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Histological differences related to autophagy
in the minor salivary gland between primary
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Abstract

Some forms of Sjogren’s syndrome (SS) follow a clinical course accompanied by systemic symptoms caused by
lymphocyte infiltration and proliferation in the liver, kidneys, and other organs. To better understand the clinical
outcomes of SS, here we used minor salivary gland tissues from patients and examine their molecular, biological,
and pathological characteristics. A retrospective study was performed, combining clinical data and formalin-fixed
paraffin-embedded (FFPE) samples from female patients over 60 years of age who underwent biopsies at Okayama
University Hospital. We employed direct digital RNA counting with nCounter® and multiplex immunofluorescence
analysis with a PhenoCycler™ on the labial gland biopsies. We compared FFPE samples from SS patients who
presented with other connective tissue diseases (secondary SS) with those from stable SS patients with symptoms
restricted to the exocrine glands (primary SS). Secondary SS tissues showed enhanced epithelial damage and
lymphocytic infiltration accompanied by elevated expression of autophagy marker genes in the immune cells

of the labial glands. The close intercellular distance between helper T cells and B cells positive for autophagy-
associated molecules suggests accelerated autophagy in these lymphocytes and potential B cell activation

by helper T cells. These findings indicate that examination of FFPE samples from labial gland biopsies can be

an effective tool for evaluating molecular histological differences between secondary and primary SS through
multiplexed analysis of gene expression and tissue imaging.
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Introduction

Sjogren’s syndrome (SS) is a chronic autoimmune dis-
ease that primarily affects the exocrine glands, includ-
ing the salivary and lacrimal glands, leading to dryness
of the mouth and eyes [1]. However, symptoms appear
not only in the exocrine glands but also in systemic
organs. SS is frequently associated with other connec-
tive tissue diseases and extraglandular lesions such as
interstitial pneumonia. A differential diagnosis between
SS and other autoimmune diseases is necessary in cases
where SS is suspected. It is also important to distinguish
SS from IgG4-related diseases associated with dry eyes
and dry mouth [2]. SS is known to increase the risk of
developing other fatal diseases. Malignant lymphoma is
a predictable complication that should be considered as
its incidence in patients with SS has increased in recent
years [3]. Patients with primary SS are at a 10-44 times
higher risk of lymphoma than healthy individuals, which
is more serious than the risk reported for systemic lupus
erythematosus (SLE) and rheumatoid arthritis (RA) [4].
Although immune complexes in the serum are known to
be important for the lesion expansion of SS, no specific
marker that reflects the variety of clinical manifestations
of SS is available [5]. Better diagnostic techniques are
required to provide appropriate treatment.

Autophagy is an intracellular cleansing and recycling
system in all eukaryotes, including yeast, plants, and ani-
mals [6], and essential for the development and homeo-
stasis of the immune system. Abnormalities in autophagy
are known to be involved in development of the autoim-
mune diseases [7]. Autophagy-related proteins include
beclin 1, microtubule associated protein 1 light chain
3 alpha and beta (LC3A and LC3B), sequestosome 1
(SQSTM1, known as P62), and sirtuin 1 (SIRT1). Among
them, LC3B and SQSTM1 are generally used as markers
for monitoring autophagy [8]. A genome-wide associa-
tion study carried out to identify the disease susceptibility
genes reported autophagy-related factors as candidates
for systemic autoimmune diseases. Autophagy related 5
(ATG5) has been identified as one of the disease suscep-
tibility genes in SLE, a disease closely related to SS [9].
It would be worthwhile to investigate the involvement of
these genes during SS progression.

Technological advances in human immunological anal-
ysis have made it possible to obtain vast amounts of infor-
mation from even small samples [10]. New biomarkers
and pathways involved in immune responses have been
identified using systems biology approaches with human
tissues or serum [11, 12]. Here, we performed multi-
plexed immunohistochemical staining with nucleic acid-
barcoded antibodies in conjunction with gene expression
profiling using digitally counted RNAs to analyze small
amounts of labial gland samples. We subsequently ana-
lyzed correlation of spatial protein information at the
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single-cell level with matched global gene expression data
to computationally identify differences in labial gland tis-
sue organization between primary SS and secondary SS.

Methods

Patients with SS

A retrospective study design was employed for the analy-
sis of patients with suspected SS who underwent biopsy
between January 2010 and January 2021 at Okayama
University Hospital. A total of 514 patients were grouped
and analyzed according to their medical records. Pri-
mary SS is defined as SS with stable symptoms localized
to the exocrine glands, whereas secondary SS is defined
as SS complicated by systemic connective tissue disease
[13]. The inclusion criteria were women over 60 years of
age who were SS-A-positive, had biopsy histopathology
showing more than one focus per 4 mm? (more than 50
lymphocytes per duct), and exhibited clinical exocrine
gland symptoms. The exclusion criteria were patients
with primary SS who had symptoms other than exocrine
gland symptoms and who had not been followed up for
more than one year. After applying the exclusion criteria,
14 patients with primary SS and 19 patients with second-
ary SS were selected for clinical data analysis. The top
four samples with the highest concentration and quality
of total RNA extracted from FFPE samples were used for
gene expression profiling analysis and spatial analysis.
The concentration and quality of total RNA extracted
from FFPE samples were measured by 4200 Tape Station
(Aglent, CA, USA) and Qubit 4 Fluorometer (Invitrogen,
MA, USA). In terms of quality, samples containing more
than 45% RNA fragments of approximately 200 nucleo-
tides or less were excluded. Samples with a measured
concentration of less than 10.0 ng/ul were also excluded
to reduce analysis error. Since all patients presented
with clinical symptoms and met the inclusion criteria,
all patients were diagnosed with SS based on the revised
classification standards and the American College of
Rheumatology (ACR) or European League Against Rheu-
matism (EULAR) in 2016 and the Japanese criteria for
diagnosing SS in 1999 [14, 15]. A flowchart of the patient
selection process is shown in Figure S1A. None of the
patients included in the present analysis were on any ste-
roid or salivary medications at the time of sampling.

Patients with mucoceles

A total of 214 patients who underwent mucocele biopsy
between January 2016 and January 2021 at Okayama
University Hospital were analyzed as controls for patients
with SS. Labial gland samples from female patients over
60 years of age with mucocele were included. Samples
containing no minor salivary gland tissue were excluded,
as only labial gland tissues with mucocele were collected
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and examined. A flowchart of the patient selection pro-
cess is shown in Figure S1B.

Clinical data analysis

Salivary and lacrimal gland tests were performed to
examine the exocrine gland dryness symptoms of
patients. Cases were included if they met the following
criteria: Gum test<10 mL/10 min, Saxon test<2.0 g/2
min, and Schirmer test<5.0 mm. Because blood data was
collected multiple times for a single patient, data from
the date of biopsy was used for the analysis.

Hematoxylin and eosin (H&E) staining

Labial glands were fixed in a 10% formalin solution at
room temperature. Paraffin-embedded sections of the
labial glands were prepared according to standard meth-
ods and stained with H&E. The areas of lymphocyte infil-
tration in the tissue were analyzed using Image]J software
(https://imagej.net/ij/index.html).

FFPE sample preparation and RNA profiling

For RNA profiling of FFPE samples, 30 pm thick serial
sections from chilled paraffin blocks were placed on film-
coated slides (Leica, Wetzlar, Germany), and dried on
a hot plate at 40 °C for 2 h. Toluidine blue staining was
performed for laser microdissection (LMD), and only the
glandular tissue portion was collected using an LMD7000
microscope (Leica). RNA was extracted from FFPE sam-
ples using a NucleoSpin® total RNA FFPE XS kit (Takara,
Shiga, Japan). FFPE samples with foil were deparaffinized
and lysed with Proteinase K. The samples were then
treated with DNase and washed and after which RNA
was eluted through the column. The amount and qual-
ity of the RNA samples was measured using a Qubit®
2.0 Fluorometer (Invitrogen) and a 4150 TapeStation
automated electrophoresis platform (Agilent, CA, USA),
respectively. The top four samples with concentrations
higher than 10 ng/pL, and those with more than 30% of
the RNA longer than 200 nucleotides were selected for
digital RNA analysis.

Direct digital RNA counting analysis

nCounter® (NanoString Technologies, WA, USA) was
used for comprehensive gene expression analysis by
direct digital counting of mRNA [16]. For the nCounter®
hybridization assay for oligonucleotide counting,
nCounter® Low RNA Input Kit (NanoString Technolo-
gies) was used to assess the data reproducibility. The
Human Immunology V2 Panel, which comprises 447
genes related to human immunology, was used for the
analysis. Hybridization of the cleaved indexing oligonu-
cleotides with fluorescent barcodes was performed using
nCounter® TagSets Reagents (NanoString Technologies).
For experiments in which the indexing oligonucleotide
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was double-stranded, the aspirates were denatured
at 95 °C for 5 min and then placed on ice for 2 min. A
master mix was prepared by adding hybridization buffer
(NanoString Technologies) to the Hyb Code. To read the
RNA detection probes, 9.6 nM in situ capture probe was
added, and 7 pL aliquots of the master mix were added to
each well. Depending on the experiment, 10 pL aliquots
of aspirate were added to each tube, and each hybridiza-
tion was adjusted to a final volume of 15 pL with diethyl
pyrocarbonate-treated water. The hybridizations were
performed at 65 °C overnight in a LightCycler® PCR sys-
tem. After hybridization, the samples were processed
using the nCounter® Prep Station and Digital Analyzer
according to the manufacturer’s instructions. Gene
expression comparison and Gene Ontology (GO) enrich-
ment analysis was performed using nSolver™ analysis
software (NanoString Technologies) and DAVID Bioin-
formatics resources (https://david.ncifcrf.gov/).

Quantitative reverse transcription-polymerase chain
reaction (RT-qPCR)

Each pooled RNA sample was reverse transcribed to
cDNA. Each cDNA was used for RT-qPCR, which was
performed on a LightCycler® Nano System (Roche, Basel,
Switzerland) using FastStart™ Essential DNA Green Mas-
ter Mix (06402712001; Roche). The RT-qPCR results
for each sample were normalized to that of the refer-
ence gene Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The results are expressed as normalized
ratios, and each measurement was repeated thrice. The
synthetic primers used are as follows: ATG5: 5-CACA
AGCAACTCTGGATGGGATTG-3' and 5-GCAGCCA
CAGGACGAAACAG-3, LC3B: 5'-GAGAAGCAGCTT
CCTGTTCTGG-3' and 5-GTGTCCGTTCACCAACA
GGAAG-3’, SQSTM1: 5-TAGGAACCCGCTACAAGT
GC-3’' and 5-GAGAAGCCCTCAGACAGGTG-3' and
GAPDH:5'-CCACTCCTCCACCTTTGACG-3 ’and 5'-
CCACCACCCTGTTGCTGTAG-3'.

Multiplexed immunofluorescence staining

Prior to multiplex immunostaining, FFPE samples of
labial gland tissues and pharyngeal tonsils were used to
validate the staining characteristics of each antibody.
Commercial sources provided purified, carrier-free,
monoclonal, and polyclonal anti-human antibodies for
multiplexed immunofluorescence staining. Oligonu-
cleotide-barcoded antibody staining of tissue sections
mounted on coverslips was performed using a com-
mercially available PhenoCycler™ staining kit (Akoya
Biosciences, MA, USA), following the manufacturer’s
instructions for FFPE tissue [17, 18]. Coverslip slides
(Akoya Biosciences) for mounting the samples were pre-
pared by immersing the samples in poly-L-lysine solution
(Sigma-Aldrich, MO, USA) for 12 h. The samples were
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cut into 6.0 um sections using a microtome and mounted.
The coverslips were baked at 60 °C, cooled, deparaf-
finized, and then rehydrated. Antigen retrieval was per-
formed using citrate buffer (pH 6.0) in a pressure cooker.
The antibodies were conjugated to maleimide-modified
short DNA oligonucleotides at a weight/weight ratio of
2:1 of the oligonucleotide to antibody, with a minimum of
100 pg of antibody per reaction. The samples were incu-
bated with barcoded antibodies (Table S4) in blocking
buffer for 3 h in a humidified chamber at room tempera-
ture. After washing with phosphate-buffered saline, the
tissue sections were sequentially fixed with 1.6% para-
formaldehyde, methanol (on ice), and fixative reagent.
Stained sample coverslips were stored in storage buffer at
4 °C for up to two weeks. Barcoded fluorescent report-
ers corresponding to the barcoded primary antibodies
were added to 96-well plates containing Reporter Stock
Solution, and nuclear staining was performed for each
multiplex cycle. PhenoCycler™ imaging was performed
acquired in six cycles of three colors (Alexa Fluor 488,
Atto 550, and Cy5), with DAPI. Images were acquired
at 20-fold magnification using a BZX-810 microscope
(Keyence, Osaka, Japan) with a metal halide light source
and Plan Apo ANA 0.75 20x air objective (Nikon, Tokyo,
Japan).

Spatial profiling of labial glands by multiplex imaging
Spatial profiling of labial glands was performed by multi-
plex imaging. The spatial distributions and marker inten-
sities of the target cells were analyzed using the QuPath
spatial analysis toolbox (https://qupath.github.io) [19,
20]. Cell segmentation using the StarDist Extension was
first performed to identify single cells based on DAPI
staining. QuPath performs machine learning for classifi-
cation based on various types of epithelial, stroma, and
immune cells. The phenotypes of the cells were deter-
mined by confirming the classification through machine
learning, specifying the positive and negative results
for each of the 30 cells per antibody. Cell categorization
data were calculated by analyzing whole glandular tis-
sue. Immune marker positive cells were defined as cells
that were positive for CD3e, CD4, CD8, CD20, CD11b or
CD11c. Cells positive for E-cadherin (E-cad), aquaporin5
(AQP5) or cytokeratin 7 (KRT7) was based on location
information from QuPath. In the neighborhood analysis,
the area was determined by the constituent cells located
in the vicinity of the cell in a 30-pum area centered on the
cell.

Statistics

The data are presented as the mean values with standard
deviations. Bonferroni correction was used for multiple
comparisons among mucoceles, primary SS, and second-
ary SS. Paired t-test was used to compare the means of
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the between primary SS and secondary SS. Spearman’s
rank correlation coefficients were used to determine the
relationship between LC3B and SQSTM1 protein expres-
sion levels. Values of p<0.05 were considered significant.
Data analysis was performed using RStudio (https://
posit.co/) with R version 4.2.2.

Results

Overview of the selected patients

This study aimed to determine histological differences
between primary SS and secondary SS using a retrospec-
tive analysis of comprehensive gene expression profiles
obtained from FFPE samples combined with patient
clinical data (Figures S1 and S2). We focused on women
over 60 years of age to exclude the involvement of sex
hormones in autoimmune diseases [21]. The mean age
at menopause in Asian women has been reported to be
49 years, and one SD (70% included) amounts to approxi-
mately 53 years [22]. Males were excluded because sali-
vary glands are known to be morphologically sexually
dimorphic organs [23]. Of the 514 biopsied SS samples,
404 patients were women (78.6%), 218 of whom were
over 60 years of age. It indicates that half of the patients
biopsied for suspected SS were women over 60 years of
age. And, among the 250 biopsied samples of mucocele,
133 patients were women (53.2%), 11 of whom were over
60 years of age. The patient backgrounds are summarized
in Table S1. In addition, the blood test was performed to
compare the two groups of SS. Most blood test data were
not significantly different, although the hematocrit levels
were lower in the secondary SS group, but within normal
levels.

Comparison of immune-related gene expressions and
identification of differential markers between mucocele,
primary SS and secondary SS with digital RNA counting
Digital RNA count analysis was performed using
nCounter® to profile the labial gland biopsies. We used
the Human Immunology V2 panel consisting of 447
genes because it contains many genes in common with
the top genes expressed in oral gland tissues [24]. We
compared mucocele samples with the respective SS sam-
ples, because normal labial tissues were not available in
this retrospective study. We found that most genes were
upregulated in the SS samples, as shown in the volcano
plots (Fig. 1A, B). Although the total RNA in this analysis
was from damaged FFPE tissues, we confirmed experi-
mental reproducibility based on consistent results in all
samples. Most genes in primary SS and secondary SS
did not exhibit any predominant differences; however,
some genes, such as IL18RAP, exhibited predominant
differences (Fig. 1C and Table S2). The percentages of
lymphocytic foci in the labial gland tissues were deter-
mined by H&E staining, and no significant differences
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(See figure on previous page.)

Fig. 1 Comparison of immune-related gene expressions between mucocele and SS by digital RNA counting and RT-gPCR. (A) Volcano plot comparing
gene expression between the mucocele and primary SS by nCounter® system analysis. The left side shows the group of genes for which expression was
upregulated in mucoceles. The right side shows the group of genes for which expression was upregulated in primary SS. (B) Volcano plot comparing gene
expression between the mucocele and secondary SS. The left side shows the group of genes for which expression was upregulated in mucocele. The right
side shows the group of genes for which expression was upregulated in secondary SS. Genes with P-value < 0.5 are highlighted in dark blue. (C) Volcano
plot comparing gene expression between primary SS and secondary SS. The left side shows the group of genes for which expression was upregulated in
primary SS.The right side shows the group of genes for which expression was upregulated in secondary SS. (D) The percentages of lymphocytic foci areas
in the labial gland tissue determined by hematoxylin and eosin (H&E) staining. The Bonferroni method was employed for comparison between the three
groups. (E) Volcano plot comparing gene expression between primary SS and secondary SS with highlighting autophagy-related factors. The expression
of autophagy-related ten genes (colored) was upregulated in secondary SS. (F) Comparison of Autophagy related 5 (ATG5), LC3B and sequestosome 1
(SQSTMT1) expression between primary SS and secondary SS using gRT-PCR. Bars indicate mean values and dots indicate their respective values. ** p <0.01

were observed in the amount of lymphocyte infiltra-
tion into the epithelial tissues among the three groups
(Fig. 1D and Table S3). Next, we performed GO analysis
by using nSolver™ software to determine the immune-
related genes involved in each disease group. Based on
the volcano plot results, we narrowed down the signal-
ing pathways involved and their associated genes (Figure
S3). Through this GO analysis and comparison of various
gene groups, no significant GO terms were found among
the 32 gene groups related to the immunity panel that
consisted of commercially available probe sets. However,
we found that ten types of autophagy-related genes were
upregulated in secondary SS (Fig. 1E, Figure S3 and Table
S4). To substantiate nCounter® results, the top 100 upreg-
ulated genes in secondary SS were extracted for another
GO analysis by using DAVID Bioinformatics resources.
Seven genes, including ATG12, were extracted as autoph-
agy-related genes. In the biological process category,
secondary SS showed significantly increased autophagy-
related genes compared with primary SS (p=0.0096). To
confirm the results of the digital RNA analysis, RT-qPCR
analysis was performed with representative autophagy
markers LC3B and SQSTM1 in addition to ATG5, which
was included in the nCounter® gene set. Secondary SS
exhibited significantly increased expression of ATGS5,
LC3B and SQSTM1 compared to primary SS (Fig. 1F).
Comparison of ATG5 expression between the two groups
in terms of values obtained by nCounter® showed no sig-
nificant differences, but there was a trend in which sec-
ondary SS values were higher than primary SS values,
identical to the results of RT-qPCR analysis. Although
conventional histological analysis showed no difference
between the primary SS and secondary SS groups, digi-
tal RNA counting and RT-qPCR analysis revealed a sig-
nificant increase in the expression of autophagy-related
genes in secondary SS compared to that in primary SS.

Cell profiling by multiplex immunostaining using a
PhenoCycler™

Multiplex immunostaining was performed using a Phe-
noCycler™ to profile gene expression in each cell and
compare the differences between groups using the spa-
tial information of each cell. In this study, simultaneous

staining was performed on 18 target molecules using
three fluorochromes: Alexa Fluor 488, Atto 550, and
Cyb5, repeated for six cycles, as well as DAPI to label
nuclei (Table S4). SS samples showed SS-A-positive cells,
although these cells were not found in any mucocele
samples (Figures S4 and S5). The open-source software
QuPath was used for automated quantitative and semi-
quantitative analyses of protein expression levels in com-
plete slide images. The algorithms employed by QuPath
enable spatial expression analysis on a per-cell basis.
QuPath analysis can extract positive cells via machine
learning according to cell location data and protein
expression levels. To perform machine learning, analy-
sis of cell labeling with epithelial, stromal, and immune
cell-specific markers was first carried out (Fig. 2). Then,
machine learning was performed via supervised learning
where the correct answers were given to the training data
from three images. Positive cell determination was per-
formed after supervised learning on all genes. For exam-
ple, the localization of three proteins, CD11c, CD3e, and
CDB8, represented immune cells (Figure S2). Per-cell cita-
tion analysis demonstrated accumulation of immune cells
in immune areas (Fig. 2D). However, CD11c, a dendritic
cell marker, was also distributed in the stroma of epithe-
lial tissues. CD11b-positive cells (macrophages) were
especially abundant around the ducts, in agreement with
published data [26] (Fig. 2D, I, N). The distribution of
CD3e (T cell) was significantly different between muco-
cele and SS (Figure S6). Immune areas were prominent
around ducts in SS samples (Figure S6E-L). Vessels (vas-
cular and lymphatic) were mainly present in the immune
areas (Fig. 2E, ], O). LC3B and SQSTM1 were expressed
throughout but predominantly in the immune areas
(Fig. 2F). Moreover, SS-A was localized to immune cells,
as well as to epithelial and stroma tissues (Fig. 2G, L, Q).

Difference in tissue damage between primary SS and
secondary SS

Using cell profiles, we first estimated the percentages of
tissue categories and cells specifically found in SS labial
glands. Each SS sample was performed with n=4, and
mucocele was performed with n=2. The three tissue cat-
egories were set as follows: epithelium, immune system,
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Fig. 2 Cell profiling by multiplex immunostaining. (A) Multiplex immunostaining and the corresponding histological (H&E) images are presented. Mul-
tiplex immunostaining is 19-color superimposed image by PhenoCycler™ analysis. The three white squares delineate, from left to right, the stroma area,
denoted as stroma, the epithelial area, denoted as epithelium, and the lymphocytic foci, denoted as “Immune’, which is the same as immune area in the
text. Since epithelial and stromal tissues were intermingled, the panels for “Epithelium”are images rich in epithelial tissues and those for “Stroma”are rich
in connective tissue. Scale bars representing 200 um. (B) H&E image, accompanied by scale bar: 200 um. (C-Q) Single-cell profiles based on multiplex
immunostaining. The top sections show areas of lymphocytic foci (C-G), the middle sections show the epithelium (H-L). and the bottoms sections show
the stroma (M-Q). (C, H, M) Localization of E-cadherin (E-cad), aquaporin5 (AQP5), and cytokeratin7 (KRT7) in epithelial tissue. Similarly, the followings
are shown: immune cells defined by CD11c, CD3e, and CD8 (D, I, N); vascular lymphatics defined by podoplanin and CD31 (E, J, O); autophagy-related

protein markers defined by light chain 3 alpha (LC3B) and SQSTM1 (F, K, P); and the area reactive to the autoantibody SS-A (G, L, R)

and stroma. As shown in the pie chart in Figure S7A,
no differences were observed in the percentage of these
three categorized tissues between the mucocele, primary
SS and secondary SS groups. Additionally, a detailed cell-
by-cell analysis of the three areas showed that the per-
centage of immune cells in the immune area remained
unchanged (Figure S7B). However, differences were
observed between the epithelium and stroma areas (Fig-
ure S7C, D). In salivary gland tissue, KRT7 labels duct
cells and AQP5 labels acinar cells. However, after sali-
vary duct ligation or irradiation, acinar cells also express
KRT7, indicating that the acinar cells regenerate duct
cells when damaged. The percentage of AQP5-positive
cells co-expressing KRT7 was significantly higher in sec-
ondary SS [25], indicating more substantial damage to
the epithelial tissues (Fig. 3A-G). We also investigated the
percentage of vascular and lymphatic tissues expressing
CD31 and podoplanin. CD31 is expressed in all vascu-
lar endothelial cells, whereas podoplanin is a lymphatic
endothelial cell marker. Podoplanin-positive cells were
significantly more abundant in secondary SS than in pri-
mary SS, whereas CD31-positive cells tended to be more
abundant in secondary SS, although the difference was
not significant (Fig. 3H-J). The ratio of lymphocytic foci
per total area did not differ between the secondary SS
and primary SS samples. Although routine histological
analyses of the biopsies suggest similar levels of damage,
a more detailed analysis of SS using multiplex immuno-
histochemistry revealed differences in tissue damage lev-
els. Additionally, tissue damage to the exocrine glands
was more advanced in secondary SS than in localized
stable SS, based on the analysis of epithelial and vascular/
lymphatic tissues.

Autophagy marker expression in the area of lymphocytic
foci

It was reported that higher levels of autophagy marker
expression were detected in CD4-positive T cells from
patients with SLE [26]. This prompted us to examine the
expression of autophagy markers on the PhenoCycler™
platform. To identify the presence of immune responses,
only the regions with lymphocyte infiltration were
extracted and subjected to cellular analysis with autoph-
agy markers LC3B and SQSTM], as shown in Fig. 4A-D.
It is widely accepted that the expression levels of LC3B

and SQSTM1, which are key autophagy markers, are not
only determined by their presence or absence but also by
their intensity [27]. Therefore, we compared the expres-
sion levels of LC3B and SQSTM1 and found a correlation
between the two (r=0.69) (Fig. 4E). The average expres-
sion level of LC3B and SQSTM1 in the immune area was
higher for secondary SS than for primary SS (Fig. 4F).
These findings are consistent with those obtained from
digital RNA counting analysis. Our results indicate that
autophagy may be upregulated in immune areas infil-
trated by lymphocytes in the salivary gland tissue, with
secondary SS exhibiting higher expression of autophagy
markers.

Comparison of the distance between T cells and B cells by
cellular neighborhood analysis

To better understand the significance of autophagy
marker-positive cells in the tissues, we performed neigh-
borhood analysis, as shown in Fig. 5A and B. Based on
the spatial arrangement of cell types within tissues, we
predicted cell-cell interaction networks, where each cell
in the dataset and its four nearest neighbors were identi-
fied using a distance map of cells. Neighborhood analysis
[17] was used to determine the local composition of cells
within a circular area of the tissue, with the size of the
circle indicating the area occupied, and the thickness of
the line indicating the distance in contact (Fig. 5C-F). A
comparison of the distance between the T cell and the B
cell-rich area between the primary SS and secondary SS
revealed that the two areas were closer in proximity in
secondary SS, with a greater distance between the two
area boundaries. These results suggest closer proximity
between the areas of T cell and B cell areas in second-
ary SS than in primary SS (Fig. 5G, H). Because the dis-
tance between the T- and B-cell regions was found to be
close within the cell population, the intercellular distance
was checked on a per-cell basis. The intercellular dis-
tance between T cells and B cells was 10.58+0.38 um in
primary SS and 0.88£0.21 um in secondary SS, indicat-
ing that the distance between T and B cells in secondary
SS was closer on a per-cell basis (Fig. 5I). Additionally,
the distance between helper T cells and B cells in LC3B-
and SQSTM1I-positive areas significantly increased, as
shown in Fig. 5]. To examine the relationship between
helper T cells and B cells, we examined the expression
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of IEN-y, which is secreted by helper T cells when acti-
vating B cells. Gene expression analysis (Fig. 5K) indi-
cated that the upregulation of IFN-y in the secondary SS
might be a result of the activation of B cells by autophagy
marker-positive helper T cells, thereby exacerbating tis-
sue inflammation.

Discussion

We conducted a retrospective analysis of FFPE samples
and clinical symptoms in patients with SS, suggesting a
deeper involvement of autophagy in secondary SS than
in pSS tissues. Furthermore, in secondary SS samples,
elevated expression of autophagy markers was predomi-
nantly found in immune cells. Helper T cells, which are
particularly autophagic, were found in close proxim-
ity to B cells and appeared involved in their interaction,
possibly resulting in increased cytokine expression that

influenced the progression of SS. Regarding this, Ales-
sandri et al. found that autophagy levels in the CD4-naive
T cells of primary SS were already enhanced compared
to healthy controls, as shown with LC3B (specifically
LC3B-II) expression levels [28]. It has been known that
the phosphatidylethanolamine-conjugated isoform of
LC3B, LC3B-II, is localized to autophagosomes. Thus,
the ratio of LC3B (LC3B-I)/LC3B-II was reported to be
significantly higher in SS [28]. Immunofluorescence stud-
ies also indicated colocalization of autophagosome com-
ponents ATG5 and LC3B-II (ATGS8) in CD4-positive T
cells from primary SS salivary glands [28, 29]. Histologi-
cal analysis with transmission electron microscopy and
autophagic flux analysis are needed to prove autophagy
activity [30]. In the case of SLE patients, it was previously
reported that the number of autophagosomes, exam-
ined by the amount of LC3B-II, significantly increased
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in CD4-positive T cells from patients, while T cells from
the SLE patients were resistant to autophagic induction
[26]. These findings strongly support the involvement of
autophagy in the etiology of autoimmune diseases and
support the results of the present study.

Another study showed the correlation between SS and
autophagy, demonstrating that LAMP3 inhibits autoph-
agy after autophagosome formation to induce cell death
in a subset of patients with SS [31]. Our digital count
RNA analysis demonstrated that secondary SS exhib-
ited higher LAMP3 levels than primary SS (data not
shown). It is therefore possible that lysosomal LC3B is
mobilized in the cells of secondary SS patient tissues by
inducing a lysosomal osmotic imbalance in the lysosomal
membranes. A positive correlation between the EULAR
Sjogren’s Syndrome Disease Activity Index and LC3B
expression was also reported, which is consistent with
the finding that LC3B expression is higher in secondary

SS (Fig. 1F). Additionally, positive correlation of the
immune cell infiltration area score with LC3B and ATG5
has been reported [26]. This study showed that LC3B and
SQSTM1 were positive in areas of lymphocyte infiltra-
tion, suggesting that autophagic activity increases as tis-
sue inflammation progresses.

Previous studies have reported that 45-50% of salivary
gland-infiltrating cells are CD4-positive T cells, 20% are
CD8-positive T cells, and 20% are B cells, indicating that
T cells are important in early SS pathogenesis [32]. No
difference in the percentage of immune cells was found
between patients with SS with local symptoms and those
with connective tissue disease-related complications.
However, the present study demonstrated that B cells
were activated by helper T cells, as judged from the close
intercellular distance between helper T cells and B cells.
Activation of the B cell response is considered a hall-
mark of SS, and may play a critical role in autoimmune
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response and lymphoproliferative processes in SS. B cell
activation is accompanied by the production of anti-SS-
A antibodies and an increased risk of lymphoma devel-
opment through chronic activation of B cells [33, 34].
Antibody-producing B cells are known to circulate from
tissues to the peripheral blood as short-lived plasma
blasts [26]. This study analyzed only labial salivary gland
samples, and therefore further blood examinations are
necessary to understand the involvement of this mecha-
nism in SS and other rheumatic diseases.

Although we focus on autophagy in this study, other
cellular processes may also be involved in the progres-
sion of SS. For example, IL18RAP is an inflammatory
response effector that has been reported to be involved
in SS and other autoimmune diseases [35, 36]. Several
reports have indicated that this gene is a novel target
for therapeutic intervention in type 1 diabetes [37] and
is dependent on reactive oxygen species (ROS) produc-
tion [38]. Many reports have suggested the involvement
of ROS in autoimmune diseases, and elevated expression
of oxidative stress markers has been observed in the SS
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patients and animal models [39]. ROS act as a mediator
between immune cells, thereby affecting antigen pre-
sentation, which is involved in T cell activation [40, 41].
Since there are also studies linking ROS and autophagy
[27, 35], it is possible that autophagy is activated by
IL18RAP and ROS. It is highly possible that each of these
genes is related to the prognosis of patients with SS, but
this requires further investigation.

Few studies have been carried out for elderly pSS
patients, as the lower frequency of autoantibodies in
elderly patients compared to younger pSS patients makes
it difficult to diagnose SS by blood tests [42, 43]. On the
contrary, this study was conducted in SS patients over 60
years of age to exclude the influence of sex hormones,
and because most patients with xerostomia are elderly
[44]. It has been reported that the early onset of SS is
associated with more severe systemic disease [45]. The
ability to predict the progression from SS to lymphoma
is a particularly important area of ongoing research. In
addition to Sjogren’s syndrome, minor salivary glands
are known to be potential sites for tumorigenesis [46].
In recent years, spatial analysis has made great strides in
oncology research. Techniques such as spatial transcrip-
tomics are often utilized to understand the tumor micro-
environment, the spatial distribution of cancer cells, and
the interactions between different cell types. The meth-
odologies employed in their study have been widely uti-
lized across various fields of research.

Conclusion

The pathogenic mechanisms underlying SS may not be
unique to this disease and rather be common in other
autoimmune diseases. Patients with secondary SS were
found to have more advanced tissue damage in minor
salivary glands than those with primary SS. Notably,
the activation of autophagy was found to be particularly
relevant in CD4+T cells, with a significant correlation
between the expressions levels of autophagy-related
genes and the histological severity of the disease. Since
the level of autophagy in peripheral blood T lymphocytes
positively correlated with patient disease activity and
damage indices [47], we suggest the potential of autoph-
agy-related molecules as useful biomarkers for monitor-
ing disease progression and therapeutic responses.
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