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ABSTRACT
Objectives  Sjögren’s syndrome (SS) is an autoimmune 
sialadenitis with unknown aetiology. Although 
extensive research implicated an abnormal immune 
response associated with lymphocytes, an initiating 
event mediated by salivary gland epithelial cell (SGEC) 
abnormalities causing activation is poorly characterised. 
Transcriptome studies have suggested alternations in 
lysosomal function are associated with SS, but a cause 
and effect linkage has not been established. In this 
study, we demonstrated that altered lysosome activity in 
SGECs by expression of lysosome-associated membrane 
protein 3 (LAMP3) can initiate an autoimmune response 
with autoantibody production and salivary dysfunction 
similar to SS.
Methods  Retroductal cannulation of the submandibular 
salivary glands with an adeno-associated virus serotype 
2 vector encoding LAMP3 was used to establish a model 
system. Pilocarpine-stimulated salivary flow and the 
presence of autoantibodies were assessed at several time 
points post-cannulation. Salivary glands from the mice 
were evaluated using RNAseq and histologically.
Results  Following LAMP3 expression, saliva flow was 
significantly decreased and serum anti-Ro/SSA and La/
SSB antibodies could be detected in the treated mice. 
Mechanistically, LAMP3 expression increased apoptosis 
in SGECs and decreased protein expression related to 
saliva secretion. Analysis of RNAseq data suggested 
altered lysosomal function in the transduced SGECs, and 
that the cellular changes can chemoattract immune cells 
into the salivary glands. Immune cells were activated 
via toll-like receptors by damage-associated molecular 
patterns released from LAMP3-expressing SGECs.
Conclusions  These results show a critical role for 
lysosomal trafficking in the development of SS and 
establish a causal relationship between LAMP3 
misexpression and the development of SS.

INTRODUCTION
Sjögren’s syndrome (SS) is an autoimmune disease 
that primarily affects salivary and lacrimal glands. 
The disease is characterised by dry mouth and/
or eye symptoms, lymphocytic infiltration of the 
affected glands, and the presence of autoantibodies, 
such as anti-Ro/SSA and anti-La/SSB antibodies. 
Although excessive immune activation by type I 
interferon (IFN) signalling pathway is thought to 

play an important role in pathogenesis of SS, the 
aetiology of the disease is unclear.1 Genome-wide 
association studies identified IRF5 and STAT4 as 
susceptibility genes of SS. These genes are involved 
in IFN production and downstream signalling 
following stimulation of the IFN receptor.2–5 Tran-
scriptome studies of minor salivary gland biopsies 
and peripheral blood mononuclear cells identified 
additional IFN signature genes that were increased 
in patients with SS.6–9

Many cellular proteins are reported to be regu-
lated by IFN expression include those associated 
with lysosomal function. Lysosome-associated 
membrane protein 3 (LAMP3) is a membrane glyco-
protein predominantly localised in lysosomes that 
is reported to be induced by IFN.10 In aggregated 
microarray studies, increased expression of LAMP3 
is detected in the salivary glands of patients with 
SS compared with control glands.11 However, its 
causal relationship to the development of SS-asso-
ciated symptoms is not clear. Functionally, LAMP3 
is unique among the LAMP protein members and is 
specifically expressed in mature dendritic cells and 
associated with translocation of the major histo-
compatibility complex class II molecules to the cell 
surface for antigen presentation.12 Confocal immu-
nofluorescence imaging showed that LAMP3 was 
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in the development of SS-like phenotype in vivo.

How might this impact on clinical practice or 
future developments?

►► The causal relationship between LAMP3 
misexpression and SS provides us a novel target 
for interventions in the treatment of SS.

http://www.eular.org/
http://ard.bmj.com/
http://orcid.org/0000-0003-2149-7573
http://orcid.org/0000-0002-4961-018X
http://crossmark.crossref.org/dialog/?doi=10.1136/annrheumdis-2020-219649&domain=pdf&date_stamp=2021-07-08


1032 Nakamura H, et al. Ann Rheum Dis 2021;80:1031–1039. doi:10.1136/annrheumdis-2020-219649

Sjögren’s syndrome

ectopically expressed in salivary gland epithelial cells (SGECs) 
as well as in infiltration cells in patients with SS.11 Transfec-
tion of LAMP3 expression plasmid into SGEC-driven cell lines 
increased caspase-dependent apoptosis and promoted the release 
of intracellular SSA and SSB autoantigens via extracellular vesi-
cles.11 These in vitro studies suggested LAMP3 expression in 
SGECs could contribute to the induction of salivary dysfunction 
and autoantibody production.

The lysosome is a membrane-bound organelle that contains 
hydrolytic enzymes to degrade many kinds of biomolecules, 
and has various cellular functions, such as energy metabolism, 
plasma membrane repair and protein secretion, by ingesting 
and dissolving cell debris, other damaged organelles or foreign 
substances that have entered the cell.13 Nevertheless, lysosomes 
have the potential to be harmful to cells if their contained 
proteases are released to the cytoplasm. The translocation of 
lysosomal proteases is induced by several cell stresses, and can 
trigger a cascade of apoptotic pathways.14

It is thought that excessive and inappropriate cell death may 
contribute to the initiation of autoimmunity through the release 
and ineffective clearance of intracellular antigens.15 It has been 
reported that enhanced apoptosis in SGECs can trigger an 
SS-like autoimmune disease in mice.16 In addition, the relation-
ship between cell death and autoantibody production has been 
well studied in antineutrophil cytoplasmic antibodies (ANCA)-
associated vasculitis. Neutrophil extracellular traps (NETs) are 
complexes of chromosomal DNA, histones and granule proteins 
released by neutrophils to bind and kill extracellular patho-
gens.17 The components can be autoantigens when excessive 
NETs are formed by abnormal neutrophil activation, leading to 
ANCA production.18 Similarly, LAMP3-induced cell death might 
trigger autoantibody production via inappropriate autoantigen 
release and activation of immune cells.

To investigate the pathophysiological role of LAMP3 expres-
sion in SS, we established a mouse model with LAMP3 over-
expressed locally in the submandibular glands following 

Figure 1  Ectopic expression of LAMP3 in salivary gland induces a Sjögren’s syndrome-like salivary dysfunction and autoantibody production in mice. 
(A) Immunoblotting of HEK 293T cell lysate 48 hours after transfection with AAV2-LAMP3 or AAV2-empty plasmids. (B) Immunofluorescent images 
(4× magnification) in murine submandibular glands 2 months after transduction with AAV2-LAMP3 or AAV2-GFP. (C) Body weight and pilocarpine-
stimulated salivary flow per body weight in 20 min in AAV2-LAMP3 treated mice (N=20) and control AAV2-GFP treated mice (N=10). (D) Serum anti-
Ro/SS-A and anti-La/SS-B antibodies were measured in AAV2-GFP treated mice (N=7), 2 months after transduction with AAV2-LAMP3 (N=4) and 6 
months after AAV2-LAMP3 (N=7). Values are shown as the mean±SD. *p<0.05, **p<0.01, ***p<0.001, t-test with Bonferroni’s correction. LAMP3, 
lysosome-associated membrane protein 3.
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retroductal cannulation with an adeno-associated virus serotype 
2 (AAV2) vector encoding LAMP3. The mice develop an SS-like 
phenotype with progressive salivary hypofunction and anti-Ro/
SSA and La/SSB antibody production. Mechanistically, LAMP3 
expression increased apoptosis in SGECs as monitored by trans-
ferase dUTP nick end labelling (TUNEL) assays and decreased 
protein expression related to saliva secretion. Activated immune 
cells were chemoattracted into the salivary glands through 
the cellular changes in SGECs induced by LAMP3. This study 
demonstrated a causal link between the development of SS and 
LAMP3 misexpression, incorrect expression associated with 
alteration of a phenotype.

MATERIALS AND METHODS
Detailed explanation of each procedure was described in online 
supplemental file.

Briefly, AAV2 vectors encoding LAMP3 (AAV2-LAMP3) 
were delivered into both submandibular glands of female 
6–8-week-old C57BL/6 mice (1011 particles/mouse in 100 µL) by 
retrograde ductal instillation. The same amount of AAV2 vector 
encoding green fluorescent protein (AAV2-GFP) was cannulated 
in control mice. Pilocarpine-stimulated salivary flow and the 
presence of serum autoantibodies were assessed at several time 
points post-cannulation. Submandibular glands were evaluated 
using RNAseq and histologically.

In vitro, LAMP3 expression or empty plasmids were trans-
fected into immortalised acinar and ductal cells derived from 
normal human salivary glands,19 or SGEC-driven cell lines. 
Protein expression was assessed by western blotting and immu-
nofluorescence. Human monocytic cell line THP-1 cells were 
treated with supernatant from LAMP3-transfected cells or 
empty-transfected cells, and transcriptional change was eval-
uated using quantitative real-time reverse transcription PCR 
(qRT-PCR).

RESULTS
LAMP3 is increased in expression with disease onset in non-
obese diabetic mice
The non-obese diabetic (NOD) mouse is a well characterised 
model of spontaneous onset of an SS-like phenotype in female 
mice at approximately 16 weeks of age independent of the 
occurrence of loss of glycaemic control.20 21 Comparison of 
transcriptome data between patients and this model has shown 
conservation of phenotype associated patterns of gene expres-
sion.22 Investigation of LAMP3 expression revealed similar 
levels of LAMP3 protein in salivary glands from 8-week-old 
NOD mice compared with C57BL/6 mice. By 20 weeks, LAMP3 
expression had increased in the NOD mice compared with the 
controls (online supplemental S-Figure 1), suggesting as with the 

Figure 2  Transduction with AAV2-LAMP3 vector induces apoptosis in murine salivary gland epithelial cells. (A) Representative submandibular gland 
specimens with terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) from mice 2 months post-cannulation with AAV2-LAMP3 
(N=6) or AAV2-GFP (N=12). Brown staining indicates apoptotic cells. (B) The number of TUNEL positive (apoptotic) cells were quantified. Values are 
shown as the mean±SD. **p<0.01, t-test. (C) Correlation between the number of TUNEL positive (apoptotic) cells and LAMP3 expression area in 
submandibular gland specimens. Dots shows the result from each murine specimen. LAMP3, lysosome-associated membrane protein 3.
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patients, LAMP3 expression is associated with disease progres-
sion in this mouse model.

AAV2-LAMP3 induces hyposalivation and autoantibodies in 
mice
To establish a causal relationship between LAMP3 expres-
sion and the development of SS-associated pathology, LAMP3 
expression was initiated in the salivary glands of healthy 
C57BL/6 mice by retroductal cannulation of the submandibular 
glands using AAV2 vectors to facilitate gene expression. AAV2 
vectors were chosen because of their ability to direct long-term 
expression following localised delivery to the salivary glands of 
mice, with minimal host response to the vector.22 Initial exper-
iments demonstrated that western blotting of HEK 293T cells 
transfected with AAV2-LAMP3 plasmids showed expression of a 
44 kDa protein corresponding to the reported molecular weight 

of LAMP312 (figure 1A). Confocal immunofluorescence imaging 
of AAV2-LAMP3 vector cannulated mice showed extensive and 
sustained expression of LAMP3 in the murine submandibular 
glands 2 months post-cannulation, which appeared as a puncta 
pattern in the salivary tissue similar to previously reports.23 
Close inspection revealed that AAV2-LAMP3 expressed protein 
was predominantly localised to salivary epithelial cells, consis-
tent with the tropism of AAV2 in the submandibular salivary 
gland24 25 (figure  1B). GFP expression was confirmed in the 
submandibular glands of AAV2-GFP cannulated mice (online 
supplemental S-Figure 2).

The effects of LAMP3 were assessed overtime between 1 and 
6 months post-cannulation. Expression of LAMP3 in the sali-
vary glands did not appear to have an overt effect on feeding by 
the mice as there was no significant differences in body weight 
between AAV2-LAMP3 treated mice (LAMP3 mice) and control 

Figure 3  Lysosomal and immune activation is induced in submandibular glands of AAV2-LAMP3 mice 6 months after transduction. (A) The scatter 
plot lists significantly upregulated KEGG pathways in AAV2-LAMP3 mice 6 months post-cannulation (N=5) compared with 2 months post-cannulation 
(N=5). (B) The heat map showing the relative expression of the signature genes for the indicated functions or cell types in submandibular glands from 
AAV2-LAMP3 mice 2 months (2M) and 6 months (6M) post-cannulation. DC, dendritic cell; MΦ, macrophage; NK, natural killer; Neut., neutrophil.
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mice (figure 1C). Pilocarpine-stimulated salivary flow in LAMP3 
mice and controls was tested at several time points following 
cannulation. This analysis over time showed that saliva flow did 
not change significantly 1-month post-cannulation (6.8 µL/g vs 
7.3 µL/g, p=0.51), but was markedly decreased by 2 months 
post-cannulation (5.1 µL/g vs 6.7 µL/g, p<0.01) and continued 
to decrease 6 months post-cannulation (3.2 µL/g vs 5.7 µL/g, 
p<0.001) in LAMP3 mice compared with controls (figure 1C). 
Anti-Ro/SSA and anti-La/SSB antibodies were detected in sera 
from LAMP3 mice 6 months post-cannulation (figure  1D), 
consistent with that LAMP3 expression was associated with 
serum anti-Ro/SSA and/or anti-La/SSB in patients with SS, and 
that in vitro LAMP3 expression promoted the accumulation and 
release of SSA and SSB autoantigens.11 These findings suggest 
that LAMP3 expression in vivo can stimulate an SS-like pheno-
type in mice.

LAMP3 induces apoptosis of SGECs in mice
Previous work reported that transfection of LAMP3 expres-
sion plasmids into SGEC derived cells grown in culture induced 
apoptosis.11 To investigate if LAMP3 expression causes apop-
tosis of SGECs in vivo, salivary gland tissue from LAMP3 and 
control mice were assayed by TUNEL staining and imaged using 
light microscopy. Apoptotic TUNEL positive cells were abun-
dant in acini and ducts of the salivary glands of the LAMP3 mice 
(figure 2A). The number of the apoptotic cells were significantly 
increased in the LAMP3 mice compared with control mice 
(15.1/mm2 vs 4.2/mm2, p<0.01, figure  2B). Furthermore, the 
number of apoptotic cells had a significant positive correlation 
with LAMP3 expression in the murine submandibular specimens 
(r=0.86, p<0.01, figure 2C). These findings demonstrate that 
LAMP3 expression increased apoptosis in SGECs in vivo.

Figure 4  Immune cell infiltration increases in submandibular glands of AAV2-LAMP3 mice 6 months after transduction. (A) Representative H&E 
staining of submandibular glands from AAV2-LAMP3 mice 2 months (2M) and 6 months (6M) post-cannulation. Black arrows indicate lymphatic 
infiltration. Salivary gland size and infiltration area were quantified in AAV2-GFP treated mice 2M (N=6) and 6M (N=6) post-cannulation and AAV2-
LAMP3 treated mice 2M (N=10) and 6M (N=17) post-cannulation. Values are shown as the mean±SD. *p<0.05, t-test with Welch’s correction. (B) 
Representative immunofluorescent images (40× magnification) in murine submandibular glands 6M post-cannulation with AAV2-LAMP3. LAMP3, 
lysosome-associated membrane protein 3.
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Lysosomal and immune pathways were activated in LAMP3 
mice
To clarify the molecular mechanism associated with the devel-
opment of an SS-like phenotype in the LAMP3 mice, RNA 
was collected from the submandibular glands of AAV2-LAMP3 
cannulated mice at 2 months and 6 months post-cannulation and 
used for RNAseq and bioinformatics analysis. A total of 1063 
differentially expressed genes were identified between the two 
groups (701 genes were upregulated, and 362 downregulated 
at 6 months). Analysis using DAVID Bioinformatics Resources 
6.8 identified the differentially expressed genes were enriched 
in lysosome, endocytosis, phagocytosis, chemokine signalling, 
natural killer cell mediated cytotoxicity, antigen processing/
presentation, leucocyte migration, adhesion and T/B-cell 
receptor signalling pathways. These enrichment pathways were 
related to innate and adaptive immunity (figure 3A).

At 6 months post-cannulation of AAV2-LAMP3, genes asso-
ciated with lysosomal membrane proteins, adaptor proteins and 
proteases were upregulated compared with the 2 months time 
point, suggesting that LAMP3 alters lysosomal function in the 
transduced SGECs. One interpretation of the RNAseq data 
is that apoptosis observed in the SGECs lead to macrophage 
activation to remove the apoptotic cells, supported by upreg-
ulation of the genes associated with phagocytosis-promoting 
receptors and antigen presentation in LAMP3 mice 6 months 
post-cannulation. The interaction between apoptotic SGECs and 
macrophages is considered to be critical to initiate autoimmunity. 
Subsequently, upregulated chemokine signalling, cell migration 
and adhesion molecules would attract lymphocyte in salivary 
gland tissues. Antigen presenting cells (APCs), T-cells and B-cell 
related genes were increased in the submandibular glands of 
LAMP3 mice at 6 months post-cannulation, reflecting cellular 
infiltration (figure 3B). Additional analysis of the RNAseq data 
of the immune infiltrate within salivary glands of LAMP3 mice 
suggested that Th1 and Th17 were the dominant T-cell subtypes 
as some of their signature genes were significantly upregulated 
including Tbx-21, Jak1, Stat3/4 and Ccr5/6 (online supplemental 
S-Figure 3). Taken together these data suggest LAMP3 expres-
sion in SGECs activate immune cells in a time dependent manner.

In agreement with the increase immune activation suggested 
by the analysis of the RNAseq data, H&E staining of slides 
identified clusters of lymphocytic infiltration in submandibular 

gland specimens from LAMP3 mice 6 months post-cannulation 
(figure  4A). The lymphocytic infiltration area was not signifi-
cantly correlated with serum autoantibodies or saliva flow 
(online supplemental S-Figure 4). Murine submandibular glands 
were visualised by immunofluorescences using CD3, CD19, 
CD11b and CD68 antibodies, confirming the infiltration of 
T-cells, B-cells and APCs including CD68+ macrophages in the 
tissues (figure 4B). These positive signals were abundantly found 
in the LAMP3 mice 6 months post-cannulation compared with 
those 2 months post-cannulation (online supplemental S-Figure 
5). T-cells were dominant (58%) among the infiltration cells, 
followed by B-cells (29%) and APCs (13%).

Taken together, the bioinformatics analysis supports a hypoth-
esis that LAMP3 expression in SGECs can be stimulatory to 
monocytes/macrophages as an initiator of autoimmunity. To test 
the hypothesis, THP-1 cells were treated in vitro with super-
natant from LAMP3-transfected salivary gland acinar cells or 
ductal cells and stimulation was monitored by qRT-PCR for 
changes in cytokine production. Treatment of THP-1 cells with 
the supernatant stimulated a significant increase in the transcrip-
tion of TNFα compared with control treated THP-1 cells. The 
increased expression of TNFα in THP-1 cells was independent 
of apoptosis in acinar or ductal cells as treatment with the pan-
caspase inhibitor Z-VAD did not inhibit the increase in TNFα 
expression (figure 5A). In contrast, the increase in TNFα expres-
sion was inhibited in THP-1 cells by treatment with toll-like 
receptor (TLR) 1/2 antagonist (CUCPT22) or TLR 4 antagonist 
(TAK242) (figure  5B, online supplemental S-Figure 6). These 
TLRs recognise damage-associated molecular patterns released 
from the cells. Previous in vitro study showed that LAMP3 
expression promoted the release of SSA and SSB autoantigens 
from SGEC-driven cell lines,11 which could be recognised and be 
processed by activated macrophages in salivary glands, leading 
to antibody production against the autoantigens.

LAMP3 degrades functional proteins and contributes to 
salivary hypofunction in mice
Despite the increase of apoptosis in the salivary glands of LAMP3 
mice, overall atrophy or destruction of the gland structure was 
not seen at either 2 or 6 months post-cannulation (figure 4A). 
There was also no significant difference in gene expression 

Figure 5  Culture supernatant from LAMP3-expressing epithelial cells activates THP-1 cells. (A) Acinar and ductal cells were transfected with LAMP3 
expression or empty plasmids ± Z-VAD (20 µM). (B) THP-1 cells were stimulated with the culture supernatant collected from LAMP3-transfected 
cells 96 hours after transfection ± CUCPT22 (20 µM) or TAK242 (40 µM). Transcript changes in THP-1 cells were evaluated 20 hours after stimulation. 
Values are shown as the mean±SEM from independent three experiments. *p<0.05, **p<0.01, t-test with Bonferroni’s correction. LAMP3, lysosome-
associated membrane protein 3.
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associated with the progressive decrease in saliva secretion 
observed between 2 and 6 months in the RNAseq data from the 
LAMP3 treated mice (online supplemental S-Figure 7). Further 
analysis of the RNAseq data suggested that LAMP3 might 
promote the degradation of proteins at post-transcriptional level 
through altered lysosomal and endocytic activities (figure  3). 
To further investigate the salivary hypofunction associated with 
salivary gland targeted LAMP3 expression, slides from the mice 
were compared for expression of membrane proteins related 
to salivary gland function. Na-K-Cl cotransporter-1 (NKCC1) 
and aquaporin 5 (AQP5) are common markers of SGECs and 
their expression are closely linked to changes in salivary gland 
activity.26 27 Immunofluorescent imaging showed decreased 
expression of NKCC1 (figure  6A) and AQP5 (online supple-
mental S-Figure 8A) proteins in submandibular glands of LAMP3 
mice compared with control mice cannulated with a vector 

encoding GFP. Expression of NKCC1 (figure  6B) and AQP5 
(online supplemental S-Figure 8B) was significantly decreased in 
LAMP3 mice 6 months after transduction compared with GFP 
control mice and 2 months LAMP3 mice. Overall the decrease 
in expression of NKCC1 and AQP5 as measured by area was 
negatively correlated with LAMP3 expression and was posi-
tively correlated with saliva flow (figure 6C and online supple-
mental S-Figure 8C, respectively). In contrast, transcript levels of 
Scl12a2 (encoding NKCC1, figure 6D) and Aqp5 (online supple-
mental S-Figure 8D) genes measured by qRT-PCR in the subman-
dibular gland tissues were similar in GFP control mice, 2 months 
and 6 months LAMP3 mice. Western blotting of cell lysate from 
LAMP3 transfected cells showed decrease expression of NKCC1 
(figure 6E) and AQP5 (online supplemental S-Figure 8E) when 
normalised to β-actin compared with control transfected cells. 
Finally, immunocytochemistry staining showed decreased 

Figure 6  LAMP3 expression decreases NKCC1 expression in salivary gland epithelial cells. (A) Immunofluorescence images in murine 
submandibular glands (40× magnification) from mice treated with AAV2-LAMP3 or AAV2-GFP. (B) Expression area of NKCC1 was quantified in 
AAV2-GFP treated mice (N=4) and AAV2-LAMP3 treated mice 2 months (2M) post-cannulation (N=8) and 6 months (6M) post-cannulation (N=7). 
(C) Correlation between the NKCC1 and LAMP3 expression in submandibular gland specimens, or saliva flow. (D) Transcript change of Scl12a2 gene 
in submandibular gland tissues from AAV2-GFP treated mice (N=6) and AAV2-LAMP3 treated mice 2M (N=5) and 6M (N=9) post-cannulation. 
(E) Western blotting with indicated antibodies using acinar or ductal cell lysate 72 hours post-transfection with LAMP3 or empty plasmids. (F) 
Immunofluorescence images (40× magnification) of A253 cells 48 hours after transfection with LAMP3 or empty plasmids. Representative images 
from three independent experiments. Values are shown as the mean±SD. *p<0.05, **p<0.01, t-test with Bonferroni’s correction. LAMP3, lysosome-
associated membrane protein 3; NKCC1, Na-K-Cl cotransporter-1.

https://dx.doi.org/10.1136/annrheumdis-2020-219649
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fluorescence intensity of NKCC1 protein on the cell membrane 
and formation of endocytic vesicles including NKCC1 (white 
arrow heads) in LAMP3-transfected cells (figure  6F). Taken 
together these data suggest a physiological mechanism involved 
in the decreased salivary gland secretion associated with LAMP3 
expression, which is caused by increased membrane turnover 
and endocytic lysosomal activity of the SGECs resulting in 
degradation of membrane proteins critical for saliva secretion.

DISCUSSION
Increased IFN signalling is well established as a component of 
the pathogenesis associated with SS, but little is known regarding 
the effect of IFN on epithelial cells and its causal association 
with salivary gland hypofunction and the induction of autoim-
munity. We recently identified by aggregated microarray anal-
ysis that LAMP3, an IFN inducible protein, is upregulated in 
patients with SS. Further analysis identified an association 
between LAMP3 expression levels and autoantibody positivity 
in patients. In vitro studies suggested that LAMP3 could induce 
apoptosis and the accumulation and release of SS-associated 
autoantigens via extracellular vesicles.11 In this study, we have 
extended these findings and demonstrated that overexpression 
of LAMP3 in vivo can induce an SS-like phenotype in mice. 
Analysis of RNAseq data suggested that LAMP3 expression 
resulted in altered lysosome activity and immune cell activa-
tion. In vivo LAMP3 expression induced apoptosis of SGECs, 
immune infiltration in the glands and degradation of membrane 
proteins associated with saliva secretion. In vitro studies suggest 
that LAMP3 expression in SGECs can trigger activation of 
monocytes/macrophages (figure 7).

A number of mouse models of SS have been reported.28 Intra-
peritoneal injections of SSA/Ro antigen induce immune activa-
tion and an SS-like phenotype in mice.29 30 Other models show 
that expression of nterleukin (IL)-12,31 IL-1432 or IL-17A33 34 
can induce an SS-like disease profile in transgenic mice through 
T-cell and B-cell activation and differentiation. T-cell-targeted 
deletion of stromal interaction molecule 1 and 2 in T-cells stim-
ulated spontaneous and severe SS-like autoimmune disease in 
mice.35 Together, these models support an association between 
the development of SS and dysregulation of the immune system. 
Our data from the LAMP3 overexpression mouse suggests that 
the lysosomal changes in SGECs could be responsible for the 
initiation of autoimmunity. Another model system is NOD mice 
that spontaneously develop SS-like autoimmune exocrinopathy 
as well as type I diabetes.20 We found that LAMP3 expression 
was also increased in NOD mice with age. Lysosomal dysfunc-
tion is involved in various diseases including cancer,36 Alzhei-
mer’s disease37 and Parkinson’s disease.38 Our data suggest that 
lysosomal proteins and function also has an important role in SS.

It is still unclear the mechanism that results in the increased 
LAMP3 expression in the SGECs of patients with SS. Consid-
ering that LAMP3 is an IFN-inducible gene, environmental 
factors like viral infection39 40 and genetic susceptibility, such 
as IRF5 and STAT4 polymorphisms,2–5 might trigger LAMP3 
misexpression. These considerations suggest that inhibition of 
the IFN pathways might be a possible intervention to prevent the 
increased LAMP3 expression in the salivary glands. In support of 
this intervention, recent work demonstrated that JAK inhibitors 
can ameliorated SS-like manifestations in NOD mice through 
downregulating IFN pathways.41 Future studies are needed to 
clarify the pathological connection between IFN signalling and 
LAMP3 misexpression in patients with SS.

In conclusion, this study shows that LAMP3 expression in 
SGECs can induce an SS-like phenotype. The development of 
disease in this mouse model has distinct phases with the induc-
tion of apoptosis preceding salivary hypofunction, followed by 
progressive levels of immune activation, ultimately leading to the 
development of autoimmunity. Further investigations are needed 
to understand the context of the release of autoantigens from 
the cell and if additional cellular or lysosomal components are 
necessary for the induction of autoimmunity. Taken together, the 
present results demonstrate a critical role for salivary epithelial 
lysosomes in the development of SS and provide a new model 
for studies of targeted therapeutic interventions in SS.
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induces salivary dysfunction, immune cell infiltration and autoantibody 
production in mice. Mechanistically, LAMP3 misexpression altered 
lysosomal function in the transduced SGECs, increased apoptosis, 
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activated via toll-like receptors (TLRs) by damage-associated molecular 
patterns (DAMPs) released from SGECs.

http://hpc.nih.gov
http://hpc.nih.gov


1039Nakamura H, et al. Ann Rheum Dis 2021;80:1031–1039. doi:10.1136/annrheumdis-2020-219649

Sjögren’s syndrome

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data are available upon reasonable request. All 
data relevant to the study are included in the article or uploaded as supplementary 
information. Data are available from the corresponding author upon request.

Supplemental material  This content has been supplied by the author(s). It 
has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have 
been peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See: https://​creativecommons.​org/​
licenses/​by/​4.​0/.

ORCID iDs
Hiroyuki Nakamura http://​orcid.​org/​0000-​0003-​2149-​7573
Blake M Warner http://​orcid.​org/​0000-​0002-​4961-​018X

REFERENCES
	 1	 Odani T, Chiorini JA. Targeting primary Sjögren’s syndrome. Mod Rheumatol 

2019;29:70–86.
	 2	 Taylor KE, Wong Q, Levine DM, et al. Genome-Wide association analysis reveals 

genetic heterogeneity of Sjögren’s syndrome according to ancestry. Arthritis 
Rheumatol 2017;69:1294–305.

	 3	 Cruz-Tapias P, Rojas-Villarraga A, Maier-Moore S, et al. HLA and Sjogren’s syndrome 
susceptibility. A meta-analysis of worldwide studies. Autoimmun Rev 2012;11:281–7.

	 4	 Lessard CJ, Li H, Adrianto I, et al. Variants at multiple loci implicated in both innate 
and adaptive immune responses are associated with Sjogren’s syndrome. Nat Genet 
2013;45:1284–92.

	 5	 Li Y, Zhang K, Chen H, et al. A genome-wide association study in Han Chinese 
identifies a susceptibility locus for primary Sjogren’s syndrome at 7q11.23. Nat Genet 
2013;45:1361–5.

	 6	 Hjelmervik TOR, Petersen K, Jonassen I, et al. Gene expression profiling of minor 
salivary glands clearly distinguishes primary Sjögren’s syndrome patients from healthy 
control subjects. Arthritis Rheum 2005;52:1534–44.

	 7	 Wakamatsu E, Nakamura Y, Matsumoto I, et al. DNA microarray analysis of labial 
salivary glands of patients with Sjogren’s syndrome. Ann Rheum Dis 2007;66:844–5.

	 8	 Inamo J, Suzuki K, Takeshita M, et al. Identification of novel genes associated with 
dysregulation of B cells in patients with primary Sjögren’s syndrome. Arthritis Res Ther 
2020;22:153.

	 9	 Björk A, Richardsdotter Andersson E, Imgenberg-Kreuz J, et al. Protein and DNA 
methylation-based scores as surrogate markers for interferon system activation in 
patients with primary Sjögren’s syndrome. RMD Open 2020;6:e000995.

	10	 Irudayam JI, Contreras D, Spurka L, et al. Characterization of type I interferon pathway 
during hepatic differentiation of human pluripotent stem cells and hepatitis C virus 
infection. Stem Cell Res 2015;15:354–64.

	11	 Tanaka T, Warner BM, Odani T, et al. LAMP3 induces apoptosis and autoantigen 
release in Sjögren’s syndrome patients. Sci Rep 2020;10:15169.

	12	 de Saint-Vis B, Vincent J, Vandenabeele S, et al. A novel lysosome-associated 
membrane glycoprotein, DC-LAMP, induced upon DC maturation, is transiently 
expressed in MHC class II compartment. Immunity 1998;9:325–36.

	13	 Saftig P, Klumperman J. Lysosome biogenesis and lysosomal membrane proteins: 
trafficking meets function. Nat Rev Mol Cell Biol 2009;10:623–35.

	14	 Noguchi M, Hirata N, Tanaka T, et al. Autophagy as a modulator of cell death 
machinery. Cell Death Dis 2020;11:517.

	15	 Suurmond J, Diamond B. Autoantibodies in systemic autoimmune diseases: specificity 
and pathogenicity. J Clin Invest 2015;125:2194–202.

	16	 Okuma A, Hoshino K, Ohba T, et al. Enhanced apoptosis by disruption of the 
STAT3-IκB-ζ signaling pathway in epithelial cells induces Sjögren’s syndrome-like 
autoimmune disease. Immunity 2013;38:450–60.

	17	 Nakazawa D, Shida H, Tomaru U, et al. Enhanced formation and disordered regulation 
of NETs in myeloperoxidase-ANCA-associated microscopic polyangiitis. J Am Soc 
Nephrol 2014;25:990–7.

	18	 Nakazawa D, Masuda S, Tomaru U, et al. Pathogenesis and therapeutic interventions 
for ANCA-associated vasculitis. Nat Rev Rheumatol 2019;15:91–101.

	19	 Azuma M, Tamatani T, Kasai Y, et al. Immortalization of normal human salivary 
gland cells with duct-, myoepithelial-, acinar-, or squamous phenotype 
by transfection with SV40 ori- mutant deoxyribonucleic acid. Lab Invest 
1993;69:24–42.

	20	 Lodde BM, Mineshiba F, Kok MR, et al. NOD mouse model for Sjögren’s syndrome: 
lack of longitudinal stability. Oral Dis 2006;12:566–72.

	21	 Vosters JL, Yin H, Roescher N, et al. Local expression of tumor necrosis factor-receptor 
1:immunoglobulin G can induce salivary gland dysfunction in a murine model of 
Sjögren’s syndrome. Arthritis Res Ther 2009;11:R189.

	22	 Yin H, Cabrera-Perez J, Lai Z, et al. Association of bone morphogenetic protein 6 with 
exocrine gland dysfunction in patients with Sjögren’s syndrome and in mice. Arthritis 
Rheum 2013;65:3228–38.

	23	 Nagelkerke A, Mujcic H, Bussink J, et al. Hypoxic regulation and prognostic value of 
LAMP3 expression in breast cancer. Cancer 2011;117:3670–81.

	24	 Braddon VR, Chiorini JA, Wang S, et al. Adenoassociated virus-mediated transfer of a 
functional water channel into salivary epithelial cells in vitro and in vivo. Hum Gene 
Ther 1998;9:2777–85.

	25	 Voutetakis A, Kok MR, Zheng C, et al. Reengineered salivary glands are stable 
endogenous bioreactors for systemic gene therapeutics. Proc Natl Acad Sci U S A 
2004;101:3053–8.

	26	 Koumangoye R, Bastarache L, Delpire E. NKCC1: newly found as a human disease-
causing ion transporter. Function 2021;2:zqaa028.

	27	 Lai Z, Yin H, Cabrera-Pérez J, et al. Aquaporin gene therapy corrects Sjögren’s 
syndrome phenotype in mice. Proc Natl Acad Sci U S A 2016;113:5694–9.

	28	 Chiorini JA, Cihakova D, Ouellette CE, et al. Sjögren syndrome: advances in the 
pathogenesis from animal models. J Autoimmun 2009;33:190–6.

	29	 Scofield RH, Asfa S, Obeso D, et al. Immunization with short peptides from 
the 60-kDa Ro antigen recapitulates the serological and pathological findings 
as well as the salivary gland dysfunction of Sjogren’s syndrome. J Immunol 
2005;175:8409–14.

	30	 Yin H, Vosters JL, Roescher N, et al. Location of immunization and interferon-γ are 
central to induction of salivary gland dysfunction in Ro60 peptide immunized model 
of Sjögren’s syndrome. PLoS One 2011;6:e18003.

	31	 Vosters JL, Landek-Salgado MA, Yin H, et al. Interleukin-12 induces salivary gland 
dysfunction in transgenic mice, providing a new model of Sjögren’s syndrome. Arthritis 
Rheum 2009;60:3633–41.

	32	 Shen L, Suresh L, Li H, et al. IL-14 alpha, the nexus for primary Sjögren’s disease in 
mice and humans. Clin Immunol 2009;130:304–12.

	33	 Nguyen CQ, Yin H, Lee BH, et al. Pathogenic effect of interleukin-17A in induction of 
Sjögren’s syndrome-like disease using adenovirus-mediated gene transfer. Arthritis 
Res Ther 2010;12:R220.

	34	 Nguyen CQ, Yin H, Lee BH, et al. IL17: potential therapeutic target in Sjögren’s 
syndrome using adenovirus-mediated gene transfer. Lab Invest 2011;91:54–62.

	35	 Cheng KT, Alevizos I, Liu X, et al. STIM1 and STIM2 protein deficiency in T lymphocytes 
underlies development of the exocrine gland autoimmune disease, Sjogren’s 
syndrome. Proc Natl Acad Sci U S A 2012;109:14544–9.

	36	 Groth-Pedersen L, Ostenfeld MS, Høyer-Hansen M, et al. Vincristine induces dramatic 
lysosomal changes and sensitizes cancer cells to lysosome-destabilizing siramesine. 
Cancer Res 2007;67:2217–25.

	37	 Lee J-H, Yu WH, Kumar A, et al. Lysosomal proteolysis and autophagy require 
presenilin 1 and are disrupted by Alzheimer-related PS1 mutations. Cell 
2010;141:1146–58.

	38	 Dehay B, Bové J, Rodríguez-Muela N, et al. Pathogenic lysosomal depletion in 
Parkinson’s disease. J Neurosci 2010;30:12535–44.

	39	 Weller ML, Gardener MR, Bogus ZC, et al. Hepatitis Delta Virus Detected in Salivary 
Glands of Sjögren’s Syndrome Patients and Recapitulates a Sjögren’s Syndrome-Like 
Phenotype in Vivo. Pathog Immun 2016;1:12–40.

	40	 Fleck M, Kern ER, Zhou T, et al. Murine cytomegalovirus induces a Sjögren’s syndrome-
like disease in C57Bl/6-lpr/lpr mice. Arthritis Rheum 1998;41:2175–84.

	41	 Lee J, Lee J, Kwok S-K, et al. JAK-1 inhibition suppresses interferon-induced BAFF 
production in human salivary gland: potential therapeutic strategy for primary 
Sjögren’s syndrome. Arthritis Rheumatol 2018;70:2057–66.

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-2149-7573
http://orcid.org/0000-0002-4961-018X
http://dx.doi.org/10.1080/14397595.2018.1546268
http://dx.doi.org/10.1002/art.40040
http://dx.doi.org/10.1002/art.40040
http://dx.doi.org/10.1016/j.autrev.2011.10.002
http://dx.doi.org/10.1038/ng.2792
http://dx.doi.org/10.1038/ng.2779
http://dx.doi.org/10.1002/art.21006
http://dx.doi.org/10.1136/ard.2006.063370
http://dx.doi.org/10.1186/s13075-020-02248-2
http://dx.doi.org/10.1136/rmdopen-2019-000995
http://dx.doi.org/10.1016/j.scr.2015.08.003
http://dx.doi.org/10.1038/s41598-020-71669-5
http://dx.doi.org/10.1016/S1074-7613(00)80615-9
http://dx.doi.org/10.1038/nrm2745
http://dx.doi.org/10.1038/s41419-020-2724-5
http://dx.doi.org/10.1172/JCI78084
http://dx.doi.org/10.1016/j.immuni.2012.11.016
http://dx.doi.org/10.1681/ASN.2013060606
http://dx.doi.org/10.1681/ASN.2013060606
http://dx.doi.org/10.1038/s41584-018-0145-y
http://www.ncbi.nlm.nih.gov/pubmed/7687310
http://dx.doi.org/10.1111/j.1601-0825.2006.01241.x
http://dx.doi.org/10.1186/ar2888
http://dx.doi.org/10.1002/art.38123
http://dx.doi.org/10.1002/art.38123
http://dx.doi.org/10.1002/cncr.25938
http://dx.doi.org/10.1089/hum.1998.9.18-2777
http://dx.doi.org/10.1089/hum.1998.9.18-2777
http://dx.doi.org/10.1073/pnas.0400136101
http://dx.doi.org/10.1093/function/zqaa028
http://dx.doi.org/10.1073/pnas.1601992113
http://dx.doi.org/10.1016/j.jaut.2009.09.009
http://dx.doi.org/10.4049/jimmunol.175.12.8409
http://dx.doi.org/10.1371/journal.pone.0018003
http://dx.doi.org/10.1002/art.24980
http://dx.doi.org/10.1002/art.24980
http://dx.doi.org/10.1016/j.clim.2008.10.006
http://dx.doi.org/10.1186/ar3207
http://dx.doi.org/10.1186/ar3207
http://dx.doi.org/10.1038/labinvest.2010.164
http://dx.doi.org/10.1073/pnas.1207354109
http://dx.doi.org/10.1158/0008-5472.CAN-06-3520
http://dx.doi.org/10.1016/j.cell.2010.05.008
http://dx.doi.org/10.1523/JNEUROSCI.1920-10.2010
http://dx.doi.org/10.20411/pai.v1i1.72
http://dx.doi.org/10.1002/1529-0131(199812)41:12<2175::AID-ART12>3.0.CO;2-I
http://dx.doi.org/10.1002/art.40589

	Lysosome-­associated membrane protein 3 misexpression in salivary glands induces a Sjögren’s syndrome-­like phenotype in mice
	Abstract
	Introduction﻿﻿
	Materials and methods
	Results
	LAMP3 is increased in expression with disease onset in non-obese diabetic mice
	AAV2-LAMP3 induces hyposalivation and autoantibodies in mice
	LAMP3 induces apoptosis of SGECs in mice
	Lysosomal and immune pathways were activated in LAMP3 mice
	LAMP3 degrades functional proteins and contributes to salivary hypofunction in mice

	Discussion
	References


