP3 as a candidate 
disease gene for ILD. 26 This was further confirmed by the 
report of the functional consequences of biallelic LAMP3 
variants in a child with fibrosing ILD. 27

Here, we report 13 participants from 5 unrelated families 
with biallelic missense or frameshift variants in LAMP3. 
These participants presented with variable pulmonary phe-
notypes ranging from clinically asymptomatic to severe 
neonatal respiratory failure and ILD. Additionally, we use a 
human lung epithelial cell line (A549) transiently trans-
fected with 2 of the identified missense variants in LAMP3 
to show decreased LAMP3 protein expression, endoplasmic 
reticulum (ER) stress and induction of cell death through 
activating apoptotic pathways. The LAMP3 variants iden-
tified in these participants offer a plausible explanation for

their pulmonary disease and provide evidence of a disease-
gene association for biallelic LAMP3 variants in humans.

Materials and Methods

Human participants and genetic analysis

Legally authorized representatives provided informed con-
sent for all participants. Participants were identified through 
GeneMatcher, the pediatric European ILD registry, the 
Undiagnosed Diseases Network, 28 and professional 
communication. Participant 1 was enrolled in the Undiag-
nosed Diseases Network (NHGRI protocol 15HG0130). 
Participants 2a-2c were enrolled in a research study focused 
on rare genetic diseases at Washington University in St 
Louis. Participants 3a-3g were enrolled in a research study 
evaluating unbiased semi-automated genotype-phenotype 
matching algorithm. 26 Participant 4a was enrolled from an 
exome database at the Hadassah Hebrew University. 
Participant 5 was enrolled in the childhood ILD genetic 
project approved by the ethical authorities (Comit ´ e de 
protection des personnes n ◦ 20130604). 27

For each family, the probands (participants 1, 2a, 2b, 3a, 
3e, 4, and 5) underwent either exome or genome sequencing. 
No pathogenic or likely pathogenic variants were identified in 
genes associated with surfactant deficiency or ILD, including 
ABCA3, SFTPB, SFTPC, NKX2-1, SFTPA1, and SFTPA2. 
LAMP3 variants were confirmed for segregation analysis by 
Sanger sequencing. Variants are reported in the GRCh37 
genome build. Phenotypic and genetic information was 
collected from medical record review and clinical evaluation.

Lung biopsy, bronchoalveolar lavage processing, 
and western blot (WB) analysis

Lung tissue was fixed in 10% formalin and paraffin-
embedded sections were prepared according to standard 
methods and stained with hematoxylin and eosin, Schiff’s 
periodic acid, and Masson’s trichrome for light microscopy. 
A fresh section was fixed in 2% glutaraldehyde and 4% 
paraformaldehyde in 100 mM Na cacodylate buffer and 
processed for electron microscopy (EM). The pooled su-
pernatant from BAL fluid (3× 1 ml 0.9% NaCl/kg bw) was 
stored frozen at − 80 ◦ C. Total protein was determined by 
the method of Bradford. Surfactant protein (SP)-B, SP-C, 
proSP-B, and proSP-C were determined under nonre-
ducing conditions as described previously. 29,30

Modeling of the human LAMP3 protein

Using the full-length human LAMP3 protein, the predicted 
structures were obtained as provided from the AlphaFold 
algorithm and protein structure database (https://alphafold. 
ebi.ac.uk). Structure visualization was performed using
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PyMOL (The PyMOL Molecular Graphics System, Version 
2.0 Schr¨ odinger, LLC).

Expression vectors for analysis of LAMP3 variant 
proteins

The pME18S-empty and pME18S-LAMP3 mammalian 
expression vectors were used for the in vitro study of 
LAMP3. Two LAMP3 variants were generated using Q5 
Site-Directed Mutagenesis Kit (New England Biolabs). The 
full nucleotide sequences of these variants were confirmed 
by Sanger sequencing.

Lung epithelial cell transient transfection for 
immunofluorescence and flow cytometry

Human lung carcinoma epithelial cells (A549) were tran-
siently transfected with plasmids using Lipofectamine 3000. 
Cells were harvested for flow cytometry 48 hours after 
transfection. The Immunofluorescence analysis was per-
formed as described previously. 31 Flow cytometry data were 
analyzed using FlowJo software, v10.10.0 (BD Biosciences).

WB analysis of LAMP3 variants

To study the effect of the LAMP3 variants on protein stability, 
WB analysis was performed. Transfected cells were lysed in 
radioimmunoprecipitation assay buffer (Santa Cruz 
Biotechnology) supplemented with protease and phosphatase 
inhibitors. Cell lysates were analyzed using the JESS Simple 
Western™ instrument (Protein Simple) per the manufac-
turer’s instructions.

Cell growth and apoptosis analysis of LAMP3 
variants

After trypsinization of transfected A549 cells, apoptotic 
cells were detected using the transferase dUTP nick end 
labeling (TUNEL) assay Kit and flow cytometry with 7-
AAD (ab66110, Abcam) and the BD FACSymphony (BD 
Biosciences). The cell growth analysis was performed as 
described previously. 31

Expression of LAMP3-green fluorescent protein 
(GFP) and LAMP3-Ala13Glu in A549 cells

cDNA sequences for wild-type LAMP3 and the LAMP3-
Ala13Glu variant were cloned into the pHAGE lentiviral 
backbone plasmid upstream of the gene for Aequorea 
coerulescens GFP (AcGFP). 32 To express the GFP-tagged 
proteins in A549 cells, cells were grown in 12-well plates 
and transiently transfected with the plasmid constructs (1 μg 
plasmid/well) using Lipofectamine LTX reagent (Thermo 
Fisher Scientific). At 24 hours after transfection, cell lysates 
were prepared using radioimmunoprecipitation assay buffer

(Sigma Aldrich) containing the Roche cOmplete Mini 
EDTA-free Protease Inhibitor Cocktail (Sigma Aldrich). 
Lysates were stored at − 80 ◦ C until use and total protein 
concentrations were estimated using the Pierce BCA Protein 
Assay Kit (Thermo Fisher).

To visualize proteins by WB, samples (20 μg total pro-
tein/lane) were resolved by SDS-PAGE on a 4% to 20% 
Mini-PROTEAN TGX precast gel (Bio-Rad Laboratories). 
Proteins were transferred to polyvinylidene difluoride 
membranes (Immobilon-FL, Sigma Aldrich), then blocked 
for 1 hour with 0.1% Hammarsten casein. The membrane 
was probed with anti-GFP antibody (Takara Bio catalog no. 
632592; Takara Bio) and anti-beta actin (Sigma Aldrich 
catalog no. A2228) overnight at room temperature. The 
membrane was washed with TBS-Tween 4 times (5 minutes 
each), then incubated for 1 hour with fluorescent secondary 
antibodies (IRDye 800CW Donkey anti-Rabbit IgG + 
IRDye 680LT Donkey anti-Mouse IgG; LI-COR) at a 
1:10,000 dilution. After 5 5-minute washes with TBS-
Tween, fluorescent bands were visualized on an Odyssey 
M imager (LI-COR).

Statistics

The data are presented as the mean values with standard 
deviations. Paired t test was used to compare the means of 
the empty vector, and values of P < .05 were considered 
significant.

Results

Clinical case summaries

Key phenotypic and genotypic information for all partici-
pants is summarized in Supplemental Table 1. Detailed 
clinical descriptions of the participant phenotypes are pre-
sented in Supplemental Material 1.

Family 1
An affected female was found to have a homozygous single-
nucleotide deletion in LAMP3 NM_014398.4:c.247del 
p.(Ile83PhefsTer47) predicted to produce a frameshift and 
early stop gain of the canonical 416 amino acid protein. Both 
parents are heterozygous for this variant and consanguinity 
was denied. This variant is rare in a large adult database 
(gnomAD v4.1.0, minor allele frequency (MAF) 2.23e− 5, 
accessed March 2025) with no homozygous individuals re-
ported. 33 Clinically, she presented with severe neonatal res-
piratory failure. She has a lifelong history of oxygen 
dependence, and serial lung CT studies demonstrate a pro-
gression from ground glass opacities (GGO) in early life to 
fibrotic changes in adolescence (Figure 1A). Lung biopsy at 
age 18 months showed a nonspecific interstitial pneumonitis 
pattern compatible with chronic pneumonitis of infancy 
(Figure 1B). Transmission electron microscopy (TEM)
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showed AT2 cells with irregular lamellar bodies that con-
tained dense, round inclusions consistent with surfactant 
protein dysfunction (Figure 1C). Biochemical analysis of 
BAL supernatant for hydrophobic surfactant proteins 
demonstrated a small amount of proSP-B, undetectable 
mature SP-B, abundant mature SP-C, mainly in its mono-
meric form, and no aberrant proSP-C processing forms 
(Figure 1D). Lack of sibling availability precluded LAMP3 
variant segregation testing.

Family 2
Three siblings (2a-c) were found to be compound heterozy-
gous for missense variants in LAMP3 NM_014398:c.38C>A 
p.(Ala13Glu) and NM_014398:c.1162G>A p.(Gly388Arg). 
Both parents are heterozygous for one of the variants 
(Figure 2B). The p.(Ala13Glu) variant is extremely rare 
(gnomAD v4.1.0, MAF 6.47e− 7) with no homozygous 
individuals reported and is predicted to be deleterious (CADD 
score 17.4). 34 The p.(Gly388Arg) variant is extremely rare 
(gnomAD v4.1.0, MAF 6.22e− 7) with no homozygous 
individuals reported and predicted to be deleterious (CADD 
score 25.6). The p.(Gly388Arg) variant lies within the 
predicted single transmembrane domain (p.382-402), and the 
p.(Ala13Glu) variant is predicted to alter the signal peptide 
(AA 1-27), suggesting alterations in processing and subcel-
lular localization. The older female siblings (2a and 2b) 
presented with severe neonatal respiratory failure, experi-
enced significant respiratory morbidity and failure to thrive 
early in life, and had lung CT imaging that demonstrated 
GGO and cystic lung disease (Figure 1E). Over time, they 
have also developed obstructive lung disease. In contrast, 
their younger brother (2c), who is also compound heterozy-
gous for the same LAMP3 variants, has no history of 
respiratory symptoms and had unremarkable lung CT 
imaging at age 14 months.

Family 3
Seven participants (3a-g) from a consanguineous extended 
family (Figure 2C) were found to be homozygous for 
a missense variant in LAMP3 NM_014398.4:c.862G>A 
p.(Gly288Arg). This residue is highly conserved and 
extremely rare (gnomAD v4.1.0, MAF 1.43e− 5) with no 
homozygous individuals reported and is predicted to be 
deleterious (CADD score 28). This family was briefly 
described by Rips et al 26 (2024). Four male participants (3a, 
3c, 3d, and 3e) in this family have a lifelong history of 
respiratory disease, and 2 of them (3a and 3e) presented 
with severe neonatal respiratory failure. All 4 symptomatic 
participants had imaging studies that demonstrated GGO 
with progression to fibrotic changes (Figure 1F and G). One 
symptomatic participant (3c) had a lung biopsy demon-
strating interstitial infiltration compatible with chronic 
pneumonitis of infancy. The oldest symptomatic participant 
(3d) had advanced lung disease with extensive fibrotic
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Figure 1 Macroscopic and microscopic imaging studies 
from participants with biallelic LAMP3 variants. A. CT chest 
from participant 1 at age 13 years shows ground glass opacities 
(GGO), cystic changes especially of the upper lobes, and hon-
eycombing. B. Hematoxylin and eosin staining of a lung section 
from participant 1. Pathology findings on lung biopsy of partic-
ipant 1 demonstrate preserved parenchymal architecture with 
non-specific interstitial pneumonitis pattern and diffuse cellular 
expansion with widening of interstitial spaces. C. Transmission 
electron microscopy (TEM) of lung biopsy tissue from partici-
pant 1 demonstrates lamellar bodies of alveolar epithelial type II 
(AT2) cells with disrupted myelin organization (black arrow-
head) and round dense inclusions (white arrowheads). D. WB 
analysis of the hydrophobic surfactant proteins and their pre-
cursors in BAL supernatant of participant 1, which demonstrates 
absence of surfactant protein (SP)-B in contrast to abundant SP-
C (spliced compilation of individual protein blots with standards 
loaded at 9 ng for SP-B and 10 ng for SP-C). E. CT chest from 
participant 2b at age 2-months shows diffuse septal thickening, 
GGO, and cystic changes. F. CT chest from participant 3c at age 
22 years shows GGO in the upper lobes bilaterally. G. CT chest 
from participant 3d at age 40 years before lung transplant shows 
diffuse emphysematous and fibrotic changes.
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honeycombing on imaging studies and underwent lung 
transplantation at age 50 years. Three homozygous partic-
ipants in this family are clinically asymptomatic (3b, 3f, 
3g). At age 38, 1 asymptomatic male participant (3b) un-
derwent a chest CT scan that revealed areas of GGO and 
uneven aeration. The remaining 2 homozygous female 
participants (3f and 3g) are asymptomatic at ages 4 years 
and 47 years, respectively. The younger asymptomatic 
participant (3f) had normal lung CT imaging at age 3 years, 
normal development, no hospital admissions, and normal 
respiratory physical exam. Participant 3g was unavailable 
for further clinical evaluation. Additional chest CT images 
from participants 3a, 3b, 3c, and 3e are presented in 
Supplemental Figures 1-4.

Family 4
A single affected male participant was found to be homozygous 
for an intronic variant in LAMP3 NM_014398.4:c.49+1G>A 
p.?. This variant is rare (gnomAD v4.1.0, MAF: 1.16e− 5) with 
no homozygous individuals identified in gnomAD and is pre-
dicted to disrupt a splice donor site (CADD score 33, SpliceAI 
0.99). 35 This participant presented with severe neonatal respi-
ratory failure, and lung imaging studies demonstrated diffuse 
GGO with uneven aeration at age 2 years.

Family 5
A single affected male was found to be compound heterozy-
gous for missense and frameshift variants in LAMP3 
NM_014398 c.803C>T p.(Thr268Met) and c.904_908del

A

B

C

Figure 2 Pedigrees for (B) family 2 and (C) family 3. For compound heterozygous or homozygous participants, black shapes represent 
symptomatic participants, and gray shapes represent asymptomatic participants. Participant identifiers are included inside the designated 
shape for all participants described in this report. For all participants who completed genetic testing (either exome sequencing for par-
ticipants 2a, 2b, 3a, and 3e or Sanger sequencing in all other participants), genotype is included below. A. Schematic of LAMP3 functional 
domains, including the signal peptide, LAMP domain, and transmembrane domain. Location of LAMP3 variants identified in this cohort are 
indicated with arrows.
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p.(Tyr302GlnfsTer2). This participant was described previ-
ously by Louvrier et al. 27 The p.(Thr268Met) variant is rare 
(gnomAD v4.1.0, MAF: 6.08e− 5) with no homozygous in-
dividuals reported and predicted to be deleterious (CADD 
26.2). The p.(Tyr302GlnfsTer2) variant is rare (gnomAD 
v4.1.0, MAF 1.31e− 4) with no homozygous individuals re-
ported and predicted to cause a frameshift and early stop gain. 
Functional studies of the missense variant showed reduced 
levels of mutant protein, impaired N-glycosylation and protein 
instability, and altered interactions between LAMP3 and SP-B 
and SP-C. 27 This participant has a complex past medical his-
tory of failure to thrive, growth hormone deficiency, and 
developmental delay but did not develop respiratory symp-
toms until 9-years-old. Lung imaging studies demonstrated 
GGO, and lung biopsy revealed thickened alveolar walls 
resembling usual interstitial pneumonitis and a slightly 
decreased Pro-SP-B and SP-B staining.

Case comparison
Overall, we present 13 participants with biallelic variants in 
LAMP3 from 5 families who presented with variable res-
piratory phenotypes that range from neonatal respiratory 
failure and progression to significant ILD with airway 
obstruction to clinically asymptomatic adults. Of the 
symptomatic participants, 6 of 9 (66%) presented with 
neonatal respiratory failure requiring mechanical ventila-
tion. The other 3 of 9 (33%) participants presented with 
dyspnea starting in the first year of life or later in childhood. 
GGO were observed on chest CT for all 9 symptomatic 
participants. Those who had follow-up imaging later in life 
showed progression to fibrotic changes. A variety of med-
ications including oral, inhaled, and intravenous steroids, 
hydroxychloroquine, inhaled short- and long-acting beta-2 
agonists, and leukotriene receptor antagonists were used 
with inconsistent clinical responses. Supplemental oxygen 
was needed for 4 participants, and 1 participant required 
lung transplantation at age 50 years. Overall, symptomatic 
participants presented with broad phenotypic variability 
without consistent response to specific medications. Four 
out of 13 participants (31%) with biallelic LAMP3 variants 
had no overt clinical respiratory symptoms. Interestingly, 
participant 3b had GGO identified on chest CT at age 38 
years despite having no reported clinical symptoms. Chest 
imaging was normal in 2 asymptomatic participants (2c and 
3f) and not completed in the one other asymptomatic 
participant. No heterozygous participants were reported to 
have respiratory symptoms within these families, but they 
were also not specifically evaluated for subclinical mani-
festations of disease. Familial variant testing was unable to 
be completed for siblings within families 1, 4, and 5. 

Within this cohort of participants, there is no discernible 
correlation of clinical severity to sex or genotype. These var-
iants occur throughout the LAMP3 transcript. However, the 
missense variants appear to cluster within the signal peptide, 
transmembrane, and LAMP3 domains (Figure 2A). We clas-
sified the variants according to the American College of 
Medical Genetics and Genomics (ACMG) and the Association

for Molecular Pathology criteria. 36 PVS1 was applied to null 
variants predicted to result in nonsense-mediated decay. PS3 
was applied when functional assays performed in this study or 
in Louvrier et al 27 provided evidence supporting pathoge-
nicity. PM2_Supporting was applied to variants that are rare 
(highest MAF < 0.1%) and with no homozygous occurrences 
in gnomAD v4.1. PM1_Supporting was applied to variants 
located within protein functional regions; specifically, the 
signal peptide (amino acids 1-27), the LAMP domain (amino 
acids 124-382) and the transmembrane domain (amino acids 
382-402). Based on these criteria, the variants were classified 
as likely pathogenic as outlined in Supplemental Table 2. In 
addition, we evaluated the clinical validity of the gene-disease 
association according to the Clinical Genome Resource 
(ClinGen) framework. 37 Based on these criteria, the strength 
of this gene-disease association was strong as outlined in 
Supplemental Table 3.

Structural modeling of the LAMP3 p.(Gly288Arg) 
and p.(Gly388Arg) variants

Protein sequence alignment of LAMP3 across species 
revealed that the p.(Gly288Arg) substitution identified in 
family 3 involves a highly conserved position with no vari-
ations observed in any species except for a semi-conservative 
change (Gly to Ser) found in Xenopus (Supplemental 
Figure 5A). Similarly, the p.(Gly388Arg) substitution seen 
in family 2 also involves a highly conserved amino acid 
residue seen in LAMP3 proteins from other species 
(Supplemental Figure 5B). Additional analysis comparing 
these amino acid positions with the 4 other human LAMP 
family members revealed that these amino acid positions are 
highly conserved (Supplemental Figure 5C and D). 

Three-dimensional modeling using PyMOL 
(Schr¨ odinger, LLC [2015] The PyMOL Molecular Graphics 
System, Version 2.3.0.) demonstrated that the amino acid 
substitutions resulting from these p.(Gly288Arg) and 
p.(Gly388Arg) variants likely alter protein structure 
(Supplemental Figure 5E-I). The p.(Gly288Arg) is located in 
a β-strand rich region in a β-turn, likely interfering with 
proper formation of the β-sheet. The p.(Gly388Arg) variant is 
located within a transmembrane region, which is largely 
hydrophobic. The replacement of glycine with the charged 
arginine residue causes a predicted stability change (ΔΔG) 
using MCM-membrane yielded a value of − 0.645 Kcal/mol, 
indicating that this amino acid substitution is destabilizing 
(Supplemental Figure 5I and data not shown). Based on these 
findings, these 2 LAMP3 variants may have impaired sta-
bility with lamellar body membrane integration.

Induced expression of LAMP3-Gly288Arg and 
LAMP3-Gly388Arg variants reduces lung epithelial 
cell proliferation

The LAMP3-Gly288Arg and LAMP3-Gly388Arg variants 
underwent in vitro functional characterization. Confocal
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imaging of transiently transfected LAMP3 wild type (WT) 
and variant constructs into A549 pulmonary epithelial cell 
line revealed protein staining on the lysosomal membrane 
(Supplemental Figure 5J). WB of whole cell lysate from 
transiently transfected cells suggested that the LAMP3-
Gly288Arg and LAMP3-Gly388Arg variants showed 
decreased expression compared with LAMP3-WT 
(Figure 3A and B). Cell proliferation was reduced in 
LAMP3-Gly288Arg and LAMP3-Gly388Arg, with this 
reduction being more prominent in LAMP3-Gly388Arg 
cells (Figure 3C and D). These results suggest that, 
compared with the WT protein, the LAMP3-Gly288Arg and 
LAMP3-Gly388Arg amino acid substitutions inhibit cell 
proliferation in a human pulmonary epithelial cell line.

LAMP3-Gly388Arg variant induces lung epithelial 
cell apoptosis

To determine whether the changes observed in cell prolif-
eration with the LAMP3 variants were the result of alter-
ations in cell cycle or increased apoptosis, the cell cycle was 
analyzed in cells transfected with plasmids expressing 
control empty vector, LAMP3-WT, and LAMP3 variants by 
TUNEL, 7-AAD cell viability staining, and flow cytometry. 
Bright-field microscopy showed significant blebbing in both 
the LAMP3-Gly288Arg and LAMP3-Gly388Arg transfected 
cells (Figure 3E-H). Cells expressing LAMP3-Gly288Arg 
and LAMP3-Gly388Arg exhibited similar profiles by flow 
cytometry (Figure 3I-L). However, cells expressing 
LAMP3-Gly388Arg had a significantly higher proportion of 
TUNEL-positive cells compared with cells that express 
LAMP3-Gly288Arg or LAMP3-WT (Figure 3M-P). More-
over, the percentage of TUNEL-positive/7-AAD-positive 
cells was also significantly elevated (Figure 3P), suggesting 
that these cells were either in the late stages of apoptosis or 
undergoing cell death due to necrosis. These findings sug-
gest that the cell death was increased in the cells expressing 
LAMP3-Gly388Arg compared with the LAMP3-WT. 

Changes in both plasma and mitochondrial membrane 
protein expression are reported to trigger apoptosis. 38 Because 
these mechanisms can be broadly divided into intrinsic and 
extrinsic pathways, the localization of Galectin-3 (Gal3) was 
examined to distinguish between the 2 apoptotic pathways. 39 

An increase in the number of cells with Galectin-3 puncta in 
the cytoplasm compared with WT suggests that the intrinsic 
apoptotic pathway is likely involved (Figure 4A-C). 

Caspase-3 and Caspase-8 are critical regulators of the 
apoptotic response, with Caspase-8 being particularly 
important for initiating apoptosis. Although the activation of 
cleaved Caspase-8 (cCas8) was not detected in WB analysis 
of protein from cells that express LAMP3-Gly288Arg or 
LAMP3-Gly388Arg, a significant increase in cleaved 
Caspase-3 (cCas3) was observed. This finding, combined 
with the activation of Cas3 and the inactivation of Cas8, 
suggests that apoptosis is increasing (Figure 4D-G).

Lastly, ER stress signals were assessed in A549 cells 
transfected to express these LAMP3 variants, given 
that increased ER stress could potentially enhance Caspase-3 
activity and promote apoptosis. 40 Cells that expressed 
both the LAMP3-Gly288Arg or LAMP3-Gly388Arg variants 
showed a significant increase in Bip and protein disulfide 
isomerase proteins—particularly in cells expressing the 
LAMP3-Gly388Arg variant (Figure 4H-K). Taken together, 
these results suggest that the LAMP3 variants enhance ER stress 
and the caspase pathway, leading to the induction of apoptosis 
(Figure 4L).

The LAMP3-Ala13Glu variant exhibits dramatically 
reduced protein abundance

In silico prediction using the SignalP server indicates a high 
probability that the LAMP3 protein harbors an N-terminal 
signal peptide for sorting into the secretory pathway and 
that the alanine to glutamic acid change at residue 13 seen 
in the LAMP3-Ala13Glu variant disrupts this signal peptide 
(Figure 5A). 41 To explore the effects of this variant on 
LAMP3 expression and protein processing, we used tran-
sient transfection to express GFP-tagged versions of this 
variant and the wild-type protein in A549 cells and visu-
alized the proteins in cell lysates by WB (Figure 5B). There 
was substantially lower overall expression of the LAMP3-
Ala13Glu variant relative to the wild-type protein, as well 
as notable differences in the apparent molecular weight and 
processing of the protein. For wild-type LAMP3, we 
observed 2 prominent bands: one at approximately 80 kDa, 
consistent with the predicted molecular weight for fully 
glycosylated GFP-tagged LAMP3 and a second band at 
~160 kDa, possibly indicating dimer formation. An addi-
tional lower molecular weight band could also be detected 
at around 70 kDa, which is the expected size of unglyco-
sylated GFP-tagged LAMP3. For the LAMP3-Ala13Glu 
variant, only this lowest molecular weight band was seen, 
indicating that this variant is likely not glycosylated. These 
results suggest that disruption of the signal peptide in the 
LAMP3-Ala13Glu variant has a detrimental effect on 
maturation, trafficking, and glycosylation of the protein due 
to loss of targeting to the secretory pathway.

Discussion

This study identifies biallelic variants in LAMP3 as a ge-
netic cause of human ILD presenting with a broad spectrum 
of pulmonary symptoms. Functional studies in lung 
epithelial cells demonstrate that some of the LAMP3 vari-
ants identified in this cohort cause decreased cell prolifer-
ation, induced ER stress, activation of apoptotic pathways, 
or abnormal protein glycosylation. Lung biopsy and BAL 
analysis from participant 1 demonstrated abnormal LBs and 
altered surfactant protein composition. Altogether, these
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Figure 3 LAMP3 variants effect on A549 epithelial cell proliferation. A and B. LAMP3 variant expression. A549 cells were treated 
with pME18S-empty plasmid (as negative control), pME18S-LAMP3-WT plasmid (as positive control), or pME18S-LAMP3-Gly288Arg 
(LAMP3-Gly288Arg) (A), or pME18S-LAMP3-Gly388Arg (LAMP3-Gly388Arg) (B) and WB was performed 24 hours after transfection. 
Differences in the expression of LAMP3/β-actin in WB compared with transfected cells with empty vector, LAMP3-WT, or LAMP3-
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findings provide further evidence of a disease-gene asso-
ciation for LAMP3 in humans and highlight the need for 
further research to clarify role of LAMP3 in surfactant 
metabolism and ILD pathogenesis.

LAMP3 is constitutively expressed in AT2 cells and tran-
siently expressed in the major histocompatibility complex 
class II compartment of dendritic cells (DCs). 19,42,43 Func-
tional and structural similarities between DCs and AT2 cells 
suggest a possible role of LAMP3 in the exocytosis of LBs in 
AT2 cells. 44,45 Additionally, LAMP3-positive vesicles are 
involved in the maturation and processing of surfactant com-
ponents, suggesting a role for LAMP3 in surfactant homeo-
stasis. 43 Given its function in AT2 cells and surfactant biology, 
LAMP3 dysfunction is plausibly linked to the development of 
ILD.

Animal models have demonstrated a link between 
LAMP3 dysfunction and pulmonary phenotypes. Dillard 
et al 25 identified a cohort of terrier dogs with lethal neonatal 
respiratory failure, and exome sequencing revealed that all 
affected dogs were homozygous for a LAMP3 missense 
variant XM_843796.4:c.1159G>A p.(Glu387Lys). This 
variant is predicted to disrupt a structurally important di-
sulfide bond. The affected animals had macroscopic lung 
damage and demonstrated immature LBs on TEM, which 
was also observed on TEM from lung biopsy of participant 
1. A study of LAMP3 knockout mice revealed no evidence 
of neonatal respiratory distress or pulmonary abnormalities 
with normal lung morphology and cellular appearance of 
AT2 cells. However, when challenged with an induced 
allergic asthma model, these mice exhibited increased 
airway resistance and alterations in surfactant lipid 
composition, suggesting that LAMP3 plays a role in 
maintaining surfactant homeostasis under stress condi-
tions. 22 Interestingly, analysis of the hydrophobic surfactant 
proteins in participant 1’s BAL revealed no SP-B, an 
essential protein for normal biophysical surfactant activity. 
Because congenital absence of SP-B is not compatible with 
life and is typically associated with abundant pro-SP-C, 
which was not demonstrated here, our findings likely 
demonstrate a secondary deficiency or very low level of SP-
B. 10,29 This may be due to ER retention and reduced 
alveolar delivery as a consequence of the LAMP3 variant 
resulting in low protein level beyond the limit of detection 
of the WB technique used. Alternatively, this could be 
explained by enhanced alveolar removal by uptake into 
macrophages or intraalveolar proteolytic degradation. Prior 
studies using lung tissue from participant 5 similarly

demonstrated reduced staining of SP-B. 27 Altogether, these 
studies provide evidence of a disruption to the pulmonary 
surfactant system due to variants in LAMP3.

The variable expressivity of LAMP3 variants seen in this 
cohort resemble the diverse clinical course seen in patients 
with ILD caused by ABCA3 missense or SFTPC vari-
ants. 9,12,46 Factors such as genotype, genetic variants at other 
loci, epigenetic variation, and environmental factors have been 
suggested to explain the variable clinical courses in patients 
with ABCA3 and SP-C dysfunction and may similarly account 
for the variability observed in our cohort. 9,47-50 Interestingly, 
although infants with biallelic ABCA3 loss-of-function vari-
ants present with severe, progressive neonatal respiratory 
failure that is lethal in the first year of life without lung 
transplantation, 9,47,51 Participant 1 who is homozygous for a 
LAMP loss-of-function variant p.(Ile83PhefsTer47) also pre-
sented with severe neonatal respiratory failure but recovered 
after 10 days of mechanical ventilation. It is notable that the 
LAMP3 knockout mice only demonstrated a respiratory 
phenotype under induced allergic conditions, which supports 
the potential role of environmental factors in symptom 
severity for LAMP3-associated conditions. 22 Infections or 
environmental exposures may also influence the development 
of airflow obstruction, suggestive of small airways disease, in 
addition to parenchymal lung disease with GGO and resultant 
lung fibrosis in some of the participants in this cohort. At this 
time, there is no definitive explanation for the variability in 
phenotypes seen in these families, and future studies exploring 
multifactorial contributions to the pulmonary phenotype of 
LAMP3 variants are warranted.

Lung function studies from several participants in this 
cohort demonstrated mixed patterns with restriction and 
obstruction. Restrictive lung disease can be expected in ILD 
with the development of fibrosis. The presence of obstruc-
tion with air trapping in these participants is intriguing given 
that it is predominantly at the small airway level. Air trap-
ping has been reported as a common and not unusual finding 
in ILD. 52 Additionally, increased airway resistance under 
allergic conditions was identified in the LAMP3 knockout 
mouse model. 22 One possible explanation for the obstructive 
lung phenotype seen in this cohort is the development of 
small airway disease from loss of terminal bronchioles given 
that there is loss of AT2 cells due to LAMP3 deficiency. In 
chronic obstructive pulmonary disease, it is hypothesized 
that the loss of small airways is caused by collapse of the 
terminal bronchioles and alveolar ducts from a loss of teth-
ering as the alveolar architecture becomes distorted from cell

variants (n = 3). **P < .01 based on Student’s t test. C and D. LAMP3-Gly288Arg and LAMP3-Gly388Arg variants inhibit cell growth. 
A549 cells were transfected with empty vector, LAMP3-WT, or LAMP3-Gly288Arg (C) or LAMP3-Gly388Arg (D) plasmids. Cells were 
counted 72 hours after replated with Countess Automated Cell Counter, n = 8. A549 *P < .05, **p < 0.01 based on Student’s t test. E-H. 
A549 cells were transfected with empty vector, LAMP3-WT, or LAMP3-variants and cultured for 48 hours before imaging and flow 
cytometry with terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)/7-aminoactinomycin D (7-AAD) to quantify 
apoptotic cells. Bright-field microscopy at low (1) and high (2) magnification images with arrowheads showing examples of membrane-
blebbing, which is characteristic for early apoptosis. I-P. Summary of flow cytometry data for TUNEL and 7-AAD-positive cells. Dif-
ference from positive and negative control cells is nonsignificant for LAMP3-Gly288Arg cells and significant for LAMP3-Gly388Arg cells 
by Student’s t test (*P < .05, n = 4).
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Figure 4 LAMP3-Gly388Arg variant induces activation of caspase-3 and ER stress. A. Representative immunofluorescence image 
shows staining for galectin-3 (green). *; Intracellular is defined as the LAMP3 positive cells in the intracellular space. †; Extracellular and 
cell membrane is defined the LAMP3 positive cells in the extracellular space and cell membrane. B. Bar chart shows the percentage of 
galectin-3 (Gal3) puncta-positive cells (n = 8). Percentage of cells expressing Gal3 intracellularly out of total cells between negative control 
(empty vector), positive control (LAMP3-WT), LAMP3 variants (LAMP3-Gly288Arg or LAMP3-Gly388Arg). *P < .05, **P < .01, n.s.; 
nonsignificant. C. Percentage of cells expressing Gal3 extracellularly and within the cell membrane per total cell between empty vector, 
LAMP3-WT, LAMP3-Gly288Arg, and LAMP3-Gly388Arg. n.s.; nonsignificant. D. Caspase-3 (Cas3), cleaved-Caspase-3 (cCas3), Caspase-
8 (Cas8), cleaved-Caspase-8 (cCas8), and βactin protein expression levels were measured by WB analysis in cells that express empty vector, 
LAMP3-WT, or LAMP3-Gly288Arg plasmids. E. WB analysis was performed to measure. cCas3/Cas3, Cas3/βactin and Cas8/βactin 
normalized by control. n = 6, n = 6, and n = 3. n.s.; nonsignificant based on Student’s t test. F. WB analysis for cells that express empty 
vector, LAMP3-WT, or LAMP3-Gly388Arg plasmids. G. WB analysis was performed to measure cCas3/Cas3, Cas3/βactin and Cas8/βactin 
normalized by control. n = 6, n = 6, and n = 3. *P < .05. H. ER stress related protein expression levels were measured by WB analysis in 
cells that express empty vector, LAMP3-WT, or LAMP3-Gly288Arg plasmids. I. WB analysis was performed to measure and normalized by 
control, n = 3. n.s.; nonsignificant based on Student’s t test. J. ER stress related protein expression levels were measured by WB analysis in 
cells that express empty vector, LAMP3-WT, or LAMP3-Gly388Arg plasmids. K. WB analysis was performed to measure and normalized 
by control, n = 3. *P < .05, **P < .01, n.s.; nonsignificant based on Student’s t test. L. Schematic diagram of pathways from ER stress to 
the intrinsic apoptotic signaling pathway. These pathways converge at the activation of Cas3.
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death and inflammation. 53,54 An additional possibility to 
consider is that airway dysfunction is the result of abnormal 
resident DC function, given that DCs also highly express 
LAMP3 and play a key role in innate immunity in the lung. 55 

Further histologic evaluation of large airways in individuals 
with LAMP3 deficiency will be necessary to further

elucidate the obstructive component of lung disease seen in 
the participants from this study.

Using a variety of in vitro biological endpoints, 2 of 
the LAMP3 missense variants identified in this cohort 
p.(Gly288Arg) and p.(Gly388Arg) were found to cause 
abnormalities in the growth of lung A549 epithelial 
cells. Induced expression via transient transfection of 
both the LAMP3-Gly288Arg and LAMP3-Gly388Arg 
variants decreased cell growth. Interestingly, only 1 of 
the 2 variants, LAMP3-Gly388Arg, increased cell death 
via the intrinsic apoptosis pathway, involving increased 
ER stress and activation of Caspase-3, suggesting there 
may be differences in the pathobiology of the variants. 
The LAMP3-Ala13Glu variant causes reduced protein 
expression and abnormal protein glycosylation due to 
predicted loss of the signal peptide and abnormal 
cellular trafficking. Although these initial studies 
demonstrate in vitro abnormalities due to LAMP3 vari-
ants, further detailed studies of these and other LAMP3 
variants are needed to elucidate the underlying patho-
physiology of LAMP3 deficiency. Abnormalities in 
lysosomal membrane proteins are known to cause 
impaired autophagy and lysosomal dysfunction, which 
are crucial for maintaining intracellular homeostasis. 56-
58 The expression of LAMP3 in AT2 cells containing 
LBs suggests a specialized function in surfactant 
biogenesis. One limitation of our studies is that we used 
the A549 cell line, which although extensively used as a 
model for AT2 cells, does not model surfactant function 
well. 59,60 However, the in vitro studies presented here 
were primarily intended to evaluate effects on cell 
proliferation and viability. An additional limitation to 
consider is that A549 cells might not be optimal for the 
study of cellular function via transient transfection. 
Further studies are needed to evaluate the role of these 
LAMP3 variants in the processing of SP-B and other 
surfactant proteins. Ideally, for these functional studies 
patient-derived induced AT2 cells (iAT2s) or CRISPR-
edited lung cell lines with endogenous expression of 
patient-derived LAMP3 variants would be used for 
elucidating the role of LAMP3 variants on LB and AT2 
cell function, as has been performed for others genetic 
disorders of surfactant metabolism. 32,61,62

Overall, this cohort serves as evidence of a disease-gene 
association for LAMP3 in humans with variable expres-
sivity. For patients with neonatal respiratory failure or ILD 
without a molecular diagnosis, evaluation for variants in 
LAMP3 should be considered.

Data Availability

Individual level sequencing data for participant 1 is avail-
able through dbGAP accession number phs001232 (v5.p2). 
Additional data available from the authors upon request.

A

B

Figure 5 Compared with the wild-type protein, the LAMP3-
Ala13Glu variant shows overall lower abundance and a 
reduced apparent molecular weight. A. Output from SignalP 6.0 
showing the predicted Sec/SPI signal peptide on the N terminus of 
wild-type LAMP3 protein (top) and predicted loss of this signal in 
the LAMP3-Ala13Glu variant (bottom). In the figure key, Sec/SPI 
n = the N-terminal region of the signal peptide; Sec/SPI h = the 
central hydrophobic region; Sec/SPI c = the C-terminal region of 
the peptide; CS = the predicted signal peptide cleavage site; and 
OTHER indicates amino acid sequence outside of the signal 
peptide. B. Plasmids encoding GFP-tagged versions of the wild-
type and Ala13Glu LAMP3 alleles were transiently transfected 
into A549 cells and cell lysates prepared at 24 hours after trans-
fection. Lysates were separated by SDS-PAGE (20 μg total pro-
tein/lane) and WB using an antibody against the GFP tag.
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