
Lysosomal exocytosis of HSP70 stimulates monocytic BMP6
expression in Sjögren’s syndrome

Ying-Qian Mo, … , Blake M. Warner, John A. Chiorini

J Clin Invest. 2022;132(6):e152780. https://doi.org/10.1172/JCI152780.

 

Graphical abstract

Research Article Autoimmunity

Find the latest version:

https://jci.me/152780/pdf

http://www.jci.org
http://www.jci.org/132/6?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI152780
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/13?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/152780/pdf
https://jci.me/152780/pdf?utm_content=qrcode


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1

Introduction
Sjögren’s syndrome (SS) is an autoimmune disease characterized 
by dry mouth and/or eye symptoms (sicca symptoms) and lympho-
cytic inflammation in salivary and/or lacrimal glands. The pathoge-
netic mechanism driving the disease has been poorly understood, 
although it may involve a combination of environmental and genetic 
factors. Because of the unknown etiology, only palliative treatment 
exists for SS, and many patients with SS experience a poor quality of 
life. A better understanding the pathophysiology is essential to devel-
op a disease-modifying therapeutic approach for SS (1).

A complex network of cytokines and chemokines is associated 
with the pathogenesis of SS (2). The cytokine BMP6 belongs to the 
TGF-β superfamily and plays an important role in endochondral 
bone formation (3) and iron-related regulation of hepcidin in the 
liver (4). A microarray study showed increased expression of BMP6 
in the salivary glands of patients with SS compared with control sal-

ivary glands. Functional genomic studies demonstrated that BMP6 
can inhibit membrane water permeability in salivary gland epithe-
lial cells via downregulation of aquaporin 5 (AQP5) and that local 
overexpression of BMP6 in the salivary or lacrimal glands induces 
the loss of fluid secretion in mice (5). Additional studies demon-
strated that inhibition of BMP6 signaling with small molecules (6) 
or bypassing the defect in fluid movement through aquaporin gene 
therapy (7) can ameliorate SS-like sicca symptoms in BMP6-overex-
pressing mice. These results suggest that BMP6 expression is asso-
ciated with the development of secretory hypofunction in SS and is a 
potential therapeutic target in SS. However, the cells responsible for 
BMP6 expression in salivary glands have not been identified, and 
the upstream initiation of BMP6 expression in SS is unknown. In 
this study, we found that a subset of monocytic cells could express 
BMP6 following TLR4 stimulation and identified a signaling path-
way that initiated the synthesis of BMP6 as a result of changes in 
lysosomal activity triggered by lysosome-associated membrane 
protein 3 (LAMP3) expression in salivary gland epithelial cells.

Results
Monocytic lineage cells express BMP6 in the salivary glands of patients 
with SS. BMP6 is a secreted protein that can associate with extra-
cellular matrix (8). Confocal immunofluorescence (IF) imaging of 
BMP6 protein expression indeed showed a broad staining pattern 

BMP6 is a central cytokine in the induction of Sjögren’s syndrome–associated (SS-associated) secretory hypofunction. 
However, the upstream initiation leading to the production of this cytokine in SS is unknown. In this study, RNA ISH on 
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by in vitro cell assays and single-cell transcriptomics of human PBMCs. Further investigation showed that HSP70 was an 
endogenous natural TLR4 ligand that stimulated BMP6 expression in SS. Release of HSP70 from epithelial cells could be 
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initiated by LAMP3 expression, and reverse transcription PCR on RNA from minor salivary glands of patients with SS 
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(CD19+), plasma cells (CD138+), or NK cells (CD56+) (Figure 1D 
and Supplemental Figure 1; supplemental material available 
online with this article; https://doi.org/10.1172/JCI152780DS1). 
We also detected sporadic BMP6 expression in nonimmune cells 
including salivary epithelial cells, vascular endothelial cells, and 
fibroblasts. Taken together, these data suggested that cells of the 
monocytic lineage were the main source of BMP6 expression in 
the salivary glands of patients with SS.

The TLR4 pathway is associated with BMP6 expression in 
the salivary glands of patients with SS. The signaling pathways 
involved in the upregulation of BMP6 in the salivary glands of 
patients with SS is unknown. In order to explore pathways that 
may trigger BMP6 expression, we conducted RNA-Seq analysis 

in salivary glands of patients with SS (Figure 1A). On the other 
hand, ISH revealed a more restricted expression pattern of BMP6 
mRNA, mainly in interstitial infiltrating cells (Figure 1A). Quan-
titative analysis confirmed that BMP6 signal was significantly 
increased in the salivary glands of patients with SS compared with 
non-SS sicca individuals (Figure 1B).

To identify the cellular source of BMP6 expression among 
the infiltrating cells, ISH of BMP6 was combined with IF stain-
ing for various surface molecules of immune cells found in the 
salivary glands of patients with SS. The dual labeling showed 
that the majority of BMP6+ cells expressed monocytic lineage 
markers such as CD68, CD14, and CD16 (Figure 1, C and D), 
whereas little BMP6 was colocalized with T cells (CD3+), B cells 

Figure 1. BMP6 mRNA–expressing cells in salivary glands of patients with SS. (A) Representative 
images of dual ISH for BMP6 mRNA (red) and IF for BMP6 protein (green) and nuclei (gray) on sec-
tions of labial minor salivary glands from patients with SS or non-SS sicca. Scale bars: 50 μm and  
10 μm (insets). (B) Mean (± SD) number of BMP6+ dots per mm2 (n = 7 patients with SS and  
n = 6 non-SS sicca). **P < 0.01, by Student’s t test. (C) Representative images of dual ISH for BMP6 
(white) and IF for CD14 (red), CD16, and CD68 (green) and nuclei (DAPI, blue) on sections of labial 
minor salivary glands from patients with SS. Scale bars: 50 μm. Enlargement original magnification, 
100×. White arrows indicate colocalization of signals. (D) Percentage (mean ± SD) of colocalization 
with each cell marker in BMP6+ cells (n = 4 for CD68 and n = 3 for the others).
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Analysis of differentially expressed genes (DEGs) between the 2 
SS patient groups (Figure 2B and Supplemental Table 1) identified 47 
potential upstream regulators associated with high BMP6 expression 
(Figure 2C). LPS, a TLR4 agonist, was the most significantly associat-
ed upstream regulator (activation z score: 4.225). A number of other 
molecules mechanistically linked to the LPS pathway were also acti-

of labial minor salivary glands from 43 female patients with SS 
and 7 female age-matched healthy volunteers (HVs). Patients 
with SS were divided into high BMP6 (n = 20) and normal 
BMP6 expression (n = 23) groups, according to the cutoff value 
defined as 2-fold SD from the mean counts per million reads 
(CPM) of BMP6 in HVs (Figure 2A).

Figure 2. BMP6 expression is simulated via the TLR4/MyD88-dependent pathway. (A) CPM of BMP6 in RNA-Seq analysis of labial minor salivary glands 
from patients with SS (n = 43) and age-matched HVs (n = 7). (B) Volcano plot showing DEGs between patients with SS with high versus normal BMP6 
expression. (C) Upstream regulators of DEGs likely associated with high BMP6 expression. (D) Mechanistic network for LPS signaling. (E) Heatmap showing 
the relative expression of DEGs related to LPS. (F) THP1 cells were simulated with PMA for 48 hours to induce differentiation into macrophages and then 
treated with one of the following agonists for 4 hours: TLR4 (LPS, 100 ng/mL), TLR7 (loxoribine, 1 mM), TLR7/8 (3M002, 8 μg/mL), or TLR9 (ODN2216, 5 
μM), with or without IFN-γ priming (100 U/L, 8 hours). (G) THP1-derived macrophages and THP1 cells were pretreated with TLR4 antagonist (TAK242) at 
the indicated concentrations, followed by treatment with LPS for 8 and 4 hours, respectively. MΦ, macrophage. (H) BMP6 protein expression was quan-
tified in THP1 cell lysates 24 hours after simulation with LPS. (I) WT, MYD88–/–, or IRF3–/– THP1 cells were treated with LPS for 4 hours. BMP6 transcript 
expression in cells was quantified after each treatment using the ΔΔCt method relative to ACTB expression. Data represent the mean ± SEM of 3 indepen-
dent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001, by Student’s t test with multiple testing correction using Dunnett’s method.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2022;132(6):e152780  https://doi.org/10.1172/JCI1527804

cells (human monocytic cell line) with PMA to induce differen-
tiation into macrophages (referred to as THP1-derived macro-
phages). These cells were then treated with LPS (a TLR4 ago-
nist), loxoribine (a TLR7 agonist), 3M002 (a TLR7/8 agonist), or 
ODN2216 (a TLR9 agonist). We found a strong induction of BMP6 
expression after treatment with LPS but observed no significant 
induction with loxoribine, 3M002, or ODN2216, even after IFN-γ 
priming to induce TLR expression (Figure 2F).

vated (Figure 2, D and E). In addition to LPS, we identified TLR7 (acti-
vation z score: 2.425) and TLR9 (activation z score: 2.056) as likely 
activated upstream regulators in patients with high BMP6 expression 
compared with those with normal BMP6 expression (Figure 2C).

BMP6 expression is induced via the TLR4/MyD88 pathway. 
On the basis of the finding that TLR signaling may be involved 
in BMP6 expression and that the monocytic lineage could be the 
source of BMP6 expression as assessed by ISH, we treated THP1 

Figure 3. HSP70 stimulates BMP6 expression via the TLR4/MyD88 pathway. (A) Venn diagram showing increased expression of potential ligands for 
TLR4 (listed inside the largest oval) in minor salivary glands (yellow oval), saliva (blue oval), and/or serum/plasma (shown in red) from patients with SS. 
(B) Serum HSP70 and BMP6 levels in patients with SS (n = 50) and HVs (n = 30). Boxes represent first, second, and third quartiles. ††P < 0.01, by Wilcoxon 
test. RFU, relative fluorescence units. (C and D) THP1 cells were treated with the indicated recombinant proteins at the indicated concentration for 4 hours. 
C, control. (E) THP1 cells were treated with boiled HSP70 (1 μg/mL) or LPS (100 ng/mL) for 4 hours. (F) THP1 cells were pretreated with TLR1/2 antagonist 
(CUCPT22, 20 μM) or TAK242 (40 μM) 1 hour prior to HSP70 simulation. (G) WT, MYD88–/–, or IRF3–/– THP1 cells were stimulated with HSP70 for 4 hours. 
TNFA and BMP6 transcript levels in the cells were quantified after each treatment using the ΔΔCt method relative to ACTB expression. Values shown are 
mean ± SEM of 3 independent experiments. **P < 0.01, by Student’s t test with multiple testing correction using Dunnett’s method (C–G).
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To determine whether HSP70 stimulates BMP6 expression 
through TLR4, we pretreated THP1 cells with TAK242 (a TLR4 
antagonist) or CUCPT22 (TLR1/2 antagonist) 1 hour before HSP70 
stimulation. THP1 cells pretreated with TAK242 showed a signifi-
cant decrease in the induction of BMP6, whereas pretreatment with 
CUCPT22 did not alter BMP6 expression significantly (Figure 3F). 
Similar to LPS induction, HSP70 induction of BMP6 was significantly 
reduced in MYD88–/– THP1 cells but unaffected in IRF3–/– THP1 cells 
(Figure 3G). Again, our data supported the notion that BMP6 expres-
sion induced by a TLR4 agonist is dependent on the MyD88 pathway.

BMP6 expression is upregulated via the TLR4 pathway in human 
monocytes. To confirm whether BMP6 expression is regulated through 
the same pathway in primary cells and to identify the BMP6-express-
ing subpopulation of cells, single-cell RNA-Seq libraries were gen-
erated from human PBMCs stimulated with a sham control, LPS, 
or HSP70. To enrich for monocytes, cells were allowed to separate 
into adherent and nonadherent subgroups during in vitro culturing 
and were then profiled using the 10× Genomics Chromium Droplet 
platform (21). Following quality control to remove low-quality cells 
and doublets, our analysis showed that half of the adherent PBMCs 
were monocytes, whereas T cells were dominant in the nonadher-
ent PBMCs (Supplemental Figure 2, A and B). The activation state of 
TLR4 in PBMCs treated with LPS or HSP70 was confirmed by upreg-
ulation of TNFA, IL6, and IL10 (Supplemental Figure 2C).

Single-cell RNA-Seq analysis of the PBMCs identified 28 
unique cell clusters (Figure 4A). BMP6-expressing cells were 
mainly present in the adherent cell population, and the number of 
BMP6+ cells was amplified by treatment with LPS or HSP70 com-
pared with sham-treated cells (Figure 4B). Various CD68+ mono-
cytic clusters were identified in the PBMCs. Clusters 1, 5, 20, and 
27 were CD68+ and CD14+ but CD16–, which is consistent with the 
gene expression profile of classical monocytes. In addition, clusters 
3, 19, and 24 were CD68+, CD14+, and CD16+, which correspond-
ed with nonclassical monocytes. Cluster 21 was also CD68+ and 
thus considered as part of the monocytic lineage. The majority of 
BMP6-expressing cells belonged to cluster 21 (Figure 4C), confirm-
ing that monocytic lineage cells are the predominant cell popula-
tion expressing BMP6 among PBMCs.

The BMP6+ monocyte cluster showed lower expression of 
CD14 and CD16 than did the other classical and nonclassical 
monocyte clusters, but higher expression of HLA-DRB1 and CD83 
(Figure 4C). Further analysis of the single-cell transcriptomic data 
set using the pseudotime axis suggested connectivity among the 
BMP6+ monocytes, classical (CD14++CD16−) monocytes, and DCs 
and a trajectory from classical monocytes to DCs via the BMP6+ 
monocytes (Figure 4D). A comparison between BMP6+ monocytes 
and classical monocytes revealed an upregulation of mature DC–
associated genes, such as CCL19, CCR7, CD40, DUSP5, CCDC50, 
CD83, and IL3RA, in the BMP6+ monocytes (Figure 4E). In refer-
ence to the general differentiation pathway of the monocytic lin-
eage (refs. 22–24 and Figure 4F), BMP6+ monocytes could be con-
sidered a subtype of classical monocytes with a gene expression 
profile associated with monocyte-derived DCs.

Consistent with the single-cell transcriptomic data, LPS 
stimulation significantly induced BMP6 expression in PBMCs, 
especially in the adherent cell population (Supplemental Figure 
3A). We observed no significant difference in LPS stimulation 

We confirmed the specificity of TLR4 in BMP6 induction by 
treatment with the TLR4 antagonist TAK242. THP1-derived mac-
rophages pretreated with TAK242 showed a significant decrease 
in the induction of BMP6 expression compared with control cells 
(Figure 2G). Similar inhibition of BMP6 expression was observed 
with TAK242 in THP1 cells without PMA pretreatment (Figure 
2G). Consistent with the transcriptional induction, LPS stimula-
tion significantly increased BMP6 protein expression in THP1 cells 
(Figure 2H). Taken together, these data confirmed that THP1 cells 
expressed BMP6 upon LPS stimulation through TLR4 in vitro.

Studies have shown that LPS stimulates 2 canonical down-
stream pathways of TLR4: one is myeloid differentiation prima-
ry response 88 (MyD88) dependent and leads to the activation of 
NF-κB and MAPKs, whereas the other is TOLL/IL-1R domain–
containing adaptor-inducing IFN-β (TRIF) dependent and leads 
to the activation of IFN regulatory factor 3 (IRF3) (9). To elucidate 
which pathway is involved in BMP6 expression, we stimulated 
MYD88–/– or IRF3–/– THP1 cells with LPS. Compared with the par-
ent THP1 cells, we found that LPS-induced BMP6 expression was 
significantly reduced in MYD88–/– THP1 cells. In contrast, LPS 
induction of BMP6 expression in IRF3–/– THP1 cells showed less 
inhibition (Figure 2I). These data suggested that BMP6 expression 
was MyD88 pathway dependent.

HSP70 stimulates BMP6 expression via the TLR4/MyD88 pathway. 
The previous data demonstrated that TLR4 activation by LPS can 
induce BMP6 expression in vitro; however, it is unclear whether LPS 
functions as a natural ligand for BMP6 expression in patients with SS. 
Certain endogenous ligands, called damage-associated molecular 
patterns (DAMPs), are able to trigger a similar response through TLR4 
(10). Following a systematic literature search and review of publicly 
available proteomics data sets (Supplemental Table 2), we identified 
several candidates as potential SS-associated TLR4 ligands. HSP60, 
HSP70, HSP90, high-mobility group box 1 (HMGB1), and decorin are 
all increased in minor salivary glands of patients with SS (11, 12). Fur-
thermore, DAMPs including HSP70, HMGB1, S100, and histones are 
increased in the saliva of patients with SS (13–15). Increased serum/
plasma HSP60, HSP90, and HMGB1 levels have also been reported 
in patients with SS (refs. 16–19, Figure 3A, and Supplemental Table 3). 
Our SomaScan data showed significantly higher serum HSP70 lev-
els in an independent cohort of patients with SS compared with HVs 
(Figure 3B). Analysis of the serum HSP70 levels revealed a signifi-
cant correlation with serum BMP6 levels in patients with SS (r = 0.61, 
P < 0.01), but not in HVs (r = 0.17, P = 0.37; Figure 3B). As HSP60, 
HSP70, HSP90, and HMGB1 are common enriched proteins in sal-
ivary glands, saliva, and serum/plasma, we further studied them as 
candidate ligands for inducing BMP6 expression in SS.

Among the potential TLR4 ligands, treatment of THP1 cells 
with recombinant HSP70 or HMGB1 protein stimulated a signif-
icant increase in the transcription of TNFA, which is induced by 
downstream signaling of TLR4, while recombinant HSP60 and 
HSP90 did not (Figure 3C). Treatment with HSP70 significantly 
increased the transcription of BMP6 compared with control THP1 
cells, whereas treatment with HSP60, HSP90, or HMGB1 did not 
result in increased BMP6 expression (Figure 3D). As a control for 
potential LPS contamination in the recombinant HSP70 protein, 
the protein was denatured by boiling at 100°C for 1 hour (20). Boiled 
HSP70 failed to induce BMP6 expression in THP1 cells (Figure 3E).
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of BMP6 between the SS and HV samples (Supplemental Figure 
3A). TAK242 significantly inhibited LPS induction of BMP6 in the 
adherent PBMCs (Supplemental Figure 3B). HSP70 treatment sig-
nificantly increases BMP6 transcript expression in PBMCs, partic-
ularly in the adherent cell population (Supplemental Figure 3C). 

This increase was impaired by TAK242 but not by CUCPT22, con-
firming a TLR4-dependent induction of BMP6 in primary cells.

LAMP3 expression in salivary gland epithelial cells contributes to 
BMP6 expression via the release of HSP70. The previous results revealed 
that HSP70 was able to stimulate BMP6 expression via TLR4. How-

Figure 4. BMP6 expression is upregulated via the TLR4 pathway in human monocytes. Human PBMCs were treated with sham control, LPS (100 ng/
mL), or HSP70 (1 μg/mL) for 20 hours and then analyzed using the 10× Genomics platform. (A) Clustered PBMCs are displayed in UMAP format with the 
distribution of cells expressing BMP6. (B) Relative expression of BMP6 and the number of BMP6+ cells in each group. (C) Proportion and relative expression 
of the indicated genes in each cell cluster. (D) Connectivity and trajectory among cell clusters. (E) Top 20 DEGs between BMP6+ monocytes and CD14++CD16– 
(classical) monocytes. (F) General differentiation pathway of the monocyte lineage.
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ever, it is unknown how extracellular HSP70 levels are increased in 
patients with SS. Gene ontology analysis of the RNA-Seq data indicat-
ed the upregulation of genes related to apoptosis and inflammatory 
and immune processes in patients with SS who had high expression 
of BMP6 (Figure 5A). Recent studies showed that LAMP3 is overex-
pressed in patients with SS, which increases apoptosis and the release 
of DAMPs in salivary gland epithelial cells, leading to immune cell 
activation via TLRs (25). Our analysis demonstrated that LAMP3 
expression was significantly correlated with BMP6 expression (r = 
0.42, P < 0.01) in minor salivary glands of patients with SS (Figure 
5B), indicating an association between LAMP3 and BMP6 in SS.

Although it is possible that LAMP3 directly stimulates the expres-
sion of BMP6 in monocytes, the increased BMP6 expression may also 
be an indirect result of released DAMPs following the overexpression 
of LAMP3 in epithelial cells. To test if LAMP3 expression in epithelial 
cells is involved in extracellular release of HSP70, we measured the 
HSP70 concentration in culture supernatant of salivary acinar cells 
(NS-SV-ACs) and salivary ductal cells following the overexpression of 
LAMP3 (Figure 5C). Although Western blotting showed that LAMP3 
did not increase HSP70 expression in the cells (Figure 5D), LAMP3 
expression significantly increased the HSP70 concentration in cul-
ture supernatants of the transfected cells (Figure 5E).

Figure 5. LAMP3 expression in salivary gland epithelial cells is involved in BMP6 expression by the release of HSP70. (A) Scatter plot showing enriched 
gene ontology in patients with SS with high BMP6 expression compared with those with normal BMP6 expression. (B) Correlation between LAMP3 and 
BMP6 transcript expression in minor salivary glands of patients with SS (n = 43). (C) Schematic showing the methods used in the in vitro assays. (D) Rep-
resentative Western blot with the indicated antibodies using lysates of salivary acinar or ductal cells 72 hours after transfection with empty and/or LAMP3 
expression plasmids. (E) HSP70 concentration in culture supernatant collected 96 hours after transfection. (F) THP1 cells were treated with the culture 
supernatant of acinar or ductal cells with or without CUCPT22 (20 μM) or TAK242 (40 μM). BMP6 transcript levels in THP1 cells were evaluated 20 hours after 
stimulation using the ΔΔCt method relative to ACTB. Values shown are the mean ± SEM of 3 independent experiments. **P < 0.01, by Student’s t test with 
multiple testing correction using Tukey’s method (E and F).
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following alterations in lysosomal function initiated by LAMP3 
expression. A A previous study showed that LAMP3 expression 
promotes the release of some proteins via extracellular vesicles 
(EVs) (26). To determine whether HSP70 is associated with EVs, 
we treated THP1 cells with isolated EVs from the supernatant of 
LAMP3-overexpressing epithelial cells (Supplemental Figure 4A). 
Although significant BMP6 expression was stimulated by treat-
ment with unfractionated supernatant, treatment with EVs alone 
did not increase BMP6 expression in THP1 cells (Supplemental 
Figure 4, B–D). Furthermore, BMP6 induction with supernatant 
from LAMP3-overexpressing epithelial cells was blocked by pre-

Consistent with this result, treatment of THP1 cells with 
supernatant from LAMP3-overexpressing epithelial cells led to a 
significant increase in the transcription of BMP6 compared with 
that seen in control cells. We found that the increased expres-
sion of BMP6 in THP1 cells was inhibited by pretreatment with 
TAK242 but not CUCPT22 (Figure 5F). These data demonstrat-
ed that LAMP3 expression in salivary gland epithelial cells could 
stimulate BMP6 expression by the release of HSP70.

LAMP3 promotes the release of HSP70 by caspase-dependent 
lysosomal exocytosis. The previously described data suggested 
that HSP70 can be released from salivary gland epithelial cells 

Figure 6. HSP70 is released by caspase-dependent lysosomal exocytosis from LAMP3-overexpressing epithelial cells. (A–H) HSG cells were transfected with 
empty and/or LAMP3 expression plasmids and then treated with vacuolin-1 (at the indicated concentration), ZVAD (20 μM), ZDEVD (10 μM), or YVAD (50 μM). 
Lysosomal exocytosis was monitored by quantifying LAMP1 expression on the cell surface, and the intracellular Ca2+ concentration was determined by Fluo-4 
fluorescence by flow cytometry 48 hours after transfection. (I) The HSP70 concentration was evaluated in culture supernatant collected from HSG cells 72 
hours after transfection with or without ZVAD (20 μM) or vacuolin-1 (10 μM). Values shown are the mean ± SEM from 3 (I) or 4 (A–H) independent experiments. 
**P < 0.01, by Student’s t test with multiple testing correction using Tukey’s method (B) or Dunnett’s method (D, F, H, and I). Max, maximum.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

9J Clin Invest. 2022;132(6):e152780  https://doi.org/10.1172/JCI152780

signaling and plasma membrane repair (28). To test if LAMP3 
expression promotes lysosomal exocytosis, we performed 
flow cytometry to assess cell surface trafficking of LAMP1 in 
LAMP3-overexpressing epithelial cells (29). We found that 
LAMP3 expression significantly increased LAMP1 expression 
on the cell surface (Figure 6, A and B). The redistribution of 
LAMP1 protein to the plasma membrane by LAMP3 was inhib-
ited by vacuolin-1 (Figure 6, C and D), an inhibitor of lysosomal 

treatment with an HSP70-neutralizing antibody (Supplemental 
Figure 4E), suggesting that free HSP70 in the supernatant could 
stimulate BMP6 expression.

A main pathway involved in the release of HSP70 is lyso-
somal exocytosis (27). This process leads to the translocation 
of LAMP1 to the plasma membrane and secretion of lysosom-
al content upon lysosome fusion with the plasma membrane. 
Lysosomal exocytosis plays a physiological role in intercellular 

Figure 7. Epithelial LAMP3 expression stimulates monocytic BMP6 expression via TLR4 in murine salivary glands. (A) Submandibular glands of C57BL/6 mice 
were instilled with an AAV2 vectors encoding LAMP3 (AAV2-LAMP3) or GFP (AAV2-GFP), and the tissues and saliva flow rate were evaluated 6 months later. Mice 
were given i.p. injections of TAK242 or vehicle for the last 10 days. (B) Representative images of dual ISH for Bmp6 (white) and IF for CD68 (magenta) and nucleus 
(DAPI, blue) (upper panel), and images of IF for BMP6 (green) and nuclei (DAPI, blue) (lower panel) in submandibular gland sections. Scale bars: 20 μm. Enlargement 
original magnification, 100×. Quantification of (C) Bmp6+ dots per mm2 (n = 5 each) and (D) BMP6 expression area (n = 3 each). (E) Representative IF images for 
BMP6 (green, upper panel), AQP5 (red, lower panel), and nuclei (DAPI, blue) in submandibular gland sections. Scale bars: 20 μm. Quantification of (F) BMP6 and (G) 
AQP5 expression area. Values shown are the mean ± SD. **P < 0.01, by Student’s t test (C, D, F, and G). (H) Pilocarpine-stimulated salivary flow per body weight over 
20 minutes in TAK242-treated mice (n = 4) and vehicle-treated mice (n = 3). Values shown indicate the median and the range. †P < 0.05, by Wilcoxon test.
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Discussion
SS is often referred to as an epithelitis, but a systematic etiology 
of SS has not been established because of the heterogeneity of the 
disease. Increased expression of LAMP3 (26) and BMP6 (5) and 
their contribution to the pathophysiology of SS have been report-
ed in independent studies, but no pathological link between the 2 
proteins was evident. LAMP3 expression is regulated by transcrip-
tion factor 4 in response to endoplasmic reticulum stress (31) and 
is reported to be induced by type I IFN (32), whereas the mech-
anisms involved in the transcriptional regulation of BMP6 are 
yet unknown. In this study, we showed that LPS induced BMP6 
expression via a TLR4/MyD88-dependent pathway in monocytes. 
In addition, we demonstrated that extracellular HSP70 could act 
as a natural TLR4 ligand and could stimulate BMP6 expression 
in vitro. Further analysis revealed that HSP70 was released from 
LAMP3-overexpressing salivary gland epithelial cells through 
caspase-dependent lysosomal exocytosis. These experimental 
data were supported by clinical data on patients with SS, who had 
increased extracellular HSP70 levels in saliva and serum and a 
positive correlation among LAMP3, TLR4, and BMP6 expression 
in their salivary glands. In addition, our mouse experiments con-
firmed the causal relationship between the 2 proteins in salivary 
glands. Activation of the LAMP3/BMP6 pathway via lysosomal 
exocytosis of HSP70 appeared to be unique to the pathogenesis 
of SS. Both of their expression levels were specifically upregulated 
in the salivary glands of patients with SS compared with those of 
healthy or non-SS sicca individuals, including in IgG4-related dis-
ease as shown in this study and a previous publication (26).

SS is associated with an inflammatory response in the 
secretory epithelium, which is likely driven by microbial or 
viral infection (33–35). Several different types of infections 
increase the risk of SS by activating the innate immune system, 
creating proinflammatory microenvironments and promoting 
immune-mediated sialadenitis (36). LAMP3 is an IFN-induc-
ible gene, and viral infection can cause LAMP3 expression in 
salivary glands as the first step in the initiation of SS (37, 38). 
Here, we describe that this step is followed by BMP6 expres-
sion stimulated by extracellular HSP70, which is released from 
LAMP3-overexpressing salivary gland epithelial cells. Con-
sidering that BMP6 expression was similarly induced by TLR4 
stimulation in monocytes from HVs as well as in those from 
patients with SS, a critical step in the LAMP3/HSP70/BMP6 
axis we identified is the expression of LAMP3 in the release 
of HSP70 via lysosomal exocytosis. Recent work showed that 
LAMP3 expression alters lysosome function and activates a cas-
cade of caspase-dependent apoptotic pathways (26). This study 
showed that LAMP3-mediated lysosomal exocytosis is also 
caspase dependent and overlaps with the apoptotic pathway. 
Our results highlight a critical role for lysosomal trafficking in 
the pathophysiology of SS. Our data suggest that stabilization 
of lysosomes may be a promising therapeutic approach for the 
treatment of SS.

Previous studies showed a significant increase in monocyte 
lineage cells, as well as high levels of the related cytokines in 
salivary glands preceding the arrival of T and B lymphocytes, 
suggesting that monocytes are potent cytokine secretors under 
inflammatory circumstances in the development of SS (39). 

exocytosis that prevents Ca2+-dependent fusion of lysosomes 
with the plasma membrane (30), and by a pan-caspase inhibitor 
(ZVAD), a caspase-3 inhibitor (ZDEVD), or a caspase-1 inhibi-
tor (YVAD) (Figure 6, E and F). These results demonstrated that 
LAMP3 expression could induce caspase-dependent lysosomal 
exocytosis of cellular proteins.

Consistent with the presence of this mechanism, LAMP3 
expression increased the intracellular Ca2+ concentration as mon-
itored by Fluo-4 fluorescence, and this increase was inhibited by 
the same caspase inhibitors (Figure 6, G and H). Treatment with 
vacuolin-1 or ZVAD significantly decreased extracellular HSP70 
levels in LAMP3-overexpressing epithelial cells (Figure 6I). These 
results indicated that LAMP3 promoted the release of HSP70 
through caspase-dependent lysosomal exocytosis.

LAMP3 expression stimulates BMP6 expression via TLR4 in 
vivo. The previous in vitro studies suggested that LAMP3 expres-
sion promoted the release of HSP70 by lysosomal exocytosis, 
which stimulated BMP6 expression via TLR4. To test the causal 
relationship in vivo, we induced LAMP3 expression in the sali-
vary glands of healthy C57BL/6 mice by retroductal cannulation 
of the submandibular glands using adeno-associated virus sero-
type 2 (AAV2) vectors encoding LAMP3 (AAV2-LAMP3) or GFP 
(AAV2-GFP) (Figure 7A). AAV2-LAMP3–treated mice developed 
an SS-like phenotype with progressive salivary hypofunction and 
autoantibody production as previously reported (25).

We evaluated BMP6 expression in murine submandibular 
glands by ISH and/or IF 6 months after cannulation. The ISH 
study showed induction of Bmp6 mRNA expression in submandib-
ular glands from AAV2-LAMP3–treated mice compared with those 
from control AAV2-GFP–treated mice. Dual labeling demonstrat-
ed that Bmp6-expressing cells were positive for CD68 (Figure 
7B). Confocal IF imaging showed BMP6 protein in the interstitial 
infiltrating cells and a broad distribution of the secreted protein 
in the submandibular gland specimens taken from AAV2-LAMP3–
treated mice (Figure 7B). The increased Bmp6 mRNA and BMP6 
protein expression in the submandibular glands of AAV2-LAMP3–
treated mice supports a causal relationship between LAMP3 and 
BMP6 expression in vivo (Figure 7, C and D). To confirm the role 
of TLR4 in the induction of BMP6 following stimulation, AAV2-
LAMP3–treated mice with established salivary hypofunction were 
treated i.p. with the TLR4 antagonist TAK242 for 10 days, and the 
effect of the drug on salivary gland protein expression and function 
was tested. We observed that treatment with TAK242 significant-
ly decreased BMP6 expression (Figure 7, E and F) and increased 
AQP5 expression (Figure 7, E and G) in the salivary gland tissues. 
In agreement with this observation, the saliva flow rate of AAV2-
LAMP3–treated mice also increased compared with that in vehicle 
control–treated mice (Figure 7H).

Additionally, we assessed the relationship among LAMP3, 
TLR4, and BMP6 in human salivary glands using IF to quanti-
fy expression levels. Analysis of the expression of these proteins 
showed an increase in salivary glands of patients with SS com-
pared with those of non-SS sicca individuals (Supplemental Figure 
5, A and B). Furthermore, BMP6 expression showed a significant 
correlation with LAMP3 (r = 0.89, P < 0.01) and TLR4 (r = 0.94, 
P < 0.01) expression (Figure 5C), again supporting an association 
among LAMP3, TLR4, and BMP6 in SS.
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role that the epithelia played in stimulating the immune response. 
By identifying the cell population and a signaling pathway respon-
sible for the LAMP3/HSP70/BMP6 axis of connection, other ther-
apeutic molecules that block lysosomal exocytosis, TLR4 activa-
tion, and/or induction of monocytes may be identified that can 
reverse the development of SS.

Methods
Clinical samples. Labial minor salivary gland biopsies were obtained 
from female patients with SS who fulfilled the 2002 American-Eu-
ropean Consensus Group criteria, from non-SS sicca individuals who 
had sicca symptoms but did not meet the classification criteria for SS, 
and from age-matched HVs recruited at the Sjögren’s Syndrome Clinic 
of the NIDCR, the Clinical Hospital of the Medical School of Ribeirão 
Preto of the University of São Paulo, and the Hokkaido University 
Hospital. Serum samples and PBMCs were obtained from the NIDCR 
Sjögren’s Syndrome Clinic at the NIDCR. The patients’ characteristics 
are shown in Supplemental Table 4.

Animals. Female 6- to 8-week-old C57BL/6 mice were obtained 
from Charles River Laboratories. AAV2 vectors encoding LAMP3 or 
GFP were delivered to both submandibular glands (1011 particles/
mouse in 100 μL PBS) by retrograde ductal instillation through a thin 
cannula as described previously (25). Mice received i.p. TAK242 (Med-
ChemExpress) at 100 μg/BW/d (3–4 mg/kg) in a vehicle of 1% DMSO 
(MilliporeSigma) diluted in PBS for 10 days.

Cells. THP1 cells were purchased from American Type Culture 
Collection (ATCC) and grown in RPMI-1640 culture medium (Ther-
mo Fisher Scientific) supplemented with 10% FBS, 2 mM l-glutamine, 
and 0.05 mM 2-ME. THP1 cells were treated with 100 nM PMA (Milli-
poreSigma) in 2-ME–free RPMI-1640 medium with 10% FBS to induce 
differentiation into macrophages, and 48 hours later, the medium was 
replaced with PMA-free medium. MYD88–/– or IRF3–/– THP1 cells were 
purchased from InvivoGen and grown in RPMI-1640 culture medium 
supplemented with 10% FBS, 2 mM l-glutamine, 25 mM HEPES, and 
2 selection antibiotics. These cell lines were further engineered to 
produce secreted embryonic alkaline phosphatase (SEAP) and Lucia 
luciferase as indicators of the MyD88 and IRF3 pathway, respectively. 
The impairment of either pathway in MYD88–/– and IRF3–/– THP1 cells 
was verified prior to the study. SEAP production was slightly impaired 
in IRF3–/– THP1 cells (data from the manufacturer) because of an inter-
action between the 2 pathways (47).

Immortalized acinar cells (NS-SV-ACs) and ductal cells, 
which had been derived from normal human salivary glands, were 
donated by M. Azuma (Tokushima University School of Dentist-
ry, Tokushima, Japan). These cell clones retain characteristics of 
salivary acinar and ductal cells, respectively (48). Both cell clones 
were treated with MycoZap (Lonza) and then cultured in defined 
keratinocyte serum-free medium (Thermo Fisher Scientific) and 
keratinocyte growth medium-2 (Lonza), respectively. Human sub-
mandibular gland (HSG) cells, provided by I. Ambudkar (Nation-
al Institute of Dental and Craniofacial Research, NIH, Bethesda, 
Maryland, USA), were cultured in DMEM (Thermo Fisher Scientif-
ic) supplemented with 10% FBS.

Fresh whole blood was collected in a BD Vacutainer CPT, and 
PBMCs were isolated according to the manufacturer’s instructions. 
PBMCs were cultured in RPMI-1640 medium supplemented with 
10% FBS, 2 mM l-glutamine, and 0.05 mM 2-ME.

However, an innate immune event mediated by monocytes has 
been poorly characterized in spite of extensive research on an 
abnormal adaptive immune response associated with T and B 
lymphocytes in SS. Recent studies showed that LAMP3 expres-
sion in salivary gland epithelial cells is associated with immune 
cell activation by increased apoptosis and autoantigen release 
(25, 26), and that extracellular HSP70 possesses several immu-
nomodulatory functions distinct from its intracellular role as a 
chaperone (40). In addition, we demonstrated that HSP70 could 
stimulate BMP6 expression in monocytes. BMP6 contributes to 
further immune activation by enhancing T cell proliferation and 
Th1/Th17 differentiation in mesenchymal stem cells (41, 42). 
Our single-cell transcriptomic analysis identified the unique 
subset of monocytes expressing BMP6. The BMP6+ monocytes 
in PBMCs were CD16+/−, but differentiated into CD16+ cells fol-
lowing infiltration into the salivary glands (22). This subset had 
a gene expression profile showing a linage trajectory toward 
monocyte-derived DCs rather than macrophages. Mono-
cyte-derived DCs are a distinct DC subset involved in inflamma-
tory and autoimmune responses (43). It has been suggested that 
monocyte-derived DCs are associated with SS pathophysiology 
through their activity as antigen-presenting and cytokine-pro-
ducing cells (44). The majority of monocyte-derived DCs are 
CD68+CD14+CD16+ (22), consistent with the staining pattern we 
observed. Overall, our work highlights a critical role of mono-
cytes in the initiation of autoimmunity in SS.

TLRs are essential components of the innate immune 
response. Among the large family of TLRs, TLR4 expression is 
significantly increased in minor salivary glands of patients with SS 
compared with those of controls, with intense staining reported 
on infiltrating mononuclear cells (45). Consistent with this find-
ing, we detected BMP6 expression in monocytic lineage cells in 
the salivary glands of patients with SS. Interestingly, knockout of 
MYD88 prevented the development of symptoms in a mouse mod-
el of SS, suggesting that MyD88 is required for the development of 
an SS-like phenotype (46). These findings suggest that TLR4 and 
MyD88 are probably activated and initiate SS via the induction of 
innate immune response.

Our identification of the LAMP3/HSP70/BMP6 axis connects 
immune stimulation with changes in epithelial cell function. In 
addition to BMP6, other proinflammatory cytokines are likely to 
be triggered by the same release of DAMPs following LAMP3- 
mediated lysosomal exocytosis. In the future, the pathophysio-
logical role of DAMPs in SS should be comprehensively studied in 
relation to BMP6 and LAMP3. Additional work demonstrated that 
BMP6 expression is able to influence the secretory epithelial cells 
of the salivary gland and block their function (5). Further research 
is required to understand whether BMP6 expression is part of a 
positive feedback loop and can stimulate LAMP3 expression and 
perpetuate the proinflammatory state associated with SS. Other 
studies with small-molecule inhibitors of BMP6 signaling have 
suggested that by blocking the effect of BMP6, the loss of gland 
function and inflammation can be reversed in SS-like animal mod-
els with established disease (6).

SS has been described as an autoimmune epithelitis (1). A 
critical finding in this study was the interplay and communication 
between cell populations within the salivary glands and the central 
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The EdgeR package was used to assess DEGs between groups 
(FDR < 0.05). Ingenuity Pathway Analysis (IPA) bioinformatics 
core analysis (QIAGEN) was used to identify molecular activi-
ty and upstream regulators of DEGs. The IPA upstream regulator 
module uses causal analytic algorithms to find potential cause-
and-effect relationships and likely upstream regulators that have a 
direct or indirect relationship with the DEGs (49). The P value of 
the enrichment score was used to evaluate the significance of the 
overlap between observed and predicted gene sets. The activation z 
score was used to assess the match between observed and predict-
ed patterns of activation (≥2) and inhibition (≤–2). The networks 
of upstream regulators or DEGs regulated by the same upstream 
regulator were generated in IPA software. Enriched gene ontolo-
gy analysis (count > 5 and P < 0.05) was performed using DAVID 
(Database for Annotation, Visualization and Integrated Discov-
ery) Bioinformatics Resources 6.8 (https://david.ncifcrf.gov). Raw 
data files were deposited in the National Center of Biotechnology 
Information’s Gene Expression Omnibus (GEO) database (GEO 
GSE154926, https://www.ncbi.nlm.nih.gov/geo).

Single-cell RNA-Seq analysis. Human PMBCs were treated with 
sham control, LPS (100 ng/mL), or HSP70 (1 μg/mL) for 20 hours. 
Then, adherent and nonadherent cell populations were processed 
separately to enrich monocytes. Cell capture, cDNA generation, 
preamplification, and library preparation were conducted using the 
Chromium Single Cell 3′v2 Reagent Kit (10× Genomics) following the 
manufacturer’s instructions. Libraries were sequenced on an Illumina 
NextSeq 500. The quality assessment summary of PBMC samples is 
shown in Supplemental Table 5.

The total count was normalized as CPM and then logarithmized. 
Individual sample libraries were combined and processed as a sin-
gle library. PMBCs containing more than 200 and fewer than 4000 
unique features were retained, and cells with a large percentage of 
their counts attributed to mitochondrial genes were filtered out. The 
identity of cell clusters was based on the expression of genes known 
to be highly expressed by specific cell types (Supplemental Figure 2A). 
Cell clustering was performed by the Leiden graph-clustering method 
(50) and displayed in uniform manifold approximation and projection 
(UMAP) format. For trajectory inference, coarse-grained connectiv-
ity structures of cell clusters were mapped out using partition-based 
graph abstraction with computed diffusion pseudotime (51, 52). DEGs 
between the BMP6+ monocyte cluster and the CD14++CD16– monocyte 
clusters were identified using a logistic regression model.

Search strategy and study selection. A systematic literature search 
was performed in PubMed in February 2021. Inclusion criteria were 
proteomics studies on salivary glands, saliva or serum/plasma from 
patients with SS, and particular studies focusing on each DAMP in SS. 
Review articles, case reports/series, and animal studies were excluded. 
In addition, the Human Salivary Proteome Wiki (https://salivarypro-
teome.nidcr.nih.gov) was searched for proteomics data on patients with 
SS. The detailed search strategy is shown in Supplemental Table 2.

Measurement of extracellular HSP70 levels. Serum HSP70 levels in 
study participants were determined by SomaScan (SomaLogic). Aci-
nar, ductal, and HSG cells were cultured in OptiMEM (Thermo Fisher 
Scientific) starting 24 hours after transfection. Culture medium was 
collected and cleared by centrifugation at 2000g at 4°C for 10 minutes. 
The HSP70 concentration in the supernatant was measured by ELISA 
according to the manufacturer’s instructions (Proteintech, KE00059).

All cells were incubated at 37°C with humidity in 5% CO2.
Reagents and plasmids. The following chemical reagents and recom-

binant proteins were purchased: LPS, ZDEVD, YVAD, and vacuolin-1 
(MilliporeSigma); loxoribine, 3M002, and ODN2216 (InvivoGen); 
ZVAD and HSP60, -70, and -90 (Enzo Life Sciences); CUCPT22 and 
TAK242 (Tocris Bioscience); IFN-γ and HMGB1 (R&D Systems); and 
mouse HSP70-neutralizing antibody (Thermo Fisher Scientific, MA3-
009). Recombinant HSP70 protein was denatured by boiling at 100°C 
for 1 hour (20) as a control to detect potential LPS contamination.

Expression plasmids pME18S-empty and pME18S-LAMP3 were 
prepared as described previously (26). Acinar and ductal cells were 
transfected with a total amount of 1.0 μg plasmids per 1 × 106 cells 
using Amaxa Nucleofector (Lonza). HSG cells were transfected with 
a total amount of 3.0 μg plasmids per 1 × 106 cells using Lipofectamine 
3000 (Thermo Fisher Scientific).

ISH and IF staining. Salivary glands were fixed with 10% neu-
tral buffered formalin (NBF), embedded in paraffin, and sectioned 
at 5 μm. Sections were assayed using a BMP6 (no. 474451) or Bmp6 
(no. 488801) probe based on an RNAscope assay (Advanced Cell 
Diagnostics) according to the manufacturer’s instructions. Briefly, 
after deparaffinization, slides were incubated in hydrogen peroxide 
at room temperature for 10 minutes, in antigen retrieval reagent at 
99°C for 15 minutes, and in then Protease Plus (Advanced Cell Diag-
nostics) at 40°C for 15 minutes. Probes were then added for 2 hours at 
40°C. Slides were sequentially incubated in signal amplification and 
detection reagents. After the ISH protocol, IF staining was conduct-
ed on the same slides (dual ISH/IF). Colocalized signals between 
BMP6 and each cell marker protein were counted on the slides, and 
the proportion per whole BMP6+ cells was calculated.

For IF, slides were blocked with 2% BSA (MilliporeSigma) at 25°C 
for 1 hour and then incubated at 4°C overnight with a primary antibody 
solution consisting of mouse anti-BMP6 (Abcam, ab15640); mouse 
anti-TLR4 (Abcam, ab22048); mouse anti-CD14 (Abcam, ab182032); 
rabbit anti-CD16 (Abcam, ab203883); rabbit anti-CD68 (Abcam, 
ab213363 and ab125212); rabbit anti-CD19 (Abcam, ab227019); 
mouse anti-CD56 (Abcam, ab200698); rabbit anti-CD138 (Abcam, 
ab128936); rat anti-CD3 (LifeSpan BioSciences, LS-B8765-50); rab-
bit anti-LAMP3 (Proteintech, 12632-1-AP); and/or rabbit anti-AQP5 
(Alomone Labs, AQP-005) antibodies. Next, slides were washed and 
then incubated with Alexa Fluor 488–, 596–, or 647–conjugated sec-
ondary antibodies (Jackson ImmunoResearch) at 25°C in the dark for 
1 hour, followed by washing and counterstaining with DAPI mounting 
medium (Abcam). All images were acquired by using a Nikon fluores-
cence microscope. Gene and protein expression was quantified using 
ImageJ software (NIH).

Bulk RNA-Seq analysis. Labial minor salivary gland tissues were 
disrupted in RLT buffer (QIAGEN) using the TissueRuptor II and dis-
posable, single-use rotor-stators (QIAGEN). Total RNA was extracted 
with the RNeasy Mini Kit (QIAGEN) and treated with Turbo DNase 
(Thermo Fisher Scientific). RNA quality was measured using a 2100 
Bioanalyzer (Agilent Technologies), and only RNA samples with a 
28S/18S ribosomal RNA ratio greater than 1.7 and an RNA integrity 
number above 6.5 were used. cDNA libraries were produced using 
the Nextera XT method and then run on a NextSeq500 Sequencing 
System (Illumina) configured for 37 × 37 paired-end reads. For read 
counting, the quantMode utility of STAR aligner software was used, 
and normalized counts were generated per gene as CPM.
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considered statistically significant. All analyses were performed 
using GraphPad Prism 8.0 (GraphPad Software).

Study approval. Individuals in the studies provided informed con-
sent prior to the initiation of any study procedure. All clinical investiga-
tions were conducted in accordance with the Declaration of Helsinki 
principles. All studies using human samples were approved by the NIH’s 
IRB (ClinicalTrials.gov identifiers: NCT00001390, NCT02327884, 
and NCT00001196), the Brazilian Committee of Ethics in Research 
(37688914.2.0000.5440) and the Ethics Committee of the Hokkaido 
University Hospital (approval no. 014-0466) respective of the samples. 
All procedures involving live animals were approved on the basis of com-
pliance with institutional guidelines and standard operating procedures 
(approval no. 18-863) following the NIH’s Guide for the Care and Use of 
Laboratory Animals (National Academies Press, 2011).
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Quantitative real-time reverse transcription PCR. Total RNA was 
extracted from THP1 cells using the RNeasy Mini Kit (QIAGEN), treated 
with Turbo DNase (Thermo Fisher Scientific), and reverse-transcribed 
into cDNA using the High-Capacity RNA-to-cDNA Kit (Thermo Fisher 
Scientific). TaqMan Gene Expression Assays for BMP6 (Hs01099594_
m1), TNFA (Hs00174128_m1), and ACTB (Hs01060665_g1) were used 
to calculate transcript expression levels. Gene expression relative to ACTB 
was calculated using the ΔΔCt method. PCR cycles were performed on the 
Quantstudio3 Real-Time PCR System (Life Technologies, Thermo Fisher 
Scientific) under the following conditions: 2 minutes at 50°C, 10 minutes 
at 95°C, 50 cycles of 15 seconds at 95°C, and 1 minute at 60°C.

Determination of BMP6 concentration. Cultured THP1 cells were 
resuspended in PBS, lysed in 3 freeze-thaw cycles, and cleared by centrif-
ugation at 17,000g at 4°C for 15 minutes. Culture medium was cleared by 
centrifugation at 2000g at 4°C for 10 minutes. The BMP6 concentration 
in the supernatant was determined by ELISA according to the manufac-
turer’s instructions (LifeSpan BioSciences, LS-F4538). The BMP6 con-
centration (μg/mL) was normalized to the total protein concentration 
(mg/mL) as measured by Bradford assay (Thermo Fisher Scientific).

Western blotting. Cultured acinar, ductal, and HSG cells were lysed 
in RIPA buffer with protease and phosphatase inhibitors (Thermo 
Fisher Scientific) and then cleared by centrifugation at 17,000g at 4°C 
for 15 minutes. Supernatants were heated at 97°C in NuPAGE LDS 
sample buffer for 10 minutes, resolved by SDS-PAGE, and electropho-
retically transferred onto PVDF membranes (Thermo Fisher Scientif-
ic). Membranes were blocked with 5% nonfat dried milk at 25°C for 
60 minutes and then incubated at 4°C overnight with one of the fol-
lowing primary antibodies: rabbit anti-LAMP3 antibody (Proteintech, 
12632-1-AP); rabbit anti-HSP70 antibody (Cell Signaling Technology, 
4872); or mouse anti–β-actin antibody (MilliporeSigma, A3854). After 
washing 3 times, the membranes were incubated with rabbit or mouse 
IgG HRP-linked whole antibody (MilliporeSigma) at 25°C for 1 hour. 
Signals were visualized using the Super Signal West Pico Chemilumi-
nescent Substrate (Thermo Fisher Scientific).

Isolation of EVs. EVs were isolated according to the protocol described 
previously (26). Briefly, HSG cells were cultured in DMEM supplemented 
with 10% exosome-depleted FBS (Thermo Fisher Scientific) for 96 hours. 
Culture medium was collected and cleared by centrifugation at 2000g at 
4°C for 30 minutes. Supernatant was incubated with Total Exosome Isola-
tion Reagent (Thermo Fisher Scientific) at 4°C overnight. The mixture was 
centrifuged at 10,000g at 4°C for 60 minutes. Pellets, which contained the 
EVs, were resuspended in Opti-MEM (Thermo Fisher Scientific).

Flow cytometry. HSG cells were stained with phycoerythrin-con-
jugated mouse anti-LAMP1 antibody (BioLegend, 328607) on ice for 
1 hour and then assessed with the BD Accuri (BD Biosciences). The 
intracellular Ca2+ concentration was determined using Fluo-4 calcium 
reagent (Thermo Fisher Scientific).

Statistics. Quantitative variables in in vitro and in vivo exper-
iments were compared using a 2-tailed Student’s t test. When 
appropriate, multiple testing was corrected by Tukey’s or Dunnett’s 
method. Clinical data were assessed using the Wilcoxon test and 
Spearman’s correlation coefficient. P values of less than 0.05 were 
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