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This Special Issue, “Diseases of Salivary Gland-Part II”, was born as a continuation
of the volume “Diseases of the Salivary Gland”, published, with great success, in 2021 in
the prestigious Journal of Clinical Medicine (JCM) (https://www.mdpi.com/journal/jcm/
special_issues/Salivary_Glands, accessed on 3 April 2021). The management of salivary
gland (SGs) disorders encompasses a broad array of diseases, both benign and malignant,
and the great international interest in this topic has led to the publication of the second
part of the Special Issue, thusly entitled “Diseases of the Salivary Glands-Part II”, which
reflects the diverse nature of SG dysfunction and is focused on various topics ranging
from diagnosis and therapeutic implications to the study of the molecular mechanisms
underlying autoimmune and neoplastic diseases of the salivary glands.

The first part of this Special Issue concerns research articles focused on new discoveries
in the diagnostic field of SG diseases [1–6] and on the identification of molecular mecha-
nisms that could correlate the state of chronic inflammation that characterizes autoimmune
SG diseases with the dysfunction of the glands themselves [1–6]. SGs are of the utmost
importance for maintaining the health of the oral cavity and carrying out physiological func-
tions such as mastication, the protection of teeth, the perception of taste, and speech. José
Mário Matos-Sousa and colleagues from the Federal University of Pará, Brazil, examined
whether fluoride—known to be effective in preventing and controlling caries—damages
SGs by inducing biochemical and proteomic changes; interestingly, the research group
demonstrated that fluoride does not cause any morphological or biochemical changes
in the SGs and so reinforced the effectiveness of a low-dose fluoride treatment for the
maintenance of cavity homeostasis [1]. Moreover, a comparative study from Taiwanese
researchers comparing the effectiveness of hydrogen peroxide and adrenaline during ton-
sillectomy was included, which aimed at safeguarding the integrity of the SGs of the entire
oral mucosa [4]. Among the research papers, a portion of this Special Issue is dedicated
to the study of the molecular mechanisms underlying Sjögren’s syndrome (SS), a chronic
inflammatory disease, with a varied and still partly unknown etiology, which leads to
the dysfunction of the SGs and xerostomia. The Special Issue collects the most recent
discoveries made by the Sisto and Lisi group that correlate the inflammatory degree of SGs
with the Epithelial to Mesenchymal Transition (EMT) program activation in SS, underlining
the possibility of a fibrotic evolution of the glandular tissue [2]. Furthermore, a recent
study of Campagna et al., resulting from an international collaboration between Italy and
Colombia, investigated and clarified the role of T lymphocytes in SS, universally accepted
as actors in the pathogenesis of SS [3]; in addition, an interesting study by Gupta and
colleagues from the University of Florida enriched this Special Issue by contributing an
article describing the possibility of mapping the epitopes of pathogenic autoantigens on
SS leukocytes [5]. Other authors, such as the group of Micaela F. Beckman and Farah and
Jean-Luc Mougeot (conducted at Carolinas Medical Center, Charlotte, NC, USA), analyzed
data relating to the expression of specific antigens associated with SS in order to identify
new therapeutic targets for xerostomia [6]. The etiology of SS remains poorly understood;
however, as evidenced by the section of this Special Issue dedicated to reviews [7–10],
the findings are becoming increasingly interesting and lately they correlate SS with the
activation of an EMT program that could explain the altered function of the SGs in SS with
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a reduction in saliva secretion. It is interesting to underline that, up to now, the EMT is
a process related to neoplastic transformation, as also reported for SG tumors by Yuka
Matsumiya-Matsumoto from Osaka University [8]; however, in recent years, vast amounts
of evidence have been collected that highlights the activation of the EMT even in situations
of chronic inflammation, similar to that which occurs in autoimmune diseases [7,9,10].

Given the scientific importance of the articles collected, I am thrilled to reiterate that
this Special Issue aims to provide insights into SGs diseases and summarizes the current
knowledge of underlying pathophysiological mechanisms, yielding surprising results.
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Fluoride Exposure and Salivary Glands: How Is Glandular
Morphology Susceptible to Long-Term Exposure? A
Preclinical Study

José Mário Matos-Sousa 1, Leonardo Oliveira Bittencourt 1, Maria Karolina Martins Ferreira 1,
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João de Jesus Viana Pinheiro 2, Senda Charone 1, Juliano Pelim Pessan 3 and Rafael Rodrigues Lima 1,*

1 Laboratory of Functional and Structural Biology, Institute of Biological Sciences, Federal University of Pará,
Belém 66075-110, PA, Brazil

2 School of Dentistry, Federal University of Pará, Belém 66075-110, PA, Brazil
3 Department of Preventive and Restorative Dentistry, School of Dentistry, São Paulo State University,

Araçatuba 14801-385, SP, Brazil
* Correspondence: rafalima@ufpa.br

Abstract: Despite a strong body of evidence attesting to the effectiveness of fluoride (F) in preventing
and controlling caries, some studies have sought to investigate the influence of F exposure on the
salivary glands, organs that are essential for the maintenance of cavity homeostasis through salivary
production, finding that exposure to F can cause biochemical and proteomic changes. Thus, this study
aimed to investigate the morphological effects of prolonged exposure to F on the salivary glands of
mice, at concentrations that would correspond to optimally fluoridated water (suitable for human
consumption) and to fluorosis-endemic regions. Twenty-four male mice (Mus musculus) were divided
into three groups, according to F levels in the drinking water: 0 (control), 10, or 50 mg F/L, with an
exposure period of 60 days. The glands were morphometrically analyzed for the total acinar area,
parenchyma area, and stromal area, as well as for the immunohistochemical analysis of myoepithelial
cells. The results showed that prolonged exposure to F at 10 mg F/L did not promote significant
changes in the morphometry of the salivary glands of mice, which reinforces the safety of the chronic
use of F in low doses.

Keywords: fluoride; sodium fluoride; salivary glands

1. Introduction

Fluorine is a non-metallic element with high electronegativity, which can be found
naturally in the forms of fluoride (F). The exposure to this ion can occur both naturally
(through volcanic activity, coal combustion, dissolution of minerals, and marine aerosols)
and anthropogenically (when F is released as waste from industrial activity or from manu-
factured products) [1,2]. Due to its unquestionable effects on caries prevention and control,
F is also incorporated into vehicles available at a population level (water, salt, milk, sugar,
and supplements), as well as at an individual level for professional (gels, foams, and
varnishes) and home application (dentifrices and mouthwashes), which are known to
contribute to the overall systemic exposure to fluoridated compounds [3].

Considering the possibility of bioaccumulation in organic systems, previous studies
indicate that F ingested at excessive doses is capable of causing damage to the central
nervous system [4], reduced immunity [5], male reproductive system dysfunction [6], liver
damage [7], alterations in the antioxidant systems of kidney [8], and skeletal and dental
manifestations [9,10]. Furthermore, F may interact with various cellular processes, such
as gene expression, cell cycle, proliferation and migration, respiration, metabolism, ion
transport, vesicular transport, oxidative stress, and cell death [11].

J. Clin. Med. 2022, 11, 5373. https://doi.org/10.3390/jcm11185373 https://www.mdpi.com/journal/jcm3
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Moreover, F has been shown to impair the metabolism of key organs that ensure the
physiological balance of the oral environment, including the salivary glands. These are
secretory organs that contribute to the homeostasis of the oral cavity, and whose products
play a substantial role in the regulation of physiological properties and maintenance of
soft tissue integrity [12,13]. Total salivary production and composition vary according to
different physiological conditions [14]. The major salivary glands, represented by three
pairs of glands (parotid, submandibular, and sublingual), produce on average 90% of the
saliva secreted in the oral cavity, while the remainder is produced by minor salivary glands
dispersed in the mucosa [15]. Thus, total saliva becomes a complex of multiglandular secre-
tions composed of gingival fluid, desquamated epithelial cells, microorganisms, products
of bacterial metabolism, food remnants, leukocytes, and mucus from the nasal cavity and
the pharynx [16].

In a previous study, the biochemical parameters of the submandibular salivary glands
of mice under F exposure were evaluated through proteomic analysis, showing changes
in the protein profile of the groups exposed to F at 10 mg F/L or 50 mg F/L, which
were especially related to the structural constituents of the cytoskeleton and actin-myosin
filaments [17]. Furthermore, a similar study on the parotid salivary glands reached similar
results in the proteomic analysis, but also reported alterations in proteins associated with
the anatomical structure of the glands [17,18]. Based on the aforementioned studies, the
question on the effects of these biochemical alterations on the morphological structure of
the salivary glands can be raised. Thus, considering that possible tissue-level repercussions
of biochemical, proteomic, and genotoxic changes in salivary glands caused by prolonged
exposure to F have not yet been addressed, there is a need to investigate the effects of F on
the morphology of the salivary glands, thus seeking a better understanding of the possible
risks to human health.

Within the context above, this study aimed to investigate the effects of systemic and
chronic exposure to F on the morphometric parameters of the major salivary glands of mice.
The study’s hypothesis was that the molecular damages caused by F exposure reported in
the literature would be associated with histological alterations in the salivary glands of the
exposed animals.

2. Materials and Methods

2.1. Experimental Animals

The experimental procedures were performed after approval by the Ethics Committee
on Experimental Animals of the Federal University of Pará (UFPA), project No. 7360181219,
following the recommendations of the NIH Guide for Care and Use of Laboratory Animals.
A total of 24 male Swiss albino mice (21 days old) were randomly divided into three groups
of 8 animals each, which were fed ad libitum with chow and water, and housed inside an air-
conditioned room, with a 12 h light/dark cycle. For 60 days, all animals received deionized
water containing 10 mg F/L and 50 mgF/L (as NaF, Sigma-Aldrich—San Luis, AZ, USA),
to mimic chronic F ingestion from water by humans at concentrations corresponding to
∼=2 mg F/L (roughly equivalent to the concentration of drinking water)) and 10 mg F/L
(equivalent to water from areas endemic to fluorosis). This concentration is justified by
the metabolism of rodents being 5 times higher than that of humans [19–21]. The control
group received only deionized water without NaF for the same period. The weight of the
animals and the volume of water ingested per cage were measured weekly. Other studies
by our research group used this same exposure protocol [17–19], which found increased
fluoride concentrations in the submandibular and parotid glands, and in blood plasma.
The results from these initial studies were that F levels in the group receiving the highest
exposure dose (50 mg F/L) were significantly higher (0.19 ± 0.01 μg/mL) than the levels
in the control group (0.05 ± 0. 01 μg/mL) in the submandibular glands [17], as well as
in the parotid glands, with similar results as the levels in the group receiving the highest
exposure dose (50 mg F/L) were significantly higher (0.14 ± 0.01 μg/mL) than the levels in
the control group (0.06 ± 0.01 μg/mL) [18]. Furthermore, an increase in plasma fluoride

4



J. Clin. Med. 2022, 11, 5373

concentration, finding statistically higher results in the groups exposed to 10 mg/L NaF
(0.122 μg F/mL) and 50 mg/L NaF (0.142 μg F/mL) when compared to the control group
(0.081 μg F/mL) mL) [19]. This led us to devise the present experimental design.

2.2. Euthanasia and Salivary Glands Collection

All animals were anesthetized with a solution of ketamine hydrochloride (90 mg/kg)
and xylazine (9 mg/kg) for the perfusion protocol [22]. Then, the collections of the glands
were performed for histological analysis, as described below and represented in Figure 1.

 
Figure 1. Experimental protocol of the study. In 1, description of experimental animals; in 2, the
method of exposure to fluoride (F) at 0, 10 or 50 mg F/L; in 3, time of exposure and age at which
experiment started and ended; in 4, euthanasia, salivary glands resection and histological processing
steps; in 5, morphometric evaluation; and 6, immunohistochemical analyses.

2.3. Histopathological and Morphological Evaluations

After the surgical process for the collection of the parotid, submandibular and sub-
lingual salivary glands, all samples were immersed in 10% formalin for 48 h for further
tissue analysis.

To assess and quantify morphological and tissue changes, morphometric and im-
munohistochemical analyses were performed. For this, after the period of fixation of the
samples in formalin, the glands of each animal were post-fixed in 6% formaldehyde until
processing. The glands were dehydrated in increasing solutions of ethanol (70%, 80%, 90%,
absolute 1, and absolute 2) cleared in xylene, and included in Paraplast for subsequent
5 μm-thick sections.

Twenty sagittal sections of the glands previously included in Paraplast were made,
with a thickness of 5 μm, and then stained with Hematoxylin and Eosin. To perform this
analysis, images were taken by a color digital camera (Cyber-Shot DSC W-230, Sony, Tokyo,
Japan) coupled to a microscope (Eclipse E200, Nikon, Tokyo, Japan; at a magnification
of 40×) of 4 random sagittal sections of the glands being evaluated, on average, 4 fields
from each section. The tissue morphometric evaluation variables, expressed in μm2, were:
Total Acinar Area (TAA), Total Duct Area (TDA), Parenchyma Area (PA), and Stromal Area
(SA) [23,24].

Variable values were obtained using a digital image analyzer (ImageJ software, v. 1.53,
NIMH, NIH, Bethesda, MD, USA, http://rsbweb.nih.gov/ij/ (accessed on 1 June 2022).
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Immunohistochemistry Analysis

The immunohistochemical analysis was performed because myoepithelial cells (present
around the acini of the salivary glands) are difficult to observe when stained by Hema-
toxylin and Eosin. Due to the great importance of this group of cells for the functioning
of the salivary glands, immunohistochemistry was used to overcome the limitations of
conventional staining techniques. For this analysis, the slides were deparaffinized in xylene
and hydrated in decreasing concentrations of alcohol. Antigen retrieval was performed in
citrate buffer (pH 6.0) in a Pascal pressure chamber (Dako, Carpinteria, CA, USA) for 30 s.
Then, they were immersed in 6% H2O2 and methanol at a ratio of 1:1 for 30 min to inhibit
the activity of endogenous peroxidase. Non-specific binding was blocked with 1% bovine
serum albumin (BSA) (Sigma-Aldrich Corp., St. Louis, MI, USA) in phosphate-buffered
saline (1× PBS) for 1 h.

After this step, primary anti-α-smooth muscle actin antibodies (DAKO, 1:350) to
actin filaments of myoepithelial cells were incubated for 1 h. Then, the slides were incu-
bated for 30 min with the Immunohistoprobe plus detection system (Advance Biosystems,
San Francisco, CA, USA). Diaminobenzidine (DAB) (ScyTek, Logan, UT, USA) was used
as a chromogen. Slides were counterstained with hematoxylin (Sigma®), dehydrated,
divinized, and mounted with Permount (Fisher Scientific, Fair Lawn, NJ, USA).

The immunostaining was carried out by evaluating the area measurement (μm) and a
fraction (%) of the marking of the analyses performed. Brightfield images of 3 randomly
selected areas from each sample were acquired using the same magnifications (40×).

The areas revealed by diaminobenzidine (DAB) were separated and segmented us-
ing the “color deconvolution” tool (Gabriel Landini, http://www.dentistry.bham.ac.uk/
landinig/software/software.html (accessed on 1 June 2022) available in the ImageJ software
(NIMH, NIH, Bethesda, MD, USA). After image segmentation, the total area and total
staining fraction were measured. The immunostaining differences found in the studied
groups were analyzed.

2.4. Statistical Analyses

Data were statistically analyzed using the GraphPad Prism v. 8.0 software (San Diego, CA,
USA), using one-way ANOVA (for parametric data) or Kruskal–Wallis test (for non-parametric
data), and Tukey’s post hoc test, assuming a statistical significance value of p < 0.05. Parametric
results are expressed mean ± standard error (Supplementary Table S1), while non-parametric
results were expressed as median, interquartile range (Supplementary Table S2).

3. Results

3.1. Long-Term F Exposure Is Not Able to Alter the Morphology of Mice Salivary Glands

The three major salivary glands showed a pattern of morphological normality, with
intact acini and grouped in lobes, close to the ducts, with uniformity of the areas of
parenchyma and stroma for the three experimental groups, as shown in Figure 2.

For the quantitative analyses (Figure 3), no statistically significant differences were
observed among the three groups regarding the measured areas of parenchyma (Figure 3A),
stroma (Figure 3B), and total acinar area (Figure 3C) of the parotid glands.

A similar trend was observed for the submandibular glands, i.e., no statistical dif-
ferences among the groups, considering the parenchyma area (Figure 3D), stromal area
(Figure 3E), and total acinar area (Figure 3F).

For the sublingual glands, on the other hand, despite no statistical differences were
observed among the three groups for the parenchyma area (Figure 3G) and the acinar area
(Figure 3I), exposure to 50 mg F/L water led to significant increases in the stromal area
(Figure 3H) compared with the groups exposed to 0 (control) or 10 mg F/L drinking water.
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Figure 2. Effects of 60-day exposure to 0, 10, or 50 mg F/L from the drinking water on the histologic
characteristics of the salivary glands of mice. Photomicrographs were obtained from the parotid
(A–C), submandibular (D–F), and sublingual (G–I) glands, which were stained with hematoxylin
and eosin. From left to right, exposure to 0 mg F/L (control), 10 mg F/L, and 50 mg F/L. 50 μm scale
bar. (n = 8 animals/group).

Figure 3. Effects of 60-day exposure to 0, 10, or 50 mg F/L from the drinking water on the mor-
phometric parameters of the mice salivary glands. Graphs represent the morphometric analyses
of the parotid glands (parenchyma, stromal, and acini areas represented by (A–C), respectively),
submandibular glands (parenchyma, stromal, and acini areas represented by (D–F), respectively),
and sublingual glands (parenchyma, stromal, and acini areas represented by (G–I), respectively).
The results are expressed as mean ± standard error of mean. Different superscript letters indicate
statistical differences among the groups. The absence of letters indicates that there was no statistical
difference. One-way ANOVA and Tukey’s post hoc test. (p < 0.05, n = 8 animals/group).
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3.2. Long-Term F Exposure Did Not Affect the Immunostained Area Fraction of the Smooth Muscle
Actin Filaments in Myoepithelial Cells of Mice Salivary Glands

The immunostaining pattern was fairly uniform among the control, 10 mg F/L and
50 mg F/L groups, showing a morphological normal pattern of myoepithelial cells, as
presented in Figure 4. No statistical differences were observed among the groups (0, 10, or
50 50 mg F/L) regarding the parotid (Figure 4D), the submandibular (Figure 4H), and the
sublingual (Figure 4L) glands.

Figure 4. Effects of 60 days exposure to 0, 10, or 50 mg F/L on smooth muscle actin immunostaining
area fraction in mice salivary glands, represented by photomicrographs of each group and graphs of
the area fraction analysis. Letters (A–D) represent the parotid gland; (E–H), the submandibular gland;
(I–L), the sublingual gland. From left to right (columns), control, 10 mg F/L, and 50 mg F/L groups,
and area fraction graphs. Brown areas indicate positive labeling for the antibody by DAB reaction,
while blue areas are counterstained by Harris’ hematoxylin. Results are expressed as median and
interquartile range. Different superscript letters indicate a statistical difference between the groups.
The absence of letters indicates that there was no statistical difference. Kruskal–Wallis test, followed
by Tukey’s post hoc test, p < 0.05. 50 μm scale bar. (n = 8 animals/group).

4. Discussion

This study gathered morphological evidence about long-term exposure to F, and the
repercussions on the salivary glands of adult mice. Our findings pointed out that F, under
the present experimental conditions, does not pose a significant threat to the major salivary
glands’ morphological organization in adult organisms, especially considering the data
from the glandular functional unit, the acini, and the myoepithelial cells.

The F concentrations adopted were based on previous studies investigating F exposure
from the drinking water, which somehow mimicked the F concentrations to which humans
may be exposed to [21,25], then, from the known mean human ingestion doses of F, the
resulting concentrations for exposure in this study were 10 mg F/L and 50 mg F/L [20].

In previous studies, we showed that systemic and prolonged exposure to F at 10 mg F/L
and 50 mg F/L resulted in significant increases in F bioavailability in the blood plasma at both
concentrations, however, only higher concentrations increased the levels of F in the parotid
and submandibular glands of mice [17–19]. Despite these differences in F distribution among
different organs, this evidence ensures the reliability in establishing a dose–response in our
experimental protocol. Furthermore, it is worth mentioning that the exposure concentrations
used were still above the optimal indication values [26].

In our morphometric results, we found an increase in the stromal area in the sublingual
glands of animals exposed to 50 mg F/L, while no statistical differences were observed
among the groups for this parameter for the other glands. In this context, it is important
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to emphasize that although the major salivary glands are fundamentally involved in the
same role (i.e., saliva production), they have different morphological development and
organization. The parotid gland has its terminal acini-like secretory units consisting of
serous cells. The submandibular gland, on the other hand, is characterized as mixed,
with serous predominance, but with the presence of mucous terminals. The sublingual
glands have their composition substantially formed by tubular mucosal terminals, with the
presence of some serous semilunas [27]. These structural differences may help to explain
the increase in the stromal area of the sublingual gland of mice exposed to 50 mg F/L
compared to the other glands.

Considering the peculiarities of the morphology of the salivary glands, the myoep-
ithelial cells (which are attached to the basal lamina of the serous acinous secretory units)
structurally resemble smooth muscle cells, and are composed of filament bodies of actin,
myosin, and dense bodies, containing a central body with its nucleus and four to eight
processes surrounding the secretory unit, as well as the proximal portion of the duct sys-
tem. These cells are contractile, and their function is to facilitate and better promote the
excretion of the secretory product from the acini glands to the duct system [27,28]. This
ability is mediated by alpha-actin filaments, which are used as good cell markers for this
cell population. Our findings showed that chronic exposure to F is not associated with
the modulation in the immunostaining of smooth muscle actin filaments in the salivary
glands, suggesting, therefore, that no impairment in salivary flow might be caused by F at
the levels tested.

The functional and structural maintenance of the glands, demonstrated in our morpho-
metric results, is essential to oral cavity homeostasis, considering that saliva contributes to
the maintenance of a wide range of physiological needs. In the digestive tract, for example,
saliva plays an important role in the digestive process and in the protection of gastric
cells. In the oral cavity, saliva participates in mastication, speech, swallowing, and tissue
lubrication, in addition to having antibacterial, antifungal, and antiviral activity. It also has
buffering capacity and acts as a carrier of essential ions, such as calcium, phosphate, and
fluorine itself, which have an essential role in enamel remineralization [29,30].

In this perspective, a recent study from our group showed that F exposure at the
same concentrations as in the present work, during the pre- and post-natal periods, elicited
morphological changes in the duct area of the parotid and submandibular glands in animals
exposed to 50 mg F/L [31]. These findings prompted the present investigation, which
assessed the morphological changes of the salivary glands of exposed mice from the end
of the lactation period (21st day after birth), until the adult phase (at 81 days of life) [32].
Therefore, the exposure period of 60 days occurred during the stage of differentiation of the
glands until the consolidated adult phase [28]. Differently from the prenatal studies [31], in
this model of postnatal exposure to F no morphological changes were found. This different
response suggests that susceptibility to damage is age-dependent and that the salivary
glands show greater resistance to morphological damage that could be triggered by F after
their full development.

The trend above, however, should be viewed with caution. Scientific evidence suggests
that excess F leads to increases in reactive oxygen species production, accelerated consump-
tion of antioxidant enzymes, and accumulation of lipid peroxidation products [33,34].
Previous studies have also shown that F is able to modulate oxidative biochemistry, such as
increased GSH and TBARS, in addition to genotoxic changes in the submandibular gland
in the group exposed to the highest concentration (50 mg F/L) and modulation in the pro-
teomic profile [17,18]. Thus, it is possible to interpret the morphological results presented
here in two ways: (1) the molecular changes did not result in changes in the tissues, and/or
(2) chronic exposure over 60 days did not allow enough time for any molecular changes to
have an effect on the tissues.

Other factors must also be considered, such as the fact that F exposure may occur
from multiple sources and can be influenced by the length of exposure and by the specific
developmental phases. Thus, other forms of exposure to F should be considered, as well
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as other time windows, for a closer assessment of the risks of F exposure to these organs.
Further research seeking longer exposure times, and at doses representative of human
exposure may better reinforce the safety of F use. Finally, it must be emphasized that
there is no evidence to support that F can bring any harm to human health when used at
recommended levels [35].

5. Conclusions

From the results presented, it can be concluded that chronic exposure to F by mice
over a 60-day period (from the end of the lactation period to adult life) led to no signif-
icant changes in the morphology of adult rat salivary glands. Nonetheless, the present
results should be interpreted with caution, considering that chronic F exposure at earlier
developmental stages was previously shown to increase the systemic bioavailability of F, as
well as to promote proteomic modulations in important cell cycle processes, cytoskeleton
regulation, and cellular metabolism. The simultaneous analysis of the present and previous
studies cited above clearly point to the need to further address this important research
question, whose results might guide future translational research.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm11185373/s1, Table S1: Parametric results of the morphometric
analysis of the parenchyma area, stromal area, and total acinar area, of parotid, submandibular
and sublingual glands of mice exposed to 10mg F/L and 50mgF/L for 60 days. Results were
expressed as mean ± standard error of mean.; Table S2: Nonparametric results of the analysis of the
immunostained area fraction of the smooth muscle actin filaments of the myoepithelial cells of the
salivary glands of mice exposed to 10mgF/L and 50mg F/L for 60 days. Results are expressed as
median and interquartile ranges.
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Abstract: Background: The activation of the epithelial to mesenchymal transition (EMT) program
is a pathological response of the Sjögren’s syndrome (SS) salivary glands epithelial cells (SGEC)
to chronic inflammation. Follistatin-like 1 protein (FSTL1) is a secreted glycoprotein induced by
transforming growth factor-β1 (TGF-β1), actively involved in the modulation of EMT. However,
the role of FSTL1 in the EMT program activation in SS has not yet been investigated. Methods:
TGF-β1-stimulated healthy human SGEC, SS SGEC, and SS salivary glands (SGs) biopsies were used
to assess the effect of FSTL1 on the activation of the EMT program. FSTL1 gene activity was inhibited
by the siRNA gene knockdown technique. Results: Here we reported that FSTL1 is up-regulated in SS
SGs tissue in a correlated manner with the inflammatory grade. Blockage of FSTL1 gene expression
by siRNA negatively modulates the TGF-β1-induced EMT program in vitro. We discovered that
these actions were mediated through the modulation of the SMAD2/3-dependent EMT signaling
pathway. Conclusions: Our data suggest that the TGF-β1-FSTL1-SMAD2/3 regulatory circuit plays a
key role in the regulation of EMT in SS and targeting FSTL1 may be a strategy for the treatment of
SGs EMT-dependent fibrosis.

Keywords: EMT; Sjögren’s syndrome; Follistatin-like 1 protein; TGF-β1; SMAD2/3

1. Introduction

Follistatin-like protein 1 (FSTL1) is a secreted glycoprotein with extensive glycosylation
modifications, produced primarily by cells of the mesenchymal phenotype [1–3]. FSTL1 is
composed of the presence of a follistatin (FS)-like domain and an extracellular calcium-binding
(EC) motif and belongs to the SPARC (secreted protein acidic and rich in cysteine) family of
matricellular proteins whose members participate in fine cellular functions [4]. Although the
role in the progression of most pathological processes remains unclear, recent studies have
described the involvement of FSTL1 in several pathological and physiological processes, such
as embryonic development, tissue remodeling/repair, and organ fibrosis [5,6].

Converging lines of evidence have suggested an intrigant key role of FSTL1 in
epithelial-mesenchymal transition (EMT) [7], a dynamic and reversible process in which
cells gradually lose their epithelial phenotype and transform into a mesenchymal phe-
notype; moreover, sustained activation of EMT, in the context of the response to injury,
promotes inflammation, triggering the fibrotic pathology of multiple organs [8,9]. Inter-
esting studies have underlined as FSTL1 promotes EMT in concert with TGF-β1 [10,11].
Indeed, TGF-β1 regulates epithelial injury, myofibroblasts proliferation and differentia-
tion, collagen production, and deposition. For this reason, it is indicated as a “master
switch” in the initiation of the cascade of events that characterizes the EMT-dependent
organ fibrosis [12–15].
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Interestingly, there is additional evidence describing FSTL1 as a downstream effector of
TGF-β1-induced fibrotic responses, and it is demonstrated that FSTL1 is upregulated in several
fibrotic tissues, and promotes fibrogenesis through facilitating TGF-β1 signaling [10,16].

In recent years, a number of published reports have identified a new role for FSTL1 in
the regulation of immune cell function, demonstrating overexpression of FSTL1 in several
autoimmune diseases [16,17]. An interesting study performed by Li and colleagues [16]
demonstrated that by targeting FSTL1, the attenuation of bleomycin-induced pulmonary
and dermal fibrosis in vivo and TGF-β1-induced dermal fibrosis ex vivo in human skin was
detected, a finding also confirmed by experimental models. In addition, elevated serum
levels of FSTL1 were detected in patients with rheumatoid arthritis, and Sjögren’s syndrome
(SS), levels which are much higher than the levels observed in other chronic inflammatory
diseases such as ulcerative colitis, systemic lupus erythematosus, systemic sclerosis, and
polymyositis/dermatomyositis which, however, show altered levels of FSTL1 [17]. Accord-
ing to these literature data, elevated FSTL1 serum levels were detected in patients affected
by primary Sjögren’s syndrome (pSS) [16,17]. pSS is a chronic, systemic autoimmune
disorder, commonly linked with dry eyes and dry mouth [18] and characterized by the
trigger of the TGF-β1/SMAD-dependent EMT process in response to chronic inflammatory
factors release [13].

In fact, the role of FSTL1 in the pathogenic pSS EMT has not yet been investigated [10,11,16].
In this report, we analyze the expression of FSTL1 in pSS salivary glands (SGs) biopsies
and study the induction of FSTL1 by TGF-β1 treatment in human healthy salivary gland
epithelial cells (SGEC); in addition, we evaluate the ability of FSTL1 to activate SMAD2/3-
regulated TGF-β1-dependent EMT cascade in pSS.

2. Materials and Methods

2.1. Cell Treatment and Antibodies

Recombinant human TGF-β1 was purchased from R&D Systems (Minneapolis, MN,
USA). Mouse anti-human TGF-β1 monoclonal antibody (mAb) (1:50, Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), goat anti-human SMAD2/3 polyclonal Ab (pAb) (1:100,
R&D Systems, Minneapolis, MN, USA), goat anti-humanp-SMAD2/3 (Ser 423/425) pAb
(1:100, Santa Cruz Biotechnology), mouse anti-human β-actin mAb clone AC-15 (1:100,
Sigma-Aldrich, St. Louis, MO, USA), mouse anti-human E-cadherin mAb (1:100, Dako,
Santa Clara, CA, USA), mouse anti-human vimentin mAb (1:100, Thermo Fisher Scientific,
Waltham, MA, USA), human Follistatin-like 1/FSTL1 polyclonal Antibody (pAb) (1 μg/mL,
R&D Systems) were used in the experimental procedure.

2.2. Bioptic Samples Collection

The Department of Pathology, University of Bari Medical School, selected 30 labial
SGs biopsies from pSS patients (aged 66.8 ± 2.3 years) according to the ACR/EULAR
classification criteria for pSS [19], (using an absolutely anonymous form). The slides relating
to 20 biopsies were already present in the archive. In addition, slides, and small glandular
fragments from 10 SS patients who had to undergo a biopsy for diagnostic purposes were
collected, maintaining anonymity. Five items were evaluated for the selection: anti-SSA/Ro
antibody positivity and focal lymphocytic sialadenitis with a focus score of ≥1 foci/4 mm2,
each scoring 3, and an abnormal ocular staining score of ≥5 (or van Bijsterveld score of
≥4), a Schirmer’s test result of ≥5 mm/5 min, and an unstimulated salivary flow rate of
≥0.1 mL/min, each scoring 1. On the basis of these parameters, biopsies were subdivided
into three inflammatory groups: I, low; II, intermediate; III, advanced. Healthy volunteers
(aged 60.1 ± 1.4 years, n = 10) with no salivary condition were included in the study as
controls. Controls are healthy individuals awaiting the removal of salivary mucoceles from
the lower lip [20]. The healthy subjects had no complaints of oral dryness, no autoimmune
disease, and normal salivary function. LSG samples were collected from the lower lip
under local anesthesia through normal mucosa. The cell cultures of SS SGEC were obtained
using pieces of biopsy samples from SGs biopsies, a process which the patients underwent
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for diagnostic purposes, and the patients agreed that we could use a small piece of the
gland to prepare the cultures. Similarly, the cells of healthy subjects were obtained from
individuals who underwent the removal of the glands for mucoceles and not for purely
experimental purposes.

2.3. Histochemistry

Representative serial 3 μm sections of healthy and pSS formalin-fixed, paraffin-
embedded minor SG (MSG) tissues were rehydrated and deparaffinized in graded alcohol.
(1 h in 70% ethanol supplemented with 0.25% NH3 and immersion in 50% ethanol for
10 min). The slides were washed in phosphate-buffered saline (PBS) (pH 7.6 3 × 10 min)
and immersed in EDTA buffer (0.01 M, pH 8.0) for 20 min to unmask antigens. The im-
munolabeling was performed by blocking the endogenous peroxidase by treatment with
3% hydrogen peroxide solution in water for 10 min at room temperature (RT) and carrying
out a preincubation in non-immune donkey serum (Dako LSAB Kit, Dako, CA, USA). Then,
the slides were incubated overnight at 4 ◦C with primary Abs. The relative secondary
Abs (Santa Cruz Biotechnology, Dallas, TX, USA) diluted 1:200 in PBS for 1 h at RT fol-
lowed by the streptavidin-peroxidase complex (Vector Laboratories, Newark, CA, USA)
for 1 h at RT were applied to the sections. Then, 3,3-diaminobenzidine tetrahydrochloride
(DAB) was used as chromogen (Vector Laboratories), and hematoxylin (Merck Eurolab,
Dietikon, Switzerland) for counterstaining. Negative controls of the immunoreactions were
performed by replacing the primary Ab with donkey serum. After the addition of the
secondary Ab, no specific immunostaining was observed in the negative controls.

2.4. FSTL1 Immunohistochemical Analysis and Quantification

For immunohistochemistry image quantification, representative areas of the sections
were viewed using a ×20 objective and photographed using a Zeiss Axio Cam HRc (Zeiss,
Oberkochen, Germany). For each image of stained slides, ten representative visual fields,
each 586 μm × 439 μm in area, were randomly acquired by the computerized image-
acquisition (ImageJ, version 1.46c; WS Rasband, National Institutes of Health, Bethesda,
MD, USA) connected to the microscope. SGEC were identified on the captured images
and the number of SGEC positive for FSTL1 and the area occupied by these cells were
measured. Positive areas were expressed as a percentage of the total tissue area examined.

2.5. SGEC Culture and Treatment

Healthy and pSS glandular fragments belonging to each classification group were
dissociated by enzymatic and mechanical means into a suspension of single cells and plated
onto a culture flask. Cells were used to obtain the experimental material (RNA and proteins)
used to carry out our evaluations. After dissociation pSS dispersal cells were resuspended
in McCoy’s 5a modified medium supplemented with 10% heat-inactivated (56 ◦C for
30 min) FCS, 1% antibiotic solution, 2 mM L-glutamine, 50 ng mL−1 epidermal growth
factor (EGF, Promega, Madison, WI, USA), and 0.5 μg mL−1 insulin (Novo, Bagsværd,
Denmark) and incubated at 37 ◦C, 5% CO2 in the air. The contaminating fibroblasts were
selectively removed using 0.02% EDTA treatment. Immunocytochemical confirmation of
the epithelial origin of cultured cells was routinely performed, as previously described [21].
Healthy human SGEC were grown in the same modified McCoy’s 5A medium (Invitrogen,
Waltham, MA, USA) supplemented with 1% heat-inactivated FCS (to avoid excessive
growth during treatment with TGF-β1). Healthy SGEC were stimulated with 10 ng/mL of
TGF-β1 in the growth medium for 24–48 h and then harvested for FSTL1 analysis. To inhibit
FSTL1, siRNA gene knockdown technique was used. All experiments were performed in
triplicate and repeated three times.
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2.6. Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) and Quantitative Real-Time PCR
(q-RT-PCR)

Total RNA from all experimental samples was isolated using the TRIzol reagent
(Invitrogen Corp., Waltham, MA, USA). First-strand cDNA was synthesized by M-MLV
reverse transcriptase (Promega, Madison, WI, USA) with 1 μg each of DNA-free total
RNA sample and oligo-(dT)15 (Life Technologies, Grand Island, NY, USA). Equal amounts
of cDNA were subsequently amplified by PCR in a 20 μL reaction mixture containing
2 μM of each sense and antisense primer, PCR buffer, 2.4 mM MgCl2, 0.2 mM each
dNTP, 10 μL of transcribed cDNA, and 0.04 U/μL Taq DNA polymerase. The primers
used to amplify cDNA fragments were as follows: 5′-GGGAACTGCTGGCTCC-3′ and
5′-TTTACAGGGGATGCAG-3′ were used for FSTL1 gene amplification, SMAD2, forward
5′-ACTAACTTCCCAGCAGGAAT-3′ and reverse 5′-GTTGGTCACTTGTTTCTCCA-3′;
SMAD3, forward 5′-ACCAAGTGCATTACCATCC-3′ and reverse 5′-CAGTAGATAACGTG
AGGGAGCCC-3′; E-cadherin, forward 5′-TTCCCTGCGTATACCCTGGT-3′ and reverse 5′-
GCGAAGATACCGGGGGACACTCATGAG-3′; vimentin, forward 5′-AGGAAATGGCTCG
TCACCTTCGTGAATA-3′ and reverse 5′-GGAGTGTCGGTTGTTAAGAACTAGAGCT-3′.
The PCR cycling profile consisted of an initial denaturation step at 95 ◦C for 15 min, fol-
lowed by 35 cycles of 94 ◦C for 60 s, 58 ◦C for 60 s, and 72 ◦C for 60 s. Amplification
products were run on 1.5% agarose gel soaked in ethidium bromide and visualized under
ultraviolet transillumination. The reference gene for the analysis was Glyceraldehyde
3-phosphate dehydrogenase (GAPDH). For qRT-PCR, forward and reverse primers for
all the genes tested and the internal control gene β-2microglobulin (part n◦ 4326319E;
β2M) were purchased from Applied Biosystems (Assays-On-Demand, Applied Biosystems,
Waltham, MA, USA). The instrument used for amplification was ABI PRISM 7700 sequence
detector (Applied Biosystems). The 2−ΔΔCT method was used for calculating relative gene
expression values in qPCR.

2.7. Data Evaluation and Sequence Analysis

mRNA expression was quantified as the average of a set of three independent ex-
periments, performed by gel image software (Bio-Profil Bio-1D; LTF Labortechnik GmbH,
Wasserburg, Germany), and the GAPDH-related intensity for each band was expressed as
arbitrary units. The identity of each PCR product was confirmed by the size, and the direct
sequencing using the gene-specific forward or reverse primers.

2.8. Western Blot Analysis

Treated and untreated control SGEC were placed in a homogenization buffer (200 μL)
containing 1% Triton X-100, 50 mM Tris-HCl (pH 7.4), 1 mM PMSF, 10 μg/mL soybean
trypsin inhibitor, and 1 mg/mL leupeptin. After centrifugation, Bradford’s protein as-
say was performed to determine protein concentrations. Electrophoresis on 10% SDS-
polyacrylamide gels was performed, followed by blotting at 200 mA (constant amperage)
and 200 V for 110 min. Blots were blocked, washed three times with 0.1% (v/v) Tween
20-PBS 1× (T-PBS) and membranes were probed with the appropriate primary antibodies
listed above. Chemiluminescence was revealed according to the protocol (Santa Cruz
Biotechnology). Mouse anti-human β-actin mAb clone AC-15 (1:100, Sigma-Aldrich, St.
Louis, MO, USA; 0.25 μg/mL) was used as a protein loading control.

2.9. FSTL1 siRNA Transfection

The siRNA sequences used for down-regulation of human FSTL1 were designed and
synthesized by Thermo Fisher Scientific. An irrelevant siRNA with random nucleotides
and no known specificity was used to normalize relative gene inhibition of the target gene.
Cells were transfected with siRNA for FSTL1 using the siPORT NeoFX transfection agent
(Ambion, Austin, TX, USA) accordingly to the manufacturer’s manual. A mixture of siRNA
duplexes was used to obtain the highest efficiency. GAPDH siRNA primers were used as
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positive controls (Ambion), and a negative control with no known sequence similarity to
human genes was included. Silencing was observed by mRNA quantification by qRT–PCR.

2.10. Statistical Analysis

Statistical analysis was performed by calculation of the mean percentage ± SE of
data obtained from a minimum of three experiments. Differences among groups were
determined using t-test. Statistical significance was set at * p < 0.05 and ** p < 0.01.

3. Results

3.1. Aberrant Expression of FSTL1 in SS SGs Is Associated with Inflammatory Grade

We examined the expression of FSTL1 by immunohistochemistry (IHC) in pSS biopsy
samples, in comparison with healthy subjects. The number and the distribution of lympho-
cytic foci in the different pSS SGs bioptic specimens were quantified and then classified
as I, low; II, intermediate; and III, advanced, respectively. Ten biopsy specimens for each
group were analyzed. Anti-human FSTL1 antibody pAb was used to evidence SGs FSTL1
expression (Figure 1). As shown in Figure 1, the staining of FSTL1 protein ranged from
weak to strong, and the results showed that FSTL1 positive staining was increased in those
biopsies characterized by a higher inflammatory degree. As observed FSTL1 acinar cell
expression was weak and, in all glandular specimens, FSTL1 seems to be expressed more
in the epithelial cells of the ducts than in those of the acini (panels a and b. In addition, the
experimental procedures clearly showed a different intensity of expression between glands
of healthy and diseased subjects: the intensity of FSTL1 expression detected at the level of
the ducts is much more pronounced in the biopsy of pSS subjects than in healthy control
glands (Figure 1a,b). Absorbance measurements performed by ImageJ software (ImageJ,
version 1.46c; WS Rasband, National Institutes of Health, Bethesda, MD, USA) (Figure 1b)
confirmed this observation and highlights how the intensity of expression increases with
the inflammatory degree showing that staining for FSTL1 was significantly darker in pSS
glands, grade III, than in the control glands (93.9 ± 2.34 vs. 15.8 ± 1.43, p < 0.01).

Figure 1. FSTL1 was immunohistochemically evaluated in pSS biopsy samples classified as I, low;
II, intermediate; and III (b–d). Healthy SGs bioptic specimen was used as control (a). As ob-
served, FSTL1 acinar cell expression was weak while FSTL1 staining was more pronounced in ductal
epithelium (b–d); furthermore, a positive correlation was found between FSTL1 staining and inflam-
matory degree (b–d). Brown staining shows positive immunoreaction; blue staining shows nuclei.
Bar = 20 μm. Arrows show FSTL1 distribution in ducts (large arrows) and acini (small arrows).

3.2. TGF-β1 Upregulates FSTL1 Expression in Healthy Salivary Glands Epithelial Cells

Healthy SGEC were treated with 10 ng/mL of TGF-β1 for 24 and 48 h. Figure 2A,B,
shows that the TGF-β1 treatment resulted in the upregulation of FSTL1 mRNA expression
(detected after a 24-h treatment) (p < 0.01) in comparison with untreated cells. These results
were confirmed by Real-Time PCR as reported in Figure 2C. Regarding the FSTL1 protein
expression, it significantly increased in the healthy SGEC were significantly increased after
a 48-h treatment with TGF-β1 (p < 0.01) (Figure 2D,E). As a positive control, FSTL1 was
also analyzed directly in pSS SGEC, confirming an overexpression of the FSTL1 gene and
protein (Figure 2A–E).
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Figure 2. TGF-β1 treatment resulted in the upregulation of FSTL1 expression in healthy SGEC treated
with TGF-β1. (A,B) show that the TGF-β1 treatment resulted in the upregulation of FSTL1 mRNA
expression compared to untreated cells, with GAPDH as a reference gene. Quantitative Real-Time
PCR confirmed this result (C). Normalized gene expression levels were given as the ratio between
the mean value for the target gene and that for the β-2 microglobulin. PCR reactions were performed
in triplicate and the data were presented as fold changes in gene expression (mean ± SE of three
independent experiments). FSTL1 protein expression was significantly induced by TGF-β1 treatment
as demonstrated by immunoblotting (D,E); (** = p < 0.01).

3.3. FSTL1 Neutralization Attenuates EMT-Related Morphological Changes Induces by
TGF-β1 Treatment

As previously demonstrated and microscopically revealed, TGF-β1 has been impli-
cated as a primary inducer of EMT in SS [13]. To evaluate the influence of overexpression of
FSTL1 on TGF-β1-induced EMT and examine the impact of FSTL1 expression on TGF-β1-
induced morphological changes in SGEC, we decide to transiently silence the expression
of the FSTL1 gene with siRNA in healthy SGEC before stimulation with TGF-β1. SGEC
cell morphology was microscopically evaluated. Following treatment with TGF-β1 for a
maximum of 72 h, primary healthy SGEC exhibited a marked alteration in cell morphology,
changing from the characteristic organized ‘cobblestone’ appearance of differentiated ep-
ithelial cell monolayers to a disorganized elongated fibroblast-like phenotype (Figure 3c).
In particular, TGF-β1-treated SGEC lost their junctions and, consequently, their polarized
epithelial phenotype and acquired elongated mesenchymal traits, becoming dispersed and
showing a fibroblast-like morphology with a front/back polarity. FSTL1 siRNA transfec-
tion significantly inhibited TGF-β1-induced morphologic changes in SGEC. After FSTL1
gene silencing, these cells maintained the morphologic characteristic of epithelial cells and
showed no evidence of a transformation towards mesenchymal phenotype (Figure 3d,e).
Based on these phenomena, we speculated that FSTL1 is induced in response to TGF-β1
treatment and is causally involved in driving the EMT program.

3.4. FSTL1 Moderates EMT-Related Mesenchymal Markers Expression in TGF-β1-Treated SGEC

We next investigated whether diminished epithelial cell activation in TGF-β1-treated
healthy SGEC after the FSTL1 gene knockdown, altered the expression of mesenchymal
and epithelial markers, often used in the evaluation of EMT activation. We reasoned that
TGF-β1-treated glandular epithelial cells may underwent an EMT program activation
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through FSTL1 overexpression which may influence epithelial and mesenchymal factors
modulation. Healthy SGEC were treated with 10 ng/mL of TGF-β1 after the transfection
with FSTL1 siRNA, and the expression of the gene biomarkers of EMT was examined
by RT-PCR and quantitative Real-time PCR. As shown in Figure 4A–C, TGF-β1-treated
SGEC shows reduced E-cadherin gene expression accompanied by upregulation of gene
mesenchymal marker vimentin, but the FSTL1 gene expression inhibition significantly
reverses the situation by blocking mesenchymal gene transcription (p < 0.01) (Figure 4A–C).
We also detected these markers’ expression at protein’s levels. By Western blot analysis, we
found that the level of EMT protein markers significantly changed following 10 ng/mL
of TGF-β1 in cells transfected with FSTL1 siRNA for 48 h (Figure 5A,B). In fact, blocking
the effect of TGF-β1-dependent release of FSTL1 by the gene silencing technique, the
expression of E-cadherin was increased, and vimentin was decreased in a significant manner
(p < 0.01) (Figure 5A,B). As control in these experiments, we also used SS SGEC treated with
FSTL1 siRNA in vitro, which confirm genes and proteins results obtained in TGF-β1-trated
healthy SGEC, demonstrating that FSTL1 could promote EMT in SS SGEC.

Figure 3. Bright-field micrographs of SGEC treated with TGF-β1 after FSTL1 gene silencing. SGEC
cell morphology was microscopically evaluated. FSTL1 gene knockdown significantly inhibited
TGF-β1-induced morphologic changes in SGEC (e). After transfection with FSTL1 siRNA, SGEC
show a more epithelial-like morphology in comparison with SGEC treated with TGF-β1 alone for
48–72 h (d,e). (a): untreated control cells; (b): healthy SGEC transfected with scrambled control
siRNA; (c): TGF-β1 treated SGEC for 72 h.

Figure 4. Effect of FSTL1 gene silencing on E-cadherin, vimentin, SMAD2 and SMAD3 gene expres-
sion evaluated by RT-PCR (A,B) and quantitative Real-Time PRC (C). (A): E-cadherin, vimentin,
SMAD2, and SMAD3 gene expression were determined by RT-PCR in healthy SGEC (control, lane
1) cultured for 24 h with 10 ng/mL of TGF-β1 in which FSTL1 gene silencing was induced (lanes 2,
3). SS SGEC mRNA was used as a positive control (lane 4). (B) represent the densitometric analysis.
Real-time PCR conducted on SGEC submitted to some treatments was shown in (C). GAPDH (A,B)
and β-2-microglobulin (C) were used as reference genes for mRNA analyses. Values represent the
mean ± SE of three independent experiments, with ** = p < 0.01.
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Figure 5. (A): representative Western blot analysis of E-cadherin, vimentin, total SMAD2/3 and
P-SMAD2/3 proteins expression in healthy untreated control SGEC (lane 1), healthy SGEC treated
with TGF-β1 for 48 h (lane 2), cells transfected with FSTL1 siRNA and subsequently treated with
TGF-β1 for 48 h (lane 3). SS SGEC protein lysate was used as a positive control. For quantitative
analysis banding densities were compared with test marker β-actin (B). Data are expressed as
a significant change relative to the untreated control cells. Each bar represents the mean ± SE.
**, p < 0.01. Each experiment was repeated three times.

3.5. FSTL1 Modulates EMT by Facilitating TGF-β1 Signaling through SMAD2/3
Phosphorylation and Activation

To evaluate the roles of FSTL1 in the TGF-β1 signaling cascade, we blocked FSTL1gene
expression by FSTL1 siRNA in human SGEC treated with TGF-β1. As already demonstrated,
activation of the TGF-β1-SMAD2/3 pathway by TGF-β1 treatment resulted in phosphoryla-
tion and activation of SMAD2 and SMAD3 [13]. Interestingly, we observed that FSTL1 gene
silencing severely impaired (p < 0.01) SMAD2 and SMAD3 phosphorylation in response to
TGF-β1 stimulation (Figure 5A,B). The inhibition of phosphorylation of SMAD2/3 proteins,
observed after FSTL1 gene expression downregulation, was confirmed also for SMAD2 and
SMAD3 gene analysis performed by RT-PCR and Real-time PCR (Figure 4A–C). These results
indicate that FSTL1 is a crucial component of TGF-β1 signaling in SGEC contexts.

4. Discussion

SS is a lifelong chronic inflammatory autoimmune disorder affecting primarily the
lachrymal and SGs [22]. In this disease, the glandular secretory activity is reduced resulting
in dryness in the eyes, mouth, and throat. In addition, often, SS dysfunction involves other
organs, along with complications such as pain, fatigue, and digestive problems [22]. A
targeted and early diagnosis is necessary to develop more effective therapies. The major
obstacle to overcome in order to identify therapeutics is a lack of complete understanding
of the molecular mechanisms underlying the pathogenesis of this disease; SS seems, in
fact, multifactorial, but a key role is certainly played by the chronic release of inflamma-
tory mediators. The findings reported here add new insights into the knowledge of SS
pathogenesis and consolidate the hypothesis of the role of FSTL1 in promoting EMT.

EMT is a process of dedifferentiation and transformation of epithelial cells into mes-
enchymal cells [23]. During EMT, the expression of epithelial markers such as E-cadherin
is decreased, while the expression of mesenchymal markers, for example, vimentin, is
up-regulated [24]. The EMT program foresees the triggering of a cascade of events in which
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various factors are activated, and among these, the phosphorylation of SMADs represents
a crucial event [25,26]. Cells that undergo EMT show a phenotypic switch from epithelial
cells to fibroblastic or mesenchymal cells [23].

EMT may drive inflammatory reactions and, in turn, is influenced by the inflammatory
microenvironment [27–29]. Based on these characteristics, EMT is a key process in deter-
mining the onset of fibrotic phenomena that lead to the loss, or, at least, to the alteration of
the functionality of the affected organs [30–32]. Therefore, identifying molecules that can
inhibit EMT could help reduce the tendency to evolve toward fibrosis.

In this scenario, the Follistatin Like (FSTL) family of proteins fits well. FSTL pro-
teins are involved in cell migration, proliferation, and cellular differentiation, through the
binding to the activin protein of the TGF-β family, which represents key activators of the
EMT program [6]. Recently, pioneering studies conducted on human SGEC have led to
very intriguing results; they demonstrated that, in SS, TGF-β activates EMT by both the
canonical SMAD2/3 pathway and the non-canonical MAPK pathway influenced by the
release of pro-inflammatory cytokines in a condition of chronic inflammation. The EMT
program includes the activation of Snail, a transcription factor, and determines, conse-
quently, an imbalance in favor of the expression of mesenchymal markers compared to
epithelial markers. Interestingly, the activation of the EMT cascade leads to a dramatic
evolution toward fibrosis [13,29,32].

In the experimental study reported here, we wanted to analyze the relationship be-
tween FSTL1 and EMT in SS, since elevated serum levels of FSTL1 were already detected in
the serum of SS patients [17]. For the first time, we detected the expression of FSTL1 in pSS
SGs biopsies. IHC analysis showed that the expression of FSTL1 was positively correlated
with the inflammatory grade, and, based on the correlation between inflammation and
EMT, this led us to evaluate, as a second step, the correlation between FSTL1 and EMT.

Bright field microscopic evaluation demonstrated that by blocking the activity of FSTL1
by its gene knockdown, human healthy SGEC treated with TGF-β1 as an EMT inducer,
did not show any morphological changes: on the contrary, cells treated with TGF-β1 alone
showed mesenchymal phenotypes, as already demonstrated [13]. Moreover, using healthy
SGEC in vitro-treated with TGF-β1 and transfected with FSTL1 siRNA, we demonstrated
that the over-expression of FSTL1 down-regulated the expression of E-cadherin and up-
regulated the expression of vimentin, confirming that FSTL1 could promote EMT. To further
explore our findings of a role for SMAD2/3 activation in the FSTL1-induced EMT process
in SS, we examined healthy SGEC treated with TGF-β1 following or not FSTL1 siRNA
transfection, demonstrating that cells in which FSTL1 is active show an extremely high
expression of p-SMAD2/3 similar to the levels of SMAD2/3 phosphorylation observed
in SS SGEC, utilized as a useful positive control. Results obtained identified FSTL1 as a
component of the TGF-β-SMAD2/3 pathway that stimulates SMAD2/3 phospho-activation
in SS. In conclusion, our observations suggest that interactions between FSTL1 and TGF-β1
signal transduction pathways may determine a cascade of mechanisms activation by which
alterations in p-SMAD2/3 expression occur, and neutralization of FSTL1 gene activity had
inhibitory effects on the phosphorylation of SMAD2/3 induced by TGF-β1; this effect,
consequently, attenuates EMT (Figure 6). Our findings suggest a promising therapeutic
approach for SGEC EMT in SS. However, all experimental research in the present study
was performed in vitro, and, actually, there were no in vivo data supporting these results.
Hence, further research in SS patients or animal models needs to be performed in the future
to confirm the therapeutic potential of FSTL1.
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Figure 6. Schematic representation of FSTL1 role in TGF-β1-induced EMT in SS.
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Abstract: Background: Sjögren’s syndrome (SS) is a progressive autoimmune disease characterized by
local mononuclear cell infiltration of the salivary and lachrymal glands. Labial biopsy demonstrates
local infiltration by Th1 cells that produce pro-inflammatory cytokines, such as interleukin-2 (IL2).
The aim of this study was to assess the utility of 99mTc-labelled-IL2 (99mTc-IL2) in evaluating in vivo
the extent and severity of lympho-mononuclear cell infiltration in the salivary glands of patients with
SS. Methods: We investigated 48 patients with primary SS and 27 control subjects using 99mTc-IL2
scintigraphy. Furthermore, in a subgroup of 30 patients, we also performed 99mTc-pertechnetate
scintigraphy (99mTcO4

−) for evaluation of the salivary gland function. Results: 99mTc-IL2 uptake in
the salivary glands of SS patients was higher than in the control subjects (1.30 ± 0.16 vs. 0.83 ± 0.08
for parotids and 1.36 ± 0.15 vs. 1.16 ± 0.07 for submandibular glands; p < 0.0001). The salivary gland
uptake of 99mTc-IL2 in patients with a longer history of disease was lower compared with the recently
diagnosed patients. A significant direct correlation was found between the uptake of 99mTc-IL2 and
histology. Conclusions: 99mTc-IL2 scintigraphy showed that the degree of lymphocytic infiltration of
major salivary glands is variable in patients with different disease durations. Patients with a high
99mTc-IL2 uptake could be efficiently treated with immuno-modulatory drugs and the efficacy of
treatment could be followed-up by 99mTc-IL2 scintigraphy.

Keywords: Sjögren’s syndrome; 99mTc-interleukin-2; activated lymphocytes; salivary glands;
inflammation imaging

1. Introduction

Sjögren’s syndrome (SS) is a chronic inflammatory disease of the lachrymal and
salivary glands causing keratoconjunctivitis sicca (KCS) and xerostomia [1]. SS is the
second immunological disease in frequency and women are more affected compared
with men (9:1) [2]. Nowadays, the diagnosis of SS is based on clinical, serological, and
instrumental parameters, such as the presence of KCS, xerostomia, auto-antibodies, and
positive sub-labial salivary gland (SSG) biopsy [3,4]. Of these, the most important criteria
are the histological findings, including acinar atrophy, fibrosis, ductal changes, and focal
lymphocytic infiltrations in the minor salivary glands’ tissues [5].

Lymphocytic infiltration is initially characterised by activated T-lymphocytes of the
CD4+ phenotype (Th1), which produce a large amount of mRNA for interleukn-2 (IL2),
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interferon-alpha (IFN-a), and interleukin-10 (IL10) [6]. These cytokines cause tissue dam-
age, ultimately evolving in the fibrosis of salivary glands, and causing complete loss of
functionality. This process is signal-mediated through the T-cell receptor that interacts with
class II antigens on the epithelial cells of exocrine glands. In particular, T-cells become acti-
vated and express a high quantity of IL2 receptors (I2R), which are surface hetero-trimeric
proteins that bind IL2. The IL2−IL2R interaction causes the activation, differentiation, and
growth of various immunological cells [7,8]. In particular, IL2R has been found on the
surface of activated T-cells, but also in some B-cells and macrophages. Therefore, IL2R
is considered an early marker of T-lymphocyte activation [9]. In the following phases of
disease progression, Th2 and Th17 cells may appear with the production of other cytokines,
as well as the so-called follicular helper T-cells that seem to play a protective role [10].

IL2 labelled with 123I (123I-IL2) and 99mTc (99mTc-IL2) has been used in vivo to detect
activated lymphocytes in different autoimmune diseases, such as Coeliac disease [11],
IDDM [12], Hashimoto’s thyroiditis, Takayasu’s arteritis [13], multiple-autoimmunity [14]
and, recently, to detect immune infiltration on cancer [15]. We also demonstrated that
99mTc-IL2 allows for planning specific immunotherapy in patients with active disease
and the non-invasive follow-up of patients [16]. Interestingly, we observed that patients
with thyroid autoimmune diseases (i.e., Graves’ disease or Hashimoto thyroiditis) may
show 99mTc-IL2 uptake in the salivary glands, predicting the development of a secondary
Sjögren’s syndrome in the following years [17,18].

The aim of our study was to evaluate the uptake of 99mTc-IL2 in the salivary glands as
an indicator of inflammation. We also studied its relationship with other clinical, serological,
histological, and functional parameters, such as salivary gland scintigraphy with 99mTc-
sodium pertechnetate (99mTcO4

−) [19].

2. Materials and Methods

2.1. Study Design

This is a prospective, open study. The study protocol was approved by the ethics
committee of the University of Rome, “Sapienza”. All patients and normal volunteers gave
written informed consent.

2.2. Patients

We studied 48 patients with SS (36 women and 12 men; mean age 50.78 ± 13.08 years
(95% CI 46.59 to 54.96) in whom the disease was diagnosed based on the fulfilment of at
least four of the six European Community Study Group’s criteria, and by labial salivary
gland biopsys [4]. In all patients, we excluded other processes that may have caused sicca
syndrome as well as the absence of other systemic autoimmune diseases. We compared our
patients with 27 sex and age-matched control oncological subjects (14 women and 13 men;
age range 35–83 years), with no evidence of autoimmune diseases, who performed the
99mTc-IL2 scintigraphy for investigating the presence of T-cell infiltrates in tumor lesions.

2.3. Clinical and Laboratory Assessments

All patients complained about a subjective feeling of ocular or oral dryness (Table 1).
Nevertheless, xerophthalmia was objectively assessed by the Schirmer and/or Break Up
Time (BUT) tests. Oral involvement was studied by salivary gland scintigraphy with
99mTc-99mTcO4

− in 30 patients. Histopathological examination of the labial salivary glands,
accepted as the gold standard in primary Sjogren’s syndrome [20], was performed in
28 patients. The standard grading criteria [21] ranged from 0 to 4 based on the presence
of mononuclear cell infiltration with a periductal distribution. This is a typical finding in
patients with primary SS, compared with the perivascular infiltration that occurs mainly in
secondary SS.
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Table 1. Patient’s characteristics and the criteria for clinical diagnosis.

Patient Sex Biopsy Antibodies Xerophthalmia Xerostomia Schirmer’s Test or BUT EF or %Max Uptake

1 F 3 pos yes yes pos pos

2 F pos yes yes pos

3 F 4 pos yes yes pos

4 F 0 pos yes yes pos

5 F neg yes yes pos pos

6 F 0 pos yes yes pos

7 F 0 pos yes yes pos

8 F 4 pos yes yes pos

9 F pos yes yes pos

10 F 1 neg yes yes pos

11 F 0 pos yes yes pos pos

12 F pos yes yes pos

13 F pos yes yes pos

14 F pos yes yes pos

15 F 3 pos yes no pos

16 F 2 pos yes yes pos

17 F pos yes yes pos

18 F pos yes yes pos

19 F 1 pos no yes pos

20 F 3 pos no yes pos

21 F pos yes yes pos

22 F 1 pos yes yes pos

23 F 2 neg yes yes pos

24 F pos yes yes pos

25 M 4 neg yes yes pos

26 F pos yes yes pos

27 F 4 pos yes yes pos

28 F pos yes yes pos

29 F 1 pos yes yes pos

30 M 4 neg yes yes pos

31 M pos yes yes pos

32 F pos yes yes pos

33 F pos yes yes pos

34 M 0 neg yes yes pos pos

35 F pos yes yes pos

36 F 1 pos yes yes

37 F 0 pos yes yes pos

38 F 2 pos yes yes

39 F 2 pos yes yes pos

40 F 3 neg yes yes pos
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Table 1. Cont.

Patient Sex Biopsy Antibodies Xerophthalmia Xerostomia Schirmer’s Test or BUT EF or %Max Uptake

41 F 2 pos yes yes pos

42 F 3 pos yes yes pos

43 F 1 pos yes yes pos

44 F pos yes yes pos

45 F pos yes yes pos

46 F pos yes yes pos

47 F pos yes yes pos

48 M 3 pos yes yes pos

Biopsy score according to Chisholm e Mason classification; antibodies = positivity to either SSA or SSB or both
antibodies; EF or %max uptake = reduced ejection fraction or reduced maximum 99mTcO4

− uptake of salivary
glands at functional scintigraphy. Empty boxes = not performed.

We also tested the presence of antinuclear antibodies (ANA) and anti-extractable
nuclear antigen-antibodies (ENA) by indirect immunofluorescence, and auto-antibodies
anti-Ro (SSA) and anti-La (SSB) by immune-electrophoresis [22].

2.4. Salivary Gland Scintigraphy

Both 99mTc-IL2 and 99mTcO4
− scintigraphy were performed in patients at a time

interval of 1 to 5 weeks.

2.4.1. 99mTc-IL2 Scintigraphy

Human recombinant IL2 (Proleukin®, Novartis, Basel, Switzerland) was labelled using
the method described by Chianelli et al. [23]. Scintigraphy was performed in all patients
and control subjects after i.v. injection of 111–185 MBq of 99mTc-IL2. Planar anterior images
(256 × 256 pixel matrix) of the neck were acquired 45 min after injection. Quantitative
analysis of the planar images was carried out by drawing an irregular region of interest
(ROI) over the parotid and submandibular glands. The background was calculated with a
rectangular ROI drawn below the two submandibular glands and above the thyroid region.

In the control subjects and when the salivary glands were not detectable, a circular
ROI was drawn corresponding to the parotid or submandibular region (Figure 1).

Figure 1. Planar image of the neck obtained 1h after 99mTc-IL2 injection in a control subject (A) and in
a patient with Sjögren syndrome at time of diagnosis (B). In (A) the scan shows no 99mTc-IL2 uptake
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by the salivary glands. In (B) an evident accumulation of 99mTc-IL2 can be observed in both parotids
and submandibular glands, indicating the presence of activated lymphocytes. The calculated parotid
to background (P/B) ratios are 1.35 and 1.30 in right and left glands, respectively, and the sub-
mandibular gland to background (S/B) ratios are 1.57 and 1.64 in right and left glands, respectively.

The results of the quantitative analysis were expressed as the parotid to background
(P/B) ratio and submandibular to background (S/B) ratio, after calculating the mean uptake
between the two contralateral glands.

2.4.2. 99mTcO4
− Scintigraphy

Dynamic salivary gland scintigraphy was performed in 30 patients, after i.v. injection
of 80–150 MBq 99mTcO4

−, with a gamma camera equipped with a parallel-hole, low energy,
high sensitivity collimator, and 140 keV photopeak for the technetium. Anterior sequential
images were acquired at 1 s per frame for 1 min (vascular phase) and 10 s per frame for
the next 24 min. Fifteen minutes after the injection, 3 mL of lemon juice was administered
orally as a stimulus, as described by Bohulaslavizki et al. [24] and Anjos et al. [25].

Data analysis of the acquired images was performed by drawing irregular ROIs on
each parotid and oval-shaped regions over each submandibular gland.

For the background regions, we drew two ROIs on the temporal regions [24].
The quantitative analysis included the evaluation of the 99mTc-pertechnetate ejection

fraction (EF), which was calculated with the following equation:

EF(%) = [(U12-14-U18-20) × 100]/U12-14. (1)

The maximum 99mTcO4
− uptake was calculated as the percentage of the injected dose

(ID), as described by Anjos et al. (Figure 2) [25]. A positive scintigraphy was considered
when the EF or maximum uptake was lower than the lower value of the confidence interval
of the normal subjects.

Figure 2. Dynamic study with 99mTcO4
− in patients with Sjögren syndrome 3 years after diagnosis.

(A,B) show the start of dynamic images and the summary of all dynamic images, respectively.
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(C,D) show the quantitative analysis of the parotid and submandibular glands, respectively. A
moderate accumulation of 99mTcO4

− can be observed in the parotids and, to a lesser extent, in the
submandibular glands, indicating the presence of a residual function.

2.5. Statistical Analysis

Continuous variables were shown as mean ± standard deviation with a 95% CI
(confidence interval). Categorical variables were expressed as absolute frequencies and
percentages, as n (%). Comparisons between the control subjects vs. Sjögren’s patients
of the 99mTc-IL2 uptake in the parotid glands (mean P/B) and 99mTc-IL2 uptake in the
submandibular glands (mean P/B) were evaluated using the Student’s test. The normality
of these variables was tested using the Shapiro−Wilk test and checking the Q-Q plot. In
the presence of heteroscedasticity, we used the correction of Satterthwaite.

The correlation between disease duration and biopsy vs. 99mTc-IL2 uptake in parotid
glands (mean P/B), and 99mTc-IL2 uptake in submandibular glands (mean P/B) was evalu-
ated using Kendall’s tau-b (τb), because the normality of the continuous variables analysed
not was verified and the confidence intervals were determined using the bootstrapping
method. Statistical analysis was performed using SAS v.9.4 and JMP PRO v.16 (Institute
Inc., Cary, NC, USA). A p-value < 0.05 was considered statistically detectable.

3. Results

The characteristics of the patients and the criteria for the diagnosis of SS are summa-
rized in Table 1. Patients with SS differed significantly from the control subjects. The mean
99mTc-IL2 uptake in parotid glands was 1.30 ± 0.16 (95% CI 1.25 to 1.34) in patients vs.
0.83 ± 0.08 (95% CI 0.80 to 0.86) in the controls, p < 0.001 (Figure 3). In the submandibular
glands, 99mTc-IL2 uptake was 1.36 ± 0.15 (95% CI 1.31 to 1.40) in patients vs. 1.16 ± 0.07
(95% CI 1.13 to 1.18) in the controls, p < 0.001 (Figure 4).

Figure 3. Parotid gland uptake of 99mTc-IL2 in patients with Sjögren disease compared to control
subjects (p < 0.001).
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Figure 4. Submandibular gland uptake of 99mTc-IL2 in patients with Sjögren disease compared to
control subjects (p < 0.001).

Interestingly, despite the variability of 99mTc-IL2 uptake in the glands of patients, we
found a significant inverse correlation between the mean target/background ratios (P/B
and S/B) with disease duration (Figure 5). The correlation coefficient was −0.22 (95% CI
−0.43 to −0.02), p = 0.03, for the parotids and −0.29 (95% CI −0.47 to −0.09), p = 0.006, for
the submandibular glands.

Figure 5. Distribution of the mean 99mTc-IL2 uptake (P/B) in the parotid glands (A) and (S/B) in
the submandibular glands (B) over the disease duration. A significant inverse correlation can be
observed in all glands (correlation coefficient is −0.22 (p = 0.03) for the parotids and −0.29 (p = 0.006)
for the submandibular glands).
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3.1. Histopathological Tissue Analysis

The histology examination of the minor salivary glands biopsies showed a typical
characteristic of SS according to Chisholm e Mason classification in 22 out of 28 patients.
Moreover, positive grading (between 3 and 4) was detected in 11 (39.3%) patients while
17 patients (60.7%) resulted with negative biopsy (between 0 and 2) (Table 1).

Despite this high variability in biopsies, a significant correlation was found between
99mTc-IL2 uptake and biopsy score, in both parotid and submandibular glands (Figure 6).
The correlation coefficient was 0.46 (95% CI 0.18 to 0.68), p = 0.001, for the parotids and
0.60 (95% CI 0.35 to 0.76), p < 0.0001, for the submandibular glands.

Figure 6. Distribution of the mean 99mTc-IL2 uptake (P/B) in the parotid glands (A) and (S/B) in
the submandibular glands (B) over the biopsy score. A significant correlation can be observed in
all glands (correlation coefficient is 0.46 (p = 0.001) for the parotids and 0.60 (p < 0.0001) for the
submandibular glands).

No correlation was found between the biopsy score and quantitative parameters
obtained by 99mTcO4

− scintigraphy or with antibody titres.

3.2. 99mTc-IL2 Scintigraphy

Through the qualitative analysis, we observed an uptake of 99mTc-IL2 in at least one
gland in all of the patients. The semi-quantitative analysis showed that only one patient had
only one gland (parotid) with a T/B higher than the maximum T/B found in the controls.
Seventeen patients had at least two glands, 10 patients had three glands, and 20 patients
had all four glands with a T/B higher than the maximum T/B found in the controls.

3.3. 99mTcO4
− Scintigraphy

99mTcO4
− scintigraphy provided two different parameters: the ejection fraction and

the maximum uptake of 99mTcO4
− as a percentage of the injected dose. All of the patients

had a reduced EF in at least three glands. In contrast, the maximum uptake was reduced
in 24/30 patients (80%) when considering at least one functioning gland. We found no
correlation between SGS parameters and all of the other variables. In particular, a mild,
non-statistically detectable, inverse correlation was found between the SGS parameter
and 99mTc-IL2 uptake in the glands. In particular, the EF and 99mTc-IL2 uptake in the
parotids showed a correlation coefficient of −0.16 (95% CI −0.42 to 0.17), p = 0.21. The
maximum uptake and 99mTc-IL2 uptake in the parotids showed a correlation coefficient
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of −0.10 (95% CI −0.36 to 0.17), p = 0.45. EF and 99mTc-IL2 uptake in the submandibular
glands showed a correlation coefficient of −0.15 (95% CI −0.40 to 0.14), p = 0.24. The
maximum uptake and 99mTc-IL2 uptake in the submandibular glands showed a correlation
coefficient of −0.12 (95% CI −0.34 to 0.11), p = 0.36.

4. Discussion

Nowadays, there is no single “gold standard” of oral involvement that is sensitive and
specific enough to be the basis for a diagnosis of SS. Moreover, many different diagnostic
methods such as sialography, salivary glands scintigraphy with technetium, and lip biopsy
have been included into the criteria system of the European Community [3].

Parotid sialography is the most specific (92%–100%) and is accepted as a generally
safe method of assessing anatomic changes in SS. However, its usefulness in diagnosis
remains questionable for a wide range of sensitivities due to negative results, especially in
the early stage of disease [26,27]. Moreover, some technical difficulties and complications
related to the procedure have been reported [28]. Some authors have proposed computed
tomography (CT) and magnetic resonance imaging (MRI) as alternative accurate methods to
detect the parenchymal inhomogeneity characteristic of glands in Sjogren’s syndrome, but
both of them are expensive and are not able to show the activity of the disease [29,30]. Other
studies have been published on ultrasonography (US) as a non-invasive and safe imaging
procedure to obtain information about the morphological changes of salivary glands in
primary SS [31–33]. More recently, Milic et al. described that patients with primary
SS present more frequent pathological changes of the posterior borders, parenchymal
inhomogeneity with hypoechogenic areas, and/or hyperechogenic reflections in major
salivary glands [34]. Although US is able to follow-up on parenchymal damage, it cannot
directly show the grading of inflammation useful in planning treatment.

In the past, salivary glands scintigraphy with 99mTc-pertechnetate have been proposed
to evaluate intact salivary gland parenchyma. Its major advantage, compared with other
imaging methods, is its ability to present information on parenchymal damage as well
as the excretion function of all glands simultaneously. At present, there is no consensus
about which quantitative indices are trustworthy for the diagnosis of SS. However, some
reports have described that decreased secretion parameters in parotid glands and decreased
accumulation of 99mTc in the submandibular glands are highly sensitive indicators of SS [35].
Nevertheless, our data do not support the hypothesis that a decreasing salivary function is
correlated with the severity of lymphocytic infiltration. Instead, it seems that there is an
inverse correlation between these parameters.

Indeed, although quantitative SGS is sensitive enough to detect abnormalities of
parenchyma, it reflects only the gland’s function in SS. Moreover, these alterations can
be found in other diseases, and its rate will increase with age, even in healthy subjects.
Therefore, SGS provides an overall sensitivity from 62% to 89% because of the early stage
of disease and the low grade of damage in salivary glands [36].

The criteria of the European Community consider the lip biopsy to be the most reliable
diagnostic test, and it is still most accurate method for the definitive diagnosis of SS.
Nevertheless, in some cases, it is not conclusive. The sensitivity and specificity of the lip
biopsy range from 82% to 95% and from 75% to 90%, respectively [37]. It also shows false-
negative findings in 18–40% of patients and false-positive in 6–9% of healthy subjects [38].
Moreover, patients with myasthenia gravis, sialolithiasis, and other autoimmune diseases
with no syndrome sicca may present lymphocytic infiltration in the salivary glands [26].
Furthermore, the lip biopsy cannot be used as a routine procedure in the follow-up of
patients, because it is invasive and is not well accepted. Finally, in some patients, in the
early stage of disease, the lip biopsy may not show a lymphocytic infiltration [39], which
can become detectable in a second sample repeated after 1 year [40]. In addition, the degree
of lymphocytic infiltrate may change over time [41]. Moreover, in major and minor salivary
glands, there may be different damage and the degree of epithelial cell damage in a salivary
gland biopsy does not always correspond to the salivary flow secretion [42]. Overall,
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the lip biopsy provides limited information that cannot be applied to all major salivary
glands and should not be used to select the most appropriate therapy or to follow-up its
efficacy over time.

A non-invasive method to detect lymphocytic infiltration in all major glands is thus
desirable [43,44]. Our results suggest that 99mTc-IL2 scintigraphy could be used to detect
and quantify the lymphocytic infiltration in all major salivary glands. Despite finding a
positive correlation between the lip biopsy score and 99mTc-IL2 uptake in major glands,
this analysis could be affected by the presence of scores 0–1 and 2 that, indeed, are not
related to lymphocytic infiltration. Therefore, larger studies are needed to clearly establish
the clinical role of 99mTc-IL2 and the relation of its uptake in glands with different phases
of the diseases.

Most of our patients had a recent diagnosis (within 4 years) and only a few patients
had a diagnosis between 5 and 20 years. Furthermore, we did not study the patients over
time. This can be a limit of our population, thus not allowing us to conclude on the course
of lymphocytic infiltration over time, despite finding an inverse correlation between disease
duration and 99mTc-IL2 uptake in all of the glands. Another limitation of this study is that
biopsy was scored in classes from 0 to 4, and this may not reflect the extent of lymphocytic
infiltration in salivary glands. Furthermore, as the process is not synchronous in all glands,
a biopsy of submandibular and parotid glands would have certainly been more correct, but
ethically impossible to perform. Indeed, if we consider only patients within 2−3 years of
diagnosis, there would be a high variability in 99mTc-IL2 uptake in the glands, suggesting
that there is a great variability between patients and that the disease is not synchronous in
all glands. This finding may have important therapeutic implications.

5. Conclusions

In conclusion, our data suggest 99mTc-IL2 scintigraphy can be a new tool to assess
lymphocytic infiltration in SS. The gland uptake of 99mTc-IL2 is higher in patients with
early diagnosis, from 0 to 1 years of disease, whereas in older diagnoses, the infiltration
decreases followed by a fibro-sclerotic process. This scintigraphy could be used to monitor
in vivo, non-invasively, the efficacy of immune-modulatory therapies.
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Abstract: This study aimed to further evaluate the benefit of topical hemostasis agents in tonsillectomy.
We compared the clinical effects of topical application between hydrogen peroxide and adrenaline in
tonsillectomy. Overall, 60 patients (120 tonsils) were prospectively enrolled for tonsillectomy between
February 2018 and December 2020. The patients were randomly assigned to either the hydrogen
peroxide or adrenaline group. Then, tonsillectomy was performed using hydrogen peroxide as a
hemostatic agent on the assigned side, while adrenaline was applied to the other side. All procedures
were performed by a surgeon who was blinded to the randomization. The outcome measurements of
operation time, intraoperative blood loss, postoperative pain, and hemorrhage events were analyzed.
The intraoperative blood loss was significantly lower in the hydrogen peroxide group than in the
adrenaline group (9.99 ± 4.51 mL vs. 13.87 ± 6.32 mL; p = 0.0). The median operation time was also
significantly lower in the hydrogen peroxide group (8.02 ± 3.59 min vs. 9.22 ± 3.88 min; p = 0.019).
Meanwhile, the visual analogue scale (VAS) scores were significantly higher in the hydrogen peroxide
group (4.98 ± 1.94 vs. 4.27 ± 1.97; p = 0.001). The topical application of hydrogen peroxide as
a hemostatic agent effectively decreases the operation time and intraoperative blood loss. Thus,
hydrogen peroxide can be used as a routine hemostatic agent for bleeding control in tonsillectomy.

Keywords: hydrogen peroxide; adrenaline; blood loss; tonsillectomy

1. Introduction

Tonsillectomy is one of the most common surgical procedures in otolaryngology. De-
spite improvements in anesthesia and surgical techniques, intraoperative and postoperative
hemorrhage remain major concerns in tonsillectomy [1], with primary (<24 h) postoperative
bleeding occurring in 0.3–5.4% of patients [2,3]. Primary postoperative bleeding is generally
related to surgical techniques and hemostasis strategies, while secondary bleeding is more
likely related to surgical site infection or sloughing of the eschar covering the tonsillar fossa.

The blood supply of the tonsils mainly comes from the lingual and tonsillar branches
of the facial artery. The pharyngobasilar fascia, which extends into the tonsils, covers the
lateral surface of the tonsils. The complexity of the blood supply of the tonsil and the
distanced and limited operation field increase the risk of massive intraoperative bleeding
during tonsillectomy. Therefore, a rapid-onset hemostasis agent is essential to avoid major
surgical complications. Effective hemostasis contributes to a lower operation time, better
outcomes, and uneventful wound healing.

Traditional electrocauterization for hemostasis may create thermal injury and result
in explosive vaporization, which would lead to severe damage to the surrounding tissue.
Topical hemostatic agents help the surgeon to target bleeding sources and reduce tissue
damage in non-bleeding regions. In this regard, several topical agents, such as hydrogen
peroxide, adrenaline, saline solution, and lidocaine [4–6], have been introduced to minimize
blood loss. However, there is still no gold standard for topical hemostasis in tonsillectomy.
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Post-tonsillectomy pain is another major problem, as it might lead to poor oral intake,
dehydration, sleep disturbance, and prolonged hospitalization. Thus, the effect of pain
control should be considered when a hemostasis agent is applied. Many local applications,
such as bismuth sulfate, oral rinse, lidocaine spray, fibrin glue, and betadine silver nitrate,
have been investigated to control postoperative pain [7].

Hydrogen peroxide is an oxidizing agent that is easily degraded by tissue catalase to
form oxygen and water. It is a widely available topical antiseptic and nontoxic hemostasis
agent that produces oxidative burst and local oxygen production [8]. In the early stages,
the “bubble effect” may provide some chemical burn and mechanical debridement in areas
of the wound that are not easily accessible to the surgeon. In addition, the bubble effect
caused by erythrocyte catalase degradation of hydrogen peroxide can help the surgeon
to localize areas that require cauterization and rapidly reduce hemorrhage [9]. In the
late stages, delivering hydrogen peroxide into wounds can kill fibroblasts and promote
re-epithelialization [10]. A previous report showed that the topical application of hydrogen
peroxide could control hemostasis and greatly reduce operation time in tonsillectomy [5].
Adrenaline has also been demonstrated to be a reasonable hemostatic agent because of
its low cost, low risk, powerful vasoconstrictor, and platelet aggregation. Topical use of
adrenaline is an effective and reasonable hemostatic agent in tonsillectomy [11].

The advantages of both hydrogen peroxide and adrenaline include rapid onset, accept-
able duration, easy accessibility, and cost effectiveness. However, to date, there has been no
direct, comparative, randomized controlled trial to achieve consensus on the optimal topi-
cal hemostasis agent in tonsillectomy. Therefore, this study aimed to compare the clinical
effects of the topical application of hydrogen peroxide and adrenaline in tonsillectomy.

2. Materials and Methods

2.1. Experimental Design

A total of 60 patients aged 8–68 years were prospectively enrolled for tonsillectomy in
tertiary referral centers between February 2018 and December 2020. All subjects fulfilled
the American Academy of Otolaryngology Head and Neck Surgery criteria for chronic or
recurrent tonsillitis, recurrent tonsil hemorrhage, peritonsillar abscess, or tonsillar hyper-
trophy with obstructive symptoms. Subjects were excluded if they had tonsillar cancer,
underwent combination surgeries, had severe underlying diseases, such as cardiovascular
disease, or had bleeding tendency disorder.

All surgical procedures were performed via blunt dissection under general anesthesia
by the same surgeon. The application of hydrogen peroxide and adrenaline was random-
ized preoperatively. A local anesthetic injection of 2 cc lidocaine over the peritonsillar
area was performed prior to removing each side of the tonsil to reduce pain by blocking
peripheral nociceptive excitation. To achieve the best confounding control, we focused on
the same subjects, and all patients’ tonsils were randomly assigned to either the hydrogen
peroxide or adrenaline group. Then, tonsillectomy was performed using hydrogen perox-
ide as a hemostatic agent on the assigned side, while adrenaline was applied to the other
side. All procedures were performed by a “blind” surgeon. During tonsillectomy, cotton
balls soaked with 3% hydrogen peroxide were tightly packed into the tonsillar fossa for
hemostasis of mucosal bleeding, and 1% adrenaline was applied on the other side of the
tonsillar fossa. We rinsed both cotton balls with 2% lidocaine and then packed them into
the tonsillar fossa until complete hemostasis was achieved. Bipolar electrocauterization
was used for hemostasis if persistent active bleeding was not controlled.

The intraoperative blood loss on each side was measured by weighing the cotton balls
and suction bottle before and after the operation. The operation time was calculated as the
period between the first incision and the time all bleeding or oozing was secured entirely
on the single side, encompassing the time of dissection and hemostasis. We avoided opioid
drugs due to nausea and possible respiratory inhibition. In addition, anti-inflammatory
drugs, such as non-steroidal anti-inflammatory drugs, were excluded because of their
adverse effects on platelet function, which are associated with a tendency to bleed.
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Postoperative pain in the first 24 h and 48 h after tonsillectomy was recorded. Postop-
erative pain was assessed by determining the more painful side during follow-up. Pain
intensity was evaluated by a blinded physician using a visual analogue scale, with a score
of 0 indicating no pain and 10 indicating maximum pain. All patients were blinded to
which technique was applied on each side. Postoperative data about pain score, fever,
time to oral intake, and bleeding events were collected. All patients received the same
dose of acetaminophen four times daily. In general, the patients were discharged 2 days
postoperatively after examination of the uneventful surgical wound without oozing.

2.2. Statistical Analysis

Data on operation time, intraoperative blood loss, postoperative pain, and hemorrhage
events were collected and analyzed. Descriptive statistics were presented as the means and
standard deviations, and categorical variables were presented as counts and percentages.
The 95% confidence intervals (CIs) were determined for the strength of association and
intergroup correlation. For the main analysis, the differences in operation time, blood loss
and postoperative pain between groups are expressed as means (95% CI). The study had a
statistical power of 80% and an effect size of 70%. The paired t test was used to analyze
postoperative pain score, intraoperative blood loss, and operation time. All statistical
analyses were performed using SPSS 20.0 statistical software. p < 0.05 was considered
statistically significant.

3. Results

3.1. Patient Characteristics

In total, 60 subjects were enrolled. None of the patients had any hypersensitivity
response to the ingredients of the locally applied hydrogen peroxide and adrenaline. No
complications or postoperative secondary bleeding were noted after tonsillectomy. The
operation time, hemostasis time and intraoperative blood loss for each side are shown in
Table 1. The postoperative pain scores in the first 24 h and 48 h after tonsillectomy are
shown in Table 2. A comparison of the operation time, hemostasis time and blood loss on
each side is shown in Table 3.

Table 1. Between-group comparison of operation time, hemostasis time and blood loss.

Variables
Hydrogen Peroxide

Group (n = 60)
Adrenaline

Group (n = 60)
Median Difference

Mean (95% CI)
p-Value *

Operation time (min) 8.02 ± 3.59 9.22 ± 3.88 −71.62
(−127.70, −15.53) 0.019

Hemostasis time (min) 3.43 ± 2.75 4.49 ± 3.35 −63.83
(−110.91, −16.76) 0.007

Blood loss (mL) 9.99 ± 4.51 13.87 ± 6.32 −3.88
(−5.76, −2.00) 0

Data are presented as the median values and 95% confidence intervals. The paired t test is used for continuous
variables. * p < 0.05.

Table 2. Between-group comparison of postoperative pain score.

Variables Hydrogen Peroxide (n = 60)
Adrenaline

(n = 60)
Median Difference

Mean (95% CI)
p-Value *

VAS, 24 h 4.98 ± 1.94 4.27 ± 1.97 0.72 (0.32, 1.12) 0.001
VAS, 48 h 3.47 ± 1.58 3.23 ± 1.52 0.23 (−0.83, 0.55) 0.147

Data are presented as the median values and 95% confidence intervals. The paired t test is used for continuous
variables. * p < 0.05.
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Table 3. Comparison of operation time, hemostasis time and blood loss by side of application.

Variables Left (n = 60) Right (n = 60) p-Value *

Operation time (min) 8.85 ± 4.04 8.39 ± 3.49 0.458
Hemostasis time (min) 4.04 ± 3.23 3.88 ± 2.99 0.504

Blood loss (mL) 12.55 ± 6.28 11.30 ± 5.26 0.239
The paired t test is used for continuous variables. * p < 0.05.

3.2. Outcomes
3.2.1. Intraoperative Blood Loss

The average intraoperative blood loss was significantly higher in the hydrogen perox-
ide group than in the adrenaline group (9.99 ± 4.51 mL vs. 13.87 ± 6.32 mL, p = 0; Table 1).
The ratio of patients with <10 cc blood loss was also significantly higher in the hydrogen
peroxide group (61.6% vs. 36.6%).

3.2.2. Operation Time

The median operation time was 8.02 ± 3.59 min in the hydrogen peroxide group
and 9.22 ± 3.88 min in the adrenaline group (Table 1). Apparently, surgery was signif-
icantly faster in the hydrogen peroxide group than in the adrenaline group (p = 0.019;
Table 1). The hemostasis time was also significantly shorter in the hydrogen peroxide group
(3.43 ± 2.75 min vs. 4.49 ± 3.35 min, p = 0.07; Table 1).

3.2.3. Postoperative Pain

The mean 24 h postoperative VAS score was significantly higher in the hydrogen
peroxide group than in the adrenaline group (4.98 ± 1.94 vs. 4.27 ± 1.97, p = 0.001; Table 2).
However, there was no significant difference in the mean 48 h postoperative VAS score
between the two groups (3.47 ± 1.58 vs. 3.23 ± 1.52, p = 0.147; Table 2).

3.2.4. Left versus Right Side Outcomes

The median operation time was 8.85 ± 4.04 min in the left group and 8.39 ± 3.49 min
in the right group, with no significant difference (p = 0.458; Table 3). The median hemostasis
time was 4.04 ± 3.23 min in the left group and 3.88 ± 2.99 min in the right group. The
intraoperative blood loss in the left and right groups were 12.55 ± 6.28 and 11.30 ± 5.26,
respectively, with no significant difference (p = 0.239).

4. Discussion

Post-tonsillectomy hemorrhage and pain are the major complications of tonsillectomy;
the optimal modality for achieving hemostasis remains unclear. According to our results,
both hydrogen peroxide and adrenaline can help to reduce intraoperative blood loss; more-
over, the intraoperative blood loss and the median operation time were significantly lower
in the hydrogen peroxide group than in the adrenaline group. To the best of our knowledge,
this is the first study to compare hydrogen peroxide and adrenaline as hemostatic agents
for tonsillectomy.

Unlike other studies that divided the patients into two groups, the distinctive charac-
teristic of our study was that we focused on the same subjects; all patients served as their
own control because hydrogen peroxide and adrenaline were applied to the opposing sides
of the tonsillar fossa. Therefore, confounding factors, such as underlying disease, age, sex,
and tonsil size, can be excluded. A few outliers may cause a disproportionate effect on the
statistical results because of the small amount of intraoperative blood loss in tonsillectomy.
For example, the influence of surgeon handedness in tonsillectomy has not been exam-
ined in previous reports. To eliminate differences due to handedness, we compared the
operation time and intraoperative blood loss on each side and further analyzed by type of
agent (hydrogen peroxide and adrenaline) (Tables 4 and 5). Our results revealed that hand
preference did not influence the overall outcomes based on operation time and blood loss,
as evidenced by the lack of significant differences between the two groups.
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Table 4. Intergroup correlation of operation time, hemostasis time and blood loss by side in the
hydrogen peroxide group.

Variables Left (n = 30) Right (n = 30) p-Value *

Operation time (min) 9.72 ± 3.99 8.43 ± 3.74 0.201
Hemostasis time (min) 3.56 ± 2.53 3.65 ± 2.50 0.891

Blood loss (mL) 10.62 ± 4.60 9.96 ± 4.91 0.589
The independent t test is used for continuous variables. * p < 0.05.

Table 5. Intergroup correlation of operation time, hemostasis time and blood loss by side in the
adrenaline group.

Variables Left (n = 30) Right (n = 30) p-Value *

Operation time (min) 7.99 ± 3.98 8.36 ± 3.29 0.696
Hemostasis time (min) 4.51 ± 3.79 4.12 ± 3.45 0.674

Blood loss (mL) 14.48 ± 7.18 12.64 ± 5.33 0.263
The independent t test is used for continuous variables. * p < 0.05.

A 2017 meta-analysis revealed that the application of local anesthetic, either by in-
filtration or the topical method, could provide a modest reduction in post-tonsillectomy
pain and hemorrhage [12]. The meta-analysis concluded that a preoperative local anes-
thetic injection is a valuable method for decreasing blood loss and surgical time. Another
meta-analysis suggested that topical local anesthetics on swabs provide similar analgesic
effects as preoperative infiltration [13]. Previous studies showed that the general opera-
tion time by blunt dissection in tonsillectomy was 24.6–29.1 min [14,15]. Adopting the
above-mentioned strategies, including preoperative local anesthetic injection and post-
operative topical application of hemostatic agents, reduced the mean operation time to
9.99–13.87 min in our study.

Electrocauterization for hemostasis can significantly decrease the operation time and
intraoperative blood loss; however, it can also increase postoperative pain [16,17]. Further,
it also results in excessive eschar on the tonsillar fossa, which may cause secondary bleed-
ing [3] and infection. In addition, the time to wound healing and return to a full diet is
longer in patients undergoing bipolar cauterization hemostasis [18].

In our study, the intraoperative blood loss was small (median volume < 15 mL) in
both the hydrogen peroxide and adrenaline groups. Topical hemostatic agents that have
the benefit of rapid onset, easy accessibility, cost effectiveness and analgesic effect are
highly beneficial. We performed blunt dissection and applied topical hemostatic agents.
Topical application of a hemostatic agent can treat all potential bleeding sites, not only
focusing on an active bleeding area, but also on hard-to-access bleeding areas, such as
the low pole of the tonsil. Thus, a topical hemostatic agent may be a feasible method to
control hemorrhage. Hemostasis with the compression of a cotton ball may also cause
lower postoperative pain than bipolar cauterization and ligation [19]. Topical hemostatic
agents can also prevent sloughing of the eschar and help control mucosal bleeding across
surface areas. No secondary bleeding after tonsillectomy occurred in the present study.

Hydrogen peroxide is widely used for wound irrigation, owing to its hemostatic
and antimicrobial effects. Chang et al. and Al-Abbasi et al. reported that the use of
hydrogen peroxide significantly reduced the operation time in tonsillectomy by 35% and
31%, respectively [5,20]. In our study, hydrogen peroxide better reduced the operation time
by 14.9% and achieved a better hemostatic effect than adrenaline. The decreased operation
time in the hydrogen peroxide group could be due to the relatively short hemostasis time,
in line with previous findings [5,20].

For intraoperative blood loss, the median volume was significantly lower in the
hydrogen peroxide group than in the adrenaline group. We found that both hydrogen
peroxide and adrenaline could decrease intraoperative hemorrhage. However, although the
effect size of 3.88 mL of intraoperative blood loss may be significantly different, this little
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change may not have clinical significance. In addition, we also found that the mucosa and
soft tissue turned white after hydrogen peroxide was pressed tightly. The chemical burns
and bitter taste of hydrogen peroxide might explain the higher 24 h postoperative pain score
in the hydrogen peroxide group (4.98 ± 1.94) than in the adrenaline group (4.27 ± 1.97).

There are three main applications of hydrogen peroxide: antiseptic, hemostasis and
wound healing. Reactive oxygen species (ROS) defend the host from invading microbes
by damaging microbial DNA. When hydrogen peroxide is degraded, reactive oxygen
species are released, causing DNA strand breakage by DNA oxidization [21]. ROS induce
interferon activation and result in an antiviral state, which limits viral replication. ROS
may help promote cytokine production, autophagy and granuloma formation, resulting
in an antimycobacterial state. By decreasing the colonization of bacteria and viruses, the
severity of infection and pain can be reduced.

In addition to the antiseptic benefit, we also found a decrease in operation time. Further
analysis of the decreased operation time in the hydrogen peroxide group showed that the
“bubble effect”, due to oxidation in the early stage, rapidly turned the bleeding area to white.
This helped the surgeon to easily localize the bleeding source requiring cauterization and
clarify the visual field. It also shortened the operation time. Applying hydrogen peroxide
to the wound at the late stage can kill fibroblasts and promote re-epithelialization [22].
Hydrogen peroxide facilitates hemostasis through several mechanisms, including platelet
aggregation, stimulation of platelet-derived growth factor activation, and regulation of the
contractility and barrier function of endothelial cells [23].

There are numerous theories regarding the hemostatic effects of hydrogen peroxide,
including thermal injury of the vascular ends, oxygen embolization of vessels, and reactive
vascular spasms [24]. More recently, it has been suggested that thrombolytic hyperactivity
and thrombus formation can trigger hemostatic effects [24]. In addition, when catalase in
red blood cells reacts with hydrogen peroxide, the chemical reaction induces the release of
oxygen and heat, helping the surgeon to localize the bleeding site.

Currently, hydrogen peroxide is used clinically not only as a hemostatic and antiseptic
agent, but also as a wound-healing agent [23]. Hydrogen peroxide may help to clear
pathogen debris and promote cytokine secretion, helping tissue regeneration [25]. In our
study, 3% hydrogen peroxide appeared to have no negative effect on wound healing.
It should be noted that highly concentrated hydrogen peroxide (30%) carries a risk of
cardiac arrest and stroke, due to oxygen embolism formation [26]. However, the use of
a low concentration of hydrogen peroxide (3%) does not induce serious systemic side
effects [9,24,27]. The application time should be limited to prevent tissue damage and limit
pain. Collectively, these findings support the fact that 3% hydrogen peroxide is a safe and
effective agent for intraoperative hemostasis and wound cleaning.

Hatton et al. reported that topical adrenaline is an effective hemostatic agent in
tonsillectomy [11]. The application of bismuth subgallate and adrenaline paste to the
tonsillar fossae reduced the operating time by 23% and blood loss by 21% [28]. Epinephrine,
a platelet-stimulating agent, can cause aggregation of human platelets through alpha-
adrenergic mechanisms [29]. In this study, we found that the topical use of adrenaline is
mildly inferior to hydrogen peroxide, with respect to hemostatic function. The vasoconstric-
tion effect of adrenaline on arterioles, capillaries and venules helps to delay intraoperative
bleeding initially. However, post-tonsillectomy bleeding may result from a blood vessel
that initially spasms and later resumes bleeding if hemostasis is not complete. Importantly,
adrenaline takes longer to work in these cases. In the current study, the operation time
and intraoperative blood loss were lower, at 14.9% and 38.8% (3.88 cc), respectively, in the
hydrogen peroxide group than in the adrenaline group. However, in comparison with
hydrogen peroxide, adrenaline was more effective in controlling postoperative pain in the
first 24 h, but the pain scores were similar at 48 h postoperatively.

We combined lidocaine and adrenaline in this study because lidocaine could stabilize
the neural membrane by inhibiting voltage-gated sodium channels, resulting in the sup-
pression of impulse conduction, affecting local anesthetic action. To prevent the systemic
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circulation and adverse effects of central nervous system toxicity, tachycardia, convulsion,
respiratory obstruction [30] and vocal palsy [31], adrenaline was applied topically. The
vasoconstrictor property of adrenaline prolongs anesthesia activity and minimizes the risk
of systemic circulation. By stimulating α-adrenergic receptors on the neural vasculature,
combining adrenaline with lidocaine can lower the local blood flow, slow the clearance of
lidocaine, and extend the duration of peripheral nerve block action. To eliminate differences
in the pain control effect of the topical use of lidocaine, cotton balls rinsed with lidocaine
were applied on both sides as the final step in the study. However, although rare, toxicity at
high doses of lidocaine can influence cardiovascular and central nervous system function
in a concentration-dependent manner.

This study has some limitations. The number of subjects enrolled in our study was too
small to draw a definite conclusion. In the absence of a control group in this study, where
no topical agents are used, it is difficult to interpret the absolute benefit of each other’s
hemostatic agents. Previous studies measured pain before and after the administration
of supplemental analgesia; however, there may still have been some residual analgesic
effect on subsequent measurements in the early period. Meanwhile, we assessed the pain
score at 24 h postoperatively, when the anesthetic effect may have little residual activity.
Furthermore, we found that it was difficult for some patients to precisely discriminate the
exact pain score on each side, possibly resulting in bias. Further studies should investigate
the effects of hemostatic agents over a longer duration with a larger set of participants.

5. Conclusions

The topical application of hydrogen peroxide is beneficial for reducing the operation
time and intraoperative blood loss, with minor complications, in tonsillectomy. Thus,
hydrogen peroxide can be used as a routine topical hemostatic agent in tonsillectomy.
Meanwhile, the topical application of adrenaline provides significant pain relief on the first
day compared to hydrogen peroxide.
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Abstract: Sjögren’s syndrome (SjS) is characterized by lymphocytic infiltration and the dysfunction
of the salivary and lacrimal glands. The autoimmune response is driven by the effector T cells and
their cytokines. The activation of the effector helper T cells is mediated by autoantigen presentation
by human leukocyte antigen (HLA) class II molecules of antigen-presenting cells. Studies using
familial aggregation, animal models, and genome-wide association demonstrate a significant genetic
correlation between specific risk HLAs and SjS. One of the key HLA alleles is HLA-DRB1*0301; it is
one of the most influential associations with primary SjS, having the highest odds ratio and occurrence
across different ethnic groups. The specific autoantigens attributed to SjS remain elusive, especially
the specific antigenic epitopes presented by HLA-DRB1*0301. This study applied a high throughput
in silico mapping technique to identify antigenic epitopes of known SjS autoantigens presented
by high-risk HLAs. Furthermore, we identified specific binding HLA-DRB1*0301 epitopes using
structural modeling tools such as Immune Epitope Database and Analysis Resource IEDB, AutoDock
Vina, and COOT. By deciphering the critical epitopes of autoantigens presented by HLA-DRB1*0301,
we gain a better understanding of the origin of the antigens, determine the T cell receptor function,
learn the mechanism of disease progression, and develop therapeutic applications.

Keywords: major histocompatibility complex (MHC); human leukocyte antigen (HLA); autoantigens;
T cells

1. Introduction

Sjögren’s syndrome (SjS) is a chronic, systemic autoimmune disease that affects the
exocrine glands of the body (salivary and lacrimal glands), which may occur in conjunc-
tion with another autoimmune disease [1]. It is estimated that approximately 4 million
Americans are affected, making SjS the second most common autoimmune disease after
rheumatoid arthritis (RA) [2–4]. SjS is a multifactorial disease related to genetic, hormonal,
and environmental factors. Based on animal models and candidate gene association stud-
ies, susceptibility to developing SjS has been strongly associated with human leukocyte
antigen (HLA) class II genes, particularly the HLA-DR and DQ alleles [5]. As with most
autoimmune diseases, associations of HLA class II loci with SjS have been described and
vary in different ethnic groups [6–10]. In most studies, when an HLA association with
primary (p)SjS was demonstrable, a stronger association between HLAs and autoantibody
titers could be found to the anti-Ro/SSA and anti-La/SB autoantibody responses. The
HLA-DR3 haplotype is associated with SjS and exists within a region with extended linkage
disequilibrium not observed in other places in the genome [8]. It is important to note that
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specific HLA-DR and -DQ alleles have been observed to present autoantigens in SjS (i.e.,
M3R, α-fodrin, Ro (SSA), and La (SSB)) in different ethnic populations [7,11,12].

The structural determination of disease-relevant peptide–HLA and HLA–peptide–
TCR complexes is crucial for the elucidation of the molecular mechanisms responsible for
the development of T cell reactivity that promotes autoimmune disease [13]. The HLA–
peptide–T cell receptor (TCR) interactions that determine self and non-self-discrimination
are guided by a set of rules that malfunction in immunopathology in autoimmunity [14].
There are certain principles that govern HLA restriction and TCR docking geometry with
a variety of molecular mechanisms that could affect HLA–peptide–TCR interactions [15].
Autoreactive T cells are directly generated and activated by the mechanisms such as atypical
HLA–peptide–TCR binding orientation, low-affinity peptide binding that facilitate thymic
escape, TCR-mediated stabilization of weak peptide–HLA interaction, and presentation of
peptides in a different binding register [13,16–19]. The peptide binding register refers to
the ∼9-mer window of a peptide that sits directly within the peptide-binding groove at a
given time. Alterations in this register, whereby the same peptide binds a peptide-binding
groove utilizing a different 9-mer window, have an altered impact on the generation of
autoreactive T cells [20]. Further, autoreactive TCRs can bind self-peptide–HLA complexes
with a conventional binding topology and a high affinity as seen in type 1 diabetes and
multiple sclerosis, thus highlighting the potential role of the peptide binding register in
increasing the risk of autoimmune disease [21].

The first HLA class II associations in SjS described were at the DR3 [22,23] and
DR2 [23,24] loci in Caucasian populations [25]. Together these two HLA sub-types were
shown to account for up to 90% of the MHC association in patients who had SjS, which have
been further confirmed in the majority of subsequent studies evaluating northern European
cohorts [24]. In 2005, Anaya and colleagues [26] demonstrated that the HLA-DRB1*0301-
DQB1*0201 haplotype was associated with pSjS in Latin Americans. The HLA-DR3 allele
is one of the predominant alleles in SjS. The purpose of this study was to use a high-
throughput in-silico mapping technique to identify antigenic epitopes binding to known
risk HLAs of SjS, with significant emphasis on HLA-DR3 allele. Additionally, we sought to
investigate the molecular mimicry of the antigenic epitopes by determining the homology
to viral and bacterial pathogens that can bind structurally to individual HLAs.

2. Materials and Methods

2.1. In Silico Binding Affinities of Peptides for HLA-DR3 and Other Risk Alleles

The Immune Epitope Database (IEDB)—La Jolla Institute for Allergy and Immunology
(LIAI), La Jolla, CA, USA—hosts a series of machine learning (ML) based tools, each trained
on specific datasets of an experimental peptide-MHC binding affinity matrix. These tools
encompass the common approaches of ML, namely, linear regression (LR) and utilization of
artificial neural networks (ANN). The SMM-align methodology predicted the peptide-MHC
binding affinity by fitting a weight matrix that relates peptide sequence to end-point binding
affinity value. The datasets used for the IEDB prediction tool SMM-align included complete
UniProt protein sequences of human Ro52, Ro60, La, M3R and α-fodrin. Quantitative
measurements were selected by choosing the binding assay of identifying the IC50 value,
and this was validated by the ΔG measurement values indicating the best possible position
the peptide would fit in when being presented to the T cell. The human HLA type II alleles
were predicted to bind to 15-mer peptides with a core peptide region of 10 amino acids.
Finally, the result sets were analyzed, and the top predicted binders were identified.

2.2. PDB Structures of HLA-DR3 and Predicted Peptide Docking

The 1A6A HLA-DR3 MHC II-peptide binding complex was extracted from the Protein
Data Bank and was used as a template for the crystal structure in COOT, and geometry
regularization in PHENIX modeling (Figures 1–5). The peptides were mutated using
COOT [27] with rotamers that represent a local energy minimum of torsional angles. The
geometry of the resulting complex was regularized in PHENIX. Autodock Vina was used
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for molecular docking after water, and other atoms were removed, with no presence of
peptide [28]. Then, the positions of the peptides with the lowest binding energy (ΔG) were
complexed using PHENIX. PyMOL (https://pymol.org/2/) accessed on 15 November 2021
v1.7.2 was used to generate molecular graphic images. The site for docking was prepared
by removing all water molecules, and the protonation of HLA-DR3 residues was carried
out with the SYBYL-X software. Sets of spheres were used to describe potential binding
pockets on the molecular surface of HLA-DR3. The four pockets that were determined
for molecular docking were determined using the SPHGEN program [28]. This program
generated a grid of points that reflected the shape of the selected site, which were filtered
through another program called CLUSTER [29]. CLUSTER grouped the selected spheres
to define the points used by the following software called DOCK [29]. DOCK was able to
match potential ligand atoms with spheres [28]. The next step used the intermolecular van
der Waals and columbic AMBER energy scoring coupled with contact scoring and bump
filtering. These additional characteristics were applied to the DOCK program algorithm.
Atomic coordinates for all predicted peptides positioned in the selected structural pocket
in 1000 different orientations were scored, and based on predicted polar (H bond) and
nonpolar (van der Waals) interactions, the best images were obtained. PYMOL was used to
generate molecular graphic images.

 
(A) (B) 

 
(C) (D) 

Figure 1. Predicted Ro52 peptide binders docked on HLA-DRB1*0103. (A,B) Based on the prediction
by SMM-align (stabilization matrix alignment) using IEDB, the top two peptides with IC50 values of
28 and 29 were docked onto the crystal structure of HLA-DRB1*0103 PDB structure 1A6A, and the
most optimum predicted position of docking is indicated for both peptides-NPWLILSEDRRQVRL
and ANPWLILSEDRRQVR with the core sequence of LSEDRRQVR and LILSEDRRQ, respectively.
(C,D) The highlighted region indicates the presence of the peptides in the three-dimensional structure
of the Ro52 protein.
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Figure 2. Predicted Ro60 peptide binders docked on HLA-DRB1*0103. (A,B) SMM-align predicted top
two peptides FTFIQFKKDLKESMK and TFIQFKKDLKESMKC with IC50 values of 75 were docked
onto the crystal structure of HLA-DRB1*0103 PDB structure 1A6A, and the most optimum predicted
position of docking is indicated. Both predicted peptides have the same core sequence FKKDLKESM.
(C,D) The highlighted region indicates the presence of the peptides in the three-dimensional structure
of the Ro60 protein.

 
(A) (B) 

 
(C) (D) 

Figure 3. Predicted La peptide binders docked on HLA-DRB1*0103. (A,B) SMM-align predicted
top two peptides ALKKIIEDQQESLNK and EALKKIIEDQQESLN with IC50 values of 49 and 50
were docked onto the crystal structure of HLA-DRB1*0103 PDB structure 1A6A, and the most
optimum predicted position of docking is indicated. Both predicted peptides have the same core
sequence IIEDQQESL. (C,D) The highlighted region indicates the presence of the peptide in the
three-dimensional structure of the La protein.
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(A) (B) 

 
(C) (D) 

Figure 4. Predicted M3R peptide binders docked on HLA-DRB1*0103. (A,B) Based on the prediction
by SMM-align using IEDB the top two peptides with IC50 values of 120 and 121 were docked onto the
crystal structure of HLA-DRB1*0103 PDB structure 1A6A, and the most optimum predicted position
of docking is indicated for both peptides AWVISFVLWAPAILF and ISFVLWAPAILFWQY with the
core sequence of AWVISFVLW and VLWAPAILF, respectively. (C,D) The highlighted region indicates
the presence of the peptides in the three-dimensional structure of the M3R protein.

 
(A) (B) 

 
(C) (D) 

Figure 5. Predicted α-fodrin peptide binders docked on HLA-DRB1*0103. (A,B) Based on the
prediction by SMM-align using IEDB, the top two peptides with IC50 values of 12 were docked
onto the crystal structure of HLA-DRB1*0103 PDB structure 1A6A, and the most optimum predicted
position of docking is indicated for both peptides SHDLQRFLSDFRDLM and HDLQRFLSDFRDLMS
with the core sequence of SHDLQRFLS and FLSDFRDLM, respectively. (C,D) The highlighted region
indicates the presence of the peptides in the three-dimensional structure of the α-fodrin protein.
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2.3. Homology Determination for Viral and Bacterial Peptides

The software UniProt—Basic Local Alignment Search Tool (https://www.uniprot.org/
blast/, accessed on 15 November 2021) was used to find regions of local similarity between
sequences with an E-threshold of 10 amino acids in the viral and bacterial databases
of UniProt. The top-scoring homology results were verified by the PubMed database
(https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 15 November 2021), recorded, and
are presented in Tables 14–17.

3. Results

3.1. In Silico Antigenic Mapping of High-Risk Autoantigens Presented on HLA-DR3

HLA class II alleles play an important role in the regulation of the immune responses
against the Ro and La ribonucleoproteins. The generation of these autoantibodies has been
correlated with the alleles DRB1*03:01, DQA1*05:01, and DQB1*02:01 in SjS patients [30,31].
As indicated in Table 1, among all the risk alleles that have been identified in SjS, the
DRB1*03:01 allele was found to be a significant risk factor in many ethnicities [32]. Accord-
ing to the European League Against Rheumatism (EULAR) classification criteria for pSjS,
the Ro60 antibodies are one of the leading indicators of the onset of disease in patients.
DRB1*03:01 haplotype is found to associate with DPB1*02:01 allele and TNF- α2 alleles
in SjS patients [33]. Different HLA alleles can also be protective in nature for varied au-
toimmune diseases, as presented in Table 2. In DR3 transgenic mice, Ro60 has been shown
to induce a strong T and B cell response [34]. Using DRB1*03:01 as the model allele for
this study, we sought to map the antigenic epitopes of the five most dominant antigens
associated with SjS, which include Ro52, Ro60, La, muscarinic receptor type III (M3R), and
α-fodrin as indicated in Table 3. We conducted the mapping using the artificial neural
networks of NetMHCIIpan from the Immune Epitope Database and Analysis Resource
(IEDB) as a predictive method to identify the 15-amino acid peptides that could potentially
be presented by DRB1*03:01. As indicated in Tables 4–8, predicted peptides with the lowest
IC50 values, an indicator of half the maximal inhibitory concentration that characterizes the
effectiveness of a peptide in substituting a high-affinity molecule for binding to MHC class
II represents the binding affinity of that peptide. The lower the IC50 values, the stronger
the binding to DRB1*03:01 by the predicted peptides. IEDB primarily uses the threshold of
IC50 to select the strong peptide binders respective to the MHC. Peptide binding to MHC
class II protein is based on the discrete anchor residues at pockets 1, 4, 6/7, and 9 [35] and
these anchor peptide-binding motifs can be used to predict the specific T cell response.

As presented in Table 4 and Figure 1, predicted Ro52 peptides on HLA-DR3 showed
the core peptide with an anchor hydrophobic residue leucine at position 1, followed by
a negatively charged residue at position 4 with the top-scoring aspartic acid residue and
arginine residue at positions 6 and 9. The predicted Ro60 peptides showed a similar trend,
in which lysine or phenylalanine (being predominantly a hydrophobic amino acid) was
predicted at position 1 followed by a negatively charged residue at position 4, positively
charged histidine, lysine, or arginine at position 6, and a positively charged residue at
position 9 (Table 5 and Figure 2). The La predicted peptides also indicate the same pattern
with isoleucine being present at position 1, followed by a positively charged or uncharged
side chain amino acid (e.g., aspartic acid) at position 4 and a polar uncharged side chain
at position 6 with a hydrophobic side chain at position 9 (Table 6 and Figure 3). The M3R
predicted amino acid 9-mers indicate predominantly hydrophobic side-chained amino
acids throughout the entire structure at positions 1, 4, 6, and 9 (Table 7 and Figure 4).
Being a 240 KDa protein, α-fodrin showed a similar motif to Ro52, Ro60, and La with a
hydrophobic amino acid at position 1 and predominantly charged amino acids at position
4 (predominantly negative) and 6 (predominantly positive), with a hydrophobic amino
acid (i.e., lysine) at position 9, as shown in Table 8 and Figure 5.
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In summary, in silico antigenic epitope mapping of DRB1*03:01 allele with Ro52,
Ro60, La, M3R, and α-fodrin showed that the general trend of all peptides predicted to
bind have a backbone structure with position 1 being occupied by a hydrophobic residue,
position 4 favors charged amino acids, position 6 favors negatively charged amino acids,
and position 9 (especially for Ro52, Ro60) having a positively charged amino acid; α-fodrin
was an anomaly preferring a hydrophobic residue at this position. La and M3R mostly
indicate hydrophobic residues and amino acids with polar uncharged side chains. This
also predicts the nature of the pockets in HLA DRB1*03:01, with positions 1 and 4 being
rigid, whereas flexibility in the presentation of amino acids on positions 6 and 9 with either
charged or hydrophobic amino acids.

3.2. Elucidating the Nature of Predicted Peptides Presented on Other Risk Alleles

As presented in Table 1, in addition to the HLA-DRB1*03:01 allele, there are other
pertinent risk HLA alleles that were shown to associate with SjS. To further characterize
the antigenic epitopes, we selected five different predominant alleles, specifically HLA-
DRB1*01:01, HLA-DRB1*15:01, HLA DRB1*04:05, HLA-DRB4*01:01, and HLA-DRB3*01:01.
As indicated in Table 9, Ro52 with the same trend of hydrophobic and charged peptides
indicates a strong predictive binding by the NetMHCIIPan for the HLA-DRB1*01:01 and
HLA DRB1*04:05 alleles with IC50 values that are lower than 50 nM. Most Ro60 potential
binders showed higher IC50 predicted scores for most peptides identifying them to be
poor binders (Table 10). La predicted peptides point toward having a slightly different
amino acid composition for predicted peptides, with the second anchor position being
primarily hydrophobic instead of negatively charged (Table 11). M3R peptides showed a
wide disparity in predicted peptide binding for some alleles, suggesting that M3R antigens
may be selectively processed and presented based on the presence of alleles such as
HLA DRB1*04:05, HLA- DRB1*15:01, and HLA-DRB1*01:01 (Table 12). Lastly, α-fodrin
peptide analysis indicates a slightly different sequence of peptides on most risk alleles, as
indicated in Table 13. Following a similar pattern to the peptide composition presented,
with slight deviations in HLA-DRB3*01:01 and HLA DRB1*04:05, it was observed that
HLA-DRB1*01:01 and HLA- DRB1*15:01 had similar peptide presentation patterns to HLA-
DRB1*03:01, indicating the higher probability of these alleles presenting the same peptides.
In summary, in silico antigenic epitope mapping of HLA-DRB1*01:01, HLA-DRB1*15:01,
HLA DRB1*04:05, HLA-DRB4*01:01, and HLA-DRB3*01:01 alleles with Ro52, Ro60, La,
M3R, and α-fodrin showed that a similar trend of positions 1 and 4 having hydrophobic
and positively charged residues but positions 6 and 9 being fluid to present either a charged
or a hydrophobic amino acid for most predicted peptides.

Table 9. Predicted peptides on risk alleles for human Ro52.

Allele Core Sequence Peptide Sequence IC50

HLA-DRB1*01:01 LKNLRPNRQ RFLLKNLRPNRQLAN 44.00

RFLLKNLRP CRQRFLLKNLRPNRQ 52.00

HLA-DRB1*15:01 TGPLRPFFS CAFTGPLRPFFSPGF 122.00

LRPFFSPGF AFTGPLRPFFSPGFN 123.00

HLA -DRB1*04:05 EAGMVSFYN LDYEAGMVSFYNITD 39.00

MVSFYNITD DYEAGMVSFYNITDH 39.00

HLA-DRB4*01:01 LKNLRPNRQ RFLLKNLRPNRQLAN 102.00

RFLLKNLRP CRQRFLLKNLRPNRQ 110.00

HLA-DRB3*01:01 KRADWKEVI IAIKRADWKEVIIVL 229.00

EVEIAIKRA EVEIAIKRADWKEVI 247.00
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Table 10. Predicted peptides on risk alleles for human Ro60.

Allele Core Sequence Peptide Sequence IC50

HLA-DRB1*01:01 LFTFIQFKK LFTFIQFKKDLKESM 286.00

FKKDLKESM FTFIQFKKDLKESMK 289.00

HLA-DRB1*15:01 IQEIKSFSQ CEVIQEIKSFSQEGR 238.00

VIQEIKSFS GRGCEVIQEIKSFSQ 251.00

HLA-DRB1*04:05 LRLSHLKPS HKDLLRLSHLKPSSE 75.00

LSHLKPSSE DLLRLSHLKPSSEGK 75.00

HLA-DRB4*01:01 TYYIKEQKL EGGTYYIKEQKLGLE 228.00

KDLLRLSHL SHKDLLRLSHLKPSS 237.00

HLA-DRB3*01:01 LFTFIQFKK LFTFIQFKKDLKESM 286.00

FKKDLKESM FTFIQFKKDLKESMK 289.00

Table 11. Predicted peptides on risk alleles for human La.

Allele Core Sequence Peptide Sequence IC50

HLA-DRB1*01:01 FNVIVEALS TDFNVIVEALSKSKA 52.00

DFNVIVEAL NRLTTDFNVIVEALS 60.00

HLA- DRB1*15:01 LHILFSNHG REDLHILFSNHGEIK 34.00

DLHILFSNH QTCREDLHILFSNHG 37.00

HLA-DRB1*04:05 FNVIVEALS LTTDFNVIVEALSKS 66.00

NRLTTDFNV NRLTTDFNVIVEALS 67.00

HLA-DRB4*01:01 EIMIKFNRL VPLEIMIKFNRLNRL 75.00

IKFNRLNRL PLEIMIKFNRLNRLT 77.00

HLA-DRB3*01:01 DLDDQTCRE DLDDQTCREDLHILF 142.00

CREDLHILF LDDQTCREDLHILFS 143.00

Table 12. Predicted peptides on risk alleles for human M3R.

Allele Core Sequence Peptide Sequence IC50

HLA-DRB1*01:01 IAFLTGILA VVFIAFLTGILALVT 9.00

LTGILALVT FIAFLTGILALVTII 12.00

HLA- DRB1*15:01 IIGNILVIV VTIIGNILVIVSFKV 14.00

ILVIVSFKV IIGNILVIVSFKVNK 14.00

HLA-DRB1*04:05 VPPGECFIQ VPPGECFIQFLSEPT 7.00

FIQFLSEPT PPGECFIQFLSEPTI 7.00

HLA-DRB4*01:01 LVTIIGNIL GILALVTIIGNILVI 88.00

IGVISMNLF ADLIIGVISMNLFTT 98.00

HLA-DRB3*01:01 GECFIQFLS GECFIQFLSEPTITF 124.00

FLSEPTITF ECFIQFLSEPTITFG 127.00
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Table 13. Predicted peptides on risk alleles for human α-fodrin.

Allele Core Sequence Peptide Sequence IC50

HLA-DRB1*01:01 FQKIKSMAA NGRFQKIKSMAASRR 3.00

IKLLQAQKL MREKGIKLLQAQKLV 5.00

HLA- DRB1*15:01 WRRLKAQMI LDRWRRLKAQMIEKR 68.00

EVLDRWRRL NEVLDRWRRLKAQMI 71.00

HLA-DRB1*04:05 FRSSLSSAQ HDAFRSSLSSAQADF 38.00

HDAFRSSLS REAHDAFRSSLSSAQ 39.00

HLA-DRB4*01:01 KMREKGIKL KMREKGIKLLQAQKL 5.00

IKLLQAQKL MREKGIKLLQAQKLV 5.00

HLA-DRB3*01:01 IQETRTYLL IQETRTYLLDGSCMV 25.00

YLLDGSCMV QETRTYLLDGSCMVE 25.00

3.3. Homology of Predicted Peptides Binding to HLA-DRB1*03:01 to Viral and Bacterial Proteins

Molecular mimicry is one of the main mechanisms by which infections might trigger
autoimmune disease [69]. Several viruses and bacteria have been implicated as potential
etiological agents in human patients, and specific viruses were determined to cause various
clinical signs of SjS in animal models. However, there is still little information about the
causative role in disease initiation and progression [70]. As presented, we have identified
specific antigenic epitopes of the DRB1*03:01 allele with Ro52, Ro60, La, M3R, and α-fodrin
proteins in silico. To determine whether these antigenic epitopes mimic viral and bacterial
proteins, we utilized the BLAST tool to identify the amino acid homology between the
SjS-associated antigenic epitopes of HLA-DRB1*03:01 and all known viral proteins in the
Uniprot databases. As presented in Table 14, Ro52 peptides showed similarities between
bat viruses such as Miniopterus schreibersii polyomavirus, and other plant-based pathogens.
Ro60 peptides showed 100% homology between Botrytis (gray mold) viruses which have
been stipulated to infect Botrytis (a major agricultural hazard) [71]. M3R peptides showed
88.9% homology between a variety of plant-based viral pathogens and affected the growth
of agriculture and horticulture-based fungi (pests). La and human/mouse α-fodrin pep-
tides indicate a similarity between Helenium virus and Caudovirales phages that belong to
the family of multiple Carlaviruses that infect various ornamental plants [72]. As presented
in Table 15 for bacterial proteins, Ro52 predicted core peptides showed 100% homology to
Stigmatella aurantiaca and Cystobacter fuscus that are naturally occurring and a promising
source for the discovery of new biologically active natural products [73,74]. Ro60 peptides
did not indicate homology to any known bacterial peptides as represented. M3R peptides
present a likeness with Desulfobacterales bacterium that has a sulfur-based metabolism [75].
La peptides showed 100% similarity between Pseudomonas species which is known to
cause pneumonia and infections in blood [76], while α-fodrin peptides are homologous to
certain aquatic and terrestrial bacteria with an 88.9% similarity. In summary, the results
suggest that several environmental factors may be involved in the pathogenesis of SjS,
with the main role being played by infectious agents for animals or plants, with molecular
homologs acting as triggers that may contribute to disease progression in the existence of a
predisposing genetic background.
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Table 14. Homology of predicted peptides binding to HLA-DRB1*03:01 to viral proteins.

Protein Predicted Peptide Virus Protein
Homology with

Sequence (Percentage)

Human Ro52 LEKDEREQL

Miniopterus schreibersii
polyomavirus 1 Large T antigen 88.9%

Micromonas pusilla virus PL1 Uncharacterized 77.8%
Miniopterus schreibersii

polyomavirus 1 Small T antigen 88.9%

Mouse Ro52 MEMDLTMQR
Wiseana iridescent virus
(WIV) (Insect iridescent

virus type 9)
70%

Mouse Ro52 KELAEKMEM Mimivirus LCMiAC02 Uncharacterized 77.8%

Mouse Ro60 LFTFIQFKK

Botrytis virus X (isolate Botrytis
cinerea/New

Zealand/Howitt/2006)
(BOTV-X)

RNA replication 100%

Human Ro60 LFTFIQFKK

Botrytis virus X (isolate Botrytis
cinerea/New

Zealand/Howitt/2006)
(BOTV-X)B19:B22

RNA replication
protein 100%

Human M3R AWVISFVLW Pseudomonas phage PaMx74 Putative membrane
protein 75%

Human M3R LPGHSTILN

Pepper mild mottle virus (strain
Spain) (PMMV-S) Replicase large subunit 88.9%

Odontoglossum ringspot virus
(isolate Korean Cy) (ORSV-Cy) Replicase large 88.9%

Tobacco mild green mosaic virus
(TMGMV) (TMV strain U2) Replicase large subunit 88.9%

Turnip vein-clearing virus
(TVCV) Replicase large subunit 88.9%

Youcai mosaic virus (YoMV) Replicase large subunit 88.9%

Hoya necrotic spot virus Methyltransferase/
RNA helicase 88.9%

Odontoglossum ringspot virus Methyltransferase/
RNA helicase 88.9%

Virgaviridae sp. Replication-associated
protein 88.9%

Tobacco mild green mosaic virus
(TMGMV) (TMV strain U2) Replicase large subunit 88.9%

Brugmansia mild mottle virus Methyltransferase/
RNA helicase 88.9%

Streptocarpus flower break virus Methyltransferase/
RNA helicase 88.9%

Ribgrass mosaic virus (RMV) Methyltransferase/
RNA helicase 88.9%

Wasabi mottle virus Methyltransferase/
RNA helicase 88.9%

Piper chlorosis virus Replicase large subunit 88.9%

Human La KEALKKIIE
Helenium virus S (HelVS) Helicase 88.9%

Arthrobacter phage Boersma DNA polymerase I 100%

Human/Mouse
α-fodrin SYRLQRFLA Uncultured Caudovirales phage Uncharacterized

protein 88.9%
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Table 15. Homology of predicted peptides binding to HLA-DRB1*03:01 to bacterial proteins.

Human Ro52 LSEDRRQVR
Stigmatella aurantiaca (strain DW4/3-1) Peptidase, M20 family 100%

Cystobacter fuscus DSM 2262 Acetylornithine deacetylase 100%
Stigmatella aurantiaca (strain DW4/3-1) Peptidase, M20/M25/M40 family 100%

Human Ro52 LEKDEREQL
Geobacter sp. (strain M21) Endopeptidase La 100%

Seonamhaeicola marinus RNA polymerase sigma factor 100%

Mouse Ro52 MEMDLTMQR

Sulfuriferula nivalis Phytoene synthase 88.9%
Corallococcus exercitus Phytoene/squalene synthase 88.9%

Corallococcus aberystwythensis Phytoene/squalene synthase 88.9%
Corallococcus sp. CA047B Phytoene/squalene synthase 88.9%

Corallococcus exercitus Phytoene/squalene synthase 88.9%

Mouse Ro52 KELAEKMEM

Arenicella xantha RNA pol sigma factor 100%
Gamma proteobacterium SS-5 RNA pol sigma factor 100%
Granulosicoccus antarcticus RNA pol sigma factor 100%

Gammaproteobacteria bacterium RNA pol sigma factor 100%
Granulosicoccus sp. RNA pol sigma factor 100%

Candidatus Methyloumidiphilum RNA pol sigma factor 100%
Gammaproteobacteria bacterium Fumarate flavoprotein 100%

Tindallia magadiensis RNA pol sigma factor 100%
Oceanospirillales bacterium RNA pol sigma factor 100%
Cyanobacterium sp. IPPAS RNA pol sigma factor 100%
Cyanobacterium sp. HL-69 RNA pol sigma factor 100%

Culicoidibacter larvae RNA pol sigma factor 100%
Chromobacterium violaceum RNA pol sigma factor 100%

Cyanobacterium stanieri RNA pol sigma factor 100%
Clostridium cellulovorans RNA pol sigma factor 100%
Anaerolineaceae bacterium RNA pol sigma factor 100%
Pseudobythopirellula maris RNA pol sigma factor 100%

Bacteroidetes bacterium RNA pol sigma factor 100%
Epulopiscium sp. RNA pol sigma factor 100%

Betaproteobacteria bacterium RNA pol sigma factor 100%
Fulvivirga imtechensis AK7 100%

Human M3R AWVISFVLW Planctomycetes bacterium Uncharacterized protein 88.9%

Mouse M3R VLWAPAILF Desulfobacterales bacterium Site-2 protease family protein 88.9%

Human La KEALKKIIE
Candidatus Dojkabacteria bacterium Uncharacterized protein 100%

Hydrogenimonas sp. Anthranilate
phosphoribosyltransferase 100%

candidate division WOR-3 bacterium Uncharacterized protein 100%

Mouse La QRYWQKILV Planctomycetes bacterium SM23_25 Uncharacterized protein 88.9%

Mouse La ILVDRQAKL

Pseudomonas sp. NFR16 Uncharacterized 100.0%
Pseudomonas sp. Bc-h Uncharacterized 100.0%

Pseudomonas sp. GV021 Uncharacterized 100.0%
Pseudomonas abietaniphila Uncharacterized 100.0%

Pseudomonas graminis DUF2914 family 100.0%
Pseudomonas graminis Uncharacterized 100.0%
Pseudomonas graminis Uncharacterized 100.0%
Pseudomonas graminis DUF2914 domain 100.0%
Pseudomonas graminis Uncharacterized 100.0%

Pseudomonas sp. DUF2914 domain 100.0%
Pseudomonas sp. NFACC02 Uncharacterized 100.0%
Pseudomonas sp. LP_7_YM DUF2914 domain 100.0%

Pseudomonas sp. M47T1 Uncharacterized 100.0%
Pseudomonas eucalypticola DUF2914 domain 100.0%
Pseudomonas sp. K1S02-6 DUF2914 domain 100.0%

Human/Mouse
α-fodrin

FLSDFRDLM
Cocleimonas flava Uncharacterized 88.9%

Verrucomicrobiales bacterium Uncharacterized 88.9%
Planctomycetaceae bacterium SH3 domain 88.9%
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3.4. Homology of Predicted Peptides Binding to Other Risk HLA Alleles to Viral and Bacterial Proteins

As indicated previously, we have also identified antigenic epitopes of HLA-DRB1*01:01,
HLA-DRB1*15:01, HLA-DRB1*04:05, HLA-DRB4*01:01, and HLA-DRB3*01:01 alleles with
Ro52, Ro60, La, M3R, and α-fodrin. To further determine if these antigenic epitopes mimic
any known viral or bacterial proteins, we compared these peptide sequences using the
Uniprot databases. As presented in Table 16, Ro60 predicted peptides of HLA-DRB1*01:01
showed homology with the RNA replication protein of Botrytis virus X. Salmonella phage
SPFM12 showed a similarity to La peptides. In contrast, the M3R peptides indicated a 100%
similarity with the Bacillus phage. While the α-fodrin peptides for this allele did not indicate a
homology with any viral proteins, they were very similar to naturally occurring bacteria that
are responsible for fermentation, such as Candidatus pseudoramibacter [77] and Eubacteriaceae
bacterium, which is a pathogen that has been recently found to contribute to colorectal cancer
initiation via promoting colitis [78]. HLA- DRB1*15:01 exhibited a homology for either bacteria
or viruses for Ro52, Ro6,0, and La. Still, it yielded a 100% homology to the viral protein u (Vpu)
protein of the human immunodeficiency virus 1 (HIV-1) to the M3R peptide (IIGNILVIV).
Furthermore, HLA- DRB1*15:01 allele is predicted to present peptide EVLDRWRRL, which is
very similar to many proteins found in Streptomyces and Saccharopolyspora species which have
been investigated extensively for their bioactive natural pharmacological products [79]. The
allele HLA-DRB4*01:01 was shown to present RFLLKNLRP peptide of Ro52. This specific
peptide showed a 100% homology between the glycoprotein 120 (gp120) of HIV-1. The
RFLLKNLRP peptide of Ro52 also showed homology with many phages and other viruses.
Lastly, TYYIKEQKL peptide of Ro60 showed a similarity between the Ro-like RNA binding
protein for the Streptomyces phage.

Compared to the bacterial proteins (Table 17), we found that Helicobacter sp. showed a
100% homology with the Ro60 peptide IKLLQAQKL. Helicobacter sp. has been found to
cause chronic gastritis and plays an important role in peptic ulcer disease, gastric carcinoma,
and gastric lymphoma. In addition, the homology between Ro60 peptide TYYIKEQKL
of HLA-DRB4*01:01 and Fusobacterium necrophorum, a rare causative agent of otitis and
sinusitis, indicates the linkage of an oral biology homologue [80]. HLA-DRB3*01:01 for
both Ro52 and La peptides showed Virgibacillus massiliensis and Oscillospiraceae bacterium,
which have been isolated from the human stool and may form a part of the microbiome,
had a 100% homology with CREDLHILF (La) and KRADWKEVI (Ro52) [81,82]. The α-
fodrin peptide IKLLQAQKL was indicated to be 100% similar to the glycosyltransferase
protein of both Eubacteriaceae bacterium and Candidatus pseudoramibacter [83], which are
microbes that have been observed in the gut [77]. Alterations in the gut and oral microbiota
composition have previously been suggested as possible environmental factors in the
etiology of pSjS and SLE [84]. In summary, the results suggest that different species
in Table 17 belong to Bacteriodes, Actinomyces, and Lactobacillus that have been found in
patients of both pSjS and SLE [85–88]. In conclusion to the results observed for bacterial
homology, it is known that pSjS patients have less diversity in their gut microbiome with
less abundant beneficial bacteria and more abundant opportunistic bacteria with pro-
inflammatory activity compared with healthy individuals. Out of the primary homologs
observed, most of them indicate a 100% homology to the three main bacterial species found
in the gut, indicating the gut microbiome contribution in disease progression by molecular
mimicry on a genetically predisposed background.
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Table 16. Homology of predicted peptides binding to HLA alleles to viral proteins.

Allele SjS Protein Core Sequence Virus Viral Protein Homology

HLA-
DRB4*01:01

Ro52 RFLLKNLRP

Human Immunodeficiency Virus Glycoprotein 120 100.0%
Serratia phage 2050H2 Uncharacterized 87.5%

Klebsiella phage 31 Endopeptidase Rz 87.5%
Escherichia phage ECA2 Endopeptidase 87.5%
Leclercia phage 10164RH Uncharacterized 87.5%

Citrobacter phage SH1 Endopeptidase 87.5%
Citrobacter phage phiCFP-1 Uncharacterized 87.5%

Serratia phage SALSA Endopeptidase 87.5%
Citrobacter phage SH2 Endopeptidase Rz 87.5%
Klebsiella phage KPP-5 Endopeptidase 87.5%

Leclercia phage 10164-302 Uncharacterized 87.5%
Enterobacter phage E-2 Endopeptidase 87.5%

Klebsiella phage NL_ZS_3 Endopeptidase Rz 87.5%
Serratia phage SM9-3Y I-spanin 87.5%
Escherichia phage LL2 I-spanin 87.5%

Salmonella phage phiSG-JL2 Gp18.5 87.5%
Yersinia phage phiYeO3-12 Endopeptidase 87.5%

Enterobacter phage E-4 Endopeptidase Rz 87.5%
Enterobacter phage E-3 Endopeptidase 87.5%

Yersinia phage phiYe-F10 Uncharacterized 87.5%
Klebsiella phage endopeptidase 87.5%

HLA-
DRB1*01:01 Ro60 LFTFIQFKK Botrytis virus X RNA replication

protein

100% Ro60 TYYIKEQKL

Streptomyces phage Ro-like RNA
binding protein 88.9%

Streptomyces phage Ro-like RNA
binding protein 88.9%

Streptomyces phage Beuffert Ro-like RNA
binding protein 88.9%

Pyramimonas orientalis virus Uncharacterized
protein 69.2%

KDLLRLSHL Botrytis virus X RNA replication 100%

HLA-
DRB1*01:01 La DFNVIVEAL Salmonella phage SPFM12 Uncharacterized 88.9%

HLA-
DRB3*01:01 La DLDDQTCRE Leviviridae sp. RNA replicase

beta chain 64.3%

HLA-
DRB1*01:01

M3R IAFLTGILA

Bacillus phage 031MP004 Uncharacterized 100%
Bacillus phage 055SW001 Uncharacterized 100%
Bacillus phage 022DV001 Uncharacterized 100%
Bacillus phage 031MP002 Uncharacterized 100%
Bacillus phage 031MP003 Uncharacterized 100%

HLA-
DRB1*15:01 M3R IIGNILVIV Human immunodeficiency virus 1 Protein Vpu 100%
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Table 17. Homology of predicted peptides binding to HLA alleles to bacterial proteins.

Allele SjS Protein Core Sequence Bacteria Bacterial Protein Homology

HLA -DRB1*04:05 Ro52 EAGMVSFYN
Legionella moravica Ankyrin 88.9%

Legionella sp. Km535 Ankyrin repeat domain-containing protein 88.9%

Ro52 MVSFYNITD
Legionella moravica Ankyrin 88.9%

Legionella sp. Km535 Ankyrin repeat domain-containing protein 88.9%

HLA-DRB4*01:01 Ro60 TYYIKEQKL
Helicobacter sp. 11S03491-1 Protoporphyrinogen oxidase 100%

Fusobacterium Uncharacterized 100%
Fusobacterium Uncharacterized 100%

HLA-DRB3*01:01 La CREDLHILF Virgibacillus massiliensis Uncharacterized 100%

HLA-DRB4*01:01 M3R LVTIIGNIL Uncultured Uncharacterized 88.9%

HLA-DRB1*01:01 Alpha Fodrin IKLLQAQKL Eubacteriaceae Glycosyltransferase 100.0%
Candidatus Pseudoramibacter Glycosyltransferase 100.0%

HLA- DRB1*15:01 Alpha Fodrin EVLDRWRRL

Desulfonatronum sp. Thioredoxin 88.9%
Thermoleophilaceae bacterium Proline RNA ligase 88.9%
Thermoleophilaceae bacterium Proline tRNA ligase 88.9%
Nonomuraea nitratireducens DUF885 family protein 88.9%

Nonomuraea phyllanthi DUF885 domain-containing protein 88.9%
Firmicutes bacterium Biotin protein ligase 88.9%
Firmicutes bacterium Biotin protein ligase 88.9%

Streptomyces malaysiensis Putative non-ribosomal peptide synthetase 100.0%
Streptomyces malaysiensis Non-ribosomal peptide synthetase 100.0%
Streptomyces malaysiensis Carrier domain-containing protein 100.0%
Aquisphaera giovannonii Phosphomannomutase/phosphoglucomutase 100.0%

Streptomycetaceae bacterium Uncharacterized protein 88.9%
Curtobacterium sp.

MCPF17_047 Uncharacterized protein 100.0%

Nitriliruptorales bacterium DUF1932 domain-containing protein 100.0%
Paracoccus homiensis Acetyltransferase (GNAT) family protein 100.0%

Actinophytocola xanthii SnoaL-like domain-containing protein 100.0%
Frigoribacterium sp. PhB160 S-DNA-T family DNA segregation ATPase 100.0%
Frigoribacterium sp. PhB107 S-DNA-T family DNA segregation ATPase 100.0%

Frigoribacterium sp. ACAM 257 Cell division protein FtsK 100.0%
Geodermatophilus sp. DF01_2 Peptidase_M16_C domain-containing protein 100.0%

Acidobacteria bacterium Uncharacterized protein 100.0%
Nitrosococcus oceani C-27 Transposase 88.9%

Nitrosococcus oceani (strain) Y1_Tnp domain-containing protein 88.9%
Dietzia sp. MeA6-2017 Uncharacterized protein 100.0%

Firmicutes bacterium Bifunctional ligase/repressor BirA 100.0%
Dietzia sp. oral taxon 368 Uncharacterized protein 100.0%

Saccharopolyspora sp. ASAGF58 Uncharacterized protein 100.0%
Saccharopolyspora spinosa Uncharacterized protein 100.0%

Chloroflexi bacterium Biotin [acetyl-CoA-carboxylase] ligase 100.0%
Actinobacteria bacterium 13 Biotin [acetyl-CoA-carboxylase] ligase 100.0%

Pelagibaca abyssi Uncharacterized protein 100.0%
Candidatus Kentron sp. LFY Type III restriction enzyme 88.9%

Planctomycetes bacterium Diguanylate cyclase 88.9%
Candidatus Kentron sp. LFY Type III restriction enzyme, res subunit 88.9%

Candidatus Solibacter sp. 3-isopropylmalate dehydratase large subunit 88.9%
Hyalangium minutum Uncharacterized protein 88.9%
Actinokineospora terrae AraC-type DNA-binding protein 88.9%

Actinokineospora cianjurensis AraC-like DNA-binding protein 88.9%

HLA-DRB4*01:01 Alpha Fodrin IKLLQAQKL Eubacteriaceae
Candidatus Pseudoramibacter

Glycosyltransferase
Glycosyltransferase

100.0%
100.0%

4. Discussion

HLA genes are the best documented genetic risk factors for the development of
autoimmune diseases and could be directly involved in SjS [89]. This study shows the
presence of a similar pattern of amino acids that may be presented by the HLAs based
on their structure. The similarity and overlap in the peptides presented on different risk
alleles suggest that the same antigenic peptides may be responsible for presenting different
autoantigens and thereby initiating the autoimmune cascade. In addition, the results
provide insight towards not only the genetic predisposition but also environmental and
biological factors that contribute to the onset and progression of the disease. The peptide
homology represents similarities in peptides presented to the immune system that shows
homology to viral pathogens and bacteria that are both environmental triggers. Bacteria
form part of the microbiome of an individual.

Different amino acids present at specific positions in the biochemical structure may confer
protection in the peptides presented. It has been shown in previous studies that, consistent
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with our results, the requirements of peptides for binding to HLA-DR3 vary among different
DR3 binding peptides [90]. Similar to our results, the anchor peptides at different positions 1,
4, 6 and 9 indicate the absence of an anchor or the presence of only a weak anchor residue at
either position 4 can be compensated for by the presence of a strong, positively charged anchor
residue at position 6 in case of both viral antigens and autoimmune peptides [90,91]. Similar
to the predicted peptide trend indicated, Verhagen et al. [92] showed that most insulin and
pro-insulin peptides presented in type 1 diabetes also show a similar trend of hydrophobic
residues at key anchor positions with a mix of charged residues preferred at other anchor
locations. In Graves’ disease, arginine (a positively charged amino acid) has previously been
reported to confer a high risk if present at a specific position (in the case of the processed
peptide presentation), highlighting the importance of specific residues being present at specific
positions for the onset of disease [93,94].

Additionally, we examined certain HLA alleles’ protective role that reduces the proba-
bility of specific antigen presentation. HLA-DRB1*01 allele has been proven to be negatively
associated with pSjS, a result consistent with the Hungarian population in the study carried
out by Kovacs et al. [95]. The protective role of the DRB1*01 allele was confirmed by a
meta-analysis in which serological groups DR1 and DR7 were negatively associated with
pSjS. However, further research is required in the area [32].

Investigating the cross-presentation of the autoantigen epitopes with bacteria or
viruses can provide an important insight into a potential mechanism of disease initiation.
The results showed predicted peptides of the five autoantigens exhibiting 100% homology
to various reported gut commensal and oral bacteria. Additionally, viral infectious agents
that may mimic SjS include hepatitis A, B or C, parvovirus B19, dengue, Epstein Barr
virus (EBV), and HIV. Certain viruses express tropism for salivary and lacrimal glandular
tissue, especially the herpesvirudae family, which is a large family of DNA viruses that
includes cytomegalovirus (CMV), EBV, and human herpesvirus (HHV)-6,7,8. Several lines
of epidemiological, serological, and experimental evidence implicate retroviral infections—
especially human T-lymphotropic virus type (HTLV)-1, HIVs, human intracisternal A-type
retroviral particle (HIAP)-I, and human rhinoviruses (HRV)-5—as triggering factors for
the development of SjS. The gut is the most abundant site for bacteria, with nearly 1000
species having microbes that belong to four major phyla: Firmicutes, Bacteroidetes, Acti-
nobacteria, and Proteobacteria. Bacteroidetes, along with Firmicutes, represent more than
90% of the entire plethora of microbes in the gut. Based on our findings, the bifunctional
ligase/repressor protein of Firmicutes bacterium indicated a 100% homology for a peptide
from α-fodrin for the allele HLA- DRB1*15:01. Eubacteriaceae bacterium, Pseudoramibacter,
and other Firmicutes bacteria’s glycosyltransferases are indicated to have perfect homology
to a predicted α-fodrin peptide for the allele HLA-DRB4*01:01. There are indications of
multiple Candidatus bacterial species, which all belong to the Firmicutes phylum for multiple
predicted peptides in different alleles, as observed in Tables 15 and 17. Most indicated bac-
teria in the data presented had been found to be from three phyla (Firmicutes, Bacteroidetes,
Actinobacteria) mentioned above that indicate the probability of bacterial peptides being
similar to predicted salivary and lacrimal gland-based proteins that are presented on HLA’s
and result in inflammation.

In this study, we were able to predict antigenic epitopes or pathogenic peptides that
may be presented in SjS based on a structure-based approach for the HLA cell surface
protein. The finding may refine the etiology of the autoimmune process. As simplified
in Figure 6, the disease progression is initiated by an environmental trigger like a viral
infection on a genetically susceptible individual with a specific HLA allele. Salivary
gland epithelial cells experience increased apoptosis and act as sources of pro-inflammatory
cytokines such as IFN-γ. Macrophages are attracted to the region and act as the main agents
for phagocytosis by participating in tissue destruction. Presentation of viral/bacterial
antigens by MHC molecules on antigen-presenting cells leads to priming CD4+ T cells.
With the help of T cells, B cells can form lymphocytic infiltrates or participate in ectopic
germinal center formation where they can undergo class switching, affinity maturation,
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and differentiation into plasma cells that secrete high levels of antibodies. These antibodies
may be cross-reactive against autoantigens such as Ro52, Ro60, La, α-fodrin, and M3R.
The autoantibodies can form immune complexes by binding autoantigens and fixing
complement or engaging Fc-γ receptors, further facilitating apoptosis. This process results
in inflammation and tissue destruction through the recruitment of inflammatory cells and
phagocytes to tissues. Apoptotic cells from damaged tissues can be taken up by phagocytes,
which present novel autoantigens, supporting further priming and autoreactivity. Therefore,
in order to understand the etiology and designing therapies, it is imperative that we
understand the genetic factors and the environmental agents working together to create a
suitable setting to initiate the autoimmune cascade.

 

Figure 6. Disease progression for individuals with genetic predisposition (specific HLA) and micro-
bial trigger.

The apparent limitation of the study is that the peptide prediction is strictly based in silico.
Since this is an in silico study, the results presented are theoretical and should be subjected to
many of the same limitations implicit in the MHC binding affinity prediction tool(s) upon
which it is based. Regardless, this is the first study that provides a comprehensive mapping
of the antigenic epitopes based on the HLA structure. The advantage of this approach that
we describe to map peptides will facilitate in identifying drugs and therapies specific and
targeted to disease-susceptible HLA. As listed, many autoimmune diseases are associated
with specific HLA alleles and high-resolution crystal structures exist for almost all MHC class
II molecules. Strategies for the selection of HLA allele-specific peptides presented and testing
their activity in experimental systems can be implemented. Further, this research will aid the
ability to identify HLA allele-specific drugs based on the structure that will have applicability
for treating autoimmune diseases and other HLA-associated conditions.
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Abstract: Xerostomia (subjective complaint of dry mouth) is commonly associated with salivary
gland hypofunction. Molecular mechanisms associated with xerostomia pathobiology are poorly
understood, thus hampering drug development. Our objectives were to (i) use text-mining tools
to investigate xerostomia and dry mouth concepts, (ii) identify associated molecular interactions
involving genes as candidate drug targets, and (iii) determine how drugs currently used in clini-
cal trials may impact these genes and associated pathways. PubMed and PubMed Central were
used to identify search terms associated with xerostomia and/or dry mouth. Search terms were
queried in pubmed2ensembl. Protein–protein interaction (PPI) networks were determined using
the gene/protein network visualization program search tool for recurring instances of neighbor-
ing genes (STRING). A similar program, Cytoscape, was used to determine PPIs of overlapping
gene sets. The drug–gene interaction database (DGIdb) and the clinicaltrials.gov database were
used to identify potential drug targets from the xerostomia/dry mouth PPI gene set. We identified
64 search terms in common between xerostomia and dry mouth. STRING confirmed PPIs between
identified genes (CL = 0.90). Cytoscape analysis determined 58 shared genes, with cytokine–cytokine
receptor interaction representing the most significant pathway (p = 1.29 × 10−23) found in the Kyoto
encyclopedia of genes and genomes (KEGG). Fifty-four genes in common had drug interactions,
per DGIdb analysis. Eighteen drugs, targeting the xerostomia/dry mouth PPI network, have been
evaluated for xerostomia, head and neck cancer oral complications, and Sjögren’s Syndrome. The PPI
network genes IL6R, EGFR, NFKB1, MPO, and TNFSF13B constitute a possible biomarker signature
of xerostomia. Validation of the candidate biomarkers is necessary to better stratify patients at the
genetic and molecular levels to facilitate drug development or to monitor response to treatment.

Keywords: xerostomia; dry mouth; protein–protein interaction; drug target; head and neck cancer;
Sjögren’s Syndrome

1. Introduction

1.1. Epidemiology and Symptomatology

Xerostomia, also known as the sensation or subjective complaint of dry mouth, is a
common condition affecting the oral cavity, mainly due to functional and structural damage
to the salivary glands [1]. Prevalence varies and is highly dependent on the population
studied and methodologies implemented [2–4]. People most significantly impacted include
women who are menopausal and individuals over 65 years of age [5,6]. However, younger
individuals can also be affected, since approximately 20% of those who report this problem
are between the ages of 18 to 34 [5]. Marcott et al. has recently suggested that the condition
affects 10% to 46% of people amongst the US, Mexico, and several countries in Europe [7].
A study that analyzed population-based measures of the condition concluded that the
prevalence of xerostomia ranges from 9.7 to 25.8% in men and 10.3 to 33.3% in women [8].
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Symptoms of xerostomia vary physically and can result in general psychological
distress [9]. Symptoms often include the feeling of dryness and stickiness of the mouth, dif-
ficulty swallowing, chewing or speaking, and having a dry tongue or grooved appearance
of the tongue [9]. Patients can also experience sore throat and an altered sense of taste [10].
Because saliva acts to remove excess bacteria and plaque from the teeth, the lack of saliva in
xerostomic patients can increase the risk of dental caries and infections [8]. In addition, the
subjective perception of xerostomia is frequently, but not always, associated with reduced
salivary flow [1,8,11].

1.2. Etiologies, Pathophysiology, and Treatment

Xerostomia etiologies include genetic predispositions (i.e., single-nucleotide polymor-
phisms associated with adverse drug reactions or salivary gland disorders), side effects
from medications, radiation treatments to the head and neck, and certain chronic autoim-
mune diseases [3,5,12–14]. Most notably, dry mouth is commonly reported in patients
suffering from Sjögren’s Syndrome, rheumatoid arthritis (RA), chronic juvenile arthritis,
sarcoidosis, and systemic sclerosis [5].

Current treatments include products to stimulate saliva, mucosal comfort agents,
and/or saliva substitutes. These medications address the symptoms of xerostomia but
are unable to address the underlying biological mechanisms of the condition [5,15]. A
recent study showed that 23.2% of patients in a xerostomia cohort used saliva substitutes,
yet the effectiveness of such treatments remained unclear [7]. Vissink et al. found that
saliva substitutes can provide temporary relief of xerostomia symptoms [16]. However, a
Cochrane review did not find a significant difference in the effectiveness of oral lozenges,
sprays, gels, or other saliva substitutes when compared to a placebo [17]. The lack of
targeted treatments available contributes to the diminished quality of life of those living
with this condition [7,8,15].

1.3. Data Mining and Objectives

A comprehensive knowledge-based resource detailing the pathways and biological
mechanisms of dry mouth pathophysiology could be beneficial to drug target discovery
in xerostomia therapeutic development. Advancements in biomedical research over the
past decade have led to a significant increase in the number of publications and availability
of open access research articles [18]. Data-mining and text-mining tools allow for the
sorting and identification of information from a massive amount of research [19]. Many
publications introduce individual approaches, yet fewer combine multiple methods to
identify genes or expression pathways of interest [20].

Our objective was to utilize a combined data-mining approach to determine curated
gene and protein interaction profiles of xerostomia and/or dry mouth to identify po-
tential drugs that can target disease relevant molecular pathways. Our aims were to
(i) perform literature mining for the identification of genetic and proteomic profiles asso-
ciated with xerostomia, (ii) establish the relationship of the concepts “xerostomia” and
“dry mouth” with genes, (iii) characterize xerostomia/dry mouth-related protein–protein
interactions, and (iv) determine drug–gene interactions potentially useful for xerostomia
therapeutic development.

2. Methods

2.1. Conventional Review of the Literature

The PubMed and PubMed Central biomedical databases were used to search for
articles in English relating to xerostomia and/or dry mouth [21]. We also sought to identify
publications discussing the composition of saliva or providing information about what
constitutes low-, optimal-, and high-quality saliva. From this review, we selected keywords,
referred to as “search terms”, thought to be linked to xerostomia and/or saliva to a variable
degree and risk of bias of each article was determined [22,23]. Search terms were used as
input for the online tool pubmed2ensembl-biomartv0.7 (P2E) [24]. Results from P2E for
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each search term were then combined with P2E results for “xerostomia” or “dry mouth”
and duplicates were removed.

2.2. Protein–Protein Interaction and Visualization

The Search Tool for Recurring Instances of Neighboring Genes (STRINGv11.0) was
used to analyze protein–protein interaction (PPI) networks of the gene sets for xerostomia
and dry mouth separately using the maximum confidence level (CL) of 0.90 [25]. All genes
without interactions were removed from further analysis.

STRING PPI networks of candidate genes with a CL > 0.90 for xerostomia and dry
mouth target lists were imported into Cytoscapev3.8.2 via the stringAppv1.6.0 [26,27].
Using the imported PPI networks from STRINGv11.0, Cytoscape PPI networks were
constructed with a confidence score (CS) of 0.98 for xerostomia and dry mouth gene
sets separately to narrow results. These networks were then merged to create a PPI
intersection network of xerostomia and dry mouth genes with matching name or En-
sembl ID. Functional and enrichment data for these networks were retrieved using Cy-
toscapev3.8.2:stringAppv1.6.0 [27]. The filtered enrichment categories chosen were Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways and Gene Ontology (GO) Biological
Process [28,29]. Using the BiNGOv3.0.3 Cytoscapev3.8.1app, a network of overrepresented
GO biological processes was created for the xerostomia/dry mouth intersection network
using a hypergeometric test and false discovery rate (p < 1.0 × 10−4) [30]. AmiGO 2 was
used to explore overrepresented GO biological processes [31]. Tissue expression of genes
found in the intersection network of xerostomia/dry mouth was retrieved and plotted us-
ing histograms via Pythonv3.6.1:matplotlibv3.0.3 [32,33]. Cytoscapev3.8.2:stringAppv1.6.0
extracts information from TISSUESv2.0 database, using a confidence rating (CR) from zero
to five on 20 tissue types, based on knowledge, experiments and text mining [34].

2.3. The Drug–Gene Interaction Database

The drug–gene interaction database (DGIdb) was used to identify drug interactions
for genes found in the xerostomia/dry mouth intersection network [34]. Drugs and genes
identified by DGIdb were then compared to drugs that have been or are currently being
evaluated for treatment of xerostomia or dry mouth according to the ClinicalTrials.gov
database [35,36].

3. Results

A flowchart showing the overall text- and data-mining methodology is presented in
Figure 1.

3.1. Identification of Genetic and Proteomic Profiles Predominantly Associated with
Xerostomia/Dry Mouth

From conventional searches for xerostomia and dry mouth using PubMed and PMC,
64 search terms were determined as related (Table 1). A table showing risk of bias for
reviewed and selected articles is presented in Table S1. Search terms (n = 64) were split into
six categories directly related to the etiology and/or pathobiology of xerostomia and/or
dry mouth (Table 1). These categories are (i) autoimmune disorders (n = 12 terms), (ii) diet
(n = 10 terms), (iii) genetics and physiology (n = 17 terms), (iv) medication (n = 14 terms),
(v) radiation (n = 3 terms), and (vi) others (n = 8 terms). P2E analysis returned 1916 gene
symbols and aliases (309 without duplicates) for “xerostomia” and 1134 (159 without
duplicates) for “dry mouth. P2E result outputs are presented in Data File S1.

3.2. Xerostomia/Dry Mouth Protein–Protein Interactions

The STRINGv11.0 PPI network using a CL of 0.90 for the ‘xerostomia’ gene set (in-
put = 309) returned a network of 229 genes (Figure 2a). PPI analysis using a CL of 0.90 for
the ‘dry mouth’ gene set (input = 159) returned a network of 110 genes (Figure 2b).
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Using STRINGv11.0 PPI networks imported into Cytoscapev3.8.2:stringAppv1.6.0,
PPI networks of 128 genes from 229 genes and 55 genes from 110 genes for xerostomia and
dry mouth, respectively, were returned as output with a CS of 0.98 (Figure S1). Using the
“merge networks” feature in Cytoscapev3.8.2, an intersection network was created of the
xerostomia/dry mouth networks (Figure S1a,b), and a total of 58 genes were returned at a
CS of 0.98 (Figure 3).

Figure 1. Overall Analytical Design. Search terms (n = 64) were determined to be related to xerostomia
and/or dry mouth. Using search terms as input, pubmed2ensembl identified 1916 genes (309 without
duplicates) and 1134 genes (159 without duplicates) to be related to xerostomia or dry mouth,
respectively. Using STRINGv11.0, 229 genes were used as input for xerostomia and 110 genes were
used as input for dry mouth with a confidence level of 0.90. STRINGv11.0 protein–protein interaction
networks were used as input for Cytoscapev3.8.1 with a confidence score of 0.98. Network of 128 and
55 genes for xerostomia and dry mouth, respectively, were returned and merged, resulting in 58 genes
with matching names or Ensembl IDs. The BiNGOv3.0.3 Cytoscapev3.8.1 app determined 360 gene
ontology biological processes to be overrepresented in this intersection (p < 1.0 × 10−4). From 58 genes,
54 were found to have drug–gene interactions via the drug–gene interaction database (DGIdb). Using
54 total candidate gene targets, 27 drug trials consisting of 18 different drugs were identified using
ClinicalTrials.gov that have been or are being evaluated for efficacy in treating xerostomia in general,
head and neck cancer-related salivary gland dysfunction, or Sjögren’s Syndrome.
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Table 1. Xerostomia and/or Dry Mouth Search Terms. Search terms (n = 64) were determined using
conventional methods. PubMed and PubMed Central were used to search for articles in English
relating to xerostomia and/or dry mouth. Keywords or “search terms” thought to be linked to
xerostomia and/or saliva were selected. Search terms were split into categories directly related to the
etiology and/or pathobiology of xerostomia and/or dry mouth: a autoimmune conditions; b dietary
and nutritional; c genetic and physical; d medication; e radiation therapy applied to head and neck
cancer (HNC) patients; f other.

Category Search Term (n = 64)

Autoimmune Disease a
Amyloid build up, chronic inflammatory autoimmune disorder, chronic juvenile arthritis, crest

syndrome, dry mouth, hypohidrotic ectodermal dysplasia, juvenile rheumatoid arthritis, sarcoidosis,
scleroderma, Sjögren’s Syndrome; underactive thyroid gland, xerostomia (n = 12)

Diet b Alcohol use, caffeine drink, food avoidance, food modification, morbidly obese, nutritional benefit,
specialized metabolites, sugared beverages, tobacco use, unhealthy eating (n = 10)

Genetics and Physiology c

Burning mouth, difficulty swallowing, glycosylation, high flow salivary hypofunction, high-quality
saliva, low-quality saliva, normal salivary composition, oncogenomics, optimal salivary function,
poor saliva composition, saliva composition, salivary flow pH 5.5, salivary flow pH 7.8, salivary

device, salivary flow between 0.4 mL and 0.5 mL, salivary hypofunction, sore throat (n = 17)

Medication d
Acetylcholine blocker, amphetamines, atropine, biotene, gustatory stimulants, histamine receptor
inhibitor, lozenge, mucosal coating agent, opioid drug class, parasympathomimetic prescription,

replacement saliva, saliva substitute, serotonin reuptake inhibition, valium (n = 14)

Radiation e Radiation therapy, RTx, XRT (n = 3)

Other f Feverishness, free water loss, impoverishment, multicultural populations, oral health care, oral
thrush, thallium poisoning, vitamin A deficiency (n = 8)

Of the 95 FDR significant (p < 1.0 × 10−4) KEGG pathways, cytokine–cytokine recep-
tor interaction (hsa04060; FDR = 1.06 × 10−49), Hepatitis B (hsa05161; FDR = 1.89 × 10−25),
and pathways in cancer (hsa05200; FDR = 1.29 × 10−23) were highly significant (Table S2).
All significant KEGG pathways are presented in Data File S2. A total of 360 GO bio-
logical processes were determined as overrepresented, with the most significant being
“immune system process” (GO:0002376; FDR = 2.61 × 10−29) and “inflammatory response”
(GO:0006954; FDR = 4.16 × 10−22) (Data File S3). Although not significant, 31 GO biological
processes were included in the overrepresented GO network due to being ‘parents’ of
significant categories. A network of overrepresented GO biological processes is presented
in Figure S2.

Of the 20 available tissue types from the TISSUESv2.0 database, our dataset had
confidence ratings for 19 tissue types [34]. Albumin (ALB) and apolipoprotein A1 (APO1)
had the highest confidence rating of 5.00 in heart. ALB also had the highest confidence
rating in liver. The highest gene expression confidence among all genes was determined to
be from blood, with an average expression confidence rating of 4.09. Saliva had an average
tissue expression confidence rating of 1.94 among all genes. In saliva, myeloperoxidase
(MPO) had the highest saliva expression confidence rating of 4.35, with the second highest
being a confidence rating of 2.80 for epidermal growth factor receptor (EGFR). Histograms
highlighting gene expression confidence ratings for the 19 tissue types are presented in
Figure S3.

3.3. The Drug–Gene Interaction Database

Using an input of 58 genes from the Cytoscape xerostomia/dry mouth intersection
network, 54 genes were determined to have drug–gene interactions via DGIdb (Table 2) [34].
The gene with the greatest number of drug–gene interactions was EGFR, with 178 drug
interactions (Table S3). The second greatest number of drug interactions was nuclear
factor kappa B subunit 1 (NFKB1) with 90 interactions (Table S3). For the 54 total gene
targets, 27 associated clinical trials consisting of 18 different drugs have been evaluated
for treatment of xerostomia, head and neck cancer-related salivary gland dysfunction, or
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Sjögren’s Syndrome per the ClinicalTrials.gov database (Table S3) [36]. No clinical trials
were found to evaluate drugs with EGFR as a target and only one clinical trial has evaluated
a drug with NFKB1 as a target for Sjögren’s Syndrome (NCT00001599) [37]. Furthermore,
of the 18 drugs in trials, 13 were also identified by DGIdb [35]. Only two of these 13 drugs
identified by DGIdb had interaction scores greater than 10 [35]. These two drugs were
belimumab (gene target tumor necrosis factor superfamily member 13b [TNFSF13B], with
an interaction score of 63.79) and tocilizumab (gene target interleukin 6 receptor [IL6R],
with an interaction score of 17.72) using the ratio of the average known gene partners for
all drugs to the known partners for a given drug depending on publications. The highest
interaction score among all identified DGIdb genes was for the drug mogamulizumab
which targets the gene C–C Motif Chemokine Receptor 4 (CCR4) [35]. DGIdb identified
808 different drugs with gene interactions from our gene set that have not currently been
evaluated for treatment of dry mouth, xerostomia, or Sjögren’s Syndrome [35]. Drugs
identified by DGIdb and their interaction scores are available in Data File S4 [35].

(a) Xerostomia 

Figure 2. Cont.
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(b) Dry Mouth 

Figure 2. STRING PPI Networks for Xerostomia and Dry Mouth. STRINGv11.0 protein–protein
interaction networks for genes identified using search terms combined with (a) xerostomia (in-
put = 309 genes; output = 229) and (b) dry mouth (input = 159 genes; output = 110) at a confidence
level of 0.90.
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Figure 3. Cytoscape Protein–Protein Interaction Network of Xerostomia/Dry Mouth Network
Intersection. Cytoscapev3.8.1:stringAppv1.6.0 protein–protein interaction network of xerostomia
(input = 128 genes) and dry mouth (input = 55 genes) intersection (genes with matching name
or Ensembl ID) with a 0.98 confidence score. The total number of returned genes in the network
intersection is 58.
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4. Discussion

This is the first study to apply a conventional review with bioinformatics tools to
determine genetic and proteomic panels regarding the treatment of xerostomia (Figure 1).
This approach has the potential to identify drug targets which could be used to create
targeted treatments for xerostomic patients. We were able to identify search terms related
to xerostomia and/or dry mouth (Table 1) and to combine P2E results for either xerostomia
or dry mouth, thereby producing large networks of PPIs using STRINGv11.0 at a high
confidence (Figure 2). STRINGv11.0 produced PPI networks of 229 xerostomia and 110 dry
mouth genes using a CL of 0.90. Using a CS of 0.98, Cytoscapev3.8.1 was able to narrow
the STRINGv11.0 results by returning networks of 128 genes from 229 xerostomia genes
and 55 genes from 110 dry mouth genes (Figure S1). Using the ‘intersection’ option in
Cytoscapev3.8.1, we were able to focus our results to 58 genes from 128 xerostomia and
55 dry mouth genes with matching names or Ensembl IDs (Figure 3). Additionally, we were
able to enrich our Cytoscapev3.8.1 results with KEGG pathways as well as GO biological
processes and to determine possible drug targets from our results.

When investigating the significant KEGG pathways identified by Cytoscape, we
found that the ‘cytokine–cytokine receptor interaction’ pathway (hsa04060) is related to
‘hypohidrotic ectodermal dysplasia’ (KEGG DISEASE: H00651) and ‘chronic mucocuta-
neous candidiasis’ (KEGG DISEASE: H01109), both conditions causing symptoms related to
xerostomia (Table S2 and Data File S2) [28]. Furthermore, the ‘cytokine–cytokine receptor in-
teraction’ pathway was the most significant KEGG pathway (hsa04060; FDR = 1.06 × 10−49)
identified in the xerostomia/dry mouth intersection network. This pathway involves the
gene IL6R which had the second-highest drug–gene interaction score of 17.72 (Table S2,
Data File S2 and Data File S4) [35]. IL6R was also the target of a drug that we identified and
has been evaluated in a clinical trial for its efficacy in primary Sjögren’s Syndrome (pSS)
patients (NCT01782235) (Table 2) [38]. The clinical trial was completed in July of 2018 and
although results have not been posted, a publication of the trial determined that tocilizumab
did not improve symptoms over a 24 week period compared to the placebo [39]. Indeed,
IL6R has eight other drug–gene interactions according to DGIdb, which might explain this
outcome (Table S3) [35]. Additionally, IL6R is a gene product of the ‘inflammatory response’
biological process (GO:0006954) which was found to be the second most overrepresented
using BiNGO (Data File S3) [29–31].

IL6R was also identified in the third-most significant KEGG pathway, ‘pathways in
cancer’ (hsa05200) (Table S2) [28]. We found that this pathway also involves the genes
NFKB1 and EGFR. NFKB1 had 90 drug interactions according to the DGIdb database
(Table S3) [34]. Our analysis revealed that only one clinical trial had evaluated the drug
thalidomide targeting NFKB1 for Sjögren’s Syndrome (NCT00001599) (Table 2) [37]. This
phase II trial was completed in June 2002, with no results posted. However, Pillemer et al.
described that the administration of thalidomide was associated with unacceptable adverse
effects when given at a dose of 50 or 100 mg [40]. All primary Sjögren’s Syndrome patients
(n = 4) had to discontinue the medication after the third week [40]. Furthermore, no clinical
trials were identified that have evaluated EGFR as a drug target in xerostomia, dry mouth,
or Sjögren’s Syndrome. Indeed, EGFR had 178 drug–gene interactions in our gene set
(the maximum), which could be exploited to partially restore the functionality of salivary
glands by reducing inflammation (Table 2 and Table S3). We determined that EGFR, a gene
belonging to the ‘inflammatory response’ biological process (GO:0006954), had the second-
highest salivary expression confidence rating of 2.80 (Figure S3 and Data File S3) [29,31].
In addition, Lisi et al. determined that overexpression of nerve growth factor-beta, which
is elevated in salivary gland epithelial cells in pSS, can be prevented with EGFR pathway
inhibition [41]. Furthermore, Sisto et al. found that pro-inflammatory cytokine release can
be reduced in salivary gland epithelial cells using an EGFR inhibitor combined with an
ADAM metallopeptidase domain 17 (ADAM17) inhibitor [42]. Further investigation into the
involvement of these pathways and genes in xerostomia are warranted.
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Other genes that may be of interest in the development and treatment of xerostomia
are MPO and TNFSF13B, both of which are involved in the significantly overrepresented
GO ‘immune system process’ (GO:002376) (Data File S3) [29,31]. Although MPO was not
identified in a highly significant KEGG pathway, it had the highest expression confidence
rating of 4.35 in saliva and had 21 drug–gene interactions via DGIdb (Figure S3 and
Table S3) [35]. Moreover, MPO was a target of drugs in five clinical trials evaluating their
effectiveness in the treatment of xerostomia, head and neck cancer oral complications,
and Sjögren’s Syndrome (NCT02430298, NCT00057785, NCT03953703, NCT04392622, and
NCT02990468) (Table 2) [43–47]. One clinical trial determined that intensity modulated
radiation therapy (IMRT) in patients with nasopharyngeal cancer combined with cisplatin
and fluorouracil improved xerostomia scores significantly compared to previous radiation
therapy oncology group trials [48]. Although some studies suggest that melatonin may have
implications in the prevention and/or treatment of oral pathologies such as xerostomia, no
clinical trials have reported its efficacy [49–51]. Clinical trials involving cisplatin, melatonin,
and/or levocarnitine still hold the promise for better outcomes in the prevention and
treatment of xerostomia. In addition, for disease conditions such as diabetes mellitus
causing salivary gland dysfunction which results in salivary flow reduction and a change
in saliva composition, significant mitigation of subjective xerostomia may be achieved
through artificial saliva [52].

TNFSF13B is another gene of interest related to xerostomia, as, in our analysis, it had
the greatest drug–gene interaction score of 63.79 among drugs that have been/are being
evaluated in clinical trials (Data File S4). It is also the only identified target of the drug
belimumab (Data File S4) [35,53]. Two clinical trials were found that evaluated this drug for
efficacy and safety in pSS patients (NCT02631538 and NCT01160666) (Table 2) [54,55]. In
clinical trial NCT02631538, of 24 patients receiving belimumab monotherapy, two patients
had adverse effects and only one patient reached the stopping criteria for the study [54].
The other clinical trial (NCT01160666) found that lower blood cells and salivary natural
killer cells were associated with a better response to belimumab [55,56]. This could be
due to the high expression confidence of TNFSF13B in blood and saliva, 4.63 and 2.54,
respectively (Figure S3). Furthermore, in patients with kidney renal clear cell carcinoma, it
has been suggested that TNFSF13B may regulate the natural kill cell-mediated cytotoxicity
pathway [57].

5. Limitations

For this study, several limitations related to our methodology and results must be rec-
ognized. There are few publications on xerostomia and limited human trials investigating
the condition. Furthermore, xerostomia pathobiology is not well understood and there
is much debate among investigators regarding the prevalence of xerostomia in different
geographical locations and ethnic groups. The results reported in this study that may be
relevant to xerostomia therapeutic development will require substantial validation in ex-
perimental preclinical models, since these were based on ‘confidence’ ranking of published
research and scores provided by computational systems biology tools.

6. Conclusions

The IL6R, EGFR, NFKB1, MPO, and TNFSF13B genes might all have implications in
the diagnosis and intervention of xerostomia. Our findings highlight the need for further
investigation into these genes as candidate targets for treatment or treatment response
follow-up in the future. However, the greatest challenge of such investigations resides in
the difficulty to screen for relevant biomarkers, including those associated with genetic
susceptibility, which would enable a better stratification of xerostomic patients at the
molecular level.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11051442/s1, Table S1: Risk-of-Bias Assessment per PRISMA
Guidelines. Risk-of-Bias assessment table using ‘Cochran’s Handbook for Systematic Reviews of
Interventions’ Risk-of-bias VISualization (robvis) tool for 40 publications manually curated using
conventional searches of PubMed and PubMed Central for articles related to xerostomia, in English,
between the years 2000 and 2020. Using Cochran’s Risk-of-Bias 2 criteria, 19 publications were
excluded. Of the total 40 publications, 21 publications were investigated to determine ‘search terms’
for xerostomia and dry mouth. Data File S1: P2E Results for Search Terms. Pubmed2ensembl results
for 64 identified search terms. Figure S1: Cytoscape Xerostomia and Dry Mouth Protein–Protein
Interaction Networks. Cytoscapev3.8.1 protein–protein interaction networks using stringAppv1.6.0
for (a) xerostomia (input = 229 genes; output = 128 genes) and (b) dry mouth (input = 110 genes; out-
put = 55 genes) with a confidence score of 0.98 and a tissue expression filter for saliva set at 1.0. Data
File S2: KEGG Pathways via STRING Enrichment from Cytosape for Xerostomia/Dry Mouth Inter-
section. Data File S3: GO Overrepresented Biological Processes from Cytoscape for Xerostomia/Dry
Mouth Intersection. Table S2: Significant KEGG Pathways via STRING Enrichment in Cytoscape for
Xerostomia/Dry Mouth Intersection. Table showing FDR significant (p < 1.0 × 10−4) KEGG pathways
with more than 25 genes via Cytoscapev3.8.1:stringAppv1.6.0 STRING enrichment for xerostomia/dry
mouth interaction network at a confidence score of 0.98. Genes in bold are in the gene xerostomia/dry
mouth interaction gene set. Figure S2: BiNGO Overrepresentation of GO Terms for Xerostomia/Dry
Mouth Intersection. Biological Networks Gene Ontology (BiNGOv3.0.3) tool network of overrepre-
sented Gene Ontology (GO) terms (n = 360) in the xerostomia/dry mouth intersection protein–protein
interaction network for humans. Overrepresented GO terms shown are those at p < 1 × 10−4 using a
hypergeometric test and false discovery rate correction. Figure S3: Gene Expression Confidences for
19 out of 20 Tissue Types. Histograms plotted using Pythonv3.6.1:matplotlibv3.0.3 package showing
Cytoscapev3.8.2 stringAppv1.6.0 network gene expression for 19 out of 20 possible tissue types identi-
fied in the PPI network of xerostomia/dry mouth intersection with a confidence score of 0.98. Gene
expression data from stringAppv1.6.0 STRING enrichment feature that gathers information about
expression of genes from TISSUESv2.0 database (https://tissues.jensenlab.org/Search, accessed on
8 August 2021). TISSUESv2.0 uses a “confidence” based rating from zero to five based on knowledge,
experiments, and text mining. Table S3: The Drug–Gene Interaction Database Identified Drug–Gene
Interaction Counts. a Gene identified in the xerostomia/dry mouth intersection network (54 of 58).
b Number of drug–gene interactions identified using the Drug–gene Interaction database. Data File
S4: The Drug–Gene Interaction Database Identified Interactions.
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Abstract: In the last years, new insights into the molecular basis of rheumatic conditions have been
described, which have generated particular interest in understanding the pathophysiology of these
diseases, in which lies the explanation of the diversity of clinical presentation and the difficulty in
diagnostic and therapeutic approaches. In this review, we focus on the new pathophysiological
findings for Sjögren syndrome and on the derived new SPECT and PET radiopharmaceuticals to
detect inflammation of immunological origin, focusing on their role in diagnosis, prognosis, and the
evaluation of therapeutic efficacy.

Keywords: Sjögren syndrome; nuclear medicine; radiopharmaceuticals; PET; SPECT

1. Introduction

Sjögren syndrome (SS) belongs to the family of rheumatic autoimmune diseases
characterized by systemic compromise with exocrine glands as target organs that are
affected by chronic inflammation and immune-mediated destruction of the tissue, leading
to severe dryness of the mouth and eyes. Extra-glandular symptoms are frequent and
include fatigue, polyarthralgias, myositis, polyneuropathy, and gammaglobulinopathies,
among others [1]. Since there is evidence of the presence of common pathophysiologic
mechanisms shared by SS and thyroiditis, it is also common to find thyroid involvement in
patients with SS as part of the peri-epithelial extra salivary manifestations of the disease [2].
Systemic complications regarding extra-glandular tissues are associated with vascular,
respiratory, gastrointestinal, renal, and neurological systems, possibly affecting one-third
of these patients [1].

SS may be present as a primary condition or accompanying other autoimmune dis-
eases as secondary SS. In addition, SS has a predominant clinical presentation in females,
with a female:male ratio of 9:1, higher than for all other autoimmune diseases [1]. The
clinical phenotype of SS varies from benign conditions such as mild exocrinopathies to
severe systemic manifestations such as B-cell non-Hodgkin’s lymphoma (NHL) [3,4]. These
lymphomas arise predominantly from memory B cells in the marginal zone of lymphoid
tissue, with mucosa-associated lymphoid tissue (MALT) lymphomas being the most fre-
quent type [5] and the parotid and minor salivary glands being the most frequent sites
of involvement [6]. Patients at high risk of developing NHL are male and have clinical
manifestations of severe systemic disease, such as vasculitis, splenomegaly, lymphadenopa-
thy, glomerulonephritis, haematologic manifestations, high expression of autoantibodies,
cryoglobulins and hypergammaglobulinemia, high biopsy focus scores, and presence of
ectopic germinal centers, among others [7].
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2. Pathogenesis

The pathogenesis of SS is complex, some fundamental concepts are in construction
and are still a matter of controversy; the lack of hard evidence has not been a barrier for
different authors to approach the subject through theoretical models, which have been
based on the results of observational studies in humans and in preclinical data.

a. Etiology

Several factors have been implicated in the etiology of SS, as follows:

- Genetic components: The importance of type I interferon has been recognized in the
pathogenesis of SS. In pSS, labial salivary gland and peripheral blood gene expression
microarray studies, have demonstrated dysregulation of type I interferon-inducible
genes [8]. The Genome-Wide Association studies (GWS) reported a strong associ-
ation in SS within the HLA region at 6p21 (OR = 3.5) and with IRF5 (transcription
factor mediating type I interferon responses in monocytes, dendritic cells, and B
cells that induces the transcription of interferon-alfa genes and the production of
pro-inflammatory cytokines upon viral infection), STAT4, IL12A and TNIP1 loci [9];
although genetic factors determine the baseline disease susceptibility and disease
phenotype, these factors contribute modestly to the clinical condition [10].

- Epigenetic mechanisms: Different epigenetic mechanisms, such as DNA methylation,
histone modifications, and non-coding RNAs, are important factors for modulating
gene expression and generating an important link between the genome and phenotypic
manifestations [11].

- Biological factors: several different types of infections can increase the risk of SS,
triggering a proinflammatory microenvironment that promotes autoimmunity. As
it was mentioned above, the GWS reported a strong association with the presence
of IRF5 loci and the transcription of interferon-alfa genes, and the production of
pro-inflammatory cytokines upon viral infection [9]. Both type I IFN and virus TLR
ligands can stimulate the production of BAFF (B cell-activating factor of the tumor
necrosis factor family) in cultured salivary glands epithelial cells, suggesting that viral
infection could be responsible for the increase in BAFF production by ductal epithelial
cells in pSS [12]. Different viruses have also been implicated in SS pathogenesis, such
as Epstein–Barr virus (EBV), cytomegalovirus, hepatitis C, human T-lymphocyte virus
type I, and hepatitis B [13]. Especially reactivation of latent EBV in genetically and
hormonally susceptible individuals could play a role in the initiation and perpetua-
tion of the chronic inflammatory autoimmune response in the glands [14]. Current
evidence supports the fact that viral infections are factors that largely increase the risk
of SS [10]. To this respect, it is important to clarify that epidemiologic studies only
confirm association but do not prove causation.

Other biological factors that have been related to the pathogenesis of SS lack solid
evidence, such as vaccination (information from case reports), vitamin D deficiency (few
studies with selection bias and confounding factors), stress, and hormones (few studies).

- Organic chemical factors: smoking, alcohol, solvents (prevalence studies with poor
evidence) [15].

- Inorganic chemical factors: silicone breast implants and silica. In recent years, clini-
cians have become aware of the existence of autoimmune/inflammatory syndrome
induced by adjuvants (ASIA) associated with previous agents such as vaccines and
silicone implants [16]; the authors described that such implants may lead to hetero-
geneous symptoms such as body aches, abnormal fatigue, depression, dry eyes, dry
mouth, and chronic fatigue syndrome, among others. In a meta-analysis conducted to
determine long-term health outcomes in women with silicone gel breast implants (Ox-
ford level of evidence III), the authors found an association between silicone implants
and the risk of SS, but they highlighted the presence of information bias because the
data were from studies on patients with the self-reported disease [17]. Thus, although
the evidence is weak to date, the existence of an approach based on a theoretical model
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of Shoenfelds et al., which shows that silicone can enhance antigen-specific immune
response, should be recognized. It is necessary to conduct validation studies in larger
cohorts of patients as well as randomized trials.

b. Immune response pathways

SS pathophysiology includes concurrent dysregulation of an innate and adaptative
immune pathway involving cell-mediated and humoral disease processes that are incom-
pletely understood [18].

- Adaptative immunity: The involvement of this immunity in SS pathogenesis is ev-
ident through observations of autoreactive T and B cells, with pronounced B-cell
hyperactivity, which appears to be the cornerstone of the disease process. Signs of this
condition are well documented in the literature, as clinical findings in different tissues
of the body and the observations in serological and histopathological markers (salivary
glands, saliva, tears, serum, peripheral blood B cells, intrinsic B cell abnormalities,
and the presence of germinal center-like structures, elevated levels of B cell-associated
cytokines and chemokines, presence of anti-SSA/SSB autoantibodies, hypergamma-
globulinemia, elevated levels of soluble CD27, amongst others) [19]. In spite of the
recognized role of the B cells in the pathogenesis of SS, its exact contribution is partly
understood, most data have been obtained from mouse models and some authors
have shown the presence of a coordinated and integrated stimulation of B-cell receptor
B, CD40 and Toll-like receptors (TLRs) with different cytokines during the process [20].

- Innate immunity: In most pSS, type I interferon (IFN) and type I IFN-induced genes
and proteins are overexpressed, resulting in the so-called type I IFN signature of
pSS; aberrancies have been described in the type I IFN system in salivary glands of
pSS [21] as well as abnormalities in type I IFN-alfa in labial biopsies [22]; the effect of
type I IFN is not only local on the salivary glands but is also systemic because of its
up-regulation activity which could explain the main extraglandular manifestations of
the disease [23].

Björk et al. have proposed a model to approach the possible pathogenic mechanisms
associated with SS, which can be summarized as follows:

A trigger (e.g., viral infection) initiates disruption of the salivary gland epithelium,
inducing the production of type I IFN, and auto-antigens released by the dying cells create
an inflammatory microenvironment. Thereafter, antigen-presenting cells present viral and
self-antigens, leading to the activation of autoreactive B and T cells with subsequent differ-
entiation and activation of autoantibody-producing plasma cells. Tissue damage is induced
by autoreactive T cells via the secretion of cytotoxic granules, disrupting the epithelium
and amplifying exposure of the autoantigens. The autoantibodies and autoantigens form
immune complexes that bind to receptors on plasmacytoid dendritic cells, enhancing the
production of type I IFN, which promotes autoantibody production through the differentia-
tion and activation of autoreactive B cells. Thus, a self-perpetuating cycle of autoimmunity
is created (see Figure 1) [10].

c. Ectopic Lymphoid-Like Structures (ELSs)

Ectopic lymphoid-like structures (ELSs) play an important role in the pathogenesis
of rheumatic autoimmune diseases. These structures belong to tertiary lymphoid organs,
which are composed of clusters of mononuclear cells organized in target organs (non-
lymphoid organs) at sites of chronic inflammation. It is known that ELSs can function
as germinal centers, favoring B-cell selection and plasma cell differentiation and very
often exhibiting an autoreactive phenotype to disease-specific autoantigens. A germinal
center may be present within the structure, which in SS patients is associated with more
severe systemic manifestations and a higher risk of B-cell lymphoma [24]. A schematic
representation of an ELS is shown in Figure 2.
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Figure 1. Schematic representation of the pathogenetic mechanisms at the basis of Sjogren syndrome.
IFN: interferon. pDCs: plasmacytoid dendritic cells. MHC: major histocompatibility complex. TCR:

T cell receptor. Reprinted with permission from Environmental factors in the pathogenesis of primary
Sjögren’s syndrome, A. Björk, J. Mofors, M. Wahren-Herlenius., 2020, Journal of Internal Medicine,
287; 475–492.

 

Figure 2. Schematic representation of an ectopic lymphoid-like structure (ELS), Segregation of T
cells surrounding B cells. Development of high endothelial venules (HEVs) at the periphery of the
ELS that enable lymphocytes expressing L-selectin to enter from the blood. Networks of follicular
dendritic cells (FDCs) that support the germinal center response which expresses CD21 to facilitate
the activation of B cells. Differentiation of hypermutated and class-switched plasma cells, which
typically acquire a perifollicular localization with frequent infiltration of epithelial cells (ECs) from
the ducts and acini. Reprinted by permission from Springer Nature Customer Service Centre GmbH:
MDPI AG, Nature Reviews Rheumatology, Ectopic lymphoid neogenesis in rheumatic autoimmune
diseases, Michele Bombardieri et al., COPYRIGHT, 2017.

The estimated prevalence of ELSs in SS is 30–40%, frequently around central duct
structures, leading to the belief that ELSs may play an important role in antigen recognition
and induction of an immune response against ductal epithelial cells [25]. The mechanisms
responsible for ELS formation are grouped according to four different moments of the
development of the ELS as follows:
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a. Early activation of ELSs refers to the triggering process and depends on initiating factors.
b. Regulation and maintenance of ELSs depend on propagating factors that regulate

progression towards organized ELSs as well as their maintenance.
c. Acquisition of the characteristics of a germinal center depends on functional factors.
d. Survival maintenance of germinal centers by other factors; in this setting, it is impor-

tant to highlight the presence of IL-27, which has a negative regulatory role and acts
as an inhibitor of ELS development [26].

The most important initiating factors are the chemokines CXCL13, IL-7, IL-22, CCL21,
CCL19, and RANK ligand, the signal of which regulates the migration and survival of
lymphoid tissue inducer cells [27]. Previous reports have documented high expression of
these chemokines in ELSs, in salivary glands of patients with SS, and in the synovium of
RA patients [28]. Other proinflammatory cytokines have also been described as initiating
factors, such as IL-23 and IL-17 [29]. The above concept supports the fact that cells of the
adaptative immune system become capable of releasing key mediators that are crucial for
the progression and maintenance of ELSs. Some chemokines and their cellular sources
involved in ELS activation and organizational processes are summarized in Table 1 [24].

Table 1. Cellular sources of the chemokines regulating ectopic lymphoid organogenesis.

Pathway ELS-Positive Target Tissues in Rheumatic Autoimmune Diseases

CXCL13 CD4+ T Cells, CD14+ monocytes, CD68+ macrophages or DC,
Endothelial cells, epithelial cells, fibroblast-like synoviocytes, and Follicular DCs.

CCL19 Myofibroblast-like stroma

CCL21 Myofibroblast-like stroma, Lymphatic endothelial cells, DCs.

RANKL B cells, Fibroblast-like synoviocytes

IL-7 Fibroblast-like synoviocytes, Siblining synovial macrophages

IL-22 CD4+ T cells, NKp44 NK cells.

Abbreviations: CCL, CC: chemokine ligand; DCs: dendritic cells, NK: natural killer.

Factors considered mediators of ELS function are secreted by specialized T helper cell
subsets that migrate into B-cell follicles, where the development of functional germinal
centers requires a strong interaction between T and B cells [30]. Moreover, several factors,
such as cytokines and membrane-bound ligands, are required to activate the function of
these germinal centers; as a result of the strong interaction between T follicular helper
cells (TFHs) and B cells, IL-21 is released. This cytokine is a potent cofactor for B-cell
survival and proliferation and plasma cell differentiation [31] that has been implicated in
the development of ELSs in rheumatic disease, particularly in SS and RA [32,33]. Indeed,
in the salivary glands of SS patients, the interaction between CD4+ cells and activated
epithelial cells promotes TFH cell differentiation and IL-21 production [34]. Regarding
facilitating factors, the role of IL-17 as a down-regulator of ELS development deserves
mention, and it has attracted scientific interest as a potential factor for the treatment of
rheumatic diseases via gene therapy [35].

The ectopic germinal centers of ELSs are associated with the local production of
autoantibodies and have been associated with the maintenance of autoimmunity within
a target organ. In SS patients with ELSs, the prevalence of circulating anti-Ro/SSA and
anti-La/SSB antibodies is 20% higher than that in patients without ELSs [36]. ELSs promote
affinity maturation and differentiation of plasma cells reactive against disease-specific
autoantigens; these autoantigens are exposed as a result of the chronic inflammatory
process and are presented to B cells and T cells by antigen-presenting cells.

Although the processes involved in the formation of ELSs in the synovium and in
the salivary glands in AR and SS patients share common pathways, the antigen-driven
autoimmune response appears to be disease-specific.
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Under the pathological condition of rheumatic autoimmune disease, the autoreactive
plasma cells generated in the ELSs are retained within the target tissue by the action of
CXCL12, IL-6, and APRIL [37,38].

There is evidence that in SS patients, the presence of ELSs is associated with disease
progression, high levels of circulating autoantibodies, and systemic manifestations, such as
lymphadenopathy and peripheral neuropathy [36]. Indeed, there are reports of a strong
relationship between the presence of ELSs in salivary gland biopsy and a higher risk of
developing lymphoma [39].

Thus far, we have reviewed how the study of ELSs has allowed the investigators to
build a theoretical model that undoubtedly will serve as a fundament for future investi-
gations. Overall, a better understanding of the physiopathology and histopathological
heterogeneity of target tissue in rheumatic conditions might lead to the identification of
different molecules and markers to be used for diagnostic and therapeutic purposes, though
clinical evidence from research with larger cohorts of patients and randomized studies
is necessary.

The two most difficult situations in SS are as follows:

- the difficulty of early and accurate diagnosis, which is crucial to avoid major complications;
- a means of evaluating the efficacy of therapy.

To facilitate diagnostic and prognostic approaches for SS, several tools have been
validated, such as the following:

- for diagnostic purposes: ACR-EULAR criteria [40],
- for calculating systemic disease activity: ESSDAI (Eular Sjögren Syndrome Disease

Activity Index) [41],
- for patient-reported symptoms: ESSPRI (EULAR Sjogren Patient-Reported Symp-

toms) [41] and
- for evaluating response to different therapies: CRESS (Composite of Relevant End-

points for Sjögren’s Syndrome) [42].

Despite these available tools, SS diagnosis remains underrecognized, with misdiagno-
sis occurring in some cases, impacting prognosis and the possibility of implementing the
appropriate treatment.

The discouraging results in this field emphasize the heterogeneous characteristics
of this systemic autoimmune disease and the urgent need to find better biomarkers that
could elucidate the disease process for faster diagnosis (glandular function and the sicca
symptoms are not always coupled) to provide better bases for further therapies.

3. Role of New Molecular Image Strategies in Sjogren’s Syndrome

The goal of SS is to be able to stratify pSS through the integration of clinical, laboratory,
histopathology, and imaging data; thus, it could be possible to identify which patients
have clinical manifestations related to inflammatory activity or sequelae; the possibility
to identify which patients are on the risk of lymphoma development it is also important.
Because new treatment strategies are emerging, there is also evident the need for new
probes for a more reliable treatment response evaluation [43].

The potential for diagnosis and classification of pSS of the salivary glands ultrasound
(SGUS) has been pointed out previously by different authors [44]; nowadays this technique
is emerging as a complementary tool for biopsy purposes. In a recent study the authors
reported that by adding SGUS as a minor item to ACR/EULAR criteria, the sensitivity
could rise to 95.6% [45]. Other authors have reported that a combined positivity of SGUS
and anti-SSA antibodies provides a high predictive value for the diagnosis of pSS [46]
The main limitation of SGUS is the lack of a standardized scoring system, however, as
an initiative to overcome this issue, the Outcome Measures in Rheumatology Clinical
Trials (OMERACT) proposed a four-grade semiquantitative score with good intra and
interobserver agreement results [47]. Last generation ultra-high resolution ultrasound
(UHFUS) transducers, which produce frequencies up to 70 MHz with resolution up to
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30 um, offer new possibilities to visualize labial salivary glands and to guide diagnostic
biopsy procedures [48]. Recently, Baldini et al. demonstrated that the mean labial glandular
surface area obtained by the high-resolution ultrasound-guided procedure was significantly
higher than the area obtained by the traditional biopsy procedure. This procedure could
facilitate the assessment of the focus score [49].

Promising innovations are ultrasound elastography (with algorithms to evaluate
quantitatively the tissue stiffness of the salivary gland tissue [50], the application of artificial
intelligence to automatically score for biopsy purposes [51], and the ultrasound-guided
core needle biopsy of major salivary glands which could represent an alternative to surgical
biopsy [52].

MRI does not belong to the common standard tools used for the diagnostic approach
of pSS. Because of its high spatial resolution the major impact in such patients is for local
staging of pSS associated with salivary glands lymphomas [53].

Salivary gland scintigraphy is a nuclear medicine technique that through the adminis-
tration intravenously of 99mTc-04 allows for to evaluate of the function of major salivary
glands (perfusion, concentration, and elimination characteristics) [54]. Sialoscintigraphy
is no longer part of the recent classification criteria for pSS [40]; the reported diagnostic
approach shows a sensitivity of up to 90% with specificity of around 50%, making this
tool not able to distinguish the functional compromise of SS and other salivary glands
pathologies. It is possible that this technique could have some potential indication in the
future as part of the tools available for the follow-up of patients [54].

Molecular nuclear medicine imaging has emerged with several biomarkers with
potential clinical impact for its contribution to diagnosing, assessing the inflammatory
status, and assessing disease progression. These images allow in vivo the characterization
of cells and the phenomena involved in inflammatory diseases. For this purpose, by
using radiolabeled molecules (administered in nanomolar amounts), that participate in
the biochemical and pathophysiological process of chronic inflammation, it is possible
to make a qualitative and quantitative assessment of the inflammatory burden in vivo.
Recent advances in the development of target-specific imaging agents, allow us to perform
a non-invasive evaluation of various molecular events such as angiogenesis, apoptosis, and
cell trafficking in living organisms. Cellular and molecular changes occur a long time before
structural changes, therefore, non-invasive visualization and quantification of molecular
processes facilitate the early detection of the disease, establish a prognosis, and could
potentially estimate the potential impact of biologic therapies.

In this review, we focus on radiopharmaceuticals that provide in vivo pathophysiolog-
ical information about the disease not only in the salivary glands but also in other tissues
that may be affected as part of the spectrum of the SS, such as the joints and thyroid gland.

a. Somatostatin Receptor Imaging

Radiolabelled peptides are highly specific and are used to reveal the presence of target
molecules in inflammatory disease through molecular imaging. The peptides used in
nuclear medicine images are easily synthesized, stabilized, and modified with good phar-
macokinetic parameters; they also show high receptor binding affinity and are internalized
into cells [55]. One of the most commonly used radiolabelled peptides for the inflam-
matory disease clinical approach is somatostatin, which has been used for inflammatory
diseases for more than two decades, particularly in rheumatoid arthritis, SS, and autoim-
mune thyroid disease [56,57]. This is supported by the well-known presence of active
and over-expressed somatostatin receptors in inflammatory and immunological cells from
different tissues [58]. The diagnostic accuracy is also high because of the strong binding
affinity of somatostatin to its five receptors. Different radiopharmaceuticals for somato-
statin receptor scintigraphy are available, such as 68Ga-DOTA-TATE, 68Ga-DOTA-TOC,
68Ga-DOTA-NOC, and 99mTc-EDDA/HYNIC-TOC [59], offering the possibility of detecting
active inflammation in tissues affected by SS. Some of the evidence that supports the use
of these radiopharmaceuticals in SS has been provided by Anzola et al., who reported
the normal biodistribution of 68-Ga-DOTA-NOC and reference values for salivary glands,
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thyroid glands, and major joints, constituting the starting point for PET studies for further
analysis in patients affected by rheumatic inflammatory disorders [60]. Using a cohort of
62 patients with confirmed SS by AECG criteria, the same group [61] reported the ability of
99mTc-HYNIC-TOC scintigraphy to identify active inflammatory processes not only in sali-
vary glands but also in many joints. This work highlighted the capability of the molecule to
evaluate inflammatory compromise in sites different from the salivary glands, to evaluate
the inflammation status of the salivary glands, and to hypothesize the usefulness of the
probe to assess response to treatment. In a pilot study in 18 patients with rheumatoid
arthritis and secondary SS who received infliximab as treatment, the authors [62] showed
uptake of 99mTc HYNIC-TOC in all affected joints and in the salivary glands in 12 of 18
patients. They also demonstrated a significant reduction in uptake by joints but not salivary
glands after treatment with infliximab, enhancing the potential of the molecule to assess
disease activity in rheumatoid arthritis and to detect secondary SS (Figures 3 and 4). It
is important to highlight that because the synovia of patients with SS and rheumatoid
arthritis highly express somatostatin receptors [63], radiolabelled somatostatin can identify
sites of active inflammation in joints accompanying salivary gland compromise in primary
or secondary SS.

 
(a) 

 
(b) 

Figure 3. Images acquired after 99mTc-HYNIC-TOC administration i.v in a patient with SS, sicca
symptoms, and painful joints. In (a) high abnormal uptake in parotids and submandibular salivary
glands. In (b) shows high abnormal uptake in knees, ankles, elbows, and carpal joints.

One systematic review [56] reported promising results of radiolabelled somatostatin
analogs as diagnostic tools for localizing and identifying sites of active inflammation in
joints as well as extra-articular involvement, such as the salivary glands, in patients with
chronic inflammatory diseases (Figures 3a,b and 4a,b).
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(a) 

(b) 

Figure 4. 42-year-old female patient with the previous history of bilateral mammoplasty; four
years later she complained of dryness (VAS 5/10), fatigue (VAS 10/10), pain (VAS:8/10) ESSPRI: 23,
and thyroiditis. She was diagnosed with SS under ACR-EULAR criteria and she started treatment
with DMARDS for two years without relieving symptoms. She asked her surgeon to remove the
implants and six months after the removal of the implants there was an improvement in her clinical
condition, dryness (VAS: 2/10), fatigue (VAS:6/10), pain (VAS: 5/10) post-surgery ESSPRI: 13. In
(a) 99mTc HYNIC-TOC images show high abnormal uptake of the radiotracer in the thyroid gland,
submandibular glands, with a high abnormal bilateral mammary periprosthetic distribution of
the radiotracer. SS was diagnosed under ACR-EULAR criteria. In (b) 99mTc HYNIC-TOC images
6 months post removal of prosthesis show a significant decrease in uptake of the radiotracer in
submandibular glands and thyroid gland. There was a concern that silicone could be associated
with SS.

b. B-lymphocyte Imaging in SS

Currently, the importance of the role of B lymphocytes in the pathogenesis of rheumatic
inflammatory diseases through the production of auto-antibodies, T-cell activation, and
pro-inflammatory cytokines is well recognized [64]. We previously reviewed how these
cells are found in pathological infiltrates of affected tissues and are implicated in disease
progression, with B-cell hyperactivity being fundamental to the disease. The maturation
of B cells from stem cells suggests several steps, with changes in cell surface markers.
Indeed, these surface markers have gained attention for use in B-cell-depleting therapies
through the use of different monoclonal antibodies against them, acting directly (CD19,
CD20, CD22) or indirectly via blockade of cytokine pathways (TNF-alpha, interleukin-6, B
lymphocyte stimulator (BLyS) and proliferation-inducing ligand APRIL) [65,66]. Although
some molecules are commonly used, scarce evidence is available, and the results of trials
are inconclusive. No biologic drug has yet been approved for the treatment of pSS, though
three biologics, i.e., rituximab, belimumab, and abatacept, have shown effectiveness in
open studies for extra-glandular symptoms but not for dryness [67]. Anti-tumor necrosis
factor-alpha (TNF-alpha) drug trials in pSS have failed to show promising results; although
a potential protective role for TNF-alfa against lymphoproliferation has been hypothesized,
it has been demonstrated that depletion of TNF-alpha may increase BAFF (B-cell activating
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factor) levels in humans, discouraging its use for pSS in clinical practice [68]. Rituximab is
a chimeric monoclonal antibody directed against CD20, which is expressed on membrane B
cells. Expert opinion [69–71] supports its use as a therapeutic option in pSS with systemic
compromise and as second-line therapy for hematological manifestations. In addition,
a radiolabelled anti-CD20 mAb probe for in vivo imaging of CD20-positive lymphocyte
infiltration in inflammatory diseases has been described, offering the possibility of a better
approach to disease staging [72].

In vivo imaging of lymphocyte B through the use of anti-CD20 radiotracer has poten-
tial applicability for SS patients. Malviya et al. [73] used radiolabelled anti-CD20 (rituximab)
and showed B Lymphocyte infiltration in affected tissues of patients with different chronic
inflammatory autoimmune diseases and who were candidates for rituximab treatment. The
authors reported the in vivo localization pattern of the B-lymphocytes mediating the in-
flammatory process, with variable uptake by salivary glands and lacrimal glands in two SS
patients. Despite the small sample size, this work provides the basis for further studies as-
sessing whether an antibody accumulates in inflamed tissue before using the same antibody
for therapeutic purposes, thereby improving the selection of patients who might benefit
from the therapy, which is called immune scintigraphy for therapeutic decision-making.

c. T-lymphocyte Imaging in SS

Because activated T lymphocytes are involved in chronic inflammatory diseases and
IL2 is mainly secreted by these cells to play a regulatory role during inflammation, some
authors have developed a means of detecting these cells in vivo through the synthesis of
different radiopharmaceuticals for SPECT and PET systems [74]. Reports to date have
demonstrated its usefulness in different clinical inflammatory scenarios, such as in insulitis
in type 1 diabetes [75], Crohn’s disease [76], and Hashimoto thyroiditis, among others, for
diagnostic and prognostic purposes and for therapy follow-up.

In a recently published study [77], in a cohort of 48pSS, the authors reported the utility
of 99mTc-IL2 for evaluating in vivo the extent and severity of lympho-mononuclear cell
infiltration in the salivary glands. When they compared the results with a control group
they found a statistically significant difference (p < 0.0001) in the radiotracer uptake in
salivary glands between the two groups; they also observed that the uptake in patients with
a longer history of the disease was lower compared with the recently diagnosed patients.
They highlighted the capacity of the molecule to detect active inflammation mediated by
IL2 and the possibility to treat those patients with immune-modulatory drugs and using
the probe for evaluating the efficacy of the treatment (Figure 5).

New radiotracers, such as 18F-fluorbenzoyl interleukin-2, have also been developed
for PET systems, allowing detection of activated T lymphocytes for the same purposes. In a
preclinical study, Di Gialleonardo et al. [78] identified activated T lymphocytes in inflamed
tissues, highlighting the potential of the probe for detecting activated T lymphocytes in
autoimmune diseases such as SS. Because T lymphocytes are also mainly implicated in the
pathogenesis of SS, molecular images for detecting T lymphocyte activity would play an
important role in diagnostic approaches [44].

d. Other PET Radiopharmaceuticals Used in SS

Recently, in an age- and sex-matched study with SS patients and healthy volunteers
using MRI, 11C-MET-PET, and 18F-FDG-PET, Jimenez-Royo et al. [79] reported how molec-
ular imaging findings correlate with disease characteristics, providing information about
the inflammatory and functional status of the salivary glands. 11C-MET PET (a protein
synthesis marker incorporated into cellular proteins) information [80] was used to evaluate
residual salivary gland function, and 18F-FDG PET information was used to evaluate the
inflammatory condition through glucose utilization by the inflamed cell [81]. Their main
findings were significantly lower 11C-MET uptake in the parotid and submandibular glands
in SS patients than in volunteers and higher uptake of 18F-FDG in the salivary glands of
SS patients, indicating the presence of inflammation. Furthermore, a negative correlation
between 11C-MET and 18F-FDG uptake (loss of function with highly inflamed tissues)
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was reported. Regarding histological analysis, the most relevant finding was related to a
moderate positive correlation between 18F-FDG uptake in the parotid gland and CD20+
B-cell infiltration in the minor salivary gland of patients, suggesting that 18F-FDG uptake
shows B-cell tissue infiltration By using 18F-FDG PET in SS patients, Cohen et al. [82]
found evidence of the added value of the tool, demonstrating systemic compromise in SS.
These authors observed that although the most frequent site of uptake was the salivary
glands, the lymph nodes and lungs were equally affected. They also described a PETC/CT
inflammation score that correlated with ESSDAI and gammaglobulin levels, suggesting
that 18F-FDG PET may help in assessing disease activity and represent an inflammation
biomarker for SS.

 
Figure 5. Planar image of the neck was obtained 1h after 99mTc-IL2 injection in a control subject
(A) and in a patient with Sjögren syndrome at the time of diagnosis (B). In (A) the scan shows no
99mTc-IL2 uptake by the salivary glands. In (B) an evident accumulation of 99mTc-IL2 can be observed
in both parotids and submandibular glands, indicating the presence of activated lymphocytes. The
calculated parotid to background (P/B) ratios are 1.35 and 1.30 in right and left glands, respectively,
and the submandibular gland to background (S/B) ratios are 1.57 and 1.64 in right and left glands,
respectively. Reprinted with permission from Imaging Activated-T-Lymphocytes in the Salivary
Glands of Patients with Sjögren’s Syndrome by 99mTc-Interleukin-2: Diagnostic and Therapeutic
Implications Campagna, G.; Anzola, L. K.; Varani, M.; Lauri, C.; Gentiloni Silveri, G.; Chiurchioni, L.;
et al. J. Clin. Med. 2022, 11 (15), 4368. [77].

Although interesting characteristics of 18F-FDG PET have been described as inflamma-
tion markers in SS, it is important to take into consideration that new probes would make
possible more specific detection of inflammation by targeting specific molecules and cells
expressed in compromised tissues, providing good characteristics not only for diagnostic
purposes but also for therapy decision-making and follow-up [83].

Because primary SS may be associated with lymphoma with a risk of 5–7% [84] and this
diagnosis might be difficult because of the common clinical findings with SS, the usefulness
of 18F-FDG in the case of lymphoma for initial staging, biopsy guidance, evaluation of
response to therapy and detection of relapse is well recognized [85]. Keraen et al. [86]
compared 18F-FDG patterns in patients with active primary SS with lymphoma and those
without lymphoma. They observed that salivary gland enlargement, particularly the
parotid glands, was more frequent in lymphoma patients (p = 0.003) and that the presence
of focal compromise in the lungs was highly suggestive of lymphoma (p = 0.01); they
observed the highest SUVmax (maximum standardized uptake value) on whole scans in
patients with lymphoma (p = 0.02); in ROC curve analysis, they reported a parotid gland
cut-off > 4.7 on SUV max has a sensitivity and specificity of 73.3% and 86.7%, respectively,
for the presence of lymphoma.

Other radiopharmaceuticals with the potential to detect inflammation in SS patients
include 68Ga-pentixafor, a radioligand of the chemokine receptor CXCR4 that plays an
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important role in the trafficking of progenitor and inflammatory cells [87]. Cytawa et al. [88]
demonstrated in a case report bilateral intense radiotracer uptake in the parotid and
submandibular salivary glands, consistent with inflammatory cell infiltration in a patient
with SS.

4. Conclusions

The more we investigate the pathogenesis of diseases, the more we understand how to
prevent and treat them. However, we also define new important molecular targets for diag-
nostic purposes by tailoring new radiopharmaceuticals. This strategy certainly applies to
rheumatic diseases and to SS in particular, and understanding the role of several molecules,
receptors, and immune cells in SS has allowed the application of specific radiopharmaceuti-
cals for targeting these molecules and cells in vivo. Furthermore, the availability of SPECT
and PET studies has offered the possibility to show in vivo the presence, homing, and
trafficking of different immune cells involved in the pathogenesis of SS, providing further
understanding of the pathogenetic role of these cells. Current evidence supports conducting
robust studies to determine the appropriate place for molecular imaging in the diagnostic
flowchart of SS and for therapy decision-making and follow-up of therapy efficacy.
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Abstract: Pleomorphic adenoma (PA) is a localized tumor that presents pleomorphic or mixed char-
acteristics of epithelial origin and is interwoven with mucoid tissue, myxoid tissue, and chondroid
masses. The literature reported that PA most often occurs in adults aged 30–60 years and is a female
predilection; the exact etiology remains unclear. Epithelial–mesenchymal transition (EMT) is the
transdifferentiation of stationary epithelial cells primarily activated by a core set of transcription fac-
tors (EMT-TFs) involved in DNA repair and offers advantages under various stress conditions. Data
have suggested that EMTs represent the basic principle of tissue heterogeneity in PAs, demonstrating
the potential of adult epithelial cells to transdifferentiate into mesenchymal cells. It has also been
reported that multiple TFs, such as TWIST and SLUG, are involved in EMT in PA and that SLUG
could play an essential role in the transition from myoepithelial to mesenchymal cells. Given this
background, this review aims to summarize and clarify the involvement of EMT in the development
of PA, chondrocyte differentiation, and malignant transformation to contribute to the fundamental
elucidation of the mechanisms underlying EMT.

Keywords: pleomorphic adenoma; epithelial–mesenchymal transition; carcinoma ex-pleomorphic
adenoma

1. What Is Pleomorphic Adenoma (PA)?

PA is the most common salivary gland tumor, representing up to two-thirds of all
salivary gland neoplasms [1]. First termed as PA by Willis [1], it has also been referred
to as branchioma, enclavoma, enchondroma, endothelioma, and mixed tumor, among
others [2]. It most frequently occurs in the parotid glands (85%), followed by the minor
salivary (10%) and submandibular glands (5%) [3]. The World Health Organization defines
PA as a localized tumor that presents pleomorphic or mixed characteristics of epithelial
origin and is interwoven with mucoid tissue, myxoid tissue, and chondroid masses.

Although PA most commonly appears in the parotid glands, it can also be located
in the hard and soft palate and saliva glands of the upper lip, cheek, tongue, and floor of
the mouth [4]. The morphological complexity of PA, which presents with pathognomic
histopathologic features across glands and individuals, is the basis of the term. PA is a
single cell that differentiates into epithelial or myoepithelial cells as opposed to multiplying
carcinogenic epithelium and myoepithelium cells concurrently [5]. The recognition of
PA is conceptualized by identifying three components: epithelial, myoepithelial, and
mesenchymal. Histologically, PA presents as a variable epithelium pattern in a loose fibrous
myxoid-, chondroid-, or mucoid-type stroma. Myoepithelial cells have a polygonal shape
with pale eosinophilic cytoplasm.

Microscopic identification is needed for a definitive diagnosis of PA [6]. It is known
that the incidence of PA increases from 15 to 20 years after radiation exposure. However,
the exact etiology is unknown, and the cause of PA remains unclear. A few previous
studies have reported an association between PA and simian virus 40 (SV40). Furthermore,

J. Clin. Med. 2022, 11, 4210. https://doi.org/10.3390/jcm11144210 https://www.mdpi.com/journal/jcm107



J. Clin. Med. 2022, 11, 4210

cytogenetics and molecular studies have suggested an association with chromosomal
aberrations involving 8q12 and 12q [7]. Moreover, the use of tobacco, exposure to chemicals,
and genetic predisposition are suggested to play a role in the etiology of the disease [8].
PA typically appears as an irregular nodular lesion with a firm consistency. If the PA is
superficial and does not show any fixation, areas of cystic degeneration can be palpated.
PA in the minor salivary glands most frequently occurs in the palate, upper lips, and buccal
mucosa [1,9] and is typically asymptomatic, painless, and does not involve the facial nerve.
If no interventions are implemented in the early stages, PA can grow to massive proportions
and may become malignant. In tissue sections, PA appears as an irregular ovoid mass with
well-defined borders and may remain unencapsulated or be covered by an incomplete
fibrous capsule. PA can have a rubbery, fleshy, or mucoid consistency interspersed with
areas of hemorrhage and infarction [10].

Although computed tomography (CT) and magnetic resonance imaging (MRI) can be
used to confirm the presence of the tumor, MRI is preferred. MRI allows a better delineation
of the tumor margins and their location concerning surrounding tissues. However, to
differentiate malignant and benign lesions, fine-needle aspiration is used. Although PA
is encapsulated, it is still excised with adequate margins involving surrounding healthy
tissue; this is because pseudopodic cells exhibit microscopic extensions into the surrounding
tissues due to dehiscences in the false capsule. Therefore, to prevent the spillage of tumor
cells, incisional biopsy is avoided [11]. Surgical excision is the most common treatment.
Superficial parotidectomy with facial nerve preservation is frequently performed for the
PA at the superficial lobe of the parotid gland. If the tumor involves the deep lobe, total
parotidectomy is carried out. Wide local excision involving the periosteum or bone is used
to treat PA in the minor salivary glands, as enucleation is associated with an increased
risk of local recurrence [5]. The prognosis of PA is good, with a 95% overall cure rate.
Radiotherapy is not indicated because the tumor is radio-resistant [5,12].

Clinically, PA can be diagnosed as a palatal abscess, odontogenic or nonodonto-
genic cyst, or soft tissue tumors such as fibroma, lipoma, neurofibroma, neurilemmoma,
lymphoma, or other salivary gland tumors. A palatal abscess can be differentiated by
identifying its source, such as a nonvital tooth in the immediate surroundings. Neither
odontogenic nor nonodontogenic cysts show a cystic nature during an exploration into
the mass [5]. Due to its varied histopathological presentation, PA can be confused with
myoepithelioma, mucoepidermoid carcinoma, adenoid cystic carcinoma (ACC), basal cell
adenoma, or epithelial–myoepithelial carcinoma [6,13]. Myoepitheliomas are relatively rare
benign salivary gland tumors consisting of neoplastic myoepithelial cells. The ductal struc-
ture is lacking or only slightly noticeable. It tends to occur in adults, and there seem to be
no gender differences. It occurs most often in the parotid glands in the large salivary glands
and in the palatine glands in the minor salivary glands. Clinically, it is a slow-growing
mass with bulging elastic toughness. Macroscopically, it is a well-defined solid tumor with
a capsule around it. Histologically, it is classified into spindle cell type, epithelioid cell type,
epithelioid cell type, clear cell type, and mixed type in which these are mixed. However,
myoepithelioma does not exhibit typical features such as glanduloductal differentiation or
the absence of chondromyxoid or chondroid foci [6,13]. Intermediary cells are a common
feature in both mucoepidermoid carcinoma and PA. Mucoepidermoid carcinoma consists
of mucus-producing cells, epithelioid cells, and intermediate cells, which are smaller in size
and morphologically do not belong to either of these cells. It originates from the salivary
glands, the exocrine glands in the area covered by the respiratory tract hair epithelium,
and the cervix. It is one of the most common malignant salivary gland tumors. The 5-year
survival rate is as good as 80%, and it has a relatively good prognosis. However, some have
a poor prognosis and a low degree of differentiation. Mostly in the parotid glands, 40% in
the minor salivary glands occur in the palate. It is common among women in their 30 s
and 40 s. It is rare in children under 10 years of age, but it is common among malignant
tumors in children. The capsule is indistinct, and infiltration into surrounding tissues is
conspicuous in poorly differentiated ones. There is no pain at the beginning, but when it
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grows larger, it causes pain and neuropathy, and it is usually noticed within one year. It
may occur in the jawbone. Histopathologically, cystically dilated ducts and irregular ducts
show bright cytoplasmic cells with clear mucus production. In the surrounding area, the
proliferation of flat epithelial-like cells showing the paving stone-like arrangement and
intermediate type cells forming solid follicles is observed. Squamous cell-like cells show no
keratinization, the stroma is fibrotic tissue, and the tumor capsule is unclear. However, in
mucoepidermoid carcinoma, they produce extracellular material and cannot create myxo-
chondroid stroma [5,6,13]. ACC is produced from exocrine glands such as lacrimal glands,
salivary glands, and mammary glands, which have a structure called myoepithelial cells
and have a function of actively squeezing secretions. In extremely rare cases, it may occur in
organs that would not normally have myoepithelial cells, such as the uterus, and is thought
to be derived from metaplastic cells or pluripotent epithelial stem cells. In salivary gland
tumors, the frequency is high, the cell atypia is not high, but the infiltration tendency is
strong, and the metastasis rate is high. Relapses may repeatedly occur, eventually resulting
in a poor prognosis. The sieving structure is characteristic, but there are many other cases
in which solidity or ductal structure is predominant. ACC has a tendency to directly invade
the adjacent nerve sheaths close to the primary tumor and spread along the nerve [14].
Furthermore, it often causes neurological symptoms and may be accompanied by facial
nerve paralysis. Hematogenous metastases to the lungs, bones, and skin have also been
reported. It usually occurs in women around the age of 50. The recurrence rate is high, and
the growth is relatively slow, but the prognosis is poor, especially in the submandibular
and sublingual glands. Since there is infiltration around the nerve, it is necessary to secure
a sufficient safety margin when excising. The identification of ACC is made based on its
tendency for perineural invasion and infiltrative growth patterns [6,13]. Basal cell adenoma
is a benign tumor that develops in the salivary gland and is a localized tumor with a clear
capsule consisting of uniform proliferation of basal cell-like cells. It is relatively rare among
salivary gland tumors. In particular, it is extremely rare to occur in the submandibular
gland [6,13]. Basal cell adenocarcinoma is a malignant type of basal cell adenoma, but it
lacks atypia and polyphasic cells and is difficult to distinguish by cytopathology alone.
Histologically, the presence or absence of infiltration and proliferation to the surroundings
is essential for differentiation. However, in the case of pleomorphic adenoma, there may
be cases in which basal cell-like cells are the main constituents, but even in such cases,
a certain number of myoepithelial cells showing other types of morphology are usually
mixed, which is a clue for differentiation [6,13]. Epithelial–myoepithelial carcinoma is a
tumor consisting of a follicle of myoepithelial cells in the form of clear cells and a bilayer
duct, and clear cells are usually arranged in the outer layer of the duct. However, in recent
years, cases with prominent basal cell-like traits and cases with peculiar images that can be
called histological modifications such as apocrine-like characteristics and differentiation
into sebaceous glands have been reported. In general, since it shows a monotonous image
mainly composed of clear cells, it is unlikely that pleomorphic adenoma is mistaken for this
tumor, but this tumor is clinically low malignant and histologically atypical is conspicuous.
However, the boundaries may be relatively clear, and it is possible that this tumor may
be mistaken for pleomorphic adenoma. It lacks myxomatous stroma and osteochondral,
and the presence or absence of plasma cell-like cells appears to be a major indicator of
differentiation [6,13,15].

In PA, malignancy occurs in three forms: mostly as carcinoma ex-pleomorphic ade-
noma (Ca ex PA), and rarely as carcinosarcoma and metastasizing pleomorphic adenoma
(MPA) [16,17]. A systematic review of 81 cases of MPA by Knight et al. [18] found that bone,
lung, and cervical lymph nodes were the most common sites for MPA, with occurrences of
36.6% (28 cases), 33.8% (26 cases), and 20.1% (17 cases), respectively; other sites included the
kidneys (8.6%), cutaneous (8.6%), hepatic (4.9%), and brain (3.7%). The risk of recurrence
of PA is typically associated with a poor surgical procedure, resulting in spillage of the
tumor or tumor capsule. Furthermore, the recurrence of PA occurs as multiple, separate
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nodules. The associated surgical risks are pseudopodia, capsular penetration, and tumor
rupture [19].

2. Epithelial–Mesenchymal Transition (EMT) in Tumor Progression

Epithelial–mesenchymal transition (EMT), first observed in early development, is a
term used to describe the transdifferentiation of quiescent epithelial cells to mesenchymal
and motile phenotypes [20]. EMT is known to contribute to embryonal processes such
as gastrulation, heart development, and neural crest formation [21,22] and physiological
processes such as wound healing [23] and tissue homeostasis [24]. In addition, pathological
reactivation of EMT is known to play a fundamental role in diseases such as organ fibrosis
and the progression of cancer to metastasis. Cancer is a very complex and diverse disease
that varies not only between entities but also within the same entity, between different
subtypes, and even within subtypes. In particular, within the same individual, tumors
exhibit not only spatial heterogeneity but also temporal heterogeneity. This can be triggered
by continuous mutations and clonal evolution [25]. However, the EMT process mediates
the plasticity of cancer cells, allowing for continuous and reversible adaptation to constantly
changing conditions. Furthermore, it is not genetically fixed because it depends on the
mutations that accumulate. It is epigenetically tuned by signals from the microenviron-
ment, making the entire program reversible (i.e., by activating mesenchymal–epithelial
transformation) and highly dynamic [26].

EMT is mainly activated by a core set of transcription factors (EMT-TFs), including
SNAIL (also SNAI1) and SLUG (also SNAI2), the basic helix–loop–helix factors TWIST1
(TWIST) and TWIST2, and the zinc finger E-box binding homeobox factors ZEB1 and ZEB2.
All of these factors can repress epithelial genes such as the E-cadherin-encoding gene
CDH1 via binding to E-box motifs in cognate promoter regions [21], as shown regarding
SNAIL [27,28], TWIST [29], ZEB1 [30], and ZEB2 [31]. In parallel, EMT-TF directly or
indirectly activates genes associated with mesenchymal phenotypes such as VIM (vimentin),
FN1 (fibronectin), and CDH2 (N-cadherin) [21,32]. However, many functions are performed
by separate, unshared EMT-TFs due to differences in expression patterns and protein sizes
and structures [33]. Beyond the “classical” EMT properties, EMT-TF is widely important
in cancer biology, as demonstrated by its additional pleiotropic function [34]. EMT-TF
helps maintain stem cell properties, enhances tumorigenicity, and links to cancer stem
cells. In addition, EMT-TF provides a survival-promoting phenotype that is involved
in DNA repair, antigenic escape, treatment resistance, aging, and escape from apoptosis
and provides benefits under a variety of stress conditions. Altogether, the combination of
classical EMT functions and the highly diverse, context-dependent, nonredundant, and
nonclassical functions of EMT-TFs, which is also dynamically regulated by the tumor
microenvironment, enables cancer cells to adapt permanently to changing conditions [35].
As a result, therapeutic interventions, including EMT/plasticity, are thought to help combat
many aspects of tumor progression with a single blow.

We have been studying lymph node metastasis using human oral cancer cell lines.
Human oral cancer cells were inoculated into the tongue of nude mice, metastasized to
the submandibular lymph nodes, and oral cancer cells were isolated and cultured from
the metastatic lesions to establish a highly metastatic strain. It was found that this highly
metastatic cell line to the lymph node promoted EMT induction as compared with the
parental line. Furthermore, it was reported that the mesenchymal marker Fibronectin
induces the expression of VEGF-C and promotes lymphangiogenesis. This indicates that
EMT of cancer cells indirectly induces lymph node metastasis of malignant tumors [36].
Further in vivo studies on the relationship between EMT of cancer cells and the tumor
microenvironment are desired.
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2.1. EMT Marker

The following is a brief description of typical EMT markers.

2.1.1. Major Epithelial Markers
E-Cadherin

E-cadherin is an essential molecule in maintaining epithelial integrity and is involved
in the regulatory mechanisms of epithelial cell proliferation, differentiation, and survival.
It has also been suggested that E-cadherin may also be interested in tumorigenesis.

Cytokeratin

Cytokeratin is a family of intermediate filaments that provide mechanical support
in epithelial cells. Cytokeratin expression is organ/tissue-specific and differentiation-
dependent. Cytokeratin is used as a diagnostic tumor marker because epithelial malignan-
cies maintain specific cytokeratin patterns associated with a cellular origin.

2.1.2. Major Mesenchymal Markers
N-Cadherin

N-cadherin (nerve cadherin) is a 130-kDa transmembrane glycoprotein, also known
as CDH2 (cadherin 2), and is one of the classic members of the cadherin superfamily. The
expression of N-cadherin has been reported in various cells, including neurons, endothelial
cells, and cardiomyocytes.

Vimentin

Vimentin is an intermediate filament unique to mesenchymal cells. Vimentin is a major
cytoskeletal protein distributed in various cells such as fibroblasts, vascular endothelial
cells, smooth muscle cells, collateral muscle cells, bone/cartilage cells, and nerve sheath
cells that make up the connective tissue.

Fibronectin

Fibronectin is a glycoprotein that forms an extracellular matrix, and a polypeptide
with a molecular weight of about 250 kDa forms a dimer. It mainly promotes the adhesion
of fibroblasts, hepatocytes, nerve cells, etc. Integrin, a specific receptor on the surface of cell
membranes, is involved in cell adhesion, cell migration, phagocytosis, etc. It works in the
field of tissue damage.

3. EMT in PAs

Frequently, PA involves areas in which myoepithelial cells lose adhesion and disperse
in copious chondroid/myxoid stroma; this has been recognized as EMT [37,38]. As a feature
of PA, Masson favored mesenchymatous transformation, which may have been influenced
by his investigations on Wilms tumor, where similar transformations occur [38–40]. In
this process, which was subsequently described as mesenchymalization or stromalization,
attributable to the activation of dormant mesenchymal genes in tumor epithelial cells [41],
formerly polarized tumor epithelial cells lose cell adhesion molecules (E-cadherin) and
secrete matrix [42,43] before separating and dispersing in the copious myxoid stroma,
where they have been observed to simulate primitive mesenchyme or “swarming bees”
and to express α5-integrin, Fibroblastic and chondrocyte collagens (types I–III) [44,45].

Mesenchymalization/romanization, as described above, falls within the range of
EMT [46]. Immunohistochemistry has revealed that in PA, much of the tumor parenchyma
shows transitional, epithelial, and mesenchymal phenotypes [37]. The aggrecan (chon-
droitin sulfate proteoglycan 1) and CK14 mRNAs are localized in luminal and non-luminal
cells of the epithelial and mesenchymal phenotypes, respectively, by in situ hybridiza-
tion [37,47]. The variable immunohistochemical localization of transforming growth fac-
tor (TGF)-β isoforms in luminal and non-luminal tumor cells is further supported by
EMT in PA [48] because TGF-β affects EMT [49]. EMT can also account for the hyaliniza-
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tion/collagenous structures, elastosis and cartilaginous, osseous, myoid (smooth muscular),
and adipocytic [50,51] phenotypes of PA, which in turn, explains its complex microstructure.
Therefore, assessing the expression of Snail1 (a protein that influences EMT through the
transcriptional repression of E-cadherin) in PA is of interest. As a feature of PA, EMT is
most undoubtedly appealing, but the argument that PA does not originate in the exocrine
pancreas, where myoepithelial cells are absent, anchors and reinforces the notion of neo-
plastic or modified myoepithelial [52]. Langman et al. [53] reported that Wilms tumor
1 protein (WT1) is co-expressed by calponin (+) and p63 (+) in non-luminal cells in PA,
suggesting the usefulness of WT1 as a myoepithelial marker. Interestingly, they did not
report any WT1 immunoreactivity in normal salivary myoepithelial cells [53]. A more
recent study confirmed the absence of WT1 immunoreactivity and suggested that WT1
(+) cells undergo EMT in PA [54], which would be consistent with the role played by the
WT1 gene in affecting epithelial or mesenchymal status [55]. Caution is needed before
interpreting the immunoreactivities of purported pathological analogs as markers when
particular macromolecules are not expressed in normal cells. The trend of discovering
novel myoepithelial features continues, with podoplanin being a recent example [56].

EMT and neoplastic or modified myoepithelial may not be mutually exclusive. In a
tumor cell undergoing myoid EMT, a loss of intercellular cohesion and the cytoplasmic
accumulation of myofibrils would be expected, thereby qualifying the entity as a neoplastic
myoepithelial or modified myoepithelial cell [54]. However, EMT allows a broader per-
spective and explains non-myoid cell phenotypes separating from the intervening phase
of modified myoepithelium [38]. Although outside the scope of the present article, “my-
oepitheliomas” are considered members of the PA family [57], as it is likely that they
are PAs that feature widespread myoid EMT, eventually resulting in the “depletion” of
luminal structures [38]. PAs of the parotid gland were analyzed by Aigner et al. [37] as
a model that shows morphological features of epithelial and mesenchymal tissue types.
They demonstrated areas with unequivocal epithelial and mesenchymal differentiation
by using matrix gene expression profiles as an additional criterion to identify cellular
phenotypes. Many regions showed a transitional phenotype, with cells demonstrating
epithelial and mesenchymal features. These data suggested that EMTs represent the basic
principle of tissue heterogeneity in PAs and concluded that PAs illustrate the potential of
adult (neoplastic) epithelial cells to transdifferentiate into mesenchymal cells in vivo.

4. EMT-Activating Transcription Factors (EMT-TFs) in PAs

4.1. TWIST and SLUG Are Expressed as EMT-TFs in PAs

Histologic diversity due to myoepithelial cells with morphologic plasticity, which
can be attributed to EMT, is the hallmark of PAs. The occurrence of EMT within PA has
been demonstrated by immunohistochemical and ultrastructural analyses [48,58,59], but
no specific TFs have been identified. To our knowledge, only four studies have investigated
the expression of EMT-TFs in PAs through the examination of TWIST or SLUG expression
by immunohistochemical or reverse transcription-quantitative polymerase chain reaction
(RT–qPCR) analysis [60–63].

Pardis et al. [60] reported observing TWIST expression in 12 cases of PA, predominantly
with a cytoplasmic pattern and moderate intensity, evaluated immunohistochemically.
Furthermore, Yuen et al. [64] reported that the cytoplasmic expression of TWIST was
associated with neoplastic transformation in prostate tissues. In Pardis et al.’s study, the
overexpression of TWIST also seemed to be related to neoplasm formation in the salivary
glands. In agreement with Pardis et al., Shen et al. [62] identified the overexpression of
TWIST in 30% of PAs, which had only previously been demonstrated in some benign and
malignant tumors. TWIST had been observed in the parenchymal cells of benign tumors of
the prostate, parathyroid, and lung and precancerous lesions of the oral cavity [60,64–67].
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4.2. TWIST1 Inhibits Chondrocyte Differentiation in PAs

We have previously provided conclusive but indirect evidence that epithelial cells
differentiate into chondrocytes during salivary gland PA tumorigenesis [61]. Our study
found that epithelial cells express Sox9 and Sox6 and produce aggrecan and type II collagen,
which are substances in the extracellular matrix peculiar to cartilage. Sox9, Sox6, and Sox5
make up a trio of TFs essential for chondrocyte differentiation. Sox9 functions in concert
with Sox6 or Sox5 as a master regulator of chondrocyte differentiation [37]. The TF of
this trio induces chondrocyte differentiation in both chondrogenic and non-chondrogenic
mesenchymal cells already involved in other lineages, such as epithelial cells from the
cervix, liver, and kidneys [68]. Both human and mouse salivary gland cells have been
shown to express Sox9 [59], as well as ductal and acinar cells. These cells are similar to
PA epithelial cells because they express Sox6. However, it differs from PA because it does
not produce genes that are not transcribed in the salivary glands, such as aggrecan and
type II collagen. The most crucial step in controlling gene expression is RNA transcription,
which depends on the balance of positive and negative TFs. Negative TF suppresses
positive TF when cartilage-specific genes such as δEF1, AP-2α, SNAIL, SLUG, Twist1, and
C/EBPβ [48,69–72] are not expressed. Among these genes, δEF1, AP-2α, and Twist1 are
expressed by chondrocyte progenitor cells and can remain undifferentiated [58,69,71,72].
Therefore, their expression in salivary glands was compared to that in PA. The mRNAs of
δEF1 and AP-2α were detected in both salivary glands and PA. Twist1 mRNA was found
in the salivary glands but not in three of the four PAs. Based on the results of RT-qPCR
analysis, significantly less Twist1 mRNA was found in the remaining tumors than in the
salivary glands. Based on immunohistochemistry results, the Twist1 and Sox9 proteins were
localized to the same salivary gland cells. These results suggest that Twist1 expression can
suppress the potential transactivation of the Sox protein in salivary gland cells. In addition,
the depletion of Twist1 that occurs during the neoplastic transformation of salivary gland
cells allows the Sox protein to transcribe the aggrecan and type II collagen genes. Twist1,
a member of the TF’s basic helix-loop-helix family, is essential for the development of
tissues of mesoderm origin, emphasizing its function in EMT and metastasis [73]. Twist1
has also been identified as a downstream mediator of standard Wnt signaling, known to
suppress cartilage cell differentiation in cartilage [72]. Furthermore, ectopic expression of
Twist1 suppressed the expression of chondrocyte marker genes such as type II collagen and
aggrecan in mouse chondrocyte progenitor cells. In contrast, Twist1 depletion enhanced
the expression of these genes [72]. Twist1 can directly or indirectly regulate the expression
of the target gene. During chondrocyte differentiation, it acts indirectly by binding to
Sox9 and blocking its transactivation potential [58]. It also binds to MyoD and Runx2,
the master transcriptional regulators of myogenesis and bone formation, respectively, and
inhibits the differentiation of mesenchymal precursor cells into these lines [73]. Therefore,
we hypothesized that Twist1 interferes with the differentiation of salivary gland cells into
chondrocytes. To test this hypothesis, we conducted in vitro gain-of-function and loss-of-
function experiments with Twist1 to examine the expression of aggrecan and type II collagen
in human submandibular gland (HSG) cells [74]. Although HSG cells are neoplastic
when inoculated into immunodeficient mice, they have been found to retain many of the
characteristics of PA-generating salivary duct cells [74]. We also found that HSG cells
contained the elements of salivary duct cells. They expressed Sox9, Sox6, and Twist1, but
not aggrecan or type II collagen. The knockdown of Twist1 by small interfering RNA
resulted in upregulation of both aggrecan and type II collagen gene expression. In contrast,
overexpression of Twist1 led to the downregulation of these two genes. These results
supported our hypothesis [61].

4.3. SLUG Is an Important EMT-TF for EMT Induction of Myoepithelial Cells in PA

The localization of TWIST1 expression has also varied (i.e., nuclear vs. cytoplasmic)
between studies. To improve the sensitivity and specificity for detecting the expression
of EMT-TFs, including SNAIL, SLUG, ZEB1, and TWIST1, Kim et al. used RNA in situ
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hybridization (ISH) as opposed to immunohistochemistry in a series of PAs [63]. They also
investigated the association between PLAG1 and SLUG expression and the functional roles
of SLUG in EMT using primary cultured PA cells and the expression of four significant
EMT-TFs. As a result, they found that SLUG was upregulated in PAs and restricted its
expression to neoplastic myoepithelial and stromal cells. Furthermore, using primary
cultured PA cells reported that SLUG was involved in tumor growth and the regulation of
EMT marker expression, revealing that SLUG was a significant TF in EMT in PAs.

In contrast to negligible SNAIL, ZEB1, and TWIST1 expression, they found low but
significant levels of SLUG expression in normal salivary glands according to RT–qPCR
analysis. Using a mixed approach by combining RNA ISH for SLUG and multiplex im-
munohistochemistry for CK19 and P63 allowed them to observe the co-localization of
SLUG and P63, confirming that myoepithelial cells in the salivary glands express SLUG
commonly. Their findings suggested that SLUG is a critical TF that confers mesenchymal
features such as contractile function and elongated morphology to myoepithelial cells,
which are present in Bartholin’s glands and the mammary, sweat, lacrimal, and mucous
glands of the aerodigestive tract [68]. Furthermore, these findings concluded that the
expression of SLUG in the myoepithelium of other organs should be examined. Indeed,
Guo et al. [75] found that the Slug protein is specifically expressed in basal cell nuclei in
murine mammary epithelium and that Slug and Sox9 act cooperatively to determine the
mammary stem cell state. Kim et al. [63] reported that myoepithelial cells start to separate
and disperse into the myxoid stroma at the periphery of tumor glands in PAs, in contrast to
cohesive luminal structures. They did not observe SLUG expression in luminal epithelial
cells. Only SLUG-positive myoepithelial cells were observed to exhibit changes in EMT
markers, i.e., the downregulation of E-cadherin and the upregulation of N-cadherin and
vimentin. In addition, no histological evidence has been found to suggest a direct transition
from luminal epithelial to stromal cells in PAs. Therefore, EMT in PAs can technically
be described as a transition from myoepithelial to mesenchymal cells. However, luminal
epithelial cells may have the potential to transform into mesenchymal cells. It remains
unclear whether a change between luminal epithelial and myoepithelial cells can occur
under certain circumstances in PAs.

These findings suggest that multiple TFs, including TWIST and SLUG, are involved in
EMT in PA. That SLUG may play an essential role in the transition from myoepithelial to
mesenchymal cells. Furthermore, there seems to be a complicated mechanism in which
TWIST expression is reduced to induce the differentiation into chondrocytes (Figure 1).

Figure 1. EMT induction and chondrocyte differentiation by changes of TFs expression in PAs.

5. Carcinoma Ex-Pleomorphic Adenoma (Ca ex PA) and EMT

A characteristic of EMT, mediated by the signaling molecule TGF-β1 [76], is the loss
of E-cadherin expression. In general, changes in gene expression are achieved primarily by
genetic and epigenetic methods. Genetic changes broadly alter the structure or number
of specific genes, whereas epigenetic changes occur at the transcriptional level [77]. The
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standard epigenetic method for modifying gene expression is methylation of CpG islands in
the promoter region. CpG methylation is primarily associated with various types of cancer,
including squamous cell carcinoma of the esophagus (SCC) [78,79], oral SCC [80], salivary
Ca ex PA [81], and ACC [82]. It regulates tumor progression through the inactivation
of tumor suppressor genes such as p16, MGMT, DAPK, and RASSF1A. Changes in the
methylation status of the CDH1 promoter have been reported to be essential contributors
to E-cadherin silence in many tumors [77,83,84], and CDH1 silence is the stage and attack
of advanced tumors. It is directly related to the typical expression type [83].

Xia et al. [85] first investigated the methylation status of the CDH1 promoter in
salivary Ca ex PA. They found a link between the methylation of the CDH1 promoter and
the expression of E-cadherin in 35.14% (13/37) of cases of Ca ex PA in terms of the absence
of expression of E-cadherin. Similar to the findings reported by Zhang et al. [86], a negative
E-cadherin detection rate of 38.33% was observed in 60 cases of CAC. Nevertheless, they
also found negative E-cadherin expression in 68.42% (26/38) of eyelid SCCs and 87.26%
(18/23) of oral SCC cases. In another study [83], a 42.33% (58/137) rate of decreased E-
cadherin expression was found in breast cancer. Therefore, decreased E-cadherin expression
appears to occur at varying frequencies in different tumor types and relatively infrequently,
especially in salivary gland tumors. In the same study, methylation of the CDH1 promoter
was also detected using bisulfite sequencing PCR. It can detect methylation at each CpG site
individually and is considered the “gold standard” for determining DNA methylation. They
found a CDH1 methylation rate of 67.57% (25/37) in Ca ex PA, similar to many other tumors
such as primary lung cancer (88%) [87], breast carcinoma (65–95%) [83,88–90], and colorectal
carcinoma (52%) [91]. They also reported that DNA methylation occurred preferentially
in the first four compared to other CpG islands. Furthermore, they investigated the link
between the methylation state of CDH1 and the expression of E-cadherin in patients with
Ca ex PA. Methylation of CDH1 was significantly associated with decreased expression
of E-cadherin in clinical samples (p < 0.001). In addition, they evaluated CDH1 mRNA
and protein levels corresponding to CDH1 methylation status in two Ca ex PA cell lines,
SM-AP1 and SM-AP4. According to the above results, they found that cells with higher
levels of CDH1 methylation had a weaker E-cadherin expression. In addition, TGF-β1
treatment of SM-AP1 cells led to the downregulation of E-cadherin and the upregulation of
vimentin in vitro experiments, suggesting that EMT might play a character in the repression
of E-cadherin in salivary Ca ex PA.

In spite of these results, no association was found between the methylation of the
CDH1 promoter and the downward regulation of e-cadherin expression levels. Many
studies have shown that CDH1 expression may be suppressed by mechanisms other than
the methylation of the promoter. These include chromatin structural changes, loss of
heterozygosity at 16q22.1, inactivated genetic mutations, specific transcription factors, and
translational and posttranslational regulation [92–94]. Xia et al. concluded that E-cadherin
expression levels are regulated primarily by DNA methylation of Ca ex PA, both in vivo
and in vitro. They also stated that tumors with methylation of the CDH1 promoter showed
the following histopathological tendencies: Lumen differentiation (p = 0.004), high tumor
grade (p = 0.005), high T stage (p = 0.024), and high TNM stage (p = 0.038). In other words,
it was suggested that the malignancy of Ca ex PA increases due to the decreased expression
of E-cadherin. Still, they are not the only other regulators that affect CDH1 in Ca ex PA. It
suggests that the mechanism needs to be investigated in future studies.

6. Conclusions

Pleomorphic adenoma is the most frequently occurring tumor of the salivary gland.
This tumor is benign but can have a relapse after an incomplete excision and can turn into
a malignant tumor.

Pleomorphic adenoma is an encapsulated tumor, but the capsule may be incomplete
or show infiltration by a tumor. CT and MRI are used for diagnostic imaging, and puncture
aspiration biopsy is preferred. PA is confirmed by histopathological examination. It
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is characterized by a mixed appearance of epithelial, myoepithelial, and mesenchymal
components. The mesenchymal component may include mucoid tissue, myxoid tissue,
and infrequently chondroid tissue. From several ultrastructural and immunohistochemical
studies, it was suggested that the mesenchymal component is epithelial in origin.

Although EMT is highly likely to be involved in developing PA, chondrocyte differen-
tiation, and malignant transformation, many points remain unclear, and further research
seems to be required. A more detailed study of EMT in PA would be expected to contribute
to the fundamental elucidation of the mechanisms underlying EMT.
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Abstract: Sjögren’s syndrome (SS) is a systemic chronic autoimmune disorder characterized by
lymphoplasmacytic infiltration of salivary glands (SGs) and lacrimal glands, causing glandular
damage. The disease shows a combination of dryness symptoms found in the oral cavity, pharynx,
larynx, and vagina, representing a systemic disease. Recent advances link chronic inflammation with
SG fibrosis, based on a molecular mechanism pointing to the epithelial to mesenchymal transition
(EMT). The continued activation of inflammatory-dependent fibrosis is highly detrimental and a
common final pathway of numerous disease states. The important question of whether and how
fibrosis contributes to SS pathogenesis is currently intensely debated. Here, we collect the recent
findings on EMT-dependent fibrosis in SS SGs and explore clinical evidence of multi-organ fibrosis in
SS to highlight potential avenues for therapeutic investigation.

Keywords: salivary glands; fibrosis; EMT; Sjögren’s syndrome; autoimmunity

1. Introduction

Fibrosis is the end result of various chronic autoimmune diseases. Much evidence has
been collected demonstrating an abnormal expression of various factors responsible for
the activation of fibrotic process in the joints of patients affected by rheumatoid arthritis
(RA) [1–4], in inflammatory bowel disease (IBD), and in conjunction with ulcerative colitis
and Crohn’s disease [5,6]. Additionally, renal fibrosis features have often been encountered
linked to systemic lupus erythematosus (SLE) nephritis [7,8]. The common denominator
in all these fibrotic manifestations in autoimmune diseases appears to be the activation of
an epithelial to mesenchymal transition (EMT) process following chronic inflammatory
stimulation. The activation of EMT is essential for accurate embryogenesis and tissue
repair, and also plays a significant role in the development of fibrosis in mature organs
as an outcome of severe chronic disease. This hypothesis was amply demonstrated by
experimental animal models, in which the inhibition of EMT is effective in attenuating the
progression of tissue fibrosis [9,10]. The concept that chronic injury often triggers EMT
cascade, leading to severe organ fibrosis, was recently linked to the atrophy and fibrosis
of salivary glands (SGs) [11–13], which occurs in the chronic inflammatory autoimmune
disease Sjögren’s syndrome (SS) [14].

Based on the scientific evidence that many autoimmune diseases are characterized by
secondary fibrotic manifestations in different organs, this review aims to collect scientific
evidence of multi-organ fibrotic phenomena in SS due to an excessive production of inflam-
matory factors. Data reported in the literature seem to support the idea that SS, in addition
to being characterized by SG fibrosis, can be associated with fibrosis found in other organs,
thus, confirming that SS is a chronic, multisystem autoimmune condition.
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2. Sjögren’s Syndrome Features

Sjögren’s syndrome (SS) is a systemic chronic autoimmune disorder characterized by
the lymphocytic infiltration of the SGs and lacrimal glands that causes glandular damage,
leading to xerostomia (dry mouth) and xerophthalmia (dry eyes). Furthermore, SS is also
known as “sicca syndrome” or “sicca complex”, because the disease shows a combination
of dryness symptoms found in the oral cavity, pharynx, larynx, and vagina. Thus, SS is a
systemic disease, involving virtually any organ system. Impaired function is associated
with reduced quality of life and symptoms, such as pain, fatigue, and depression, in a
comparable way with other diseases, such as SLE or RA [15].

Infectious agents, especially viruses, and genetic and epigenetic factors are supposed
to be involved in SS aetiology. The current SS pathogenic model is increasingly known as
“autoimmune epithelitis”. This model considers salivary gland epithelial cells as crucial
players because they, on the one hand, represent the targets of autoimmune attach and,
on the other hand, release various pro-inflammatory factors, exacerbating the immune
response [16,17]. Various experimental evidence has demonstrated that overexpression of
certain cytokines, such as IFN-gamma and tumor necrosis factor-alpha may contribute to
the SG dysfunction observed in SS by disrupting the tight junction structure of epithelial
cells [18]. Alterations in the cellular junction integrity lead to significant changes in salivary
gland epithelial cells polarity and organization that may affect secretory functionality [19].
This scenario fits well with the inflammatory-related EMT activation program observed
in SS, characterized by a loss of epithelial markers, such as E-cadherin and tight junction
proteins [20–22]. All these phenomena, potentially implicated in the reduction of the
normal quality and quantity of saliva in SS, resulted in accelerated development of SG
inflammation [18,19].

3. Fibrosis and EMT Program Activation

Fibrosis is defined by the accumulation of extracellular matrix (ECM) components,
particularly type I collagen and fibronectin by myofibroblasts, at the site of injury [23]. There
is a great deal of evidence indicating that myofibroblasts involved in fibrosis are derived
from resident epithelial cells that have been transformed through the activation of the EMT
program to synthesize ECM factors. The accumulation of fibrotic components can cause
malfunction and failure of the organs affected [24–26]. Nevertheless, EMT emerges as a
decisive factor in activating a pathological fibrotic cascade in chronic inflammatory diseases.
Therefore, EMT-dependent fibrosis identifies a condition marked by an uncontrolled and
unresolved inflammatory reaction [27]. Furthermore, EMT-dependent fibrosis was found in
chronic inflammatory diseases of multiple organs, such as the kidney, liver, lung, intestine,
and in SGs [5–14]. Typically, EMT events occur as part of a repair-associated process in order
to rebuild tissues following trauma and inflammatory damage. These events are reparative
if the injury is moderate and acute. However, in chronic inflammation, abnormal formation
of myofibroblasts provokes a progressive fibrosis that often leads to organ parenchymal
destruction and loss of function. On the other hand, inflammation is a potent inducer of
EMT and, therefore, inflammation and EMT support each other [9,27].

4. Clinical Fibrotic Manifestation in SS

The following paragraphs report the data present in the literature relating to organ
fibrosis correlated with SS. The phenomenon has been extensively studied in SGs, where the
molecular mechanisms that could trigger fibrosis are now known and have been correlated
with EMT. In recent years, cases of secondary fibrosis have also been observed, which could
be correlated with the state of chronic inflammation that characterizes SS.

4.1. EMT-Dependent Salivary Gland Fibrosis

A clear link between chronic inflammation and fibrosis has been demonstrated in SGs,
recently associated with SG atrophy [28,29]. In SS, fibrosis seems to be involved in the
decreased secretory function of SGs, which leads to hyposalivation and xerostomia [12].
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It is now widely accepted that the development of a fibrotic program in SS is due to the
production of fibrogenic mediators by inflammatory and epithelial cells; among these
mediators, a prevailing role is played by TGF-β1 [30]. Sisto et al. demonstrated that TGF-β1
promotes salivary gland epithelial cells transition towards mesenchymal cells through
the activation of the EMT-dependent fibrosis [31–33]. Experiments performed on human
salivary gland epithelial cells in vitro demonstrated that TGF-β1 was able to shift salivary
gland epithelial cells from the classic cobblestone morphology to a more fibroblast-like
morphology characterized by a weakening of cell–cell adhesion. This was supported by
the observation that SS SG biopsies show an elevated expression of TGF-β1 [34].

The aberrant upregulation of TGF-β1 in the SS SGs causes EMT via the activa-
tion of canonical and non-canonical pathways. As recently demonstrated, the TGF-
β1/SMAD/Snail signaling pathway was involved, as confirmed by the detection of a
wide distribution of TGF-β1, pSMAD2/3, and SMAD4 proteins in the SS SG tissues.
Furthermore, in SS SGs, a strong positivity for EMT-cascade factors and mesenchymal
markers was also evidenced, such as SNAIL, vimentin, and collagen type I. Additionally,
SS SGs were characterized by a decreased expression of typical epithelial markers, such as
E-cadherin [11,35] (Figure 1).

Figure 1. Schematic representation of TGF-β-mediated EMT signalling in SS. In a situation of
chronic inflammation, TGF-β activates the canonical SMAD2/3 and the non-canonical ERK-mediated
pathways, triggering the EMT process in salivary gland epithelial cells. The activation of transcription
factors (such as SNAIL), promotes the prolonged induction of EMT, repressing epithelial marker
genes and activating genes linked to the mesenchymal phenotype. Pro-inflammatory cytokines, such
as IL-17, IL-22, and IL-6, induce EMT-dependent severe fibrosis in SGs.

A breakthrough in research has recently been made showing that the loss of epithelial
markers and the acquisition of mesenchymal markers was strictly correlated with the grade
of SG inflammation. Currently, attempts to explain the development of fibrotic phenomena
in SS SGs, induced by the initiation of an EMT program, have focused their attention on
the role of several pro-inflammatory cytokines. The results are very encouraging; Sisto
et al. demonstrated that IL-17 and IL-22 participate in TGF-β1/EMT-dependent SG fibrosis.
Both the cytokines are upregulated in SS and linked to low levels of saliva production; in
addition, both IL-17 and IL-22 are abundantly secreted in SS SGs and correlated with the
inflammatory degree of the glands [36].
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Interestingly, in an experimental model represented by healthy salivary gland ep-
ithelial cells in culture, both IL-17 and IL-22 induce morphological changes compatible
with those observed in EMT. In particular, using IL-17 as stimulus, in healthy salivary
gland epithelial cells, the activation of the canonical TGF-β1/Smad2/3 and non-canonical
TGF-β1/Erk1/2 pathway was demonstrated [36]. When testing if other pro-inflammatory
cytokines exert their effect on the activation of EMT-dependent fibrosis pathways in SS,
interesting results were obtained with IL-6, detected at very high levels in SS SGs. The IL-6
treatment induces a reduced E-cadherin gene transcription and protein synthesis in healthy
salivary gland epithelial cells, accompanied by increased levels of vimentin and collagen
type I [37] (Figure 1).

4.2. Cardiac Fibrosis

Cardiac fibrosis is the accumulation of scar tissue in the heart, and is defined as the
imbalance between production and degradation of ECM protein production. Cardiac
fibrosis is strongly associated with many cardiac pathophysiologic conditions, and re-
cently, several interesting studies have detected an increased incidence of cardiovascular
disease (CVD) morbidity and mortality in patients affected by rheumatic autoimmune
diseases, such as SLE and RA [38,39]. In recent years, substantial evidence has emerged
demonstrating a link of SS with an increased risk of cardiovascular manifestations, such
as stroke and myocardial infarction [40]. Furthermore, intriguing observations have been
reported that chronic inflammation in SS patients can trigger a coronary event and, thus,
an increased risk of CVD [40], but this needs further investigation [40,41]. Indeed, it was
also reported that myocardial injury is typically clinically silent in patients with RA, and
this could explain the lack of data on cardiac events in patients with SS, since clinical and
pathophysiological characteristics are often shared between RA and SS. In recent papers,
it was a high prevalence of myocardial fibrosis in the patients with SS who underwent to
cardiac magnetic resonance imaging (cMRI) was observed, which can be used to obtain a
quantitative functional evaluation of the myocardium [42,43]. In these studies, emerging
data highlight that lymphocytic infiltration into the myocardium is conceivable as a patho-
logical characteristic of myocardial fibrosis in SS patients. The results clearly highlight
that the higher the extent of lymphocytic infiltration into salivary glands, the greater the
possibility of development of myocardial fibrosis [42]. In fact, myocardial fibrosis is present
in patients with SS without cardiac symptoms, and alterations in cMRI data were often
linked with SG focus score (FS) ≥ 3 [42,44]. This study suggests a significant association
between myocardial fibrosis and the degree of lymphocytic infiltration into the SGs as an
important prognosis factor for SS [43]. Yokoe et al., in an interesting study, have obtained
several important results from the observation of a representative number of SS patients
by the use of non-contrast cMRI, without cardiovascular clinical symptoms [43]. These
findings suggest and confirm that cardiac dysfunction and cardiac fibrosis are strongly
evident in SS patients. Furthermore, the importance of this study was to demonstrate that
myocardial fibrosis could be considered as an extra-glandular event of SS [43], and that
cMRI could be a useful tool for detecting asymptomatic myocardial fibrosis in patients with
SS with a higher SG FS [42].

4.3. Liver Fibrosis

The autoimmune destruction of exocrine glands that occurs in SS often extends to
non-exocrine organs. Liver involvement was one of the main extra-glandular events
reported in patients with SS [45,46]. In this context, the main causes of liver disease in
primary SS are chronic viral hepatitis infections and autoimmune hepatitis [47]. With
regards to viral infections, chronic hepatitis C virus infection is often involved in hepatic
impairment in SS patients deriving from the Mediterranean area, while chronic hepatitis
B virus infection seems to be the main cause of liver involvement in Asian SS patients.
Autoimmune hepatitis is the second leading cause of liver damage in SS patients [47]. Liver
fibrotic processes depend on the activation of an initial injury of hepatocytes by autoreactive
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immunological phenomena; these events lead to the proliferation of myofibroblasts and the
activation of stellate cells [48]. These manifestations may, in turn, accelerate the deposition
of collagen or glycoproteins in the liver, leading to liver fibrosis that interferes with the liver
function and contributes to gradual organ failure [49]. The immunological parallel between
SS and autoimmune-related hepatitis increases the progression and the development of
liver fibrosis in SS. Thus, the assessment of the presence of liver fibrosis and its severity
might have a value as prognostic factor in patients with SS. In a recent study, the transient
elastography (TE) technique was used, which represents a new non-invasive method for
the assessment of hepatic fibrosis in SS patients with normal liver function and structures,
and without manifestations of evident liver diseases [46]. Using this approach, a high
percentage of SS patients examined present a substantial liver fibrosis, suggesting that the
frequency of potential liver fibrosis may have been underestimated in SS patients without
clinical symptoms. Furthermore, this study proposed that TE could be used to evaluate
the degree of hepatic fibrosis at an earlier stage of SS disease with a notable precision
grade [46].

4.4. Lung Fibrosis

Pulmonary involvement in SS is an understudied condition with important clinical
implications. The common pulmonary manifestations of SS are interstitial lung disease
(ILD), airway abnormalities, and lymphoproliferative disorders [50]. Among them, ILD
represents a frequent extra-glandular manifestation of SS, with the majority of the studies
indicating a prevalence of about 20%, and resulting in significant morbidity and mortal-
ity [50,51]. This condition is associated with an injured respiratory function that leads to
a poor quality of life and, indeed, is considered a significant cause of fatal outcomes in
SS [52]. Therefore, the identification of poor prognostic predictive factors is required in
order to provide appropriate management in patients with SS-associated ILD. When ILD
includes scar tissue and the injury and damage of the walls of the air sacs of the lung, as
well as in the tissue and space around these air sacs, this condition is known as pulmonary
fibrosis. Pulmonary fibrosis is part of this wide group of more than 200 ILD. Efforts have
been made to characterize the relationship between SS and ILD, with an emphasis upon
idiopathic pulmonary fibrosis (IPF). Roca et al. highlighted that ILD is observed in a
significant percentage of SS patients, and that this condition is associated with severe lung
injury that develops versus fibrosis pulmonary [53]. Recently, an interesting study was
addressed to systematically evaluate the incidence and characterize ILD fibrosis phenotype
in a well-defined SS-ILD cohort [54]. These data have revealed that pulmonary disease is
commonly linked with SS, resulting in a wide variety of clinical manifestations [54]. Firstly,
symptomatic lung involvement triggers scar tissue and injury, provoking an evolution
toward a progressive fibrosing phenotype in the lung identified in 13% of SS patients
and so confirming previous investigations [55,56]. The second important implication is
the need for effective SS screening in patients presenting apparently idiopathic ILD [54].
Subsequently, recent studies from different countries have, however, all observed that
the prognosis of pulmonary involvement is not favorable in patients with SS [57]. Thus,
early ILD and IPF detection is very important in SS disease evolution [58]. However, it
remains controversial whether all SS patients should undergo a systematic search for lung
involvement [59] with the view to redefine disease recognition strategies.

4.5. Kidney Fibrosis

Renal involvement is an extra-glandular condition well recognized in SS patients.
The most common histopathological condition is an interstitial lymphocytic infiltrate
with tubular atrophy and, consequently, renal fibrosis that leads to a slow progressive
deterioration in kidney function [60].

Kidney disease typically manifests 2–3 years after the beginning of the involvement of
the exocrine glands, and slowly leads to decreased renal function. Kidney disease occurs in
5% of patients with SS, with a broad range of clinical conditions [60]. The most frequent
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event of nephropathy in SS is tubule interstitial nephritis (TIN), characterized by lympho-
plasmacytic infiltration of the kidney showing similarity to the lymphoid infiltration that
occurs in the SGs. Patients with SS associated with TIN have significant renal fibrosis, and,
as a consequence, show organ impairment and lymphocytic infiltration leading to acute or
chronic forms of TIN [61–63]. New emergent observations suggest that infiltration in the
renal tubules is mostly caused by CD4+ T lymphocytes, features of the pathophysiological
process in SGs [61,64]. Unfortunately, TIN remains a condition often undiagnosed due to its
inauspicious clinical course [60,62]. Recently, a wide Taiwanese cohort study indicated that
patients with SS are more likely to develop chronic kidney disease as a consequence of TIN,
and found that a progressive decline in kidney function occurred in 15% of SS patients [62].

A schematic representation of all the identified secondary fibrosis in SS is shown in
Figure 2.

Figure 2. Secondary organ fibrogenesis in SS. Chronic inflammatory microenvironment cooperates
for the progression of organ fibrosis in SS patients. Injury events lead to organ damage, inflammation,
and fibrosis in the liver, kidney, lung, heart, and SGs.

5. Conclusions

Sjögren’s syndrome is a chronic inflammatory autoimmune disease of variable severity
and course. Although SS continues to be a challenging disease, there is now a better
knowledge of its causes, earlier recognition of its symptoms, and more effective therapeutic
treatments. In this review update, we are discussing evolving concepts in SS which is
considered, in fact, to be a systemic disease with a fibrotic evolution of SGs. We discuss
more recent studies, mostly published within the last 5 years, highlighting the possibility
that secondary organ fibrosis could be a feature of SS. The clinical implication of this review
article is, therefore, to summarize the current state of knowledge of molecular mechanisms
involved in SG fibrosis in SS. The relationship between inflammation, EMT, and fibrosis
has been established in several autoimmune diseases. The majority of studies on EMT-
dependent fibrosis in SS have been carried out in the SGs, and, actually, the possibility
that the same pathways operate during other secondary fibrotic processes in SS, including
cardiac, pulmonary, renal, or hepatic fibrosis, has not yet been investigated. The purpose
of our review is to draw precise attention to a possible and probable involvement of an
EMT program in the fibrotic evolution of secondary diseases associated with SS, and to
emphasize that a multidisciplinary approach is needed to identify the secondary fibrotic
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forms observed in SS disease. These data will help physicians better understand the disease,
and to identify novel therapeutic protocols to block fibrosis in SS patients.
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Abstract: E-cadherin, the major epithelial cadherin, is located in regions of cell–cell contact known
as adherens junctions. E-cadherin contributes to the maintenance of the epithelial integrity through
homophylic interaction; the cytoplasmic tail of E-cadherin directly binds catenins, forming a dynamic
complex that regulates several intracellular signal transduction pathways, including epithelial-to-
mesenchymal transition (EMT). Recent progress uncovered a novel and critical role for this adhesion
molecule in salivary gland (SG) development and in SG diseases. We summarize the structure and
regulation of the E-cadherin gene and transcript in view of the role of this remarkable protein in
SG morphogenesis, focusing, in the second part of the review, on altered E-cadherin expression in
EMT-mediated SG autoimmunity.

Keywords: E-cadherins; salivary glands; morphogenesis; EMT; Sjögren’s syndrome; autoimmunity

1. Introduction to Cadherins

Cadherins are transmembrane or membrane-associated glycoproteins that mediate
Ca2+-dependent cell–cell adhesion and have mainly been described for their instrumental
role during morphogenesis [1]. Cadherins’ functions extend to multiple aspects of morpho-
genesis, ranging from polarization of simple epithelia to the formation of tissues and organs
architecture, the conference of resistance to detachment and the control of cellular tissue
organization and cohesion [1]. Cadherins expression occurs through a dynamic process
and is regulated by a great number of developmental factors and cellular signals. From the
analysis of the sequence similarity, cadherins were divided into five subfamilies: classical
types I and II (E-, P-, N- and VE-cadherin), atypical (T-cadherin), desmosomal (desmogleins,
desmocollins), protocadherins and cadherin-related proteins [2]. The family of classical
cadherins includes E (epithelial)-, N (neural)-, P (placental)-, VE (vascular-endothelial)-, R
(retinal)- and K (kidney)-cadherins; among these, E-cadherin is essential for the formation
of adherens junctions (AJs) in epithelial cells. E-cadherin mediates strong, homotypic
adhesion between neighboring epithelial cells, thereby, safeguarding epithelial barrier
integrity [2,3]. The lack of a functional, tight junction and desmosome formation in the
absence of E-cadherin emphasizes its central role in the regulation of epithelial cell–cell
contacts [2].

2. E-Cadherin Discovery

E-cadherin, a type-I cadherin, is generally considered the prototype of all cadherins
because of its early identification and its thorough characterization both in normal and
in pathological conditions. In 1977, Takeichi [4] proposed the existence of a physiological
Ca2+-dependent cell–cell adhesion that could explain the adhesive properties of a lung cell
line in addition to the more known modality of Ca2+-independent agglutination. Takeichi
discovered a surface protein of about 150 kDa involved in the Ca2+-dependent cell–cell
adhesion, reporting, for the first time, the E-cadherin adhesion potential. At the same time,
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other research groups investigated in this field, reaching results that, only later, were linked
together. François Jacob’s group, in 1980, described a specific cell-surface glycoprotein
named uvomorulin, the 84 kDa fragment of which was responsible for the Ca2+-dependent
compaction of mouse embryonal cells [5]. By the use of antibodies against this 84 kDa
fragment, cell–cell interactions were perturbated, and the compaction of embryos before
implantation was prevented. Using experiments based on subsequent trypsinizations, the
same research group deduced that a short-lived precursor was produced by cells from
which a stable form of 120 kDa is derived; this 120 kDa protein, in presence of Ca2+,
was cleaved, giving rise to the 84 kDa active fragment. Electron microscopy revealed
that uvomorulin was localized in the intermediate junctions or AJs of intestinal epithelial
cells [6], and, nowadays, it is established that the 84 kDa fragment corresponds to the
ectodomain of E-cadherin. Concurrently, Wheelock’s group [7] reported the identification
and purification of a protein, expressed by epithelial cell lines and tissues, that was named
cell-CAM 120/80. This identification was achieved using antibodies directed against an
80 kDa protein that was released into serum-free medium by MCF-7 human breast cancer
cells [7,8]. These antibodies caused disruption of cell–cell junctions in mouse epithelial cells
and enabled characterization of the cell-surface form of the antigen as a glycoprotein of 120
kDa from which the 84 kDa fragment was released. Complementary studies, performed
by Begemann and colleagues [9], demonstrated the presence of a 124 kDa cell adhesion
glycoprotein in chicken liver epithelial cells named L-CAM, which was converted into an
81 kDa protein by trypsinization in the presence of Ca2+. Interestingly, these antibodies did
not affect aggregation of retinal cells expressing R-cadherin instead of E-cadherin. Once all
these pioneering studies were reconciled, in 1984, the name “cadherins” was introduced [10]
to identify this class of cell–cell adhesion molecule. The prefix “E” (for epithelial) was
adopted for cadherin expressed by epithelial cells, and subsequent experiments performed
by Takeichi’s group revealed the existence of other cadherins which have distinct cellular
expression patterns, such as N- and P-cadherins [11]. Once E-cadherin was definitely
individuated as a cell–cell adhesion protein, the subsequent phases led to the cloning of the
E-cadherin cDNA [12], the individuation of the tertiary structure of E-cadherin extracellular
domain [13], the study of the E-cadherin/catenin complexes [14] and the demonstration of
a key role of E-cadherin-mediated regulation of cellular replication [15,16].

3. E-Cadherin Structure

E-cadherin is a single-span transmembrane protein. E-cadherin protein precursor is a
polypeptide with a short signal sequence for import into the endoplasmic reticulum, a pro-
peptide of about 130 amino acid residues (AA) and a mature polypeptide of about 728 AA
(Figure 1). The mature E-cadherin contains a transmembrane domain, a cytoplasmic domain
of 150 AA and an ectodomain of 550 AA comprising five tandemly repeated domains. Four
of these domains are known as cadherin repeats (EC1 to EC4), whereas EC5 is characterized
by four conserved cysteines [17]. E-cadherin forms calcium-dependent, homotypic cell–cell
adhesion structures known as AJs that mediate intercellular adhesion [18], cell polarity,
cell–cell communication, cell survival, cell differentiation and tissue development [19–22].
The extracellular domain is responsible for homophilic interactions between cadherin
molecules expressed at the surface of neighboring cells [17]. Cadherin cytoplasmic tails
bind to proteins p120-catenin and β-catenin (alternatively, its homolog γ-catenin in some
cell types), while p120-catenin regulates the stability of cadherin–catenin complexes at the
plasma membrane [23], and β-catenin interacts with the actin-binding protein α-catenin,
which contains an actin-binding domain and physically links AJ complexes to the actin
cytoskeleton [23,24]. The integrity of the cadherin–catenin complex and the association
with the cytoskeletal actin represent prerequisites for cell–cell adhesion [23,24].
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Figure 1. Schematic representation of E-cadherin protein. E-cadherin contains 5 extracellular cadherin
(EC) repeats linked by Ca2+ binding sites, a transmembrane domain and an intracellular domain that
binds p120-α-catenin and β-catenin.

4. Development of Submandibular Gland

The submandibular gland (SMG) development occurs through branching morphogen-
esis [25–29]. Through the use of comparative studies, it is now known that the development
of human and mouse salivary glands (SGs) occurs through the same developmental pat-
tern [30,31]. In the mouse, the first stage of SG morphogenesis shows only the initial
thickening of the oral epithelium characterizing the prebud stage, which occurs at embry-
onic day (E) 11.5 [28,32]. The SMG placode is visible as a localized thickening of the oral
epithelium adjacent to the tongue. The epithelial thickening gives rise to the initial bud
structure by E12.5. By this time in development, the salivary proof enlarges and invaginates
into the underlying mesenchyme, which begins to condense, resulting in the formation of a
primary bud linked to the oral surface by a duct that will become the major secretory duct.
The cells deriving from the neural crests arrange themselves to surround the epithelial
sketches, giving rise to the submandibular parasympathetic ganglia. The signals that initi-
ate this neural–epithelial interaction have not been fully described yet [28,33,34]. By E13,
known as the pseudoglandular stage, the final part of the bud grows in size and undergoes
rounds of clefting and new bud formation, resulting in approximately 3–5 epithelial buds.
The lumen formation already starts at this stage by removing the epithelial cells from the
center of the solid stalks through programmed cell death apoptosis [28,32,35]. Branching
morphogenesis then progresses, and the majority of the ducts develop a lumen at the
canalicular stage from about E15.5. Around E17.5, the branches and terminal buds are
delved to form the ductal and acinar system, and, at this point, the terminal bud stage
is completed and exhibits differentiated terminal end buds and a presumptive ductal
system [32].

5. The Pivotal Role for E-Cadherin in Salivary Gland Morphogenesis

Although the E-cadherin adhesion receptor mediates different, acknowledged func-
tions during epithelial branching morphogenesis, relatively little is known of how E-
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cadherin, in addition to directly mediating intercellular adhesion, impacts the development
of salivary acini and ducts. Recent studies showed that, during embryonic SMG morpho-
genesis, E-cadherin plays a decisive role in determining the differentiation of epithelial
progenitor cells into acinar or ductal cells in a specific stage of embryonic development
and in guiding the development of glandular structures until maturation [36]. In vitro
SMG organogenesis experiments from isolated SMG cells confirmed that E-cadherin is
predominantly involved in the structuring of the branching morphogenesis of SGs [37].
Clarifying the mechanism responsible for E-cadherin-mediated SMG development will
have important implications for the general understanding of branching morphogenesis in
the context of epithelial tissue development. It is now clear that the E12.5 SMG contains
two distinct cellular populations that present a different E-cadherin junctional organization,
which conditions the subsequent phases of cellular differentiation [38]. The external cellular
layer located in contact with the basement membrane consists of closely packed epithelial
cells surrounding the polymorphic cells located in the region of the internal glandular
bud. The role of E-cadherin in SMG development was investigated by inducing E-cadherin
inhibition by the use of both specific antibodies against E-cadherin and siRNAs-mediated
E-cadherin gene silencing. These interesting experiments revealed that the disorganized
cells in the initial bud express E-cadherin and β-catenin uniformly and diffusely over their
surface [26,39]; in addition, another columnar cell population was recognized in the outer
layer of the initial bud, in contact with the basement membrane, characterized by distinct
E-cadherin junctions, likely to be linked to the columnar morphology. When the glandular
bud grows and branches, these highly organized columnar cells remain in the outermost
part. Strangely, during the E-cadherin inhibition experiments, the columnar organization
of these outer cells was not lost. Probably, the lack of E-cadherin was compensated by
N-cadherin, which is highly expressed in these cells. On the contrary, the cells of the
inner region of the bud did not present well-structured E-cadherin junctions and also
expressed markers typical of ductal cells, suggesting that they were probably destined to
give rise to the ducts. The cells that gave rise to the ducts were identifiable as early as E13.5,
arranged along the proximal–distal axis and characterized by a large number of F-actin
filaments and by the expression of cytokeratin ductal marker K7 [36]. Only later, these
ductal precursors acquired defined E-cadherin junctions, first detected at the apical–lateral
borders of ductal cells, and appeared coincident with lumen formation [36]. At this stage
of glandular development, ZO-1 expression was also detected at sites apical to E-cadherin
junctions, suggesting that ductal cells are linked through tight junctions [36,39]. Therefore,
a lower expression of E-cadherin in the interior layer of the glandular bud appears to be
necessary to ensure cellular rearrangement; when ductal lumens are formed, the presence
of E-cadherin appears to be necessary to ensure stabilization of the ducts in the developing
gland (Figure 2). Through inhibition studies performed by the use of siRNA and specific
antibodies, the fundamental role of E-cadherin junctions in the ductal precursor fate was
demonstrated during the lumenization process; they probably act by the modulation of
apoptotic cascade [32,40].
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Figure 2. Organization of E-cadherin junctions during SGs morphogenesis. E12.5, E13.5, E18.5
represent stages of SGs embryonic development. At the initial E12.5, E-cadherin was localized to the
lateral surfaces of the columnar cells that comprised the outer layer while, in the interior cells, was
diffuse, indicating that these cells have less organized E-cadherin junctional structures. By E13.5, outer
cell layer expressed a biochemical acinar marker demonstrating that acinar cells begin to differentiate
very early in SGs development. The acinar progenitor layer completes the cytodifferentiation at E18.5,
expressing E-cadherin in the peripheral cell layer.

6. E-Cadherin Localization in Adult Normal Salivary Glands

In normal SGs, E-cadherin is localized to the cell membrane of acinar and ductal
cells, similar to the expression observed for the mammary gland. It is interesting to note
that the infoldings of the plasma membrane at the basal site of the duct cell are strongly
positive. In excretory ducts, high columnar cells show the strongest reaction for E-cadherin
at the basal aspect, and ductal basal cells are weakly positive or negative, supporting those
two cell types to obtain different cellular functions. It is possible that the stage of cellular
differentiation may be a factor in the expression of E-cadherin, and ductal basal cells are
possible progenitor cells of salivary gland tumors [41]. The basement membrane zone
lacks staining. Modified myoepithelial cells and plasmacytoid cells seem not to express
E-cadherin [42].

7. The Epithelial-to-Mesenchymal Transition (EMT) Process

Epithelial–mesenchymal transition (EMT) is a reversible cellular program that is
known to be crucial for embryogenesis, wound healing and malignant progression [43,44].
During EMT, the epithelial cells lose their junctions, present drastic changes in cell polarity,
restructure their cytoskeleton and cell–extracellular matrix interactions are remodeled. This
process leads to the detachment of epithelial cells from each other and the underlying cellu-
lar membrane [45]. Therefore, the cells undergo changes in the transcriptional programs
that specify cell shape and reprogram gene expression which lead to enhanced motility of
individual cells, promoting the mesenchymal fate [46]. In this context, the epithelial cells
progressively lose their cobblestone, epithelial appearance, co-express epithelial and mes-
enchymal biomarkers, adopt a spindle shape and transiently acquire a quasi-mesenchymal
cell state [47,48]. Interestingly, EMT may be induced to varying extents, producing a
wide spectrum of intermediate states (“partial EMT”), and may be reversible through
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mesenchymal-to-epithelial transitions (MET) [47]. Based on these characteristics, recently,
these dynamic processes were widely defined as “epithelial–mesenchymal plasticity” [49].
EMT is regulated at various levels by inflammatory stimuli, including cytokines such as
transforming growth factor-β (TGF-β), fibroblast growth factor family, epidermal growth
factor and hepatocyte growth factor [44,48,50,51]. These EMT-inducing signals upregulate
specific transcription factors (TFs) called EMT-TFs (e.g., Snail, Twist and ZEB) to repress
E-cadherin expression and induce mesenchymal gene expression [52]. In line with this,
small, non-coding, single-stranded RNAs (microRNAs or miRNAs) act in concert with TFs
to modulate the induction or repression of the EMT signaling process. The main initiation
signals of EMT are, therefore, represented by downregulation of E-cadherin, the expression
of which is decreased during EMT, and the loss of function of this protein promotes the
EMT transition. The transcriptional repression of E-cadherin has long been considered a
critical step during EMT [53].

8. E-Cadherin and EMT

E-cadherin, as one of the most important molecules in cell–cell adhesion of epithelial
cells [54], is considered the main effector of EMT and a unique start signal. Therefore, it is
also considered a potent tumor suppressor because aberrant regulation of E-cadherin is
often found in a multitude of malignant epithelial cancers [55,56]. E-cadherin is important
in conserving the epithelial phenotype and regulating homeostasis of tissues by modulating
various signaling pathways [56]. Loss of E-cadherin is constantly shown at sites of EMT
during development and cancer [56,57], and this event enhances cancer cell invasiveness
in vitro and contributes to the transformation of adenoma to carcinoma in animal mod-
els [58]. Therefore, the expression level of E-cadherin often is inversely correlated with
tumor grade and stage. In some cases, E-cadherin-negative cell lines showed the most dev-
astatingly high levels of tumorigenicity in nude mice. Furthermore, the loss of E-cadherin
can be the result of different mechanisms, such as the inactivating mutations of the human
E-cadherin gene discovered in about 50% of infiltrating breast carcinomas [58]. Promoter
methylation, a type of epigenetic alteration, is considered to be the predominant mechanism
of inactivation of the E-cadherin gene. This mechanism has been recognized in many solid
tumors; in fact, patients who present inactivation of the E-cadherin gene and altered expres-
sion of its protein are considered at high risk of developing diffuse gastric carcinoma and,
thus, by these criteria at least, E-cadherin is considered a tumor suppressor gene [58,59]. E-
cadherin CDH1 gene promoter possesses several regulatory sequences that mediate CDH1
transcriptional repression in mesenchymal cells, especially during EMT [60]. In addition,
the methylation of CpG sites located in the CDH1 enhancers correlates with low gene
expression [61]. DNA methylation is catalyzed by DNA (cytosine-5)-methyltransferases
(DNMTs) [62]. Recent studies revealed the aberrant hypermethylation of CDH1 in hep-
atocellular carcinomas [63,64]. This hypermethylation seems to involve the activation of
DNMT1, DNMT3A1 and DNMT3A2, and the hypermethylation of CpG sites is significantly
associated with gene and protein E-cadherin suppression [65]. More details were provided
by Hermann et al., who demonstrated a central role for Snail in the CpG methylation of
the E-cadherin promoter through the recruitment of DNMT1 [66]. In salivary adenoid
cystic carcinoma (SACC), one of the most common malignant SG neoplasms, a reduction of
E-cadherin reactivity was also recorded in the solid variant, especially in the peripheral
cells that are more likely to cause metastases. The phenotypical alterations observed in
these cells suggest the involvement of the EMT process in the progression of SACCs [65]. In-
terestingly, the expression levels of circRNAs, member of the non-coding RNA family, were
upregulated in cancer tissues of SACC patients; cell transfection techniques, used to inhibit
the expression of circRNA members in SACC cell lines, demonstrated that the proliferative,
invasive and migratory abilities of SACC cells were significantly decreased, and the EMT
process was inhibited, affecting E-cadherin expression [67]. Recent findings highlighted
another interesting phenomenon called “cadherin switch”, in which the normal expression
of E-cadherin is substituted by the abnormal expression of N- or P-cadherin [55,56,68].
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This downregulation of E-cadherin is linked with the release of β-catenin that induces the
WNT signaling pathway. There is evidence that the malfunction of the E-cadherin/catenin
complex permits the separation of malignant cells from the primary tumor mass, thus, pro-
voking tumor progression and metastasis [69]. Several studies demonstrated that reduced
expression of E-cadherin and catenins is critical in the development and progression of
human carcinomas [69–71], while, on the contrary, E-cadherin alone acts as a suppressor
molecule in cancer invasion and metastasis [21]. However, the use of E-cadherin/β-catenin
as prognostic markers in SG tumors, for instance, may have no predictive value; Furuse
and colleagues [70] demonstrated that such molecules may be immunoexpressed, for ex-
ample, in healthy SGs, as well as in malignant SG neoplasia, invasive or not. Interestingly,
the role of E-cadherin in EMT is still debated, and some authors argue that the loss of
E-cadherin is not causal nor a necessity for EMT, and restoration of E-cadherin expression
in E-cadherin-negative malignant cells does not reverse the EMT [72]. Nilsson et al. also
demonstrated that E-cadherin loss is consequential rather than causal for c-erbB2-induced
EMT in non-malignant mammary epithelial cell lines [73]. Loss of E-cadherin alone was
demonstrated to be insufficient to trigger the EMT program in non-malignant breast cell
lines [74]. In addition, loss of E-cadherin expression seems to be an oversimplification
because, surprisingly, several metastases still contain high levels of E-cadherin, and epithe-
lial cells expressing E-cadherin can become invasive and metastasize, notably in patients
with prostate cancer [75], ovarian cancer [76] and glioblastoma [77]. Interestingly, the dual
role of E-cadherin is possibly due to the existence of two forms of E-cadherin, which are
membrane-tethered E-cadherin and soluble E-cadherin (sE-cadherin) [78]. sE-cadherin
was initially discovered by Wheelock et al. [7], and subsequent studies were carried out to
investigate the propriety of sE-cadherin as a cancer biomarker [79]. sE-cadherin interferes
with AJs and promotes invasion and metastasis as a paracrine/autocrine signaling molecule
in the progression of various types of cancer such as gastric cancer. Therefore, it induces
the activity of a dysintegrin and metalloprotease (ADAM) and matrix metalloproteinases
(MMPs), as well as modulates several signaling pathways [77–80]. Furthermore, interesting
studies demonstrated that sE-cadherin is highly expressed in ovarian cancer patients, where
sE-cadherin induces tumor angiogenesis via activation of β-catenin and NF-κB signaling,
thus, causing a carcinoma metastatic spread [80].

9. The Role of E-Cadherin in Salivary Gland Pathogenesis: Lesson from
Sjögren’s Syndrome

The main aspects related to the organization of epithelia in SGs are relevant to under-
standing the pathophysiological alterations observed in primary Sjögren’s syndrome (pSS),
where the protective function of epithelia is lost. pSS is, essentially, a chronic inflammatory
autoimmune epithelitis characterized by complex pathogenesis, that affects mainly the
lachrymal glands and SGs [81,82]. In this scenario, E-cadherin, which is the main actor in
maintaining epithelial tissue integrity and giving strength to conserve polarization of the
epithelial cell layers [83], seems to play an important role in the molecular mechanisms in-
volved in pSS [84–86]. Preliminary studies reported that tight junction proteins and AJs are
downregulated in human minor SGs with pSS, thus, determining a marked disorganization
of the apical pole of these cells in pSS patients [87]. Nevertheless, in pSS SGs, lymphocytes
invade the epithelial tissue, and this invasion causes a dramatic, decreased exocrine se-
cretion that leads to dry mouth [88]. In fact, the interactions between lymphocytes and
the salivary epithelium could potentially determine the loss of glandular tissue and might
compromise the epithelial integrity [89]. In this context, recent findings highlighted that
the arrangement of apical factors in points proximal and distal to lymphocytic infiltration
in SGs remained intact in a mouse model of pSS [89]. It was observed that E-cadherin
distribution remained intact in areas without lymphocytic infiltration, while E-cadherin im-
munoexpression was absent in areas presenting infiltrating lymphocytes, so, contributed to
the loss of glandular tissue organization [89]. Altered expression of E-cadherin also seems
to have had a fundamental role in the recent line of research that studied the phenomenon
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of the EMT-dependent fibrosis observed in pSS SGs [84–86]. An increased expression
of proinflammatory cytokines, such as IL-6, IL-17 and IL-22, in pSS has a pivotal role in
the development of EMT-dependent SG fibrosis characterized by the progressive loss of
E-cadherin and by the growing increased expression of the mesenchymal markers by SG
cells accompanied by dramatic morphological changes [84–86]. These studies elucidated
that, in pSS SGs’ inflammatory microenvironment, increased expression of TGF-β deter-
mines the activation of EMT involving both the canonical SMAD2/3 pathway and the
non-canonical MAPK pathway [84–86] (Figure 3). These discoveries were enriched by a
recent study investigating serum levels of sE-cadherin in relation to infiltrating lympho-
cytes in pSS to characterize the expression of E-cadherin and integrin αEβ7/CD103 in
the pSS SG epithelium [90]. Interestingly, serum levels of sE-cadherin were significantly
increased in pSS compared to controls. In addition, membrane-bound E-cadherin and
clusters of αEβ7/CD103-positive cells were located, in particular, in acinar and ductal cells
in epithelium tissue both in pSS and controls. These findings indicate a suggestive role
for the αEβ7/CD103 and E-cadherin interaction in pSS SGs, and the sE-cadherin fragment
may also play a role in the tissue destruction, resulting, thus, in the accumulation of fibrotic
SG tissue and pSS disease progression [90].

 

Figure 3. Role of E-cadherin during the epithelial-mesenchymal transition (EMT) process in pSS.
In pSS, the transition of epithelial cells versus a mesenchymal phenotype is triggered by several
proinflammatory factors and is characterized by the loss of cellular contact and cellular polarity.
During EMT, the loss of epithelial marker E-cadherin and an increase of mesenchymal markers occur,
through the upregulation of transcriptional factors [i.e., SNAIL, TWIST, Zinc finger E-box-binding
homeobox (ZEB), Slug]. The acquisition of mesenchymal markers led to the stabilization of the newly
acquired phenotype.

10. Conclusions

Unquestionably, E-cadherin is deeply involved in establishing cell polarity and differ-
entiation and, thereby, in the establishment and maintenance of tissue homeostasis during
the SGs’ development. In this review, we sought to discuss the impact of mechanisms of
E-cadherin on SG morphogenesis. Several parameters can contribute to differences in cell
adhesion energies, including, but not limited to, the intrinsic, biophysical properties of
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E-cadherin bonds and E-cadherin surface expression levels. A key question, thus, remains
as to whether cell segregation during SG development can be explained solely in terms of
the intrinsic properties of the E-cadherin ectodomain or whether it is also necessary to incor-
porate cellular properties, including biomechanics and functional responses to E-cadherin
ligation. Providing a picture of these interactions proposes many interesting future research
avenues to consider. Since E-cadherin is the major determinant of the epithelial phenotype,
it represents the main driver of the EMT program, and the characterization of E-cadherin
multifaceted expression corroborates the interpretation of E-cadherin’s roles during the
EMT activation cascade. Only the codifying of its expression in relation to the cell pheno-
type and the timing of its loss during the transition of normal ductal epithelium versus the
de-differentiated mesenchymal-like state will allow us to better understand the molecular
mechanisms in terms of chronic inflammatory diseases such as autoimmune diseases.

Author Contributions: All authors were involved in drafting the article or revising it critically for
important, intellectual content, and all authors approved the final version for publication. M.S. and
S.L. have full access to the data collected in the study and take responsibility for their integrity. D.R.
performed a critical reading of this review. All authors have read and agreed to the published version
of the manuscript.

Funding: No external funding was involved in this review.

Institutional Review Board Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Patel, S.D.; Chen, C.P.; Bahna, F.; Honig, B.; Shapiro, L. Cadherin-mediated cell-cell adhesion: Sticking together as a family. Curr.
Opin. Struct. Biol. 2003, 13, 690–698. [CrossRef] [PubMed]

2. Jaiganesh, A.; Narui, Y.; Araya-Secchi, R.; Sotomayor, M. Beyond Cell-Cell Adhesion: Sensational Cadherins for Hearing and
Balance. Cold Spring Harb. Perspect. Biol. 2018, 10, 029280. [CrossRef] [PubMed]

3. Pal, M.; Bhattacharya, S.; Kalyan, G.; Hazra, S. Cadherin profiling for therapeutic interventions in Epithelial Mesenchymal
Transition (EMT) and tumorigenesis. Exp. Cell Res. 2018, 368, 137–146. [CrossRef] [PubMed]

4. Takeichi, M. Functional correlation between cell adhesive properties and some cell surface proteins. J. Cell Biol. 1977, 75, 464–474.
[CrossRef]

5. Peyriéras, N.; Hyafil, F.; Louvard, D.; Ploegh, H.L.; Jacob, F. Uvomorulin: A nonin-tegral membrane protein of early mouse
embryo. Proc. Natl. Acad. Sci. USA 1983, 80, 6274–6277. [CrossRef]

6. Boller, K.; Vestweber, D.; Kemler, R. Cell-adhesion molecule uvomorulin is localized in the intermediate junctions of adult
intestinal epithelial cells. J. Cell Biol. 1985, 100, 327–332. [CrossRef]

7. Wheelock, M.J.; Buck, C.A.; Bechtol, K.B.; Damsky, C.H. Soluble 80-kd fragment of cell-CAM 120/80 disrupts cell-cell adhesion.
J. Cell Biochem. 1987, 34, 187–202. [CrossRef]

8. Kjeldsen, T.B.; Laursen, I.; Lykkesfeldt, A.; Briand, P.; Zeuthen, J. Monoclonal anti-bodies reactive with components in serum-free
conditioned medium from a hu-man breast cancer cell line (MCF-7). Tumor Biol. 1989, 10, 190–201. [CrossRef]

9. Begemann, M.; Tan, S.S.; A Cunningham, B.; Edelman, G.M. Expression of chicken liver cell adhesion molecule fusion genes in
transgenic mice. Proc. Natl. Acad. Sci. USA 1990, 87, 9042–9046. [CrossRef]

10. Yoshida-Noro, C.; Suzuki, N.; Takeichi, M. Molecular nature of the calcium-dependent cell-cell adhesion system in mouse
teratocarcinoma and embryonic cells studied with a monoclonal antibody. Dev. Biol. 1984, 101, 19–27. [CrossRef]

11. Takeichi, M. The cadherins: Cell-cell adhesion molecules controlling animal morphogenesis. Development 1988, 102, 639–655.
[CrossRef] [PubMed]

12. Mohan, R.; Lee, B.; Panjwani, N. Molecular cloning of the E-cadherin cDNAs from rabbit corneal epithelium. Curr. Eye Res. 1995,
14, 1136–1145. [CrossRef] [PubMed]

13. Parisini, E.; Higgins, J.; Liu, J.-H.; Brenner, M.B.; Wang, J.-H. The Crystal Structure of Human E-cadherin Domains 1 and 2, and
Comparison with other Cadherins in the Context of Adhesion Mechanism. J. Mol. Biol. 2007, 373, 401–411. [CrossRef] [PubMed]

14. Curtis, M.W.; Johnson, K.R.; Wheelock, M.J. E-Cadherin/Catenin Complexes Are Formed Cotranslationally in the Endoplasmic
Reticulum/Golgi Compartments. Cell Commun. Adhes. 2008, 15, 365–378. [CrossRef]

15. Rahnama, F.; Thompson, B.; Steiner, M.; Shafiei, F.; Lobie, P.E.; Mitchell, M.D. Epigenetic regulation of E-cadherin controls
endometrial receptivity. Endocrinology 2009, 150, 1466–1472. [CrossRef]

16. Georgopoulos, N.T.; Kirkwood, L.A.; Walker, D.C.; Southgate, J. Differential regulation of growth-promoting signalling pathways
by E-cadherin. PLoS ONE 2010, 5, e13621. [CrossRef]

139



J. Clin. Med. 2022, 11, 2241

17. Zheng, K.; Laurence, J.S.; Kuczera, K.; Verkhivker, G.; Middaugh, C.R.; Siahaan, T.J. Characterization of Multiple Stable
Conformers of the EC5 Domain of E-cadherin and the Interaction of EC5 with E-cadherin Peptides. Chem. Biol. Drug Des. 2009,
73, 584–598. [CrossRef]

18. Hirano, S.; Nose, A.; Hatta, K.; Kawakami, A.; Takeichi, M. Calcium-dependent cell-cell adhesion molecules (cadherins): Subclass
specificities and possible in-volvement of actin bundles. J. Cell Biol. 1987, 105, 2501–2510. [CrossRef]

19. Grunwald, G.B. The structural and functional analysis of cadherin calcium-dependent cell adhesion molecules. Curr. Opin. Cell
Biol. 1993, 5, 797–805. [CrossRef]

20. Marrs, J.A.; Nelson, W.J. Cadherin Cell Adhesion Molecules in Differentiation and Embryogenesis. Int. Rev. Cytol. 1996,
165, 159–205. [CrossRef]

21. Wheelock, M.J.; Johnson, K.R. Cadherins as Modulators of Cellular Phenotype. Annu. Rev. Cell Dev. Biol. 2003, 19, 207–235.
[CrossRef] [PubMed]

22. Halbleib, J.M.; Nelson, W.J. Cadherins in development: Cell adhesion, sorting, and tissue morphogenesis. Genes Dev. 2006,
20, 3199–3214. [CrossRef] [PubMed]

23. Huber, A.H.; Stewart, D.B.; Laurents, D.V.; Nelson, W.J.; Weis, W.I. The cadherin cytoplasmic domain is unstructured in the
absence of β-catenin: A possible mecha-nism for regulating cadherin turnover. J. Biol. Chem. 2001, 276, 12301–12309. [CrossRef]

24. Mège, R.M.; Ishiyama, N. Integration of Cadherin Adhesion and Cytoskeleton at Adherens Junctions. Cold Spring Harb. Perspect.
Biol. 2017, 9, a028738. [CrossRef] [PubMed]

25. Bernfield, M.; Danerjee, S.D.; Koda, J.E.; Rapraeger, A.C. Remodelling of the base-ment membrane: Morphogenesis and
maturation. Ciba Found Symp. 1984, 108, 179–196. [PubMed]

26. Hieda, Y.; Iwai, K.; Morita, T.; Nakanishi, Y. Mouse embryonic submandibular gland epithelium loses its tissue integrity during
early branching morphogenesis. Dev. Dyn. 1996, 207, 395–403. [CrossRef]

27. Fernandes, R.P.; Cotanche, D.A.; Lennon-Hopkins, K.; Erkan, F.; Menko, A.S.; Kukuruzinska, M.A. Differential expression of
proliferative, cytoskeletal, and adhesive proteins during postnatal development of the hamster submandibular gland. Histochem.
Cell Biol. 1999, 111, 153–162. [CrossRef]

28. Jaskoll, T.; Melnick, M. Submindibular gland morphogenesis: Stage-specific expres-sion of TGF-a/EGF, IGF, TGF-b, TNF, and
IL-6 signal transduction in normal em-bryonic mice and the phenotypic effects of TGF-b2, TGF-b-3, and EGF-R null mutations.
Anat. Rec. 1999, 256, 252–268. [CrossRef]

29. Patel, V.N.; Rebustini, I.T.; Hoffman, M.P. Salivary gland branching morphogene-sis. Differentiation 2006, 74, 349–364. [CrossRef]
30. Kashimata, M.; Sayeed, S.; Ka, A.; Onetti-Muda, A.; Sakagami, H.; Faraggiana, T.; Gresik, E.W. The ERK-1/2 signaling pathway

is involved in the stimulation of branching morphogenesis of fetal mouse submandibular glands by EGF. Dev. Biol. 2000,
220, 183–196. [CrossRef]

31. Sakai, T.; Larsen, M.; Yamada, K.M. Fibronectin requirement in branching mor-phogenesis. Nature 2003, 423, 876–881. [CrossRef]
[PubMed]

32. Melnick, M.; Jaskoll, T. Mouse sub-mandibular gland morphogenesis: A paradigm for embryonic signal processing. Crit. Rev.
Oral Biol. Med. 2000, 11, 199–215. [CrossRef] [PubMed]

33. Patel, N.; Sharpe, P.T.; Miletich, I. Coordination of epithelial branching and salivary gland lumen formation by Wnt and FGF
signals. Develop. Biol. 2011, 358, 156–167. [CrossRef] [PubMed]

34. Knox, S.M.; Lombaert, I.M.; Haddox, C.L.; Abrams, S.R.; Cotrim, A.; Wilson, A.J.; Hoffman, M.P. Parasympathetic stimulation
improves epithelial organ regeneration. Nat. Commun. 2013, 4, 1494. [CrossRef] [PubMed]

35. Teshima, T.H.N.; Wells, K.L.; Lourenço, S.V.; Tucker, A.S. Apoptosis in Early Sali-vary Gland Duct Morphogenesis and Lumen
Formation. J. Dental Res. 2016, 95, 277–283. [CrossRef] [PubMed]

36. Walker, J.L.; Menko, A.S.; Khalil, S.; Rebustini, I.; Hoffman, M.P.; Kreidberg, J.A.; Kukuruzinska, M.A. Diverse roles of E-cadherin
in the morphogenesis of the sub-mandibular gland: Insights into the formation of acinar and ductal structures. Dev. Dyn. 2008,
237, 3128–3141. [CrossRef] [PubMed]

37. Wei, C.; Larsen, M.; Hoffman, M.P.; Yamada, K.M. Self-Organization and Branching Morphogenesis of Primary Salivary Epithelial
Cells. Tissue Eng. 2007, 13, 721–735. [CrossRef]

38. Larsen, M.; Wei, C.; Yamada, K.M. Cell and fibronectin dynamics during branching morphogenesis. J. Cell Sci. 2006,
119, 3376–3384. [CrossRef]

39. Heida, Y.; Nakanishi, Y. Epithelial morphogenesis in mouse embryonic sub-mandibular gland: Its relationships to the tissue
organization of epithelium and mesenchyme. Dev. Growth Differ. 1997, 39, 1–8. [CrossRef]

40. Mailleux, A.A.; Overholtzer, M.; Schmelzle, T.; Bouillet, P.; Strasser, A.; Brugge, J.S. BIM Regulates Apoptosis during Mammary
Ductal Morphogenesis, and Its Absence Reveals Alternative Cell Death Mechanisms. Dev. Cell 2007, 12, 221–234. [CrossRef]

41. Yamada, K.; Jordan, R.; Mori, M.; Speight, P.M. The relationship between E-cadherin expression, clinical stage and tumour
differentiation in oral squamous cell carcinoma. Oral Dis. 1997, 3, 82–85. [CrossRef] [PubMed]

42. Andreadis, D.; Epivatianos, A.; Mireas, G.; Nomikos, A.; Poulopoulos, A.; Yiotakis, J.; Barbatis, C. Immunohistochemical detection
of E-cadherin in certain types of salivary gland tumours. J. Laryngol. Otol. 2006, 120, 298–304. [CrossRef] [PubMed]

43. Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119, 1420–1428. [CrossRef]
[PubMed]

44. Nieto, M.A.; Huang, R.Y.; Jackson, R.A.; Thiery, J.P. EMT: 2016. Cell 2016, 166, 21–45. [CrossRef]

140



J. Clin. Med. 2022, 11, 2241

45. Thiery, J.P.; Acloque, H.; Huang, R.Y.J.; Nieto, M.A. Epithelial-Mesenchymal Transitions in Development and Disease. Cell 2009,
139, 871–890. [CrossRef]

46. Dongre, A.; Weinberg, R.A. New insights into the mechanisms of epitheli-al-mesenchymal transition and implications for cancer.
Nat. Rev. Mol. Cell Biol. 2019, 20, 69–84. [CrossRef]

47. Leggett, S.E.; Hruska, A.M.; Guo, M.; Wong, I.Y. The epithelial-mesenchymal tran-sition and the cytoskeleton in bioengineered
systems. Cell Commun. Signal. 2021, 19, 32. [CrossRef]

48. Williams, E.D.; Gao, D.; Redfern, A.; Thompson, E.W. Controversies around epithelial-mesenchymal plasticity in cancer metastasis.
Nat. Rev. Cancer. 2019, 19, 716–732. [CrossRef]

49. Yang, J.; Antin, P.; Berx, G.; Blanpain, C.; Brabletz, T.; Bronner, M.; Campbell, K.; Cano, A.; Casanova, J.; Christofori, G.; et al.
Guidelines and definitions for research on epithelial-mesenchymal transition. Nat. Rev. Mol. Cell Biol. 2020, 21, 341–352, Erratum
in Nat. Rev. Mol. Cell Biol. 2021, 22, 834. [CrossRef]

50. Zavadil, J.; Böttinger, E.P. TGF-beta and epithelial-to-mesenchymal transitions. Oncogene 2005, 24, 5764–5774. [CrossRef]
51. Thiery, J.P.; Sleeman, J.P. Complex networks orchestrate epithelial-mesenchymal transitions. Nat. Rev. Mol. Cell Biol. 2006,

7, 131–142. [CrossRef] [PubMed]
52. Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial–mesenchymal transition. Nat. Rev. Mol. Cell Biol. 2014,

15, 178–196. [CrossRef] [PubMed]
53. Aban, C.E.; Lombardi, A.; Neiman, G.; Biani, M.C.; La Greca, A.; Waisman, A.; Moro, L.N.; Sevlever, G.; Miriuka, S.; Luzzani, C.

Downregulation of E-cadherin in pluripotent stem cells triggers partial EMT. Sci. Rep. 2021, 11, 2048. [CrossRef] [PubMed]
54. Rodriguez-Boulan, E.; Macara, I.G. Organization and execution of the epithelial polarity programme. Nat. Rev. Mol. Cell Biol.

2014, 15, 225–242. [CrossRef] [PubMed]
55. Loh, C.Y.; Chai, J.Y.; Tang, T.F.; Wong, W.F.; Sethi, G.; Shanmugam, M.K.; Chong, P.P.; Looi, C.Y. The E-Cadherin and N-Cadherin

Switch in Epitheli-al-to-Mesenchymal Transition: Signaling, Therapeutic Implications, and Challenges. Cells 2019, 8, 1118.
[CrossRef]

56. Yu, W.; Yang, L.; Li, T.; Zhang, Y. Cadherin Signaling in Cancer: Its Functions and Role as a Therapeutic Target. Front. Oncol. 2019,
9, 989. [CrossRef]

57. Kang, Y.; Massagué, J. Epithelial-mesenchymal transitions: Twist in development and metastasis. Cell 2004, 118, 277–279.
[CrossRef]

58. Thiery, J.P. Epithelial-mesenchymal transitions in tumour progression. Nat. Rev. Cancer 2002, 2, 442–454. [CrossRef]
59. Liu, X.; Chu, K.-M. E-Cadherin and Gastric Cancer: Cause, Consequence, and Applications. BioMed Res. Int. 2014, 2014, 637308.

[CrossRef]
60. Gao, L.M.; Xu, S.F.; Zheng, Y.; Wang, P.; Zhang, L.; Shi, S.S.; Wu, T.; Li, Y.; Zhao, J.; Tian, Q.; et al. Long non-coding RNA H19 is

responsible for the progression of lung adenocarcinoma by mediating methylation-dependent repression of CDH1 promoter.
J. Cell Mol. Med. 2019, 23, 6411–6428. [CrossRef]

61. Tedaldi, G.; Molinari, C.; Celina, S.; Barbosa-Matos, R.; André, A.; Danesi, R.; Arcangeli, V.; Ravegnani, M.; Saragoni, L.;
Morgagni, P.; et al. Genetic and Epige-netic Alterations of CDH1 Regulatory Regions in Hereditary and Sporadic Gastric Cancer.
Pharmaceuticals 2021, 14, 457. [CrossRef] [PubMed]

62. Traube, F.R.; Carell, T. The chemistries and consequences of DNA and RNA meth-ylation and demethylation. RNA Biol. 2017,
14, 1099–1107. [CrossRef] [PubMed]

63. Yang, B.; Guo, M.; Herman, J.G.; Clark, D.P. Aberrant promoter methylation pro-files of tumor suppressor genes in hepatocellular
carcinoma. Am. J. Pathol. 2003, 163, 1101–1107. [CrossRef]

64. Lee, S.; Lee, H.J.; Kim, J.H.; Lee, H.S.; Jang, J.J.; Kang, G.H. Aberrant CpG island hypermethylation along multistep hepatocar-
cinogenesis. Am. J. Pathol. 2003, 163, 1371–1378. [CrossRef]

65. Belulescu, I.C.; Mărgăritescu, C.; Dumitrescu, C.I.; Munteanu, M.C.; Mărgăritescu, O.C. Immuno phenotypical alterations with
impact on the epithelial-mesenchymal transition (EMT) process in salivary gland adenoid cystic carcinomas. Rom. J. Morphol.
Embryol. 2020, 61, 175–187. [CrossRef]

66. Hermann, A.; Goyal, R.; Jeltsch, A. The Dnmt1 DNA-(cytosine-C5)-methyltransferase Methylates DNA Processively with High
Preference for Hemimethylated Target Sites. J. Biol. Chem. 2004, 279, 48350–48359. [CrossRef]

67. Wei, H.; Li, J.; Xie, C.; Dong, H. Circular RNA hsa_circ_0011946 promotes the malignant process of salivary adenoid cystic
carcinoma by downregulating miR-1205 expression. Exp. Ther. Med. 2022, 23, 295. [CrossRef]

68. Mitselou, A.; Galani, V.; Skoufi, U.; Arvanitis, D.L.; Lampri, E.; Ioachim, E. Syndecan-1, Epithelial-Mesenchymal Transition
Markers (E-cadherin/β-catenin) and Neoangiogenesis-related Proteins (PCAM-1 and Endoglin) in Colorectal Cancer. Anticancer
Res. 2016, 36, 2271–2280.

69. Mitselou, A.; Batistatou, A.; Nakanishi, Y.; Hirohashi, S.; Vougiouklakis, T.; Char-alabopoulos, K. Comparison of the dysadherin
and E-cadherin expression in primary lung cancer and metastatic sites. Histol. Histopathol. 2010, 25, 1257–1267.

70. Furuse, C.; Cury, P.R.; Altemani, A.; dos Santos Pinto, D., Jr.; de Araújo, N.S.; de Araújo, V.C. Beta-catenin and E-cadherin
expression in salivary gland tumors. Int. J. Surg. Pathol. 2006, 14, 212–217. [CrossRef]

71. Nollet, F.; Berx, G.; van Roy, F. The role of the E-cadherin/catenin adhesion com-plex in the development and progression of
cancer. Mol. Cell Biol. Res. Commun. 1999, 2, 77–85. [CrossRef] [PubMed]

141



J. Clin. Med. 2022, 11, 2241

72. Hollestelle, A.; Peeters, J.K.; Smid, M.; Timmermans, M.; Verhoog, L.C.; Westenend, P.; Heine, A.A.J.; Chan, A.; Sieuwerts, A.M.;
Wiemer, E.; et al. Loss of E-cadherin is not a necessity for epithelial to mesenchymal transition in human breast cancer. Breast
Cancer Res. Treat. 2013, 138, 47–57. [CrossRef] [PubMed]

73. Nilsson, G.; Akhtar, N.; Kannius-Janson, M.; Baeckström, D. Loss of E-cadherin ex-pression is not a prerequisite for c-erbB2-
induced epithelial-mesenchymal transition. Int. J. Oncol. 2014, 45, 82–94. [CrossRef] [PubMed]

74. Chen, A.; Beetham, H.; Black, M.A.; Priya, R.; Telford, B.J.; Guest, J.; Wiggins, G.A.; Godwin, T.D.; Guilford, P.J. E-cadherin loss
alters cytoskeletal organization and adhesion in non-malignant breast cells but is insufficient to induce an epitheli-al-mesenchymal
transition. BMC Cancer 2014, 14, 552. [CrossRef] [PubMed]

75. Putzke, A.P.; Ventura, A.P.; Bailey, A.M.; Akture, C.; Opoku-Ansah, J.; Çeliktaş, M.; Hwang, M.S.; Darling, D.S.; Coleman, I.M.;
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