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Objective. Salivary gland epithelial cells (SGECs) are key cellular drivers in the pathogenesis of primary Sjögren’s
syndrome (SS); however, the mechanisms sustaining SGEC activation in primary SS remain unclear. We undertook this
study to determine the role of autophagy in the survival and activation of SGECs in primary SS.

Methods. Primary SGECs isolated from the minor SGs of patients with primary SS or sicca syndrome were evalu-
ated by flow cytometry, immunoblotting, and immunofluorescence to assess autophagy (autophagic flux, light chain
3 IIB [LC3-IIB], p62, LC3-IIB+/lysosome-associated membrane protein 1 [LAMP-1] staining), apoptosis (annexin
V/propidium iodide [PI], caspase 3), and activation (intercellular adhesion molecule, vascular cell adhesion molecule).
Focus score and germinal center presence were assessed in the SGs from the same patients to assess correlation with
histologic severity. Human SG (HSG) cells were stimulated in vitro with peripheral blood mononuclear cells (PBMCs)
and serum from primary SS patients in the presence or absence of autophagy inhibitors to determine changes in auto-
phagy and epithelial cell activation.

Results. SGECs from primary SS patients (n = 24) exhibited increased autophagy (autophagic flux [P = 0.001];
LC3-IIB [P = 0.02]; p62 [P = 0.064]; and as indicated by LC3-IIB/LAMP-1+ staining), increased expression of antiapop-
totic molecules (Bcl-2 [P = 0.006]), and reduced apoptosis (annexin V/PI [P = 0.002]; caspase 3 [P = 0.057]), compared
to samples from patients with sicca syndrome (n = 16). Autophagy correlated with histologic disease severity. In vitro
experiments on HSG cells stimulated with serum and PBMCs from primary SS patients confirmed activation of auto-
phagy and expression of adhesion molecules, which was reverted upon pharmacologic inhibition of autophagy.

Conclusion. In primary SS SGECs, inflammation induces autophagy and prosurvival mechanisms, which promote
SGEC activation and mirror histologic severity. These findings indicate that autophagy is a central contributor to the
pathogenesis of primary SS and a new therapeutic target.

INTRODUCTION

Primary Sjögren’s syndrome (SS) is an autoimmune disease

characterized by inflammation of exocrine glands. Tissue inflam-

mation in primary SS is driven by aberrantly activated resident epi-

thelial cells. Specifically, activated salivary gland epithelial cells

(SGECs) in primary SS express a range of immune-related pro-

teins, including major histocompatibility complex classes I and II,

costimulatory molecules, chemokines, and cytokines, which

prompt local recruitment, activation, and survival of autoreactive

lymphocytes (1,2). In turn, inflammatory mediators produced by

infiltrating lymphocytes subvert the homeostatic regulation of
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epithelial cells, which results in deficient secretory ability. The

cross-talk between SGECs and infiltrating lymphocytes is exten-

sively documented (3), and the peculiar role of SGECs in disease

pathogenesis has earned primary SS the definition of “autoim-

mune epithelitis” (4). However, the cell-intrinsic mechanisms sus-

taining aberrant activation of SGECs in primary SS remain

undetermined. Maladaptive activation of survival pathways is a

candidate mechanism, which might allow activated SGECs to

escape cellular turnover and perpetuate microenvironmental

inflammation.
Autophagy is a key survival, cell-protective mechanism (5).

During autophagy, intracellular exhausted proteins are included
in vesicles termed “autophagosomes” and directed to lysosomes
for degradation, thus enabling recycling of metabolic and anabolic
substrates. Maladaptive activation of autophagy is a feature of
epithelial cells in several cancers (6,7), and preliminary evidence
indicates that it also occurs in inflamed SGECs (8,9).

In this study, we hypothesized that maladaptive activation of
autophagy might promote survival and proinflammatory activation
of SGECs in primary SS. We tested this hypothesis in primary
SGECs isolated directly from tissue biopsy specimens from a
large cohort of patients with primary SS, and revealed marked
up-regulation of autophagy pathways, resistance to apoptosis,
and expression of adhesion molecules. These findings were reca-
pitulated in human SG (HSG) cells exposed to the serum of pri-
mary SS patients and were reverted upon pharmacologic
inhibition of autophagy. Maladaptive autophagy thereby emerges
as a key driver of SGEC survival and proinflammatory activation,
as well as a new therapeutic target for primary SS.

PATIENTS AND METHODS

Patient recruitment and data collection. Consecutive
patients with sicca symptoms undergoing minor SG biopsy for
diagnostic purposes were enrolled in the Sjögren Clinics of the
Sapienza University of Rome, University of L’Aquila, and Univer-
sity of Udine, all tertiary referral centers for primary SS that belong
to the Italian Working Group on SS. Exclusion criteria included
other concomitant autoimmune diseases and/or treatment with
glucocorticoids, hydroxychloroquine, immunosuppressants, or
pilocarpine (within 3 months). Patients were classified as having
primary SS if they met the American-European Consensus Group
(AECG) criteria for SS (10). Demographic, clinical, and laboratory
data included the following: age; sex; presence of antinuclear
antibodies, anti-Ro/SSA antibodies, anti-La/SSB antibodies,
and/or rheumatoid factor; hypergammaglobulinemia (gamma
globulins >16 gm/liter); hypocomplementemia (C3 <80 mg/dl
and/or C4 <15 mg/dl); leukopenia (neutrophils <1,500 mm3 or
lymphocytes <1,000 mm3); recurrent swelling of major SGs; his-
tory of purpura and lymphoma. The European Alliance of Associ-
ations for Rheumatology (EULAR) Sjögren’s Syndrome Disease

Activity Index (ESSDAI) and the EULAR Sjögren’s Syndrome
Patient-Reported Index (11) were calculated at the time of biopsy.

Minor SG collection. After surgical removal, minor SG
biopsy specimens were formalin-fixed and paraffin-embedded
for histologic analyses. One minor SG per patient was frozen in
DMSO enriched with 10% fetal bovine serum (FBS) and stored
in liquid nitrogen for subsequent studies.

Histologic analysis of minor SG. Paraffin-embedded
minor SGs were cut and stained by hematoxylin and eosin and
immunohistochemistry (anti-CD3, anti-CD20, anti-CD21, and
anti–Bcl-6 antibodies for the detection of T and B lymphocytes,
follicular dendritic cells, and follicle center B cells, respectively)
(Dako). Staining procedures and methods for the histologic analy-
sis are described in the Supplementary Methods (on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/10.
1002/art.42018). Focus score and germinal center (GC)–like
structures, defined as foci with clearly segregated T and B cell
areas and concomitant CD21+/Bcl-6+ staining (12), were
assessed.

SGEC culture. After dissection, minor SG biopsy speci-
mens were cultured on collagen-treated plates in supplemented
basal epithelial medium (Dulbecco’s modified Eagle’s medium/
Ham’s F12), supplemented with 1% glutamine, 1% antibiotic
solution, epidermal growth factor (10 ng/ml), hydrocortisone (0.4
μg/ml), and insulin (0.5 μg/ml). Detailed procedures are described
in the Supplementary Methods (https://onlinelibrary.wiley.com/
doi/10.1002/art.42018). Following cell confluence (~70–80%),
cells were detached for Western blotting and flow cytometric
analysis.

Western blotting and determination of autophagy.
Autophagy was assessed by immunoblotting for LC3-IIB (anti-
LC3B; no. 2775; Cell Signaling) in combination with p62 (anti–
sequestosome 1/p62; no. 5114; Cell Signaling). Interpretation of
autophagy was conducted according to published guidelines
(13,14). Specifically, LC3-II reflects autophagosome formation
following activation of autophagy and conjugation of the
microtubule-associated protein 1A/1B LC3-I with phosphatidyl-
ethanolamine (15), and p62 is a substrate whose degradation
has been observed during activation of autophagy (16). Dynamic
activation of autophagy may emerge as either an increase in
LC3-II (autophagosome formation) or a decrease in LC3-II (autop-
hagosome degradation upon fusion with lysosomes), both in the
presence of a concomitant reduction of p62 (15).

Apoptosis was assessed byWestern blotting evaluating cas-
pase 3 (anti–caspase 3; no.ab32351; Abcam) and the antiapop-
totic molecule Bcl-2 (anti–Bcl-2; no. GTX100064; GeneTex).
Beta-actin was used as a loading control (no. SAB5600204;
Sigma-Aldrich). Western blotting procedures are described in
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the Supplementary Methods (https://onlinelibrary.wiley.com/
doi/10.1002/art.42018).

Flow cytometry. Anti-CD326 (epithelial cell adhesion mol-
ecule [EpCAM]; BioLegend) staining was performed to determine
the purity of SGEC cultures. Autophagy was assessed by evaluat-
ing the autophagic flux (the active fusion between autophago-
somes and lysosomes) using a Cyto-ID kit (Enzo Life Sciences), which
allows for the identification and quantification of autophagosome–
lysosome fusion (17) (Supplementary Methods, https://onlinelibrary.
wiley.com/doi/10.1002/art.42018). Apoptosis was assessed by detec-
tion of annexin V/propidium iodide (PI) (Annexin V-FITC Kit, MBL kit).
Expression of adhesion molecules was determined with anti-CD54
(intercellular adhesion molecule 1 [ICAM-1]; eBioscience) and anti-
CD106 (vascular cell adhesion molecule 1 [VCAM-1]; eBioscience).
Flow cytometry procedures are described in the Supplementary
Methods (https://onlinelibrary.wiley.com/doi/10.1002/art.42018).

Immunofluorescence. Immunofluorescence was per-
formed on primary SGECs cultured on collagen-coated slides.
Autophagy was evaluated by detection of the autophagosome
marker LC3-IIB and colocalization with lysosome-associated
membrane protein 1 (LAMP-1) (anti-CD107a; eBioscience), as
previously described (18). Image analysis was performed by an
expert pathologist who remained blinded with regard to patient
diagnoses. Details are described in the Supplementary Methods
(https://onlinelibrary.wiley.com/doi/10.1002/art.42018).

Cocultures of HSG cells with peripheral blood
mononuclear cells (PBMCs) and serum. After confluence,

HSG cells (HeLa derivative; Sigma-Aldrich) were detached and
cultured in collagen-treated plates for 5 days in complete culture
medium (10% FBS), in the presence or absence of PBMCs and
serum from either healthy donors or primary SS patients.
Spautin-1 (Cayman Chemical Company), an upstream inhibitor
of the autophagy pathway, was added at a concentration of
10 nM for 24 hours to evaluate the therapeutic effect of auto-
phagy inhibition on HSG phenotypic changes.

Three independent experiments were performed using
PBMCs and sera obtained from 3 different patients with active
primary SS (according to AECG criteria [10], an ESSDAI
score >4, and increased markers of inflammation) and 3 healthy
donors. Detailed coculture experiments are described in
the Supplementary Methods (https://onlinelibrary.wiley.com/
doi/10.1002/art.42018). Following cocultures, HSG cells were
evaluated by flow cytometry (autophagic flux, apoptosis
[annexin V/PI], and activation [ICAM]) or by Western blotting
(LC3-IIB and p62).

Statistical analysis. The mean � SD and frequency and
proportion were reported for continuous or categorical variables,
respectively. T-test or Mann-Whitney test was used to compare
differences in the distribution of continuous variables between
primary SS and sicca patients, according to normal versus non-
normal distribution (Shapiro–Wilk test). Differences in categorical
variables were assessed by chi-square tests, while correlations
among homeostatic/activation molecules were assessed by
Spearman’s rank correlations. Using logistic regression models,
the predicted probability of primary SS and GC formation in minor
SGs was evaluated according to the expression of homeostatic

Table 1. Clinical, histologic, and laboratory features of the patients*

Primary SS (n = 24) Sicca syndrome (n = 16) P

Age, mean � SD years 52.2 � 14.0 52.1 � 14.4 0.966
Female sex 22 (92) 15 (94) 0.806
ESSDAI, mean � SD 1.6 � 2.3 0.8 � 1.0 <0.0001
ESSPRI, mean � SD 5.5 � 2.4 5.8 � 3.0 0.885
Focus score, mean � SD 2.4 � 2.1 0.23 � 0.34 <0.0001
Germinal centers 12 (50) 0 (0) <0.0001
ANA 19 (79.1) 9 (56.2) 0.121
Anti-Ro/SSA 16 (66.6) 0 (0) <0.0001
Anti-La/SSB 7 (29.1) 0 (0) <0.0001
RF 8 (33.3) 0 (0) <0.0001
Hypergammaglobulinemia† 12 (50) 0 (0) <0.0001
Hypocomplementemia‡ 4 (16.6) 1 (6.2) 0.329
Leukopenia§ 4 (16.6) 0 (0) <0.0001
Recurrent SG swelling 4 (16.6) 0 (0) <0.0001
Purpura 2 (8.3) 0 (0) <0.0001
Lymphadenopathy 5 (20.8) 0 (0) <0.0001

* Except where indicated otherwise, values are the number (%) of patients. SS = Sjögren’s syndrome; ESSDAI =
European Alliance of Associations for Rheumatology (EULAR) Sjögren’s Syndrome Disease Activity Index;
ESSPRI = EULAR Sjögren’s Syndrome Patient-Reported Index; ANA = antinuclear antibodies; RF = rheumatoid factor;
SG = salivary gland.
† Gamma globulins >16 gm/liter.
‡ C3 <80 mg/dl and/or C4 <15 mg/dl.
§ Neutrophils <1,500/mm3 or lymphocytes <1,000/mm3.
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and activation molecules. Odds ratios (ORs) and 95% confidence
intervals (95% CIs) were calculated. Two-sided P values less than
0.05 were considered significant. Analyses were performed using
the RStudio graphical interface, version 0.98, for R software envi-
ronment, version 3.0.2.

RESULTS

Clinical, laboratory, and histologic findings in
patients with primary SS and those with sicca syndrome.
A total of 40 patients underwent a biopsy of minor SGs. Of these,
24 patients fulfilled the criteria for primary SS, whereas 16 had
sicca syndrome. Clinical and laboratory features are described in
Table 1.

Demonstration, via phenotypic characterization, of
increased autophagy, reduced apoptosis, and up-
regulation of adhesion molecules in SGECs in primary
SS compared to sicca syndrome. To assess autophagy, apo-
ptosis, and activation in SGECs from patients with primary SS
and those with sicca syndrome, we performed flow cytometry
and Western blotting. The purity of SGECs (EpCAM-positive)
approached 100% (Figure 1 and Supplementary Figure 1,

https://onlinelibrary.wiley.com/doi/10.1002/art.42018). Western
blot studies confirmed the increased activation of autophagy in
primary SS, as determined by higher LC3-IIB levels and lower
p62 levels (Figures 1A–C); see Patients and Methods for interpre-
tation. Flow cytometry revealed a significantly increased autopha-
gic flux in primary SS compared to sicca syndrome (Figures 1D
and E). Since autophagy is a survival mechanism, we evaluated
pro- and antiapoptotic pathways in SGECs. Flow cytometry
revealed a lower expression of the apoptotic molecule annexin
V/PI (Figures 1F and G), paralleled by higher expression of the
antiapoptotic mediator Bcl-2 (Figures 1A and H) and a nonsignifi-
cant decrease in caspase 3 (Figures 1A and I) in primary SS. To
assess the proinflammatory activation of SGECs, we determined
the expression of adhesion molecules ICAM and VCAM using
flow cytometry. The expression of these markers was increased
in SGECs from primary SS patients compared to those from sicca
syndrome patients (Figures 1J–M); for fluorescence minus one
control, see Supplementary Figure 2 (https://onlinelibrary.wiley.
com/doi/10.1002/art.42018).

To test the hypothesis that autophagy acts as a survival
mechanism to avoid or delay SGEC death in primary SS, we eval-
uated correlations between autophagic and apoptotic mecha-
nisms and found an inverse relationship. Specifically, both

Figure 1. Western blotting and flow cytometry reveal increased autophagy, reduced apoptosis, and up-regulation of adhesion molecules in sal-
ivary gland epithelial cells (SGECs) in primary Sjögren’s syndrome (pSS) compared to sicca syndrome.A, RepresentativeWestern blot experiments
for detection of p62, light chain 3 IIB (LC3-IIB), caspase 3, and Bcl-2. B andC, Relative expression of LC3-IIB (B) and p62 (C) determined by West-
ern blotting in SGECs from primary SS patients compared to sicca syndrome patients. D and E, Flow cytometry detection of autophagic flux in
SGECs from primary SS patients compared to sicca syndrome patients (D), with details from 1 representative experiment (E). F andG, Flow cytom-
etry detection of apoptotic cells using staining with annexin V/propidium iodide [PI] in SGECs from primary SS patients compared to sicca syn-
drome patients (F), with details from 1 representative experiment (G). H and I, Relative expression of Bcl-2 (H) and caspase 3 (I) determined by
Western blotting in SGECs from primary SS patients compared to sicca syndrome patients. J–M, Flow cytometry detection of adhesion molecules
intercellular adhesion molecule (ICAM) (J) and vascular cell adhesion molecule (VCAM) (L) in SGECs from primary SS patients compared to sicca
syndrome patients, with details on representative experiments (K andM). Data are shown as box plots. Each box represents the upper and lower
interquartile range (IQR). Lines inside the boxes represent the median. Whiskers represent 1.5 times the upper and lower IQRs. Each symbol rep-
resents an individual patient. P values were determined using the unpaired 2-tailed Mann-Whitney U test.
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autophagic flux and LC3-IIB levels negatively correlated with
annexin V and caspase 3 and positively correlated with the survival
mediator Bcl-2 (Supplementary Figure 3, https://onlinelibrary.wiley.
com/doi/10.1002/art.42018).

Finally, logistic regression analysis was performed to calcu-
late the predicted probability of primary SS based on these phe-
notypic changes in SGECs. The predicted probability of primary
SS increased with increasing levels of autophagy (OR 1.07 [95%
CI 1.02–1.13] for autophagic flux; OR 13.3 [95% CI 1.3–131.2]
for LC3-IIB) (Figures 2A and B) and antiapoptotic markers
(OR 21.8 [95% CI 1.9–244.8] for Bcl-2) (Figure 2C) and
decreased with increasing levels of apoptotic markers (OR 0.85
[95% CI 0.76–0.94] for annexin V/PI; OR 0.14 [95% CI 0.01–
1.27] for caspase 3) (Figures 2D and E), although this trend was
not statistically significant for caspase 3. A reduction in p62,
which indicates activation of autophagy, was also predictive of
primary SS (OR 0.05 [95% CI 0.004–0.72]) (Figure 2F); the pre-
dicted probability of primary SS increased with increasing expres-
sion of ICAM (OR 1.42 [95% CI 1.11–1.81] and VCAM (OR 1.55
[95% CI 1.04-2.3]) (Figures 2G and H).

Increased autophagy in SGECs from primary SS
patients confirmed by immunofluorescence. To visually
confirm activation of autophagy in primary SS, SGECs from
patients with primary SS or sicca syndrome (n = 3) were analyzed
by immunofluorescence. The lysosome marker LAMP-1 was dif-
fusely detectable in SGECs from both patients with sicca syn-
drome and those with primary SS (Figures 3A–F). Conversely,
compared to sicca syndrome patients, the autophagosome
marker LC3-IIB was more highly expressed in SGECs from pri-
mary SS patients (Figures 3G–L). Autophagolysosomes (LC3-IIB
+/LAMP-1+ colocalization, indicating activated autophagy) were
also more frequently present in SGECs from primary SS patients
compared to those with sicca syndrome (Figures 3M–R).

Autophagy in SGECs is induced by primary SS serum
and PBMCs and correlates with histologic disease
severity defined by the focus score. Since autophagy is
increased in SGECs from primary SS patients, we conducted
in vitro experiments with HSG cell lines to test the hypothesis that
PBMCs and serum from patients with active primary SS, which

Figure 2. Predicted probability of primary SS based on phenotypic changes in SGECs increases with increasing levels of autophagic, antiapop-
totic, and activation molecules. Logistic regression models were used to calculate predicted probability of primary SS based on the following pre-
dictors: autophagic flux (A) or presence of LC3-IIB (B), Bcl-2 (C), annexin V/PI (D), caspase 3 (E), p62 (F), ICAM (G), and VCAM (H). The odds ratio
(OR), 95% confidence interval (95% CI), and P value are displayed in each graph. See Figure 1 for other definitions.
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contain proinflammatory cytokines and chemokines (19–22), can
induce autophagy and activation of epithelial cells.

In untreated HSGs (10% FBS), the mean densitometry read-
ings/intensity ratio for LC3-IIB and p62 were 1.9 (range 1.9–2)
and 1.2 (range 1.1–1.4), respectively (Figure 4A). The levels of
autophagy in HSGs were unaffected by exposure to PBMCs
and serum from healthy donors. Specifically, in HSGs treated with
PBMCs from healthy donors, the mean densitometry readings/
intensity ratio for LC3-IIB and p62 were 1.8 (range 1.7–1.9) and
1 (range 0.8–1.2), respectively, and in HSGs treated with PBMCs
and serum from healthy donors, the mean densitometry readings/
intensity ratio for LC3-IIB and p62 were 1.9 (range 1.9–2) and 1.1
(range 0.9–1.3), respectively (Figure 4A).

In HSGs treated with PBMCs from primary SS patients, acti-
vation of autophagy was detectable as a concomitant decrease in
LC3-IIB and p62 (mean 1.5 [range 1.5–1.6] for LC3-IIB; mean 0.8
[range 0.7–0.9] for p62). However, the addition of serum from pri-
mary SS patients resulted in more marked autophagy activation,
as the mean for LC3-IIB and p62 decreased to 1 (range 0.9–1.2)
and 0.5 (range 0.4–0.6), respectively (Figure 4A); see Patients
and Methods for interpretation.

Flow cytometry confirmed the increased autophagic flux
in HSG cells stimulated with PBMCs and serum from primary
SS patients compared to that of healthy donors (Figure 4B).
This finding was paralleled by a reduction in the apoptotic

marker annexin V/PI and by an increase in ICAM (Figures 4C
and D).

Since serum, and to a lesser extent PBMCs, from primary SS
patients induced autophagy in HSG cells, we hypothesized that
autophagy in primary SGECs might also reflect primary SS histo-
logic severity. To test this hypothesis, we conducted histologic
studies on SG biopsy specimens from all enrolled patients in
order to determine the following: 1) correlations between the
focus score and activation of autophagy in SGECs; and 2) the
predicted probability that GCs (CD21+/Bcl-6+) (Figures 4E and
F) would be identified in biopsy specimens based on the activa-
tion of autophagy in SGECs. Data on focus scores and GCs are
reported in Table 1. Activation of autophagy in SGECs, as well
as the expression of the antiapoptotic molecule Bcl-2, moderately
correlated with the focus scores (r = 0.414, P = 0.0007 for
autophagic flux; r = 0.363, P = 0.021 for LC3-IIB; r = 0.401,
P = 0.010 for Bcl-2) (Figures 4G and H, and data not shown).
Despite a positive trend, the correlation between autophagy and
GC formation was not significant (OR 1.02 [95% CI 0.98–1.07]
for autophagic flux; OR 6.06 [95% CI 0.74–49.3] for LC3-IIB)
(Figures 4I and J).

Similarly, despite a negative trend, the correlations between
apoptosis and both focus score (r = 0.296, P = 0.06 for annexin
V/PI; r = 0.215, P = 0.193 for caspase 3) and GC formation
(OR 0.93 [95% CI 0.84–1.00] for annexin V/PI; OR 0.22 [95% CI

Figure 3. Immunofluorescence staining shows activated autophagy in SGECs from primary SS patients, as indicated by the increased expres-
sion of autophagosomes and autophagolysosomes. A–F, Lysosome-associated membrane protein 1 (LAMP-1) staining (green) was used to
detect lysosomes in SGECs from patients with sicca syndrome and those with primary SS. G–L, LC3-IIB staining (red) was used to detect autop-
hagosomes in SGECs from patients with sicca syndrome and those with primary SS.M–R, LAMP-1 (green), LC3-IIB (red), and DAPI (blue) staining
was used to detect autophagolysosomes in SGECs from patients with sicca syndrome and those with primary SS. In A, B, D, E, G, H, J, K,M, N,
P, and Q, original magnification × 100. In C, F, I, L, O, and R, original magnification × 50. See Figure 1 for other definitions.
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0.02–1.91] for caspase 3) were not significant (Figures 4K–N).
Weak significant correlations were observed between the expres-
sion of ICAM and VCAM and both focus score (r = 0.337,
P = 0.033 for ICAM; r = 0.367,P = 0.023 for VCAM) and GC forma-
tion (OR 1.37 [95% CI 1.09–1.72] for ICAM; OR 1.33 [95% CI
1.00–1.77] for VCAM) (Figures 4O-R).

Autophagy is required for SGEC activation. We next
hypothesized that maladaptive activation of autophagy as a sur-
vival mechanism might eventually promote the activation of
SGECs. To test this hypothesis, we first determined correlations
between autophagy/apoptosis and expression of adhesion mol-
ecules in SGECs ex vivo, and then conducted in vitro experi-
ments to determine the mechanistic connection between
autophagy and activation. In SGECs, both the autophagic flux
and LC3-IIB levels were positively correlated with the expression

of ICAM (Figures 5A and B). The antiapoptotic molecule Bcl-2
was also positively correlated with ICAM (Figure 5C), whereas
apoptotic markers were negatively correlated (Figures 5D and
E). To investigate the role of autophagy in epithelial cell activa-
tion, HSG cell lines were then cultured in vitro with sera from pri-
mary SS patients (which emerged as a potent inductor of
autophagy in the previous experiment) in the presence or
absence of autophagy inhibitor spautin-1. As shown in
Figure 5F, stimulation of HSG cells with primary SS sera induced
autophagy (reductions in LC3-IIB and p62 on Western blot),
whereas treatment with the upstream inhibitor of autophagy
pathway spautin-1 effectively inhibited autophagy (disappear-
ance of LC3-IIB and increase in p62 on Western blot). Flow
cytometry confirmed that stimulation of HSG cells with primary
SS sera induced autophagic flux (Figure 5G) as well as increased
expression of ICAM (Figure 5H). Treatment with spautin-1

Figure 4. Autophagy and activation in SGECs are induced by peripheral blood mononuclear cells (PBMCs) and serum from primary SS patients,
consistent with the histologic severity of SGs. A, Western blot experiments were performed to detect LC3-IIB and p62 in the human SG (HSG) cell
line under 5 different culture conditions. Bars show the mean (range). Each symbol represents an individual experiment (n = 3). FBS = fetal bovine
serum. B–D, Flow cytometry experiments were performed to detect autophagic flux (B), annexin V/PI (C), and ICAM (D) in HSG cells treated with
PBMCs and serum from either healthy donors (HD) or primary SS patients. Data are shown as box plots. Each box represents the upper and lower
interquartile range (IQR). Lines inside the boxes represent the median. Whiskers represent 1.5 times the upper and lower IQRs. Each symbol rep-
resents an individual experiment (n = 3). E and F, Minor SG immunohistochemistry was performed for detection of germinal center (GC)–like struc-
tures with CD21+ staining (brown) (E) or Bcl-6+ staining (brown) (F). G, H, K, L, O, P, Correlation and linear regression analysis was performed to
assess associations between the focus score and autophagic markers (autophagic flux [G] and LC3-IIB [H]), apoptotic markers (annexin V/PI [K]
and caspase 3 [L]), and activation markers (ICAM [O] and VCAM [P]). In scatterplots, each symbol represents an individual patient with either pri-
mary SS (blue) or sicca syndrome (gray). Spearman’s correlation coefficient and P values are shown. I, J, M, N, Q, R, Logistic regression models
were conducted to calculate the predicted probability of having GC-like structure in SGs based on the following predictors: autophagic flux (I) and
presence of LC3-IIB (J), annexin V/PI (M), caspase 3 (N), ICAM (Q), and VCAM (R). The odds ratio (OR), 95% confidence interval (95% CI), and
P value are displayed in each graph. See Figure 1 for other definitions.
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reverted both events, indicating that activation of autophagy is
required for the expression of adhesion molecules in epithelial
cells (Figures 5G and H).

DISCUSSION

This study indicates that maladaptive autophagy, induced by
inflammation, is a driver of SGEC activation in primary
SS. Specifically, autophagy in SGECs sustains cell activation
and survival by prevailing upon apoptosis and is associated with
disease severity assessed by histology. In vitro experiments pro-
vided functional validation of these findings and demonstrated
that pharmacologic inhibition of autophagy dampens the expres-
sion of activation molecules by SGECs, thus delineating auto-
phagy as a causal and targetable pathogenic mechanism in
primary SS.

Since the classic view is that apoptosis of SGECs is patho-
genic in primary SS (23–25), our findings appear to contradict

the traditional understanding of primary SS. However, previous
studies have challenged the prevailing role of SGEC apoptosis in
the pathogenesis of primary SS. For example, studies have indi-
cated that apoptosis in primary SS SGECs is a relatively rare
event (26); others have demonstrated either a down-regulation
of some proapoptotic genes (27) or the activation of antiapoptotic
pathways (28). Also of note, a previous study showed an activa-
tion of prosurvival mechanisms (e.g., induced by endoplasmic
reticulum stress) in HSG cells following stimulation with proinflam-
matory cytokines (29). Based on these previous works and on our
present findings, we propose a pathogenic model in which tissue
inflammation in primary SS induces SGEC stress and autophagy,
resulting in chronic and protracted SGEC activation with expres-
sion of adhesion molecules. It is worth specifying that up-
regulation of prosurvival mechanisms (i.e., autophagy) does not
imply that apoptosis does not eventually occur in primary SS
SGECs; indeed, marked expression of pro-autophagic and antia-
poptotic molecules in our study did not result in full prevention of

Figure 5. In SGECs from primary SS patients, autophagy is required for the expression of adhesion molecules. A–E, Correlation and linear
regression analyses were performed to assess associations between the presence of ICAM and autophagic markers (autophagic flux [A] and
LC3-IIB [B]), antiapoptotic markers (Bcl-2 [C]), and apoptotic markers (annexin V/PI [D] and caspase 3 [E]) in cultures of SGECs from patients with
primary SS (blue) or patients with sicca syndrome (gray). Spearman’s correlation coefficient and P values are shown. F, Representative Western
blot experiments show detection of autophagy based on the expression of LC3-IIB and p62 in the human SG (HSG) cell line cultured under 3 dif-
ferent conditions: 10% fetal bovine serum (FBS) (mean 2.1 [range 2–2.2] densitometry readings/intensity ratio for LC3-IIB; mean 2.3 [range 2.2–
2.4] densitometry readings/intensity ratio for p62); serum from primary SS patients (mean 1.0 [range 0.9–1.2] densitometry readings/intensity ratio
for LC3-IIB; mean 1.1 [range 1.1–1.4] densitometry readings/intensity ratio for p62); or serum from primary SS patients and the autophagy inhibitor
saputin-1 (mean 0 [range 0–0] densitometry readings/intensity ratio for LC3-IIB; mean 1.8 [range 1.6–2] densitometry readings/intensity ratio for
p62). Bars show the mean (range). G and H, Representative flow cytometry experiments show detection of autophagic flux (G) and ICAM (H) in
the HSG cell line cultured with either 10% FBS, serum from primary SS patients, or serum from primary SS patients and spautin-1. Data are shown
as box plots. Each box represents the upper and lower interquartile range (IQR). Lines inside the boxes represent the median. Whiskers represent
1.5 times the upper and lower IQRs. Each symbol represents an individual experiment (n = 3). See Figure 1 for other definitions.

COLAFRANCESCO ET AL8



apoptosis. Rather, apoptosis likely represents the terminal stage
of a “struggle for survival” of SGECs characterized by maladap-
tive autophagy and detrimental cellular activation and occurs
when SGECs can no longer counteract incremental stress.

The notion of activation of autophagy in primary SS SGECs is
supported by previous studies, ranging from preclinical animal
models of dry eye (30) to human studies evaluating the tear film,
conjunctival epithelial cells, and salivary epithelial cells (31–35). In
contrast to these findings and our own findings, a recent study
suggested that autophagy is down-regulated in primary SS
SGECs (36); however, since this study evaluated entire SGs
rather than isolated primary SGECs, the assessment was
restricted to SGs with very low focus scores to prevent lympho-
cyte contamination. Therefore, our findings are more representa-
tive of primary SGECs isolated from the inflammatory primary SS
microenvironment.

Our study has some limitations. Since minor SGs cannot
be obtained from healthy subjects for ethical reasons, our com-
parison is represented by patients with sicca syndrome, who
cannot be considered truly healthy controls. Nevertheless, pri-
mary SS and sicca syndrome differ remarkably in the extent of
tissue inflammation. Furthermore, many primary SS patients
from our cohort also had GC-like structures, which indicates
high disease activity (37); thus, our comparison still provides
reliable insight into the interconnectedness of inflammation and
autophagy. Another inherent limitation is the fact that the sever-
ity of inflammatory infiltration may vary between minor SGs
obtained from the same patient. Given the need to digest entire
minor SGs to isolate primary SGECs in sufficient numbers for
our studies, histology and focus score determinations were
conducted on different homologous SGs. Inter-SG variability in
inflammatory infiltration may, in part, explain why only a weak/
moderate correlation was observed between autophagy and
focus scores, as well as the lack of an association between
autophagy and GCs. Finally, although our investigation reveals
mechanisms of disease development, the complex experimen-
tal setup and the lack of a single clearcut biologic readout may
hinder the use of findings for the development of diagnostic/
prognostic bioassays.

Strengths of this study include the large sample size, the use
of a non-artefactual model based on direct ex vivo isolation of pri-
mary SGECs from primary SS and sicca syndrome patients, and
the use of different methodologies to assess autophagy and to
capture the complexity of interactions between autophagy, apo-
ptosis, and cell activation. Indeed, the dynamic and physiologic
nature of autophagy is notoriously complex, and erroneous inter-
pretation may occur when results from single experiments are
interpreted without considering the entire context. Specifically,
evaluating single molecules can yield findings that achieve statisti-
cal significance but lack biologic plausibility, and this approach is
more subject to biologic variability between samples. To minimize
these risks, our methodologic approach comprised multiple

techniques as well as combined determination of various mole-
cules involved in different stages of the autophagy pathway in a
large number of samples, as recommended by current guidelines
(13). This polyfunctional evaluation straightforwardly revealed acti-
vation of autophagy as a survival mechanism in SGECs of patients
with primary SS.

In previous studies, we have investigated autophagy in the
pathogenesis of primary SS focusing on lymphocytes infiltrat-
ing minor SGs (38,39). In the present study, we investigated
the role of autophagy in the survival and activation of SGECs,
which represent the main constituent of the SG microenviron-
ment and the pivot of “autoimmune epithelitis” in primary
SS. Notably, SGECs isolated from primary SS and sicca syn-
drome patients retained clear differences in autophagy even
after ex vivo isolation and culture, which typically tend to dilute
differences in biologic mechanisms. Therefore, it is possible
that the levels of autophagy in SGECs from primary SS patients
in vivo are even higher than those observed in our ex vivo
assays. Explanations for protracted activation of autophagy
in vivo and for the retention of this property ex vivo likely involve
epigenetic regulation (40,41), and future studies are warranted
to clarify this aspect.

This study is notable in its novelty and uniqueness. To
date, it represents the first prospective study on SGECs from
primary SS and sicca syndrome patients in an investigation of
autophagy, its balance with apoptosis, its requirement for
SGEC activation, and the therapeutic potential of innovative
strategies disrupting this mechanistic connection. As such, it
holds clear translational relevance for patients with primary
SS. Despite the availability of biologic and targeted synthetic
disease-modifying antirheumatic drugs for nearly all rheumatic
diseases, effective therapies in primary SS remain an unmet
need. Therapeutic use of selective autophagy inhibitors is
being evaluated for the treatment of cancer (6,7), and require-
ments for the interleukin-6/JAK/STAT pathway in autophagy
have also been demonstrated (42–44). By establishing a mech-
anistic link between autophagy and survival and activation of
SGECs in primary SS, this study provides proof of concept for
the clinical evaluation of autophagy inhibitors or JAK/STAT
inhibitors in primary SS.

In conclusion, this study indicates that maladaptive activation
of autophagy promotes the survival and activation of SGECs in
primary SS, and that pharmacologic inhibition of autophagy can
effectively disrupt this vicious cycle and quench epithelial cell
inflammation. Present and previous findings of aberrant activation
of autophagy in T and B cells infiltrating SGs from primary SS
patients suggests that inhibition of autophagy is a broad-reach-
ing, novel therapeutic option with the potential to target all causa-
tive cells in the inflamed microenvironment of primary SS. The
therapeutic use of drugs targeting not only immune cells but the
microenvironment might yield incremental clinical benefit in
primary SS.
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