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Editorial

Salivary glands (SGs) are of the utmost importance for maintaining the health of the oral cavity and
carrying out physiological functions such as mastication, protection of teeth, perception of food taste,
and speech. SGs may be affected by a number of diseases—local and systemic—and the prevalence of
SG diseases depends on various etiological factors. The glands can be blocked by small stones that
form in the gland ducts, which may cause painful swelling. The glands may become infected by viral,
bacterial, or (rarely) fungal agents, or they may be the targets of autoimmune attacks that affect their
functions. Management of salivary disorders encompasses a broad array of diseases—both benign and
malignant. To better demonstrate the evolution of this field, the present Special Issue in the Journal of
Clinical Medicine aims to cover recent and novel advancements as well as future trends in the field of
research evaluating diagnostic and therapeutic treatment of SG diseases, reflecting the diverse nature
of SG anatomy, physiology, and dysfunction in various states of disease.

Several interesting findings are derived from this collective body of work. Firstly, in alignment
with the most advanced diagnostic techniques for the identification of pathologies affecting the SGs,
Tanaka et al. [1] reported the effective application of MR sialography and dynamic MR sialography to
visualize the sublingual gland ducts, demonstrating, successfully, that MR sialography can be more
useful in the diagnosis of patients with lesions of sublingual gland ducts. Van Ginkel and colleagues [2]
enriched the Special Issue by contributing a descriptive review discussing imaging techniques that are
used in the identification and characterization of primary Sjögren’s syndrome (pSS) with a focus on the
SGs. Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disease characterized by dysfunction
and lymphocytic infiltration of the salivary and lacrimal glands, with unknown etiology. The review
emphasizes the contribution of innovative techniques to the diagnosis of pSS and the monitoring of
the progression of the disease, underlining the contribution to diagnosis and staging of pSS-associated
lymphomas. Several of the papers published in this Special Issue provide insights into the etiology of
pSS, highlighting aspects that contribute to the pathophysiology of the disease and exploring treatment
options that target different mediators of the pSS pathogenesis. An important experimental contribution
is given by the development of a pSS experimental model represented by immortalized SG epithelial
cells derived from labial salivary gland biopsies of pSS patients [3]; these cells represent a viable model
for salivary research due to their passaging capacity and maintenance of acinar cell characteristics.
The etiology of pSS remains poorly understood, but recent findings highlight the involvement of
both immune system cells and various types of glandular cells that cooperate in the perpetuation of
chronic inflammatory conditions that characterize pSS. Witas et al. [4] summarized the evidence for
participation in disease pathogenesis by both various classes of immune cells and glandular epithelial
cells in an interesting review collecting data from both preclinical mouse models and human patients.
Relatedly, my research group [5] collected from the literature the most recent findings concerning the
involvement of the transcription factor nuclear factor κ (kappa)-light-chain-enhancer of activated B
cells (NF-κB) in the chronic inflammatory mechanisms implicated in the pathogenesis of pSS. To enrich
this panorama of possible mechanisms underlying the pSS disease, Paris and colleagues [6] contributed
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a comprehensive review which addresses the clinical presentation, diagnosis, and complications of
the disease, focusing on the fundamental role played by epithelial cells in autoimmune mechanisms
and on the genetic, environmental, and hormonal features that represent risk factors for the disease.
The important article by Nakamura et al. [7], which suggests and explains a viral etiology at the basis
of pSS, fits well into this scenario. Nakamura delved into the role played by various viruses such
as Epstein–Barr virus (EBV) or human T-cell leukemia virus type 1 (HTLV-1) that, regardless of the
different cellular targets that they have, are involved in pathological immune modifications in pSS.

Finally, a part of the Special Issue is dedicated to the analysis of interesting case reports related to
primary or secondary diseases of the SGs. The research group of Drs. Ingravallo and Capodiferro
reported a clinical study conducted on a series of intraoral mucoepidermoid carcinomas showing
exclusive intracystic growth [8] and a rare case of primary breast lymphoma occurring in a woman
with long-standing pSS [9]. Morawska and colleagues performed a study on women with Hashimoto’s
thyroiditis (HT) that evaluated the redox homeostasis of the SGs; data collected demonstrate that
salivary secretion is impaired in patients with HT, and the release of oxidant molecules was found to
be significantly higher in patients with HT than in healthy controls [10]. From the same research group,
Maciejczyk et al. evaluated protein glycooxidation products, lipid oxidative damage, and nitrosative
stress in chronic kidney disease (CKD) condition. Interestingly, their analysis indicates that children
with CKD suffer from SG dysfunction that increases with CKD progression [11].

Given these diverse contributions, it is evident that research on SG diseases will continue to
flourish. There are still many fundamental questions that remain unanswered, promising a great future
for this field. As the Guest Editor, I would like to give special thanks to the reviewers for their timely
and professional comments and to the members of the JCM Editorial Office for their robust support.
Finally, I sincerely thank all the authors for their valuable contributions. I believe the readers of this
Special Issue will find them very useful.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The association between autoimmune diseases, mostly rheumatoid arthritis, systemic lupus
erythematosus, celiac disease and Sjögren syndrome, and lymphoma, has been widely demonstrated
by several epidemiologic studies. By a mechanism which has not yet been entirely elucidated,
chronic activation/stimulation of the immune system, along with the administration of specific treatments,
may lead to the onset of different types of lymphoma in such patients. Specifically, patients affected
by Sjögren syndrome may develop lymphomas many years after the original diagnosis.
Several epidemiologic, hematologic, and histological features may anticipate the progression from
Sjögren syndrome into lymphoma but, to the best of our knowledge, a definite pathogenetic
mechanism for such progression is still missing. In fact, while the association between Sjögren
syndrome and non-Hodgkin lymphoma, mostly extranodal marginal zone lymphomas and, less often,
diffuse large B-cell, is well established, many other variables, such as time of onset, gender predilection,
sites of occurrence, subtype of lymphoma, and predictive factors, still remain unclear. We report
on a rare case of primary breast lymphoma occurring three years after the diagnosis of Sjögren
syndrome in a 57-year-old patient. The diagnostic work-up, including radiograms, core needle biopsy,
and histological examination, is discussed, along with emerging data from the recent literature,
thus highlighting the usefulness of breast surveillance in Sjögren syndrome patients.

Keywords: autoimmune diseases; Sjögren syndrome; minor salivary glands; B-cell lymphoma;
extranodal marginal zone lymphoma; MALT lymphoma; primary breast lymphoma

1. Introduction

Sjögren’s syndrome (SS) is the second most common autoimmune disease; it is usually classified
as primary or secondary to rheumatoid arthritis and other autoimmune diseases, such as lupus
erythematosus, sclerodermia, vasculitis, etc., mainly involves the exocrine glands (salivary and lacrimal
glands) and is characterized by progressive infiltration of T-and B-lymphocytes [1,2]. The common
detectability of hyper-gamma-globulinemia and different autoantibodies (such as rheumatoid factor,
anti-Sjögren’s syndrome A and B antibodies) in the blood of SS patients underlines the relevance
of B-cell hyperactivity in the pathogenesis [2,3]. Common clinical findings in SS patients are

J. Clin. Med. 2020, 9, 3997; doi:10.3390/jcm9123997 www.mdpi.com/journal/jcm5
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kerato-conjunctivitis sicca, xerostomia, angular cheilitis, and additional symptoms related to the
qualitative/quantitative reduction of exocrine secretions [3]. Along with dryness, SS patients may
show disabling symptoms, such as fatigue and pain, but also develop systemic manifestations in up to
30–50% of cases, including renal, lung, or neurological disorders [4,5]. In addition, SS patients have an
increased risk of lymphoma, such as marginal zone lymphoma (MZL) or mucosal-associated lymphoid
tissue (MALT) lymphoma [6–10]. The World Health Organization in 2016 classified MZLs into three
distinct types, according to the involved sites: extranodal MZL of MALT (generally termed as MALT
lymphoma), nodal MZL, and splenic MZL [11].

The worldwide incidence of SS is difficult to assess as many cases remain undiagnosed for
years [12,13]. Overall, extranodal MALT lymphomas more frequently affect the stomach, spleen,
thyroid, ocular adnexal tissues, and salivary glands, while they are rare in the breast (1.7–2.2% of
primary breast lymphomas), possibly due to the anecdotic presence of MALT tissue at this site [14,15].

Moreover, SS patients may be affected by non-Hodgkin lymphomas (NHL) over the course of
the disease; less than 20% are diffuse B-cell lymphomas while the most frequent are of the MALT
type (up to 60%), the latter more commonly involving the minor and major salivary glands, pharynx,
stomach, small intestine, and thyroid, with an incidence 10–44 times higher than in the general
population [4,5,8–10,16,17].

We report on a case of an extranodal marginal zone lymphoma of MALT, occurring in the breast
of a Caucasian woman, with a three-year history of Sjögren’s syndrome; also, data from the literature
on this topic have been collected and reviewed.

2. Case Presentation

A 57-year-old Caucasian female was referred to the breast care unit of the Policlinic Hospital of the
University of Bari Aldo Moro for a small mass in her right breast. The patient had been suffering from
persistent and severe dry eyes and moderate dry mouth for several years. Three years earlier, a biopsy
of the minor salivary glands, along with the presence of anti-Sjögren’s syndrome A and B (anti-SSA/SSB)
antibodies, lead to the diagnosis of primary SS, in the absence of other autoimmune diseases, as detected
by clinical examination and serological tests. The revision of the original histopathological preparations
confirmed the diagnosis of lymphocytic sialadenitis with a focus score >1/4 mm2, grade 4 according to
Chisholm and Mason (Figure 1A,B).

  

Figure 1. Low power magnification of minor salivary gland biopsy ((A): hematoxylin and eosin,
original magnification 100×); at higher magnification, small lymphocyte and plasma cell aggregates
(i.e., more than one lymphocytic focus) associated with mildly collagenized stroma are detectable
((B): hematoxylin and eosin, original magnification 200×).
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The patient reported that, immediately after the diagnosis of SS, she received methotrexate
and prednisone for a few months; currently, she still is only undergoing antihypertensive and
hydroxychloroquine therapy and shows no relevant signs of SS (e.g., parotid enlargement or eye/mouth
dryness). Routine laboratory tests were within normal limits. As to the breast lesion, a painless swelling
of small size was detected on palpation; conventional mammography showed a small radiolucency
with regular and well-defined margins of the lower inner quadrant (Figure 2), while ultrasound
examination highlighted a round opacity with regular edges (Figure 3A–D).

 
Figure 2. Digital cranio-caudal mammographic view: the lesion appears as a round opacity with
regular edges located in the lower inner quadrant of the right breast (arrow).

 
Figure 3. Automated breast ultrasound scan on coronal (A,C) and axial planes (B,D). The lesion appears
as an oval hypoechoic nodule with regular edges, mimicking duct ectasia (arrows).
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Regardless of the benign appearance on both imaging investigations, a US-guided core
needle biopsy of the lesion was performed; unexpectedly, the subsequent histopathological
examination showed diffuse proliferation of small to medium-sized lymphoid cells, with slightly
hyperchromatic nuclei, without plasmacytic differentiation, accompanied by stromal sclerosis and
residual atrophic ducts.

Complimentary immunohistochemical investigations were performed to confirm the purportedly
monoclonal nature of the lymphoid proliferation, highlighting the vast majority of infiltrating
lymphocytes being of the B phenotype, and distinctly immunoreactive for CD20, CD79a and bcl2,
while no immunoreactivity for CD3, CD5, CD10, CD23, cyclin D1, bcl6 and LEF1 was detected in
lymphoid neoplastic cells. Less than 10% tumor cells displayed nuclear anti-Ki 67 (MIB 1) positivity.
MALT gene rearrangement, involving the MALT1 locus at chromosome 18q21, using a MALT FISH
Split Signal DNA Probe, could not be demonstrated. All such findings pointed at the diagnosis
of primary extranodal MZL of MALT (MALT lymphoma) (Figure 4A–D). No lymphadenopathy,
spleen enlargement, bone marrow involvement or other localizations of the disease were detected.
Peripheral blood tests revealed the persistence of anti-SS A and B (anti-SSA/SSB) antibodies,
cryoglobulins and low levels of C4 and C3.

 
Figure 4. Primary breast marginal zone NHL is characterized by diffuse proliferation of small to
medium-sized lymphoid cells and accompanied by stromal sclerosis and residual atrophic ducts
((A): hematoxylin and eosin, original magnification 40×). The neoplastic lymphocytes are strongly
immunoreactive for bcl2 ((B): original magnification 200×) and CD20 ((C): original magnification 200×).
The immunohistochemical stain for Ki67 shows a very low proliferative index, pointing at an “indolent”
lymphoma ((D): original magnification 100×).

3. Discussion

Primary breast lymphomas (PBL) represent approximately 1% of all NHLs, 1.7–2.2% of all
extra-nodal NHLs and 0.04–0.5% of all malignancies of the breast. [18–21] Around 9% of all primary
breast lymphomas are MZLs of MALT and usually manifest an indolent clinical behavior [21–23].
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It is generally accepted that chronic inflammatory diseases (such as SS, Hashimoto thyroiditis,
Borrelia Burgdorferi dermatitis, Helicobacter pylori-associated chronic gastritis and HCV, HHV8,
EBV and HTLV-1 infections) may play a role in lymphoma development, resulting in the transition
from polyclonal B cell activation into monoclonal expansion of B-lymphocytes. The transition into
B-cell NHL only affects a minority of the aforementioned patients harboring chronic inflammatory
diseases and has been associated with increased overall disease mortality rate [5–9,11,24].

Bizjak et al. in 2015 [25] extensively reviewed the role of inflammation related to breast silicone
implants and other silicone prostheses (such as cardiac pacemakers and defibrillators, cardiac valvular
and testicular/penile prostheses) in lymphoma development. They assumed that chronic inflammation
in predisposed individuals could evolve into severe scarring of peri-implant tissues and to persistent
activation of the local/systemic immune system. Such a pathogenetic mechanism was demonstrated for
a distinct type of NHL, namely breast implant-associated anaplastic large T-cell lymphoma (BI-ALCL).

Patients with autoimmune diseases represent 5% of NHL patients, and NHL surely is the most
severe complication occurring during SS patients’ follow-up; [5–10,24] nevertheless, the pathogenetic
mechanism for such association has not been clarified [1–6,9–11,24,26].

As widely discussed by Vasaitis et al. in a recent population-based study [26], data available in the
literature on NHL in SS patients are not at all uniform, and even basic data on gender preferences and
overall lymphoma prevalence are not well established yet [26]. In view of the mostly indolent clinical
behavior of NHL in SS patients, and in consideration of a median follow-up time that rarely exceeds
10 years in most reported studies, an accurate definition of epidemiologic data, including prevalence,
can be hardly assessed. In addition, while several studies have reported on the occurrence of NHL in
the breast, these were not focused on possible associations between breast NHL and SS [15,26–29].

In a recent update on prognostic markers of lymphoma development in SS patients,
Retamozo et al. (2019) [30] stated that such patients show a seven-fold increased risk of lymphoma in
comparison with systemic lupus erythematosus patients, four-fold with rheumatoid arthritis patients
and globally >10-fold in comparison with the general population [5,30].

The same authors listed, point-to-point evaluated and discussed the different prognostic/predictive
factors outlined in previously published studies, such as epidemiologic markers (age and sex),
clinical markers (parotid enlargement, dry mouth and eyes, arthralgias, splenomegaly, lymphadenopathy,
skin purpura/vasculitis), laboratory markers (systemic activity, hypergamma/raised IgG, CD4/CD8
≤ 0.8, raised beta2-microglobulin, raised B-cell activating factors, anemia, leukopenia, lymphopenia,
neutropenia, ANA, rheumatoid factor, Anti-Ro/La, low C4, C3 and CH 50 levels, cryoglobulins, mIgs)
and histologic markers (focus score and ectopic primary or secondary follicle). They concluded that,
although the association of more risk factors surely increases the risk of NHL, such prediction still
remains imperfect; therefore, SS patients surely deserve closer follow-up, with attentive evaluation
of the aforementioned risk factors, including cryoglobulin-related markers and increased EULAR SS
disease activity index (ESSDAI), to more accurately identify patients at higher risk for SS-associated
NHL [30,31].

As to primary breast lymphomas (PBLs), they are usually detected as palpable masses, associated or
not with axillary lymph node enlargement, thus mimicking breast carcinoma or other breast
neoplasms [32]. Furthermore, notwithstanding several attempts, no specific clinical or imaging
patterns have been reported for breast lymphomas [33–36]. Radiologically, as for the case reported
herein, PBL more commonly resembles inflammatory lesions, such as lymphocytic mastitis [37],
IgG4-related sclerosing mastitis [38] and cutaneous lymphoid hyperplasia [39].

Consequently, the diagnosis of breast MZL of MALT usually is based on morphologic examinations.
At this regard, fine needle aspiration cytology, a minimally invasive procedure, was proven effective
to accurately diagnose the most common non-neoplastic (e.g., fibrocystic disease) and neoplastic
(e.g., fibroadenoma and carcinoma) breast lesions at a pre-operative stage; nevertheless, such a
diagnostic procedure may be of limited value when dealing with lymphoid proliferations, which may not
show unequivocal morphologic features or may require extensive immunohistochemical investigations
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to achieve the final diagnosis. Consequently, histological preparations are more frequently adopted
in such cases, which may allow proper morphologic evaluation of the lymphoid populations,
appropriate immunohistochemical characterization, along with the possible detection of genetic
alterations by in situ hybridization techniques, whenever deemed necessary. In the current case,
all necessary morphologic and ancillary procedures could be carried out, even if dealing with small
tissue fragments, thus highlighting the appropriateness of core needle biopsy as a diagnostic tool
for PBL.

Based on the data available in the literature about PBL-SS association [40–44], and the current
theories about lymphoma prevalence at immune-privileged sites [45], we can assume that the diagnosis
of SS-related lymphoid proliferations, especially when occurring in the breast, currently is very
challenging and would probably benefit from wider studies including SS patients with prolonged
follow-up (>10 years). Therefore, we may suggest more attentive monitoring for lymphoma
development in those SS patients who display higher risk factors (such as palpable purpura, low C4,
mixed monoclonal cryoglobulinemia) and to incorporate breast surveillance in such patients.
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Abstract: Primary Sjögren’s Syndrome (pSS) is an autoimmune disease mainly affecting salivary and
lacrimal glands. Previous pSS studies have relied on primary cell culture models or cancer cell lines
with limited relevance to the disease. Our objective was to generate and characterize immortalized
salivary gland epithelial cells (iSGECs) derived from labial salivary gland (LSG) biopsies of pSS
patients (focus score > 1) and non-Sjögren’s Syndrome (nSS) xerostomic (i.e., sicca) female patients.
To characterize iSGECs (n = 3), mRNA expression of specific epithelial and acinar cell markers
was quantified by qRT-PCR. Protein expression of characterization markers was determined by
immunocytochemistry and Western blot. Secretion of α-amylase by iSGECs was confirmed through
colorimetric activity assay. Spheroid formation and associated alterations in expression markers were
determined using matrigel-coated cell culture plates. Consistent mRNA and protein expressions of
both epithelial and pro-acinar cell markers were observed in all three iSGEC lines. When cultured
on matrigel medium, iSGECs formed spheroids, secreted α-amylase after β-adrenergic stimulation,
and expressed multiple acinar cell markers at late passages. One iSGEC line retained adequate cell
morphology without a loss of SV40Lt expression and proliferation potential after over 100 passages.
In conclusion, our established iSGEC lines represent a viable model for salivary research due to their
passaging capacity and maintenance of pro-acinar cell characteristics.

Keywords: Sjögren’s syndrome; xerostomia; salivary gland; SGEC; immortalization; acinar;
ductal; spheroid

1. Introduction

Development of restorative therapies for salivary gland dysfunction has been significantly
hampered by a lack of accessible and pertinent cell culture models. Salivary glands are made of several
cell types, including the saliva-producing acinar cells, ductal cells modifying the saliva as it travels
through the lumen, and myoepithelial cells mediating acinus contraction. Acinar cells commonly fail
to regenerate following high-dose radiation therapy, aging, or from autoimmune exocrinopathy such
as primary Sjögren’s syndrome (pSS) [1–3]. pSS is a chronic autoimmune disease characterized by a
loss of salivary acinar cell function and a decline in acinar progenitor cell populations exacerbated by
lymphocytic glandular infiltration.

Dysfunction of the salivary glands can lead to a reduction in salivary flow, thereby altering
saliva composition, pH, and buffering capacity, causing the sensation of dry mouth (xerostomia) [2].
Cell culture models for pSS and xerostomia have been limited, leading researchers to rely on cancer cell
lines or short-term cultures of primary salivary gland epithelial cells (SGECs) [4,5]. Moreover, the cell
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lines extensively used in salivary research (e.g., HSG, A253, NS-SV-AC) are of male origin [4,6–8].
These cell lines may not recapitulate the pathological processes occurring in pSS, a disease with a
higher incidence in female patients [9].

Isolated SGECs have been shown to share ductal and pro-acinar characteristics and exhibit a
moderate cell division capacity when grown in serum-free low-calcium media [5,10–13]. As with any
primary cell culture model, their limited growth potential can impede reproducibility and applications
including, but not limited to, high-throughput drug screening assays. In addition, pSS patient derived
SGECs show a markedly reduced proliferation capacity in vitro [3]. The reduced growth capacity of
pSS SGECs is mirrored in affected patients’ salivary glands where narrowed pools of progenitor cells
are found with markedly shortened telomeres [3]. Overall, suboptimal cell culture models combined
with the reduced growth ability of pSS SGECs have proven to be major obstacles in salivary research.

Diagnosis of pSS may require a labial salivary gland (LSG) biopsy for histologic analysis of
lymphocytic aggregates within the tissue [14]. LSG biopsy tissue is a common explant source
for culturing SGECs, but due to limited availability based on clinical access, their potential as a
universal model is restricted. Culture of SGECs is typically performed using a dual media approach,
where the initial explant medium contains 2.5% fetal bovine serum and is replaced with a second
serum-free media to sustain passaging and growth [5,11]. Minor differences in culture conditions,
including FBS concentration and time spent in explant medium can have a profound effect on salisphere
(i.e., 3D spheroid) formation and passage number, as previously shown for parotid gland progenitor
cells isolated from mice [15].

Primary SGEC cultures are comprised of cells with pro-acinar and/or ductal cell-like features
depending on the growth substrate, presence of serum in medium, and the specificity of characterization
markers used [5,10–13]. The previous work of Fujita-Yoshigaki et al. demonstrated the dedifferentiation
of primary parotid acinar cells occurs in culture, which could explain the variety of ductal and acinar
cell features expressed [16,17]. In addition, Jang et al. revealed that primary SGECs (known as phmSG)
of ductal origin exhibited trans-epithelial resistance, expressed several acinar and epithelial cell markers
(i.e., AQP5, SLC12A2, AMY1A), and secreted α-amylase upon β-adrenergic stimulation [5]. Overall,
SGECs represent a suitable cell culture model to investigate salivary gland dysfunction in vitro but
lack the unlimited growth potential needed for widespread use.

To our knowledge no reliable immortalized human primary SGEC lines derived from female
patient’s LSG biopsies have been developed or made readily available to researchers. To address this
gap, the objective of our study was to generate an in vitro cell culture model for the investigation of
the pathophysiology of salivary gland disorders. Using an SV40 Large-T (SV40Lt) lentiviral vector,
we generated and characterized immortalized SGECs isolated from LSG biopsies of pSS and xerostomic
(sicca) patients. The SV40Lt antigen subunit inhibits both cell cycle regulators, pRB and p53, and prevent
telomere shortening-induced cell senescence in some cell types [18,19]. We characterized immortalized
SGECs (iSGEC) lines from two non-Sjögren’s syndrome (nSS) female patients (referred to as iSGEC-nSS1
and iSGEC-nSS2) and one pSS (referred to as iSGEC-pSS1) female patient, based on the expression
of pro-acinar and epithelial cell markers using various molecular methods. iSGECs were grown on
matrigel-coated plates to determine three-dimensional (3D) spheroid forming ability, along with the
extent to which spheroids recapitulated acinus characteristics, such as differentiated myoepithelial and
acinar cells.

2. Materials and Methods

2.1. Culture of Salivary Gland Cell Lines (SGCLs) and HeLa Cells

Salivary gland cell lines, HSG and HSY, and HeLa cells were cultured in DMEM supplemented
with 10% FBS (VWR, Radnor, PA, USA) (37 ◦C; 5% CO2). A253 cells were cultured according to
the provider’s (ATCC, Manassas, VA, USA) recommendations [20]. HMC-3A cells were cultured
according to the providers’ recommendations [21]. Salivary gland cell lines (SGCLs) (HSG, HSY, A253,
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and HMC-3A) and HeLa cells were grown in T-75 tissue culture-treated flasks (Corning Life Sciences,
Tewksbury, MA, USA) until 80–90% confluency. For experiments, SGCLs and HeLa cells were re-plated
using 0.25% trypsin +0.053 mM EDTA (Corning Life Sciences, Tewksbury, MA, USA).

2.2. LSG Biopsies and Culture of Salivary Gland Epithelial Cells (SGECs)

Atrium Health institutional review board (Charlotte, NC, USA) approval (IRB Protocol #: 08-16-24E)
was granted for this study and all patients gave informed consent.

Anti-Ro (SSA) serum-negative (-) xerostomic patients undergoing a LSG biopsy for the assessment
of pSS according to the 2016 ACR/EULAR classification criteria were asked to participate in this study [6].
Xerostomic nSS and pSS patient clinical characteristics are listed in Table 1. Remaining LSG biopsy
tissue was transported to the research laboratory in complete SGEC explant medium supplemented
with 5x antibiotic/antimycotic solution (Gibco, Thermo Fisher Scientific, Waltham, MA, USA).

Table 1. Patient demographics and clinical features.

Demographics iSGEC-pSS1 iSGEC-nSS1 iSGEC-nSS2

Age 70 57 47
Gender Female Female Female

Race C C C
Clinical Features pSS nSS nSS

Focus Score 1.8 0.3 0.16
Anti-Ro (SSA) (−) (−) (−)

Unstim. Salivary Flow (<1.5 mL/15 min) 0.66 0.66 0.06 *
Stimulated Salivary Flow (mL/min) 11.7 8.91 1.02 *

Schirmer’s (+/−) NA NA (−)
DMARDs (−) (−) (−)

Labial salivary gland biopsies used in this study were collected from one pSS and two sicca patients (nSS). All patients
were negative (−) for serum Anti-Ro (SSA) and were not taking disease-modifying anti-rheumatic drugs (DMARDs).
* The patient with the lowest focus score had the lowest salivary flow rates (unstimulated/stimulated). NA: Schirmer’s
test was not performed due to patient objection or information not listed in electronic medical records.

SGEC cultures were established according to the methods outlined by Jang et al. and are briefly
explained as follows [3]. LSG tissue was minced into 0.5–1 mm2 fragments and placed in T-75 flask
with 3.5 mL of complete SGEC explant medium supplemented with 1x antibiotic/antimycotic solution
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and grown (37 ◦C, 5% CO2). Complete SGEC
explant medium consisted of 1:3 Ham’s F12 and DMEM supplemented with 2.5% FBS (VWR, Radnor,
PA, USA), 20 μg/mL EGF (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 200 μg/mL insulin
(MP Biomedicals, Santa Ana, CA, USA), 100 ng/mL hydrocortisone (Sigma-Aldrich, Saint Louis, MO,
USA), and 1x antibiotic/antimycotic solution (Gibco, Thermo Fisher Scientific, Waltham, MA, USA).
After 72 h, 5 mL of SGEC explant media was added. Cells at 80–90% confluency were split 1:3 into T-75
flasks with 0.05% trypsin +0.045 mM EDTA. Trypsin was neutralized by soybean trypsin inhibitor
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) at a 1:1 ratio (v/v). For remaining passages,
SGEC sub-culturing medium was used. SGEC sub-culturing medium consisted of Epi-life BasalTM

medium (0.06 mM Ca2+) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA, Catalogue# MEPI500CA)
supplemented with 1x human keratinocyte growth supplement (HKGS) (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA, Catalogue# S0015). Fibroblasts were gradually removed from culture using a
combination of 0.02% EDTA or 0.01% trypsin.

2.3. Transduction of SGECs by Lentiviral SV40Lt Particles

During passage number 2 (p-2), SGECs were spit into 6-well (VWR, Radnor, PA, USA) tissue
culture-treated plates at a confluency of 60–70% and allowed to adhere for 24 h. Cell medium was
removed and replaced with 1 mL SV40Lt lentiviral supernatant (ABMgood, Richmond, Canada,
Catalogue# G258) diluted with 1 mL of SGEC sub-culturing medium (2 mL total) and polybrene
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(Sigma-Aldrich, Saint Louis, MO, USA) at a final concentration of 4 μg/mL. After 48 h, SV40Lt lentiviral
cell medium was replaced with SGEC sub-culturing medium and grown for 24 h. Medium was
removed and cells were supplied with 1 mL SV40 lentiviral supernatant diluted with 1 mL of SGEC
sub-culturing media (2 mL total) and polybrene at a final concentration of 4 μg/mL, for 48 h.

SV40Lt lentiviral cell medium was removed and replaced with SGEC sub-culturing medium and
cells were grown to 80–90% confluency before being split into 6-well tissue culture-treated plates at a
ratio of 1:6. For cell passages after SV40Lt lentiviral transfection, cells were split 1:6 up to passage
10. The remaining passages were split at 1:3 using T-75 (Corning Life Sciences, Tewksbury, MA, USA)
tissue culture-treated flasks. To determine increased expression of pro-acinar markers in high Ca2+

supplemented medium, all iSGECs at early passage 14 (p-14) and only iSGEC-nSS2 at passage 80 (p-80)
were subjected to 1.2 mM Ca2+ in SGEC medium for 72 h prior to experimentation [3].

2.4. RNA Extraction and cDNA Synthesis

RNA was extracted from iSGECs, SGCLs, and Hela cells in 6-well plates using the RNAeasy
kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol. RNA was quantified
using a Nanodrop 1000 (Thermo Fisher Scientific, Waltham, MA, USA). A total of 500 ng RNA from
each sample was used per cDNA synthesis reaction. cDNA synthesis was carried out using the
SmartScribe reverse transcription kit (Takara Bio, Mountain View, CA, USA) with random hexamers (20
μg) (Promega, Madison, WI, USA) and dNTPs (10 mM final) (Promega, Madison, WI, USA) according
to the manufacturer’s protocol. After synthesis, the cDNA was diluted to a final volume of 200 μL.

2.5. Matrigel Induced 3D Spheroid Cultures

Matrigel (Corning Life Sciences, Tewksbury, MA, USA) diluted in 1.2 mM Ca2+ SGEC sub-culturing
medium (2 mg/mL final concentration) was solidified in 8-well Nunc™ Lab-Tek™ II Chamber Slides™
(Thermo Fisher Scientific, Waltham, MA, USA) or 12-well tissue culture-treated plates (VWR, Radnor,
PA, USA) and incubated for 1 h at 37 ◦C. Cells were seeded at 3 × 105 or 1 × 106 per well, respectively.
Cell cultures on matrigel-coated plates were grown at 37 ◦C and 5% CO2 for up to 7 days.

2.6. Real-Time Quantitative and Semi-Quantitative Polymerase Chain Reaction

All qRT-PCR and semi-qRT-PCR reactions were performed using a BioRad C1000 Touch Thermal
Cycler (Biorad, Hercules, CA, USA) in 96-well qPCR plates. All qRT-PCR reactions were carried out in
triplicate wells per plate using three separate plates and average cycle threshold (Ct) values were used
for quantification. Relative expression was calculated applying the ΔCt method for iSGECs, SGCLs,
and Hela cells normalized to the expression of GAPDH. Per well, 10 μL of RT2 SYBR Green Fast Master
Mix (Qiagen, Valencia, CA, USA) was added to 2 μL of cDNA, 1 μL of forward and reverse primers
(10 mM) (IDT, Newark, NJ, USA) and 7 μL of nuclease-free water. Primers are listed in Supplementary
Table S1 along with their respective target for cell expression characterization purposes.

Semi-qRT-PCR was employed to detect the expression of the SV40Lt transcript at multiple passage
numbers (Supplementary Figure S1). Products from semi-qRT-PCR reactions were run on a 1% agarose
TAE gel alongside a 1 kb DNA ladder (New England Biolabs, Ipswich, MA, USA) for 35 min and
visualized using a gel doc system (GE Healthcare Life Sciences, Chicago, IL, USA).

2.7. Expression of ZO-1, AQP5, and α-Amylase by Western Blot

iSGECs and SGCLs were plated at 80% confluency in 6-well tissue culture-treated plates and
allowed to adhere for 48 h prior to experimentation. To generate whole-cell lysates, medium was
removed from cells and the wells washed 3 times with DPBS. Protein was harvested from cells using
M-PER buffer (Pierce, Thermo Fisher Scientific, Waltham, MA, USA) and briefly sonicated before
centrifugation at 15,000× g for 10 min. The resulting insoluble pellet was discarded, and the supernatant
was used for Western blotting of ZO-1, AQP5, and vinculin.
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For the determination of α-amylase secretion, iSGECs were grown in SGEC sub-culturing media
without HKGS for 24 h and then replaced with complete SGEC sub-culturing media supplemented
with 10μM epinephrine (MP Biomedicals, Santa Ana, CA, USA). After 45 min, the cell culture media
were harvested and centrifuged (4 ◦C, 1000× g) for 10 min to remove whole cells. The media were then
spun in Millipore concentrator tubes with a 10 kDa size exclusion limit (Millipore, Burlington, MA,
USA) for 30 min and an appropriate amount of 6x reducing Lameli buffer (Roche, Basel, Switzerland)
added to the resulting concentrated supernatant. iSGECs adhered to the tissue culture plate were lysed
and harvested using M-PER buffer. Protein samples in M-PER were briefly sonicated and centrifuged
at 15,000× g for 10 min and the pellet discarded.

Samples were measured by Bradford assay (Pierce, Thermo Fisher Scientific, Waltham, MA,
USA) and equal amounts of protein were loaded into each lane and subjected to electrophoresis on a
7–14% gradient pre-cast SDS–PAGE gel (Biorad, Hercules, CA, USA). Proteins were transferred onto
nitrocellulose membranes (GE Healthcare Life Sciences, Chicago, IL, USA) and blotted (12 h, 4 ◦C) with
selected antibodies at listed concentrations (Supplementary Table S2) followed by incubation (room
temperature, 1 h) with HRP-conjugated anti-mouse secondary (Cell signaling Technology, Danvers,
MA, USA).

Membranes were washed (3 times, 5 min) and developed using Super Signal West pico
Chemiluminescent substrate kit (Pierce, Thermo Fisher Scientific, Waltham, MA, USA). Western blots
were photographed using an ImageQuant LAS4000 (GE Healthcare Life Sciences, Chicago, IL, USA)
system. Densitometry was performed using Image Studio V.5.2 software (LI-COR, Lincoln, NE, USA)
and protein levels were normalized to vinculin in their corresponding whole-cell lysate.

2.8. β-. Adrenergic Stimulation and Measurement of α-Amylase Activity in Supernatant

iSGECs were plated at a density of 4 × 105 cells in either uncoated (2D) or coated (matrigel) tissue
culture plates. Cells were grown in SGEC sub-culturing medium supplemented with 1.2 mM Ca2+ for
72 h or 5 days prior to experimentation. At the times indicated, medium supplemented with 10 μM
epinephrine (MP Biomedicals, Santa Ana, CA, USA) was added. After 45 min, cell culture medium
was collected and subjected to the colorimetric amylase activity assay (Biovision, Milpitas, CA, USA)
as per the manufacturer’s protocol.

2.9. Immunocytochemistry (ICC)

iSGECs and SGCLs were plated onto Coating Matrix (2D) (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA,) covered 8-well Nunc™ Lab-Tek™ II Chamber Slides™ (Thermo Fisher Scientific,
Waltham, MA, USA). Antibodies and concentrations are listed in Supplementary Table S2. Cells were
grown for 48–72 h, then fixed with ice-cold methanol (−20 ◦C, 10 min) and incubated with the
following antibodies directed against them: KRT8, KRT18, KRT19, AQP5, ZO-1, α-SMA, Vimentin,
and E-cadherin proteins. Cells were also fixed with 4% paraformaldehyde (room temperature, 15 min)
to stain Ki-67 and α-amylase. Fixed cells were permeabilized with 0.25% Triton X-100 in TBS (room
temperature, 10 min).

Cells were fixed then washed (3x) in TBS and incubated (room temperature, 5 min) in 3% H202 (v/v)
TBS to block endogenous peroxidases. Next, cells were incubated in blocking buffer consisting of 1%
BSA (w/v), 2% skim-milk (w/v), and 0.1% Tween-20 in TBS (room temperature, 1 h). Primary antibodies
were diluted in TBS with 0.1% Tween-20 and 1% BSA. The fixed cells were incubated with the primary
antibody (4 ◦C, 12 h) (Supplementary Table S2). Cells were washed with TBS (3 times, 5 min each) and
incubated with anti-mouse secondary antibodies at different concentrations (Supplementary Table S2)
and diluted in TBS with 0.1% Tween-20 (room temperature, 1–2 h). After incubation, cells were washed
with TBS (3X).

Monolayer culture-fixed cells were incubated in diaminobenzidine (DAB) (Pierce, Thermo Fisher
Scientific, Waltham, MA, USA) 1x solution (2–7 min). DAB was washed away using TBS to stop
the reaction and the cells were counterstained with Gills II hematoxylin (Richard-Allan Scientific,
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Kalamazoo, MI, USA) (diluted 1:5 v/v DPBS) for 30 s to highlight nuclei. Slides without primary
antibody served as negative controls.

For immunocytochemistry (ICC)–immunofluorescence (IF) visualization of 3D spheroid cultures
grown on matrigel, cells were fixed using 4% paraformaldehyde (room temperature, 25 min) and
permeabilized with 0.25% triton X-100 in TBS (room temperature, 10 min). The same blocking and
incubation procedure previously outlined was followed except 4′,6-diamidino-2-phenylindole (DAPI)
(Abcam, Cambridge, UK) was used to highlight DNA. Slides without primary antibody served as
negative controls.

Slides were observed using an Olympus BX51 fluorescence microscope (Shinjuku City, Tokyo,
Japan) and photographed with an Olympus DP70 (Shinjuku City, Tokyo, Japan) mounted camera.
Cells in culture plates were viewed by phase contrast on an Olympus IX-71 inverted fluorescence
microscope and photographed using an Olympus DP70 mounted camera. Proliferation scores were
determined based on Ki-67 protein detection, a nuclear protein expressed during several cell cycle
phases (G1/S/G2/M), which is frequently employed as an indicator of actively proliferating cells [22].
Proliferation scores (%) were generated by selection of three random images for nuclei counting using
Fiji-ImageJ software [23]. The total number of cell nuclei was divided by the total number of Ki-67 (+)
nuclei and averaged among three images.

3. Data Analysis and Statistics

Data are presented as the mean +/−standard error of the mean (SEM) from a minimum of three
separate experiments. Significant results were calculated using Student’s t-test on GraphPad Prism 8
(San Diego, CA, USA). P-values were determined to be significant using the Holm–Šidák post hoc test
for multiple comparisons with alpha = 0.05.

4. Results

4.1. Primary Isolation, Culture, and Growth of iSGECs

LSG biopsy fragments remained in SGEC explant medium for approximately 7–14 days to ensure
sufficient cell outgrowth. Once the cells reached approximately 70–80% confluency, the culture medium
was replaced with SGEC sub-culturing medium. Transitioning to the serum-free low calcium (0.06
mM) medium for 3–5 days prior to trypsinization reduced fibroblast contamination in later passages.
Before SV40Lt transduction in all three cell lines, two separate populations of cells were observed
and consisted of either larger cells with complex cytoplasm or smaller cells with reduced cytoplasm.
The smaller cells were predominant during later passages in all three iSGEC lines. At late passages
iSGEC-pSS1 gave rise to colonies appearing that were mixed in size, with polygonal or cobblestone-like
cells with differing rates of cytoplasmic complexity (Figure 1A). iSGEC-nSS1 late passages demonstrated
a mix of small polygonal and filiform-appearing cells (Figure 1B). Mixed morphology of iSGECs
most likely indicates an inhomogeneous population (Table 2) (Figure 1A–D). Therefore, we selected
iSGEC-nSS2 for late-passage outgrowth and in-depth characterization over iSGEC-pSS1 and -nSS1.
Long term passaged iSGEC-nSS2 exhibited a stable, small cobblestone type of morphology and did
not give rise to filiform-appearing cells (Figure 1C,D). iSGEC-nSS2 cultured in 1.2 mM Ca2+ acquired
more complex appearing cytoplasm with granulations and formed tight clusters at both early and late
passages (Figure 1E,F).
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Figure 1. Morphology and proliferation of iSGECs. Legend. Representative images of early
passage (p-14) monolayer culture (A) iSGEC-pSS1 (B) iSGEC-nSS1 (C) iSGEC-nSS2 and (D) late
(p-80) iSGEC-nSS2. iSGEC-nSS2 “cobblestone-like” morphology was maintained across multiple
passages when grown in SGEC sub-culturing media with low (0.06 mM) Ca2+. Cell morphology
changes in (E) iSGEC-nSS2 p-14 and (F) iSGEC-nSS2 p-80 are observed when medium is supplemented
with 1.2 mM Ca2+ (final concentration) for 72 h. (G) Proliferation of iSGEC-nSS2 was assessed by the
percentage (%) of Ki-67+ cells using immunocytochemistry. No significant difference in the percentage
of Ki-67+ cells was detected between early (p-14) and late (p-80) iSGEC-nSS2 cultures. Student’s t-test
(* p < 0.05, NS = not significant). Data are means +/− SEM. Magnification ×20, scale bar = 200 μm.
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During later passages (iSGEC-nSS2, p-80), colony formations that were different in their overall
shape arose from single-cell clonal outgrowths (Supplementary Figure S2A). However, these single-cell
outgrowth populations quickly became incorporated into other colonies and were unremarkable at
lower confluency.

Proliferation rates of iSGEC-nSS2 did not substantially waver across early (p-14) and late (p-80)
passages, as indicated by Ki-67 staining percentage (Figure 1G). No decrease in the % of Ki-67 (+) cells
was observed at later passages. Spheroid formation on matrigel was observed after 24 h in all three
cell lines (Figure 2, Supplementary Figure S2B–G). iSGEC-nSS2 retained its spheroid formation ability
into late passages (>p-80), which could be observed after 24 h of plating. At three days in matrigel,
spheroids measured roughly ~75–200 μm in all iSGECs.

Figure 2. iSGEC-nSS2 early (p-14) and late (p-80) spheroid formation on matrigel. Legend. Cells
were initially seeded at 4 × 104 per well. Cultures began to form spheroids at 24 h on matrigel (2
mg/mL). Early passages (e.g., p-14) formed larger, but overall fewer spheroids when assessed after 3
days. Spheroids appeared to reach their final size after 3–4 days. Scale bars represent 200 μm.

4.2. Characterization of iSGECs by qRT-PCR

mRNA expression of epithelial and acinar markers was determined by qRT-PCR in iSGECs,
SGCLs, and Hela cells. Expression of epithelial and acinar cell markers showed slight deviation among
all three iSGECs when grown as a monolayer culture (Figure 3A,B). Compared to SGCLs and Hela,
A253 and HMC-3A showed the greatest similarity to iSGEC cultures. Mucoepidermoid carcinomas
have been shown to exhibit increased expression of AQP5 and among all cell lines analyzed, HMC-3A
expressed AQP5 highest (Figure 3A) [24].

The two consistently over-expressed pro-acinar genes by iSGEC-nSS2 were ANO1 and SLC12A2,
compared to both iSGEC-pSS1 and -nSS1 (Figure 3A). We did not observe a difference in the pro-acinar
expression of AMY1A, AQP5, STIM1, and STIM2 when comparing iSGEC-nSS2 to both iSGEC-pSS1
and -nSS1.

iSGEC-nSS1 exhibited the highest expression of both VIM and CST3, and the lowest expression of
KRT19 (a ductal/epithelial cell maker of salivary glands) among iSGECs, indicating a heterologous
mesenchymal phenotype (Figure 3B) [5,25]. KRT5 is a marker for progenitor and basal ductal cells of
the salivary gland [26,27]. In agreement with the work by Jang et al. on primary SGECs, KRT5 was the
gene with highest expression in iSGECs by qRT-PCR among the characterization markers, which did
not differ significantly among all three iSGEC lines [5]. HSG, HSY, and HeLa cells expressed most
transcripts consistently at the same level and exhibited a mesenchymal expression pattern reflected by
iSGEC-nSS1 with low CDH1 and high VIM expression [25].
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(A) Acinar expression markers 

(B) Characterization markers 

Figure 3. mRNA expression of acinar and characterization markers in monolayer cultured iSGECs,
SGCLs, and HeLa cells by qRT-PCR. Legend. (A) Pro-acinar markers were highly expressed in all
iSGECs. ANO1 and SLC12A2 were expressed highest in iSGEC-nSS2 compared to other iSGECs.
(B) Characterization markers for epithelial, ductal, progenitor, and myoepithelial expression in all
cell lines examined. The epithelial marker ZO-1 is an integral component of tight junctions and
was overexpressed, whereas Vimentin (VIM) was under-expressed in iSGEC-nSS2. KRT-19, a ductal
cell marker, was differentially expressed in iSGECs. * Indicates significant difference in expression
determined by Student’s t-test (alpha = 0.05) and corrected using the Holm–Šidák method. Error bars
represent mean +/− SEM.

4.3. Changes in mRNA Expression among Early and Late Passage iSGECs by qRT-PCR

Expression of acinar and other characterization markers was assessed over early and late passages.
iSGEC-pSS1 was the most stable cell line where only AMY1A and CST3 expression increased in later
passages. Both iSGEC-nSS1 and -nSS2 exhibited pro-acinar changes in expression profiles at later
passages where most markers increased (Figure 4A). In iSGEC-nSS1 p-45, pro-acinar markers (AMY1A,
AQP5, ANO1, SLC12A2, CST3, and TRPC1) increased in expression compared to early (p-14) cultures
(Figure 4A). iSGEC-nSS2 at p-80 expressed AMY1A, ORAI1, STIM1, SLC12A2, CST3, and TRPC1
higher, and only one marker lower (ANO1) compared to p-14. Both AQP5 and STIM2 were stably
expressed during extended passaging in iSGEC-nSS2. Overall, AMY1A and CST3 increased during late
passages of all three iSGECs lines, which could be important for maintaining pro-acinar characteristics.
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Figure 4. Changes in mRNA expression of early and late passaged iSGECs by qRT-PCR. Legend.

mRNA expression of acinar (A) and characterization markers (C) in monolayer cultures of early and
late passaged iSGECs by qRT-PCR (ΔCT). iSGECs increased in AMY1A (A), ZO-1 (C), and Nanog (C) in
later passages. Changes in gene expression of iSGEC-nSS2 early (p-14) and late (p-80) are indicated with
arrows: increased (red), decreased (green), and no change (yellow). (B,D) iSGEC-nSS2 differentially
expressed several acinar and characterization markers in later passages. Significance of differences
between the means was determined by Student’s t-test and p-values corrected using the Holm–Šidák
multiple comparisons post hoc test (alpha = 0.05). Error bars represent mean +/− SEM. * p < 0.05.

Characterization markers were the most differentially expressed and exhibited the greatest changes
in late passaged iSGECs. Epithelial marker CDH1 was the only stably expressed gene among all
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characterization markers, whereas ZO-1 increased in late passages of all three iSGECs (Figure 4C,D).
iSGEC-nSS2 maintained an epithelial expression pattern, including a decrease in the mesenchymal
marker VIM and a significant increase in CLDN1 expression. Over passages, both KRT5 and KRT19
decreased in expression and the progenitor cell marker NANOG increased and could indicate a shift
towards a less-differentiated cell population in iSGEC-nSS2.

4.4. Effects of Ca2+ on iSGECs mRNA Expression

Calcium concentrations in media affect SGEC expression of pro-acinar genes, including AQP5,
ORAI1, STIM1 and STIM2 [5,28]. Jang et al. demonstrated an increase in the activity of the store-operated
Ca2+ entry (SOCE) system that upregulates AQP5 expression through the nuclear factor of activated
T-cells 1 (NFAT1) [28]. To evaluate changes produced by an increase in Ca2+, we cultured iSGECs
in 1.2 mM Ca2+ for three days and then assessed mRNA expression by qRT-PCR. Early iSGEC-nSS2
cultures (p-14) did not exhibit any alterations in expression of acinar markers when cultured in 1.2
mM Ca2+ (Figure 5A,B). Late iSGEC-nSS2 (p-80) cells supplemented with 1.2 mM Ca2+ demonstrated
an increase in AQP5 and ANO1 mRNA expression and decreases in other acinar markers (AMY1A,
ORAI1, STIM1, SLC12A2, TRPC1) (Figure 5A,B). Moreover, a change in ductal characterization marker
KRT19 was decreased in p-14 iSGEC-nSS2 cells cultured in 1.2 mM Ca2+ (Figure 5C,D). Late (p-80)
iSGEC-nSS2 responded differently via an increased expression of tight junction component ZO-1 and
myoepithelial marker α-SMA. The lack of response to 1.2 mM Ca2+ in iSGC-nSS2 p14 cells reiterates
the possibility of a de-differentiated cell population seen in Figure 4A,B, where p-80 demonstrated a
response to increased Ca2+ that was more similar to other SGEC publications [5,28].

Figure 5. Cont.
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Figure 5. Changes in mRNA expression mediated by 1.2 mM Ca2+. Legend. Changes in acinar
(A–C) and characterization markers (D–F) gene expression in iSGECs when cultured in 1.2 mM Ca2+

for 72 h. Changes in gene expression of iSGEC-nSS2 are indicated with arrows: increased (red),
decreased (green), and no change (yellow). (B) iSGEC-nSS2 p-14 did not display changes in expression
whereas late passaged (p-80) exhibited increases in acinar markers AQP5 and ANO1. AMY1A,
ORAI1, STIM2, SLC12A2, and TRPC1 expression decreased in 1.2 mM Ca2+ p-80 cells. (C) Overall,
characterization markers exhibited little change in 1.2 mM Ca2+ supplemented medium. (D) Ductal
cell marker (KRT19) decreased in early passage (p-14) iSGEC-nSS2 to levels similar in late (p-80) cells.
Conversely, ZO-1 and α-SMA expression decreased in later passaged (p-80) iSGECs with 1.2 mM Ca2+

and did not change in early (p-14) cells. Results calculated by Student’s t-test and p-values corrected by
the Holm-Šídák multiple comparisons post hoc test (* p < 0.05). Error bars represent mean +/− SEM.
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4.5. Characterization of iSGECs by ICC and Western Blot

4.5.1. ICC and Western Blot of iSGECs in Monolayer Culture

The cytokeratins KRT8, KRT18, and KRT19 are cytoplasmic proteins expressed in the salivary
gland epithelium and are characterization markers for ductal and acinar cells [29,30]. We first
characterized iSGECs by KRT8/18/19 protein expression and found iSGEC-nSS1 expressed all three
epithelial markers more intensely and uniformly than iSGEC-pSS1 and -nSS2 (Table 2, Supplementary
Figure S3). KRT19 protein localized within cells containing a larger cytoplasm and were dispersed
throughout iSGEC-nSS2 cultures, whereas smaller cells demonstrated a low expression or a lack thereof
(Supplementary Figure S3). KRT18 was the most uniform and ubiquitously expressed cytokeratin
among iSGECs, whereas KRT8 exhibited focal protein expression in iSGEC-nSS2 (Supplementary Figure
S3). Heterogenous expression of KRT19 and KRT8 could indicate multiple stages of differentiation
among cells [26]. Overall, the expression of KRT8, KRT18, and KRT19 indicates these cell lines to be of
ductal origin and reflects other long-term cultures of SGECs in both mice and humans [5,30,31].

Acinar cell markers, AQP5 and AMY1A, were expressed in all three iSGECs, and highest in both
iSGEC-pSS1 and -nSS2. Within these cultures, cells in close contact expressed the highest levels of
AQP5, unlike AMY1A where intercellular contact or proximity to other cells did not appear to have an
influence. We observed an increase in AQP5 protein expression in both p-14 and p-80 iSGEC-nSS2
cultures when supplemented with 1.2 mM Ca2+. Increased AQP5 protein was determined by ICC
and replicated by Western blot using whole-cell lysates (Supplementary Figure S3, Figure 6A). ZO-1
expression was low in all iSGECs when accessed by ICC and confirmed by Western blot in whole-cell
lysates. iSGEC-nSS1 exhibited the lowest expression of ZO-1 and CDH-1 and higher expression of
VIM in monolayer culture, which reiterates the observed mesenchymal phenotype [25].

Figure 6. Cont.
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Figure 6. Protein expression of acinar and epithelial cell markers by Western blot in iSGEC-nSS2. Legend.

(A) Protein expression of acinar (AQP5) (left) and epithelial (ZO-1) (middle) markers in whole-cell
lysate of monolayer cultured iSGEC-nSS2. (left) Expression of AQP5 in iSGEC-nSS2 whole-cell lysate
compared to HMC-3A, which was used as a (+) control for AQP5 in Western blots. (right) After
stimulation with 10 μM epinephrine for 45 min ((+) Epi) cell culture supernatant was replaced, and cells
were grown for 72 h before media were collected and concentrated. Cells without stimulation by media
supplementation with 10μM epinephrine ((−) Epi) served as the control. Secreted α-amylase was
detected in both stimulated ((+) Epi) and unstimulated ((−) Epi) cultures. 10μM epinephrine stimulated
((+) Epi) iSGEC-nSS2 cultures exhibited higher levels of α-amylase in cell culture supernatant than
unstimulated cultures after 72 h. Western blots were normalized to vinculin expression in whole-cell
lysate of their respective sample. (B,C) Media were harvested after stimulation with 10μM epinephrine
for 45 min and amylase activity measured by colorimetric assay. (B) Supernatant of monolayer cultured
iSGECs treated with 10μM ((+) Epi) had significantly higher α-amylase activity compared to untreated
cells ((−) Epi). (C) Comparison of early (p-14) and late (p-80) passaged iSGEC-nSS2 secretion of
α-amylase into media when cultured on matrigel. Results are listed as fold-change over the untreated
control. Significance of differences between means was determined by Student’s t-test and p-values
corrected using the Holm–Šidák multiple comparisons test (alpha = 0.05). Error bars represent mean
+/− SEM. * p < 0.05.

In the case of iSGEC-nSS2, α-SMA was not detected in either p-14 or p-80 monolayer
cultures as compared to iSGEC-pSS1 and -nSS1, where it was expressed at very low levels
(Supplementary Figure S3). Pringle et al. demonstrated low α-SMA expression in cultured salivary
gland stem cells (SGSCs) likely originating from intercalated and striated ductal cells, which could
explain these results [3]. Vimentin is a marker for mesenchymal cells within the salivary glands [32,33].
Vimentin was expressed sporadically in iSGEC-nSS2 monolayer culture and could indicate a small
population of mesenchymal cells or epithelial cells reverting to a mesenchymal-like state within
cultures (Supplementary Figure S3).

In all three iSGEC lines, α-amylase was secreted into the cell culture medium after β-adrenergic
stimulation by epinephrine (Figure 6B). Additionally, iSGEC-nSS2 early (p-14) and late passages (p-80)
secreted α-amylase into cell culture media with and without β-adrenergic stimulation (Figure 6B).
iSGECs-nSS2 p-80 secrete α-amylase, demonstrating retention of pro-acinar cell characteristics after
significant cellular expansion. Moreover, iSGEC-nSS2 cells cultured on matrigel formed spheroid
structures and secretedα-amylase in response to 10 mM epinephrine stimulation (Figure 6C). An overall
increase in α-amylase secretion when compared to unstimulated cells was observed in iSGEC-nSS2
and could indicate a stricter regulation of secretion within the differentiated cells.

4.5.2. 3D-Matrigel Spheroid Culture

Matrigel contains a mixture of basement membrane and extracellular matrix proteins, which have
been shown to promote SGEC and salivary gland stem cell (SGSC) differentiation [3,11,34,35].
SGECs plated on matrigel form spheroids resembling a basic acinus structure, composed of differentiated
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acinar and ductal cells [3,34,35]. iSGECs began to form spheroids within 24 h of plating on matrigel (2
mg/mL) and were cultured for a total seven days. ICC–IF protein expression analysis of iSGEC-nSS2
spheroid cultures showed high localization of acinar and epithelial cell markers ZO-1, AQP5,
and AMY1A within acinus-like spheroid structures (Figure 7). Cytokeratins KRT8, KRT18, and KRT19
were all expressed in iSGEC-nSS2 cultured on matrigel (Figure 7). We observed greater levels of KRT8
expression within interior cells of spheroids similar to previously described high expression in luminal
cells [36]. At a matrigel concentration of 2 mg/mL, some cells formed monolayer sheets across the
matrigel that expressed KRT18 and KRT19 at high levels (Figure 7). α-SMA protein expression was
localized to myoepithelial-like cells located on the spheroid exteriors.

mRNA expression analysis by qRT-PCR of iSGEC-nSS2 matrigel cultures demonstrated an increase
in pro-acinar cell expression of AQP5 compared to monolayer cultures (Figure 8A,C). Spheroids from
late passaged iSGEC-nSS2 expressed AMY1A and AQP5 at levels higher than early (p-14) cultures while
expressing ANO1 at significantly lower (Figure 8D). Most characterization markers in iSGEC-nSS2
(p-14 and p-80) cultured on matrigel were differentially expressed (Figure 8E–G). Two consistent
differentially expressed genes were VIM and KRT19, where VIM increased in matrigel cultures and
KRT19 decreased. Similar to monolayer cultures on plastic, p-80 expressed NANOG at higher and
KRT19 at lower levels, indicating a potential dedifferentiation when cultured for extended periods.
However, p-80 exhibited the same increase in AQP5 mRNA expression as p-14 iSGEC-nSS2 cells on
matrigel, retaining their ability to differentiate.

5. Discussion

This is the first study to establish immortalized primary cultures of xerostomic female patients
using LSG biopsy tissue. We generated three novel composite iSGEC lines, with one capable of growing
over 100 passages and maintaining expression of characterization markers.

Characterization of iSGEC-nSS2 indicates these cells to be of an undifferentiated ductal cell origin
due to their high mRNA expression of KRT5 and relatively spotty distribution of KRT19 protein by
ICC during monolayer culture on plastic [37,38]. When grown on matrigel, expression of KRT19
protein appeared more uniform over cells spread across the dish as a monolayer and is a marker
expressed in both acinar and ductal cells [29,39]. Although a low concentration of 2 mg/mL was used
for the entirety of this study, we tested whether higher at concentrations of matrigel, those monolayer
cells would remain. At a concentration of (4.5 mg/mL) those monolayer cells fully incorporated into
spheroid structures.

Isolated acinar cells undergo dedifferentiation into ductal-like cells when explanted into cell culture
plates [17]. Dedifferentiation of rat acinar cells can be halted by the inhibition of Src and p-38 pathways,
allowing the cells to retain high cytoplasm complexity and size in culture [17]. Understanding the
interactions between ductal and acinar cells within the salivary gland epithelium could provide
more insight into acinar cell regeneration and population maintenance. Additionally, SGECs have
demonstrated the ability to trans-differentiate into acinar-like cells in matrigel cultures [10,40].
Pathways regulating trans-differentiation would likely provide viable therapeutic targets, for example,
with small-molecule inhibitors, bypassing the need for stem-cell implantation [41]. iSGEC-nSS2
spheroids resembled acinus-like structures with cells high in AQP5 expression and exterior surrounding
myoepithelial-like cells expressing α-SMA (Figure 7). Changes in protein expression exemplified
by a lack of α-SMA in iSGEC-nSS2 monolayer cultures and high expression in matrigel indicate cell
differentiation during spheroid formation.
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Figure 7. Immunofluorescence detection of salivary epithelium markers in matrigel cultured
iSGEC-nSS2 cells. Legend. Detection of salivary epithelium markers (red) by immunofluorescence
in matrigel cultures of iSGEC-nSS2 p-80 after 7 days. Spheroids expressed acinar cell markers
(AQP5, AMY1A), tight-junction protein (ZO-1), and had clearly defined myoepithelial cells (α-SMA).
Cells growing on the surface of the matrigel and spheroids expressed salivary epithelial markers KRT8,
KRT18, and KRT19 proteins. Vimentin was expressed low and sparsely among cells and did not indicate
regular staining patters. Scale bar represents 50 μm. DNA (blue) is highlighted with DAPI.
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Figure 8. Cont.
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Figure 8. Changes in mRNA expression of early (p-14) and late (p-80) iSGEC-nSS2 cultures grown on
matrigel. Legend. mRNA expression of early (p-14) and late (p-80) passaged iSGEC-nSS2 grown on
either uncoated (monolayer) or matrigel coated plates by qRT-PCR (ΔCT). Changes in gene expression
are indicated with arrows: increased (red), decreased (green), and no change (yellow). (A–C) AQP5
expression was the only acinar cell marker to increase in both p-14 (B) and p-80 (C) when cultured on
matrigel (final: 2mg/mL) coated plates. In p-80 cells, matrigel had a greater effect on AQP5 expression
compared to p-14. (D) Over extended passages, iSGEC-nSS2 expressed both AQP5 and AMY1A
higher, whereas ANO1 decreased in expression over time. (E–H) The mRNAs of characterization
markers CLDN1, CDH1, VIM, and KRT19 were differentially expressed in both p-14 and p-80 cultures,
respectively, when grown as a monolayer or matrigel coated plates. (F–G) Only the ductal cell
marker, KRT19, was consistently downregulated by matrigel. (F–G) Vimentin (VIM) can be an
indicator of dedifferentiation in SGECs and was increased (red) in both p-14 and p-80 matrigel cultures.
Results calculated by Student’s t-test and p-values corrected by the Holm-Šídák multiple comparisons
test (* p < 0.05). Error bars represent mean +/− SEM.

The KRT5 transcript was found highly expressed in our iSGEC cultures similar to non-transformed
SGECs, which is in agreement with reported protein expression by progenitor and ductal basal cells
within the salivary gland epithelium [5]. Under normal homeostatic conditions, KRT5-positive cells
give rise to intercalated and striated ductal populations [42]. However, during radiation-induced
salivary gland injury KRT5-expressing ductal cells are capable of differentiation into acinar cells [42].
KRT5-positive ductal cells demonstrate higher robustness than acinar cells to radiation induced
salivary gland damage and represent a favorable target in restoring acinar cell populations within
damaged salivary glands [38]. Importantly, SV40Lt immortalization has been shown to not affect the
differentiation potential of immortalized progenitor cells [43]. iSGEC-nSS2 could be a suitable model
for understanding the cellular factors associated with trans-differentiation potential due to their high
KRT5 mRNA expression.

Early (p-14) and late (p-80) passaged iSGEC-nSS2 cells expressed AQP5 at higher levels in spheroid
cultures (Figure 8B,C), possibly indicating a greater extent of differentiation and therefore displaying
increased heterogeneity. However, the expression of characterization marker KRT19 decreased while
VIM expression increased in iSGEC-nSS2 cells cultured on matrigel. Higher VIM expression may
indicate an increase in stemness properties by dedifferentiation, along with reduced KRT19 expression
(differentiated ductal cell marker), which could also indicate an increase in stemness [26,44]. Similarly,
changes in VIM and KRT19 expression were observed in long term 2D cultured (p-80) cells (Figure 4D).
Overall, dedifferentiation of iSGEC-nSS2 cells in both 2D and 3D cultures is likely associated with their
high growth and differentiation potentials when cultured on matrigel. Last, iSGEC-nSS2 could offer an
in vitro alternative for salivary gland developmental research due to its dedifferentiation properties.
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Direct introduction of an AQP1 expressing AAV vector into salivary glands demonstrated favorable
clinical trial results where participants experienced a subjective decrease in xerostomia symptoms [45].
Although the original rationale behind AQP1 AAV therapy was to increase water permeability in
ductal cells, it was later found that acinar cells were responsible for the expression of AQP1 and saliva
secretion [46]. As previously stated, KRT5 protein expressing ductal progenitor cells are more abundant
and can differentiate into acinar cells after injury [38]. Spheroid cultures obtained via iSGEC-nSS2
differentiation could serve as a suitable model to investigate how KRT5-positive progenitor cells
possibly contribute to the generation of AQP1-expressing acinar after salivary gland damage and
AQP1 AAV therapy.

6. Limitations

SGECs express AQP5 mRNA and protein under established culturing conditions, although being
commonly identified of ductal origin [5,12]. Moreover, a spontaneously immortalized mouse cell line
expressing mixed ductal and myoepithelial protein markers when cultured as a monolayer showed
mRNA expression of acinar markers in monolayer and 3D culture [40]. Markers of differentiated
ductal cells include KRT8 and KRT19 among others [26]. The lack of uniform expression by either
KRT8 and KRT19 in monolayer cultures of iSGEC-nSS2 indicates a potential progenitor cell population,
which is capable of differentiation into acinar-like and ductal-like cells when cultured on matrigel.
Following culture on matrigel, iSGEC-nSS2 cells could be replated onto plastic tissue culture plates and
further grown, thereby potentially expanding the differentiated cell populations for further analysis.
To determine the extent of differentiation among acinar-like cells, immunocytochemistry targeting the
terminally differentiated acinar cell marker, MIST1, should be employed. Moreover, dual staining of
acinar and differentiated ductal cell markers to better identify and characterize the iSGEC-nSS2 cell
line could be required to determine the extent of heterogeneity within the monolayer cultured cells.

Further research is needed to analyze the presence of tight junctions and their location throughout
the apical portion of the plasma membrane, an important feature for polarized secretion by acinar
cells [47]. Previous studies have demonstrated trans-epithelial resistance and polarized secretion of
α-amylase within monolayer SGEC cultures [5]. Among the several cell mechanisms dictating epithelial
polarization and directional secretion, tight junction formation is a critical factor [47]. Techniques
better visualizing the location of tight junctions within iSGEC-nSS2 spheroids should be employed
to better determine the extent of polarization and direction secretion of the high AQP5-expressing
acinar cells. Furthermore, ZO-1 was expressed at low levels in monolayer iSGEC cultures indicated
by immunocytochemistry and its presence confirmed by Western blot. Spheroids were uncut during
the immunocytochemistry procedure, which could have impacted the interior binding of the ZO-1
antibody or the visualization of the 3D architecture.

When salivary glands are damaged, acinar cells revert to a ductal-like state in mouse models [48].
Similar to the phenomenon observed in mice, rat acinar cells when extracted and cultured on plastic
revert to a ductal like state, which can be reversed by inhibition of p-38 and/or Src pathways [16,17].
Due to the outlined characteristics of iSGEC-nSS2, populations of differentiated acinar–ductal cells
and ductal–progenitor cells could be present. Overall expression of AQP5 protein within iSGEC-nSS2
monolayer cultures localized within the plasma membrane and cytoplasm. Confirmation of AQP5
protein was further demonstrated by Western blot and exhibited a level of protein expression comparable
to HMC-3A, which expressed AQP5 mRNA highest among all cell lines tested. When transitioned
to culture on matrigel, AQP5 protein expression appeared to increase substantially within spheroid
formations by ICC–IF. The increase in AQP5 expression among cells in matrigel culture could be a result
of either de-differentiated acinar cell populations or progenitor-like cell populations (KRT5-positive)
further differentiating into acinar cells. Before iSGEC-nSS2 use in developing therapies for increasing
AQP5 expressing cells within the salivary gland, further cell sorting would need to be employed to
ensure a homogenous cell population to the extent possible for reproducibility in drug assays.
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In addition, age, gender, and associated hormonal changes account for possible factors affecting
expression profiles of iSGECs, impacting their biological properties. Moreover, acinar cells of lacrimal
glands, acinar progenitor cells of salivary glands, and saliva DNA of pSS patients may have shortened
telomeres, which could be more prominent with older age [3,49,50]. Extensive cell passaging due to
age combined with chronically shortened telomeres could lead to chromosomal instability and changes
in DNA expression. Short Tandem Repeat (STR) profiling would be useful in the future to determine
the extent of chromosome stability when passaged for extended periods and to establish a unique
identifier for iSGEC-nSS2.

Although spheroids were formed by iSGEC-nSS2 in both early and late cultured cells,
lumen formation needs to be further visualized, which could be useful in determining the extent
of differentiation and cell types present. Furthermore, a panel of cell lines derived from different
types of xerostomic patients (i.e., nSS “sicca” or radiation-induced) may be needed to develop
effective treatments.

7. Conclusions

The iSGECs generated in our study represent a preliminary model system for the development of
therapies targeting salivary gland dysfunction. We have demonstrated that iSGEC-nSS2 cells derived
from a sicca female patient retained the ability to form spheroids with differentiated cell types at late
passages (p-80) and exhibited a significant proliferation capacity (>100 passages) when cultured as a
monolayer. Overall, iSGECs could be used as an alternative to currently available cell culture models
in salivary gland research.
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Abstract: This study was done to determine whether the sublingual gland ducts could be visualized
and/or their function assessed by MR sialography and dynamic MR sialography and to elucidate
the clinical significance of the visualization and/or evaluation of the function of sublingual gland
ducts by clinical application of these techniques. In 20 adult volunteers, 19 elderly volunteers,
and 7 patients with sublingual gland disease, morphological and functional evaluations were done by
MR sialography and dynamic MR sialography. Next, four parameters, including the time-dependent
changes (change ratio) in the maximum area of the detectable sublingual gland ducts in dynamic MR
sialographic images and data were analyzed. Sublingual gland ducts could be accurately visualized
in 16 adult volunteers, 12 elderly volunteers, and 5 patients. No significant differences in the four
parameters in detectable duct areas of sublingual glands were found among the three groups. In one
patient with a ranula, the lesion could be correctly diagnosed as a ranula by MR sialography because
the mass was clearly derived from sublingual gland ducts. This is the first report of successful
visualization of sublingual gland ducts. In addition, the present study suggests that MR sialography
can be more useful in the diagnosis of patients with lesions of sublingual gland ducts.

Keywords: MR sialography; dynamic; sublingual gland ducts

1. Introduction

There have been many studies of clinical applications of magnetic resonance imaging (MRI)
for evaluation, in addition to the evaluation of morphology, due to the higher quality of MRI
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technology [1–8]. As for our study, the technique of “dynamic MR sialography” was named and
introduced because of its clinical usefulness in visualizing the excretion of saliva from the parotid
and submandibular glands, and in evaluating the diagnosis of morphology and functions for both
glands and the outcomes of treatments for Sjögren’s syndrome and xerostomia [1,9–12]. However,
the visualization of the sublingual gland ducts is not considered even on MR imaging because it is
difficult to visualize the very thin and short ducts, as seen in anatomy textbooks [13].

In our experience, the sublingual gland duct-like structures visualized and the possibility of
visualizing the sublingual gland ducts by MR sialography needed to be elucidated.

In the present study, the sublingual gland ducts could be visualized. In addition, the clinical
significance of the visualization and/or evaluation of the function of sublingual gland ducts was
evaluated by clinical application of these techniques for some patients with sublingual gland diseases.

2. Materials and Methods

A total of 20 adult volunteers (9 males and 11 females, mean age 41.5 years, age range 18–56 years)
and 19 elderly volunteers (8 males and 11 females, mean age 67.8 years, age range 60–80 years) over the
age of 60 years, with no sublingual gland-related diseases, as confirmed by both a history and clinical
examination, were recruited (Table 1). In addition, 7 consecutive patients (3 males and 4 females,
mean age 43.4 years, age range 19–76 years) were also recruited, with 5 having inflammations of
the oral floor, including the sublingual glands, and 2 with ranulas (Table 1). The image of a single
side (randomly chosen) or a disease-related side of the sublingual gland ducts was used, since only
single images could be acquired at one given time for functional evaluation. The total volume of
the sublingual gland ducts was also analyzed using the images. Approval for the present study was
obtained from the institutional review board of Kyushu Dental University (No. 20-27).

Table 1. Subjects.

Male Female

Number
Age

(Mean ± SD)
Age Range Number

Age
(Mean ± SD)

Age Range

Adult volunteers 9 46.5 ± 8.7 29–55 11 40.3 ± 12.9 18–56
Elderly volunteers 8 68.1 ± 5.5 61–79 11 67. 5 ± 6.5 60–80

Patients 3 37.3 ± 15.4 27–55 4 48.0 ± 24.3 19–76

As in our previous reports, all images were acquired using a 1.5T full-body MR system (EXCELART
Vantage powered by Atlas PPP; Toshiba, Tokyo, Japan) with a head coil (Atlas Head SPEEDER) to
visualize the sublingual gland ducts, such as the parotid and submandibular gland ducts, according
to Oda et al. [14]. T1-weighted, short tau inversion recovery (STIR), three-dimensional (3D) fast
asymmetric spin-echo, and 2D-FASE images were acquired for each subject. The MRI parameters that
were used are shown in Table 2. The 2D-FASE images were acquired after a single excitation with
specific encoding for each echo. Fat saturation suppressed signals from subcutaneous fat.

The 3D MR sialography for sublingual gland ducts was performed as described by Oda et al. [14].
Briefly, in the same session where conventional MR studies of the sublingual glands were obtained,
MR sialography was performed using 3D-FASE sequencing. In the 3D-FASE imaging, after a single
excitation, images were acquired with a specific encoding for each echo. Fat saturation suppressed the
signals from the subcutaneous fat. The imaging volume was centered parasagittally for the midline of
the sublingual gland. In all volunteers and patients, post-processing of the MR sialographic images
was performed for maximum intensity projection (MIP) reconstructions. Since 3D acquisitions can
be reformatted into any required orientation, the sublingual gland ducts were identified on an initial
set of axial 3D-FASE images, and oblique sagittal acquisition was used to capture the image of the
parotid gland and/or submandibular gland ducts. The imaging time required for MR sialographic 3D
reconstruction images using 3D-FASE sequencing was less than 5 min.
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Table 2. Imaging parameters of each sequence.

Sequence

STIR T1WI 2D-FASE 3D-FASE

TR (ms) 4700 820 6000 3.2
TE (ms) 75 15 250 1.6

Flip angle (◦) 90 90 90 45
FOV (mm) 200 × 200 200 × 200 200 × 200 200 × 200

Section thickness (mm) 6 6 30–60 1.8
Matrix (pixels) 224 × 320 224 × 320 224 × 320 120 × 96

Acquisition time (min: s) 3:30 3:30 0:18
(12hase) 4:30–5:30

TR: Repetition time, TE: Echo time, FOV: Field of view, STIR: Short T1 inversion recovery, T1WI: T1-weighted image,
2D-FASE: 2-dimensional fast asymmetric spin-echo, 3D-FASE: 3-dimensional fast asymmetric spin-echo.

Dynamic MR sialographic images and data were acquired using the method described by
Oda et al. [14]. First, 2D-FASE sequencing was repeated every 18 s of acquisition time and 12 s of
interval time before and after the placement of several drops of 5% citric acid (1 mL) on the tongue,
using a device similar to a syringe to acquire the dynamic MR sialography. Fat saturation was also
applied for the suppression of signals from subcutaneous fat. The acquisition time of the dynamic MR
sialography was about 7 min after stimulation. For the prevention of movement artifacts, head rests
were used with a flat long cord with non-magnetic materials.

Each digitized image acquired by the dynamic MR sialography was linked to the Ziostation2
(Ziosoft, Tokyo, Japan). The detectable area in the parotid or submandibular gland ducts on the
respective images and the time from post-stimulation to the return to the baseline state of the
ducts pre-stimulation were measured using the scanner-computer analysis system. For each patient,
the change in ratio of the detectable area in the sublingual gland ducts in respective images to the
detectable area pre-citric acid stimulation was also analyzed. A graph demonstrated the connection
between the time post-stimulation (x-axis) and the change ratio of the dynamic MR sialographic data
(y-axis). We commonly used the graph to show the connection between the time, post-stimulation,
and the change ratio for the standardization of volunteers and patients.

Using the graph of dynamic MR sialography, the diagnostic parameters were also analyzed as
follows: (1) the maximum area of the sublingual gland ducts pre-citric acid stimulation; (2) the change
ratio (change ratio = detectable area of sublingual gland ducts post-citric acid stimulation/detectable
area pre-citric acid stimulation); (3) the time from the end of post-stimulation to the occurrence of the
maximum area of the sublingual gland ducts; and (4) the time it took for the sublingual gland ducts to
decrease from their maximum level to 50% of the pre-stimulation level.

The Mann–Whitney U test was used to examine the differences between the following: (1) the
maximum area of the sublingual gland ducts between the adult and elderly volunteers; (2) the degree
of difference between the maximum and minimum duct areas based on computer calculations between
the adult and elderly volunteers; (3) the time from the end of citric acid stimulation to the occurrence of
the maximum area of the sublingual gland ducts between the adult and elderly volunteers; and (4) the
time required for the sublingual gland ducts to decrease from their maximum level to the 50% pre-citric
acid stimulation level between the adult and elderly volunteers. p values less than 0.05 indicated a
significant difference.

3. Results

3.1. Visualization of Sublingual Gland Ducts by MR Sialography

Extraglandular portions of the typical sublingual gland ducts on MR sialography could be
identified as many bright, homogeneous, ascending linear structures in continuity with the sublingual
glands (Figure 1). The MR sialographic 3D reconstruction images of the respective angles were more
easily visualized when the angle was determined manually using the mouse accompanying the MRI
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system. Both sublingual glands and sublingual gland ducts could be accurately visualized in 16 of the
20 adult volunteers, 12 of the 19 elderly volunteers, and 4 of the 7 patients, but only the sublingual
glands were visualized in 2 adult volunteers, 4 elderly volunteers, and 1 patient (Table 3).

Figure 1. MR sialography of sublingual gland ducts. Extraglandular portions of the typical sublingual
gland ducts in MR sialography ((A): overall image, (B): enlarged image of the sublingual gland area)
can be identified as many bright, homogeneous, ascending linear structures (arrows) in continuity with
the sublingual glands (arrowheads).

Table 3. Summary of visualization of sublingual gland ducts by MR sialography.

Sublingual Glands and Ducts Visualized Only Sublingual Glands Visualized

Adult volunteers (n = 20) 16 2
Elderly volunteers (n = 19) 12 4

Patients (n = 7) 5 1

3.2. Function of Sublingual Gland Ducts Evaluated by Dynamic MR Sialography

Normal dynamic MR sialography images obtained before and after citric acid stimulation are
shown in Figure 2. The sublingual gland ducts were identified as many bright, homogeneous,
ascending linear structures in continuity with the sublingual glands, as mentioned above (Figure 2A).
The many ducts became slightly clearer in a time-dependent fashion gradually after citric acid
stimulation and up to 30–60 s post-stimulation. Thereafter, the many ducts became slightly clearer
in a time-dependent fashion. In the graph demonstrating the relationship between the time course
post-citric acid stimulation and the change ratio of the detectable area in the sublingual gland ducts,
the area was seen at first to only increase slightly to 30 s in a time-dependent fashion (Figure 2B).

The volunteers’ data are summarized in Table 4. Before citric acid stimulation, the maximum
area of the sublingual gland ducts was 10.0 mm2 (mean ± SD = 10.0 ± 4.6 mm2) in the 16 adult
volunteers, 9.0 mm2 (mean ± SD = 9.0 ± 3.4 mm2) in the 3 elderly volunteers, and 10.2 mm2

(mean ± SD = 10.2 ± 5.5 mm2) in the 5 patients (adult vs. elderly: p = 0.21, adult vs. patients: p = 0.46,
elderly vs. patients: p = 0.92; Mann–Whitney U test). After citric acid stimulation, the maximum area of
the parotid gland duct was 13.2 mm2 (mean± SD = 13.2± 5.3 mm2) in the 16 adult volunteers, 10.7 mm2

(mean ± SD = 10.7 ± 4.4 mm2) in the 12 elderly volunteers, and 11.0 mm2 (mean ± SD = 11.0 ± 5.4 mm2)
in the 5 patients (adult vs. elderly: p = 0.53, adult vs. patients: p = 0.94, elderly vs. patients: p = 0.67;
Mann–Whitney U test).
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Figure 2. Dynamic MR sialographic images (A) and a graph (B) of sublingual gland ducts in a
26-year-old, healthy female volunteer. (A) The sublingual gland (arrowheads) and ducts (arrows)
are gradually and slightly more clearly visualized after stimulation with citric acid for up to 60 s in
a time-dependent manner. After 150 s, the many ducts became slightly clearer in a time-dependent
fashion. (B) A graph of MR data of the sublingual gland ducts in Figure 2A demonstrates the connection
between the time post-stimulation (x-axis) and the change ratio (y-axis). The area is seen at first to only
increase slightly until 60 s in a time-dependent fashion. The maximum change ratio is about 1.2.

After stimulation, the time of occurrence of the maximum duct area varied from 30 s to 180 s in all
subjects (mean ± SD = 62 ± 28 s in the 16 adult volunteers, mean ± SD = 63 ± 26 s in the 12 elderly
volunteers, and mean ± SD = 54 ± 13 s in the 5 patients); (adult vs. elderly: p = 0.92, adult vs. patients:
p = 0.40, elderly vs. patients: p = 0.39; Mann–Whitney U test). The time it took for the detectable duct
area to return to almost 50% of its former area was about 115 s in all subjects (mean ± SD = 110 ± 39 s in
the 12 adult volunteers, mean ± SD = 117 ± 57 s in the 12 elderly volunteers, and mean ± SD = 114 ± 25 s
in the 5 patients); (adult vs. elderly: p = 0.76, adult vs. patients: p = 0.82, elderly vs. patients: p = 0.89;
Mann–Whitney U test). No significant differences in the four parameters, including the change ratio
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(adult vs. elderly: p = 0.24, adult vs. patients: p = 0.19, elderly vs. patients: p = 0.26; Mann–Whitney
U test) in the detectable duct area of the sublingual glands were found among the three groups (Table 4).

Table 4. Summary of physical and dynamic MR sialographic data.

Area (mm2) Period to
Occurrence of

Maximum
Area (s)

Period to Return to
Its Pre-Citric Acid
Stimulation 50%

Level (s)

Before Citric
Acid Stimulation

After Citric
Acid Stimulation

Change Ratio

Adult
volunteers

(n = 16)
10.0 ± 4.6 13.2 ± 5.3 1.3 ± 1.1 62 ± 28 110 ± 39

Elderly
volunteers

(n = 12)
9.0 ± 3.4 10.7 ± 4.4 1.2 ± 1.3 63 ± 26 117 ± 57

Patients (n = 5) 10.2 ± 5.5 11.0 ± 5.4 1.1 ± 1.0 54 ± 13 114 ± 25

3.3. Clinical Application of MR Sialography for Patients with Sublingual Gland Diseases

In a 76-year-old man with inflammation of the right oral floor, many sublingual gland ducts
continued with the sublingual glands in STIR, T1-weighted images, and MR sialography (Figure 3A–C).

Figure 3. STIR (A), T1-weighted images (B), and MR sialography (C) of a 76-year-old man with
inflammation of the right oral floor. The disappearance (arrows) of many sublingual gland ducts in
continuity with the sublingual glands is visualized using MR sialography.

In a 30-year-old woman with a ranula on the left, the mass lesion was detected in continuity
with the sublingual glands in STIR and T1-weighted images and was thus diagnosed as a ranula
(Figure 4A,B). In addition, the mass was derived from one of the many sublingual gland ducts in
images obtained using MR sialography (Figure 4C).
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Figure 4. STIR (A), T1-weighted image (B), and MR sialography (C) of a 30-year-old woman with a
ranula on the left. The mass lesion is seen in continuity with the sublingual glands in STIR (A) and
T1-weighted images (B) and is diagnosed as a ranula. The mass is derived from one of many sublingual
gland ducts (arrow) (C).

4. Discussion

The most interesting result of the present study is that it is the first to show the imaging
characteristics of the sublingual gland ducts obtained by 3D MR sialography. It is otherwise
difficult to visualize the very thin and very short ducts, with a diameter and length of only 1 mm,
as shown in anatomy textbooks [13]. This is a very significant first success in salivary gland
imaging. The extraglandular portions of the typical sublingual gland ducts appeared as many bright,
homogeneous, ascending linear structures in continuity with the sublingual glands. The figures of
the sublingual gland ducts obtained by MR sialography were the same as those in a textbook of oral
anatomy [13]. Therefore, the images of the structures could be confirmed to be sublingual gland ducts
using MR sialography. However, the sublingual gland duct could not be detected in all subjects as the
detection rate was about 57.1%. One possible explanation is that the sublingual gland ducts are so thin
and short that they cannot be visualized in all subjects using MR sialography.

So far, the reason the sublingual gland ducts, with their thin and short size, have not been visualized
before, even in MR images, is that visualization has been considered technically impossible. In addition,
it was thought that there was little clinical significance in the visualization of sublingual gland ducts.
However, these very sublingual gland duct-like structures were visualized in the MR sialography of
patients with submandibular and/or parotid gland-related diseases. Therefore, we planned the present
study of the visualization of sublingual gland ducts using MR sialography.

One other interesting result of the present study is that the visualization of sublingual gland
ducts indicates the clinical significance of sublingual gland-related diseases. The visualization of
sublingual gland ducts concretely demonstrated a mass derived from one of many sublingual gland
ducts. Based on the imaging, the mass should have been diagnosed as a ranula. At the same time,
the disappearance of many sublingual gland ducts in continuity with sublingual glands was visualized
using MR sialography in patients with inflammation on the right. We would like to elucidate the
clinical significance of the MR sialography of sublingual gland ducts for many kinds of diseases in the
oral floor, including sublingual gland-related diseases.

One reason for this first success in the visualization of sublingual gland ducts is that MR systems,
3D computer vision, and image processing techniques have been fast advancing due to the growing
computational power of current computer systems. Rapid advances in 3D data acquisition and
post-processing technologies are expanding the potential applications of 3D displays. In the 1.5T
full-body MR system (EXCELART Vantage powered by Atlas PPP; Toshiba, Tokyo, Japan) with a
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head coil (Atlas Head SPEEDER), 3D-FASE was used for the sequencing of MR data sets through the
acquisition of MR sialographic 3D reconstruction images, since this method was most likely to provide
good resolution in a short period of time, as in our previous report [15]. That both types of images had
good resolution using 3D-FASE sequencing may have been due to the section thickness being as little
as 1 mm, despite the short acquisition time [16]. The section thickness was based on the advantage
that 3D-FASE sequencing could excite a three-dimensional sample [17]. Thin slices produce images
with good resolution while minimizing interference from partial volume effects and the formation of
artifacts in the MR data and workstation. In addition, an adequate Fourier transform may be applied to
3D-FASE sequencing to produce high-resolution images [17]. Another advantage is that an image can
be acquired using additional excitation, without conducting an additional imaging session, in cases
when using a single excitation would not produce a satisfactory image. These unusual and useful
characteristics of 3D-FASE sequencing allow for the avoidance of unnecessary exposure of patients to
the RF pulse and an unnecessarily long acquisition time.

To our regret, little alteration of the dynamic curve was seen by dynamic MR sialography
of sublingual gland ducts. This can be considered physiologically correct and reasonable [18,19].
Physiologically stimulated saliva production is the main role of the parotid glands [18,19]. The saliva
flow rate of the parotid glands increases more quickly than that of the submandibular glands during
citric acid stimulation [20–22]. Resting saliva is produced as the main role of the submandibular
glands [18,19]. The salivary flow rate in the parotid gland during stimulation is twice as high as that
in the rest phase, but less of an increase is found in the submandibular gland [23,24]. The main role
of sublingual glands, however, is to keep the oral mucosa moist, but not to maintain resting and
stimulated saliva flow. Therefore, little alteration of the dynamic curve via dynamic MR sialography of
sublingual gland ducts was seen. We are now planning to elucidate the clinical significance of dynamic
MR sialography of the sublingual gland ducts through its clinical application to many kinds of diseases
in the oral floor, including sublingual gland-related diseases.

One possible limitation of the present data is the small sample size. The variables of race and
sex could not be studied in this study sample. In addition, only a few clinical applications were
examined. Therefore, further investigation is required. In the present study, there was little witness of
movement artifacts by the volunteers, but we predicted that patients would move in MR examinations,
despite our system preventing movement artifacts. Moreover, we paid attention to the possibility of
visualizing sublingual gland ducts using dynamic MR sialography and its clinical application in the
present study. Therefore, we could not elucidate the classification of the drainage of the sublingual
glands in Bartholin’s ducts and/or the duct of Rivinus. At the next stage, we should try to classify their
drainage patterns. At the same time, we should try to elucidate how the presence of Bartholin’s ducts
may be related to ranula formation as the next stage. We added the sentence mentioned above in the
revised manuscript.

5. Conclusions

MR sialography allows for the evaluation of function and morphology of the sublingual gland ducts.
This technique appears to have many possible applications in the dental, medical, and biological fields.
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Adam Krętowski 4 and Anna Zalewska 5,*

1 Department of Restorative Dentistry, Medical University of Bialystok, 24A M. Sklodowskiej-Curie Street,
15-276 Bialystok, Poland; kmorawska1009@gmail.com

2 Department of Hygiene, Epidemiology and Ergonomics, Medical University of Bialystok,
2c Mickiewicza Street, 15-022 Bialystok, Poland

3 Department of Radiology, Medical University of Bialystok, 24A M. Sklodowskiej-Curie Street,
15-276 Bialystok, Poland; gajki91@o2.pl

4 Department of Endocrinology, Diabetology and Internal Medicine, Medical University of Bialystok,
24A M. Sklodowskiej-Curie Street, 15-276 Bialystok, Poland; annapoplawskakita@op.pl (A.P.-K.);
adamkretowski@wp.pl (A.K.)

5 Laboratory of Experimental Dentistry, Medical University of Bialystok, 24A M. Sklodowskiej-Curie Street,
15-276 Bialystok, Poland

* Correspondence: mat.maciejczyk@gmail.com (M.M.); azalewska426@gmail.com (A.Z.);

Received: 5 June 2020; Accepted: 2 July 2020; Published: 3 July 2020

Abstract: Hashimoto’s thyroiditis (HT) is one of the most common autoimmune diseases. Although
HT is inextricably linked to oxidative stress, there have been no studies assessing salivary redox
homeostasis or salivary gland function in patients with HT. This study is the first to compare
antioxidant defense and oxidative stress biomarkers in non-stimulated (NWS) and stimulated (SWS)
whole saliva and plasma/erythrocytes of HT patients compared to controls. The study included 45
women with HT in the euthyreosis period as well as an age- and gender-matched control group.
We showed that NWS secretion was significantly lower in HT patients compared to healthy controls,
similar to salivary amylase activity in NWS and SWS. Catalase and peroxidase activities were
considerably higher in NWS and SWS of HT patients, while the concentrations of reduced glutathione
and uric acid were significantly lower in comparison with healthy subjects. Total antioxidant
potential was significantly lower, while total oxidant status and the level of oxidation products
of proteins (advanced glycation end products, advanced oxidation protein products) and lipids
(malondialdehyde, lipid hydroperoxides) were significantly higher in NWS, SWS and plasma of
HT patients. In conclusion, in both salivary glands of women with HT in euthyreosis, the ability to
maintain redox homeostasis was hindered. In HT patients we observed oxidative damage to salivary
proteins and lipids; thus, some biomarkers of oxidative stress may present a potential diagnostic value.

Keywords: Hashimoto’s disease; oxidative stress; saliva

1. Introduction

Hashimoto’s disease (HT) is known as chronic lymphocytic thyroiditis. It is an autoimmune-mediated
disease characterized by dense infiltrations of the thyroid gland by plasma cells, macrophages and,
particularly, lymphocytes [1,2]. The T and B lymphocytes are stimulated against thyroglobulin and thyroid
peroxidase, and induce a number of biochemical processes that lead to progressive destruction of
thyrocytes, fibrosis, reduction of the thyroid gland size and its hypofunction [3]. Growing evidence
indicates that HT is linked to lowered cellular antioxidant potential and enhanced oxidative stress
(OS) [2–4].
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OS is a situation in which balance between reactive oxygen species (ROS) and the body’s ability to
neutralize them is shifted in favor of oxidants [5]. This leads to a temporary or chronic elevation of
ROS concentration as well as disturbed cell metabolism and degradation of cell components [5].

Evidence showed an altered antioxidant potential and enhanced OS in the plasma of HT
patients. Lassoued et al. [6] demonstrated increased plasma malondialdehyde (MDA) concentration
as well as the activities of superoxide dismutase (SOD) and catalase (CAT) compared to the controls.
Rostami et al. [2] observed decreased reduced glutathione (GSH) concentration in the plasma of
newly diagnosed hypothyroid HT patients. This study showed that GSH depletion initiates OS
and development of immunological intolerance in the course of HT. Ates et al. [4] argued that higher
OS levels in patients progressing to overt hypothyroidism may be evidence of redox balance shift
towards oxidative reactions and could thus serve as a significant factor in the initiation and progression
of this disease. Interestingly, in the study performed by Nanda et al. [7], OS levels were higher in
the thyroid antibody-positive hypothyroid group than in the thyroid antibody-negative hypothyroid
group. The authors concluded that the presence of autoimmune antibodies is a key factor for enhanced
ROS production and increased concentrations of oxidative biomolecular modifications, while thyroid
hormone levels are of secondary importance.

Systemic inflammation, elevated levels of thyroid antibodies, disturbed concentrations of
thyroid hormones and chronically raised ROS levels in the course of HT lead to numerous systemic
complications, including cardiological diseases, insulin resistance, mood disorders and salivary gland
diseases [2,4,8].

Agha-Hosseini et al. [8] demonstrated significantly reduced unstimulated saliva flow rate
and xerostomia among HT women in euthyreosis vs. healthy controls. The cause of salivary
gland dysfunction in the course of HT has not been explained yet. It is noteworthy that they
observed salivary gland dysfunction in patients in euthyreosis. Abnormalities in both the composition
and the amount of the secreted saliva negatively affects oral health and the condition of the entire
body. Therefore, it is important to understand the mechanisms leading to salivary gland dysfunction
in the course of the described disease. Moreover, the oral cavity is exposed to numerous oxidizing
agents capable of generating large amounts of ROS. Evidence showed that salivary and, to some
extent, plasma antioxidants, constitute an important part of the antioxidant barrier in both oral cavity
and the entire body. Salivary peroxidase (Px), together with catalase (CAT), neutralizes H2O2 formed
in a dismutation reaction catalyzed by superoxide dismutase (SOD). Reduced glutathione (GSH) is
the most important low molecular weight salivary antioxidant responsible for maintaining thiol groups
of salivary proteins at a reduced level. Forty percent of the total salivary antioxidant barrier is provided
by bloodborne uric acid (UA) [5]. Failure of these antioxidant systems may result in the development
of oral cavity diseases, including periodontitis [9,10], precancerous lesions [11] and cancers [12].
Previous studies showed the alteration in the salivary antioxidants barrier and the contribution of OS
in the development and progression of salivary gland dysfunction in the course of other autoimmune
diseases: psoriasis vulgaris, systemic sclerosis, rheumatoid arthritis, diabetes type 1, multiple sclerosis,
Sjögren’s syndrome and systemic lupus erythematosus [13–21]. In general, reduced/elevated levels
of endogenous, non-enzymatic antioxidants or enhanced/weakened activity of antioxidant enzymes
and increased oxidative modification of salivary cell components are observed in the saliva of patients
with autoimmune diseases. The salivary antioxidants in HT have not yet been determined, so in
the light of the above, it appears necessary to assess the antioxidant potential of saliva and the role of
OS in the development of salivary gland dysfunction in the course of HT.

The aim of this study was to evaluate antioxidative defense parameters and measurable oxidative
stress effects in unstimulated and stimulated saliva and plasma/erythrocytes of patients with HT in
euthyreosis and to compare the obtained results with those in the control group.

48



J. Clin. Med. 2020, 9, 2102

2. Materials and Methods

2.1. Patients

The study was approved by the Local Ethics Committee, permission number: R-I-002/386/2016.
Each patient was informed of the purpose and the detailed procedure of the study and consented in
writing to join the research project.

The study group consisted of 45 women diagnosed with HT. The disease was confirmed when
anti-TG and/or anti-TPO levels in serum was above the normal range and occurred with the presence of
parenchymal heterogeneity on thyroid ultrasonography (USG). Our experiment included patients with
HT in euthyreosis (free thyroxine (fT4) and thyroid- stimulating hormones (TSH) within normal ranges),
24 treated with Eutyrox (doses from 50 to 150 mg; the last tablet taken 24 h before the hormone level
test) and 21 untreated. Patients were reported for follow-up visits to the Department of Endocrinology,
Diabetology and Internal Medicine of the Medical University of Bialystok. We decided to create only
one group, because the results of particular redox balance assays did not differ between patients in
the course of a hormone therapy and those not requiring it.

The reference group consisted of 45 generally healthy women, matched to the study group in
terms of age and BMI, selected from those who reported for dental check-ups to the Department of
Restorative Dentistry, MUB.

Exclusion and inclusion criteria:
Patients with HT and healthy controls did not suffer from any associated diseases, including other

autoimmune diseases (type 1 diabetes, rheumatoid arthritis, scleroderma, psoriasis, lupus, Sjögren’s
syndrome, etc.) or depression. Participants from both the study and control group were qualified for
further examinations only if they did not have periodontitis, gingivitis, or active foci of odontogenic
infections. Participants had 18.5 ≤ BMI ≤ 25. The subjects had not taken any drugs that could affect
saliva secretion (mainly antidepressants or drugs for hypertension) or its redox status (vitamins,
antioxidants) within 3 months prior to saliva collection, nor were they on any reducing diet. Patients
and the controls who smoked tobacco or consumed any amount of alcohol or other stimulants were
not included in the study. All the subjects in the control group had normal serum TSH, fT4, anti-TG
and anti-TPO levels as well as thyroid imaging (homogenous parenchyma without nodules) on USG.

2.2. Blood Collection

A total of 10 mL of venous blood samples were collected in ethylenediaminetetraacetic acid (EDTA)
tubes. The blood was then centrifuged 1500× g at 4 ◦C for 10 min. The acquired plasma was placed
in Eppendorf tubes. The obtained erythrocyte mass was centrifuged three times in cold saline (0.9%
NaCl) and then underwent osmotic lysis by adding a cold phosphate buffer (1:9, 50 mM, pH 7.4). In
order to prevent sample oxidation and proteolysis, 10 μL 0.5 M BHT (butylated hydroxytoluene, BHT,
Sigma-Aldrich, Germany) in acetonitrile was added per 1 mL of plasma and erythrocytes, and stored
at −80 ◦C until assayed, but not for longer than 6 months.

Clinical details of patients and control subjects are presented in Table 1.

2.3. Saliva Collection

The assessment of the antioxidant barrier of saliva is complete when it includes analysis of both
stimulated and unstimulated saliva. It has been shown that antioxidants produced by the parotid
gland are aimed at combating deleterious foreign ROS that may penetrate oral cavity during eating,
and antioxidants present in NWS for the rest of the time [22]. The studied material was non-stimulated
(NWS) and stimulated (SWS) whole saliva collected via the spitting method. Participants were advised
to refrain from consuming meals and drinks other than clean water, performing oral hygiene procedures
for 2 h and taking any medications for 8 h before saliva collection. Saliva was collected between 8
a.m. and 10 a.m. to minimize the effect of daily changes on its secretion. The material was taken in
a separate room so that patients did not feel uncomfortable or nervous. Participants had their saliva
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collected in a sitting position, with the head slightly inclined downwards, with minimized face and lip
movements, upon a 5-min adaptation period. After that time, every patient rinsed their mouth three
times with water at room temperature. The saliva collected during the first minute was discarded.
Subsequent batches of saliva (the patient actively spat out the saliva accumulated in the bottom of
the oral cavity) were collected into plastic centrifuge tubes placed in ice containers. The time of NWS
collection was 15 min [15,16,22]. SWS was collected after a 5-min break, for 5 min. Its stimulation
was triggered by dripping 100 μL 2% citric acid under the tongue every 20 s [23]. To avoid sample
oxidation, 0.5 M BHT was added to the saliva (Sigma-Aldrich, Saint Louis, MO, USA; 10 μL/mL
saliva) [24]. The volume of each sample was measured with a pipette calibrated to 0.1 mL. Saliva
secretion was calculated by dividing the volume of the obtained saliva by the number of minutes of
its collection. Then saliva was centrifuged (20 min, 4 ◦C, 10,000× g). Further tests were performed
using the preserved supernatant fluid, which was frozen at −80 ◦C until assayed. Frozen samples were
stored for no longer than 6 months.

Table 1. Clinical characteristics of the patients and control group.

Patients Variables
Control, n = 45
M (Min–Max)

HT, n = 45
M (Min–Max)

p

Age (years) 35 (29–43) 35 (29–43) NS
BMI (kg/m2) 19.25 (18.3–24.52) 23.15 (18.19–25.89) NS

TSH (μU/mL) 1,99 (0.35–2.85) 2.85 (0.35–4.94) NS
Free T4 (ng/mL) 1.2 (0.91–1.4) 1.1 (0.7–1.42) NS
Free T3 (pg/mL) 2.56 (1.9–3.45) 2.4 (1.7–3.65) NS

Anty TPO (IU/mL) 0.35 (0–2.1) 321.2 (108.25–652.1) <0.0001
Anty TG (IU/mL) 0.32 (0–2.1) 153.8 (99.9–333.1) <0.0001

PTH (pg/mL) 39.45 (10–62.2) 35.02 (15.51–63.56) NS
Glucose (mg/dL) 86.37 (76.96–95.49) 84.11 (73.90–98.65) NS
Euthyrox, n(%) 0 24 (53.3%)

Abbreviations: HT—Hashimoto thyroiditis, C—control, BMI—body mass index, TSH—thyrotropic hormone, anty
TPO—thyroid peroxidase antibody, anty TG—thyroid peroxidase antibody, PTH—parathyroid hormone.

2.4. Dental and Periodontal Examination

Dental examination was performed on the day of and immediately after saliva collection using
a mirror, an explorer and a periodontal probe, in artificial light, by one calibrated dentist (K.M.).
The study included dental evaluation, caries severity index (DMFT) as well as approximal plaque
index (API), periodontal probing depth (PPD) and gingival index (GI). DMFT is an index that evaluates
the condition of teeth, which consists in counting teeth with caries, removed due to caries or filled
because of caries. GI is the assessment of the gingiva for possible inflammation. API is an index
used to assess plaque located in interdental spaces. Finally, PPD is an index of the depth of probed
gingival pockets. In 20 participants, the study was conducted by another experienced dentist (A. Z.)
and the results were compared with those obtained by the head doctor (K. M.). The interrater reliability
for DMFT was r = 0.92, for GI r = 0.94, for API r = 0.98 and for PPD r = 100.

2.5. Xerostomy Assessment and Schirmer Test

The women in both groups were asked to complete a questionnaire containing a list of symptoms
associated with xerostomia and xerophthalmia listed in the American-European classification criteria
for Sjögren’s syndrome [15,24,25].

Tear secretion was assessed by the Schirmer I test from both eyes for over 5 min with no anesthesia
used [26].
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2.6. Selection of Patients and the Control Group Participants

Blood collection for the determination of hormones, antibodies and other clinical and oxidative
stress parameters as well as ultrasound examination took place a day before saliva collection and dental
examination, and included 70 patients and 70 control subjects. Based on the results of USG, thyroid
hormone and TSH assays, the patients and the control group were qualified for further examinations
(over 60 patients (10 patients had elevated TSH levels) and 59 control group participants (11 people
from the control group had an abnormal ultrasound examination) were positively qualified for
the experiment).

After the dental examination, 15 patients (PPD > 4 mm) and 5 control (gingival bleeding during
probing) subjects were eliminated from the experiment due to the coexisting periodontal/gingival
inflammation, and 9 additional participants were excluded from the control group as they did not
match the other subjects in terms of BMI.

2.7. Biochemical Determinations: Salivary Amylase Activity and IL-1β Concentration

The salivary amylase activity (EC 3.2.1.1) was assessed spectrophotometrically using an alkaline
solution of 3,5-dinitrosalicylic acid (DNS). The absorbance of samples was measured at 540 nm,
accompanying the increased concentration of reducing sugars released during the hydrolysis of
starch catalyzed by salivary amylase. Salivary amylase activity was determined in duplicate samples
and expressed in μmol/mg protein [23].

Salivary interleukin 1β (IL-1β) concentration was determined by ELISA using a commercially
available kit from EIAab Science Inc. Wuhan (Wuhan, China) in accordance with the manufacturer’s
instructions provided in the package.

2.8. Biochemical Determinations: Redox Assay

All analyses were performed in duplicate samples. Absorbance and fluorescence were measured
with Infinite M200 PRO Multimode Tecan microplate reader. The results were standardized to
1 mg of total protein. The content of protein was evaluated by the bicinchoninic method (BCA)
using a ready-made reagent kit (Thermo Scientific Pierce BCA Protein Assay Kit, Rockford, IL, USA)
and a bovine serum albumin standard (BSA).

2.8.1. Enzymatic Antioxidants

The enzymatic antioxidant barrier was evaluated in saliva and erythrocyte samples by measuring
the activity of SOD, CAT, Px and glutathione peroxidase (GPx).

Spectrophotometric evaluation of SOD activity (SOD, E.C. 1.15.1.1) was performed according
to Misra and Fridovich [27], based on the adrenaline to adrenochrome oxidation rate. Absorbance
measurements were taken at 480 nm wavelength.

Colorimetric measurement of CAT activity (CAT, E.C. 1.11.1.6) was based on the hydrogen
peroxide degradation rate [28]. The unit of CAT activity (1 U) was determined as the amount of
the enzyme decomposing 1 mmol H2O2 per minute. The measurements were performed at 240
nm wavelength.

The activity of Px (Px, E.C. 1.11.1.7) was determined colorimetrically according to the method by
Mansson-Rahemtulla et al. [29] based on the reduction of 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB)
to thionitrobenzoic acid at 412 nm wavelength.

The activity of GPx (GPx, E.C. 1.11.1.9) was measured spectrophotometrically using the Paglia
and Valentine method [30], based on the reduction of organic peroxides in the presence of NADPH
at 340 nm.
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2.8.2. Non-Enzymatic Antioxidants

The non-enzymatic antioxidant barrier was assessed by measuring GSH and UA concentrations
in NWS, SWS and plasma.

GSH concentration was determined colorimetrically based on the reaction with DTNB. Absorbance
of the samples was measured at 412 nm wavelength [31].

UA concentration was determined spectrophotometrically at 490 nm using the ability of
2,4,6-Tris(2-pyridyl)-s-triazine to form a blue complex with iron ions in the presence of UA. We used
a commercial set of reagents (QuantiChromTM Uric Acid Assay Kit DIUA-250; BioAssay Systems,
Hayward, CA, USA).

Total antioxidant capacity (TAC) level in plasma was determined spectrophotometrically at 660
nm wavelength using 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ATBS). The intensity
of the color resulting from the reaction of ABTS radical cation was proportional to the content of
antioxidants in the tested samples [32].

2.8.3. Total Oxidant Status (TOS) and Oxidative Stress Index (OSI)

TOS and OSI levels were determined in NWS, SWS and plasma.
TOS level was assayed bichromatically (560/800 nm) based on the oxidation of Fe2+ to Fe3+ in

the sample. TOS level was calculated from the standard curve for H2O2 [33].
OSI was calculated based on the formula OSI = (TOS/TAC)/100 [34].

2.8.4. Oxidative Damage to Proteins and Lipids

Oxidative damage to proteins and lipids was assessed by measuring the concentration of
advanced glycation end products (AGE) of proteins, advanced oxidation protein products (AOPP),
lipid hydroperoxides (LOOH) and malondialdehyde (MDA) in saliva and plasma samples.

AGE content was assessed by measuring AGE-specific fluorescence at 350/440 nm wavelength, as
described by Kalousová et al. [35].

The colorimetric measurement of AOPP content was determined fluorimetrically as described by
Kalousová et al. [35] based on the oxidative capacity of iodine ions at 340 nm wavelength.

To measure AGE and AOPP concentrations, NWS, SWS and plasma samples were diluted with
phosphate-buffered saline (PBS, pH 7.2) at a ratio of 1:5 (v/v).

The concentration of LOOH was evaluated spectrophotometrically from the reaction of iron
ions (3+) with xylenol orange (XO). The absorbance of Fe-XO complex was measured at 560 nm
wavelength [36].

MDA concentration was assessed colorimetrically based on the reaction with thiobarbituric acid
(TBA) at 535 nm wavelength. 1,1,3,3-Tetraethoxypropane was used as a standard [24].

2.9. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.3.0 for MacOS (GraphPad Software, Inc.
La Jolla, CA, USA). The distribution of the obtained results was assessed using the Shapiro–Wilk test.
Due to the lack of normal distribution, the Mann–Whitney U test was used for quantitative comparisons.
Chi-square test with Yates’s modification was used to analyze the differences in the prevalence of
qualitative variables. Correlations of the results were assessed using the Spearman rank correlation
coefficient. The statistical significance level was set at p < 0.05.

The number of subjects was determined based on our previous experiment, assuming that
the power of the test would be equal to 0.9 (ClinCalc sample size calculator).
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3. Results

3.1. Clinical Data

Saliva secretion in the group of HT patients was 32% lower than in the control group (p = 0.02).
None of the patients had the rate of unstimulated saliva secretion below 0.1 mL/min. Moreover,
stimulated saliva secretion did not differ between the groups. The concentration of total protein in
unstimulated and stimulated saliva of HT patients was significantly higher than in the control group
(↑46%, p = 0.00002 and ↑16%, p = 0.0003, respectively). Salivary amylase activity was considerably
lower in NWS (↓50%, p= 0.00001) and SWS (↓114%, p= 0.00001) of HT patients compared to the controls
(Table 2).

Table 2. Salivary gland function and dental indices of the patients and the control group.

Clinical Parameters
Control HT p

Median Minimum Maximum Median Minimum Maximum

NWS mL/min 0.51 0.27 0.96 0.32 0.07 0.77 0.02

SWS mL/min 1.01 0.9 2 0.9 0.2 2 ns

TP NWS (mg/mL) 704.2 556.5 924.5 1293 979.4 1707 <0.0001

TP SWS (mg/mL) 1545 371.3 1672 1834 266.6 3861 <0.0001

Salivary amylase NWS
(μmol/mg protein) 0.22 0.18 0.28 0.11 0.09 0.15 <0.0001

Salivary amylase SWS
(μmol/mg protein) 0.3 0.19 0.38 0.14 0.1 0.16 <0.0001

Salivary IL-1β NWS
(pg/mg protein) 0.91 0.27 2 2 0.4 3 <0.0001

Salivary IL-1β SWS (pg/mg) 5.1 2.7 6.8 7.8 4 12 <0.0001

Schirmer- I test (mm/5 min)
Left eye

Right eye

21
25

10
11

28
30

19
20

12
9

23
30 ns

Subjective dryness n (%)
Xerostomiaxerophtalmia

1(2.22)
3(6.67)

26(57.7)
3(6.67)

0.003
ns

DMFT 15 0 25 16 3 28 ns

API 41.85 0 100 54.5 8.3 100 ns

GI 1 0 2 1 0 2 ns

PPD (mm) 1.898 1.14 2.55 1.99 1.33 3.64 ns

NWS—unstimulated saliva, SWS—stimulated saliva, TP—total protein, DMFT—decay, missing, filling teeth,
API—approximal plaque index, GI—gingival index, PPD—periodontal pocket depth, ns—non-statistically important.

IL-1β concentration in NWS and SWS of patients with HT was significantly higher compared to
the controls (↑119%, p = 0.00001 and, ↑52%, p = 0.00002, respectively).

Oral dryness was more prevalent in HT women than in healthy controls (p= 0.003). The prevalence
of eye dryness was similar in both examined groups.

The median value of Schirmer I test for the left and right eye did not differ between the groups.
The analysis of dental data showed no differences in DMFT, API, GI and PPD between the study

and the control group (Table 2).

3.2. Antioxidant Defense Parameters

3.2.1. NWS

SOD activity as well as the levels of GSH, UA and TAC (Figure 1) in NWS of HT patients were
significantly lower than those in NWS of control patients (↓10%, p = 0.03; ↓28%, p = 0.00003; ↓38%,
p = 0.00003; ↓34%, p = 0.00005, respectively). CAT and Px activities in NWS of HT patients were notably
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higher compared to those parameters found in NWS of the control group (↑66%, p = 0.00002; ↑66%,
p = 0.00003, respectively) (Figure 1).

Figure 1. Enzymatic and nonenzymatic antioxidants in NWS, SWS and blood plasma/erythrocytes of
the patients and control group. Data are shown as median (minimum–maximum). CAT—catalase;
GPx—glutathione peroxidase; GSH—reduced glutathione; NWS—non-stimulated whole saliva;
Px—salivary peroxidase; SOD—superoxide dismutase-1; SWS—stimulated whole saliva; UA—uric
acid. * p < 0.05, ** p < 0.01, and **** p < 0.0001.

3.2.2. SWS

GSH, UA and TAC (Figure 2) concentrations in NWS of HT patients were significantly lower than
in NWS of healthy controls (↓57%, p = 0.000003; ↓58%, p = 0.00001; ↓53%, p = 0.00001, respectively).
CAT and Px activities in NWS of HT patients were considerably higher than in NWS of the control
group (↑147%, p = 0.00002; ↑166%, p = 0.00003, respectively) (Figure 1).

3.2.3. Erythrocytes, Plasma

SOD and GPx activities in blood erythrocytes as well as GSH and TAC plasma concentrations
(Figure 2) in HT patients were significantly lower than the discussed parameters in the erythrocytes
and plasma of the control group (↓50%, p = 0.009; ↓45%, p = 0.00001; ↓13%, p = 0.001; ↓82%, p = 0.00001,
respectively) (Figure 1).

3.2.4. TOS and OSI

We observed significantly increased values of TOS and OSI in NWS (↑81%, p = 0.00001; ↑191%,
p = 0.000001, respectively), SWS (↑201%, p = 0.00001; ↑588%, p = 0.000001, respectively) and plasma
(↑76%, p = 0.00001; ↑158%, p = 0.000001, respectively) of HT patients compared to the control group
(Figure 2).
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Figure 2. Redox status in NWS, SWS and plasma of the patients and control group. Data are shown
as median (minimum–maximum). OSI—oxidative stress index; NWS—non-stimulated whole saliva;
SWS—stimulated whole saliva; TAC—total antioxidant capacity; TOS— total oxidant status. ****
p < 0.0001.

3.2.5. Products of Oxidative Modifications

The concentrations of all the evaluated products of oxidative modifications: AGE, AOPP, LOOH
and MDA were considerably higher in NWS (↑80%, p = 0.00001; ↑232%, p = 0.00002; ↑91%, p = 0.00001;
↑194%, p = 0.00001, respectively), SWS (↑97%, p = 0.00001; ↑476%, p = 0.00001; ↑46%, p = 0.00001;
↑96%, p = 0.00001, respectively) and plasma (↑3%, p = 0.0007; ↑31%, p = 0.0003; ↑77%, p = 0.00001;
↑42%, p = 0.00001, respectively) of HT patients compared to the values of these parameters obtained in
the control group (Figure 3).

3.2.6. Comparison of Antioxidants and Redox Balance Markers between NWS and SWS

Control

We observed significantly higher activity of SOD, CAT, Px (p < 0.0001, p < 0.0001, p < 0.0001,
respectively) and GSH, UA, TAC, OSI, AOPP, LOOH and MDA (p < 0.0001, p < 0.0001, p < 0.0001,
p < 0.0001, p < 0.0001, p < 0.0001, p < 0.0001, respectively) concentration in SWS vs. NWS of
the control women.
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Figure 3. Oxidative damage in NWS, SWS and plasma of the patients and control group.
Data are shown as median (minimum–maximum). AGE—advanced glycation end products;
AOPP—advanced oxidation protein products; LOOH—lipid hydroperoxides; MDA—malondialdehyde;
NWS—non-stimulated whole saliva; SWS—stimulated whole saliva. *** p < 0.001, and **** p < 0.0001.

HT Women

The activity of SOD, CAT, Px (p < 0.0001, p < 0.0001, p < 0.0001, respectively) and GSH, TOS, OSI
and MDA (p = 0.025, p < 0.0001, p < 0.0001, p < 0.0001, respectively) concentrations were significantly
higher in SWS compared to NWS of HT women (Table 3).

3.2.7. Saliva–Blood Ratio

NWS

CAT, Px, AGE AOPP, MDA (p = 0.01, p < 0.0001, p < 0.0001, p < 0.0001, p < 0.0001, respectively)
salivary/blood ratio was significantly higher in NWS of HT women vs. control, while GSH and UA
(p = 0.0009, p < 0.0001) salivary/blood ratio was significantly lower in NWS of HT women vs. control.
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SWS

CAT, Px, TOS, OSI, AGE, AOPP and MDA (p = 0.005, p < 0.0001, p < 0.0001, p < 0.0001, p < 0.0001,
p < 0.0001, p < 0.0001, p = 0.002, respectively) salivary/blood ratio was significantly higher in SWS of
HT women vs. control, while GSH, UA, TAC and LOOH (p < 0.0001, p < 0.0001, p < 0.0001, p = 0.01,
respectively) salivary/blood ratio was significantly lower in SWS of HT women vs. control (Table 4).

Table 4. Saliva to blood ratio.

Salivary/Blood
Ratio

Control HT
p

Median Minimum Maximum Median Minimum Maximum

SOD NWS 655.6 145.7 3580 816.4 113.1 10,113 ns
SOD SWS 1625 396.1 10,721 2312 414.4 29,459 ns
CAT NWS 0.1582 0.0411 0.8706 0.2144 0.0501 0.8531 0.0115
CAT SWS 1.988 0.3915 10.61 3.337 0.3794 14.38 0.0053
Px NWS 0.2378 0.1272 0.9917 0.6863 0.2076 4.777 <0.0001
Px SWS 3.186 0.6492 18.57 11.55 1.403 71.15 <0.0001

GSH NWS 1.819 0.9336 3.613 1.464 0.9591 8.705 0.0009
GSH SWS 4.051 2.369 9.534 2.216 0.5282 3.961 <0.0001
UA NWS 1.973 1.002 2.763 1.034 0.6256 2.508 <0.0001
UA SWS 2.525 1.851 3.556 0.9855 0.2191 1.775 <0.0001

TAC NWS 1.246 0.8213 2.401 1.356 0.0647 2.665 ns
TAC SWS 1.728 0.9485 2.466 1.268 0.1385 2.794 <0.0001
TOS NWS 22.5 11.08 54.29 23.78 6.919 161.5 ns
TOS SWS 23.61 11.63 100.9 38.81 9.852 155.5 <0.0001
OSI NWS 18.33 7.485 43.07 15.68 3.368 184 ns
OSI SWS 13.77 7.244 54 30.15 6.401 429.8 <0.0001

AGE NWS 0.8406 0.4666 1.786 1.366 0.4045 4.279 <0.0001
AGE SWS 0.761 0.4457 2.84 1.434 0.3307 3.133 <0.0001

AOPP NWS 7.951 1.338 31 18.88 2.203 69.16 <0.0001
AOPP SWS 3.725 0.0983 29.82 16.57 1.595 36.84 <0.0001

LOOH NWS 327.5 214.4 1255 334.5 177.6 805.8 ns
LOOH SWS 419.4 249.7 677 341.4 65.17 637 0.0135
MDA NWS 0.2532 0.0631 0.6355 0.5392 0.2124 3.402 <0.0001
MDA SWS 0.5698 0.0548 1.38 0.8321 0.2707 3.756 0.0024

AGE—advanced glycation end products; AOPP—advanced oxidation protein products; AUC—area under
the curve; CAT—catalase; GPx—glutathione peroxidase; GSH—reduced glutathione; LOOH—lipid hydroperoxides;
MDA—malondialdehyde; NWS—non-stimulated whole saliva; OSI—oxidative stress index; Px—salivary peroxidase;
ROS—reactive oxygen species; SOD—superoxide dismutase; SWS—stimulated whole saliva; TAC—total antioxidant
capacity; TOS—total oxidant status; UA—uric acid.

3.2.8. Correlations

In the study group we demonstrated a negative correlation between the plasma concentrations
of anti-TPO antibodies and GSH (r = −0.854, p < 0.0001). We also observed a negative correlation
between TAC in NWS (r = −0.704, p < 0.0001) and SWS (r = −0.759, p < 0.0001) and serum concentration
of anti-TPO.

We also found a positive correlation between MDA in NWS and thyroglobulin antibodies (r= 0.851,
p < 0.0001) as well as between LOOH in SWS and anti-TG (r = 0.839, p < 0.0001).

We showed a negative correlation between SOD activity in SWS and plasma glucose concentration
(r = −0.851, p < 0.0001) in the HT group.

In the study group we found a negative correlation between GSH and AOPP concentrations
in SWS (r = −0.730, p < 0.0001). Moreover, IL-1β correlated positively with LOOH concentrations
(r = 0.886, p < 0.0001) and negatively with GSH levels in SWS (r = −0.849, p < 0.0001).

The minute flow of unstimulated saliva correlated negatively with IL-1β concentration in NWS
(r = −0.891, p < 0.0001). We also observed a negative correlation between salivary α-amylase
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activity and TOS in NWS (r = −0.8, p < 0.0001). The remaining correlations were included in
the supplementary materials.

4. Discussion

In the presented experiment we employed a wide range of biochemical assays to search for
a link between OS expressed as antioxidant activity/concentration and oxidative damage products
and salivary gland function in patients with HT in euthyreosis. To the best of our knowledge, this
study is the first to assess the function of salivary glands and their redox balance in patients with HT
in euthyreosis.

OS is the result of an imbalance between ROS production and neutralization, which leads to
oxidative damage to tissues. In the case of autoimmune thyroiditis, OS is considered to be the result of
a deficiency of thyroid hormones as well as autoimmunity and the associated inflammation. During
the synthesis of thyroid hormones, iodine is oxidized by nicotinamide adenine dinucleotide phosphate
oxidase (NOX). Hydrogen peroxide (H2O2) formed in this reaction is used for the production of thyroid
hormones [37]. Excess of H2O2, e.g., due to excessive iodine substitution or deficiency of glutathione
peroxidase (GPx, an enzyme involved in the neutralization of hydrogen peroxide and protecting
thyroid tissue from oxidative damage), leads to apoptosis and necrosis of thyrocytes. Interestingly,
in the presented study we demonstrated a 45% decrease of GPx activity in blood erythrocytes of HT
patients, which, in our opinion, largely contributes to the observed increase in the generation of oxygen
free radicals (↑76% TOS in serum). In the situation of increased concentration of ROS, particularly
H2O2, increased immunogenicity of thyroid specific antigens (thyroglobulin and thyroid peroxidase)
and intensified intercellular adhesion molecule-1 (ICAM-1) expression are observed, which results in
increased generation of antibodies and autoimmune response as well as raises in inflammation [38].
The latter, in turn, directly increases H2O2 in thyroid epithelial cells and activates NOX in T and B
lymphocytes, which further boosts ROS production [3].

The existence and extent of OS can be assessed based on the behavior of numerous biomarkers,
including the measurement of the concentration/activity of antioxidants as well as the evaluation of
the concentrations of oxidative modification products [39]. In our research, we used a wide panel of
biomarkers of oxidative stress, because there is a belief that a single parameter does not reflect the size
and severity of the OS phenomenon [40]. The parameters helpful in the assessment of OS are also total
antioxidant capacity (TAC), total oxidative status (TOS) and oxidative stress index (OSI) [41]. It has
been evidenced that TAC expresses the efficiency of both enzymatic and non-enzymatic antioxidant
defense mechanisms, whereas TOS is the sum of all oxidants present in the sample. OSI illustrates
the relationship between antioxidant mechanisms and oxidative molecules [42].

Our results showed a decrease in antioxidant potential (82%↓TAC) and increased production of free
radicals as well as all products of oxidative modifications in the serum of patients with HT in euthyreosis
compared to the controls, which confirms a shift in the redox balance towards oxidation and the existence
of general OS. Decreased concentration of GSH deserves special attention as the reduction of GSH
concentration is considered a causative factor in the development of autoimmune diseases by inhibition
of IL-1 and T-cell receptor-mediated transduction signaling [1]. Increased concentration of GSH has
been evidenced to be the result of GSH use through oxidation, conjugation or extrusion from the cell,
and indicates highly raised OS [40]. Interestingly, we demonstrated a negative correlation between
anti-TPO antibody and GSH concentrations, which is consistent with the results of Rostami et al. [2].
According to these authors, their findings prove that the presence of antibodies is a causative factor for
excessive ROS production and that GSH is capable of inhibiting complement-mediated damage in HT.
They also presume that GSH deficiency may indicate the occurrence of processes leading to oxidative
stress activation and the development of immune intolerance.

Interestingly, changes in the salivary redox balance seem to reflect those observed in the blood, but
it should be noted that the changes in saliva are more intense. Only for UA we see different directionality.
Its reduced salivary concentration in patients with HT vs. control suggests that in the oral cavity UA
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behaves as an antioxidant. It has been shown, that the increased concentration of UA, that we observe
in the serum of patients with HT, shifts the redox balance towards the oxidation reaction and OS
and may be a factor predisposing to cardiovascular diseases [43]. Moreover, the performed analyses
did not reveal any correlation between the redox balance parameters in blood and saliva. The lack
of correlation and saliva/blood ratio analysis may suggest that oxidative stress in the salivary glands
is independent of general oxidative stress in the course of HT. What’s more, the higher saliva/blood
ratio with respect to some of the parameters studied, in the HT women group compared to the control,
indicates that the observed changes are the result of processes occurring in the salivary glands, and are
not the result of their passive blood transitions.

The large salivary glands together produce about 90% of the total saliva volume. The largest
of them—the parotid gland—produces saliva mainly in response to the applied stimulation, hence
any changes in stimulated saliva composition and amount are considered to reflect the function of
the parotid gland. At rest, 2/3 of the total saliva amount is produced by the submandibular glands.
Therefore, any variations in the composition and amount of NWS reflect the functioning of the latter
glands [44,45].

Our study demonstrated a reduction in the antioxidant potential of parotid and submandibular
salivary glands, confirmed by a 34% decrease in TAC in NWS and a 53% decrease in TAC in SWS,
which manifests the inefficiency of antioxidant systems of these glands to eradicate ROS. Although
we observed significantly increased CAT and Px activities in NWS and SWS, which may—to some
extent—prove an adaptive mechanism of the salivary glands in response to excessive ROS production
and be of great importance to oral health. Px and CAT maintain concentration salivary H2O2 at a level
8 to 14 μM [46], which is non-toxic to oral fibroblasts [47] and epithelial cells [48].

In the euthyreosis status in the course of HT, the causes of reduced antioxidant response
should be seen as a result of depletion of the resources in the process of ROS neutralization or of
the oxidative modification of polypeptide chains rather than as a result of decreased synthesis caused
by reduced production of thyroid hormones. The impaired antioxidant defense may also be caused
by non-enzymatic glycation of these enzymes, which explains the negative correlation between SOD
activity in SWS and plasma glucose concentration in HT group [49], despite the fact that diabetes as
well as insulin resistance were excluded in HT patients. Moreover, the negative correlation between
TAC in NWS and SWS and the serum concentration of anti-TPO as well as between GSH and IL-1β
concentrations in SWS confirm that the exhaustion of antioxidant sources in salivary glands is related
to an elevated oxidative stress level due to autoimmunity-related inflammation and that increased
concentration of autoimmune antibodies is a key factor for the enhancement of ROS production.

As our results show, the impaired saliva antioxidant barrier results in an increase in oxidative
modifications of salivary proteins and lipids. So it is advisable to use exogenous antioxidants
supporting endogenous antioxidant mechanisms. The results of our study revealed a significantly
greater percentage increase in the concentration of TOS and OSI in SWS (↑201% and ↑588%, respectively)
compared to NWS (↑81% and ↑191%, respectively) in HT female patients. A significant reduction of
GSH concentration in SWS (↓57%) vs. NWS (↓23%) in HT women as well as a negative correlation
between AOPP and GSH levels in SWS may be helpful in understanding the intensification of oxidative
modifications to proteins in the parotid vs. submandibular salivary glands. It has been evidenced that
the main role of GSH is in maintaining thiol groups of proteins at a reduced level, i.e., protecting proteins
against oxidation [50,51]. We also found a positive correlation between MDA in NWS and anti-TG,
LOOH in SWS as well as between anti-TG and LOOH in SWS and IL-1β concentration in SWS, which
proves that oxidative damage to the lipids contained in salivary glands is boosted with an increase in
autoimmunity-related inflammation in the course of HT.

The main physiological difference between the parotid and submandibular saliva is the fact
that the former type of saliva is secreted mainly during eating, whereas the latter type is produced
continuously and is responsible for maintaining the integrity of oral structures [22]. Maintaining
the appropriate rate of both types of secretion is therefore equally important for the functioning of
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the body. Despite a higher intensity of OS and a more pronounced decrease in antioxidant defense in
the parotid glands, the rate of stimulated saliva secretion did not differ significantly between the groups.
However, our study demonstrated that HT patients lose the unstimulated salivary gland function.
The median values of NWS and SWS secretion were within the standard limits assumed for proper saliva
secretion. It is noteworthy that in 15 patients, NWS secretion was lower than 0.2 mL/min (but higher
than 0.1 mL/min) and 5 HT group patients secreted stimulated saliva at a level lower than 0.7 mL/min,
which proves the developed salivary gland failure in these patients, referred to as hyposalivation,
and explains the significant intensification of subjective symptoms of reduced saliva secretion reported
when completing the survey on a dry mouth. The performed analyses excluded Sjögren’s syndrome,
but, to be 100% certain, a biopsy of the salivary glands would be advisable. However, we were
not granted permission for its performance from the Bioethics Committee. Evidence showed that
proinflammatory cytokines, including the evaluated IL-1β, induce the activity of metalloproteinases,
which leads to changes in the basement membrane of the salivary glands and the structure of receptors
for neurotransmitters associated with saliva secretion [52]. A higher increase in IL-1β concentration
in NWS (↑119%) vs. SWS (↑52%) as well as in the observed relationship between NWS and IL-1β
concentration may confirm the destruction of acinar cell-basement membrane interaction by excessive
production of MMPs followed by a decreased number of secretory units (acini and ducts) [53,54].
It has also been demonstrated that the presence of IL-β in the inflamed environment may inhibit
the release of acetylcholine from the residual nerves, resulting in reduced saliva secretion [13,14,55].
The described phenomenon of extracellular matrix remodeling has been demonstrated as a cause
of reduced saliva secretion in Sjögren’s syndrome patients [56] and reduced activity of muscarinic
neurotransmitters/receptors in the submandibular glands of diabetic patients [55].

Changes in salivary amylase activity are considered a determinant of sympathetic nervous system
(SNS) activity. The stimulation ofβ-adrenergic receptor activity results in increased production/secretion
and activity of salivary α-amylase and other salivary proteins [57]. In our study, we observed decreased
salivaryα-amylase activity with a simultaneous increase in protein concentration in both SWS and NWS,
which could suggest a higher activity of this branch of autonomic nervous system. The negative
correlation between salivary α-amylase activity and TOS in NWS may suggest that lowered activity
of salivary α-amylase results from the use of this enzyme in the elimination of excessive amounts of
ROS (↑TOS) or, more likely, from the oxidative modification of its polypeptide chain, leading to a loss
of/significant reduction in enzymatic activity.

One of the limitations of this paper is the fact of determining only some parameters characterizing
the redox balance. Perhaps the use of other biomarkers would change the results and conclusions,
which of course can be considered a weak point of this experiment.

5. Conclusions

(1) Parotid as well as submandibular salivary glands of HT female patients in euthyreosis had
an impaired ability to maintain the redox status at the level observed in the salivary glands of
the control women.

(2) The saliva of patients with HT in euthyreosis demonstrated a reduced antioxidant potential.
Moreover, a significant increase in oxidatively modified molecules in NWS and SWS suggests
the failure of the salivary gland antioxidant barrier to combat excess ROS production.

(3) OS in NWS and SWS of HT women appears to be closely connected with autoimmunity-related
inflammation, and not with the level of thyroid hormones or TSH.

(4) The secretory function of the submandibular glands of HT female patients in euthyreosis is
decreased, which is manifested as a significant reduction of unstimulated saliva secretion.
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Żendzian-Piotrowska, M.; Zalewska, A. Impact of morbid obesity and bariatric surgery on antioxidant/oxidant
balance of the unstimulated and stimulated saliva. J. Oral Pathol. Med. 2016, 45, 455–464. [CrossRef]
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Abstract: This study is the first to evaluate protein glycooxidation products, lipid oxidative damage
and nitrosative stress in non-stimulated (NWS) and stimulated whole saliva (SWS) of children with
chronic kidney disease (CKD) divided into two subgroups: normal salivary secretion (n = 18) and
hyposalivation (NWS flow < 0.2 mL min−1; n = 12). Hyposalivation was observed in all patients
with severe renal failure (4–5 stage CKD), while saliva secretion > 0.2 mL/min in children with
mild-moderate CKD (1–3 stage) and controls. Salivary amylase activity and total protein content
were significantly lower in CKD children with hyposalivation compared to CKD patients with
normal saliva secretion and control group. The fluorescence of protein glycooxidation products
(kynurenine, N-formylkynurenine, advanced glycation end products), the content of oxidative damage
to lipids (4-hydroxynonneal, 8-isoprostanes) and nitrosative stress (peroxynitrite, nitrotyrosine) were
significantly higher in NWS, SWS, and plasma of CKD children with hyposalivation compared to
patients with normal salivary secretion and healthy controls. In CKD group, salivary oxidation
products correlated negatively with salivary flow rate, α-amylase activity and total protein content;
however, salivary oxidation products do not reflect their plasma level. In conclusion, children with
CKD suffer from salivary gland dysfunction. Oxidation of salivary proteins and lipids increases with
CKD progression and deterioration of salivary gland function.

Keywords: chronic kidney disease; salivary gland dysfunction; salivary biomarkers; oxidative stress;
nitrosative stress

1. Introduction

Chronic kidney disease (CKD) is a multi-symptomatic syndrome resulting from a reduction in
the number of active nephrons. The diagnosis of CKD is based on anatomical and/or functional renal
abnormalities as well as glomerular filtration rate (GFR) below 60 mL/min/1.73 m2 [1]. Although
the prevalence of CKD in children is much lower than in adults, the disease is a significant clinical
problem in the child population. Indeed, mortality in CKD children remains high and is about 30
times higher than the expected mortality at any given age [2]. The most common causes of CKD in
children are urological defects, glomerulopathies, congenital nephropathies, and kidney dysplasia [2,3].
Their effect is the reduction of active nephrons, leading to intraglomerular hypertension in the
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remaining nephrons and their hypertrophy. This also leads to proteinuria, progressive hardening of the
glomeruli as well as fibrosis of the renal interstitial tissue [1,4]. However, CKD complications can affect
just about every organ [1]. These include cardiovascular disease (hypertrophy of the left ventricle,
coronary heart disease), respiratory system (pulmonary edema, “uremic lung”), endocrine disorders
(glucose intolerance, dyslipidemia), hematological (normochromic anemia, hemorrhagic diathesis) or
mineral and bone disorders (vitamin D deficiency, hypoparathyroidism) [1,4]. In the CKD pathogenesis,
the key role of oxidative stress has recently been stressed [5–7].

The increased production of free radicals in CKD leads to oxidative stress which initiates oxidative
damage to proteins and lipids. This increases the accumulation of oxidized proteins in the kidney
parenchyma and leads to a progressive impairment of its function [5–7]. It has been proven that the
advanced oxidation protein products (AOPP) and advanced glycation end products (AGE) intensify
the RAAS (renin–angiotensin–aldosterone system) activation, increase the expression of NF-κB (nuclear
factor-κB) pathway and impair nitric oxide (NO) production [8,9]. The oxidation protein products
increase synthesis of collagen and fibronectin in the mesangial cells, activate the NADPH oxidase (NOX)
through the protein kinase C dependent pathway, enhance the activity of caspase-3, the expression of
the p58 protein and Bax. Therefore, the protein oxidation products play a critical role in proteinuria
and thickening of the renal glomeruli progression, decreasing the number of podocytes through
apoptosis [10–13]. Moreover, as a result of peroxidation of kidney lipids, the activity of membrane
enzymes and transporting proteins is inhibited, which disturbs the integrity of cell membranes [5–7].
Nevertheless, it is suggested that the accumulation of oxidized proteins and lipids may also disrupt
other organs [5–7].

A number of systemic diseases affect the function of salivary glands. Reduced saliva production,
disturbances of protein secretion into saliva as well as xerostomia (subjective dryness of oral
mucosa) were observed in patients with diabetes, obesity, hypertension, psoriasis, and rheumatoid
arthritis [14–18]. It is suggested that oxidative stress may play a key role in the pathogenesis of
salivary hypofunction. In fact, the oral cavity is the only place in the body exposed to so many
environmental factors such as food, stimulants (alcohol, tobacco smoke), air pollution, medicines, or
dental materials [19]. Although all of them can generate oxygen free radicals, patients with systemic
diseases are particularly predisposed to salivary oxidative stress [14–17]. Indeed, in a situation of
reduced antioxidant capacity, systemic oxidative stress can affect the oxidative-reductive balance of the
oral cavity. Products of protein/lipid oxidation can aggregate and accumulate in the salivary glands
leading to damage of secretory cells. Protein oxidation products can also increase reactive oxygen
species (ROS) formation (by activating NOX and NF-κB signaling), which, on a positive feedback,
enhances local oxidative stress [20,21].

In our earlier studies we have shown that oxidative stress in CKD children affects not only the
kidneys but also the oral cavity [3,22,23]. Indeed, we have shown disturbances of the enzymatic and
non-enzymatic antioxidant barrier and increased oxidative damage to salivary proteins [3]. Moreover,
salivary FRAP (ferric ion reducing antioxidant power) with high sensitivity (100%) and specificity
(100%) differentiates children with mildly to moderately decreased kidney function from those with
severe renal impairment [22]. Additionally, CKD patients are much more likely to develop oral
diseases such as dental caries, candidiasis or tooth erosion [24]. However, still little is known about
salivary gland function in children with CKD. We suppose that as in other oxidative stress-related
diseases, CKD causes a decrease in saliva production and disturbances of protein secretion into
saliva [20,25–27]. This may be due to the accumulation of protein oxidation products in the salivary
glands, which damage their parenchyma and lead to hyposalivation. As in obesity, insulin resistance
or psoriasis, salivary gland hypofunction may also result from the impairment of NO bioavailability
and the damaging effect of nitrosative stress mediators (especially peroxynitrite) [20,25,26]. Therefore,
our study is the first to evaluate salivary glycooxidation products, oxidative damage to lipids and
nitrosative stress biomarkers in CKD children with normal and decreased saliva secretion. In addition
to the non-stimulated and stimulated salivary flow, we also assessed other indicators of salivary gland
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function, such as salivary amylase activity and total protein content. An important part of our study is
also the assessment of salivary-blood correlation of the analyzed redox biomarkers.

2. Material and Methods

2.1. Ethical Issues

The study was approved by the Local Bioethics Committee at the Medical University of Bialystok
(permission number R-I-002/43/2018). All patients and/or their legal guardians have been acquainted
with the research project and gave written consent to participate in the experiment.

2.2. Patients

The study included 30 children with CKD treated in the Department of Pediatrics and Nephrology
of the Medical University of Bialystok, Poland. Patients were divided into two subgroups based on the
rate of non-stimulated salivary flow (NWS): normal salivary secretion (normal salivation, CKD NS)
and reduced salivary secretion (hyposalivation; CKD HS). Hyposalivation was defined as NWS flow
below 0.2 mL/min [16,26,28].

CKD was defined according to the Kidney Disease Improving Global Outcomes (KDIGO) criteria
based on different eGFR distribution: Stage 1: >90 mL/min/1.73 m2; Stage 2: 60–89 mL/min/1.73 m2;
Stage 3: 30–59 mL/min/1.73 m2; Stage 4: 15–29 mL/min/1.73 m2; and Stage 5: <15 mL/min/1.73 m2 [1].
The estimated glomerular filtration rate (eGFR) was calculated using the updated Schwartz formula-
eGFR (mL/min/1.73 m2) = 0.413 × (height in cm/serum creatinine (Cr)) [29]. Upon the diagnosis of CKD,
all patients were on a renal diet that was low in sodium and/or phosphorous and/or protein depending
on patients’ condition and CKD stage [30]. Office blood pressure (BP) was measured by means of
either the manual auscultatory technique or an automated oscillometric device after the subject had
rested for 5 min in a sitting position. The average values of the second and third measurements of
systolic and diastolic BP were used. Hypertension was defined when the average value of the systolic
and/or diastolic BP were ≥95th percentile for age, gender, and height [31].

The causes of CKD were urological defects (33.3%), glomerulopathies (33.3%), congenital
nephropathies (13.3%), kidney dysplasia (13.3%), and undetermined etiology (6.8%).

The control group consisted of 30 healthy children attending the Specialist Dental Clinic of the
Medical University of Bialystok, Poland for regular check-ups. The control was matched by age and
gender to the study group. All patients in the control group had an NWS flow > 0.2 mL/min.

The exclusion criterion in the study and control groups was the occurrence of general diseases:
metabolic (insulin resistance, type 1 and 2 diabetes), autoimmune (thyroiditis, systemic sclerosis,
arthritis, lupus erythematosus, Crohn’s disease, ulcerative colitis), infectious, gastrointestinal and
pulmonary diseases. Patients taking antibiotics, non-steroidal anti-inflammatory drugs (NSAIDs),
glucocorticosteroids, vitamins and dietary supplements for at least 1 months before saliva collection
were excluded from the study, similarly to children with acute inflammatory states. Subjects with poor
oral hygiene (Approximal Plaque Index, API > 20) and gingivitis (Sulcus Bleeding Index, SBI > 0.5;
Gingival Index, GI > 0.5) were also excluded from the experiment (see: dental examination).

Since pharmacotherapy significantly affects saliva secretion [16,27], patients with CKD taking
5 and more drugs were eliminated from the study.

Detailed characteristics of the patients and the control group are presented in Table 1.

2.3. Saliva Collection

The research material was non-stimulated (NWS) and stimulated (SWS) whole saliva collected
by the spitting method. In order to eliminate the influence of physical exercise and daily rhythm on
saliva secretion, samples were taken from subjects who were not physically active for the last 24 h,
after an all-night rest, always between 7 a.m. and 9 a.m. Subjects did not consume any meals or drinks
(other than water), and refrained from performing any oral hygiene procedures at least 2 h before
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saliva collection. Additionally, children did not take any medications for at least 8 h prior to saliva
collection [16,28].

The subjects were instructed to rinse their mouth two times with distilled water and to spit saliva
into a sterile Falcon tube placed in an ice container. Saliva collection was done by the patient when sitting
with the head down (with minimized facial and lip movements), after at least a 5-min adaptation, always
in the same child-friendly room. The time of NWS collection was 15 min. Then, saliva was stimulated
by dropping 10 μl of citric acid (2%, w/v) solution on the tip of the tongue every 30 s [16,17,26,28].
The time of SWS collection was 5 min [16,28].

Immediately after collection, the volume of saliva was measured with a pipette set to 100 μL.
The salivary flow rate was calculated by dividing the volume of saliva by the time necessary for its
secretion (mL min−1). The pH of saliva was also analyzed using Seven Multi pH meter (Mettler Toledo,
Greifensee, Switzerland).

After measuring the salivary pH, the samples were immediately centrifuged (3000× g, 4 ◦C, 20 min)
and the supernatant was preserved for further analysis [32]. To protect against sample oxidation,
butylated hydroxytoluene (BHT, Sigma-Aldrich, Nümbrecht, Germany) was added (10 μL 0.5 M BHT
in acetonitrile (ACN)/1 mL NWS/SWS) [32]. The samples were portioned into 200 μL aliquots and
frozen at −80 ◦C. Frozen samples were stored for no more than six months.

In order to identify samples contaminated with blood, the concentration of transferrin in saliva was
assessed (Human Transferrin ELISA Kit; Abcam; Cambridge, UK). However, no blood contamination
was confirmed in any of the samples.

The activity of salivary amylase (EC 3.2.1.1) was assessed for the evaluation of salivary gland
function [33,34]. A spectrophotometric method with 3,5-dinitrosalicylic acid (DNS) was used and
absorbance was measured at 540 nm.

2.4. Dental Examination

A clinical examination in artificial lighting (10,000 lux) was also performed. According to the
World Health Organization criteria [35], a mirror, an explorer and a periodontal probe were used.
The incidence of caries was assessed using DMFT index (decay, missing, filled teeth). DMFT is
the sum of teeth with caries (D), teeth extracted because of caries (M), and teeth filled because of
caries (F). DMFT for deciduous teeth (dmft) was also evaluated. API (approximal plaque index)
was used to assess the status of oral hygiene and determines the percentage of tooth surface with
plaque. GI (Gingival Index) and SBI (Sulcus Bleeding Index) were used to assess the condition of gums.
GI described qualitative changes in the gingiva, while SBI showed the intensity of bleeding from the
gingival sulcus after probing [35].

Clinical dental examinations were performed by the same experienced pedodontist (J. S.).
In 10 children, the inter-rater agreements between the examiner and another experienced pedodontist
(A. Z.) were assessed. The reliability for all dental indices was >0.97.

2.5. Blood Collection

Whole blood was collected after an all-night rest, always between 6 and 8 a.m. We used
S-Monovette® K3 EDTA blood collection system (Sarstedt, Nümbrecht, Germany). Samples were
immediately centrifuged (1500× g; 4 °C, 10 min) [32] and the top layer (plasma) was preserved for
further analyses. Similarly to NWS and SWS, BHT (10 μL 0.5 M BHT/1 mL plasma) was added to
samples that were then frozen at −80 ◦C [32].

2.6. Total Protein Assay

The total protein content was determined colorimetrically using the bicinchoninic acid (BCA)
method (Thermo Scientific PIERCE BCA Protein Assay (Rockford, IL, USA)). Bovine serum albumin
(BSA) was used as a standard.
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2.7. Redox Assays

All reagents were purchased from Sigma-Aldrich (Nümbrecht, Germany and/or Saint Louis,
MO, USA). The absorbance/fluorescence was measured using Infinite M200 PRO Multimode Microplate
Reader Tecan. The results were standardized to 1 mg of total protein. All determinations were performed
in duplicate samples.

2.8. Protein Glycooxidation Products

The content of dityrosine, kynurenine, N-formylkynurenine and tryptophan was assessed
fluorimetrically. The characteristic fluorescence at 330/415, 365/480, 325/434, and 295/340 nm,
respectively, was measured [36,37]. Immediately before determination, saliva and plasma samples
were diluted in 0.1 M H2SO4 (1:5, v/v) [32]. The results were normalized to fluorescence of 0.1 mg/mL
quinine sulfate in 0.1 M H2SO4 and expressed in arbitrary fluorescence units (AFU)/mg protein.

The content of advanced glycation end products (AGE) was assessed fluorimetrically.
The characteristic fluorescence of pentosidine, pyraline, carboxymethyl lysine (CML), and furyl-furanyl-
imidazole (FFI) was measured at 350/440 nm [38]. Immediately before determination, saliva and
plasma samples were diluted in 0.1 M H2SO4 (1:5, v/v) [32]. The results were expressed in arbitrary
fluorescence units (AFU)/mg protein.

2.9. Oxidative Stress Products

The total thiols concentration was measured colorimetrically using the Ellman’s reagent (5,5-dithio-
bis-(2-nitrobenzoic acid)) [39]. The absorbance was measured at 412 nm and total thiols concentration
was expressed in μmol/mg protein.

4-hydroxynonneal protein adducts (4-HNE) and 8-isoprostanes (8-isop) concentration was
measured using ELISA kits (Cell Biolabs, Inc. San Diego, CA, USA; Cayman Chemicals, Ann Arbor, MI,
USA, respectively), following the manufacturer’s instructions. The results were expressed in nmol/mg
protein and pmol/mg protein, respectively.

2.10. Nitrosative Stress Products

Nitric oxide (NO) concentration was measured colorimetrically using sulfanilamide and NEDA·2
HCl (N-(1-naphthyl)-ethylenediamine dihydrochloride). Nitrate was converted to nitrite using nitrate
reductase and total NO was measured [40,41]. The absorbance was measured at 490 nm and NO
concentration was expressed in μmol/mg protein.

S-nitrosothiols concentration was measured colorimetrically based on the reaction of the Griess
reagent with Cu2+ ions [41,42]. The absorbance was measured at 490 nm and S-nitrosothiols
concentration was expressed in nmol/mg protein.

Peroxynitrite concentration was measured colorimetrically based on peroxynitrite-mediated
nitration resulting in the formation of nitrophenol [43]. The absorbance was measured at 320 nm and
peroxynitrite concentration was expressed in nmol/mg protein.

Nitrotyrosine concentration was measured colorimetrically by the ELISA method, using a
commercial diagnostic kit (Immundiagnostik AG; Bensheim, Germany). Nitrotyrosine concentration
was expressed in pmol/mg protein.

2.11. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 for Mac (GraphPad Software, La Jolla,
USA). The Shapiro–Wilk test was used to determine the normality of distribution while one-way
ANOVA and Tukey’s multiple comparisons test were used to compare the tested groups. The value
of p < 0.05 was considered statistically significant. Multiplicity adjusted p value vas also calculated.
The results were presented as mean ± SD. The correlation of the obtained results was measured using
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the Pearson correlation coefficient. The number of patients was set a priori based on the previous
clinical study. Online sample size calculator (ClinCalc) was used and 0.9 was assumed as the test power.

3. Results

3.1. Clinical Characteristics

Clinical characteristics of the subjects are presented in Table 1.
Interestingly, hyposalivation was observed in all patients with severe renal failure (4–5 stage CKD),

while saliva secretion >0.2 mL/min in children with mild-moderate CKD (1–3 stage) and controls.

Table 1. Clinical characteristics of children with chronic kidney disease (CKD) and healthy controls.

C
(n = 30)

CKD NS
(n = 18)

CKD HS
(n = 12)

ANOVA
p

NWS flow (mL min−1)

mean ± SD 0.495 ± 0.1 0.338 ± 0.09 0.138 ± 0.04

<0.0001min 0.292 0.219 0.0730

max 0.682 0.494 0.199

Men n 15 7 8 NA

Age (years) 13 ± 3.5 14 ± 3.2 12 ± 3.7 NS

CKD n

stage 1 - 6 0 NA

stage 2 - 5 0 NA

stage 3 - 7 0 NA

stage 4 - 0 6 NA

stage 5 - 0 6 NA

eGFR (mL/min/1.73 m2) 136 ± 6.9 84 ± 43 18 ± 7.4 < 0.0001

Serum creatinine (mg/dL) 0.41 ± 0.09 1.2 ± 0.54 4.6 ± 0.58 <0.0001

Serum urea (mg/dL) 18 ± 2.6 44 ± 4.7 124 ± 13 <0.0001

Albuminuria (mg/24 h) 8 ± 0.9 51 ± 23 815 ± 236 <0.0001

Proteinuria (mg/24 h) 58.4 ± 3.5 403 ± 165 845 ± 248 <0.0001

Hgb (g/dL) 14.5 ± 0.3 13 ± 0.49 11 ± 0.51 <0.0001

Hct (%) 39.7 ± 1.1 38 ± 1.2 33 ± 1.3 <0.0001

Serum iron (μg/dL) 82 ± 2.1 68 ± 6.7 91 ± 8.6 <0.0001

Hypertension n - 1 11 NA

Dialysis n - 0 6 NA

Drugs per day n

0 - 2 0 NA

1–2 - 10 4 NA

3–4 - 6 8 NA

Drugs n

iron - 9 10 NA

loop diuretics - 10 9 NA

ACEI - 10 9 NA

β-blockers - 3 5 NA

CCB - 3 3 NA

ACEI—Angiotensin-converting enzyme inhibitors; C—Healthy controls; CCB—Calcium channel blockers;
CKD NS—CKD patients with normal salivary secretion; CKD HS—CKD patients with reduced salivary
secretion; NA—not applicable; NWS—Non-stimulated whole saliva; eGFR—estimated glomerular filtration
rate; Hct—Hematocrit; Hgb—Hemoglobin.
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3.2. Salivary Gland Function and Salivary pH

The non-stimulated and stimulated salivary secretion was significantly lower in CKD children
with hyposalivation compared to patients with normal salivary secretion and control group.
Similarly, total protein content and salivary amylase activity were significantly lower in NWS and
SWS of CKD children with hyposalivation as compared to other groups. The pH of non-stimulated
saliva was significantly higher in CKD children with decreased salivary secretion compared to controls
(Figure 1).

Figure 1. Salivary gland function and salivary pH of children with chronic kidney disease (CKD) and
healthy controls. C—Healthy controls; CKD NS—CKD patients with normal salivary secretion;
CKD HS—CKD patients with reduced salivary secretion; NWS—Non-stimulated whole saliva;
SA—Salivary amylase; SWS—Stimulated whole saliva. Differences statistically significant at: * p < 0.05,
** p < 0.005, **** p < 0.0001.

3.3. Dental Examination

Oral hygiene (DMFT, dmft, API) and periodontal condition (GI, SBI) did not differ significantly
between groups (Table 2). The children had all permanent teeth completely erupted (up to the seventh
tooth). There was no active eruption of eighth teeth in any child.

Table 2. Dental examination of children with chronic kidney disease (CKD) and healthy controls.

C
(n = 30)

CKD NS
(n = 18)

CKD HS
(n = 12)

ANOVA
p

DMFT 2.5 ± 0.5 2.7 ± 0.7 2.8 ± 0.6 NS

dmft 9.8 ± 0.5 10.1 ± 0.5 10.3 ± 0.7 NS

GI 0 ± 0.1 0 ± 0.2 0 ± 0.2 NS

SBI 0 ± 0.1 0 ± 0.1 0 ± 0.1 NS

C—healthy controls; CKD NS—CKD patients with normal salivary secretion; CKD HS—CKD patients with
hyposalivation; DMFT—decay, missing, filled teeth (for permanent teeth); dmft—decay, missing, filled teeth
(for milk teeth); NS—not significant; SBI—Sulcus Bleeding Index; GI—Gingival Index.

3.4. Glycooxidation Products

Generally, the fluorescence of glycooxidation products (dityrosine, kynurenine, N-formylkynurenine
and AGE) was significantly higher in NWS, SWS and plasma of CKD children with hyposalivation
compared to patients with normal salivary secretion and control group. Tryptophan fluorescence was
significantly lower in stimulated saliva and plasma of patients with CKD (both groups) as compared
to controls (Figure 2).
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Figure 2. Glycooxidation products in children with chronic kidney disease (CKD) and healthy controls.
AGE—Advanced glycation end products; C—Healthy controls; CKD NS—CKD patients with normal
salivary secretion; CKD HS—CKD patients with reduced salivary secretion; NWS—Non-stimulated
whole saliva; SWS—Stimulated whole saliva. Differences statistically significant at: * p < 0.05,
** p < 0.005, *** p < 0.0005, **** p < 0.0001.

3.5. Oxidative Stress Products

Oxidative damage to proteins (total thiols) and lipids (4-HNE and 8-isop) was significantly higher
in NWS, SWS and plasma of children with chronic kidney disease and hyposalivation compared to
patients with normal salivary secretion and control group (Figure 3).

Figure 3. Oxidative damage to proteins and lipids in children with chronic kidney disease (CKD)
and healthy controls. 4-HNE—4-hydroxynoneal protein adducts; 8-isop—8-isoprostanes; C—Healthy
controls; CKD NS—CKD patients with normal salivary secretion; CKD HS—CKD patients with reduced
salivary secretion; NWS—Non-stimulated whole saliva; SWS—Stimulated whole saliva. Differences
statistically significant at: * p < 0.05, ** p < 0.005, *** p < 0.0005, **** p < 0.0001.
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3.6. Nitrosative Stress Products

NO concentration was significantly lower in NWS, SWS, and plasma in CKD children with
hyposalivation compared to other groups. The concentration of S-nitrosothiols was significantly higher
in NWS and SWS of children with chronic kidney disease and hyposalivation compared to CKD
patients with normal salivary secretion and healthy controls. However, it did not differ significantly in
plasma. The content of peroxynitrite and nitrotyrosine was significantly higher in NWS, SWS and
plasma of CKD children with hyposalivation in comparison with the other groups (Figure 4).

Figure 4. Nitrosative stress in children with chronic kidney disease (CKD) and healthy controls.
CKD NS—CKD patients with normal salivary secretion; CKD HS—CKD patients with reduced salivary
secretion; NO—nitric oxide; NWS—non-stimulated whole saliva; SWS—stimulated whole saliva.
Differences statistically significant at: * p < 0.05, ** p < 0.005, **** p < 0.0001.

3.7. Correlations

In CKD children the concentration of redox biomarkers in NWS and SWS correlated negatively
with eGFR and positively with serum creatinine and urea (except for total thiols and tryptophan).
However, no correlation with renal function parameters was generally observed in healthy subjects
(Table 3).

In children with CKD, the concentration of protein and lipid oxidation products correlates
negatively with salivary flow rate, salivary amylase activity and total protein content. Only salivary
tryptophan and thiol groups correlated positively with salivary glands activity (Table 4). In NWS,
glycooxidation products (except tryptophan), 4-HNE, 8-isop and peroxynitrite correlated positively
with salivary pH. However, there was no relationship between the assessed biomarkers in saliva and
plasma (except for kynurenine) (Table 5).

In the control group, dityrosine, kynurenine, tryptophan, AGE, and 4-HNE in non-stimulated
saliva correlates positively with their plasma levels (Table 5). However, no relationships between
cellular oxidation products and salivary gland function were demonstrated (except for AGE in SWS)
(Table 4).
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Table 3. Correlations between analyzed redox biomarkers and renal function of children with chronic
kidney disease (CKD) and healthy controls.

C
(n = 30)

CKD
(n = 30)

eGFR serum Cr serum urea eGFR serum Cr serum urea

Dityrosine NWS 0.086 0.163 0.22 −0.579 0.72 0.713

Kynurenine NWS 0.17 0.246 0.057 −0.562 0.71 0.691

N-formylkynurenine
NWS 0.225 0.322 0.118 −0.527 0.641 0.585

Tryptophan NWS 0.095 0.218 0.216 0.203 −0.102 −0.097

AGE NWS 0.228 0.041 −0.015 −0.531 0.555 0.568

Total thiols NWS 0.13 −0.164 −0.144 0.431 −0.675 −0.649

4-HNE NWS 0.135 0.154 0.163 −0.512 0.533 0.476

8-isop NWS −0.017 0.096 −0.032 −0.592 0.819 0.76

NO NWS −0.072 −0.089 −0.132 0.609 −0.594 −0.531

S-nitrosothiols NWS −0.014 0.268 0.543 −0.675 0.551 0.525

Peroxynitrite NWS 0.039 −0.073 −0.236 −0.537 0.631 0.579

Nitrotyrosine NWS 0.194 0.018 −0.034 −0.565 0.625 0.593

Dityrosine SWS 0.037 0.076 −0.349 −0.632 0.721 0.601

Kynurenine SWS 0.217 −0.249 −0.146 −0.48 0.586 0.626

N-formylkynurenine SWS 0.219 −0.456 −0.028 −0.457 0.509 0.49

Tryptophan SWS 0.041 0.247 0.049 0.255 −0.296 −0.193

AGE SWS −0.138 −0.134 −0.123 −0.413 0.372 0.39

Total thiols SWS 0.106 0.379 0.007 0.674 −0.736 −0.657

4-HNE SWS −0.057 −0.251 −0.081 −0.286 0.306 0.227

8-isop SWS −0.136 −0.306 0.203 −0.417 0.464 0.55

NO SWS −0.123 0.176 0.353 0.661 −0.52 −0.452

S-nitrosothiols SWS −0.484 0.106 0.257 −0.357 0.448 0.417

Peroxynitrite SWS 0.198 −0.459 −0.031 −0.29 0.341 0.243

Nitrotyrosine SWS −0.068 −0.015 −0.156 −0.41 0.367 0.2

4-HNE – 4-hydroxynoneal protein adducts; 8-isop—8-isoprostanes; AGE—Advanced glycation end products;
C—Healthy controls; Cr—Creatinine; CKD—patients with chronic kidney disease; eGFR—estimated glomerular
filtration rate; NWS—Non-stimulated whole saliva; SWS—Stimulated whole saliva. Statistically significant
correlations (p < 0.05) are highlighted as bold and italics.
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Table 5. Correlations between salivary and plasma redox biomarkers in children with chronic kidney
disease (CKD) and healthy controls.

C
(n = 30)

CKD
(n = 30)

NWS & plasma SWS & plasma NWS & plasma SWS & plasma

Dityrosine 0.825 −0.106 0.173 0.106

Kynurenine 0.698 0.140 0.504 0.629

N-formylkynurenine 0.327 −0.019 0.268 0.060

Tryptophan 0.507 0.208 −0.374 0.043

AGE 0.781 0.461 −0.268 0.314

Total thiols −0.042 0.084 0.387 0.335

4-HNE 0.473 0.210 0.257 0.262

8-isop 0.041 −0.208 0.349 0.350

NO 0.030 −0.209 0.016 −0.078

S-nitrosothiols −0.045 0.174 −0.059 0.025

Peroxynitrite 0.121 −0.340 0.224 0.334

Nitrotyrosine 0.096 −0.054 0.165 0.140

4-HNE—4-hydroxynoneal protein adducts; 8-isop—8-isoprostanes; AGE—Advanced glycation end products;
C—Healthy controls; CKD—Patients with chronic kidney disease; NWS—Non-stimulated whole saliva; SA—Salivary
amylase; SWS—Stimulated whole saliva. Statistically significant correlations (p < 0.05) are highlighted as bold
and italics.

4. Discussion

This study is the first to evaluate protein glycooxidation products, lipid oxidative damage and
nitrosative stress in non-stimulated and stimulated saliva and plasma in children with chronic kidney
disease. We have shown that in CKD there is a dysfunction of salivary glands, which intensifies with
the oxidation of salivary proteins/lipids and nitrosative damage. Interestingly, in children with CKD,
salivary oxidation products did not correlate with their plasma content. Therefore, disturbances in
salivary redox homeostasis may occur independently of alterations at the central level (plasma).

In the course of CKD, pathological changes of oral mucosa, susceptibility to fungal infections and
olfactory and taste disorders were observed [44]. Therefore, it is not surprising that non-stimulated and
stimulated saliva secretion was significantly lower in all children with CKD in comparison to controls.
However, hyposalivation (NWS flow < 0.2 mL/min) was observed only in patients with severe renal
failure (4–5 stage CKD). This indicates the progression of salivary hypofunction according to the CKD
severity. This may also explain the increased incidence of dental caries and periodontal disease in
children with advanced stages of CKD [44]. However, total protein content and salivary amylase
activity were also significantly lower in CKD children with hyposalivation compared to other subjects
(CKD children with normal salivary secretion and healthy controls). Indeed, it should be recalled
that α-amylase is not only involved in the degradation of food polysaccharides [33]. This enzyme
is synthesized in acinar cells (i.e., major secretory cells) of the salivary glands, where it is stored in
granules before secretion. Secretory granules are transported to the apical membrane, fuse with the
membrane and secrete their contents into the secretory ducts by exocytosis. Therefore, α-amylase
can be an indicator of protein secretion through exocytosis [33,45]. Many studies have also shown
a relationship between the decrease in α-amylase activity and impairment of secretory function of
salivary glands [17,33]. Consequently, CKD is not only associated with reduced saliva secretion,
but also with impaired protein secretion into saliva (Figure 1).

Salivary oxidative/nitrosative stress was significantly higher in children with CKD and
hyposalivation (4–5 stage CKD) compared to patients with normal salivary secretion (1–3 stage CKD).
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Therefore, both salivary glycooxidation and lipoperoxidation intensify with the progression of CKD.
Interestingly, salivary oxidation products correlate negatively with salivary flow rate, α-amylase
activity and total protein content.

As a result of protein oxidation, many structural and functional changes occur. Indeed, the amino
acids are modified, the protein chain is fragmented and cross-linkages between the amino acids are
formed. Interestingly, thiol groups (-SH) are the first to be oxidized [46]. Thus, it is no surprising
that the salivary thiol levels in CKD have decreased. However, ROS also react with side chains of
amino acids (e.g., tyrosine, lysine, arginine, or threonine). In our study we observed a quenching
of tryptophan fluorescence (probably due to enhanced oxidation of salivary albumin [47]) as well
as an increase in the fluorescence of protein glycooxidation products. Interestingly, the fluorescence
of glycooxidation products was significantly higher in both NWS and SWS of CKD children with
hyposalivation (↑dityrosine, ↑kynurenine, ↑N-formylkynurenine, and ↑AGE) compared to patients
with normal salivary secretion. Under inflammatory conditions, there is an increased production
of reactive chlorates that combine with tyrosine or kynurenine. The resulting aggregates tend to
accumulate in the tissues [46]. AGE, products of non-enzymatic glycation of proteins, can react with a
specific receptor (RAGE, receptor for advanced glycation end products) to activate multiple signalling
pathways (e.g., NF-κB, NJK, p21RAS) [48]. Another important source of free radicals in CKD is
activation of RAAS and increased expression of xanthine oxidase (XO), which also increases uric acid
production [6]. Furthermore, by stimulating various reductases (e.g., aldose reductase), carbonyl stress
is increased (↑AGE). However, carbonylation of proteins is an irreversible process. Although oxidized
proteins can be degraded, the ability of proteasomes to remove them is limited and depends on the
degree of protein oxidation [46]. Therefore, oxidized proteins can disrupt the function of different
organs, including impairing saliva secretion [20,21,49]. The prolonged accumulation of glycooxidation
products (especially AGE) may also enhance the infiltration of macrophages and neutrophils in
the parenchyma of the salivary glands, increasing, on a positive feedback, the production of free
radicals [48]. In our study, the potential relationship between protein glycooxidation and salivary
gland dysfunction in CKD children may be indicated by negative correlations between NWS/SWS
flow and the fluorescence of oxidative modification products. Importantly, no such dependence was
observed in the control group.

However, it is not proteins but lipids that are particularly susceptible to oxidation. In our study we
assessed the concentration of 4-HNE protein adducts and 8-isop, which was significantly higher in NWS
and SWS of CKD children with reduced saliva secretion. It was shown that lipid peroxidation products
modify the physical properties of cell membranes. This increases the cell membrane permeability
and reduces the difference in electrical potentials on both sides of the lipid bi-layer. Lipid oxidation
may also affect the secretory function of the salivary glands, particularly since oxidized lipids induce
further oxidative damage to proteins and DNA [20,21,49]. In our study, salivary 8-isop and 4-HNE
correlated negatively with salivary flow, protein content and α-amylase activity. Increased levels of
malondialdehyde (MDA) were observed in salivary glands of rats with experimental chronic kidney
disease [50] as well as in saliva of children with CKD [3]. 4-HNE protein adducts may also increase
the expression of matrix metalloproteinases, which not only damage the parenchyma of the salivary
glands but also the nerves involved in salivary secretion [21,51]. However, this issue requires further
research, especially in the context of CKD.

Binding of various neurotransmitters to salivary gland duct/secretory acini receptors initiates
the excretion of primary saliva. At the parasympathetic nerve endings, NO is secreted, which by
increasing the level of calcium ions is responsible for opening water channels (aquaporins) [52]. It is
therefore not surprising that the concentration of total NO was significantly lower in CKD children
with hyposalivation. Indeed, in children with CKD there is a reduced NO synthesis and increased
endothelial production of the endogenous NO synthase inhibitor (asymmetric dimethylarginine,
ADMA) [53]. However, the decrease in NO bioavailability can be explained not only by the impairment
of endothelial cells but also by increased production of peroxynitrite. It is formed in the reaction
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of nitric oxide with superoxide radical anion. The resulting peroxynitrite is a weaker vasodilatant
(than NO), but also a much stronger and more stable oxidant. It has been shown that peroxynitrite
oxidizes thiol groups of proteins, initiates lipid peroxidation and inhibits mitochondrial respiratory
chain (also in the salivary glands [14,20,21]). In our study, peroxynitrite levels were significantly higher
in NWS, SWS, and plasma of CKD children with hyposalivation compared to those with normal
salivary secretion. Although our methodology is routinely used to assess nitrosative stress in frozen
saliva samples [54,55], it should be remembered that NO and peroxynitrite have a very short half-life
and this may understate the results obtained.

An important part of the study was also the evaluation of the saliva-blood correlation coefficients.
In children with CKD, salivary glycooxidation products, lipid oxidation damage and nitrosative
stress products did not correlate with their plasma content. Thus, salivary biomarkers do not reflect
the central redox homeostasis of CKD children. It is well known that the products of protein and
lipid oxidation are not only produced in the salivary glands. By passive and active transport,
these compounds can be transported from plasma to the oral cavity. Nevertheless, our study
indicates that oxidative/nitrosative stress are different at the local (NWS, SWS) and central (plasma)
levels. The influence of several environmental factors on salivary redox homeostasis is not without
significance [19]. The oxidative-reductive balance of the oral cavity may also be varied by a distinctive
microbiota composition of CKD patients [56].

However, correlations between salivary and plasma oxidation products were observed in the
control group. Indeed, in healthy children, adults and the elderly, the concentration of oxidative stress
products in NWS generally reflects their plasma content [28]. However, also in some systemic diseases,
salivary oxidation products correlates with their blood level [32,55]. Salivary redox biomarkers can
therefore be used in the diagnosis of systemic diseases, but only when salivary hypofunction is not
present [57].

Hyposalivation was also observed in adults with CKD [23,58,59]. Although the cause of
disturbed salivary gland function in CKD is still unknown, it is assumed that apart from changes in
NO bioavailability, pharmacotherapy may also affect salivary secretion. Indeed, numerous drugs,
including those used in CKD therapy, may influence the quantitative and qualitative composition
of saliva. Some of them affect the water-electrolyte balance of salivary glands, while others block
muscarinic/adrenergic receptors involved in the initiation of saliva secretion. Since pharmacotherapy is
one of the major causes of hyposalivation [16,27], in this study we excluded children taking 5 and more
medications. What is important, we did not observe any significant differences in salivary flow/redox
biomarkers depending on the number of drugs.

Finally, please note the limitations of our manuscript. Firstly, the method of saliva collection using
citric acid may affect the pH of the stimulated saliva. For analysis of components in SWS, mastication of
no-taste gum could be a better method. Secondly, we only assessed the selected biomarkers of
oxidative/nitrosative damage. Therefore, we cannot fully characterize salivary redox homeostasis in
CKD children. Since oxidative stress promotes inflammation, the assessment of pro-inflammatory
mediators in saliva is also indicated. Moreover, we cannot eliminate the impact of pharmacotherapy
on saliva secretion and composition. Nevertheless, the study was carried out on children from whom
non-stimulated and stimulated saliva as well as plasma were taken. The study and control groups are
also carefully selected for accompanying diseases and periodontal status.

5. Conclusions

Chronic kidney disease is associated with salivary gland dysfunction and increased oxidative
and nitrosative damage. Oxidation of salivary proteins and lipids increases with the progression
of the disease and the degree of salivary gland damage. The assessment of salivary gland function
should be an integral part of a dental examination in patients with CKD. Antioxidant supplementation
may be considered in CKD children; nevertheless, further research is necessary, especially in a larger
population of patients.
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Zalewska, A. Salivary Biomarkers of Oxidative Stress in Children with Chronic Kidney Disease. J. Clin. Med.
2018, 7, 209. [CrossRef] [PubMed]

4. Tomino, Y. Pathogenesis and treatment of chronic kidney disease: A review of our recent basic and clinical
data. Kidney Blood Press. Res. 2014. [CrossRef] [PubMed]

5. Modaresi, A.; Nafar, M.; Sahraei, Z. Oxidative stress in chronic kidney disease. Iran. J. Kidney Dis. 2015, 9,
165–179. [PubMed]

6. Putri, A.Y.; Thaha, M. Role Of Oxidative Stress On Chronic Kidney Disease Progression. Acta Med. Indones.
2014, 46, 244–252.

7. Sureshbabu, A.; Ryter, S.W.; Choi, M.E. Oxidative stress and autophagy: Crucial modulators of kidney injury.
Redox Biol. 2015, 4, 208–214. [CrossRef]

8. Beetham, K.S.; Howden, E.J.; Small, D.M.; Briskey, D.R.; Rossi, M.; Isbel, N.; Coombes, J.S. Oxidative stress
contributes to muscle atrophy in chronic kidney disease patients. Redox Rep. 2015, 20, 126–132. [CrossRef]

9. Li, H.Y.; Hou, F.F.; Zhang, X.; Chen, P.Y.; Liu, S.X.; Feng, J.X.; Liu, Z.Q.; Shan, Y.X.; Wang, G.B.; Zhou, Z.M.;
et al. Advanced Oxidation Protein Products Accelerate Renal Fibrosis in a Remnant Kidney Model. J. Am.
Soc. Nephrol. 2007, 18, 528–538. [CrossRef]

10. Fogo, A.B. Mechanisms of progression of chronic kidney disease. Pediatr. Nephrol. 2007. [CrossRef]
11. Zhou, L.L.; Cao, W.; Xie, C.; Tian, J.; Zhou, Z.; Zhou, Q.; Zhu, P.; Li, A.; Liu, Y.; Miyata, T.; et al. The receptor

of advanced glycation end products plays a central role in advanced oxidation protein products-induced
podocyte apoptosis. Kidney Int. 2012, 82, 759–770. [CrossRef]

12. Zhou, L.; Hou, F.F.; Wang, G.B.; Yang, F.; Xie, D.; Wang, Y.P.; Tian, J.W. Accumulation of advanced oxidation
protein products induces podocyte apoptosis and deletion through NADPH-dependent mechanisms.
Kidney Int. 2009, 76, 1148–1160. [CrossRef] [PubMed]

13. Nakanishi, T.; Kuragano, T.; Nanami, M.; Nagasawa, Y.; Hasuike, Y. Misdistribution of Iron and Oxidative
Stress in Chronic Kidney Disease. Free Radic. Biol. Med. 2018. [CrossRef] [PubMed]
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23. Maciejczyk, M.; Żukowski, P.; Zalewska, A. Salivary Biomarkers in Kidney Diseases. In Saliva in Health and
Disease; Tvarijonaviciute, A., Martínez-Subiela, S., López-Jornet, P., Lamy, E., Eds.; Springer International
Publishing: Cham, Switzerland, 2020; pp. 193–219. ISBN 978-3-030-37681-9.

24. Klassen, J.T.; Krasko, B.M. The dental health status of dialysis patients. J. Can. Dent. Assoc. 2002.
25. Zalewska, A.; Kossakowska, A.; Taranta-Janusz, K.; Zięba, S.; Fejfer, K.; Salamonowicz, M.;

Kostecka-Sochoń, P.; Wasilewska, A.; Maciejczyk, M. Dysfunction of Salivary Glands, Disturbances in
Salivary Antioxidants and Increased Oxidative Damage in Saliva of Overweight and Obese Adolescents.
J. Clin. Med. 2020, 9, 548. [CrossRef] [PubMed]

26. Skutnik-Radziszewska, A.; Maciejczyk, M.; Flisiak, I.; Kołodziej, J.K.U.; Kotowska-Rodziewicz, A.;
Klimiuk, A.; Zalewska, A. Enhanced Inflammation and Nitrosative Stress in the Saliva and Plasma of
Patients with Plaque Psoriasis. J. Clin. Med. 2020, 9, 745. [CrossRef]

27. Saleh, J.; Figueiredo, M.A.Z.; Cherubini, K.; Salum, F.G. Salivary hypofunction: An update on aetiology,
diagnosis and therapeutics. Arch. Oral Biol. 2015, 60, 242–255. [CrossRef]

28. Maciejczyk, M.; Zalewska, A.; Ładny, J.R. Salivary Antioxidant Barrier, Redox Status, and Oxidative Damage
to Proteins and Lipids in Healthy Children, Adults, and the Elderly. Oxid. Med. Cell. Longev. 2019, 2019,
1–12. [CrossRef]

29. Schwartz, G.J.; Muñoz, A.; Schneider, M.F.; Mak, R.H.; Kaskel, F.; Warady, B.A.; Furth, S.L. New Equations to
Estimate GFR in Children with CKD. J. Am. Soc. Nephrol. 2009, 20, 629–637. [CrossRef]

30. National Kidney Foundation K/DOQI clinical practice guidelines for chronic kidney disease: Evaluation,
classification, and stratification. Am. J. Kidney Dis. 2002, 39, S1–S266.

31. NIH The Fourth Report on the Diagnosis, Evaluation, and Treatment of High Blood Pressure in Children
and Adolescents. Natl. Inst. Health 2005, 05–5267, 1–60. [CrossRef]
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Abstract: Aims: To report on the clinico-pathological features of a series of 14 intra-oral
mucoepidermoid carcinomas showing exclusive intra-cystic growth.Materials and methods:
All mucoepidermoid carcinomas diagnosed in the period 1990–2012 were retrieved; the original
histological preparations were reviewed to confirm the diagnosis and from selected cases, showing
exclusive intra-cystic neoplastic components, additional sections were cut at three subsequent 200 m
intervals and stained with Hematoxylin–Eosin, PAS, Mucicarmine and Alcian Blue, to possibly
identify tumor invasion of the adjacent tissues, which could have been overlooked in the original
histological preparations. Additionally, pertinent findings collected from the clinical charts and
follow-up data were analyzed.Results: We identified 14 intraoral mucoepidermoid carcinomas treated
by conservative surgery and with a minimum follow up of five years. The neoplasms were located in
the hard palate (nine cases), the soft palate (two), the cheek (two) and the retromolar trigone (one).
In all instances, histological examination revealed the presence of a single cystic space, containing
clusters of columnar, intermediate, epidermoid, clear and mucous-producing cells, the latter exhibiting
distinct intra-cytoplasmic mucin production, as confirmed by PAS, Mucicarmine and Alcian Blue
stains. The cysts were entirely circumscribed by fibrous connective tissue, and no solid areas or
infiltrating tumor cell clusters were detected. Conservative surgical resection was performed in
all cases, and no recurrences or nodal metastases were observed during follow up.Conclusions:
Mucoepidermoid carcinomas showing prominent (>20%) intra-cystic proliferation currently are
considered low-grade tumors. In addition, we also unveil the possibility that mucoepidermoid
carcinomas, at least in their early growth phase, may display an exclusive intra-cystic component and
might be considered as in situ carcinomas, unable to infiltrate adjacent tissues and metastasize.

Keywords: salivary glands; minor salivary glands; salivary gland carcinoma; mucoepidermoid
carcinoma; in situ carcinoma; intra-cystic carcinoma

1. Introduction

Mucoepidermoid carcinoma (MEC) was firstly described by Volkmann in 1895; subsequently,
Stewart et al. (1945) defined such lesion as a “mucoepidermoid tumor”, and identified tumors with
“relatively favorable” and “highly unfavorable” clinical outcomes. Later on, Jakobsson et al. and
many other authors [1–4] proposed to separate MECs into low, intermediate and high grades, based
on the relative proportion of cell types, a distinction that still persisted in the WHO classification
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of tumors of 2017 [5]. MEC is one of the most common salivary gland malignancies, showing
distinctive morphological features, such as mucous, intermediate and epidermoid cells in variable
proportions [5–7]. Less than half of the cases arise in minor salivary glands, the palate being the most
common intra-oral localization of MEC [8–12]. The architectural configuration of MEC may vary, but a
cystic component is commonly present and may sometimes predominate [5,6,13–15]. Nevertheless,
most MECs also show a solid growth pattern and infiltration of adjacent structures [16,17].

Though considered a tumor with low malignant potential in most instances, about 10% of the
patients affected by MEC experience tumor-related death [10,11,18,19]. In this regard, MECs located
in the submandibular gland and those showing a high histopathologic grade are considered more
aggressive [8–10,20,21]. It should be noticed that the greater extension of the intra-cystic component
correlates with lower grade of MEC, and therefore, this tumor characteristic per se may influence the
clinical outcome [5–8,18,19,22].

Based on these premises, while retrospectively re-evaluating all MECs examined in the period
1990–2012, we focused our attention on those cases showing prevalent/exclusive intra-cystic components
to further characterize their relevance in the clinic-pathological presentations and clinical outcomes of
the affected patients.

2. Materials and Methods

All cases diagnosed as MEC at our institution during the years 1990–2012 were retrieved from the
files of the Section of Pathological Anatomy of the University of Bari Aldo Moro, along with the pertinent
clinical charts and follow-up data updated as of January 2019. All cases were fixed in 10% neutral
buffered formalin, embedded in paraffin and routinely stained with Hematoxylin–Eosin; Periodic
Acid–Shiff (PAS), with and without diastase pre-treatment; Mucicarmine; and Alcian Blue. The original
histological preparations were reviewed to confirm the diagnoses, based on the occurrence of the
distinct cell types (squamoid, mucous-producing and intermediate cells) that characterize MEC [5].
Additional sections at 3 subsequent 200 μm intervals were cut of selected cases showing exclusive
tumoral intra-cystic components and stained with the above procedures, to possibly identify tumor
invasion of the adjacent tissues that could have been overlooked in the original histological preparations.

3. Results

During the observational period, 128 MECs were identified, 82 involving the major and 46 the
minor salivary glands; among these, 14 showed an exclusive intra-cystic tumoral component in the
absence of infiltration of the adjacent tissues, as confirmed by the evaluation of additional cutting
levels, the salient clinico-pathological features of which are reported in Table 1. Among such patients
there were three males and 11 females, with a median age of 36.8 years; nine MECs involved the
hard palate, two cases the soft palate, two the cheek mucosa and one case the retromolar trigone.
In all instances, the neoplasms appeared as intra-oral nodules (Figure 1), sometimes with slight
erosion/ulceration of the surface epithelium; and showed painless, slow growth and hard consistency,
without evident infiltration of the adjacent soft and hard tissues, as confirmed by MR (conventional
acronym for Magnetic Resonance) and CT scans. The tumor dimensions were relatively small, with a
minimum clinical diameter of 0.5 cm up to a maximum of 1.8 cm. No loco-regional node involvement
was detectable by clinical inspection or imaging techniques in any instance. All patients underwent
conservative surgical excision with a rim of normal tissue. It should be emphasized that all the tumors
of this cohort were localized in minor salivary glands and we were unable to identify “pure” intra-cystic
(in situ) MEC in major glands.
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Table 1. Clinico-pathological features of the patients with intra-cystic mucoepidemoid carcinoma
(all alive without evidence of disease after the specified follow-up interval).

Case # Age Sex Site Size (cm) Follow-up (months)

1 51 F Hard palate 0.6 66
2 26 F Hard palate 1.8 62
3 20 M Soft palate 1.3 88
4 25 F Hard palate 0.7 74
5 36 F Hard palate 0.5 84
6 35 F Cheek 0.9 68
7 34 F Hard Palate 1.0 74
8 41 F Cheek 1.2 62
9 28 M Soft palate 0.8 68
10 46 F Hard palate 1.1 62
11 50 M Hard palate 1.8 120
12 39 F Hard palate 1.2 95
13 45 F Retromolar trigone 1.6 66
14 40 F Hard palate 1.2 68

# = conventional symbol for “number”.

Figure 1. Clinical presentation MEC of the hard palate as a rather well-demarcated nodule with slight
erosion of the covering mucosa.

Gross examination disclosed well defined cystic lesions, and microscopically, at scanning
magnification, a single cystic space was detectable in all samples, showing parietal proliferation
of clusters of epithelial cells with a focal cribriform growth pattern (Figure 2). The central part of the
cyst was filled with proteinaceous material and cholesterol crystals, while a distinct and complete rim
of collagenous stroma separated the cyst from the surface epithelium and from adjacent lobules of
mucous salivary glands. The clusters of epithelial proliferation (Figure 3) were composed by small
columnar and intermediate cells, cells with prominent cytoplasmic clearing and marginated nuclei,
scattered flat to polygonal cells showing epidermoid differentiation and a reduced number of large
mucous-producing cells with multivacuolated cytoplasm. The latter were better highlighted with
Alcian Blue (Figure 4) and Mucicarmine stains and also showed PAS-positivity, which was partly
abolished after diastase treatment. Occasionally, smaller cystic spaces with cribriform appearance
were evident within the neoplastic epithelial clusters, which were lined by cuboidal to columnar
cells. Nuclear pleomorphism was minimal, as was mitotic activity (<1/10 high power fields), while
inflammatory infiltration, necrosis and perineural invasion were undetectable; additionally, tumor-free
margins (> 1 mm) were assessed in all cases. Patients had been followed-up for a minimum of five
years (range: 62–120 mo.; median: 68 mo.) and had remained without evidence of disease up to
January 2019.
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Figure 2. Under scanning magnification, the tumor was composed of a single cystic space, partly filled
with proteinaceous material and cholesterol crystals, and showed parietal growth of epithelial cells and
complete peripheral demarcation by fibrous connective tissue. (H&E, x1).

Figure 3. The epithelial component consisted of small columnar and intermediate cells, cells with
prominent cytoplasmic clearing, rare flat to polygonal cells showing epidermoid differentiation and a
reduced number of large mucous-producing cells with multivacuolated cytoplasm. (H&E, x10).
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Figure 4. Epithelial cells with multi-vacuolated cytoplasms and marginated nuclei demonstrate
consistent Alcian Blue positivity, indicating mucous production. (Alcian Blue, x20).

4. Discussion

Salivary gland carcinomas represent about 5% of all head and neck carcinomas and 0.5%
of all malignancies [5,8–10,23–25], with an incidence of 1.1/100000 per year in the Caucasian
population [9,25–27], and have been classified into 20 different types by the World Health Organization
in 2017 [5].

MEC is the most common malignant tumor of the salivary glands (12%–29%) in children and
young adults [9,25,28,29], and according to some authors, the most common malignancy in minor
salivary glands [8–13,20]; its peak incidence is between the third and sixth decade, with predilection
for females [25,28,29]. As confirmed by the results of the present study, the palate remains the most
common site for MECs occurring in minor salivary glands, while they less frequently occur in the
retromolar area, the floor of the mouth, the buccal mucosa, the lips and the tongue [3,5,18,23].

The cases reported herein showed the distinctive morphological features of “classical”
MEC [5,30,31]; i.e., an epithelial tumor composed of intermediate, epidermoid, mucous-producing
and clear cells, arranged in irregular clusters of variable size, but at variance with conventional MEC,
no foci of stromal invasion were detected and the neoplastic proliferation manifested an exclusive
intra-cystic growth. It is our opinion that the presence of a continuous rim of collagen around the
neoplastic proliferation better testifies its in situ nature, and the presence of minimal stromal invasion
or isolated tumor cell clusters should be accurately excluded, by examining the sample at multiple
cutting levels. Immunohistochemical stains for myoepithelial (e.g., smooth muscle actin, calponin,
smooth muscle myosin heavy chain) or basal cell markers (e.g., cytokeratin 14, p63) could possibly help
to clarify this issue. Nevertheless, as for breast in situ carcinomas, residual ductal myoepithelial cells
are not usually present as a continuous layer; therefore, it is somewhat misleading to assess the true in
situ nature of the tumor. Additionally, anti-cytokeratin 14 and p63 antibodies do not stain residual
ductal cells only; variable proportions of neoplastic MEC cells are positive for these markers as well.

Traditionally, MEC is considered a tumor with low malignant potential, though cases showing
local recurrence, nodal and distant metastases and tumor-related death have been repeatedly
reported [8,9,14,17,19,27]. Tumor aggressiveness is strictly related to histological grade, and although
there is not complete agreement on the grading systems proposed so far, a three-tiered scale
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considering low, intermediate and high grade MECs has been more commonly adopted and proven
useful for prognostic purposes [5,6,13,25,31]. Such systems take into account the extension of the
intra-cystic component, the presence of neural invasion and necrosis, the mitotic index and cellular
anaplasia [12,14,15,24,31]. At this regard, the cases of the present series, while fitting into the
morphological diagnosis of “conventional” MEC as to their cell components, did not show but minimal
nuclear pleomorphism, and occasional, if any, mitotic figures, in the absence of perineural/bone invasion
and necrosis, thereby qualifying as low grade tumors, with indolent clinical behavior. Herewith,
we provide morphological evidence to postulate that a less aggressive form of MEC may be identified,
as for epithelial tumors occurring in other organs (e.g., breast and prostate), which could be considered
an in situ carcinoma. This novel tumor subtype, characterized by exclusive intra-cystic growth, should
be, by definition, incapable of infiltrating adjacent tissues and giving raise to nodal or distant metastases,
thereby being easily curable with conservative surgery. Such clinico-pathological features parallel
those of in situ (lobular/ductal/papillary) carcinomas of the breast and support the concept that early
identification of such neoplasms may allow less aggressive treatments.

Furthermore, based on the classical morphological features of MEC, intraductal papilloma,
cystadenoma, adenosquamous carcinoma, salivary duct carcinoma and salivary gland clear cell
carcinomas could be considered in the differential diagnosis [21,22,30–32]. The lack of any papillary
growth pattern and the presence of distinct and frequently prevalent clusters of intermediate cells help
to rule out intraductal papilloma and cystadenoma, respectively. Adenosquamous carcinoma and
salivary duct carcinoma may closely mimic MECs, but such tumor types are devoid of intermediate
cells and usually show higher degrees of cellular pleomorphism and mitotic activity. In addition,
evident mucin production within the neoplastic cells contributes to excluding other types of salivary
gland carcinomas with clear cells (e.g., acinic cell carcinoma, hyalinizing carcinoma), which also lack
an intermediate cell population [14,22,32].

It is well known that MECs may harbor MAML2 gene fusion, but in view of the typical morphologic
features of all case of the present series, we considered the assessment of the status of MAML2 would
have not added much to this study. In fact, it is generally accepted that up to 75%–80% of MECs,
especially low and intermediate grades, harbor gene fusions involving MAML2 [33–36]. Despite its
high specificity, MAML2 testing is no longer considered a useful prognostic indicator for already
diagnosed MECs, and may be avoided when the diagnosis of MEC is reached straightforwardly, based
on typical morphologic features [34,35,37]. Consequently, MAML2 testing as an ancillary diagnostic
tool should be reserved for MECs showing unusual histological appearances [38,39], such as the
oncocytic variant of MEC, to rule out oncocytoma and oncocytic carcinoma; and the Whartin-like
variant and the recently described ciliated MEC variant, to rule out benign developmental cysts and
ciliated, HPV-related squamous cell carcinomas [40,41].

In addition, we would also like to emphasize that we were unable to identify MECs with exclusive
intra-cystic (in situ) growth in major salivary glands, but this may be related to the higher chances
of detecting such tumors at earlier growth phases when located in intra-oral sites, in view of easier
accessibility to inspection and palpation. In other words, we cannot exclude that intra-cystic (in situ)
MECs may be present in major salivary glands, but they possibly remain undetected for longer times
and are disclosed when infiltration of adjacent tissues has already occurred.

The pathogenesis of malignant salivary gland neoplasms, as well as the occurrence of genetic
and epigenetic alterations still remain unclear. However, it would be interesting to explore whether
the typical chromosomal translocation t (11;19) (MECT1-MAML2), which is detected in >50% of
“conventional” MEC, is already present in tumors at early stages of tumorigenesis, such as those of the
present series, and whether additional genetic alterations might be responsible for further progression
to frankly invasive MEC.

In conclusion, we provide evidence that MECs with exclusive intra-cystic (in situ) components
showed indolent clinical behavior, with no evidence of recurrence or metastases even after prolonged
follow up, and may be more conservatively treated. Therefore, we strongly suggest adopting the
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designation intra-cystic (in situ) MEC in diagnostic reports to properly manage patients and avoid
unnecessary over-treatments.

Author Contributions: Clinical data curation, S.C., L.L., A.T.; histological data curation, G.I., M.G.M., E.M.;
investigation, G.I., E.M.; methodology, S.C., G.F.; supervision, G.F. and E.M.; validation, M.G.M.; writing–original
draft, S.C.; writing – review and editing, G.I., E.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Acknowledgments: No acknowledgments due.

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

References

1. Eversole, L.R.; Rovin, S.; Sabes, W.R. Mucoepidermoid carcinoma of minor salivary glands: Report of 17
cases with follow-up. J. Oral Surg. 1972, 30, 107–112. [PubMed]

2. Eversole, L.R. Mucoepidermoid carcinoma: Review of 815 reported cases. J. Oral Surg. 1970, 28, 490–499.
[PubMed]

3. Evans, H.L. Mucoepidermoid Carcinoma of Salivary Glands: A Study of 69 Cases with Special Attention to
Histologic Grading. Am. J. Clin. Pathol. 1984, 81, 696–701. [CrossRef] [PubMed]

4. Auclair, P.L.; Goode, R.K.; Ellis, G.L. Mucoepidermoid carcinoma of intraoral salivary glands evaluation and
application of grading criteria in 143 cases. Cancer 1992, 69, 2021–2030. [CrossRef]

5. El-Naggar, A.K.; Grandis, J.R.; Takata, T.; Grandis, J.; Slootweg, P. (Eds.) WHO Classification of Head and Neck
Tumours, 4th ed.; IARC: Lyon, France, 2017.

6. Saluja, K.; Butler, R.T.; Pytynia, K.B.; Zhao, B.; Karni, R.J.; Weber, R.S.; El-Naggar, A.K. Mucoepidermoid
carcinoma post−radioactive iodine treatment of papillary thyroid carcinoma: Unique presentation and
putative etiologic association. Hum. Pathol. 2017, 68, 189–192. [CrossRef]

7. Goode, R.K.; Auclair, P.L.; Ellis, G.L. Mucoepidermoid carcinoma of the major salivary glands: Clinical
and histopathologic analysis of 234 cases with evaluation of grading criteria. Cancer 1998, 82, 1217–1224.
[CrossRef]

8. Galdirs, T.M.; Kappler, M.; Reich, W.; Eckert, A.W. Current aspects of salivary gland tumors—A systematic
review of the literature. GMS Interdiscip. Plast. Reconstr. Surg. DGPW 2019, 8. [CrossRef]

9. Lawal, A.O.; Adisa, A.O.; Kolude, B.; Adeyemi, B.F. Malignant salivary gland tumours of the head and neck
region: A single institutions review. Pan Afr. Med. J. 2015, 20, 121. [CrossRef] [PubMed]

10. Da Silva, L.P.; Serpa, M.S.; Viveiros, S.K.; Sena, D.A.C.; Pinho, R.F.D.C.; Guimarães, L.D.D.A.;
Andrade, E.S.D.S.; Pereira, J.R.D.; Da Silveira, M.M.F.; Sobral, A.P.V.; et al. Salivary gland tumors in
a Brazilian population: A 20-year retrospective and multicentric study of 2292 cases. J. Cranio-Maxillofac.
Surg. 2018, 46, 2227–2233. [CrossRef] [PubMed]

11. González, A.C.; Skinner, H.R.; Díaz, A.V.; Ramírez, A.L.; Espildora, I.G.; González, A.S. Perfil epidemiológico
de neoplasias epiteliales de glándulas salivales. Rev. Med. Chil. 2018, 146, 1159–1166. [CrossRef] [PubMed]

12. Abrahao, A.; Dos Santos, T.C.R.B.; Netto, J.D.N.S.; Pires, F.R.; Cabral, M.G. Clinicopathological characteristics
of tumours of the intraoral minor salivary glands in 170 Brazilian patients. Br. J. Oral Maxillofac. Surg. 2016,
54, 30–34. [CrossRef] [PubMed]

13. Fu, J.-Y.; Wu, C.; Shen, S.-K.; Zheng, Y.; Zhang, C.-P.; Zhang, Z.-Y. Salivary gland carcinoma in Shanghai
(2003–2012): An epidemiological study of incidence, site and pathology. BMC Cancer 2019, 19, 350. [CrossRef]

14. Cipriani, N.A.; Lusardi, J.J.; McElherne, J.; Pearson, A.T.; Olivas, A.D.; Fitzpatrick, C.; Lingen, M.W.; Blair, E.A.
Mucoepidermoid Carcinoma. Am. J. Surg. Pathol. 2019, 43, 885–897. [CrossRef] [PubMed]

15. Seethala, R.R. An Update on Grading of Salivary Gland Carcinomas. Head Neck Pathol. 2009, 3, 69–77.
[CrossRef] [PubMed]

16. Mücke, T.; Robitzky, L.K.; Kesting, M.R.; Wagenpfeil, S.; Holhweg-Majert, B.; Wolff, K.-D.; Hölzle, F. Advanced
malignant minor salivary glands tumors of the oral cavity. Oral Surg. Oral Med. Oral Pathol. Oral Radiol.
Endodontol. 2009, 108, 81–89. [CrossRef] [PubMed]

89



J. Clin. Med. 2020, 9, 1157

17. Kolokythas, A.; Connor, S.; Kimgsoo, D.; Fernandes, R.P.; Ord, R.A. Low-Grade Mucoepidermoid Carcinoma
of the Intraoral Minor Salivary Glands With Cervical Metastasis: Report of 2 Cases and Review of the
Literature. J. Oral Maxillofac. Surg. 2010, 68, 1396–1399. [CrossRef]

18. Ord, R.A.; Salama, A. Is it necessary to resect bone for low-grade mucoepidermoid carcinoma of the palate?
Br. J. Oral Maxillofac. Surg. 2012, 50, 712–714. [CrossRef]

19. Lee, S.-Y.; Shin, H.A.; Rho, K.J.; Chung, H.J.; Kim, S.-H.; Choi, E. Characteristics, management of the neck,
and oncological outcomes of malignant minor salivary gland tumours in the oral and sinonasal regions. Br. J.
Oral Maxillofac. Surg. 2013, 51, e142–e147. [CrossRef]

20. Guzzo, M.; Andreola, S.; Sirizzotti, G.; Cantù, G. Mucoepidermoid carcinoma of the salivary glands:
Clinicopathologic review of 108 patients treated at the National Cancer Institute of Milan. Ann. Surg. Oncol.
2002, 9, 688–695. [CrossRef]

21. Brandwein, M.S.; Ivanov, K.; Wallace, D.I.; Hille, J.J.; Wang, B.; Fahmy, A.; Bodian, C.; Urken, M.; Gnepp, D.R.;
Huvos, A.; et al. Mucoepidermoid Carcinoma. Am. J. Surg. Pathol. 2001, 25, 835–845. [CrossRef]

22. Maiorano, E.; Altini, M.; Favia, G. Clear cell tumours of the salivary glands, jaws and oral mucosa. Semin.
Diagn. Pathol. 1997, 14, 203–212. [PubMed]

23. Sultan, I.; Rodriguez-Galindo, C.; Al-Sharabati, S.; Guzzo, M.; Casanova, M.; Ferrari, A. Salivary gland
carcinomas in children and adolescents: A population-based study, with comparison to adult cases. Head
Neck 2010, 33, 1476–1481. [CrossRef] [PubMed]

24. Speight, P.M.; Barrett, A. Salivary gland tumours. Oral Dis. 2002, 8, 229–240. [CrossRef] [PubMed]
25. Bradley, P.J.; Eisele, D.W. Salivary Gland Neoplasms in Children and Adolescents. Adv. Otorhinolaryngol.

2016, 78, 175–181. [CrossRef] [PubMed]
26. Ettl, T.; Schwarz-Furlan, S.; Gosau, M.; Reichert, T.E. Salivary gland carcinomas. Oral Maxillofac. Surg. 2012,

16, 267–283. [CrossRef]
27. Bradley, P.J. Primary malignant parotid epithelial neoplasm. Curr. Opin. Otolaryngol. Head Neck Surg. 2015,

23, 91–98. [CrossRef]
28. Ba, N.D.D.; Wolter, N.E.; Irace, A.L.; Cunningham, M.J.; Mack, J.W.; Marcus, K.J.; Vargas, S.O.;

Perez-Atayde, A.R.; Robson, C.D.; Rahbar, R. Mucoepidermoid carcinoma of the head and neck in children.
Int. J. Pediatr. Otorhinolaryngol. 2019, 120, 93–99. [CrossRef]

29. Chiaravalli, S.; Guzzo, M.; Bisogno, G.; De De Pasquale, M.D.; Migliorati, R.; De Leonardis, F.; Collini, P.;
Casanova, M.; Cecchetto, G.; Ferrari, A. Salivary gland carcinomas in children and adolescents: The Italian
TREP project experience. Pediatr. Blood Cancer 2014, 61, 1961–1968. [CrossRef]

30. Schwarz, S.; Stiegler, C.; Müller, M.; Ettl, T.; Brockhoff, G.; Zenk, J.; Agaimy, A. Salivary gland mucoepidermoid
carcinoma is a clinically, morphologically and genetically heterogeneous entity: A clinicopathological study
of 40 cases with emphasis on grading, histological variants and presence of the t(11;19) translocation.
Histopathology 2011, 58, 557–570. [CrossRef]

31. Pinheiro, J.; Fernandes, M.S.; Pereira, A.R.; Lopes, J.M. Histological Subtypes and Clinical Behavior Evaluation
of Salivary Gland Tumors. Acta Med. Port. 2018, 31, 641–647. [CrossRef]

32. Rooper, L.M. Challenges in Minor Salivary Gland Biopsies: A Practical Approach to Problematic Histologic
Patterns. Head Neck Pathol. 2019, 13, 476–484. [CrossRef] [PubMed]

33. Behboudi, A.; Enlund, F.; Winnes, M.; Andrén, Y.; Nordkvist, A.; Leivo, I.; Flaberg, E.; Szekely, L.; Mäkitie, A.;
Grenman, R.; et al. Molecular classification of mucoepidermoid carcinomas—Prognostic significance of
theMECT1–MAML2 fusion oncogene. Genes Chromosom. Cancer 2006, 45, 470–481. [CrossRef] [PubMed]

34. Chiosea, S.I.; Dacic, S.; Nikiforova, M.N.; Seethala, R.R. Prospective testing of mucoepidermoid carcinoma
for the MAML2 translocation: Clinical Implications. Laryngoscope 2012, 122, 1690–1694. [CrossRef] [PubMed]

35. Seethala, R.R.; Dacic, S.; Cieply, K.; Kelly, L.M.; Nikiforova, M.N. A reappraisal of the MECT1/MAML2
translocation in salivary mucoepidermoid carcinomas. Am. J. Surg. Pathol. 2010, 34, 1106–1121. [CrossRef]
[PubMed]

36. Okabe, M.; Miyabe, S.; Nagatsuka, H.; Terada, A.; Hanai, N.; Yokoi, M.; Shimozato, K.; Eimoto, T.;
Nakamura, S.; Nagai, N.; et al. MECT1-MAML2 Fusion Transcript Defines a Favorable Subset of
Mucoepidermoid Carcinoma. Clin. Cancer Res. 2006, 12, 3902–3907. [CrossRef]

37. Seethala, R.R.; Chiosea, S.I. MAML2 Status in Mucoepidermoid Carcinoma Can No Longer Be Considered a
Prognostic Marker. Am. J. Surg. Pathol. 2016, 40, 1151–1153. [CrossRef]

90



J. Clin. Med. 2020, 9, 1157

38. Saade, R.E.; Bell, D.; Garcia, J.; Roberts, D.; Weber, R. Role of CRTC1/MAML2 Translocation in the Prognosis
and Clinical Outcomes of Mucoepidermoid Carcinoma. JAMA Otolaryngol. Head Neck Surg. 2016, 142,
234–240. [CrossRef]

39. Ishibashi, K.; Ito, Y.; Masaki, A.; Fujii, K.; Beppu, S.; Sakakibara, T.; Takino, H.; Takase, H.; Ijichi, K.;
Shimozato, K.; et al. Warthin-like Mucoepidermoid Carcinoma. Am. J. Surg. Pathol. 2015, 39, 1479–1487.
[CrossRef]

40. Bishop, J.A.; Westra, W.H. Ciliated HPV-related Carcinoma. Am. J. Surg. Pathol. 2015, 39, 1591–1595.
[CrossRef]

41. Radkay-Gonzalez, L.; Faquin, W.; McHugh, J.B.; Lewis, J.S.; Tuluc, M.; Seethala, R.R. Ciliated Adenosquamous
Carcinoma: Expanding the Phenotypic Diversity of Human Papillomavirus-Associated Tumors. Head Neck
Pathol. 2015, 10, 167–175. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

91





Journal of

Clinical Medicine

Review

Role of Viral Infections in the Pathogenesis of
Sjögren’s Syndrome: Different Characteristics of
Epstein-Barr Virus and HTLV-1

Hideki Nakamura *, Toshimasa Shimizu and Atsushi Kawakami

Department of Immunology and Rheumatology, Unit of Advanced Preventive Medical Sciences, Division of
Advanced Preventive Medical Sciences, Nagasaki University Graduate School of Biomedical Sciences,
Nagasaki 852-8501, Japan; toshimasashimizu2000@yahoo.co.jp (T.S.); atsushik@nagasaki-u.ac.jp (A.K.)
* Correspondence: nhideki@nagasaki-u.ac.jp; Tel.: +81-95-819-7262

Received: 15 April 2020; Accepted: 6 May 2020; Published: 13 May 2020

Abstract: Viruses are possible pathogenic agents in several autoimmune diseases. Sjögren’s syndrome
(SS), which involves exocrine dysfunction and the appearance of autoantibodies, shows salivary
gland- and lacrimal gland-oriented clinical features. Epstein-Barr virus (EBV) is the most investigated
pathogen as a candidate that directly induces the phenotype found in SS. The reactivation of the virus
with various stimuli induced a dysregulated form of EBV that has the potential to infect SS-specific B
cells and plasma cells that are closely associated with the function of an ectopic lymphoid structure
that contains a germinal center (GC) in the salivary glands of individuals with SS. The involvement of
human T-cell leukemia virus type 1 (HTLV-1) in SS has been epidemiologically established, but the
disease concept of HTLV-1-associated SS remains unexplained due to limited evidence from basic
research. Unlike the cell-to-cell contact between lymphocytes, biofilm-like structures are candidates
as the mode of HTLV-1 infection of salivary gland epithelial cells (SGECs). HTLV-1 can infect SGECs
with enhanced levels of inflammatory cytokines and chemokines that are secreted from SGECs.
Regardless of the different targets that viruses have with respect to affinitive lymphocytes, viruses are
involved in the formation of pathological alterations with immunological modifications in SS.

Keywords: viral infection; Epstein-Barr virus; HTLV-1; salivary gland epithelial cell

1. Introduction

The pathogenesis of Sjögren’s syndrome (SS), which affects salivary glands (SGs) as well as
lacrimal glands (LGs), involves multiple factors including genetic elements [1–3] and subsequent
environmental factors [4]. The clinical characteristics of individuals with SS are exocrine dysfunction
(e.g., xerostomia and xerophthalmia) with the appearance of autoantibodies (including anti-Ro/SS-A
and La/SS-B antibodies) [5]. With respect to genetic elements of SS, human leukocyte antigen (HLA)
alleles have shown the strongest association with SS, and significant variations in HLA alleles by
ethnicity have been revealed. Environmental factors that affect gender differences or the production of
various autoantibodies may exert estrogen deficiency-mediated immunological effects [6] or alterations
of the oral microbiome [7].

In addition, viral infections are profoundly associated with the activation of innate immunity,
followed by an acquired immune response. Recognition of single-stranded ribonucleic acid (RNA) by
toll-like captor 7/9 was a representative sensor of innate immunity in SS [8,9]. With the activation of
an innate immunity signal with an interferon-gamma (IFN-γ) signature in viruses, the subsequent
function of antigen presentation through the induction of major histocompatibility complex (MHC)
is followed by an expansion of antigen-specific autoreactive T cells. In contrast, some viruses have
a unique characteristic, i.e., a so-called in vivo ‘reactivation’ by various stimuli up to years after the
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initial infection [10]. In this review, we provide a comprehensive explanation of the roles of viruses
that cause a breakdown of immune tolerance or modulation of the immune system in the pathogenesis
of SS, and we describe the various detection analyses that have been used for these viruses. We focus
on the actions of Epstein-Barr virus (EBV) and retroviruses by comparing the effects of these viruses
in salivary glands of individuals with Sjögren’s syndrome, as well as on the epidemiological and
immunological findings.

2. Viral Infection and Autoimmune Diseases (AIDs)

2.1. Possible Mechanism Triggered by Viral Infection in AIDs

An acute or chronic viral infection is thought to play a crucial role as a triggering phase of the
immunological instability that is required for the formulation of the chronic inflammatory condition in
AIDs. As an initial step of innate immunity that involves several functions of cytotoxic T lymphocytes or
natural killer T cells, the recognition of mobilized pathogens by receptors of innate immunity is required.
Pathogen-associated molecular patterns (PAMPs) are common structures detected in pathogenic
microbes that contribute to the initiation of innate immunity [11]. In concert with the detection of
PAMPs, the concept of pattern recognition receptors (PRRs) was defined; PRRs have several molecules
including toll-like receptors (TLRs), C-type lectin receptors, nucleotide-binding oligomerization domain
(NOD)-like receptors (NLRs), and retinoic acid inducible gene-I (RIG-I)-like receptors (RLRs) [12–14].
Toll-like receptor 7 (TLR7) in particular is known to recognize single-stranded RNA viruses in exosomes
of plasmatoid dendritic cells (pDCs) followed by a MyD88-dependent activation of the nuclear factor
kappa B pathway after the assembly of tumor necrosis factor (TNF)-receptor associated factor-6 or
interferon (IFN)-regulatory factor-7 (IRF-7) [15], which are associated with the induction of type I IFNs.

In our previous study, the expression of downstream signal transduction after stimulation with the
TLR7 ligand was confirmed in the salivary glands of patients with SS and in an in vitro investigation
using cultured epithelial cells obtained from SS patients [8], and pDCs appeared to be a source of type
I IFN (including IFN-α and IFN-β). Regarding the close association between retinoic acid-inducible
gene I (RIG-I)-like family signaling and SS, Maria et al. [16] demonstrated that RIG-I and melanoma
differentiation associated gene-5 (MDA-5) were strongly expressed in mononuclear cells (MNCs) of
salivary glands from SS patients. They also demonstrated that TLR7 stimulation had the potential to
activate the signaling pathway of RIG-I-like family members in vitro. These observations suggested
that TLRs and RLRs that were stimulated in salivary gland pDCs or monocytes are closely associated
with RNA-sensing receptor-mediated innate immunity with the presentation of the type I IFN signature.

2.2. The Relationship between Autoimmune Conditions and Viral Infection

A relationship between typical AIDs and viral infection has been clarified over the past three
decades. With respect to outbreaks of type 1 diabetes mellitus, the involvement of coxsackie B virus
(an enterovirus) has been suggested, but the epidemiological evidence remains controversial regardless
of a systematic review of 26 case-control studies [17]. In contrast, in a clinical study [18] using autopsied
specimen RIG-I and MDA-5, type I IFNs were also strongly expressed in cells of enterovirus-infected
pancreas in patients with fulminant type 1 diabetes mellitus.

Regarding the relationship between pathogens and the axonal form of Guillain-Barré Syndrome
(GBS) with the appearance of antibodies against GM1 or GD1b, the involvement of Campylobacter
infection as an exposure to bacteria has been discussed [19], and the involvement of Campylobacter
toward GBS from a molecular biological perspective has been clarified. In addition, Zika virus
infections in Columbia [20] were reported to be associated with GBS accompanied by a high degree of
cranial nerve involvement or autonomic dysfunction.

Concerning connective tissue diseases, there are debates with respect to the relationship between
systemic lupus erythematosus (SLE) and some viruses [21], and the involvement of parvovirus and
EBV was discussed in serological research. It was reported that 3.9% of sera from SLE patients had a
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viral genome toward parvovirus, and among these patients, those with secondary anti-phospholipid
syndrome (APS) had antibodies against parvovirus [22], suggesting a close association between
APS-related antibody production and parvovirus. Regarding the relevance of the association between
EBV and pathogenesis in SLE, the impairment of EBV-specific CD8+T cells was reported to be associated
with the activation of B cells in SLE patients who had high EBV viral loads [23]. The involvement of
viral infection in rheumatoid arthritis (RA) has also been suspected for many years, but there is no
definitive evidence regarding this matter. In a Norwegian study [24], there were no differences between
patients with RA and healthy controls with respect to IgG antibodies against EBV and parvovirus B19
in sera.

Human T-cell leukemia virus type 1 (HTLV-1) has been vigorously investigated because HTLV-1
transgenic mice showed chronic erosive arthritis that resembled the synovitis observed in RA [25,26].
However, evidence that HTLV-1 infection directly induces typical RA has not yet been obtained in
human studies, although the expression of HTLV-1-related antigen was demonstrated in synovial
tissue obtained from RA patients [27]. Rather, there is concern regarding responsiveness to molecular
targeted drugs including biologics (such as TNF inhibitors) among HTLV-1-seropositive patients with
RA when therapeutic strategies are being considered [28,29]. No change of viral load or clonality was
observed in HTLV-1-seropositive RA patients who were treated with a TNF inhibitor [28], and the
efficacy of a TNF inhibitor was attenuated in HTLV-1-seropositive RA patients, especially in those who
were anti-citrullinated protein antibody-positive [29]. For the treatment of HTLV-1-seropositive RA
patients in endemic areas, the molecular targeted drugs’ response rates and tumorigenesis remain
serious concerns.

3. EBV Infection and Sjögren’s Syndrome

3.1. Characteristics of the Infection Mechanism in EBV

EBV is a member of the family of herpes viruses. It is a double-stranded DNA virus, and the
nomenclature of EBV is human herpes virus 4 (HHV-4). EBV was originally isolated from culture
medium of Burkitt tumor cells [30], and EBV was an etiological agent for infectious mononucleosis
or nasopharyngeal carcinoma in China [31]. Clinical issues of concern are the activation of EBV
in specific conditions; for example, the reactivation of EBV was observed in the early infection
phase of human immunodeficiency virus (HIV), and EBV reactivation within six months was
observed before HIV seroconversion [32]. The reactivation of EBV has also been frequently detected
under immunosuppressive conditions. The management of EBV reactivation in cases of stem cell
transplantation under intensive immunosuppression is a serious issue [33].

In the field of rheumatology, the involvement of EBV in methotrexate (MTX)-associated
lymphoproliferative disorder (MTX-LPD) is a considerable problem in the era of molecular-targeted
therapy for RA [34]. In addition, chronic active EBV (CAEBV) infection [35] was classified as a new
entity in the revised version of World Health Organization (WHO) criteria, in which EBV can infect
not only B cells but also T cells and natural killer cells, resulting in a poor prognosis. There is a
specific mode of infection in EBV that includes a latent and lytic infection phase during the EBV life
cycle [36]. The latent infection of EBV was usually observed in peripheral blood B cells with the
expression of latent membrane protein (LMP), which is associated with B-cell transformation [37].
In addition, the latency of EBV was categorized into four patterns (from 0 to III) based on the host cells’
condition [38] with various expression patterns of EB nuclear antigen (EBNA)1 or EB-encoding regions
(EBERs). In the latent phase, viral particles are not produced with the expression of non-structural
protein in B cells. In contrast, the latent phase was switched to the lytic phase by LMP1 that was
induced by BRLF1 [39], and once EBV had entered the lytic cycle, emitted EBV virions infected mucosal
epithelial cells of the pharynx or ductal epithelial cells of salivary glands.
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3.2. Chronological Changes in the Interpretations of EBV Infection in SS

With respect to the relationship between SS and EBV infection, our PubMed search identified
149 reports, with many conflicting results and opinions regarding SS per se and EBV-associated
hematological tumors. Representative studies about the detection of EBV in SS are listed in Table 1.

Table 1. Representative publications suggesting involvement of Epstein-Barr virus (EBV) infection in
patients with Sjögren’s syndrome.

Authors
[Ref.]

Origin Year Detection Key Points

Venables [40] UK 1985 Indirect IF
IgG antibody against EBVCA was detected in sicca

syndrome patients, RA patients,
and healthy subjects.

Fox [41] USA 1986
Immunostaining,

IB, slot
hybridization

EA-D was detected in 8 of 14 SGs and EBVDNA was
detected in 8 of 20 saliva samples from SS patients.

Yamaoka [42] Japan 1988 Indirect IF
IgG and IgM antibodies against EBV capsid antigen

and EBV excretion from the oropharynx were
observed in SS patients.

Saito [43] USA 1989 PCR The usefulness of PCR was shown, revealing viral
DNA in SG epithelial cells from SS patients.

Venables [44] UK 1989 ISH, IF,
immunostaining

EBVDNA was detected in SGs from 60% of healthy
subjects and 17% of SS patients.

Mariette [45] France 1991 ISH, PCR A combination of ISH and PCR was introduced,
showing a high positive rate in patients with SS.

Inoue [46] Japan 1991 ELISA, IB Elevated IgG antibody against EBNA antigens was
detected in sera from SS patients.

Fox [45] USA 1989 RFLP Two SS patients with B-cell lymphoma showed an
unusual RFLP pattern.

Tateishi [47] Japan 1993 FCM, PCR Massive EBV production was confirmed in an SS
PBMC-derived B-cell line.

Newkirk [48] Canada 1996 ELISA Antibodies against early EBV peptides such as
BHRF1 were detected in SS patients.

Merne [49] Finland 1996 ISH, PCR ISH detected EBVDNA in SGs from 19% of SS
patients and 3% of controls.

Inoue [50] Japan 2001 IF, RT-PCR, IB
ZEBRA mRNA in SGs from SS patients was

observed, and EBV-activated lymphocyte mediated
the production of 120-kDa alpha-fodrin.

Inoue [51] Japan 2012 Luciferase assay
With the use of saliva from SS patients, dioxin

augmented the transcription of BZLF1that
stimulated conversion to the lytic phase in EBV.

Pasoto [52] Brazil 2013 ELISA Frequent anti-EA-D antibodies were observed in
SS patients.

Croia [53] UK 2014 RT-PCR, ISH,
immunostaining

Affinity of lytic phase EBV toward PCs in ELS was
shown. Perifollicular PCs showed reactivity

toward Ro52.

EA-D: EBV-encoded early antigen, ELS: ectopic lymphoid structure, FCM: flow cytometry, IF: immunofluorescence,
IB: immunoblot, ISH: in situ hybridization, PBMC: peripheral blood mononuclear cell, PCR: polymerase chain
reaction, PC: plasma cell, RA: rheumatoid arthritis, RFLP: restriction fragment length polymorphism, RT: reverse
transcription, SG: salivary gland.

A first definitive study [40] regarding EBV in Sjögren’s syndrome was conducted in 41 patients
with RA; IgG antibody against EBV capsid antigen (EBVCA) was detected in all 41 RA patients,
26 patients with sicca syndrome, and 26 healthy subjects. Subsequently, Fox et al. [41] reported that
EBV DNA revealed by slot hybridization was detected in 8 of 20 parotid saliva samples from SS
patients, whereas EBV DNA was not detected in saliva from control subjects. Fox et al. also reported
positive cytoplasmic staining of EBV-encoded early antigen (EA-D) in 8 of 14 salivary gland samples
from SS patients. Whittingham et al. [54] hypothesized that EBV is an etiological agent of SS (especially
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for early-stage SS) in light of their observation of the binding of anti-La/SS-B antibody to viral RNAs or
molecules encoded by EBV.

It was reported that, compared to control subjects, the titer of anti-ENBA antibodies but not that of
anti-cytomegalovirus (CMV) antibodies was higher in sera from SS patients, and anti-EBNA antibodies
were dominantly detected in anti-La/SS-B antibody-positive patients with SS [55]. Venables et al.
subsequently reported that EBV DNA was present in the salivary gland biopsy specimen of 6 of 10
control subjects (60%) compared to 17% in the salivary gland biopsy specimens of SS patients [44].
They also detected EBV DNA in the salivary glands of five control subjects without HLA-class II
antigen, suggesting that EBV infection was not specific for SS. With respect to the tumorigenicity of
EBV, Fox et al. used a restriction fragment length polymorphism technique and reported that EBV or
HHV-6 was associated with the onset of lymphomas [56]. In a study applying probes for both EBV and
HHV-6 in cultured salivary gland epithelial cells (SGECs), only HHV-6 was detected, but HHV-6 was
not related to SS [46].

Because benign lymphoepithelial lesions (BLELs) are unique pathological features in SS,
Di Giuseppe et al. examined the involvement of EBV in BLELs [57]: they detected no EBER1
expression in salivary glands from SS patients and suggested that there is no involvement of latent EBV
infection in SS. Regarding the relationship between CMV and EBV, their DNA in labial salivary glands
(LSGs) from SS patients and subjects with non-specific sialadenitis was examined by polymerase
chain reaction (PCR), which revealed no significant difference between the two patient groups [58].
Di Giuseppe et al. also contended that the persistence of these two viruses after the initial infection in
LSGs was reasonable, but a direct involvement of EBV in the pathogenesis of SS was not suggested
by their findings. Other investigators detected EBV DNA by in situ hybridization (ISH) and PCR in
19% of their SS patients versus 3% of the control subjects [49]. In contrast, EBV LMP was identified in
17% of their SS patients and 22% of the control subjects, indicating that the involvement of EBV can be
influenced by the presence of undetermined factors.

Regarding the involvement of EBV in the pathogenesis of lymphomas, Royer et al. examined the
occurrence of non-Hodgkin’s lymphoma (NHL) and they identified cases with low-grade marginal
zone lymphoma (MZL) and mucosa-associated lymphoid tissue (MALT) lymphoma; however, no
obvious association between these SS and EBV infection was observed based on the presence of LMP
proteins and EBER RNA [59]. In addition, the clinical implications of EBV in relation to the frequency
of the detection of EBV DNA and related proteins have not been established. Regarding the association
between the disease activity of SS and EBV infection, it was first demonstrated that significant levels of
anti-EA-D antibodies were present in SS patients with articular manifestations described by items of the
EULAR Sjögren’s Syndrome Disease Activity Index (ESSDAI) [52]. Croia et al. took ectopic lymphoid
structures (ELSs) into account, considering the selectivity of active EBV infection in SS as described
below in the Pathogenesis section (Section 3.4) [53]. Regarding lymphoma observed in SS, it was
demonstrated that among 382 patients with SS, 2.6% (n = 10) were diagnosed with EBV-associated
follicular lymphoma, and 8 of these 10 patients showed a positive expression of LMP1 [60].

3.3. The Reactivation and Detection of EBV in SS

The word ‘reactivation’ in SS was first used in the 1980s by researchers examining the reactivity
of monoclonal antibodies against EBV in salivary glands of individuals with SS [61,62]. Since then,
the interpretation of the concept of reactivation has changed, as have the techniques for detecting
EBV DNA and proteins. Saito et al. [55] demonstrated the usefulness of a PCR method to detect and
monitor EBV DNA in salivary gland epithelial cells and peripheral blood. They also highlighted the
importance of the rapid detection of EBV reactivation under immunosuppressive conditions and in
lymphoproliferative disorders. Mariette et al. [56] introduced a combination of ISH using BamH1-W
fragment and PCR reaction to detect EBV DNA in salivary glands from SS patients and control subjects.
They observed positivity predominantly in the specimens from the SS patients, but they reported
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that there was no evidence to show that EBV infection was directly involved in the destruction of the
glandular structure.

ISH was later used to detect EBV-specific DNA in patients with secondary SS in which epithelial cells
positive for EBV DNA were observed around areas with salivary gland destruction or lymphoepithelial
lesions [63]. By using an enzyme-linked immunosorbent assay (ELISA) and a western blot analysis,
Inoue et al. then observed high IgG antibody titers against EBNA antigens in sera from SS patients
compared to sera from normal subjects [46]. With respect to the reactivation of EBV, Saito et al. used
reverse transcriptase PCR coupled with PCR and immunohistochemistry (IHC), which revealed a
strong expression of thioredoxin (TRX) in infiltrating B cells and epithelial cells in salivary glands from
most of their SS patients [64]. In addition, an anatomical association between TRX and EBV as well as
the co-expression of TRX message and EBV DNA were confirmed. In an in vitro experiment by those
authors, B-cell lines that were infected with EBV frequently expressed TRX. These findings were the
first to suggest the usefulness of detecting factors of EBV reactivation.

Regarding a link between tumorigenesis and EBV reactivation, increased reactivity was
demonstrated toward EBV EA proteins such as BHRF1 (which is a viral homologue of Bcl-2 in
rheumatic diseases including SS) [48]. A clear and frequent expression of interleukin (IL)-12 in
infiltrating B cells and salivary gland tissue of SS patients was shown to correspond to EBV DNA [65],
suggesting a relationship between EBV reactivation and Th1 cytokine. The involvement of the aryl
hydrocarbon receptor (AhR, which binds to 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin, or TCDD) in the
reactivation of EBV was also reported [51]; that research group demonstrated an enhancement of
BZLF1 transcription that mediated the switch to the lytic form, as well as a BZLF1 message and EBV
DNA due to TCDD. These findings suggest that the ligation of AhR had the potential to induce the
reactivation of EBV in both B cells and salivary epithelial cells.

3.4. EBV-Mediated Pathogenesis Observed in SS

Immunological and virological considerations have shaped the perspective on the involvement of
EBV in the pathogenesis of Sjögren’s syndrome. Yamaoka et al. reported an increase in the proportion
of polyclonal B cells in accord with the elevation of antiviral capsid antigen in SS [54]. Different
findings were obtained by using a fusion protein (C28k) and synthetic peptides in an ELISA: there
was no significant difference in the level of IgG antibodies in SS patients and healthy controls [66].
A counter-argument regarding these findings could be offered based on the differences in antigenic
epitopes or the isolation of EBV from SS patients with additional in vitro observations.

Regarding the hypothesis of the direct involvement of EBV in SS, positive reactivity to EBV-related
nucleo-cytoplasmic antigen was reported in 24 patients with SS, although the reactivity data differed
between immunofluorescence and immunoblot analyses [67]. Correlations between aqueous tear
deficiency and an elevated titer of EBV antigens as well as between SS and human leukocyte antigen
(HLA)-DR+ CD8 lymphocytes were observed in lacrimal glands (LGs) [68], suggesting the presence of
acquired immunological dysfunction in SS. With respect to the direct involvement of EBV in B-cell
immunity, the production of EBV from a B-cell line that was newly established from peripheral blood
mononuclear cells of patients with SS was demonstrated [47,69].

Alpha-fodrin was indicated as a possible autoantigen for SS [70], and Inoue et al. revealed that
lymphoid cells that were reactivated by EBV had the potential to cleave alpha-fodrin as a 120-kDa
fragment [50]. ZEBRA mRNA was shown to be a marker of the activation of the lytic cycle [71]. These
findings showed novel functions that involved an apoptotic protease capability of reactivated EBV
as an integrated concept in the pathogenesis of SS. Notably, the production of alpha-fodrin cleaved
by EBV might be associated with antigen presentation, because 120-kDa alpha-fodrin was detected
in sera from SS patients [70]; it may thus be involved in the pathogenesis of SS. A study regarding
saliva as a soluble factor for EBV reactivation demonstrated that BZLF1 promotor was also activated in
saliva under the presence of transforming growth factor-beta 1 (TGF-β1) induced by mitogen-activated
protein kinase [72].
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In the most recent development regarding the pathogenesis of SS, Croia et al. demonstrated
SS-specific B-cell reactivation by EBV in their examination of ectopic lymphoid structures (ELSs) [53].
Although ELSs, which are an ectopic germinal center (GC) are known as a locus for B-cell activation and
subsequent autoantibody production (as well as posing a risk for the development of lymphoma) [73,74],
the affinity of EBV toward ELSs is a unique and crucial point. Croia et al. [53] described the following
six important observations: (1) Lytic EBV infection was exclusively present in ELSs of salivary glands
from patients with SS. (2) CD20+ B cells and CD138+ plasma cells around ELSs expressed EBER.
(3) The expression of epithelial LMP was observed in both SS and nonspecific sialadenitis. (4) An
antigen expressed during the lytic cycle, BFRF-positive CD138+ plasma cells that EBV lytically infected
around ELSs, displayed Ro52. (5) SCID mice that received transplants of SS salivary gland tissue
containing ELSs exhibited the ability to produce anti-Ro52/SS-A and anti-La/SS-B antibodies. (6) EBV
that had increased affinity to ELSs in SS salivary glands was closely associated with impaired CD8+

T-cell cytotoxicity. These observations clearly demonstrated that the lytic phase of EBV has affinity to
both ELSs and plasma cells with the capability to produce SS-specific autoantibodies.

4. HTLV-1 Infection and SS

4.1. Retrovirus Infection (Other Than HTLV-1 Infection) and SS

Representative studies on the involvement of retroviruses in SS are listed in Table 2.

Table 2. Representative publications suggesting involvement of retroviruses (other than HTLV-1) with
Sjögren’s syndrome.

Author
[Ref. No]

Origin Year Findings

Schiødt [75] USA 1989
9 patients with HIV-SGD showed parotid gland enlargement and 11 patients

with xerostomia. CD8 T cells showed in LSGs. No EBV and CMV
was detected.

Garry [76] USA 1990 Particles of human intracisternal A-type retrovirus that were similar to HIV
were observed in LSGs of SS patients.

Talal [77,78] USA 1990 Antibodies against HIV-1 were detected in 30% of SS patients and 1 among
120 normal subjects. Seropositive SS patients reacted p24 (gag) only.

Itescu [79] USA 1990
Among 17 HIV patients showed, 14 patients had xerostomia and 11 patients

had abnormal Gallium uptake. CD8 cells in LSGs and HLA-DR5 were
associated with these patients.

Itescu [80] USA 1991
Concept of diffuse infiltrative lymphocytosis syndrome (DILS) in patients

with HIV was released. CD8 T cell infiltration and involvement of exocrine
glands and other tissues were shown.

Dwyer [81] USA 1993
Sharing of the sequences of 59 beta-chains in 5 DILS patients was shown.

Additionally, appearance of certain common V beta and J beta gene segments
was found. Usage of TCR beta chains was different from primary SS patients.

Kordossis [82] Greece 1998

The prevalence of SLS in HIV-1-positive patients was 7.79%, in which 6 out of
14 patients showed sialadenitis with CD8 T cell dominancy. These patients

had no anti-Ro/SS-A and La/SS-B antibodies but had
hypergammaglobulinemia.

Williams [83] USA 1998
Among 523 patients with HIV, 15 patients (3%) showed DILS with racial

differences. DILS patients had high CD8 counts and clinical stage of DILS
patients was less than non-DILS patients.

Yamano S [84] Japan 1997

Sera from 33% SS patients reacted against p24 (gag) and LSGs from 47% SS
patients reacted against anti-p24 monoclonal antibody. Additionally,

A-type-like retroviral particles were detected by electron microscopy in LSGs
from SS patients.
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Table 2. Cont.

Author
[Ref. No]

Origin Year Findings

Rigby [85] UK 1997
By nested PCR, 1 non-SS patient and 1 secondary SS patient showed positive
for human retrovirus-5 (HRV-5) among 92 samples. Three different sequences

of HRV-5 were 98% identical to originally detected sequence.

Panayiotakopoulos [86] Greece 2001

Reduced prevalence of SLS after introduction of the highly active
anti-retroviral therapy (HAART) was detected with only 2 positive findings
among 17 SGs biopsy. Prevalence of 7.8% in pre-HAART period disappeared

after execution of HAART.

CMV: cytomegalovirus, ELS; ectopic lymphoid structures, HIV: human immunodeficiency, HRV: human retrovirus,
PCR; polymerase chain reaction, SGD: salivary gland disease, SGs; salivary glands, SLS: Sjögren’s-like syndrome,
TCR: T cell receptor.

The possibility of retrovirus infections other than HTLV-1 infection in individuals with SS was a
research focus in the early 1990s. In 1989 it was reported that patients with HIV-associated salivary gland
disease (HIV-SGD) showed a high frequency of parotid enlargement, sicca symptoms, and a low CD4/8
ratio in LSG biopsy specimens [75]. Interestingly, no anti-Ro/SS-A or La/SS-B antibodies were detected
in the enrolled patients. Garry and colleagues described a human intracisternal A-type retroviral
particle that was closely associated with HIV which they detected in lymphoid cells that were exposed
to homogenates of salivary gland tissue from SS patients [76]. In investigations of the presence of serum
antibodies of retrovirus, sera from 30% of healthy subjects had positive reactivity toward p24 (gag) but
not gp41 or gp120 (env), with low reactivity to Ro/SS-A and La/SS-B [77,78]. Itescu et al. reported cases
of HIV-positive patients demonstrating parotid enlargement, sicca symptoms, and CD8 T-lymphocyte
dominance with HLA-DR5 [79], and the term ‘diffuse infiltrative lymphocytosis syndrome (DILS)’ was
proposed [80].

The diagnostic criteria of DILS are as follows: (1) HIV infection with positive serology, (2) bilateral
salivary gland enlargement or xerostomia, (3) persistence of signs or symptoms for ≥6 months,
and (4) histologic confirmation of salivary or lacrimal gland lymphocytic infiltration without
granulomatosis or neoplastic involvement. All four of these criteria must be met for the diagnosis
of DILS. A difference in the T-cell receptor (TCR) beta-chains was also revealed between SS patients
and subjects with DILS [81]. In a cohort study in Greece, SS-like syndrome (SLS) was confirmed in
7.79% of HIV-positive subjects, in whom CD8+ T cell-dominant infiltration was observed in salivary
gland biopsy specimens without anti-Ro/SS-A, La/SS-B antibody [82]. An assessment of the prevalence
of DILS at an HIV outpatient clinic in the U.S. revealed that 3% of the HIV-seropositive patients
(15/523) had DILS with enlargement of the parotid gland and sicca symptoms [83]. In their study of
HIV-associated antigen, Yamano et al. observed that 33% of the sera and 47% of the salivary gland
specimens from SS patients reacted with p24 (gag) of HIV, although target genes for HIV were not
detected in either type of samples from SS patients [84]. Their findings suggest the involvement not of
HIV but of an unknown retrovirus in SS.

The presence of human retrovirus-5 (HRV-5) in salivary glands was examined by nested PCR
in 55 SS patients and 37 non-SS subjects, and no association of HRV-5 with SS was observed [85].
The estimated prevalence of SLS among 131 HIV patients under an intensive anti-retroviral strategy,
i.e., highly active anti-retroviral therapy (HAART), was 7.8% [86]. As of 2020, the number of publications
concerning a relationship between SS and HIV has decreased, probably because of the development
of HAART and the 2002 description of HIV infection as well as hepatitis C infection in the exclusion
criteria in the classification of SS provided by the American-European Consensus Group (AECG) [87].

4.2. Clinical and Epidemiological Findings of HTLV-1 Infection in SS

In parallel with investigations of involvement of the HIV in Sjögren’s syndrome, the engagement of
HTLV-1 in SS has been researched. In this section, we summarize the clinical and epidemiological studies
of the association between HTLV-1 infection and SS. HTLV-1, a member of the type C delta-retrovirus
family [88], is a causative agent of adult T-cell leukemia (ATL), which is a hematological neoplastic
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disorder first described by Takatsuki et al. in 1977 [89]. After HTLV-1 was recognized as causative virus
for ATL, the whole base sequence [90] and the function of Tax protein [91] were determined. HTLV-1
is also a causative agent for the tropical spastic paraparesis/HTLV-1-associated myelopathy (HAM)
identified in the Caribbean basin and the southeast area of Japan; patients with HAM exhibit slowly
progressive neurological symptoms such as spastic gait and bladder and rectal disturbance [92,93].
HTLV-1-associated uveitis [94] is also observed in HTLV-1 carriers, and the frequent complication of
Grave’s disease is reported [95]. Broncho-alveolitis is an example of organ involvement in HTLV-1
infection as a pulmonary complication [96]. As transmission pathways of HTLV-1, maternal infection
with various levels of HTLV-1 proviral DNA during pregnancy was reported [97]. Representative
publications about the detection of genes and proteins in HTLV-1-associated SS are listed in Table 3.

Table 3. Detection of HTLV-1-related genes and proteins in sera or SGs from patients with
Sjögren’s syndrome.

Authors
[Ref.]

Origin Year Detection Key Points

Green [98] USA 1989 IB, IHC Tax protein expression was detected in SGs and muscle of tax
transgenic mice as a first mouse model of SS.

Shattles [99] UK 1992 Indirect IF HTLV-1 p19 was detected in 31% of epithelial cytoplasm of SS
patients by using a monoclonal antibody specific for retrovirus.

Mariette [100] France 1993 ISH, PCR tax gene only was detected in 2/9 LSGs from SS patients,
although these patients did not react to anti-HTLV-1 antibodies.

Sumida [101] Japan 1994 RT-PCR tax gene only was detected in 4 of 14 LSGs from Japanese SS
patients. The pXIV region sequence had homology to MT-2 cells.

Terada [102] Japan 1994 IB, PCR
Salivary IgA antibodies to SS patients with anti-HTLV-1
antibody and high prevalence of HTLV-1 in SS patients

were observed.

Yamazaki [103] Japan 1997 RT-PCR Transgenic rats with env-pX gene showed chronic sialadenitis as
well as arthritis, vasculitis, and polymyositis.

Ohyama [104] Japan 1998 PCR, in situ PCR
hybridization

Extracted DNA from HTLV-1 seropositive SS contained full
proviral DNA. Infiltrating T cells had proviral DNA in

the nucleus.

Tangy [105] France 1999 PCR, ISH Expression of tax was observed in SGs of HTLV-1-seropositive
SS and HTLV-1-seronegative SS patients and sicca subjects.

Sasaki [106] Japan 2000
PCR, SSCP,

sequencing of
cDNA

Use of TCR Vβ5.2, 6, and 7 in LSGs from HTLV-1-seropositive
SS patients. Vβ7 with conserved AA motif was observed in

these patients.

Mariette [107] France 2000 PCR tax gene was detected in LSGs from 30% of SS patients, 28% of
patients with inflammatory diseases, and 4% of healthy subjects.

Lee [108] Korea 2012 PCR, nested PCR,
IHC

tax gene but not pX, p19 or pol was observed in PBMCs from
3.8% of SS patients. p19 and Tax were expressed in LSGs.

Nakamura [109] Japan 2015 In situ PCR, IF Expressions of proviral DNA, Gag, and chemokines were
observed on SGECs co-cultured with a HTLV-1-positive cell line.

Nakamura [110] Japan 2018 Real-time PCR,
ISH, IHC

In LSGs of HAM-SS, dominant tax and HBZ was observed with
the expression of Foxp3 in LSGs from HAM-SS and

ATL patients.

Nakamura [111] Japan 2019 IF, EM
A biofilm-like structure but not virus synapses was involved in
the transmission of HTLV-1 virions from HTLV-1-positive cells

to SGECs.

AA: amino acid, EM: electron microscopy, HAM: HTLV-1-associated myelopathy, IF: immunofluorescence,
IB: immunoblot, IHC: immunohistochemistry, ISH: in situ hybridization, LSG: labial salivary gland, PBMC: peripheral
blood mononuclear cell, PCR: polymerase chain reaction, RA: rheumatoid arthritis, RT: reverse transcription,
SG: salivary gland, SGEC: salivary gland epithelial cell, SSCP: single-strand confirmation polymorphism, TCR;
T-cell receptor.

Although several case reports regarding SS associated with HTLV-1 infection are available,
it was initially reported that HTLV-1 carriers with SS showed high frequencies of extra-glandular
manifestations including uveitis and myopathy [112]. It was subsequently demonstrated that in
Nagasaki, Japan (an endemic area for HTLV-1), the prevalence of HTLV-1 in SS patients was significantly
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higher than that of 27,284 blood donors [113]. In addition, a serum antibody toward HTLV-1 in
HTLV-1-seropositive SS patients was similar to that from patients with HTLV-1-associated myelopathy
(HAM). In a study conducted in Chile, among 48 patients with HAM, 29.1% of the patients who
lacked autoantibodies including anti-Ro/SS-A antibody or rheumatoid factor (RF) showed chronic
dacryosialadenitis without being classified as having SS [110]. We observed that 60% of a series of
HAM patients fulfilled the preliminary European Community criteria for SS with positive mononuclear
cell infiltration in LSGs [114], and these HAM patients with SS showed low frequencies of anti-Ro/SS-A
antibody, anti-nuclear antibody, and RF compared to those observed in typical SS.

The high prevalence of SS in HAM patients was also observed in a later investigation in which
chronic sialadenitis and exocrine dysfunction were detected by Saxon test and Schirmer’s test,
respectively [115]. Magnetic resonance imaging (MRI) revealed that 92% of HAM patients with SS
lacked typical characteristics usually found in SS, although the salivary flow rate of these patients was
similar to that of SS patients without HAM [99]. We subsequently documented a low frequency of
abnormal findings in HTLV-1-seropositive patients with SS compared to those of HTLV-1-seronegative
patients with SS [100], although the aforementioned MRI findings showed much clearer imaging
differences than those in sialography. The relationship between abnormality in such images and the
pathogenesis of SS is discussed later in this review. With reference to our previous study [88] that
showed a high frequency of myopathy in HTLV-1-seropositive SS, Cruz et al. [101] noted that their
study conducted in Brazil revealed that 38% of HTLV-1-seropositve subjects had fibromyalgia, and their
HTLV-1-seropositive subjects had a high prevalence of rheumatic diseases. We found that among
atomic-bomb survivors in Japan, the prevalence of HTLV-1 infection in SS patients was higher than
that in non-SS subjects [102].

We also re-evaluated the complications of SS experienced by patients with HAM 18 years after we
reported the association [116], because the classification criteria were revised as AECG criteria [87] and
the aging of HTLV-1-seropositive subjects with the changes in the composition of the population in
Japan was established [117,118]. As a result, 38.5% of our patients with HAM were classified as having
SS based on the AECG criteria, and the prevalence of anti-Ro/SS-A antibody was significantly lower than
that in HTLV-1 carriers complicated with SS. A cross-sectional study performed in Brazil demonstrated
that in a group of 272 HTLV-1-seropositive participants at an HTLV-1 clinic, 59 (21.7%) patients (none of
whom had HAM) showed sicca symptoms without anti-Ro/SS-A, La/SS-B antibodies [119]. That study
also revealed that proinflammatory cytokines were elevated in HTLV-1-seropositive subjects with sicca
symptoms regardless of the presence/absence of SS, suggesting that HTLV-1 itself has the potential to
induce nonspecific inflammation in salivary glands regardless of the presence of autoimmune disease.

Vale et al. [104] examined the association between HTLV-1 infection and the presence of SS in 129
HTLV-1-seropositive subjects in Brazil; they observed xerostomia and xerophthalmia in 35.7% and
13.95% of the subjects, respectively. In contrast, these HTLV-1-seropositive subjects showed only 0.77%
anti-La/SS-B antibody. Regarding pulmonary involvement in SS, we detected an increased frequency of
airway diseases in HTLV-1-seropositive SS patients [120], indicating an influence of HTLV-1 infection
as a systemic manifestation.

4.3. The Detection of HTLV-1 Genes and Proteins in SGs in SS

Similar to the involvement of EBV in SS, the infection of salivary glands by HTLV-1 has also
been debated. In 1992, it was reported that the expression of HTLV-1 p19 (a member of the family of
gag antigens) was observed in SGECs from 31% of SS patients, 24% of RA patients with SS, and 21%
of patients with sicca [105], suggesting the possibility of the presence of an endogenous retrovirus
other than the human endogenous retroviral sequence (HRES-1). Mariette et al. [106] reported that
tax gene (but not gag, pol, env) was detected by both ISH and PCR in labial salivary glands of two
of nine patients with SS. They also observed the localization of tax in the nuclei of both SGECs and
lymphocytes. Sumida et al. [107] later described similar findings with the positive expression of tax
gene in labial salivary glands from Japanese patients with SS, and they reported that the nucleotide
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sequence of the pX region in labial salivary glands was completely identical to that of the MT-2 cell
line, suggesting that the findings of these two studies [106,107] support the concept that at least tax
gene might be involved in the pathogenesis of SS.

In an aforementioned study conducted in Nagasaki [113], the serum titers of anti-HTLV-1 antibody
in patients with HTLV-1-seropositive SS was as high as that in HAM patients, and IgM-class antibodies
were frequently detected in the former group. Interestingly, salivary IgA antibodies to HTLV-1
were observed in HTLV-1-seropositive SS patients although a low frequency of these antibodies
was observed in the HAM patients and healthy carriers. Four responses to that study [113] arose
from France and Austria [108], in which there were similar observations regarding the detection of
these antibodies with additional observations in HTLV-1-seropositive SS patients. In these responses,
the involvement of tax gene and the local synthesis of IgA class anti-HTLV-1 antibody in saliva was
discussed. In contrast, a study of salivary glands from 49 patients with SS in Great Britain demonstrated
no tax expression unlike that of ERV-3, an endogenous human retrovirus [110], suggesting differences
in regional characteristics between endemic and non-endemic areas as well as the possibility of
PCR contamination.

With respect to HTLV-1-seropositive patients with SS, an investigation using an in situ PCR
technique detected HTLV-1 proviral DNA in infiltrating MNCs but not salivary gland epithelial
cells of these patients [121]. In contrast, we detected tax gene in 18% of the salivary glands of
HTLV-1-seronegative SS patients by nested PCR [122], suggesting that the involvement of HTLV-1
in HTLV-1-seronegative patients might be limited because the viral load in salivary glands from
HTLV-1-seronegative SS patients was much lower than that from HTLV-1-seropositive patients.
A study conducted in France and using ISH detected HTLV-1 RNA in both salivary gland epithelial
cells and lymphoid cells of HTLV-1-seronegative SS patients, although tax gene was expressed in
LSGs from these patients [123]. Sasaki et al. later described the presence of TCR Vbeta gene in
infiltrating lymphocytes of salivary glands from HTLV-1-seropositive SS patients, in which specific
T cells with Vbeta5.2, 6, and 7 were used, indicating the involvement of an HTLV-1-driven T-cell
activation in SS [124].

As for other inflammatory conditions, Mariette et al. examined the expression of tax gene in LSGs
from SS patients and patients with chronic inflammatory diseases [125]. They detected tax gene in 30%
of the SS patients and 28% of the non-SS patients. These results suggested that HTLV-1 may contribute
to the development of chronic inflammation regardless of the presence/absence of SS. Although the
number of publications concerning HTLV-1-related genes in the salivary glands of individuals with
SS has decreased since 2000, a 2012 report from Korea noted that tax gene was detected in 3.8% of
a series of SS patients, and HTLV-1 p19 or Tax protein was revealed by IHC in LSGs from >40% of
the SS patients [126]. With regard to HTLV-1 genes other than the previously reported genes, we
examined the expressions of HTLV-1 bZIP factor (HBZ) and tax gene by ISH, which showed that both
genes expressed in infiltrating MNCs and SGECs from HAM-SS patients and a patient with adult
T-cell leukemia (ATL), although the expression of tax gene was dominant in MNCs of the HAM-SS
patients [127] (Figure 1A,B).

HBZ gene, which is encoded by a minus strand of the HTLV-1 provirus, is known to induce
chronic inflammation in ATL through the expression of Foxp3, and it was suggested that the expression
of HBZ has the potential to induce Foxp3 gene transcription in CD4+ T cells from HBZ transgenic
mice [111,128]. In accord with these experimental observations, we also observed a high expression of
Foxp3 in salivary gland tissue from a patient with ATL and patients with HAM-SS. The involvement
of HBZ gene in HTLV-1-seropositive SS patients was newly considered after the observed outbreak of
chronic inflammation in this population.
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Figure 1. The expression of tax/HBZ and HTLV-1 virions in salivary glands (SGs) of patients with
Sjögren’s syndrome (SS). (A) Massive lymphocytic infiltration was by hematoxylin-eosin staining in a
labial salivary gland from a patient with sicca symptoms and adult T-cell leukemia (ATL). The expression
of tax/HTLV-1 bZIP factor (HBZ) in SGs from a patient with ATL (B) and patients with HTLV-1-associated
myelopathy complicated with SS (C), examined by in situ hybridization. A dominant expression of
HBZ (green) was observed in the ATL SGs in both infiltrating mononuclear cells (MNCs) and ducts (B).
In contrast, a dominant expression of tax (red) was observed in MNCs of salivary glands from patients
with HAM-SS (C). Electron microscopy (D) revealed the existence of HTLV-1 virions (arrowheads)
at the contact face between HCT-5 cells (an HTLV-1-infected cell line) and salivary gland epithelial
cells (SGECs).

4.4. The Mode of HTLV-1 Infection in SS Salivary Glands

As a potential mechanism of HTLV-1 transmission to salivary glands, a brief discussion of the
concept of HTLV-1 transmission between lymphocytes is presented next. Generally, an efficient
HTLV-1 infection requires cell-to-cell contact [98]; cell-free viral transmission is insufficient. HTLV-1
preferentially infects CD4+ T cells but has shown a low frequency of infection of CD8+ T cells.
Two theories and an additional proposal have been published with regard to the cell-to-cell transmission
of HTLV-1 virions. Igakura et al. proposed a concept that they named the ‘viral synapse’ which
consists of an assembly of HTLV-1 gag protein complex and viral genomes at the microtube-organizing
center, with a polarized contact surface between HTLV-1-infected and uninfected cells [103]. Another
theory was proposed by Pais-Correia and colleagues, who demonstrated that extracellular matrix and
linker structures including collagen, agrin, tetherin, and galectin-3 are involved in the delivery of the
HTLV-1 viral particles at the contact surface [129,130]. In this system, a biofilm-like viral assembly
with extracellular components on the HTLV-1-infected CD4+ T cell contacts an uninfected CD4+ T cell,
resulting in the transmission of virions by cell-to-cell contact.

As an additional system to convey HTLV-1 virions from infected to uninfected CD4+ T cells,
the concept of a cellular conduit was described by Van Prooyen et al. [131]. They showed that cellular
conduits that expressed HTLV-1 p8 protein with an accumulation of lymphocyte function-associated
antigen (LFA-1) acted as an intermediary with respect to the transmission of HTLV-1 virions. This novel
concept was introduced as a third pathway for the transmission of HTLV-1 virions in concert with
the function of p8 accessory protein [132]. In coming to detection of the initial dynamic state of
HTLV-1 infection of salivary glands, we investigated the involvement of these three pathways in an
in vitro study as a single publication [133] by using an HTLV-1-infected cell line, HCT-5. Although
agrin, tetherin, and galectin-3 were expressed on the surface of HCT-5 cells, agrin and tetherin were
observed with HTLV-1 Gag-positive particles on cultured SGECs after a co-culture with HCT-5 cells
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(Figure 1C). We observed no formation of virological synapses between HCT-5 cells and SGECS,
although an immunofluorescence analysis suggested the possibility of the involvement of a cellular
conduit (Figure 2).

Figure 2. A hypothetical scheme of the initial transmission of HTLV-1 virions. HTLV-1 virions exist
with extracellular matrix proteins or linker proteins including galectin-3, agrin, and tetherin. After the
initial contact of HCT-5 cells with SGECs, HTLV-1 virions are Table 1. virions by the extension of a long
structure that is stretched from the surface of HCT-5 cells.

The handing over of HTLV-1 virions between HTLV-1-infected cells and SGECs was confirmed by
electron microscopy, although we found no endogenous virions on SGECs after a co-culture with an
uninfected T-cell line.

4.5. Immunological Modulation of HTLV-1 Infection in SS

The association between the pathogenesis of SS and HTLV-1 infection has been addressed with
experimental approaches including in vitro studies, animal studies, and studies with human tissue
samples including salivary gland tissue. As a catalyst of experimental studies, Green et al. developed
HTLV-1 tax gene transgenic (Tg) mice [134]. Interestingly, the tax Tg mice showed human SS-like
pathology including cellular infiltration as well as a proliferation of ductal epithelial cells. It was
also demonstrated that the introduction of env-pX gene to Wistar-King-Aptekman-Hokudai (WKAH)
rats induced human SS-like characteristics such as chronic sialadenitis and dacryoadenitis as well
as arthritis, necrotizing arteritis, polymyositis, myocarditis and dermatitis with elevated RF [135].
These characteristics in env-pX rats showed a direct involvement of HTLV-1 infection in the induction
of autoimmunity.

Concerning the involvement of HTLV-1 infection in WKAH rats, Yoshiki et al. showed that
one of their WKAH rats that possessed the RT1k haplotype presented neurological symptoms
resembling HAM [136], suggesting that differences in the HTLV-1 haplotype might influence the
clinical phenotypes. With respect to the involvement of HTLV-1 in apoptosis, we examined the frequency
of terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining [137]
and Fas/Fas ligand (FasL) [138,139] staining of HTLV-1-seropositive and -seronegative SS patients
because Fas/FasL system-mediated apoptosis has been shown to play a role in the pathogenesis of many
autoimmune diseases [140]. Although we observed a low frequency of TUNEL-positive apoptosis in
both SGECs and infiltrating MNCs, there was no significant between-cell type difference regardless of
the presence/absence of anti-HTLV-1 antibody.

In our study of the involvement of anti-apoptotic molecules in HTLV-1-seropositive SS patients,
we investigated the expression of Bcl-2 family proteins in PBMCs and LSGs from SS patients [141],
because HTLV-1-mediated bcl-2 family proteins inhibited the apoptosis of T-cell lines including JPX-9
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cells (a subline of Jurkat human T cells) and a mouse T-cell line (CTLL-2) through the activation of
nuclear factor kappa B [142,143]. We observed, that compared to the Bax expression in the LSGs and
PBMCs, there was a dominant expression of Bcl-2 as well as CD40/CD40 ligand in the LSGs regardless
of HTLV-1 infection.

We subsequently detected members of the mitogen-activated protein kinase (MAPK)
superfamily [144] including c-Jun N-terminal kinase and p38 that were accompanied by CD40
or X-chromosome-linked inhibitor of apoptosis protein (XIAP) [145] in salivary gland tissue from SS
patients, but the differences in expression of XIAP were not determined by HTLV-1 infection. We then
focused on the characteristics of the imaging of glands from HTLV-1-seropositive SS patients [100,101]
and germinal centers (GCs) because it is known that GCs are a specific site for B-cell activation
and selection [146,147]. Notably, Amft et al. showed that lymphoid tissue-homing chemokine B
cell-attracting chemokine (BCA-1, also known as C-X-C motif chemokine ligand 13, or CXCL13) was
specifically expressed in the GC structure and endothelial cells in salivary glands from SS patients.
CXCL13 had the effect of specifically attracting human B cells that expressed BLR1, which was later
named CXCR5 [109]. We observed a low number of GCs as well as a low expression of CXCL13 in
HTLV-1-seropositive SS cases, and the HAM-SS cases in particular lacked GC formation, suggesting
that HTLV-1 infection might inhibit the formation of GCs and the subsequent selection of high-affinity
B cells that develop into plasma cells.

Concerning chronic lymphocytic infiltration in salivary glands without specific autoantibodies in
SS, the DILS observed in salivary glands of individuals affected by HIV with the infiltration of CD8+ T
cells [148] is a reminder that the dominant infiltration of CD4+ T cells in the salivary glands of HAM-SS
patients with hypergammaglobulinemia resembles that observed in DILS. In addition, we treated an ATL
patient with bilateral parotid gland enlargement, xerostomia, and xerophthalmia [149], and although
this patient showed a massive infiltration of CD4+ T cell-dominant lymphocytes, antibodies against
Ro/SS-A, La/SS-B were negative. There are differences in the phenotypes of infiltrating T cells, but the
existence of DILS in HIV-positive patients and a patient with ATL suggests the possibility that a
massive infiltration of T cells with sicca symptoms would fulfill the classification criteria of SS [87,150].

Lastly, we discuss the immunological alterations observed in that area after the integration of
HTLV-1 into host non-lymphoid cells including SGECs. HTLV-1 infection confirmed by semiquantitative
PCR or ELISA was observed in 2.6% of retinal glial cells along with the production of inflammatory
cytokines including IL-6 and TNF-α [151]. A similar in vitro study using synovial cells showed that a
co-culture of synovial cells with HTLV-1-infected T-cell lines led to the expression of HTLV-1 core antigen
and HTLV-1 proviral DNA on the synovial cells along with the production of granulocyte/macrophage
colony-stimulating factor [152]. Interestingly, Carvalho Barros et al. demonstrated that HTLV-1 infected
thymic epithelial cells (TECs), and the TECs had the potential to convey HTLV-1 virions to CD4+ T
cells [153].

Regarding the HTLV-1 infection of SGECs from SS patients, we confirmed HTLV-1 proviral
DNA and proteins by in situ PCR and immunofluorescence, respectively after co-culture with an
HTLV-1-infected T-cell line [154]; in addition, the concentrations of soluble intracellular adhesion
molecule (ICAM)-1 and RANTES (regulated on activation, normal T cell expressed and secreted)
and IFN-γ-inducible 10-kD protein (IP)-10 increased after the co-culture of SGECs from SS patients
with HCT-5 cells. It was striking that the cytoplasmic expression of ICAM-1, CXCL1, RANTES, IL-8,
and IP-10 on SGECs was also augmented after co-culture. Our findings indicated that HTLV-1 had the
capability to infect SGECs, and these SGECs also expressed inflammatory cytokines or chemokines.
However, these phenomena are currently limited to in vitro findings.

5. Overview of the Involvement of Viruses in SS

We have outlined the involvement of viruses (centering on EBV and HTLV-1 as environmental
factors) in the pathogenesis of SS (Figure 3). These two viruses have distinct directionalities in the
phenotypes of lymphocytes with respect to the formation of clinical characteristics (including exocrine
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dysfunction) in SS. The existence of conflicting findings with regard to the involvement of viruses
in the development of SS must be considered, but it is anticipated that these viruses also have some
unique actions in the formation of ELSs, i.e., ectopic GCs and the autoantibody production system.

Figure 3. The different roles of EBV and HTLV-1 in the pathogenesis of SS. EBV exists in B cells
and/or B cells that expresses LMP2A in ectopic lymphoid structures (ELSs) as a latent phase. Once the
reactivation of EBV is induced by environmental factors (including dioxin), EBV changes to the lytic
phase. Lytic EBV can infect SGECs and perifollicular EBRF+ plasma cells (PCs) that can react with Ro52.
In contrast, HTLV-1 that bears tax and HTLV-1 bZIP factor (HBZ) infects salivary glands of patients
with SS. An in vitro study showed that after the HTLV-1 infection of salivary glands, SGECs express
inflammatory cytokines or chemokines including soluble ICAM-1, IP-10, and RANTES. Inhibitory
effects of HTLV-1 toward ELS components (including B cells), PCs that produce anti-Ro/SS-A, La/SS-B
antibodies, follicular dendritic cells (FDCs), and follicular helper T cells (Tfh) have been considered.

EBV showed robust affinity to the ELS, whereas HTLV-1 infection might inhibit the formation of
the ELS in accord with its proviral load (PVL). In addition, EBV has high affinity to B cells or plasma
cells (PCs) in accord with the alteration of its phase from the latent mode to the lytic mode, which is
suggested to be stimulated by environmental substances. However, SS patients with HAM who show
higher PVLs than HTLV-1 carriers have a low frequency of the autoantibodies that are found in typical
SS patients. Regarding the HTLV-1-mediated induction of SS, various theories have attempted to
explain the pathogenesis of SS. A definite epidemiological relationship between HTLV-1 infection and
SS has been established by the findings obtained in tax or env-pX Tg animal models and in vitro studies.
However, unlike EBV infection, in HTLV-1-infected subjects there is no direct evidence indicating
molecular biological effects on the production of autoantibodies in SS patients.

To address this scarcity of evidence, it is necessary to determine whether HTLV-1 infection has
immunological influences on specific autoantibody production systems. In other words, it should be
clarified whether or not HTLV-1 simply modulates the pathogenesis of existing typical SS. For example,
HTLV-1 might influence immune cells including B cells, PCs, and/or T follicular helper cells in the
ELS to reduce autoantibody production. It is also possible that CD4+ T cells mobilized by HTLV-1
infection simply form an aggregation of DILS-like lymphocytes as observed in HIV infection or the
sialadenitis observed in ATL. Unlike HIV infection with sialadenitis, a great mass of HTLV-1 infection
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occurs by maternal infection; in contrast, SS usually develops in middle age. Clinicians should thus
be concerned about the effects and or the immunological modulation of HTLV-1 infection during the
40–50 years before the development of SS.

In cases of EBV infection, it is suspected that reactivation in the lytic phase promotes immunological
dysfunction. However, when HTLV-1 infection occurs by maternal infection, HTLV-1 that shows no
change of infective form continues to infect CD4+ T cells for several decades. Investigations that may
determine the triggers of the formation of SS-like sialadenitis in salivary glands over a prolonged
period are further research tasks that will also elucidate the differences in engagement between EBV
and HTLV-1.

6. Conclusions

Molecular biological approaches have enhanced our understanding of the contribution of
Epstein-Barr virus to the pathogenesis of Sjögren’s syndrome. The involvement of HTLV-1 has
been thought to vary among endemic areas, whereas EBV infection is ubiquitously observed regardless
of regional characteristics. In addition, the aging of HTLV-1-infected populations might influence the
prevalence of HTLV-1-seropositive SS. To determine the direct contribution of both EBV and HTLV-1
in the pathogenesis of SS, the integration of epidemiological and experimental studies including
virological and molecular immunological approaches is strongly desired.
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Abbreviations

AhR aryl hydrocarbon receptor
AID autoimmune disease
APS anti-phospholipid syndrome
ATL adult T-cell leukemia
BCA B cell-attracting
BLEL benign lymphoepithelial lesion
CAEBV chronic active EBV
CMV cytomegalovirus
CXCL C-X-C motif chemokine ligand
DILS diffuse infiltrative lymphocytosis syndrome
EA early antigen
EBER EB encoding region
EBNA EB nuclear antigen
EBV Epstein-Barr virus
EBVCA EBV capsid antigen
ELISA enzyme-linked immunosorbent assay
ELS ectopic lymphoid structures
ESSDAI EULAR Sjögren’s Syndrome Disease Activity Index
FasL Fas ligand
GC germinal center
GBS Guillain-Barré Syndrome
HAART highly active anti-retroviral therapy
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HHV human herpes virus
HIV human immunodeficiency virus
HLA human leukocyte antigen
HRV human retrovirus
HTLV-1 human T-cell leukemia virus type 1
HRES human endogenous retroviral sequence
ICAM intracellular adhesion molecule
IFN interferon
IHC immunohistochemistry
IL interleukin
IP interferon-γ-inducible 10-kD protein
IRF IFN-regulatory factor
ISH in situ hybridization
LFA lymphocyte function-associated antigen
LG lacrimal gland
LSG labial salivary gland
LMP latent membrane protein
LPD lymphoproliferative disorder
MALT mucosa-associated lymphoid tissues
MAPK mitogen activated protein kinase
MDA melanoma differentiation associated gene
MHC major histocompatibility complex
MNC mononuclear cell
MTX methotrexate
MZL marginal zone lymphoma
NHL non-Hodgkin’s lymphoma
NOD nucleotide-binding oligomerization domain
NLR (NOD)-like receptor
PAMP pathogen-associated molecular pattern
pDC plasmatoid dendritic cell
PCR polymerase chain reaction
PCs plasma cells
PVL proviral load
RA rheumatoid arthritis
RANTES regulated on activation, normal T cell expressed and secreted
RF rheumatoid factor
RIG-I retinoic acid inducible gene-I
RLR RIG-I-like receptor
RNA ribonucleic acid
SG salivary gland
SGEC SG epithelial cell
SLE systemic lupus erythematosus
SLS SS-like syndrome
SS Sjögren’s syndrome
TCDD tetrachlorodibenzo-p-dioxin
TCR T-cell receptor
TEC thymic epithelial cell
Tg transgenic
TLR toll-like receptor
TNF tumor necrosis factor
TRX thioredoxin
TUNEL terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
XIAP X-chromosome-linked inhibitor of apoptosis protein
WKAH Wistar-King-Aptekman-Hokudai
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Abstract: Primary Sjögren’s syndrome (pSS) is a chronic systemic autoimmune rheumatic disease
characterized by lymphoplasmacytic infiltration of the salivary and lacrimal glands, whereby sicca
syndrome and/or systemic manifestations are the clinical hallmarks, associated with a particular
autoantibody profile. pSS is the most frequent connective tissue disease after rheumatoid arthritis,
affecting 0.3–3% of the population. Women are more prone to develop pSS than men, with a sex ratio
of 9:1. Considered in the past as innocent collateral passive victims of autoimmunity, the epithelial
cells of the salivary glands are now known to play an active role in the pathogenesis of the disease.
The aetiology of the “autoimmune epithelitis” still remains unknown, but certainly involves genetic,
environmental and hormonal factors. Later during the disease evolution, the subsequent chronic
activation of B cells can lead to the development of systemic manifestations or non-Hodgkin’s
lymphoma. The aim of the present comprehensive review is to provide the current state of
knowledge on pSS. The review addresses the clinical manifestations and complications of the disease,
the diagnostic workup, the pathogenic mechanisms and the therapeutic approaches.
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1. Introduction

Sjögren’s syndrome (SS) is a chronic systemic rheumatic disease characterized by lymphoplasmacytic
infiltration of the exocrine glands—especially salivary and lachrymal glands—responsible for sicca
syndrome and systemic manifestations. The dreaded complication of this dysregulated and unabated
lymphocytic activation is the development of lymphoma. SS can be “primary” if it occurs alone (pSS) or
“secondary” (sSS) when it is associated with another autoimmune disease [1].

First medical descriptions of SS date back to 1882 when the German Theodor Karl Gustav von
Leber (1840–1917) described for the first time a dry inflammation of the ocular surface under the name
of “keratitis filamentosa”. Ten years later, the Polish surgeon Jan Mikulicz-Radecki described the case of a
man with swelling of the salivary and lacrimal glands, a clinical picture still called Mikulicz syndrome
today. At the same time, several cases of patients with ocular and oral dryness were described,
whether or not associated with the existence of rheumatism or gout. Dr. W. B. Hadden (1856–1893)
described the improvement of xerostomia in one of these patients with the use of an alkaloid called
pilocarpine [2]. Despite the involvement of these physicians in the first medical descriptions of SS, only
two famous names have remained attached to the disease: Gougerot and Sjögren. Henri Gougerot
(1881–1955) was a French dermatologist who described in 1925 three clinical cases characterized by
generalized mucous dryness (eyes, mouth, nose, trachea and vagina) associated with atrophy of the
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salivary glands (SG). He was the first to describe that xerostomia and ocular dryness are part of a larger
sicca syndrome resulting from dysfunction of the exocrine glands or their autonomic innervation.
In France, the term “Gougerot(-Sjögren) syndrome” is often used to describe pSS. Henrik Samuel
Conrad Sjögren (1899–1986) was a Swedish ophthalmologist who was mainly interested in the dryness
of the ocular surface. With his wife, Maria Hellgren, daughter of a well-known oculist, he described
keratoconjunctivitis sicca (KCS)—distinct from vitamin A deficiency xerophthalmia—using Rose
Bengal and methylene blue staining techniques. In 1933, in his PhD thesis, he described the cases
of 19 women with KCS and 13 of whom had arthritis. He was therefore, the first to link KCS to a
systemic disease beyond the field of ophthalmology. Unfortunately, his thesis was not successful,
and he stopped his academic career but not his medical and scientific one. It was only in the years
1935–1943 that Sjögren’s work was recognized and that the term “Sjögren’s syndrome” has been used
since. Finally, the autoimmune origin was recognized only in early 1960s [2]. Sjögren was awarded the
title of “Doctor” in 1957 by the University of Gothenburg and the honorary title of “Professor” in 1961
by the Swedish Government. Henrik Sjögren died of pneumonia on 17 September 1986, several years
after a disabling stroke [3–5].

2. Epidemiology

2.1. Prevalence

pSS affects 0.1% to 4.8% of the population with a female to male ratio of 9:1, depending on
the cohort studied, classification criteria and methodology used [6,7]. Although pSS is considered a
common disorder, its prevalence seems to be overestimated in some studies. Overall, 0.5–1% seems to
be a commonly accepted estimate of the prevalence of pSS in the general population [7]. However
according to a more recent meta-analysis of 7 studies, prevalence rate is 0.043% with a sex ratio of 10.72.
The prevalence of pSS in Europe is higher than in Asia, 0.7122% and 0.045%. Sex ratio does not differ
according to the geographic/ethnic origin of the populations studied [8].

2.2. Incidence

There is an overt heterogeneity of SS incidence among several studies. A meta-analysis reported
an incidence rate of 6.92 per 100,000 person–years, with an overall average age of 56.2 years at diagnosis
and an incidence rate ratio between women and men estimated at 9.29. Six Asian studies reported a
relatively higher incidence ratio around 6 per 100,000 person–years. Both Slovenian and American
studies reported an incidence ratio of 3.9 per 100,000 person–years. Finally, a Greek study estimated an
incidence ratio between the two at 5.3 per 100,000 person–years. Data regarding the incidence of pSS
in Africa, Oceania and South America are lacking [8].

3. Physiopathology of Sjögren’s Syndrome

SS is considered as a multifactorial process originating from the interaction between genetic factors
and exogenous and endogenous agents able to trigger an abnormal autoimmune response mediated
in particular by T and B lymphocytes [9]. The inflammation sustains, perpetuates and amplifies
tissue damage and leads to a progressive functional impairment of the affected organs and a chronic
inflammatory environment. Three recurrent events are generally associated with SS: (1) a trigger
phase induced by environmental factors under specific epigenetic factors, genetic predisposition and
hormonal regulation; (2) the dysregulation of normal salivary gland epithelial cell (SGEC) function;
(3) a chronic inflammation characterized by SG infiltration made of lymphocytic cells, lymphocytes B
hyperactivity and autoantibodies production [10] (Figure 1).
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Figure 1. Overview of physiopathological mechanism underlying Sjögren’s syndrome (SS).
Environmental triggers, such as viral infections, genetic predispositions, epigenetics and sex hormone
deregulation, cause the disruption of salivary gland epithelial cell (SGEC), the production of type I
interferon (IFN) and other cytokines such as B cell Activating Factor of the tumour necrosis factor
(TNF) Family (BAFF) [11] and the alteration of proteins involved in saliva secretion. Dendritic cells,
as well as SGEC acquire the characteristics of antigen-presenting cells capable of processing viral
and self-antigens, leading to the activation of autoreactive T and B cells. Autoreactive T cells induce
tissue damage through the release of cytotoxic granules and cause the exposure of autoantigens on the
surface of SGEC. In addition, activated B cells produce autoantibodies that induce SGEC apoptosis and
create an inflammatory microenvironment. This complex mechanism triggers a self-perpetuating cycle
of autoimmunity.

3.1. Trigger Phase

In SS pathogenesis, a trigger phase is induced by environmental factors such as viral infections
combined with genetic predisposition, epigenetic factors and sex hormonal regulation (Figure 2).

Figure 2. Factors involved in SS trigger phase.

3.1.1. Environmental Factors

According to the current physiopathogenic model of SS, environmental factors including viral
infection lead to SGEC and Toll Like Receptors (TLRs) activation [12,13]. Primary viruses involved

121



J. Clin. Med. 2020, 9, 2299

in SS induction include Epstein–Barr (EBV) viruses, Human T-lymphotropic virus type I (HTLVI),
hepatitis virus C (HCV) and coxsackievirus [13].

EBV is a double stranded DNA virus appertaining to Herpesviridae family, with a strong
tropism for B cells. EBV has often been associated with autoimmunity processes and diseases such as
Rheumatoid Arthritis (RA), Systemic Lupus Erythematosus (SLE) and Multiple Sclerosis (MS) [14,15].
In addition, the high EBV load found in SG and lacrimal gland biopsies from SS patients as compared
to controls [16,17] suggests its role in triggering the activation of the immune system. EBV is able to
stimulate the production of proteins that mimic B cell receptor (BCR) and CD40 signalling and induce a
strong B cell hyperactivity [18]. Recently, a correlation was established between past EBV infection and
the presence of anti-Ro/SSA and anti-La/SSB autoantibodies in SS patients [19]. The RNA encoded by
EBV binds TLR3 and induces the secretion of type I IFN and proinflammatory cytokines [20]. Another
protein, the latent membrane protein 1 (LMP1) acting as a target for the EBV-induced cytotoxic T
lymphocytes response may cause acini atrophy and SG lobule structure destruction observed in SS
patients [21].

HTLV-1, a human endemic retrovirus in certain geographical areas such as Japan, has been reported
to be present in SGEC [22]. In addition, epidemiologic studies revealed anti-HTLV-1 seropositivity in
23% of SS patients as compared to 3% in controls [23].

Coxsackie virus is a single stranded RNA virus belonging to the Picornaviridae family. A study
has identified in SS patients a cross-reactivity between antibodies to the Ro60 epitope and 2B Coxsackie
protein sharing 87% sequence homology [24]. However, these data remain controversial [25].

The role of HCV, a single stranded RNA small virus belonging to Flaviviridae family, has been
examined in the initial triggering phase of SS. Clinical studies have shown that patients with
HCV infection present sicca symptomatology, positive ocular tests, SG lymphocytic infiltration,
and autoantibodies [26]. Therefore, HCV-associated SS (patients with HCV fulfilling SS 2002 classification
criteria) is indistinguishable from pSS. On this basis, HCV chronic infection should be considered as an
exclusion criterion for pSS as HCV infection could participate to SS development in a subset of patients.

Despite possible involvement of viral infection in SS, the most common antiviral drugs do not
seem to show real benefit in the treatment of SS [26]. Indeed, as a viral infection may likely trigger
onset of the disease, later antiviral treatment may manage a persistent infection but have no effect on
the ongoing disease that may no longer be dependent on the presence of the initial viral infection.

3.1.2. Genetic Predisposition

Genetic predisposition to SS plays a role in the trigger phase of the disease. A strong association
between human leucocyte antigen (HLA)-DR and HLA-DQ alleles belonging to the group of major
histocompatibility genes (MHC) class II genes and SS was observed throughout different populations
including Caucasian, Japanese and Chinese populations [27]. All discovered haplotypes are in strong
linkage disequilibrium, causing difficulties in establishing which of them contain the locus that
confers the risk. SS patients with HLA-DQ1/HLA-DQ2 alleles display more severe autoimmune
disease than patients with any other allelic combination at HLA-DQ [28]. In addition to the HLA
system, most recent studies have focused their attention on polymorphic genes that code for molecules
physiologically involved in apoptosis such as Fas and Fas ligand (FasL). Using MRL/lpr-murine
model, a retrotransposon inserted in Fas gene was identified as playing a role in cell apoptosis and
induction of progressive sialadenitis [29,30]. Fas/FasL gene polymorphisms have also been found in SS
patients [31] but have not clearly been identified as disease-determining factors. Ro52 gene encoding
the 52-kd Ro autoantigen display single nucleotide polymorphism (SNP) located 13bp upstream of
exon 4 identified as significantly associated with the presence of anti-Ro 52kD autoantibodies in SS
patients [32]. Numerous additional genes including IL-10 [33], TNF alpha [34], alpha chain of the IL-4
receptor [35], IRF5, STAT4 [36] and CXCL13 [37] also display a gene polymorphism possibly associated
with SS as well. Recent studies carried out in several SS cohorts of different ethnicity have revealed
additional candidate genes probably associated with the risk to develop the lymphoma in SS patients.
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The presence of a polymorphism in the tumour necrosis factor alpha induced protein 3 (TNFAIP3) gene
is associated with the risk to develop the non-Hodkin’s lymphoma in a SS Caucasian cohort [38–40].
In addition, two polymorphisms of methylene-tetrapholate reductase (MTHFR) gene are considered
risk factors for lymphoma in SS patients [41]. While gene polymorphism plays an indisputable role in
the triggering phase of SS, the individual contribution of each genetic factor remains to be assessed [42].

3.1.3. Epigenetic Factors

Several studies have analysed the contribution of epigenetics to SS and auto-antibodies
production [43]. The epigenetic processes more closely linked to the disease are DNA methylation,
miRNA, circular mRNA and long non-coding RNA function.

DNA methylation is a mechanism that consists in the addition of a methyl group from a methyl
donor S-adenosylmethionine (SAM) to cytosine residues in the context of the CpG dinucleotide
catalysed by DNA methyltransferases (DNMTs). In general, the addition of a methyl group onto DNA
is associated with gene silencing due to a structural modification of chromatin. DNA methylation is
one of most important mechanisms used by different type of cells to change their genetic expression
such as the transition from naïve steady to effector B- and T-cells. An epigenome-wide analysis has
identified several genes and epigenetic modification probably associated with SS [44]. The most
frequent modification observed is the demethylation of several sites in SS patients’ genome. Labial SG
DNA methylation is significantly reduced in SS patients as compared to the control subjects. This defect
was conserved when the SGEC were primarily cultured. Apparently, the SGEC from SS patients
were associated with a 7-fold decrease in DNMT1 and a 2-fold increase in demethylating partner
Gadd45-alpha expression. This demethylation process was also associated in part with the infiltration
of SG by B cells and the pathology severity [45]. Different studies have also reported a link between
demethylating drugs and SS. In fact, mice receiving an oral administration of hydralazine or isoniazid
(demethylating agents) for several weeks develop a pathology similar to SS in terms of immunological
features and autoantibodies production. The signs of SS pathology disappeared after discontinuation
of the drug [46]. A recent study conducted in CD19 + B cells and minor SG of SS patients has also
identified a hypomethylation site on interferon (IFN)-regulated genes which induces an increase of
IFN response activation normally observed in SS disease [47]. In addition, DNA demethylation of the
pro-apoptotic death associated protein kinase (DAP-kinase) gene [48] and the runt-related transcription
factor (RUNX1) gene in CD4 + T cells [49] have been associated with non-Hodgkin B cell lymphoma
predisposition in SS. In conclusion, the genome methylation analysis represents a useful tool to identify
links between epigenetic modifications in various cell types related to SS.

miRNAs are small endogenous non-coding RNAs that regulate gene-expression transcriptionally
and post-transcriptionally. Interestingly, miR-17-92 cluster, is downregulated [50] and associated with
a lymphoproliferative disease and autoimmunity [51,52] in SG of SS patients. Another study has
shown increased levels of miR-146a that regulates the inflammatory response, inducing the repression
of IRAK1 and the increase of TRAF6 expression which, in turn, promote NF-κB expression in the
peripheral mononuclear cells of SS patients [53]. Aberrations in microRNA expression are often
observed in various autoimmune diseases and for this reason they could be used as a potential
diagnostic or prognostic biomarkers. Furthermore, the small size of mature miRNA offers a high level
of stability that renders them useful in disease follow-up using paraffin embedded samples stored for
long periods of time [54,55].

Circular RNA (circRNA) consist in a class of RNA generated after an alternative splicing process
of pre-mRNA named “backsplicing”, in which a downstream 5′ donor links an upstream 3′ acceptor
throughout a 3′ → 5′ phosphodiester bond. circRNa are divided in three subgroups: exonic circRNAs
(ecircRNAs), intronic circRNAs (ciRNAs) and exon-intron circRNAs (EIciRNAs) [56]. Recent studies
have observed that circRNA could be involved in development of autoimmune diseases such as RA, MS,
SLE and SS [57]. A microarray analysis has identified 234 differentially expressed circRNAs between
SS patients and healthy controls, whereby 2 are significantly upregulated and 3 downregulated in SS.
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Functional analysis has also shown that these circRNAs are related to arthritis and the presence of
autoantibodies [58]. All this data taken into account, we can conclude that circRNAs could be used as
biomarkers for a potentially valuable diagnostic tool for SS disease, but supplementary investigations
assessing which of them is the most specific of pathology are necessary.

Long non-coding RNAs (lncRNA) are a novel class of functional non-translated RNAs with a
length of over 200 nucleotides. Several studies revealed a strong link between lncRNAs and the
immune responses [59]. The expression analysis of lncRNAs in SS patients has shown lncRNAs
LINC00657, LINC00511 and CTD-2020K17.1 potentially associated with the disease. These 3 lncRNAs
target different genes involved in B cell physiology and malignancy, including IL15, WDR5, GNAI2,
LTßR, CBX8, BAK1, BAX ext [60]. IL15 and WDR5 play an important role in B cell proliferation
and differentiation; GNAI2 regulates B cell trafficking to the lymph nodes [61]; LTßR and CBX8 are
involved in GC formation in inflamed tissues [62,63], and BAK1 and BAX are overexpressed in B cell
lymphoma [64]. These results illustrate an important role of lncRNAs in multiple processes and the
understanding of their modulation and function could provide deeper insight into the pathogenesis of
SS and facilitate the identification of novel therapeutic strategies.

3.1.4. Sex Hormones Deregulation and X-Chromosome Linked Factors

Nine out of ten SS patients are women and generally during menopause [65]. The strong
predisposition of women to develop SS clearly demonstrates the role of sex hormones as a risk factor
of the disease. In a recent case-control study, pSS in women was associated with lower oestrogen
exposure and lower cumulative menstrual cycling time compared to sicca controls. Conversely,
an increasing oestrogen exposure was negatively associated with development of pSS [66]. Finally,
an effect of X chromosome per se is also evoked since men with Klinefelter’s syndrome have a higher
risk of developing pSS—20 times higher—compared to healthy men, despite normal sex hormone
levels [67,68]. Similarly, the association between pSS and mixed connective tissue disease has been
reported in a 16-year-old Japanese patient with trisomy X [69].

Androgens suppress the inflammation and enhance the function of lacrimal glands in female
SS mouse models (MRL/MpJ-Tnfrsf6lpr[MRL/lpr]) [70]. The androgens could help maintaining acini
structure in healthy SG, while their reduction observed in SS patients could cause a decrease in integrin
expression and probably a dysregulation of acini architecture [71]. SS patients present low levels of
androgen hormones both in the bloodstream and in SG [72]. In Klinefelter’s syndrome associated SS
and SLE, correction of hypogonadism by testosterone therapy for 60 days leads to remission in one
case-series report [73].

Healthy ovariectomized C57BL/6 mice display an exocrinopathy with autoimmune characteristics
similar to SS including SG focal adenitis, lacrimal glands lesions, Ro/SSA, La/SSB and α-fodrin
autoantibodies [74]. Similarly to ovariectomized mice, both mice rendered deficient in aromatase,
an enzyme important in the biosynthesis of oestrogens, as well as mice that received an aromatase
inhibitor develop a lymphoproliferative autoimmune disease resembling SS [75,76]. How oestrogen
deficiency promotes autoimmune lesions remains unclear. However, one putative explanation could
be that oestrogen deficiency stimulates SGEC to secrete IFN-α and IL-8, and to express MHC class
II, enabling them to act as antigen-presenting cells. Oestrogen deficiency is responsible for RbAp48
overexpression, which induces p53-mediated apoptosis in exocrine glands [77]. In another study,
transgenic mice overexpressing RbAp48 develop SS-like exocrinopathy characterized by an increased
propensity to apoptosis and the acquisition of an active immunocompetent role by epithelial cells,
producing IFN-γ and IL-18 [78]. In primary cultures of human SG cells, pre-treatment with 7β-estradiol
impede IFNγ-induced upregulation of ICAM-1 in control group but not in pSS group. These data
suggest a protective role of oestrogens on epithelial activation and the existence of a deficient estrogenic
responsiveness in pSS [79]. Not surprisingly, the use of aromatase inhibitors in the treatment of breast
cancer is associated with arthralgia or even authentic SS [80–82].
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Humans and other primates, secrete large amount of sex steroid precursors, such as
dehydroepiandrosterone (DHEA) and DHEA-sulphate precursors, metabolic intermediates in the
biosynthesis of androgens and oestrogens. According to tissue needs, the prohormones are directly
processed within tissues. DHEA is present in low concentrations in patients with SS as compared to
age-matched healthy controls [83]. Several studies have shown that human MSG possess an organized
intracrine machinery capable to convert DHEA(-sulphate) pro-hormone to its active metabolites,
dihydrotestosterone (DHT) and 17β-oestradiol [84] (Figure 3). However, the non- functionality of this
enzymatic machinery in MSG from SS patients could account for the diminished local concentrations of
DHT and androgen-regulated biomarker Cysteine-Rich Secretory Protein 3 (CRISP-3) in SS patients [85].

Figure 3. Intracrine steroidogenic machinery in healthy acinar cells. The figure shows the conversion
of dehydroepiandrosterone (DHEA) to active sex steroids. STS: steroid sulphatase, SULT2B1:
sulfotransferase 2B1, HSD: hydroxy steroid dehydrogenase, 5-α-R: 5α-reductase, TEST: testosterone,
DHT: dihydrotestosterone. DHEA-S: DHEA-sulphate.

Taken together, these data suggest that women affected by SS at menopause, when the levels of
testosterone produced by the ovaries has already declined, may be particularly vulnerable to androgen
deficiency because the only source of DHT in SG is dependent on local conversion of DHEA. Whereas
in men, the level of systemic androgens produces by gonads may satisfy the specific needs of SG, not
requiring the intermediate metabolite.

3.2. SGEC Deregulation

3.2.1. Upregulation of Adhesion Molecules

According to recent observations, several SS pathogenic models could explain the role of SGEC in
glandular damage. The current SS pathogenic model is the “autoimmune epithelitis”. This model
considers SGEC as a crucial player in the initial triggering phase of the disease [86]. SGEC from SS
patients express significantly higher levels of TLRs mRNA levels, including TLR-1, TLR-2, TLR-3 and
TLR-4 as compared to control SGEC [87]. Under physiological conditions, TLRs are activated by the
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recognition of pathogen-associated molecular patterns (PAMPs) derived from microorganisms and
endogenous mediators of inflammation known as danger-associated molecular patterns (DAMPs) [88].
TLR signalling pathway acts as link between innate and adaptive immunity in autoimmune diseases.
Indeed, upon activation, TLRs recruit adapter proteins in order to propagate the intracellular signal that
results in the transcription of genes involved in inflammation, immune regulation, cell survival and
proliferation and subsequent activation of the immune system. TLR signalling in SGEC upregulates
several molecules such as MHC class I and class II, costimulatory molecules such as B7.1 (CD80) and
B7.2 (CD86) and adhesion molecules 1 (ICAM-1) [89].

3.2.2. Antigen-Presenting Cell Properties

The expression of MHC class I, MHC class II, costimulatory molecules and adhesion molecules on
SGECs empower them to present antigen to T cells (acting as non-professional antigen presenting cells).

3.2.3. Chemokines Production

The activation of Interferon Regulatory Factor (IRF) and nuclear factor kappa-light-chain-enhancer
of activated B cells (NFkB) pathways increases the production of inflammatory cytokines, including
type I IFN, tumour necrosis factor-α (TNF-α), interleukin(IL)-1, IL-6 and BAFF [90].

3.2.4. Apoptosis and Expression of Self-Antigens

In addition to chemokines production, the ribonucleoproteins, normally hidden from the immune
system, are exposed on the cell surface. In particular, the expression of antigen Ro/SSA and La/SSB
proteins on apoptotic SGEC promotes the initiation of autoimmunity.

3.2.5. Alteration of Proteins Involved in Saliva Secretion

Apoptosis of the acinar epithelial cells and altered expression and distribution of proteins involved
in saliva secretion has been proposed as possible mechanisms responsible for the impairment of
secretory function of SS SG. For example, an increase in AQP3 expression was observed at the apical
membrane of acinar cell of SG from SS [91], while AQP1 [92] and AQP4 [93] expression was decreased in
myoepithelial cells. Rituximab treatment, used in SS patients to deplete B cells, increases AQP1 protein
expression in myoepithelial cell and induces an improvement of saliva flow [94]. These data could
suggest a crucial role to AQP1 in saliva secretion. However, AQP1-null mice model has shown that this
protein is not essential for saliva production [95]. Nevertheless, one cannot exclude a compensatory
effect in such mouse models, whereby other AQPs could be alternatively used. In contrast, AQP5 is
today considered the most important protein involved in saliva secretion [96]. Under physiological
conditions, AQP5 translocates from the intracellular vesicular compartments to the apical membrane
of SG acinar cells after activation of muscarinic and adrenergic receptors [97]. In SS patients and SS
mice models, aberrant localization of AQP5 has been observed [98], which is predominately basolateral
instead of apical [99–101]. The reason why the AQP5 localization is altered is still unknown but several
hypotheses have been proposed.

The presence of autoantibodies against M3 receptor could impair its activation and block the
translocation signal normally sent to AQP5 [102]. Another possible mechanism could be the alteration
of protein–protein interactions between AQP5 and its partner proteins [103]. Prolactin inducible
protein (PIP) is a known AQP5 protein partner in lacrimal glands in mice models. Aberrant binding
of PIP to the c-terminal domain of AQP5 impairs AQP5 trafficking to the apical membrane of
epithelial cells [104]. Lastly, the inflammatory environment that characterizes SS disease could also
directly or indirectly be involved in these modifications [105,106]. IFN-γ for example, contributes
to SS pathogenesis inducing SG apoptosis and expression of several chemoattractant cytokines and
enhancing the antigen presenting function of epithelial cells [107–109]. IFN-γ administration leads to
increased production of anti-M3R antibody, which affect the SG secretory function in response to an
adequate stimulus [110]. Neutralization of IFN-γ in anti-programmed death ligand 1 (PDL1)-treated
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non-obese diabetic (NOD)/ShiLtJ mice improves AQP5 expression and saliva secretion [111]. TNF-α is
another pro-inflammatory cytokine that is increased in SS [112]. Elevated TNF-α levels in both serum
and SG has been observed in SS patients compared to controls [113]. In human SG acinar cells, TNF-α
treatment down-regulates the expression of AQP5 [114]. The injection of antibodies against TNF-α in
NOD mice reduces SG inflammatory foci and increases AQP5 protein expression [115]. It seems clear
that correct expression, trafficking and localization of AQP5 are essential to overcome the impaired
salivary secretion process and the combination of inflammation, antibodies production, protein–protein
interaction and salivary epithelial cells deregulation are probably involved in the hypofunction of SG
of SS patients.

3.3. Chronic Inflammation

3.3.1. T-Cell Infiltration

In the early stages of SS, the lymphocytic infiltrates, present in SG from SS patients, are constituted
by a vast majority (>75%) of T lymphocytes being mostly CD4 T cells [116]. However, saliva from
SS patients contains greater Th1 cytokines than saliva from controls [109,117], including IL-1β, IL-6,
tumour necrosis factor (TNF)-α, and IFN-γ [118]. Th2-derived cytokines, such as IL-10 and IL-4,
were also found in greater quantity in SG tissue from SS patients than in controls [119]. The two T cell
responses are in a dynamic balance with a predominance of Th1 activity in patients suffering from
SS [120]. In patients with SS, the activated T cells respond to an intense antigenic stimulus, such as
the recognition of Ro and La autoantigens expressed on blebs of apoptotic cells [121], which induces
a proliferative response [122]. Therefore, T-cell recognition of self-antigens and their subsequent
activation are crucial for the cascade of events leading to the development of SS pathology. T cells
may proliferate locally in SG or be re-directed by chemokines from the circulation to the glands.
Two chemokines involved in the attraction of T-cells in SS SG are CXCL9 and CXCL10 [123]. In SS SG,
T cells are likely to be involved in the disruption of the glandular architecture throughout the apoptosis
mechanism mediated by FasL pathway [124], by a direct cytotoxic activity involving the release of
perforin and/or secretion of cytokines and by the activation of B cells [125]. Th17 cells represent another
subpopulation of T-cells strongly activated in SS patients [126]. In general, Th17 plays an important
physiological role in mucosal defence in healthy individuals. In SS patients, the activated Th17 cells
promote inflammation by secreting IL-6, IL-17, IL-21, IL-22 and IL-23 [127–129]. Follicular helper T cells
have been shown to play an important role in lymphoid follicle formation and ectopic germinal centre
formation in SS SG [130]. During pathology, SGEC induce activation and differentiation of T helper to
T follicular helper by the release of IL6 and ICOS ligand expression. The activated follicular cells in
turn secrete IL-21 cytokine which mediates B cell maturation and proliferation [131]. In conclusion,
the combined activation of T-cell subtypes creates an optimal environment for detrimental B cell
activation and the breakdown of tolerance.

3.3.2. Breakdown of B Cells Tolerance

Under physiological condition, B cells originate in the bone marrow from haematopoietic stem
cells and during their development undergo several stages of selection because of a large portion of
self-reactive and polyreactive B cell are normally generated [132]. The first checkpoint removes the
polyreactive B cells in the bone marrow (central tolerance checkpoint), the second in the periphery
ensures that only a small amount of self-reactive, and polyreactive mature naïve B cells survive. Finally,
a third tolerance checkpoint called pre-germinal centre checkpoint, excludes self-reactive naïve B cells
from entering B cell follicles [133].

A recent study has revealed the existence of deficiencies in both early and late B cell tolerance
checkpoints in patients with SS. Indeed, the accumulation of circulating autoreactive naïve B cells in
SS suggests an impairment of the autoreactive B cell clearance during the early peripheral tolerance
checkpoints and an increased frequency of autoreactive unswitched and switched memory B cells
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reveals a possible impairment also in pre- and/or post-germinal centre tolerance checkpoints [134].
These observations have also been made in patients with SLE, RA and type 1 diabetes [135,136]. B cell
depletion using anti-CD20 antibodies in Id3 knockout mice model leads to a significant histological
improvement associated with a recovery of saliva secretory function and corroborate the hypothesis
that B cells could play an important role in SS disease [137].

B cell hyperactivity is an important hallmark of SS. Two cytokines have been shown to be
fundamental in B cell survival and proliferation: B cell Activating Factor of the TNF Family (BAFF)
and APRIL (A proliferating ligand) [138]. Once SG tissue infiltration is established, a large number
of cells such as dendritic cells, monocytes and macrophages but also SGEC and T lymphocytes can
secrete BAFF. BAFF overexpression has indeed been documented in SS as well as in other systemic
autoimmune diseases and has been correlated with autoantibodies [139].

3.3.3. Formation of Germinal-Like Structures

Germinal centres (GCs) were described for the first time by Walther Flemming in 1884 [140].
GCs are specific region in secondary lymphoid tissues such lymph nodes and spleen. GCs provide the
environment for proliferation of mature B cells, differentiation and mutation of their immunoglobulin
variable-region gene segments during a process called somatic hypermutation, which generates a
diversity of clones. Following this process, the cells migrate from the dark zone to the lighter zone
of the lymphoid tissues, where the affinity of immunoglobulins is tested on follicular dendritic cells
(FDC) and follicular helper T cells (TFH) cells presenting the antigens. The non-selected cells undergo
apoptosis while the selected cells are stimulated by T cells to undergo class switch recombination
and differentiation into antibody-producing plasma cells or memory B cells [141,142]. SG from SS
patients can contain similar GC structures made of T, B, and plasma cells, macrophages, and follicular
dendritic cells [143]. Given the strong similarity of SG GC with the lymphoid organ GC, the SG GC
observed in SS patients were defined as ectopic GC-like structures, also known as “tertiary lymphoid
organs” [144]. Several studies have reported the association between GCs and the immunopathological
features of SS [145]. Other important studies have observed a 6.5- to 15.6-fold increased risk to develop
non-Hodgkin lymphomas in SS with an elevated presence of GCs [146,147].

3.3.4. Local Production of Autoantibodies

The most common and studied antibodies in SS patients are those directed against the autoantigens
Ro/SSA and La/SSB [148]. Anti-Ro, Anti-La, anti-SSA and anti-SSB were originally described as four
antibodies directed against antigens expressed by salivary and lacrimal glands tissues from SS
patients. Later, anti-Ro and anti-La were shown to be the same antibodies as anti-SSA and anti-SSB,
respectively [149,150].

Ro antigen is constituted of two distinct Ro proteins of 52 and 60 kDa, with the latter binding to
small cytoplasmic RNAs known as hY RNAs. The Ro52 protein, also known as TRIM21, is frequently
targeted by SS antibodies, which makes it a useful diagnostic marker, but its function and why it
becomes a target protein in a lot of rheumatic diseases is not completely understood. Ro52 is a member
of the tripartite motif (TRIM) protein family, and it plays an important role in the ubiquitination of
proteins. Several targets have been suggested as substrate of Ro52 activity, including various members
of the IFN-regulatory factor (IRF) transcription factor family. The most speculated hypothesis attributes
to Ro52 a role of IFN negative regulator. Indeed, in a Ro52-null mouse, the lack of ubiquitination
mediated by Ro52 leads to an aberrant expression of type I IFNs and proinflammatory cytokines,
such as IL-6, IL-12, IL-23, and TNF-α [151]. La/SSB antigen is a 48 kDa phosphorylated protein located
in the nucleus and the cytoplasm. La/SSB binds to many RNA molecules newly synthesized by RNA
polymerase III [152]. These two antibodies are detected in 50% to 70% of primary SS patients, but the
anti-La/SSB alone is observed in only 2% of patients [153,154].
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In most cases, anti-Ro/SSA and anti-La/SSB are correlated with severe dysfunction of the exocrine
glands, associated with parotid gland enlargement and large number of lymphocytic infiltrates in the
MSG [155,156].

Other antibodies believed to be pathogenic in SS are anti-centromere antibodies (ACA),
anti-citrullinated protein antibodies (ACPA), anti-carbonic anhydrase II antibodies, anti-aquaporin-5,
anti-muscarinic receptor 3 (anti-M3R) and anti-fodrin antibodies. ACA are directed against six antigens
associated with the centromere (complex of kinetochore proteins). The incidence of ACA antibody
ranges from 3.7% to 4% [157,158]. ACPA are directed against fibrin and fibrinogen, vimentine and
alpha-enolase (CEP-1). In general, ACPA antibodies are the marker most observed in rheumatoid
arthritis but are usually present in low concentrations in pSS as well, in about 3–22% of cases [159].
Anti-carbonic anhydrase II antibodies have been detected in 12.5–20.8% of SS patients and also play a
pathogenic role in renal tubular acidosis (RTA) [160,161]. In fact, immunization of mice with human
carbonic anhydrase II resulted in autoimmune sialadenitis, production of anti-carbonic-anhydrase-II
antibodies and urinary acidification defect [162,163]. Anti-AQP5 antibodies were observed to be
associated with serologic and histopathological features of SS [164]. Anti-M3R antibodies are present
in serum of up to 90% of subjects with SS [165]. Antibodies against alpha-fodrin are detected in serum
samples from patients with primary or secondary SS, especially in patients with sicca symptoms.
However, anti-alpha-fodrin antibodies do not represent a sensitive nor a specific serological marker of
SS [166]. Other novel tissue-specific autoantibodies are currently under investigation: autoantibodies
against salivary protein 1 (SP-1), parotid secretory protein (PSP) and carbonic anhydrase 6 have
been described in pSS and non-pSS patients with chronic pain, which may help to understand and
diagnose early pSS and pSS-associated widespread pain syndrome in the future [167]. Anti-cofilin-1,
anti-alpha-enolase and anti-RGI2 antibodies are associated with pSS MALT lymphoma [168]. Other
autoantibodies have also been described to be more frequently found in pSS patients and variously
associated with the clinical and biological characteristics of the disease [168]. Table 1 summarizes the
novel autoantibodies that have been detected in pSS patients.
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3.3.5. Damage of Salivary Acini Architecture

One of the pathomorphological characteristics of SG from SS patients is the presence of focal
infiltration made of lymphocytic cells. The focus infiltrate is defined as the “focus score” and “focus
score = 1” is a group of 50 or more lymphocytes per 4 mm2 of tissue [196]. SG infiltration is
normally associated with destruction and fragmentation of the glandular tissue, acinar hyperplasia
and replacement of acinar cells with fatty or fibrotic infiltrations [197]. These events lead to a deep
modification and impaired function of the glandular tissue. An architectural disorganization of the
epithelial cells has been described in the pSS: detachment of the basement membrane, alterations of
the apical microvilli and disorganization of the tight junctions separating the apical and basolateral
poles [198]. Several studies have shown that SS labial SG (LSG) display significant increase in proteolytic
activity of matrix metalloproteinases (MMPs) and higher expression of MMP-3 and MMP-9 exclusively
in acinar and ductal cells [199]. Some of the cytokines synthesized by the inflammatory cells, acinar and
ductal cells of SS LSG can induce increased MMPs expression [108,200]. In turn, high MMPs expression
triggers a high level of remodelling activity in the basal lamina that enhances the vulnerability of SGEC
to direct contact with cytotoxic inflammatory cells [201]. The disorganisation of the basal lamina of
acini and ducts of LSG from patients with SS is the most frequent modification observed that positively
correlates with the number of inflammatory cells within the gland.

4. Clinical Manifestations

Although often reduced to its sicca syndrome due to its tropism for glandular tissue, pSS remains
a systemic disease that can affect virtually all organs. These clinical manifestations can be
due to various mechanisms: dryness secondary to exocrinopathy, autoimmune epithelitis with
periepithelial lymphocytic infiltration of target organs, associated organ-specific autoimmunity with
specific autoantibodies, systemic manifestations linked to the presence of immune complexes or
cryoglobulinemia and clonal lymphocytic expansion. Three-quarters of pSS patients will have at
least one extraglandular manifestation, ranging from mild inflammatory arthralgia to life-threatening
manifestations. The clinical manifestations can occur at diagnosis or during follow-up, even after
more than 10 years, which must justify careful monitoring of patients. In general, the manifestations
due to lymphocytic infiltration around an epithelium of a target organ have a stable and indolent
course (e.g., sicca syndrome, renal tubular acidosis, pulmonary involvement) while the autoimmune
disorders linked to immune complexes or autoantibodies have a more unpredictable course, with flares
and remissions.

4.1. General Manifestations

More than half of pSS patients report disabling fatigue and non-restful sleep [202], partly related
to poor sleep quality due to dryness, night pain and an increased prevalence of obstructive sleep
apnoea [203]. Low-grade fever is found in 6% to 41% of pSS patients [204], while periodic fever
is found more anecdotally [204]. Weight loss and night sweats may also be due to the systemic
activity of the disease, autonomic involvement or lymphoma development. B symptoms—the triad of
fever, night sweating and weight loss classically described in lymphomas—are found only in 15% of
low-grade lymphomas associated with pSS [205].

4.2. Ocular Manifestations

Dry eye is a classic manifestation of pSS, part of the sicca syndrome affecting more than 95% of
pSS patients. Patients can report inability to tear, foreign-body sensation, conjunctival inflammation,
eye fatigue and decreased visual acuity. Ocular dryness can be complicated by keratoconjunctivitis
sicca, blepharitis, bacterial keratitis or corneal ulcer [206]. Uveitis, episcleritis and orbital pseudotumor
are rare but possible systemic manifestations [207].
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4.3. Stomatologic Manifestations

Lymphocytic infiltration of SG generates exocrinopathy with hyposialia responsible for soreness,
adherence of food to the mucosa, dysphagia, difficulties in speaking or eating, dental caries,
tooth loss, periodontal involvement, lip dryness and nonspecific ulcerations and aphthae [206,208].
Oral candidiasis and angular cheilitis are mycotic complications related to the loss of antimicrobial
action of saliva [209]. Parenchymal involvement can be complicated by recurrent parotid enlargement
of infectious, lithiasic, inflammatory or lymphomatous origin [210]. SG may be the site of bilateral
multicystic parotid masses and lymphoma.

4.4. Musculoskeletal Manifestations

Joint inflammatory manifestations are, after sicca syndrome, the most frequent manifestations of
pSS (50% of patients) [211]. Patients may have arthralgia with inflammatory characteristics (morning
stiffness > 30 min) or less frequently true symmetric polysynovitis mimicking rheumatoid arthritis
(RA). Joint involvement of the pSS is generally moderate (<5 affected joints) and preferentially
affects the small joints of the hands and upper limbs [211,212]. Joint involvement is conventionally
non-erosive—except in case of an overlap with RA—but can be deforming (Jaccoud arthropathy) [211].
More rarely, pSS can be responsible for myositis. Finally, widespread pain is frequent—nearly 50% of
pSS patients—resembling primary fibromyalgia [213,214].

4.5. Neurological Manifestations

Neurological manifestations of pSS are relatively frequent (18–45% of patients) and affect both
the central and peripheral (sensitivomotor and autonomic included) nervous systems, with a higher
prevalence of peripheral manifestations [215].

The peripheral manifestations are polymorphic and can be differentiated according to
electromyographic examinations in mixed polyneuropathy, axon sensory polyneuropathy, sensory
ataxic neuronopathy, axon sensorimotor polyneuropathy, pure sensory neuronopathy, mononeuritis
multiplex or rarely chronic demyelinating polyradiculoneuropathy. The mechanisms mentioned are
mainly lymphocytic infiltration of the dorsal root ganglia (for sensory ganglioneuronopathy), vasculitic
lesions of the vasa nervorum and/or the presence of axon-specific autoantibodies. The cranial nerves
can also be involved, essentially the trigeminal nerve by involvement of the Gasser ganglion (associated
or not with a more extensive ganglionopathy) and the facial nerve (uni- or bilateral paralysis). The other
cranial nerves are affected anecdotally. Finally, damage to non-myelinated fibres can be responsible of
autonomic neuropathy or small-fibre neuropathy.

In the central nervous system, pSS may be responsible for encephalic or spinal manifestations,
with stroke-like or Multiple Sclerosis-like damage secondary to cerebral vasculitis. Some demyelinating
manifestations combining myelitis and optic neuritis are part of an associated neuromyelitis optica
spectrum disorder (NMOSD), a condition linked to the presence of anti-aquaporin 4 autoantibodies.
Neuro-pSS can also manifest as a recurrent aseptic lymphocytic meningitis. Rarely, the association of
upper and lower motor neuron diseases resulting in an amyotrophic lateral sclerosis-like syndrome
has been described during pSS.

Finally, cognitive dysfunction (“brain frog”), restless leg syndrome and psychiatric abnormalities
are classically linked to pSS, but it is not clear whether these manifestations are reactive or directly
linked to the pathophysiology of the disease.

4.6. Pulmonary Manifestations

The prevalence of clinically significant lung disease in pSS is 9–20% although subclinical
manifestations can be found in more than 50% of patients by CT-scan or bronchoalveolar lavage
findings. pSS exocrinopathy also affects the lower airways causing coughing, tracheobronchitis
sicca, bronchial hyperresponsiveness (mimicking late-onset asthma), cylindrical bronchiectasis and
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bronchiolitis (mainly follicular bronchiolitis). This involvement of the small airway epithelium is rarely
responsible for an obstructive ventilatory syndrome (11–14%) but can be complicated by recurrent
pulmonary infections or atelectasis [216,217].

Nonspecific interstitial pneumonia (NSIP) and usual interstitial pneumonia (UIP) are the most
frequent interstitial lung diseases (ILD) patterns during pSS, corresponding to 45% and 16% of cases
respectively. Lymphocytic interstitial pneumonitis (LIP) arrives in 3rd position (15% of ILD cases) and
can be considered as a more specific benign diffuse lymphoproliferative disorder of pSS, probably
starting from the follicular bronchiolitis. It must be differentiated from pulmonary lymphoma, which is
found in 2% of pSS-ILD. Other patterns such as organizing pneumonitis are less frequent (11%) or
even rare such as pulmonary amyloidosis, alveolar haemorrhage, Langerhans’ histiocytosis, cavitary
lung disease and/or combined pulmonary fibrosis and emphysema syndrome. However, presence of
multifocal cysts on CT-scan should raise clinical suspicion for pSS-ILD [211,216,217].

Pleural involvement is rare. In fact, pSS manifests by pleurisy only in less than one percent of
cases [207]. Shrinking lung syndrome occurs in extremely rare cases in pSS patients [218–223].

4.7. Dermatological Manifestations

Cutaneous involvement in pSS is relatively common and multiple manifestations are described
such as xeroderma, eyelid dermatitis, annular erythema/subacute cutaneous lupus-like lesions
and vascular purpura (caused by cutaneous vasculitis, urticarial vasculitis, cryoglobulinemia or
hypergammaglobulinemic purpura of Waldenström) [211]. More rarely pSS can be responsible for
cutaneous ulcer, livedo, erythema nodosum, panniculitis, amyloidosis or granuloma annulare [209].

4.8. Cardiovascular Manifestations

Raynaud phenomenon is the most frequent vascular manifestation, affecting 15% of patients [207].
Fortunately, cardiac manifestations such as pericarditis, pulmonary hypertension and cardiomyopathy
are very rare, affecting <1% of pSS patients, respectively [207]. Cardiac rhythm disturbances have
been described, secondary to ionic disorders, dysautonomia or direct impairment of the electrical
conduction system of the heart [224,225].

4.9. Oeso-Gastrointestinal Manifestations

Dysphagia is a frequent complaint in pSS patients generally related to inadequate lubrication of the
upper aerodigestive tract and food bolus resulting from hyposalivation. Oesophageal dysmobility is also
mentioned in certain cases, explaining the lack of correlation between xerostomia and dysphagia [226,227].
Dyspepsia is frequent, occurring in 23% of pSS patients, and often linked to chronic atrophic gastritis
where inflammatory infiltrates similar to those of the SG are found following tissue histological
examination. Antibodies against parietal cells or intrinsic factor can be found, but pernicious anaemia
remains rare [226]. Manifestations such as diffuse abdominal pain, diarrhoea or malabsorption can occur
as part of a protein losing enteropathy or in case of overlap with Celiac disease [226,227]. Interestingly,
pSS patients with Primary Biliary Cirrhosis overlap (PBC) are at higher risk of developing duodenal
ulcers (85% of cases) [226]. The digestive tract can be the site of acute and serious complications in the
context of cryoglobulinaemic vasculitis.

4.10. Pancreatic and Hepatobiliary Manifestations

The pancreas being an exocrine gland, it is not surprising to find cases of acute pancreatitis, chronic
pancreatitis or pancreatic insufficiency in 0–7% of pSS patients. Moreover, 25% to 33% prevalence of
chronic pancreatitis-like morphologic changes suggest that there are many asymptomatic cases [226].
Hepatomegaly is found in 10–20% of patients. Liver tests are disrupted in 10–50% of patients, usually
mildly and with no particular clinical significance. pSS can be associated with Primary Biliary Cirrhosis
(PBC)—another autoimmune epithelitis—or with autoimmune hepatitis (AH). Pseudolymphoma has
been described to occur in liver like it may occur in salivary or lacrimal glands [226,227].
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4.11. Uronephrologic Manifestations

Schematically, renal involvement linked to pSS can be divided into 3 groups: (1) tubulointerstitial
nephritis linked to autoimmune epithelitis characterized by peritubular lymphocyte infiltration,
(2) glomerulonephritis associated with immune complexes and (3) disorders linked to the presence
of specific autoantibodies. According to different cohorts, about 5% of pSS patients have a renal
involvement. However, this figure seems clearly underestimated if occult tubular involvement is
systematically assessed [211,228].

Tubular involvement can be associated with dysfunction of any part of the renal tubule and can
be responsible for polyuropolydypsic syndrome, low molecular weight proteinuria, aminoaciduria,
euglycemic glycosuria, acidosis with normal anion gap, hypokalaemia that may be complicated by
paralysis or disturbed heart rhythm, hypophosphoremia linked to increased phosphate excretion
that may be complicated by osteomalacia, nephrocalcinosis or the formation of recurrent kidney
stones [228,229]. More anecdotally, acquired Gitelman or Bartter syndrome has been described,
possibly linked to the presence of specific autoantibodies targeting transporters (ie NaCl co-transporter
in Gitelman syndrome) [228,230]. Glomerular disease occurs later in the history of the disease and most
often corresponds to a mesangioproliferative glomerulonephritis (MPGN) caused by the deposition of
immune complexes, usually cryoglobulinemia, which should be looked for [211,228].

Interstitial cystitis is a chronic inflammatory disease of the bladder that can be found in pSS
patients. This rare manifestation is characterized by complaints such as pollakiuria, lower abdominal
pain, urinary urgency, painful micturition, haematuria and dysuria [231]. Interstitial cystitis can be
complicated by bilateral hydronephrosis and obstructive renal failure [231].

4.12. Haematological Manifestations

Anaemia is present in 20% of pSS cases, usually normochromic normocytic, of various mechanisms:
anaemia of chronic disease or haemolytic, more rarely secondary to aplastic or pernicious anaemia
or myelodysplastic syndrome [232,233]. Leukopenia is found in 15% of patients and most often
corresponds to lymphocytopenia. Agranulocytosis is rare. Thrombocytopenia is found in 15% of
patients, of peripheral origin, whether or not involved in Evans syndrome [232,233]. Rare cases of
Thrombotic Thrombocytopenic Purpura (TTP) [234–236] and Hemophagocytic lymphohistiocytosis
(HLH) [237] have been described.

Reactive multiple lymphadenopathy is possible, statistically associated with the presence of
synovitis [212]. The intense stimulation of B cells explains the occurrence of hypergammaglobulinemia,
hyperviscosity syndrome, monoclonal gammapathy, cryoglobulinemia and amyloidosis [232,238].
The formation of immune complexes leads to complement fraction consumption.

CD4-Lymphocytopenia is mainly found in anti-Ro-SSA positive patients and is associated with
an increased risk of non-Hodgkin’s lymphoma (NHL) [232]. NHL has a prevalence of 4.3% in pSS
patients [205]. Schematically, pSS-associated NHL can be divided into two main categories: the first
has an indolent course and is dominated by the extranodal marginal zone (MZ) B cell lymphomas of
MALT-type, and the second corresponds to the high-grade lymphomas such as de novo or secondary
diffuse large B cell lymphoma (DLBCL). In pSS patients, MALT lymphomas are indolent diseases
characterized by a good performance status, small tumour burden and infrequent B symptoms.
They are preferably located in one or more extranodal sites such as SG, stomach, nasopharynx, lung,
liver, kidney, orbit and skin [205]. It is interesting to note that almost all of these sites are organs
involved in autoimmune epithelitis. Locoregional nodal involvement can be observed while bone
marrow infiltration is rare. DLBCL are aggressive and have a poor prognosis. A certain proportion of
them probably come from a transformation from a low-grade lymphoma. NHL mainly occurs in pSS
patients with cryoglobulinemia, palpable purpura and C4 fraction consumption [205].
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4.13. Ear–Nose–Throat (ENT) Manifestations

ENT complaints are common (40–50%) in pSS patients but objective fibroscopic abnormalities
are less frequent (20%) [239]. Exocrinopathy can generate rhinitis sicca—reported by about 40% of pSS
patients—which is a source of discomfort, nasal crusting, sinusitis, epistaxis or smell and taste disorders [240].
pSS patients are more likely to develop laryngopharyngeal reflux (LPR) because oesophageal involvement
impairs anti-reflux mechanisms. LPR—in addition to pharyngitis sicca—manifests itself through various
ENT complaints such as dysphonia, throat pain, chronic throat clearing or Eustachian tube dysfunction [241].

As with other systemic vasculitides, pSS may be responsible for sensorineural hearing loss or
chondritis [242], responding to corticosteroid treatments. In an appealing way, pSS is associated with a
sensorineural hearing loss in a significant proportion of patients, mainly affecting high frequencies,
but whose clinical impact is not obvious [243].

4.14. Gynaecological and Obstetrical Manifestations

pSS does not have a negative impact on fertility, but chronic pain and vaginal dryness can be
the cause of dyspareunia having a negative impact on the sexuality of female patients [244]. During
pregnancy, pSS can be responsible for two rare but classic manifestations: autoimmune congenital
heart block and neonatal lupus [245–247]. These two manifestations are linked to the transplacental
passage of anti-Ro/SSA autoantibodies. Congenital heart block occurs in 2% of anti-Ro/SSA positive
pregnancies but with a 10 to 20% risk of recurrence in subsequent pregnancies. More rarely, neonatal
lupus can be associated with endocardial fibroelastosis, valvular malformations or septal defects.
Neonatal lupus—affecting one fifth of anti-Ro/SSA positive pregnancies—is characterized by an
erythematous rash and photosensitivity that can be associated with hepatic, haematological and
neurological involvement. Compared with healthy pregnancy, patients with pSS had significantly
higher chance of pregnancy loss or neonatal death. However, there were no significant associations
between pSS and premature birth, spontaneous or artificial abortion or stillbirth [248]. These data
should be taken with caution because they are based on a limited number of heterogeneous—and not
necessarily recent—studies.

5. Diagnosis Workup

5.1. Diagnosis Versus Classification Criteria

Faced with one or more compatible manifestations, the diagnosis of pSS must be evoked and
investigated. Making a diagnosis is the basis of medical care. For the patient, it represents the end of
questioning and diagnostic wandering. For the physician, the diagnosis makes it possible to clarify
the management. Finally, for the researcher, the diagnosis makes it possible to create homogeneous
groups around a consensus definition. Unfortunately, there is no single diagnostic test to confirm
the diagnosis of pSS. Due to its protean and willingly insidious presentation, pSS is sometimes
difficult to recognize and may delay diagnosis by more than 10 years. Sicca syndrome, fatigue and
unspecific musculoskeletal pain can be wrongly taken for manifestations of age, anxio-depression or
perimenopause in people with pSS. Systemic manifestations can sometimes precede sicca syndrome,
resulting in an “occult pSS” [249]. For these various reasons, the gold standard for individual diagnosis
of pSS remains the opinion of an expert clinician. To allow the study of the disease in groups of pSS
patients, several consensuses have defined classification criteria allowing a common definition of
what pSS is. The 3 most recent sets of classification criteria are presented in Table 2. By definition,
classification criteria are specific but may lack sensitivity and should not be used blindly as diagnostic
criteria but as a guide in clinical practice.

135



J. Clin. Med. 2020, 9, 2299

Table 2. Modern pSS Classification Criteria—comparisons of items, definitions and diagnosis
performance compared to experts’ opinions.

AECG Classification Criteria
(2002) [250]

SICCA Classification Criteria
(2012) [251]

ACR-EULAR Classification
Criteria (2016) [252]

Domain Item Definition Value Item Definition Value Item Definition Value

Subjective
eye dryness ≥1/3 specific questions minor / _ / _

Subjective
oral dryness ≥1/3 specific questions minor / _ / _

Ocular signs
Schirmer (≤5 mm/5 min)

OR
Van Bijsterveld ≥ 4

minor OSS ≥3 1

Schirmer (<5 mm/5 min) 1

OSS ≥ 5
OR

Van Bijsterveld ≥ 4
1

SG dysfunction

UWSF (≤1.5 mL/15 min)
OR

Compatible parotid
sialography

OR
Anormal salivary

scintigraphy

minor / _ UWSF (≤0.1 mL/min) 1

MSGB Focus-score ≥ 1 Major Focus-score ≥ 1 1 Focus-score ≥ 1 3

Auto
antibodies

Anti-Ro/SSA or
Anti-La/SSB Major

Anti-Ro/SSA or
Anti-La/SSB

OR
RF(+) with

ANA(+) ≥1:320

1 Anti-Ro/SSA 3

pSS definition 4 out of 6 with ≥ 1 Major
(or 3 out of 4 objectives findings)

pSS signs and/or symptoms
with ≥2/3 criteria

Sicca or ESSDAI manifestation
with a total score ≥ 4

Exclusions
criteria

- Past head and neck radiation
- Hepatitis C infection
- AIDS
- Pre-existing lymphoma
- Sarcoidosis
- Graft-versus-host disease
- Current use of

anticholinergic drugs

- Past head and neck radiation
- Hepatitis C infection
- AIDS
- Sarcoidosis
- Graft-versus-host disease

- Past head and neck radiation
- Hepatitis C infection
- AIDS
- Pre-existing lymphoma
- Sarcoidosis
- Graft-versus-host disease
- Amyloidosis
- IgG4-related disease
- Current use of

anticholinergic drugs

Sensitivity 93.5% 92.5% 96%

Specificity 94.0% 95.4% 95%

AECG = American European Consensus Group, SICCA = Sjögren’s International Collaborative Clinical Alliance,
ACR-EULAR=American College of Rheumatology—European League Against Rheumatism, UWSF= unstimulated
whole saliva flow, RF = rheumatoid factor, ANA = antinuclear antibodies, ESSDAI = EULAR Sjögren’s syndrome
disease activity index.

5.2. Sicca Syndrome and Glandular Assessment

The investigation for objective dysfunction of the salivary and lacrimal glands is useful for the
diagnosis and symptomatic management of the patient. Anatomical or functional imaging can be used
to assess changes in the major SG during pSS.

The evaluation of dry eyes requires a simple ophthalmological examination. The Schirmer test
consists of positioning a small strip of filter paper inside the inferior fornix of each eye. The eyes are
then closed for 5 min. After this time, the strips are removed, and the amount of tears absorbed by
capillarity is measured in millimetres from the edge of the strip in contact with the ocular surface.
Dryness is significant if ≤5 mm/5 min. The evaluation then continues with the evaluation of the
stability of the tear film by the Break-up Time (BUT) and the search for conjunctival or corneal lesions
linked to dryness (keratoconjunctivitis sicca). These various tests use the slit lamp and the ocular
instillation of dyes. BUT is measured by placing a drop of fluorescein in each eye and measuring the
time during which the coloured tear film uniformly covers the ocular surface, before the appearance of
dry spots. A tear BUT test of less than 10 s (averaged over 3 testings’) is considered pathological but is
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not specific of pSS manifestations. Finally, damage to the conjunctiva and cornea is highlighted by
ocular surface staining techniques (fluorescein and lissamine green) [253]. The anomalies are scored
using standardized scores: van Bijsterveld scale or the SICCA Ocular Staining Score (OSS). Respective
cut-offs of ≥4 and ≥5 correspond to pathological situations suggestive of pSS. Those tests are more
specific of pSS than Schirmer and Break-up time tests. Rose Bengal dye is no longer used because of its
poor tolerance and local toxicity.

The evaluation of hyposalivation can be easily performed by sialometry. In its simplest form,
sialometry consists of measuring the Unstimulated Whole Salivary Flow rate (UWSF) and the Stimulated
Whole Salivary Flow rate (SWSF). UWSF is performed by asking the patient—fasted for minimum
2 h—to passively drain all the saliva produced in a tared jar for 15 min. The jar is then weighed
and the saliva volume estimated. UWSF less than 0.1 mL/min is considered pathological (normal
range 0.3–0.4 mL/min). UWSF represents a minor classification criterion. SWSF is measured in the
presence of mechanical stimulation. SWSF can be measured using the Saxon test or Gum test protocols.
Saxon test is performed by asking the patient to chew for 2 min a tared compress which will then
be weighed. Gum test is performed as USWF, but in this case, the patient chews chewing gum and
then spits saliva in a container. A diagnosis of hyposalivation is made if SWSF is ≤0.5–0.7 mL/min
(normal range 1.5–2.0 mL/min). It is also possible to measure the salivary flow specific to each major
SG by aspiration or cannulation. However, these techniques are of little use to the rheumatologist and
especially uncomfortable for the patient.

Radiosialography is an X-ray imaging technique requiring the retrograde injection of a contrast
solution into the excretory ducts of the major SG. This technique indirectly highlights glandular damage
by studying changes in the “tree structure” of the excretory ducts [254]. Given the invasive nature and
the complications of this technique, it has been abandoned in favour of other non-invasive techniques.

SG scintigraphy (SGS) studies the uptake, the concentration and the basal or stimulated secretion of
a radioactive tracer by the parotid and submandibular glands following an infusion of Technethium-99
pertechnetate. SGS interpretation is mainly based on Schall’s classification [255], a qualitative score
classifying anomalies in 4 grades—from grade 1 (normal) to grade 4 (the total absence of uptake and
mouth activity). With≥3 as cut-off, sensitivity and specificity are 54–87% and 78–98%, respectively [256].
Salivary scintigraphy is one of the classification criteria of 2002 for pSS but has disappeared from the
most recent classification criteria of 2016. An abnormal scintigraphy makes it possible to objectify a
dysfunction of the SG but does not allow etiological diagnosis as no image is specific of pSS. However,
it may be of interest for treatment: if the examination shows SG with normal uptake but with a major
dysfunction of excretion (possibly due to an autonomic disorder), the patient could benefit from a
sialagogue treatment. In case of a scintigraphy demonstrating no uptake of the tracer, the parenchyma
is probably totally destroyed and a sialagogue treatment will be useless.

Ultrasound is a simple, non-invasive way to assess the parenchyma of parotid and submandibular
glands for diagnostic and prognostic evidence for pSS. Mode-B ultrasound using a high frequency linear
probe allows characterization of size, homogeneity, presence of hypo-/anechoic areas, hyperechoic
bands and clearness of SG borders. These different items were included in several diagnostic scores [257].
The OMERACT group, in an attempt to standardize, developed in 2019 a semi-quantitative scoring
(0–3) based on the presence of hypoechoic/anechoic zones within the parenchyma of the parotid and
submandibular glands [258]. A score ≥ 2 is abnormal and suggestive of pSS. At present, SG ultrasound
(SGUS) is not part of classification criteria but may well be in the future [259]. Unfortunately,
correlations between histological abnormalities (lymphocytic infiltration, diseased parenchyma or
ductal ectasia/cysts) and SGUS lesions have not been corroborated [254]. SGUS scores improvement
after treatment with Rituximab prove that part of the abnormalities are correlated with the disease
activity and not only damage accrual [260,261]. To date, there is currently insufficient evidence to use
SGUS as a prognostic or treatment response factor. Thanks to its high spatial and contrast resolution,
low cost and accessibility, SGUS has replaced MRI in the diagnosis of the pSS patient.
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5.3. Labial Minor SG Biopsy

The minor SG biopsy (MSGB) is a simple procedure that can be performed with little equipment.
Several biopsy techniques have been described in the literature [262,263]. After disinfection,
the reappearance of small drops of saliva makes it possible to identify the accessory SG at the
level of the lateral third of the lower lip. The mucosa above these glands is anesthetized with an
injection of lidocaine. The mucosa is then opened with a scalpel over 5–10 mm and the glands removed
with forceps. The individualization and extraction of the glands is made easier by the hydrodissection
that occurs during local anaesthesia and by the eversion of the lip. Lobules are herniated towards the
surface of the wound by the application of pressure—digital or instrumental—on the external part of
the lip. For quality concerns, the removal of 4–6 glands—allowing the study of minimum 8 mm2 of
glands—is recommended [264]. A parotid biopsy is only exceptionally performed because technically
more complex with a theoretical risk of damage to the facial nerve, for a diagnostic contribution
identical to MSGB based on focus-score. On the other hand, the detection of lymphoepithelial lesions
and early stage lymphomas—having a prognostic value—is more frequent/easier to detect on parotid
biopsies [263].

The central element of MSGB pathology is the presence of clusters of more than 50 mononuclear
cells (mainly lymphocytes) called foci. These foci in periductal or perivascular areas adjacent to normal
acini are counted, reported to the area investigated and expressed as a Chisholm–Mason score [265] or
a Focus-score [266]. Compared to the initial descriptions of those scores, some experts recommend
counting all foci, including those associated with areas of fibrosis or atrophy, for fear of changing the
Focus-score [264]. The Focus-score corresponds to the average number of foci per 4 mm2 of gland.
It goes from 0 to 12, 12 corresponding by convention to the coalescence of the foci. The Chisholm
score ranks chronic sialadenitis from 0 to 4. Grade 0 corresponds in the absence of infiltration;
grade 1 corresponds to a slight infiltration of mononuclear cells, however not forming a focus; grade 2
corresponds to the presence of an infiltrate of mononuclear cells organizing in foci but whose density is
<1 focus per 4 mm2; grades 3 and 4 correspond to the presence of 1 or > 1 focus per 4 mm2, respectively.
The presence of focal sialadenitis characterized by a Focus-score ≥ 1 (Chisholm grade ≥ 3) is a major
diagnostic argument for pSS and is included in the different classification criteria. Due to its sensitivity
and specificity >80% and its significant positive predictive value [267], the presence of a chronic focal
sialadenitis (Focus-score ≥ 1) is particularly useful in the diagnosis of early pSS, even with specific
manifestations and autoantibodies negativity [249].

Although not part of the classification criteria, other anomalies can be described: fibrosis, acinar
atrophy, ectasia or metaplasia of the excretory ducts, histiocytic granulomas, presence of germinal
centre-like structures, lymphoepithelial or myoepithelial sialadenitis (LESA/MESA) [268,269]. LESA/MESA
are characterized by lymphocytic infiltration of ducts and basal cell hyperplasia, resulting in a multilayered
epithelium. In addition, pathology allows differential diagnosis with sarcoidosis, IgG4-related disease,
amyloidosis and lymphoma. Finally, MSGB provides information on the patient’s prognosis: a Focus-score
≥3 and the presence of germinal centre-like structures or LESA/MESA are associated with more severe
disease and an increased frequency of local and systemic manifestations, including lymphoma. For this
reason, we recommend doing MSGB even if the diagnosis can be made based on anti-Ro/SSA positivity
with objective sicca syndrome.

The parotid biopsy has fallen somewhat into disuse due to the ease of performing a minor
SG biopsy with equivalent diagnostic performance. On the other hand, the possible discrepancies
with MSGB [270,271], the possibility of early detection of lesions associated with a poor prognosis,
the possibility of biopsying the same gland again to monitor the disease and the possibility of correlating
it with SGUS semiology make parotid biopsy a tool that would need to be reassessed in the future [263].

5.4. Antinuclear Antibodies (ANA) Profile

The other major element in the diagnosis of pSS is the presence of anti-Ro/SSA and/or anti-La/SSB
autoantibodies. The Ro/La system is a heterogeneous antigenic complex, composed by three different
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proteins (52kDa Ro, 60kDa Ro and La) and four small RNAs particles [272]. The search for antinuclear
antibodies (ANA) by Immunofluorescence (IF) on HEp-2/HeLa cells is therefore an important element
in the diagnosis of pSS. ANA is positive in 70% of pSS patients, usually with a fine speckled
fluorescence [273]. Anti-Ro/SSA and/or anti-La/SSB autoantibodies are identified in 50–90% and
25–60% of patients, respectively [274]. It should be borne in mind that the Hep-2 cells do not sufficiently
express Ro/SSA antigen, explaining the fact that 10% of patients anti-Ro/SSA-positive in ELISA have
negative ANA in IF on HEp-2 cells [274]. Therefore, in case of suspicion of pSS, it is necessary
to request the anti-Ro/SSA antibodies identification by ELISA, even in the presence of a negative
ANA IF screening. Two types of anti-Ro/SSA autoantibodies can be differentiated: anti-Ro52 and
anti-Ro60 [272]. Anti-Ro52/SSA have no specific ANA fluorescence staining pattern (might even exhibit
a cytoplasmic pattern [274]), is precipitin negative and is not detected by ELISAs based on natural
SSA/Ro. Ro52+ Ro60+ patients are likely to have pSS while Ro52+ Ro60- patients are not [275]. Isolated
anti-Ro52/SSA positivity is statistically linked to primary myositis and systemic sclerosis. On the
other hand, anti-Ro52/SSA and anti-La/SSB have the highest relative risks of congenital heart block in
offspring from anti-Ro/SSA positive patients because these two antigens are expressed in foetal cardiac
tissue from the 18th to 24th week [272]. Anti-La/SSB is mainly found in the presence of an anti-Ro/SSA,
evoking a mechanism of epitope spreading. In only 2–3% of cases, pSS patients present with an
isolated Anti-La/SSB antibody [276,277]. The presence of another ANA pattern or the identification
of “atypical” ANAs can allow the identification of a secondary SS, an overlap with another systemic
disease or a specific pSS subgroup [159]. The prognostic implication of these antibodies is discussed in
the prognosis section.

5.5. Blood Workup

In addition to ANA testing, the initial blood workup for suspected autoimmune systemic
disease includes a complete blood count; a coagulation profile with antiphospholipid panel;
urea/creatinine dosage and urine sediment and 24-h urine protein or urine protein/creatinine
levels; Na+/K+/HCO3

−/Cl−/Uric Acid levels to investigate renal tubulopathy; hepatic enzymes levels;
creatine phosphokinase (CPK) to investigate myositis; C3/C4/CH50 levels, Rheumatoid Factor (RF),
Cyclic Citrullinated Peptide (CCP) antibodies, Coombs test; serum protein electrophoresis and total
IgG, IgM and IgA levels to investigate presence of polyclonal hypergammaglobulinemia and/or
monoclonal gammapathy; HCV serology; VDRL/TPHA; free T4 levels, TSH, anti-thyroid peroxidase,
anti-thyroglobulin, anti-mitochondrial, anti-smooth muscle, anti-gastric parietal cell antibodies in
case of associated auto-immune diseases. Hypergammaglobulinemia and lymphopenia are classically
described during pSS. Their presence may be an additional argument, but their diagnostic performance
is not known.

5.6. Sjögren’s Syndrome Differential Diagnosis

Classically all disorders manifested clinically by sicca symptoms, glandular enlargement and/or
rheumatic/systemic manifestations fall under the differential diagnosis of pSS (Table 3). However,
a rational and pragmatic approach often leads to the correct diagnosis [278].

5.7. Primary versus Secondary Sjögren’s Syndrome

It is classic in medical nosology to describe the isolated and idiopathic form of a disorder as
“primary” and to qualify as “secondary” the forms associated with specific causes or entities. SS is no
exception. Historically, this dichotomy differentiated pSS patients from patients suffering from RA
complicated by sicca syndrome. Subsequently, “secondary SS” (sSS) extended to other connective
tissue diseases (e.g., SLE and Systemic Sclerosis (SScl)) and autoimmune diseases (e.g., primary biliary
cirrhosis, thyroiditis and vasculitis) [279]. This nomenclature has also been indirectly “ratified” in
AECG Classification Criteria from 2002 [250], classifying as “sSS” patients with another well-defined
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major connective tissue disease and at least one dry symptom (ocular or buccal) and 2 out of 3 signs of
exocrine dysfunction (MSGB, SG signs or ocular signs in Table 2).

Table 3. Differential diagnosis of Sjögren’s syndrome (non-exhaustive list).

Sicca Symptoms
Complex

Glandular
Involvement

Articular
Involvement

Systemic
Involvement

Xerogenic medications X _ _ _

Aromatase inhibitors (X) _ X (X) pSS-like

Age-related dryness X _ _ _

Metabolic sialadenosis _ X _ _

Non-SS dry eye diseases X _ _ _

Head and neck irradiation X _ _ _

Sarcoïdosis X X X X

Hyperlipoproteinemia (II, IV, V type) X X (X) _

Chronic Graft vs. Host disease X X X X

Primary lymphoma X X _ (X)

Amyloïdosis X X (X) (X) Renal,
purpura

Viral chronic sialadenitis (HCV, HIV, HTLV-1) X (X) X X

Other chronic Non-specific sialadenitis X X Usually
unilateral _ _

Diabetes Mellitus X (X)
Sialadenosis

(X)
Cheiroarthropathy

(X)
Neuropathy

Haemochromatosis X (X) X CPPD (X)

Other connective tissue disease X _ X X

Rheumatoid arthritis (X) _ X (X)

Granulomatosis with polyangiitis X (X) X X

IgG4-related disease (Mikulicz syndrome) X X (X) (X)

Anxiety, fibromyalgia X _ (X) _

Checkpoint inhibitors X (X) X X

In light of current data, this dichotomy seems obsolete and should be reviewed. While
polyautoimmunity and overlap syndromes are currently recognized, one can wonder why SS is
still considered a second-class disorder.

Based on the examination of salivary gland biopsies of 34 RA patients with sicca symptoms,
two phenotypes can be differentiated [280]. One group of patients presented a phenotype characterized
by mild salivary gland lesions and negative autoantibody. Histologically, minor SG biopsies display
increased prevalence of antigen-presenting cells and CD8+ T cells, decreased presence of B cells,
and “non-activated” epithelial cells (based on the expression of HLA-DR and co-stimulation proteins
D80/B7.1). A second group of patients presented a phenotype characterized by glandular manifestations
and/or auto-antibodies positivity. Their minor SG biopsies demonstrated CD80/B7.1 overexpression
and low frequency of S100+ cells, correlated with the positivity of anti-Ro/SSA autoantibodies and/or
focus score ≥ 1. Both groups had an historical RA-sSS and an RA-pSS overlap, respectively. In this
study, compared to RA patients without sicca symptoms, RA-sicca patients statistically present more
Raynaud’s phenomenon, SG enlargement, palpable purpura and renal, lung and liver involvement.
They displayed more frequent ANA, anti-Ro/SSA autoantibodies and RF positivity. The published
data do not allow us to know if these manifestations are over-represented in the second group.

From a serohistological point of view, there is no difference in terms of anti-Ro/SSA positivity,
anti-La/SSB positivity and SG infiltration between a pSS alone and an sSS associated with a SLE [281]
or SScl [282]. It therefore seems more like an overlap than a so-called sSS. On the other hand, as for RA
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patients, SS overlap modifies the associated clinical phenotype. Compared with SLE-alone patients,
patients with SLE-SS overlap are older and had a higher frequency of Raynaud’s phenomenon,
anti-Ro/SSA positivity, anti-La/SSB positivity and rheumatoid factor. They also had a significantly
lower frequency of renal involvement, lymphadenopathy and thrombocytopenia [281]. Compared
with SScl-alone patients, patients with SScl-SS overlap seem less at risk of serious complications from
SScl namely lung fibrosis, pulmonary artery hypertension and scleroderma renal crisis [282].

To summarize, “secondary SS” is to be banned from our vocabulary [283] or—at a pinch—redefined
very restrictively for some exocrine involvement occurring in rheumatoid arthritis not corresponding
to a real SS, if such an entity exists. Moreover, “secondary SS” has disappeared from the classification
criteria of 2012 and 2016. The patient has or does not have (p)SS, which may or not be associated with
other autoimmune diseases, reflecting common etiopathogenic pathways. In this way, the clinician
avoids three pitfalls: (1) minimizing the SS-related symptoms, which decrease the quality of life of
the patients; (2) forgetting that overlap may change the clinical phenotype and (3) forgetting the risk
of lymphoma. Unfortunately, pSS overlap syndromes had been under-recognized, under-researched
and possibly under-treated in the past because of the historical label of “secondary SS” and their
exclusions from the majority of clinical trials [284]. Their management is therefore based on the
clinician’s expertise, patient choices, best evidence and practice for the management of all associated
diseases. To better individualize pSS in the future, it would be necessary to be able to move from
a clinical definition to a molecular or even epigenetic signature.

6. Prognosis

Once the pSS diagnosis is made, treatment and medical decisions will be based on the expected
course of the disease and its impact on the patient’s life. This burden can be summarized in “5D”: Death
(mortality), Disease activity, Damage accrual, Discomfort (pain and sicca symptoms) and Disability.
To assess the effect of therapeutic interventions on the natural history and functional repercussions of
the disease, scores that can be used as clinical outcomes in trials have been developed.

6.1. Death

Although overall pSS mortality is low and similar to the general population [285], a subgroup
of patients will have a poorer vital prognosis. The excess mortality observed in such subgroup of
patients is generally attributed to the development of lymphoma or to uncommon but severe visceral
involvement. The leading causes of mortality in pSS patients are cardiovascular events, followed by
solid-organ and lymphoid malignancies and infections [285]. Risk factors associated with increased
mortality are advanced age at diagnosis, male sex, parotid enlargement, abnormal parotid scintigraphy,
extraglandular involvement, vasculitis, anti-SSB positivity, low C3 and C4 and cryoglobulinaemia [285].

pSS is associated with increased risks of overall cancer (pooled RR 1.17 to 1.88), non-Hodgkin
lymphoma (NHL) (pooled RR 8.53 to 18.99) and thyroid cancer (pooled RR 1.14 to 4.03) [286,287].
Biomarkers associated with the development of lymphoma are mainly signs associated with exuberant
B cell proliferation and immune-complex production [288–290]: parotid swelling, Focus-Score ≥3,
germinal centre-like lesions, skin vasculitis or palpable purpura, complement consumption (Low C3,
C4 or CH50), presence of cryoglobulinemia or monoclonal paraproteinemia, rheumatoid factor,
increased β-2 microglobulin, lymphocytopenia, hypoglobulinemia, lymphadenopathy or splenomegaly
and head and neck irradiation.

6.2. Disease Activity

Disease activity may be defined as the functional or structural changes in an organ related to
inflammatory burden of the disease and are reversible under treatment. As in other inflammatory
diseases, disease activity can fluctuate over time and progress between relapses and remissions.
A significant proportion of pSS patients—nearly 50–70%—display a systemic manifestation at the
time of glandular onset or within 6 months, mainly lymphadenopathy/splenomegaly, non-erosive
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arthritis and neurologic involvement [291]. The long-term study of the Antonius Nieuwegein Sjögren
(ANS) cohort revealed that, within 10 years of diagnosis, 30.7% of the 140 patients included in this
study developed an associated extraglandular or autoimmune manifestation such as polyneuropathy,
interstitial lung disease, arthritis, discoid or subacute cutaneous lupus erythematosus (LE) and
Hashimoto’s disease [292]. The presence of cryoglobulinemia is associated with an increased risk of
developing a systemic manifestation [211,292]. On the other hand, presenting widespread pain seems
to be a “protective phenotype” [292].

Currently the European League Against Rheumatism (EULAR) SS disease activity index (ESSDAI)
score has been used to quantify the inflammatory systemic activity of the disease. Within ESSDAI,
clinical or biological manifestations are classified as “low” (1 point), “moderate” (2 points) or
“high activity” (3 points) in 12 domains. To calculate the ESSDAI score, the value of the highest level
of activity for each domain is multiplied by the domain weight (1 to 6) and then added together.
The maximum theoretical ESSDAI score is 123. Minimal clinically important improvement was defined
as an improvement of at least three points. More recently, ClinESSDAI score, a variant of the ESSDAI
score without the biological domain, has also been used [293] (Table 4).

Table 4. Common damage, burden and activity scores for clinical monitoring of pSS patients.

EULAR Sjögren’s
Syndrome Disease

Activity Index

EULAR Sjögren’s
Syndrome Patient

Reported Index

Sjögren’s
Syndrome Disease

Damage Index

Sjögren’s
Syndrome

Damage Index

Abbreviation ESSDAI ESSPRI SSDDI SSDI

First description Seror et al. [294] Seror et al. [295] Vitali et al. [296] Barry et al. [297]

Year 2010 2011 2007 2008

Type Activity index PRO Damage index Damage index

Domains (n) 12 1 6 9

Items (n) 44 3 9 27

Items scoring 0 to 3 VAS (0–10) 1, 2 or 5 1

Domain weight 1 to 6 1 1 1

Calculation Sum Mean Sum Sum

Score range 0–123 0–10 0–16 0–27

Clinically significant
threshold

<5 Low ≥5, ≤13
moderate ≥14 high

≥5/10 is an unsatisfactory
symptom state - -

Minimal clinically
important difference

≥3 points
improvement

≥1 point or ≥15%
improvement - -

VAS = visual analogue scale, PRO = patient reported outcome.

However, it should be borne in mind that (clin) ESSDAI score does not investigate all of the
possible events related to pSS. Out of 6331 patients included in the international register “The Big
Data Sjögren Project Consortium” [207], 1641 patients (26%) had at least one non-ESSDAI systemic
manifestation on a predefined list of 26 organ-specific features not currently included in the ESSDAI
classification. Patients with non-ESSDAI manifestations are patients with higher systemic activity than
patients without non-ESSDAI manifestations (mean ESSDAI 10.3 vs. 5.5, p < 0.001).

Patients with significant systemic activity are generally patients with early onset disease,
antinuclear antibodies (ANA) positivity with a higher frequency of anti-Ro/SSA (with or without
anti-La/SSB), low C3, low C4 and cryoglobulinemia [154,276,277,298]. Children of anti-Ro/SSA positive
mothers are at risk of specific neonatal complications such as neonatal lupus and congenital heart
block [277]. Paradoxically, patients with higher disease activity are less disabled by sicca syndrome
or widespread pain [276,277]. Conversely, patients with late-onset seronegative disease will mainly
present a more disabling sicca syndrome but fewer systemic manifestations linked to the activity of
the disease [277]. Finally, isolated anti-La/SSB positivity occurs in only 3% of pSS patients and is
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associated with an intermediate phenotype between Ro/SSA positive- and seronegative patients [277].
Thus, systemic complications could appear many years after initial pSS diagnosis and justify long-term
surveillance, especially in cryoglobulinemia or “high risk” phenotype patients.

The immunological profile of pSS highlights the presence of atypical ANA—12% of cases [299]—or
other specific autoantibodies. A subset of pSS patients with anti-centromere positivity develops a
clinical phenotype overlapping between SS and systemic sclerosis with a higher age, more frequent
Raynaud’s phenomenon and keratoconjonctivitis sicca and a lower proportion of anti-Ro/SSA and
anti-La/SSB, rheumatoid factor, leukocytopenia and hypergammaglobulinemia [159,299]. In most
cases, a minority of these patients appear to progress to an authentic systemic sclerosis. Anti-Cyclic
Citrullinated Peptides (anti-CCP) positivity—present in 3–10% of patients—is associated with a greater
frequency of joint manifestations or with overlap with rheumatoid arthritis (RA) [159,277]. The presence
of anti-mitochondrial antibodies (1.7–13%) and anti-smooth muscle/anti-liver kidney microsomal
antibodies (30–62%) is associated with overlap with primary biliary cirrhosis and autoimmune
hepatitis [159].

6.3. Damage Accrual

Disease damage may be defined as the addition over time of irreversible functional or structural
changes resulting from disease activity, iatrogenic treatments or co-morbidities.

Two scores exist to quantify damage related to pSS: SS Disease Damage Index (SSDDI) [296]
and SS Damage Index (SSDI) [297]. SSDDI is composed of a list of 18 irreversible damages affecting
6 organ-domains (oral, ocular, neurologic, pleuropulmonary, renal and lymphoproliferative), divided
into 9 items weighted for severity. SSDI is an unweighted checklist of 27 items divided into 3 lists: ocular
damage, oral damage and systemic damage. Systemic damage is further subclassified into 7 areas:
neurological, renal, pulmonary, cardiovascular, gastrointestinal, musculoskeletal and malignancy
(Table 4).

In a retrospective study using 148 pSS patients attending the UCLH Sjögren’s clinic followed
for 10 years, Krylova et al. revealed that 28.3%, 36.7% and 45% of patients displayed SSDI damage
(excluding oral damage that was not assessed in the study) after 1, 5 and 10 years of disease,
respectively [300]. Items most involved are in the ocular domain, parotid swelling and malignancy.
These results suggested that pSS patients accumulate less damage—calculated on different scores—over
time than lupus patients, who have a greater inflammatory burden and use of immunosuppressive
treatments [300].

Another retrospective study using 155 pSS patients showed that the total increase of patients with
damage was 28% after 1 year, 44% after 3 years, 74% after 5 years and 83% at 10 years, with a good
correlation between SSDDI and SSDI [301]. More specifically, teeth loss and/or caries, salivary flow
impairment, corneal ulcers and tear flow impairment were reported in 49.5%, 34%, 22.6% and 11% of
patients, respectively. Unsurprisingly, systemic damage—observed in 13.5% of patients—was correlated
with basal ESSDAI, low C4 and lymphopenia. In the same way, persistent SG swelling—detected in
14% of patients—was associated with (bio)markers of systemic activity and B cell proliferation (lower
age at diagnosis, anti-Ro/SSA positivity, cryoglobulinemia, low C4, hypergammaglobulinemia and
lymphopenia). Lymphoproliferative disorders were detected in 4.5% and malignancy in 9% of cases at
10 years post-diagnosis [301].

6.4. Discomfort and Disability

SS can be disabling and associated with significant functional status impairment related to oral
and/or ocular dryness, systemic activity, pain, fatigue and daytime somnolence, anxiety and depression
symptoms [302–304]. Objective assessments of sicca syndrome correlated poorly with symptoms and
remain generally stable over time [305]. Besides the associated symptoms, sicca syndrome also has a
negative impact on smell, taste, pruritus, voice, swallowing and sexual function [306,307]. Fatigue and
pain are both correlated with reduced quality of life and psychological distress [307]. Patients with
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widespread pain—34.9% of the cohort—were more frequently negative for anti-La/SSB, more frequently
seronegative for all autoantibodies (ANA/SSA/SSB/RF) and had statistically fewer extraglandular
manifestations in a Dutch study including 83 patients [308]. Another Italian study on 100 pSS patients
demonstrated a prevalence of widespread pain of 22%, a phenotype statistically associated with
fewer systemic and immunological manifestations (hypergammaglobulinemia, rheumatoid factor,
focus-score ≥ 1) [309]. A subset of pSS patients therefore seem to develop a clinical phenotype with
lower visceral involvement but with significant morbidity linked to glandular manifestations and
a significant psychosomatic burden [302,310], bringing them closer to the notion of “Sicca Asthenia
Polyalgia (SAP) Syndrome” [311–313]. At diagnosis, one in 4 patients is unable to work. This figure
increases to more than 1 in 3 at 1 year. Work disability at 2 years is 40% and is related to fibromyalgia
pattern, age and incapacity for work at diagnosis [314]. pSS has a high individual and societal cost,
especially due to dental cost, symptomatic therapies and disease compensation [307].

EULAR SS Patient Reported Index (ESSPRI) is a consensus index calculated as the mean of 3 visual
analogue scales (VAS)—self-assessment of dryness, (limb) pain and fatigue—allowing easy measurement
of patients’ symptoms in pSS [295]. By convention, patient-acceptable symptom state was defined by an
ESSPRI <5/10 and the minimal clinically important improvement by a decrease of at least one point or
15%. The ESSPRI score is correlated with the Patient Global Assessment [PGA] [295] and with more
complex and time-consuming scores such as the Profile of Fatigue and Discomfort [PROFAD] [295],
Sicca Symptoms Inventory [SSI] [295], Health Assessment Questionnaire [HAQ] [315], Short Form 36
health survey [SF-36] [302], time trade-off values [TTO] and EuroQol5D VAS [316,317]. Very interestingly,
a study using baseline data from 120 patients included in the TEARS study revealed that—even if
there is a small correlation between ESSPRI and ESSDAI—ESSPRI is the only determinant associated
with the quality of life score SF-36 in a multivariate model [318]. The ESSPRI score is therefore a good
clinical screening and monitoring tool as well as a good surrogate endpoint to study the effectiveness of
therapeutic interventions on pSS associated “Sicca Asthenia Polyalgia” Syndrome (Table 4).

It is therefore important, a fortiori in mild cases with low activity score but disabling sicca
syndrome, to focus on improving the quality of life of patients through attentive and multimodal
symptomatic management and to offer a multidisciplinary management program for the most disabled.

7. Therapeutic

Despite a better understanding of its pathophysiology, treatment of SS remains disappointing
and essentially palliative. Systemic activity is treated by immunosuppressant drugs, based on
scarce evidence. Manifestations linked to damage caused by local or systemic activity of pSS
should be identified because they are by definition irreversible and cannot therefore be improved
by immunosuppressive treatments. In the last 5 years, pSS management has been addressed by
guidelines from EULAR [210], British Society of Rheumatology and National Institute for Health
and Care Excellence (NICE) [319], Brazilian Society of Rheumatology [320], Research Team for
Autoimmune Diseases [321] and Sjögren’s Syndrome Foundation [322]. The main principles for care
are summarized below.

7.1. Sicca Syndrome and Non-Visceral Manifestations

Despite the dysimmune origin of the disease, no immunosuppressive treatment has demonstrated
sufficient efficacy associated with a satisfactory risk–benefit balance in the treatment of sicca syndrome
and non-visceral aspecific manifestations (non-inflammatory widespread chronic pain, fatigue).
Treatment is mainly focused on symptom management and prevention or treatment of complications
resulting from exocrinopathy (Table 5).

Therapeutic approach to oral dryness must be driven by baseline objective and subjective severity
of hyposialia and xerostomia. To this end, current guidelines recommend evaluating baseline SG
function by measuring unstimulated (UWSF) and stimulated salivary flow (SWSF) or using salivary
scintigraphy. Subjective xerostomia impact is captured by a simple Visual Analogue Scale, as part
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of the ESSPRI score. EULAR guidelines propose an algorithmic approach to the management of
dry mouth: patients with an UWSF < 0.1 mL/min are categorized based on their SWSF as mild
(>0.7 mL/min), moderate (0.1–0.7 mL/min) or severe dysfunction (<0.1 mL/min). Self-care advice and
non-pharmacological stimulation are proposed to mild cases as first line therapy [210]. Pharmacological
stimulation (pilocarpine per os or as a mouthwash, cevimeline per os) is the treatment of choice in
moderate cases (with residual SG function) or in mild dysfunction patients who failed to respond to
basic recommendations, in addition to first line therapy. Saliva substitutes are reserved for patients
with no residual function or as a third line treatment in non-responding patients.

Table 5. Current treatment for sicca-related manifestations.

Salivary Gland Involvement Lachrymal Gland Involvement
Skin and Vaginal Mucosa

Involvement

Self-Care

- Environment humidification
- Elimination of offending drugs
- Avoidance of caffeine, alcohol
- Avoidance of tobacco
- Excellent oral hygiene
- Limit acidic and sugar intake
- Limit eating between meals
- Chew xylitol-containing gum

- Environment humidification
- Elimination of offending drugs
- Excellent ocular hygiene

Conserve - Scleral contact lenses

Replace - Salivary substitutes
- Artificial tears
- Liposomal spray
- Autologous serum drops

- Vaginal lubricants
- Topical oestrogen

Stimulate

- Mechanical stimulants (gums)
- Pilocarpine PO
- Pilocarpine mouthwash
- Cevimeline PO
- Choleretic (anetholtrithione)
- Mucolytic (NAC, bromhexine)
- Electrostimulation

- Pilocarpine 5 mg q6h PO
- Pilocarpine eye drops
- Cevimeline 30 mg q8h
- Lid hygiene with hot pad
- Diquafosol eye drops (Japan)
- Rebamipide eye drops (Japan)

- Pilocarpine 5 mg q6h PO
- Cevimeline 30 mg q8h

Complications
Prevention and
Management

- Fluoride mouthwash
- Chlorhexidine mouth bath

In case of candida infection

- Oral nystatin
- Fluco-/Itraconazole

In case of glands swelling

- Exclude stone or infection
- Massaging major glands

- NSAID or glucocorticoid drops
- Calcineurin inhibitors drops
- Lifitegrast eye drops
- Botulinium toxin treatment
- Corneal grafting
- Doxycycline PO

The stomatological complications of exocrinopathy affecting the SG are cavities formation,
periodontal disease, candida infections and glandular swellings linked to abscess or to a lithiasic
disease. It is therefore strongly recommended that patient adopts impeccable dental hygiene and be
evaluated at least 2 times per year by a dental professional. Local fluoride-based treatments can be
administrated. Candida simple infection (visible white plaques) are treated with Nystatin mouthwash
for 7 days. One-week prophylactic treatment may be repeated every 8 weeks in the event of recurrence.
Erythematous infection of tongue or oral cavity is treated with Fluconazole 50 mg for 10 days. Angular
cheilitis is treated with Miconazole topically on each side of the mouth for 2 weeks. Presence of
abscess or lithiasic involvement can be treated with antibiotic treatment and stomatologist involvement
is indicated. If no infectious or mechanical cause is found in case of gland swelling, a distinction
must be made between primary neoplasia, systemic activity of the disease (as scored in ESSDAI,
treated by glucocorticoid in loco by sialendoscopy, per os or intra-muscular) and the appearance of a
lymphomatous complication.

The management of dry eyes must also be guided by the objective and subjective severity
of keratoconjunctivitis sicca (KCS), resulting from damage to corneal and conjunctival epithelium
secondary to accelerated tear-film break-up and hyperosmolar tear composition. EULAR guidelines
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propose an algorithmic approach based on Ocular Staining Score (OSS) score and Ocular Surface
Disease Index (OSDI) questionnaire to classify patients as non-severe or severe KCS [210]. The British
Society of Rheumatology recommended a classification into 3 categories (mild, moderate and severe
dry eyes) based on the Schirmer’s test, Break Up Time (BUT) and ocular staining [319]. First line
therapy for all patients with dry eyes is the instillation of preservative-free artificial tears containing
methylcellulose or hyaluronate, and ointment at night. In DREAM studies, use of supplements of n-3
fatty acids for 12 month and beyond does not improve OSDI, staining scores, BUT or Schirmer test
compared to olive oil in dry eyes patients [323,324]. Although these treatments are not associated with
an improvement in objective parameters, substantial subjective improvement in both groups suggests
that daily olive oil teaspoon should be used in dry eye management [325]. Although the origin of the
dryness is the decrease in the production of tears, a dysfunction of the Meibomian glands can also be
associated and must be treated by daily eyelid massage with hot pad or liposomal spray to reconstitute
the lipid layer preventing the evaporation of the tear film. In patients with persistent Meibomian
inflammation and blepharitis, doxycycline 50 mg once daily for a minimum of 3 months is effective as
a metallomatrix proteinase inhibitor. In case of refractory case of severe KCS, local treatment using
NSAID-, glucocorticoid- or cyclosporin-containing eyedrops can be used under the strict supervision
of an ophthalmologist. Rescue therapies by serum eye drops, oral or topical muscarinic agonists,
lifitegrast-containing eyedrops or lacrimal plugs insertion must be evaluated in specialized settings.

Only two Disease Modifying Anti-Rheumatic Drug (DMARDs) have demonstrated a significant
effect on sicca syndrome: Methotrexate in a small uncontrolled trial [326], and Mizoribine (a Japanese
DMARD) in 2 cohort studies [327,328]. With regard to biological therapies, infliximab, etanercept,
belimumab and tocilizumab have failed to demonstrate a favourable effect on exocrine glandular
function in their respective RCTs. “Abatacept Sjögren Active Patients” (ASAP) proof-of-concept trial
on abatacept showed a significant improvement in ESSPRI and BUT, but not on SWSF while another
trial showed no effect on ESSPRI and SWSF. Some randomized trials, but not all, find an improvement
in exocrine function and dryness with rituximab. In TEARS study, a study using 120 patients, aims for
a >30% improvement in at least 2 VAS in 4 (fatigue, pain, dryness and PGA) at 6–16–24 weeks, primary
endpoint is only reached at week 6, and this effect is no longer found thereafter. Dryness VAS is
statistically different from the placebo group from week 6 to 24, but no group achieved a clinically
significant decrease. The other large trial, TRACTISS, studying the effect of rituximab on 133 patients
with a primary endpoint of >30% improvement oral dryness and fatigue VAS at 48w, did not show
significant improvements in any outcome measure, except unstimulated salivary flow. However,
this intervention does not seem cost-effective. The clinical significance of those differences remains to
be determined and is interpreted according to the various guidelines. Only the Sjögren’s Syndrome
Foundation proposes to use rituximab as rescue therapy for sicca syndrome [322].

In pSS patients, complaints regarding general non-specific symptoms (non-inflammatory
musculoskeletal pain and fatigue) mimicking a fibromyalgia picture are common and can be challenging
for the clinician. In this context, differential diagnosis is important. Non-specific manifestation of
another condition (e.g., hypothyroidism, hypocortisolism, osteoarthritis, depression, neoplasia) or
resulting from a misleading manifestation linked to the systemic activity of the disease (e.g., myositis,
inflammatory arthralgia or arthritis, hypokalaemia or osteomalacia due to tubular involvement,
small fibre neuropathy or lymphoma) must be ruled out. When no secondary cause is identified,
this fibromyalgia-like presentation can be treated as such [329]. These can be quantified and monitored
using the ESSPRI score or standardized scores such as the Profile of Fatigue and the Brief Pain Inventory.
Education and management according to the biopsychosocial model of chronic pain, lifestyle adaptation,
sleep management strategies and the practice of moderate physical activity are the cornerstones of
the management of fatigue and pain. Many patients report benefit from joining a SS support group.
If drug treatment is necessary, it will consist of the prescription of conventional painkillers (short-term
acetaminophen or NSAID). Antidepressants and anticonvulsants may be considered as co-analgesic
medications in chronic musculoskeletal or neuropathic pain, keeping in mind the anticholinergic effect
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of these drugs, which can worsen sicca syndrome. Opioids are not suitable treatments for chronic pain
patients. DHEA supplementation is not recommended.

As a rule of thumb, systemic immunomodulatory drugs should not be used to treat non-specific
systemic manifestations because evidence is scarce. In currently available biotherapies, abatacept and
belimumab failed to demonstrate an effect on fatigue and pain VAS. Data on rituximab are conflicting:
3 RCTs showed an improvement in fatigue VAS, results not found in the large TRACTISS trial. A phase
2 RCT on a total of 17 patients failed to demonstrate >20% improvement of fatigue VAS at 24 weeks,
fatigue VAS improvement at 24w or >30% improvement of fatigue VAS at 24w. The authors only
report a statistically significant improvement in fatigue VAS in treated group compared to baseline,
while the placebo group did not reach a statistically significant difference [330]. In two other studies,
patients with early pSS and active disease treated with RTX displayed a significant improvement
in fatigue VAS compared to placebo from different time points post-treatment [331,332]. All RCTs
have shown that rituximab is not associated with an improvement in pain VAS. An RCT investigating
the effect of anakinra on fatigue, although not reaching its primary endpoint, shows a significant
improvement in VAS fatigue [333]. Off-label use of DMARD or biological treatments, even as a rescue
therapy, is currently not mainstream recommendation in this indication. However, some guidelines
suggest a trial of hydroxychloroquine in patients with recurrent musculoskeletal complaints or fatigue,
mainly based on “experience-based medicine”. In its 2015 guidelines, Sjögren’s Syndrome Committee
of Brazilian Society of Rheumatology highlighted the possibility of using rituximab as rescue therapy
for fatigue (but not sicca syndrome) management [320].

7.2. Systemic Manifestations

Management of visceral manifestations linked to disease systemic activity is currently based
only on rare randomized controlled trials, cohort studies or case-reports [334]. Treatment regimens
are often borrowed from systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), mixed
cryoglobulinemia or idiopathic organ-specific autoimmune disease management.

Therapeutic regimen must be tailored to organ specific involvement and severity of the disorder.
This approach requires organ-by-organ examination of disease activity and pre-existing damage.
To this end, ESSDAI score may be used as a guide but does not take into count all the systemic
manifestations of pSS [210]. As a rule of thumb, systemic immunosuppressive therapy will only be
offered to patients with moderate or severe organ activity (as define in ESSDAI score) or moderate
overall systemic activity (ESSDAI ≥5) [210]. Organ manifestation classified as mild usually requires
only self-care advice, local treatment or pain relief medication (NSAID for inflammatory arthralgia
or co-analgesic for neuropathic pain). In case of treatment failure, low-dose corticosteroid treatment
and/or conventional DMARD may be considered depending on clinical manifestation.

In cases requiring immunosuppressive therapy, an induction/remission biphasic regimen is
recommended for the rapid control of organ damage and the preservation of its function [210]. Corticosteroid
therapy is an almost essential treatment for moderate to severe systemic manifestations. To date,
no steroid-free regimen has been studied in pSS and 95% of the published regimens include corticosteroid
therapy, alone or in combination with an immunosuppressant [210]. When immunosuppressive therapy is
prescribed, it is usually a conventional broad-spectrum immunosuppressant used as a cortisone-sparing or as
a remission-inducing agent: hydroxychloroquine, methotrexate, other conventional DMARDs (leflunomide,
salazopirine), mycophenolate mofetil or cyclosporine. As there are no head-to-head comparisons, the choice
of immunosuppressant is mainly based on the clinician’s experience and on the therapeutic regimens
used in idiopathic or lupus-related disorders (HCQ and MTX in skin and articular involvement, AZA,
CyA or MMF in pulmonary or renal involvement). Severe life- or organ-threatening manifestations (central
nervous system involvement, glomerulonephritis), generally require an aggressive regimen including
methylprednisolone pulse-therapy combined with an alkylating agent (usually cyclophosphamide IV
or PO, more rarely chlorambucil) as remission-inducing agents. IVIG at immunomodulatory doses are
used in neuropathies or myositis. Biological therapies (mainly rituximab) generally come only in the
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third line as rescue therapies. The exception to this rule concerns the manifestations associated with
cryoglobulinemia where rituximab is proposed as an immunosuppressant of choice, in combination with
corticosteroid therapy or even plasmapheresis in life-threatening cases. As with other autoimmune diseases,
corticosteroid therapy should be reasoned with a tapering regimen guaranteeing the shortest possible
exposure to supraphysiological doses while maintaining remission. Complications of chronic corticosteroid
therapy must be addressed proactively.

Hydroxychloroquine is commonly used as first line DMARD for moderate systemic manifestations
mainly affecting the skin and joints. Its use is mainly based on the similarities between pSS and SLE,
as pSS is sometimes considered as “lupus of mucous membranes”. As opposed to SLE, the evidence
for its use in systemic manifestations of pSS does not actually exist, and its use is completely empirical.
The first—JOQUER trial—attempting to demonstrate the effect of hydroxychloroquine over 24 weeks
failed to reach the primary endpoint (30% or greater reduction between weeks 0 and 24 in scores on 2
of 3 VAS (dryness, pain, and fatigue)) [335]. In a more recent RCT performed over 2 weeks, no effect of
hydroxychloroquine was seen on BUT test, Schirmer test, corneal staining score or OSDI score [336].
While those RCT have not been designed to investigate the effect of the drug on systemic manifestations
of the disease, and the number of patients was small, hypergammaglobulinemia statistically improved
significantly [335,336].

7.3. pSS-Associated Lymphoma

The occurrence of lymphoma is a complication that must be screened clinically, especially in
patients at risk (see above). Any appearance of a firm, painless glandular swelling must be investigated
if it does not disappear spontaneously. The exams of choice to detect lymphoma are an MRI of the
major SG and a CT of chest, abdomen and pelvis for staging or a PET scan to investigate the entire
body in a single examination. pSS patients with lymphoma require personalized treatment provided
by an oncohematologist according to the histological type, the extent of the involvement and the
systemic manifestations.

7.4. Obstetrical Considerations

Ideally, pSS patients of childbearing age should benefit from a preconception consultation aimed at
reviewing their treatment and their serological profile (anti-Ro/SSA, anti-La/SSB and antiphospholipid
panel). Low-dose aspirin can be considered to promote placental implantation [319]. Anti-Ro/SSA
positive mothers should be followed regularly by foetal ultrasound in a specialized centre [210,319].
Prophylactic treatment of neonatal atrioventricular block with hydroxychloroquine may be offered,
since this drug is compatible with pregnancy [210]. If a conduction disorder appears on a follow-up
ultrasound, rescue therapy with glucocorticoid with or without IVIG may be attempted [210]. In the
event of atrioventricular block at birth, a pacemaker must be quickly implanted.

7.5. Targeted Therapies: Revolution or Disillusion?

Targeted therapies have revolutionized Rheumatology in recent years, especially in chronic
inflammatory rheumatism—such as in RA—and, to a lesser extent, systemic diseases such as SLE and
vasculitis. In terms of pSS, many targeted therapies have been tested or are currently in the pipeline.
Unfortunately, a revolution like the one known in the field of RA has not yet occurred. These targeted
drugs are shown in Figure 4 and summarized in Tables 6–12.

Given their predominant role in the production of autoantibodies, germinal centres and the
evolution towards lymphoma, B cell depletion is one of the therapeutic mechanisms studied in pSS
(Tables 6–8). In addition to the mixed results of the anti-CD20 Rituximab RCTs, other targeted drugs
have been studied. Epratuzumab, an anti-CD22 B cell depleting therapy studied in SLE patients had a
positive effect on the systemic activity of SLE patients with Sjögren syndrome in a post-hoc analysis of
EMBODY trial [337]. However, an RCT should be designed to assess the effect of the therapy on both
ESSDAI and ESSPRI in pSS patients. Other B cell depletion strategies aiming at blocking the BAFF
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pathway showed a positive effect on the ESSDAI and ESSPRI scores at 28–52 weeks [338,339]. However,
the confirmation of these promising results against a placebo is necessary. Other strategies targeting
BAFF pathway are also under investigation: a TACI-antibody fusion protein called RC18, rituximab
+ belimumab combo therapy, Tibulizumab—a dual anti-BAFF (belimumab) and anti-IL-17 antibody
(Ixekizumab)—and Ianalumab (anti-BAFF receptor). The results of these different studies are expected
during 2020. B cell targeting drugs by Bruton tyrosine kinase inhibitor (4 molecules), LTßR fusion
protein, PI3Kδ inhibitor (3 molecules) and Cathepsin S inhibitor are currently being evaluated with
inconclusive results to date. Bortezomib, a proteasome inhibitor used for the treatment of multiple
myeloma, has been successfully used in 2 cases of refractory pSS reports but has never been studied on
a larger scale [236,340].

 
Figure 4. Synoptic view of targeted drugs (being) studied in pSS. Therapeutic classes are in bold.
Biotherapies and small molecules are in black if they have been the subject of one or more trials in
pSS or in grey if they exist but have not been tested in pSS. Names in strikethrough are drugs whose
development has been stopped because of unacceptable side effects or because of portfolio prioritization.

T-cells play a central role in the modulation and polarization of the local autoimmune reaction
within lymphocyte infiltrates in the exocrine glands. They are also used as therapeutic target by
biotherapies interfering with the T-cell co-stimulation (Table 9). To date, there is no convincing result
to recommend these treatments in pSS, but most studies targeting the CD40-ligand (CD154)/CD40
pathway are in progress. Therapies targeting T-cell trafficking, such as Fingolimod or Natalizumab,
have not been studied in pSS.

With regard to anti-cytokine targeted therapies, RCTs using anti-TNF (infliximab and etanercept)
and anti-IL6 receptor (tocilizumab) are negative (Table 11). Anakinra demonstrated a statistically
significant decrease in fatigue VAS, without however reaching its primary clinical endpoint.
The development of GSK2618960—an anti-IL-7Rα biotherapy—was stopped by the company due
to the prioritization of their portfolio. So far, only one RCT studying the effect of Ustekinumab—an
anti-IL-12/IL-23 antibody—on ESSDAI score at week 24 as primary endpoint is expected to give results
in 2022 [341].

In a phase II trial, Filgotinib—a Jak1 inhibitor—and Lanraplenib—a SIK inhibitor—failed to
demonstrate a significant effect on the ESSDAI and ESSPRI scores [342]. Finally, innovative therapies
targeting plasmacytoid dendritic cells, immune complexes by RNase1-Fc fusion protein or the induction
of T-reg cells by low-dose IL-2 injections are being evaluated. These various therapies are reviewed in
Table 12.
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8. Conclusions

pSS is a multifaceted disease combining pleiomorphic systemic autoimmune manifestations,
glandular manifestations, a frequently added psychosomatic component and the possible progression
to non-Hodgkin lymphoma. Its management has two complementary facets: improving the quality of
life of patients by tackling dryness, fatigue and chronic pain symptomatically in a multidisciplinary way
and treating systemic manifestations to prevent damage, which will worsen the vital and functional
prognosis. Although we understand more and more its pathophysiology, many questions remain
unanswered, and its treatment remains disappointing compared to other autoimmune diseases.
pSS therefore remains a vast field of investigation where much fundamental and clinical research
remains to be done. Ten take-home messages:

1. SS is characterized by lymphoplasmacytic infiltration of exocrine glands. The cause of SS is complex
and influenced by a combination of genetic, epigenetic, hormonal and environmental factors.

2. The pathogenic mechanisms remain unclear. However, the immune system-mediated loss of
glands function, specifically of salivary and lacrimal glands, certainly explains the common
symptoms of dry mouth and dry eyes. In this inflammatory environment, T-cells mediate a direct
destruction of glandular tissue and B-cell activation, leading to the production of autoantibodies.
More than 20 autoantibodies could be involved in SS, but the most commonly used for SS
diagnosis are anti-Ro/SSA and anti-La/SSB.

3. Although often reduced to its sicca syndrome due to its tropism for glandular tissue, pSS remains
a systemic disease that can affect virtually all organs. These clinical manifestations can be due to
various mechanisms: dryness secondary to exocrinopathy, autoimmune epithelitis with periepithelial
lymphocytic infiltration of target organs, autoimmunity and clonal lymphocytic expansion.

4. Due to its protean and willingly insidious presentation, pSS is sometimes difficult to recognize
and may delay diagnosis by more than 10 years. Classification criteria are used to create cohorts
for study purposes and should not be used blindly as diagnostic criteria but as a guide in clinical
practice. For these various reasons, the gold standard for individual diagnosis of pSS remains the
opinion of an expert clinician.

5. From a serohistological point of view, so-called “secondary Sjögren’s syndrome” in SLE and SScl
patients does not differ from pSS. It is therefore preferable to forget this historical dichotomy.
In this way, the clinician avoids three pitfalls: (1) minimizing the SS-related symptoms, which
decrease the quality of life of the patients; (2) forget that overlap may change the clinical phenotype
and (3) forget the risk of lymphoma.

6. Although overall pSS mortality is low and similar to the general population, a subgroup of patients
will have a poorer vital prognosis linked to cardiovascular events, solid-organ and lymphoid
malignancies and infections. Biomarkers associated with the development of MALT lymphoma
are mainly signs associated with exuberant B cell proliferation and immune-complex production.

7. The impact of pSS can be assessed according to three clinical dimensions: “sicca asthenia polyalgia”
complex, inflammatory disease activity and structural damage. They are assessed by the ESSPRI,
ESSDAI and SSD(D)I scores, respectively. Even in the absence of florid systemic manifestations,
pSS can be disabling and associated with significant functional status impairment related to oral
and/or ocular dryness, systemic activity, pain, fatigue and daytime somnolence, anxiety and
depression symptoms.

8. The treatment of manifestations linked to the “sicca asthenia polyalgia” complex mainly involves
symptomatic measures and rehabilitation. To date, no immunosuppressant has demonstrated a
favourable risk–benefit balance in this indication.

9. The treatment of manifestations related to inflammatory disease activity is currently based
on scarce evidence. Therapeutic regimen must be tailored to organ specific involvement and
severity of the disorder. Mild manifestations will be treated with hydroxychloroquine or local
corticosteroids while moderate to severe systemic involvement will require the use of systemic
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corticosteroid therapy, combined or not with a broad-spectrum immunosuppressant. Rituximab
will only be used as a third line, except in cases of cryoglobulinemia where it is the treatment
of choice.

10. Despite targeted therapies having revolutionized rheumatology in recent years and the impressive
number of molecules tested so far in pSS, a revolution like the one known in the field of RA has
not yet occurred.
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Abbreviations

ACA Anti-centromere antibodies
ACPA Anti-citrullinated protein antibodies
ACR American College of Rheumatology
AECG American European Consensus Group
AH Autoimmune Hepatitis
ANA Antinuclear antibodies
anti-M3R Anti-muscarinic receptor 3
APRIL A proliferation-inducing ligand
ASAP “Abatacept Sjögren Active Patients” study
AZA Azathioprine
BAFF B cell Activating Factor
BCR B cell receptor
BUT Break-up Time
CCP Cyclic Citrullinated Peptide
circRNA Circular RNA
ciRNAs Intronic circRNAs
ClinESSDAI Clinical ESSDAI variant
CPK Creatine phosphokinase
CRISP-3 Cysteine-Rich Secretory Protein 3 ()
CT-scan Computerized tomography
CyA Ciclosporin A
DAMPS Danger-associated molecular patterns
DAP-kinase Pro-apoptotic death associated protein kinase
DHEA Dehydroepiandrosterone
DHT Dihydrotestosterone
DLBCL Diffuse large B cell lymphoma
DMARD Disease Modifying Anti-Rheumatic Drug
DNMTs DNA methyltransferases
DREAM “Dry Eye Assessment and Management” study
EBV Epstein-Barr virus
ecircRNAs Exonic circRNAs
EIciRNAs Exon-intron circRNAs
ELISA Enzyme-linked immunosorbent assay
ENT Ear-Nose-Throat
ESSDAI EULAR Sjögren’s syndrome disease activity index
ESSPRI EULAR Sjögren’s Syndrome Patient Reported Index
EULAR European League Against Rheumatism
FASl Fas ligand

157



J. Clin. Med. 2020, 9, 2299

FDC Follicular dendritic cells
GCs Germinal centres
HCQ Hydroxychloroquine
HCV Hepatitis C virus
HLH Hemophagocytic lymphohistiocytosis
HTLV1 Human T-lymphotropic virus type I
ICAM-1 InterCellular Adhesion Molecule 1
IF Immunofluorescence
IFN Interferon
IgG,A,M Immunoglobulin G, A and M
IL- Interleukin
ILD Interstitial lung disease(s)
IRF Interferon Regulatory Factor
IV Intravenous therapy
IVIG Intravenous Immunoglobulin
KCS Keratoconjunctivitis sicca
LEMA Myoepithelial sialadenitis
LESA lymphoepithelial sialadenitis
LIP Lymphocytic interstitial pneumonitis
LMP1 Latent membrane protein 1
lncRNA Long non-coding RNAs
LPR Laryngopharyngeal reflux
LSG Labial SG
MALT mucosa-associated lymphoid tissue
MHC Major histocompatibility genes
MMF Mycophenolate mofetil
MMP Matrix metalloproteinases
MPGN Mesangioproliferative glomerulonephritis
MRI Magnetic Resonance Imaging
MS Multiple Sclerosis
MSGB Minor salivary gland biopsy
MTX Methotrexate
NAC N-acetylcystein
NFkB Nuclear factor kappa-light-chain-enhancer of activated B cells
NHL Non-Hodgkin’s lymphoma
NICE National Institute for Health and Care Excellence
NMOSD Neuromyelitis optica spectrum disorder
NOD Non-obese diabetic
NSAID Nonsteroidal anti-inflammatory drugs
NSIP Nonspecific interstitial pneumonia
OMERACT Outcome Measures in Rheumatology group
OSDI Ocular Surface Disease Index
OSS Ocular Staining Score
PAMPs Pathogen-associated molecular patterns
PBC Primary Biliary Cirrhosis
PDC Plasmacytoid dendritic cells
PDL1 Programmed death ligand 1
PET scan Positron emission tomography
PGA Patient Global Assessment
PIP Prolactin inducible protein
PO per os
PSP Parotid secretory protein
pSS Primary Sjögren’s Syndrome
pSS-ILD pSS-related interstitial lung disease
q6h, q8h Every 6 h, every 8 h
RA Rheumatoid Arthritis
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RCT Randomized controlled trial
RF Rheumatoid Factor
RTA Renal tubular acidosis
RTX Rituximab
RX1 Runt-related transcription factor
SAM Methyl donor S-adenosylmethionine
SAP Sicca Asthenia Polyalgia
SF-36 Short Form 36 health survey
SG Salivary Gland
SGS Salivary glands scintigraphy
SGUS Salivary glands ultrasound
SICCA Sjögren’s International Collaborative Clinical Alliance
SLE Systemic lupus erythematosus
SNP Single nucleotide polymorphism
SP-1 Salivary protein 1
SSDDI Sjögren’s Syndrome Disease Damage Index
SSDI Sjögren’s Syndrome Damage Index
sSS Secondary Sjögren’s Syndrome
SWSF Stimulated Whole Salivary Flow rate
TACI Transmembrane Activator and CAML Interactor
TEARS “Tolerance and efficacy of rituximab in primary Sjögren syndrome” trial
Tfh Follicular helper T cells
TLRs Toll Like Receptors
TNF-α Tumour necrosis factor-α
TPHA Treponema Pallidum Hemagglutinations Assay
TRACTISS “TRial of Anti-B-Cell Therapy In patients with primary Sjögren’s Syndrome” trial
TSH Thyroid-stimulating hormone
TTP Thrombotic Thrombocytopenic Purpura
UCLH University College London Hospitals
UIP Usual interstitial pneumonia
UWSF Unstimulated Whole Saliva Flow rate
VAS Visual analogue scales
VDRL Venereal Disease Research Laboratory
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Abstract: Sjögren’s syndrome (SS) is a systemic autoimmune inflammatory disease with a poorly
defined aetiology, which targets exocrine glands (particularly salivary and lachrymal glands), affecting
the secretory function. Patients suffering from SS exhibit persistent xerostomia and keratoconjunctivitis
sicca. It is now widely acknowledged that a chronic grade of inflammation plays a central role in the
initiation, progression, and development of SS. Consistent with its key role in organizing inflammatory
responses, numerous recent studies have shown involvement of the transcription factor nuclear
factor κ (kappa)-light-chain-enhancer of activated B cells (NF-κB) in the development of this disease.
Therefore, chronic inflammation is considered as a critical factor in the disease aetiology, offering hope
for the development of new drugs for treatment. The purpose of this review is to describe the current
knowledge about the NF-κB-mediated molecular events implicated in the pathogenesis of SS.

Keywords: Sjögren’s syndrome; NF-κB; inflammation

1. Introduction

The nuclear factor κ (kappa)-light-chain-enhancer of activated B cells (NF-κB) is a pleiotropic
regulator of many cellular signalling pathways activated in response to a wide variety of stimuli linked
to inflammation. Once activated, this B cell enhancer plays an important role in the pathogenesis
of several inflammatory autoimmune diseases, including Sjögren’s syndrome (SS) [1]. SS presents
lymphocytic infiltration of the salivary glands (SGs) and lachrymal glands as the characteristic hallmark
resulting in chronic inflammation. A dry mouth and dry eyes, resulting in keratoconjunctivitis sicca
and xerostomia, are common complaints in SS [2]. NF-κB is a family of DNA-binding proteins that
regulates many cellular processes, notably the immune response and inflammation, influencing the
transcription of a broad array of pro-inflammatory cytokines [3]. NF-κB is ubiquitously expressed
in SGs, and the constitutive NF-κB activation observed in primary SS (pSS) is associated with NF-κB
release and nuclear translocation of NF-κB, to focal infiltrated lymphocytes and the acinar epithelium
of patients with pSS, to regulate the pro-inflammatory gene transcriptions [4]. However, the role of
NF-κB in pSS remains to be clarified in detail. This article provides an update on the current state of
knowledge about the relationship between NF-κB-molecular pathway activation in SGs and the chronic
inflammation characterizing pSS, with the aim of providing a strong basis for a better understanding
of the signal transduction pathways mediating the induction of NF-κB in pSS SGs, in order to allow
this disease to be manipulated, to gain therapeutic benefit.
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2. Sjögren’s Syndrome

The chronic inflammatory autoimmune disorder SS arises as primary SS (pSS) and, when linked
with another underlying systemic autoimmune disorder, such as scleroderma, systemic lupus
erythematosus (SLE), or rheumatoid arthritis (RA), is defined as secondary SS [5]. The evolution
to non-Hodgkin’s lymphoma occurs in a larger percentage of SS patients than in the normal
population [6,7]. The clinical hallmarks of SS, keratoconjunctivitis sicca and xerostomia [2], can be
confirmed by various objective tests highlighting significant functional impairment of the SGs and
lachrymal glands [8]. The involvement of these glands is characterized by focal infiltrating lymphocytes
that surround the ducts and, in some patients, extend and replace the secretory functional units.
Although infiltration of the SGs by lymphocytes is a hallmark of SS [9,10], multiple cytokines
are upregulated, even in the absence of lymphocytic infiltrates, and have a direct effect on SGs
epithelial cells (SGEC). Interestingly, substantial new evidence supports the role of epithelia in the
production of constitutive or inducible mediators of the innate and acquired immune responses.
The picture that emerges shows intrinsically activated SGEC that induce and promote chronic
inflammatory reactions [11]. For this reason, on the basis of clinical observation, pSS was defined
as an “autoimmune epithelitis” [12]. Indeed, SGEC are capable of releasing many cytokines that
result overexpressed and thus act as key molecules in chronic inflammation, contributing to both
systemic and exocrine manifestations of pSS [13–29]. A number of explanations has been offered for
the dysregulated cytokine network in pSS and, in the past, the presence of anti-Ro/SSA and anti-La/SSB
antibodies was shown to be related to increased glandular and extra-glandular manifestations.
Important findings provided evidence for a pathogenic role of autoantibodies, demonstrating that
anti-Ro/SSA autoantibodies stimulate the production of pro-inflammatory cytokines such as IL-6
and IL-8 by human SGEC from healthy donors, promoting chronic inflammatory reactions [25].
Furthermore, pSS autoantibodies can promote the activation of the NF-κB pathway, leading to the
overexpression of multiple proangiogenic/pro-inflammatory factors. Indeed, inhibiting the NF-κB
activity abrogated the release of these cytokines [25]. Starting from the initial studies carried out
on autoantibodies, considerable progress has been made in identifying other possible molecular
mechanisms implicated in the activation of NF-κB, which could explain the chronic inflammatory
situation characteristic of SS. Accumulated data suggest that the multiple roles of NF-κB in pSS could
be related to the dynamic context of dysregulated inflammatory factors observed in pSS.

3. NF-κB Transcription Factors

The family of NF-κB is composed of five members of proteins linking to DNA, (RelA, RelB, RelC,
NFκ-B1, and NFκ-B2) that trigger a set of inflammatory downstream effectors after nuclear translocation,
involved in a broad range of biological processes. Either a canonical or a non-canonical pathway
can be responsible for their activation; the canonical pathway mediates inflammatory responses
and leads to a rapid but transient NF-κB activation, while the non-canonical signalling is a slow,
long-lasting pathway (see Figure 1). Typical inducers of the non-canonical NF-κB pathway are ligands
of a subset of the tumour necrosis factor receptors (TNFR) superfamily involved in the differentiation
of the immune system, as well as in secondary lymphoid organogenesis [30]. The NF-κB family
members show homology through a 300 amino acid N-terminal DNA binding/dimerization domain,
named the Rel homology domain (RHD). The RHD is a complex system where family members can
constitute homodimers and heterodimers, which are normally kept inactive in the cytoplasm through
interaction with inhibitory proteins of the IκB family (IκBs) [31]. The common regulatory step in both
the canonical and non-canonical cascades is the activation of an IκB kinase (IKK) complex consisting of
catalytic kinase subunits (IKKα and/or IKKβ) and the regulatory non-enzymatic scaffold protein NF-κB
essential modulator (NEMO), also known as IKKγ [31]. NF-κB dimers are activated by IKK-mediated
phosphorylation of IκBs, which triggers proteasomal IκBs degradation, liberating the dimers of NF-κB
from the NF-κB-IκBs complex, that subsequently translocate to the nucleus, linking to κB enhancer
elements of target genes [32] (Figure 1). Among the IκBs, the best characterized is IκBα, which requires
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degradation of the activity of IKK kinase. IκBα functions as a negative feedback loop to sequester
NF-κB subunits, because NF-κB activation induces the expression of the IκBα gene, which terminates
signalling unless a persistent activation signal is present [32].

Figure 1. Canonical and non-canonical nuclear factor κ (kappa)-light-chain-enhancer of activated B
cells (NF-κB) signalling pathways. The canonical NF-κB pathway starts with the activation of innate
and adaptive immune receptors in response to various ligand molecules, which transfers the signal
across the cell membrane causing the activation of the trimeric IκB kinase (IKK) complex, composed
of catalytic (IKKα and IKKβ) and regulatory (IKKγ) subunits. The IKK complex phosphorylates
IκBα and phosphorylated IκB undergo ubiquitylation and proteasomal degradation, allowing nuclear
translocation of the RelA/p50 dimer of the NF-κB heterodimer. The non-canonical NF-κB pathway
selectively responds to a subset of TNFR members that induce the activation of the NF-κB-inducing
kinase (NIK). NIK phosphorylates and activates IKKα, which in turn phosphorylates carboxy-terminal
serine residues of p100, triggering selective degradation of the C-terminal IκB-like structure of p100,
and mediates the persistent activation of the RelB/p52 complex.

NF-κB is activated in every cell type and has a central role in inflammation. It is, therefore,
fundamentally implicated in the molecular pathways that induce the transcription of pro-inflammatory
genes [17,18,25,26,33,34]. NF-κB is highly activated in various inflammatory disorders and triggers
the transcription of chemokines, cytokines, pro-inflammatory enzymes, adhesion proteins, and other
factors to modulate the inflammatory response, such as metalloproteinases, Cox-2, and inducible
nitric oxide synthase [35–37], although the mechanism is still unclear (a schematic representation of
NF-κB activation is reported in Figure 2). In RA, NF-κB is highly expressed in the inflamed synovial
stratum [38,39], where it enhances the engagement of inflammatory cells and pro-inflammatory
cytokines production such as IL-1, IL-6, IL-8, and TNF-α [38,39]. Interestingly, recent evidence has
shown that alterations in the modulation of NF-κB-dependent gene expression lead to a variety of
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other inflammatory and autoimmune disorders, neurological conditions and cancers [33,34]. In pSS,
a correlation between NF-κB signalling and chronic inflammation has been demonstrated by various
reports; nuclear translocation of NF-κB into focal infiltrated lymphocytes and into the acinar epithelium
surrounding the infiltrates from SGs of patients with pSS was detected, while distal normal acini
and ductal structures showed no nuclear translocation [1]. In addition, the non-canonical NF-κB p65
nuclear translocation has been induced in pSS SGEC by a range of molecular agents such as epidermal
growth receptor (EGFR) and B-cell activator CD40 [40,41]. Furthermore, a downregulated gene and
protein expression of IκBα was detected in pSS monocytes, contributing to an enhanced NF-κB activity.
Finally, pSS autoantibodies can trigger the NF-κB signalling pathway, thus, contributing to exacerbate
the inflammatory condition [13].

Figure 2. NF-κB signalling pathway dictates the inflammatory responses. After its activation, it can
induce the transcription of a large number of genes including pro-inflammatory cytokines, chemokines,
adhesion molecules, cell cycle regulatory molecules, anti-apoptotic proteins and angiogenic factors,
and thereby regulate cell proliferation, apoptosis, morphogenesis, differentiation, angiogenesis,
and inflammation. The regulation of inflammation, cell proliferation and apoptosis is central to
the understanding of many diseases, such as autoimmune diseases and cancer.

Based on all these assumptions, that are extensively documented, we report a close review of the
recent literature on the molecular mechanisms that check NF-κB activation in pSS and on the potential
of new pharmacological interventions for optimizing pSS treatment regimes.

4. Small-Molecule Inhibitors of NF-κB in Sjögren’s Syndrome

The modulation of the NF-κB pathways has frequently been described as “pro-inflammatory”,
largely due to the key role of NF-κB in the pro-inflammatory genes expression including cytokines,
chemokines, and adhesion molecules [42,43]. Many findings demonstrated that epithelial cells in the
glandular sites of patients affected by pSS are able to release factors that address the chemoattraction
of lymphocytes and promote chronic inflammatory responses [12,15,16,24–26]. NF-κB pathway
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modulation was therefore investigated in pSS, highlighting a role in regulating the production of
pro-inflammatory cytokines, leukocyte enrolment, or cell survival [17,18,25,26,44]. In pSS, the NF-κB
activation cascade can be modulated at different levels [30]. Considering the correlation with the biopsy
focus score, grade of infiltration and evaluated disease activity, phosphorylated IKKε, responsible
for the degradation of IkB proteins, were significantly and positively correlated with NF-κB levels
in pSS [4]. The levels of B-Cell Activating Factor (BAFF) and those of numerous pro-inflammatory
cytokines, all regulated by NF-κB signalling, are augmented in pSS [45]. Nucleotide polymorphisms
in NF-κB pathway genes have been linked with pSS [46], and a specific mutation in the Ikα-826T,
one of the promoters of a member of the inhibitory IkB complex, was associated with susceptibility
of pSS [47,48]. Numerous small molecule inhibitors of the NF-κB signalling pathways are currently
commercially available for use, and NF-κB modulators are under study in clinical trials for pSS
treatment [19,25,30,49–54]. Many preclinical studies have already analysed the role of NF-κB signalling
in the glandular tissue in pSS. The pSS SGECs have been recognized to have an active NF-κB pathway.
The phosphorylated forms of IKKε, IκBα, and NF-κB were expressed in the ductal cells in minor
SGs derived from pSS patients [19]. By stimulating the Toll-Like Receptor 2 (TLR2) in SGECs,
IL-2 production was induced through the NF-κB cascade in pSS SGECs [49–51]. SGECs treated with the
anti-Ro/SSA autoantibodies isolated from pSS patients showed a progressive increase in constitutive
NF-κB activation, and transfection of SGECs with IκBα in SGECs treated with anti-Ro/SSA led to
a remarkable production of pro-inflammatory cytokines and an enhanced apoptosis [25]. Furthermore,
recent findings showed that gene silencing of the natural NF-κB inhibitor TNF Alpha Induced Protein
3 (TNFAIP3) in keratin-14-positive epithelial cells, promoting the activation of the constitutive NF-κB
cascade, induces the initial phases of pSS, leading to a reduced production of saliva and lymphocyte
invasion in the SGs [52]. This effect is likely related to the calcium pathway in the acinar cells,
since calcium signalling has an important role in NF-κB pathway activity [53,54]. A list of NF-κB small
molecule inhibitors tested in pSS is reported in Table 1.

Table 1. List of NF-κB small molecules inhibitors tested or identified in primary SS (pSS).

Small Inhibitors of NF-kB in pSS Study References

Iguratimod Clinical study [30]

Syk-inihibitor-Gs-9876 Clinical study [30]

IKKε Pre-clinical study [4,30]

IκBα Pre-clinical study [19,26,47,48]

anti-Ro/SSA autoantibodies Pre-clinical study [14,16,24,25]

TNFAIP3 Pre-clinical study [17]

Calcium mobilization Pre-clinical study [53,54]

The Key Role of IκBα in NF-κB Modulation in pSS

Among the well-characterized regulators of NF-κB activation in SGEC, IκBα is particularly
important for the pathogenesis of pSS. The concept that IκBα expression negatively regulates
NF-κB DNA binding activity was demonstrated by the fact that reduced IκBα overlaps with nuclear
translocation of the NF-κB and the appearance of NF-κB activity [55]. For SGs, adenoid cystic carcinoma
of human SGs cell lines, stably transfected with the mutant IκBα expression vector (IκBαM) share
an effectively cancelled constitutive and liposaccharide-induced NF-κB activity, concomitantly with
a significantly diminished VEGF gene and protein expression. This effect leads to a lower endothelial
cell mobility and, thus, might represent a promising anti-angiogenesis strategy in adenoid cystic
carcinoma (ACC) therapy [56]. In pSS SGEC, abnormal levels of IκBα were detected in comparison
with those in healthy subjects, showing a clear reduction of IκBα in salivary tissues from active pSS
patients [19]. This was confirmed in biopsy specimens, where a moderate IκBα positive staining
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located in the cytoplasm of acini and ductal cells was revealed in healthy controls, whereas in pSS
salivary gland biopsies the cytoplasmic positivity for IκBα was very weak [19]. All of this suggests
that the production of proinflammatory cytokines occurs through the persistent activation of NF-κB
signalling [17,18,25,26]. In addition, a reduced gene and protein expression of IκBα was demonstrated
in monocytes from pSS patients in comparison with healthy subjects, suggesting that the reduced
expression of this NF-κB inhibitor may reflect an increased inflammatory response [26]. Specifically,
published data show that mutations in IκBα are linked to inflammatory autoimmune disorders. An 8-bp
insertion in the promoter region of IκBα represents a protective factor against the development of
primary progressive multiple sclerosis [57]. Klein et al. showed that IκBα polymorphisms might also
be associated with Crohn’s disease [58], SLE [59] and pSS [47,48]. In particular, mutant mice, that have
defective IκBα expression, showed a shorter lifetime, hypersensitivity to septic shock and altered T cell
development, all features of pSS [47,48]. Furthermore, overexpression of the NF-κB repressor, IκBα,
determines an inhibitory effect on the production of STAT-4 protein, a transcription factor activated by
interleukin 12 whose gene polymorphism was recently linked to pSS [60,61].

NF-κB signalling activation and termination is secured by various regulatory processes. In view
of the well-characterized links between NF-κB and pSS disease, disentangling the complexity of NF-κB
modulation is an essential goal in order to find effective, more specific therapeutic agents for the
treatment of pSS.

5. Impaired NF-κB Signalling Activated by EDA-A1/EDAR in pSS Salivary Glands

In addition to its role in mediation inflammation, NF-κB is also essential for developing the
epidermal derivatives, hair, nails, and SGs [62]; a series of molecular signals is now well defined,
beginning with the binding of ectodysplasin (EDA-A1) to the EDA-receptor (EDAR), components of the
tumour necrosis factor α (TNFα)-related signalling pathway [62]. EDA-A1 signalling is recognized as
an important evolutionarily conserved pathway regulating the formation and patterning of vertebrate
skin appendages, including SGs [63]. When these genes show mutations, a condition known as
hypohidrotic (or anhidrotic) ectodermal dysplasia (HED/EDA) occurs [64]. The NF-κB pathway that
mainly impinges on EDA-A1/EDAR-dependent SGs branching morphogenesis is the canonical NF-κB
activation cascade [65].

Over the last years, great progress has been made in identifying the key molecular regulators
controlling NF-κB activation, and a repertoire of crucial self-regulators ensuring the termination of
NF-κB responses has been identified [66]. Interestingly, this well-orchestrated biological process
may undergo alterations [33,34,67] and, consequently, deregulated NF-κB activation contributes to
the autoimmune diseases pathogenesis, characterized by an intense inflammatory response [34,67].
As a matter of fact, NF-κB was demonstrated to play a salient role in the pathological development of pSS,
correlated with the intense chronic inflammation findings in this disease [17,18,25,26,48]. In this context,
several studies conducted on SGEC derived from pSS patients investigated the mechanism-of-action
of the NF-κB cascade and performed target identification in the deregulated inflammatory situation.
Recent findings demonstrated that EDA-A1 induces several genes involved in the synthesis of the
NF-κB pathway molecules, including the feedback inhibitors IκBα and TNFAIP3. IκBα is known to
be expressed in hair placodes and SGs [68], and TNFAIP3, a key negative feedback regulator of the
NF-κB signalling cascade, plays a role in the EDA-A1, EDAR and EDAR-associated death domain
(EDARADD) genes control, which results mutated in HED/EDA [69]. Therefore, recently, chemokines
have been revealed as immediate target genes of the EDA/NF-κB pathway, leading to modulation of
the multiple signalling pathways implicated in skin appendage development; when this scheme is
deregulated, an inflammatory process may be induced [69]. Against this background, a recent study has
investigated the EDA-A1 and EDAR genes and proteins expression in pSS SGs, showing that TNFAIP3
is deregulated in pSS SGEC. This results in an increased and excessive EDA-A1/EDAR gene and
protein expression in pSS SGEC that determines a correlated high induction of NF-κB [70] (Figure 3).
Furthermore, TNFAIP3 gene knockdown performed on healthy SGEC, through the application of the
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siRNA gene silencing technology, determined an over-activation of the EDA-A1/EDAR expression and
consequently NF-κB nuclear translocation and activation [70] (Figure 3). The authors have shown that,
in pSS SGEC, NF-κB is activated downstream of EDA-A1/EDAR signalling and after transfecting pSS
SGEC with the mutated form of the regulatory protein IκBα, the EDA-A1/EDAR-NF-κB signalling
pathway was affected in SGs, suggesting that the IκBα-dependent canonical NF-κB cascade was
active in pSS SGEC [70]. This recent discovery suggests that the pathways involved in ectodermal
development and inflammation may be fundamentally the same, but lead to target gene activation
depending on the cell type and/or on the specific pathological condition features. The implication of
the NF-κB pathway in development was a very surprising finding, because it is involved primarily
in TNF-α receptors-mediated inflammation and immunity; now, the recurrent question is how cells
can distinguish between the NF-κB pathway activation signals, as well as how specific target genes
activation is precisely and independently controlled during developmental or inflammatory events.

 

Figure 3. Schematic overview of the EDA/EDAR/canonical NF-κB pathway. The EDA isoform of the
TNF-α family member Ectodysplasin interacts with its receptor EDAR leading to the recruitment of
EDARADD (death domain adaptor); in turn, this complex activates the IKK complex. The IKK complex
phosphorylates IκBα, that undergoes ubiquitylation and proteasomal degradation, inducing nuclear
translocation of the NF-κB heterodimer RelA/p50 that triggers the transcription of pro-inflammatory
genes, including those that encode the negative regulators IκBα and TNF-α-induced protein
3 (TNFAIP3). EDA: Ectodysplasin-A; EDAR: Ectodysplasin-A Receptor; EDARADD: Ectodysplasin-A
receptor-associated associated death domain.

6. Toll-Like Receptor-Mediated NF-κB Activation in pSS

A large volume of recent evidence underlines the finding that the SGs epithelium is the major actor
in the promotion and progression of the chronic inflammatory reactions observed in pSS, through the
induction of pro-inflammatory cytokines and chemokines [8,71]. The innate immune system uses
a diverse set of recognition receptors to activate the intracellular signalling pathway, such as Toll-like
receptors (TLRs) molecules. Indeed, TLRs activation lead to the recruitment of adaptor proteins within
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the cytosol, that culminates in signal transduction resulting in the transcription of genes involved
in chronic inflammation [72,73]. TLRs were initially identified as receptors important only in host
defences, but it is now clear that the TLRs, for example TLR2 and TLR4, are crucial in autoimmunity
development [74–76], as demonstrated in RA [74], SLE [77], multiple sclerosis [78], and inflammatory
bowel diseases [79]. Studies comparing mice and humans revealed that numerous types of epithelial
cells express TLRs, supporting the hypothesis that the epithelium represents the first line of defence
of the innate immune system [80,81]. These observations were confirmed also in pSS; the induction
of TLRs signalling in SGEC leads to the release of inflammatory mediators, including IL-6, IL-8,
and TNF-α [72], which are critical mediators of the inflammatory processes of pSS. In addition, recent
works have evidenced the important contribution of TLRs activation to the initiation and progression of
the pSS pathogenesis. In particular, TLR2, TLR3, and TLR4 are expressed on the SGEC membrane [82],
and in addition, immunohistochemical analyses of TLR2, 3 and 4 on labial SG tissue from pSS patients
confirmed a significantly higher constitutive expression of these receptors, found in SG-infiltrating
mononuclear cells as well as acinar cells and ductal SGEC, supporting the intrinsic epithelial activation
in pSS [40]. TLR4, in particular, resulted highly expressed specifically in infiltrating mononuclear cells
and in ductal and acinar cells [83,84] of pSS SGs, and receptor levels were correlated with the degree of
glandular inflammation [83,84]. At the same time, investigations conducted on pSS peripheral blood
mononuclear cell (PBMC) confirmed a dysregulation of TLR7, 8 and 9 molecules compared to controls,
where TLR7 and 8 recognize single-stranded RNA [85], while TLR9 is activated by un-methylated
CpG DNA [86]. This led to an altered recognition of DNA and RNA, eventually resulting in the
development of pSS. [87].

Role of TLRs in the NF-κB-Mediated Inflammatory State in pSS

Several authors now agree that TLRs trigger an intracellular cascade of molecular events, which has,
as its final step, NF-κB activation. Active NF-κB determines the transcription of inflammatory cytokine
genes responsible for the exacerbation of inflammation [73]. Studies conducted on experimental animal
models confirm that an intensely inflammatory microenvironment could be the basis of autoimmune
diseases [88]. This scenario seems to be plausible also for pSS. A recent study reported that TLR-7
and its downstream signalling factors are strongly expressed in labial SG of pSS patients. The authors
observed that TLR-7 downstream molecules are expressed in pSS SGEC after TLR-7 ligand stimulation
in vitro, inducing the activation of the NF-κB pathway, which elicits the release of inflammatory factors
such as IFN-α and IFN-γ [89]. Furthermore, Kwok et al. demonstrated an increased expression
of TLR2, TLR4, and TLR6 in pSS SGs, in association with IL-17, IL-6, and IL-23 over-expression,
factors that promote T helper17 (Th17) differentiation and amplification. The signalling pathway
starts with TLR2 stimulation, which induces a cascade that involves the activation of TLR4 and TLR6.
This determines the production of IL-17 and IL-23, which, as demonstrated by the authors, occurs
through IκBα phosphorylation, the IL-6, signal transducer and activator of transcription 3 (STAT3),
and NF-κB pathways [90]. However, the ligands that eventually activate TLR2 in the context of pSS
are still doubtful and little known. Using peptidoglycan (PNG) as stimulus for TLR2 activation, an
increased expression of immune mediators (ICAM-1, CD40, and MHC-1) was observed in SGECs
derived from pSS patients and controls [82]. In a corroborative study using SGEC from pSS patients,
TLR2 drove the NF-κB-dependent secretion of IL-15 [50,51] as confirmed using antibodies anti-TLR2 to
block IL-15 secretion [50,51]. Furthermore, by using the dominant-negative inhibitory IκBα vector to
inhibit NF-κB activation, TLR2-dependent IL-15 production was reduced, suggesting a transcriptional
level control [50,51]. Therefore, this study underlines the importance of the TLR2/IL-15/NF-κB pathway
as a strong potential candidate for the therapeutic modulation of pSS, ameliorating both local and
systemic pSS disease manifestations [50,51] A schematic representation of the TLR2 molecular pathway
activation in pSS is reported in Figure 4.
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Figure 4. Schematic representation of the Toll-Like Receptor 2 (TLR2)/IL-15/NF-κB pathway in pSS
SGEC. TLR2, in response to pro-inflammatory stimuli, activate the NF-κB pathway; in the nucleus,
the active NF-κB promote IL-15 gene transcription; thus, incrementing inflammatory disorders in SGs
of pSS patients.

7. Modulation of NF-κB Activation by the Anti CD-20 Monoclonal Antibody Rituximab

The management of pSS patients is essentially symptomatic, no curative agents for SS yet exist
and demonstrations of the efficacy of systemic drugs are lacking. Given the key role of chronic B-cell
activation in pSS, B-cell target therapies based on B-cell downregulation have been individuated as
the first potential candidates. CD20’s attractiveness as a therapeutic target derived from the growing
understanding of the molecular basis for several properties related to its structure and its interaction
networks [91]. CD20 is a non-glycosylated surface phosphoprotein, found on a variety of healthy and
malignant B cells, whose function is probably involved in calcium influx [92,93]. CD20 expression
appears early during B cell maturation but is lost during B-cell differentiation into plasma cells [94].
For many years, the function of CD20 in normal immune physiology remained poorly defined, based on
few data demonstrating a role in the generation of the long-term humoral response [95].

Hypothetical Scenario Involving RTX as a Negative Regulator of the NF-κB Pathway in pSS

Rituximab (RTX), a mouse/human chimeric monoclonal antibody directed against CD20 antigen
on B cells surface, represents a treatment for both pSS and SS-related malignant lymphoproliferative
disease [96], whose efficacy has been investigated in the last decade, in the presence (or not) of
a lymphoproliferative disorder [97–99], owing to its proven efficacy in other chronic inflammatory
diseases, such as RA [100] and systemic vasculitis [101].

Recent experimental evidence demonstrated that in a co-culture system of pSS SGEC with pSS
lymphocytes, RTX stimulation causes B cells depletion, leading to a drastically reduced transcription
of pro-inflammatory mediator genes and protein secretion. This report suggests that B-lymphocytes
regulate the cytokine and chemokine release by pSS SGEC because of their proximity in inflammatory
areas. This intrinsic activation of SGEC exacerbates the inflammation, further modulating the release
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of inflammatory factors along post-translational pathways [102,103]. In this hypothetical scenario,
a decisive role could be played by the inhibition of the constitutive activation of NF-κB. Treatment with
RTX of pSS SGEC co-cultured with pSS B-lymphocytes, determines a lower NF-κB DNA binding activity
in the SGEC, so inhibiting the pro-inflammatory genes transcription [102,103]. Now, RTX interferes
with the constitutive activation of the NF-κB pathway through the modulation of Raf-1 kinase inhibitor
protein (RKIP) expression [104], which acts directly by down-regulating IkB kinase (IKK) activity
and indirectly by interfering with IKK activators [105]. RKIP is believed to play an important role in
various inflammatory diseases and cancers [106] and results constitutively under-expressed in pSS
SGEC [102]. These data suggest that RKIP could increase NF-κB activity, leading to the persistent
chronic inflammatory condition characteristic of pSS. Therefore, the function of RTX as a negative
regulator of the NF-κB pathway in pSS SGEC is based on the modulation of RKIP expression; RTX,
in fact, up-regulates RKIP expression in pSS SGEC, and RTX-mediated RKIP induction diminishes the
phosphorylation of the components of the NF-κB pathway [102] (Figure 5). Experimental RKIP gene
silencing in pSS SGEC confirmed this hypothesis, leading to pro-inflammatory cytokine secretion by
pSS SGEC, and preventing NF-κB inhibition. However, what is the effect of RTX on NF-κB relate to the
B cells depletion, since literature indicates that treatment with RTX leads to an effective depletion of B
cells in pSS patients? Evidence suggests that Fc/FcγR interactions are critical, as determined in both
animal models and humans [107]. Data collected suggest that the formation of IgG immune complexes
between B lymphocytes and RTX could engage specific FcγR on pSS SGEC, resulting in a decreased
NF-κB activity and interruption of the NF-κB signalling pathway through the up-regulation of the RKIP
protein [102] and engagement of the mitogen-activated protein kinase (MAP kinase) signalling [108].
A schematic model of RTX-mediated inhibition of the NF-κB pathway in pSS SGEC is reported
in Figure 5.

 

Figure 5. Rituximab (RTX) inhibits NF-κB signalling in pSS SGEC. The pSS SGs epithelial cells
(SGEC) were found to express low levels of Raf-1 kinase inhibitor protein (RKIP). In a co-culture
system with pSS B-lymphocytes, the FcγR-mediated interaction of RTX/CD20 induces the upregulation
of RKIP expression, decreasing NF-κB activity, and, consequently, inhibiting the pro-inflammatory
genes transcription.
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8. Fine Modulation of NF-κB Activity by TNFAIP3

Numerous studies reported in this review clearly show that several cell types isolated from
patients affected by autoimmune diseases show constitutively activated NF-κB transcription factors;
there is considerable evidence of NF-κB activation in SGECs derived from pSS patients [17,18,25,26].
Dysregulation of NF-κB-dependent gene expression leads to a variety of autoimmune inflammatory
conditions, cancer and neurological disorders [33,34]. Since NF-κB signalling activation is important
for several cellular processes, not surprisingly, a tight modulation of this pathway is absolutely
essential to trigger target genes. As reported above, among the small regulators of NF-κB activity,
great attention has been paid, in the last years, to TNFAIP3, which is a negative feedback regulator of
NF-κB activation via TNF-α signalling. Given its key role in the fine modulation of NF-κB pathway,
it has been demonstrated that a dysregulated expression of TNFAIP3 protein contributes to chronic
inflammation and tissue injury [109]. The importance of TNFAIP3 in reducing inflammation is
underlined by the linking of TNFAIP3 genomic region polymorphisms with human autoimmune
and inflammatory diseases, including RA [110], psoriasis [111], SLE [112], and type 1 diabetes [113].
Thus, TNFAIP3 has been considered as a crucial anti-inflammatory factor acting to limit prolonged
inflammation. A presumed association of TNFAIP3 polymorphism with pSS syndrome has recently
been reported [114]. Moreover, TNFAIP3 gene and protein expression levels resulted diminished
in salivary tissue from active pSS, demonstrating that under-expression of this protein may reflect
an enhanced inflammatory reaction.

Reduced TNFAIP3 Expression Levels in pSS Affect NF-κB Signalling

Recent investigations support an anti-inflammatory role of TNFAIP3, indeed, knockout mice
for this gene evolve multiple organ inflammation [115], TNFAIP3 gene silencing in dendritic cells
leads to the release of specific co-stimulatory factors, such as pro-inflammatory cytokines [116] and
genetically TNFAIP3 deficient mice also show severe intestinal inflammation [115]. The reduced levels
of TNFAIP3 observed in pSS, characterized by a remarkable inflammation of the SGs, may promote
chronic invasive immune processes in these patients, triggering an initial abnormal inflammatory
response. Several findings suggest that the reduction of TNFAIP3 expression levels could lead to
the deregulation of NF-κB signalling in pSS patients who show a higher transcriptional activity of
NF-κB than normal control subjects [17]. Since TNFAIP3 is a negative regulator of NF-κB signalling
in human SGECs, its deregulation could be responsible for the persistent expression of NF-κB that
occurs in pSS. This corroborates the notion that human SGECs play an essential role in coordinating
the SGs inflammatory reactions to pro-inflammatory factors and suggests that the NF-κB pathway is
crucial in these cells for modulating immune responses (see, for example, Figure 3) [17]. Since TNF-α
contributes to tissue inflammation, a system mediated by TNF-α-dependent NF-κB activation, it is
plausible to postulate that it may translocate the nucleus and promote the expression of inflammatory
genes [117]. In accordance with this hypothesis, our recent findings have shown a higher expression
of TNF-α in SGECs isolated from pSS patients [15], confirming the role of TNF-α as an inducer of
TNFAIP3 protein expression. The enhanced NF-κB activity that occurs in human SGECs, following
treatment of the epithelium with TNF-α, could be responsible for the paracrine progression of the
inflammatory response shown in SS, inducing pro-inflammatory genes transcription. Therefore,
because TNFAIP3 is affected in the negative regulation of NF-κB activation, the inactivity of TNFAIP3
protein was postulated to give rise to a constitutive activation of NF-κB contributing to marked
inflammatory reactions. These hypotheses were demonstrated in TNFAIP3 knockdown experiments
showing that TNFAIP3 gene silencing induces a constitutive activation of NF-κB in human healthy
SGEC [17] (Figure 6) and in experiments conducted on TNFAIP3 knockout mice [115]. Mice with
deficient TNFAIP3 are, in fact, hypersensitive to TNF-α and showed grave inflammation and severe
damage in multiple organs. TNFAIP3-deficient cells are not able to terminate TNF-α-induced NF-κB
responses and rapidly die due to TNF-α-mediated apoptosis [115].
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Figure 6. Effect of TNFAIP3 gene silencing in TNF-α stimulated healthy SGEC. This scheme shows how
TNFAIP3 knockdown experiments induce a constitutive activation of NF-κB in human healthy SGEC,
leading to a severe inflammatory response. siRNA: short interfering RNA; dashed line represents
inhibition of the constitutive activation of NF-κB; solid line indicates activation.

9. Conclusions

In this review, we summarize the aberrant activation of NF-κB in pSS, clearly demonstrating that
NF-κB has a crucial role in the pathogenesis of pSS, since it promotes chronic inflammation. NF-κB,
through intrinsic SGEC activation, regulates sophisticated feedback circuits in pSS that comprise all
elements of the cellular immune response. Since NF-κB and members of its signalling pathways regulate
cellular activity from DNA transcription to translation into proteins, efficient and properly controlled
NF-κB signalling is important during physiological immune homeostasis. In fact, the integrity of
the signal triggered by NF-κB is essential in preventing the onset of pSS autoimmune disease. It is
noteworthy that the significance of NF-κB activation in pSS suggests that inhibition of this signalling
pathway could provide novel strategies for the prevention and treatment of the SGs dysfunction
characterizing pSS. New future perspectives suggest, for example, the use of IKKε inhibitors for the
treatment of pSS, repressing downstream NF-κB signalling activation. Furthermore, great attention is
now being paid to the modulation of NF-κB activity and expression of NF-κB target genes through
an IκBα-mediated negative feedback mechanism. Hopefully, as our understanding of the regulation of
the NF-κB pathways increases, insights into a better design of drugs that can effectively target NF-κB
for the prevention and treatment of pSS may be gained.
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Abstract: Sjögren’s syndrome (SS) is a female dominated autoimmune disease characterized by
lymphocytic infiltration into salivary and lacrimal glands and subsequent exocrine glandular
dysfunction. SS also may exhibit a broad array of extraglandular manifestations including an
elevated incidence of non-Hodgkin’s B cell lymphoma. The etiology of SS remains poorly understood,
yet progress has been made in identifying progressive stages of disease using preclinical mouse
models. The roles played by immune cell subtypes within these stages of disease are becoming
increasingly well understood, though significant gaps in knowledge still remain. There is evidence for
distinct involvement from both innate and adaptive immune cells, where cells of the innate immune
system establish a proinflammatory environment characterized by a type I interferon (IFN) signature
that facilitates propagation of the disease by further activating T and B cell subsets to generate
autoantibodies and participate in glandular destruction. This review will discuss the evidence for
participation in disease pathogenesis by various classes of immune cells and glandular epithelial cells
based upon data from both preclinical mouse models and human patients. Further examination of
the contributions of glandular and immune cell subtypes to SS will be necessary to identify additional
therapeutic targets that may lead to better management of the disease.

Keywords: Sjögren’s syndrome; autoimmunity; salivary gland; innate cells; adaptive cells

1. Introduction

Sjögren’s syndrome (SS) is the second most common autoimmune disorder after rheumatoid
arthritis (RA) [1]. Like systemic lupus erythematosus (SLE), SS is a chronic and systemic autoimmune
disease [2]. While SS is most commonly associated with xerostomia, xeropthalmia, and lymphocytic
infiltration into the exocrine glands, SS patients may present with gastrointestinal symptoms, fatigue,
pulmonary problems, and experience a higher incidence of non-Hodgkin’s B cell lymphoma (NHL) [2,3].
The lymphocytes that infiltrate into the exocrine glands can organize into focal structures in which
germinal center-like formation is present in approximately 25% of primary SS patients [4], establishing
a structure for local production of autoantibodies [4,5]. SS primarily affects women and features a
highly skewed sex distribution (9:1) [6]. SS is a complex heterogenous disease that can present alone,
referred to as primary SS (pSS), or as secondary SS with another autoimmune disease such as RA or SLE.
While the adaptive immune cells like B and T cells have traditionally attracted the most interest due to
their predominant presence in the exocrine glands and the immunological importance autoantibodies,
increasing evidence shows that immune system dysfunction in SS incorporates cells of the innate
immune system as well [7–12]. In this review, we aim to present the current state of knowledge on
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how the common cell types of the innate and adaptive immune systems contribute to SS as revealed by
studies of human patients and animal models.

2. Disease Development

Like other autoimmune diseases, SS is considered a multifactorial disease where a susceptible
genetic background requires an environmental factor trigger, such as viral infection [13], to initiate the
development of disease. Genome wide association studies (GWAS) have identified several genetic
risk factors for SS. Two GWAS in SS have been performed, one with patients of European descent,
and another with Han Chinese patients [14,15]. Both studies identified alleles within human leukocyte
antigen (HLA) Class II to be the most associated with SS, particularly alleles of the HLA-DR and
HLA-DQ isotypes. While major histocompatibility complex (MHC) Class II alleles show the greatest
association with SS, several non-MHC genes also possess a significant association. Many of these
susceptibility genes, including IRF5, STAT4, and IL12A are involved in the regulation of the interferon
(IFN) system [14,15]. The upregulation of IFN pathways and its stimulated genes are associated
with the clinical symptoms of SS [16,17]. Over half of all pSS patients exhibit an IFN signature,
and these patients typically present higher titers of anti–Sjögren’s-syndrome-related antigen A (SSA/Ro)
and anti–Sjögren’s-syndrome-related antigen B (SSB/La) autoantibodies and higher disease activity
as measured by the European League Against Rheumatism Disease Activity Index (ESSDAI) [18].
Additionally, an increased IFN gene signature in the salivary glands (SG) has been linked to poorer
patient response to Rituximab, a chimeric mouse/human monoclonal antibody (mAb) therapy with
binding specificity to CD20 [19]. Both Type I and type II IFN signatures have been detected for SS
patients and genetic ablation of interferon α receptor 1 (IFNAR1), IFN-γ, or its receptor IFNγR prevent
the onset of disease in the spontaneous SS models: the non-obese diabetic (NOD) mouse and it’s
derivative C57BL/6.NOD-Aec1Aec2 [20–23]. The initial events activating the IFN system remain unclear,
as does how the precise nature of how the IFN signature of SS mediates disease. Type I IFNs (T1-IFN)
are driven by toll-like receptor (TLR) stimulation and while capable of being produced by all nucleated
cell types, they are strongly associated with cells of the innate immune system, whereas Type II IFNs
are largely produced by T cells, NK cells and macrophages [24,25]. The apparent necessity of IFNs in
the SS disease process together with IFN regulatory risk genes in humans, indicates a role for cells of
the innate immune system as well as the adaptive in the development of disease. Indeed, therapies
targeting T1-IFN and the IFN pathway continue to be investigated in SS [26].

The insidious onset of SS, coupled with generalized symptoms, overlap with other autoimmune
diseases, and the complex classification/diagnostic parameters contributes partially to a frequent
delay in diagnosis [2]. Due to the challenges of identifying “pre-SS patients”, understanding of
the disease in humans has been limited to studying patients with advanced symptomatic disease.
This deficit has contributed to a lack of understanding of pathological events preceding observable
symptoms. Therefore, in an attempt to elucidate the early patho-immunological processes,
many induced and spontaneous mouse models for SS have been developed and used to study
disease progression [27]. These mouse models can differ greatly in their SS disease manifestations.
For example, NOD mice develop well characterized salivary gland pathology with less lacrimal gland
(LG) involvement, whereas thrombospondin-1 (TSP-1) deficient mice experience more severe LG
disease [28]. These discrepancies between models mirror the heterogenous presentation of SS in human
patients. Critically, the disease profile of individual mouse models can mimic that of subgroups of
patients (IFN+, IFN−, etc.) thereby facilitating understanding of disease in these subgroups. Much of
the work on spontaneous models has been done using the NOD mouse and its derivatives [29].
In studying SS progression in C57BL/6.NOD-Aec1Aec2 mice, we were able to identify 3 distinct but
overlapping phases of disease [27]. C57BL/6.NOD-Aec1Aec2 mice develop SS symptoms temporally
and phenotypically similar to NOD mice but without the presence of diabetes, making them an
ideal candidate to study spontaneous pSS [30–32]. Phase 1 (0–8 weeks) is characterized by acinar
epithelial cell death and delayed salivary gland (SG) morphogenesis. Phase 2 (8–16 weeks), where IFN
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stimulated genes become activated, coincides with migration of macrophages and dendritic cells
(DCs), followed by CD4+T and B220+B lymphocytes, and the emergence of autoantibodies. Finally,
in Phase 3 (16 weeks onward) there is overt clinical disease where a progressive measurable loss of
exocrine gland function occurs. Disease development in C57BL/6.NOD-Aec1Aec2 mice shares some
similarities to other SS mouse models, even if different glands are targeted. For example, increased
apoptosis was observed at 8 weeks in the LGs of TSP-1-deficient mice, which can also be seen in the
SG of C57BL/6.NOD-Aec1Aec2 mice. Additionally, TSP-1 mice displayed ocular surface damage at
12 weeks with an increase in SSA/Ro and SSB/La antibodies detected at 12–16 weeks. Finally, infiltrates
primarily composed of CD4+ T cells were discovered in the LGs of TSP-1-deficient mice with increased
expression of Th1 and Th17 and related transcription factors. Similar observation was seen in the SG
of C57BL/6.NOD-Aec1Aec2 mice at similar age [28]. Together these findings offer insights as to how the
aberrant activity of both innate and adaptive immune cells mediate the pathogenesis of SS.

3. Innate Immune Cells

3.1. Dendritic Cells

Considering that SS is characterized by overstimulation of the immune system and IFN signature,
the role of DCs in SS has been the subject of considerable study [33]. DCs can be subdivided into
three main types: conventional or myeloid DCs (mDCs), which are the most potent antigen presenting
cells (APCs) of the immune system; plasmacytoid DCs (pDCs), the foremost IFN-α producing cell;
and follicular dendritic cells (fDCs), which are not from the hematopoietic lineage and are critically
involved in B cell development in germinal centers (GCs) [34,35]. DCs are one of the first cell types to
infiltrate the minor SG of patients and submandibular glands of NOD mice [36,37]. Their prevalence
is negatively correlated with lesion severity, whereas fDC frequency is unaffected by lesion severity.
fDCs are organized into networks within GCs in severe lesions within the glands [38].

mDCs are cells of hematopoietic origin and include a number of tissue specific subtypes, such as
Langerhan’s cells. Immature DCs disseminate through the blood to inhabit peripheral tissues where
they sample the local environment through endocytosis. DCs that have encountered antigen migrate to
the secondary lymphoid tissue and develop into mature DCs [39]. They are unique in their capacity to
both prime T cells and participate in peripheral tolerance [40]. Immature DCs have reduced frequency
in primary and secondary SS patient blood, while mature DCs are found at increased frequency within
the SGs [41,42]. DCs isolated from NOD mouse SGs lacked the expression of the regulatory chemokine
receptor CCR5. The absence of CCR5 on DCs contributes to an increased expression of the T helper (Th)
1 cytokine IL-12, thereby enhancing the activity of the adaptive cellular response through Th1 cells and
establishing a more proinflammatory environment [43]. Patient monocyte derived DCs (moDCs) were
reported to express increased HLA-DR compared control moDCs, suggesting more antigen presenting
activity. moDCs from SS patients secreted higher levels of IL-12p40 than moDCs from control patients
both upon TLR7/8 stimulation [44] and under basal conditions [45].

pDCs are a rare subset of DC best known for their production of T1-IFN upon stimulation of TLR
7 and 9 [46]. pSS patients exhibit low levels of serum T1-IFN but have elevated levels in the minor SG
(mSG) [47], and reduced circulating pDC within peripheral blood [48]. However, while diminished in
number, pDCs of pSS patients present in peripheral blood expressed high levels of CD40 and CD86 [49].
Microarray analysis of mSGs biopsies showed significant activation of both T1 and T2-IFN pathways
with elevated numbers of pDCs [50]. Analysis of pSS pDCS has revealed dysregulated miRNAs
relating to apoptosis, antigen presentation, and cytokine production [51]. Furthermore, pDCs from
pSS patients demonstrated increased pro-inflammatory cytokine production [52]. Finally, it has been
suggested that pDC recognition of apoptotic cell debris drives the loss of immune tolerance in SS [7].

fDCs are stromal cells within GCs that lack MHC-II expression and instead present
antigen-antibody complexes to B cells via complement and Fc receptors [35]. fDCs attract B cells with
CXCL13 and promote positive and negative selection, isotype switching, and development of high
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affinity B cell receptors [53]. About 20–25% of SS patients develop ectopic GCs containing B cells,
T cells, and fDC networks within the mSGs [54]. Expression of the enzyme activation-induced cytidine
deaminase is critical for B cells to perform class switch recombination and somatic hypermutation,
driving affinity maturation within GCs of secondary lymphoid organs. Proliferating B cells found
within fDC networks in ectopic GCs express AID, indicating that these GCs are functional and a source
of local antibody production and B cell expansion within the SGs of SS patients [55].

3.2. Macrophages

Macrophages are a broad variety of phagocytic cells of the innate immune system. Monocytes
circulate within the blood and migrate to tissues where local signals can differentiate them into
macrophages or DCs. While mDCs and pDCs are recognized as the master antigen presenting cells and
T1-IFN producing cells respectively, macrophages also participate in both of these roles and are crucial
for producing other pro-inflammatory cytokines, apoptotic corpse removal, and wound healing [56].
SS patient saliva contain high expression of the monocyte chemokine CCL2, and histological
analysis of SS patient biopsies identified macrophages within infiltrates of mSGs biopsies [57,58].
Infiltrating macrophages in pSS patients were positively correlated with lesion severity [38] and IL-18,
suggesting macrophage activation within the infiltrate [59]. Furthermore, high IL-18 expression by
infiltrating macrophages correlated with lymphoma risk factors such as C4 hypocomplementemia and
SG enlargement [59]. The polarization of macrophages remains unclear in SS. M1 polarization has
been suggested to be more likely in part because proinflammatory cytokines B cell activating factor
(BAFF), T1 IFN, IL-6, and IL-12, that are expressed by M1 macrophages, are detected at higher levels in
SS patients [60]. Macrophage linked protease genes including cathepsins, matrix metalloproteases
(MMPs), and carboxypeptidases were found to be upregulated in highly inflamed SGs biopsies from
SS patients, suggesting a role for macrophages in orchestrating tissue destruction and aberrant repair
processes in SS [61]. Further investigation revealed that IFN signaling drives plasmin expression
by macrophages in SGs and promotes tissue destruction [62]. In addition, macrophage derived
chitinases were highly expressed in mSG samples from pSS patients and were associated with disease
severity [61]. While focal lymphocytic infiltration can occur in healthy individuals, negligible numbers
of macrophages are observed in foci of healthy individuals [63].

Within the NOD mouse model for SS, macrophages have been observed to infiltrate the SGs early
in disease development, and precede the arrival of B and T cells [32]. Both M1 and M2 macrophages
have been observed in SGs of NOD mice [64]. Among the most important functions carried out by
macrophages is the removal of the corpses of apoptotic cells, a process termed efferocytosis [65]. In the
related autoimmune disease SLE, delayed removal of dead cells is believed to contribute to disease
onset [66]. Delays in the uptake and disposal of dead cells can allow the corpse to progress to secondary
necrosis where self-antigens can leak out and activate the immune system [67]. Considering the
observation of increased apoptotic cells in the SGs of SS patients and mouse models, this concept
has received some attention in SS [68,69]. Analysis of pSS patient monocytes revealed impaired
phagocytosis of apoptotic cells and a corresponding defect in initiating immunosuppressive signaling in
response to uptake [70]. Additional investigation into SS monocyte derived macrophages determined
that SS patient macrophages suffered an intrinsic reduction in phagocytic ability, exacerbated by
inhibitory IgG antibodies against apoptotic cells [71]. NOD mice, which have been employed as a
model for secondary SS, display impaired efferocytosis by both bone marrow derived and peritoneal
macrophages [72]. Our own observations confirm that this efferocytic defect is maintained in the SS
C57BL/6.NOD-Aec1Aec2 mouse model (unpublished data) and may be a result of defective signaling
within the Tyro3, Axl, Mertk (TAM) receptor pathway [73].

3.3. Innate Lymphoid Cells (ILCs) and Natural Killer Cells (NK)

Innate lymphoid cells (ILCs) have received little attention in SS compared to other immune cells.
However, ILCs have been observed in both human and mouse salivary gland [74,75]. Natural killer
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(NK) cells are ILCs that arise from the same common lymphoid progenitor as B and T cells. NK cells
have well characterized roles in the elimination of tumor cells and virally infected cells [76,77]. Yet,
the role of NK cells in SS remains poorly understood. NK cells have been discovered within minor SG
biopsy patients of SS patients, however the cells are rarer than DCs or macrophages [38]. Despite rarity
with the SS lesion, NK cells incidence was found to be positively correlated to presence of rheumatoid
factor (RF) and C4 levels in the sera [38]. NKp44+ ILCs were found to be major producers of IL-22
in pSS patient SG, and infiltration of these cells into the SG correlated with SG inflammation [74].
Levels of NK cells in the blood of SS patients remain controversial. Szodoray et al. observed the
percentage of NK cells to be increased in the peripheral blood of pSS patients [78]. In a separate study,
the count of NK cells in the peripheral blood was found to be reduced in pSS patients with anti-SSA
and SSB autoantibodies [79]. Greater concordance has been achieved in studies of NK activity in
pSS, where NK cell activity was found to be reduced in pSS as well as SLE [80]. In addition, Izumi
et al. detected decreased NK cells, decreased NK cell activity, and increased apoptotic NK cells in
pSS patients [81]. Interestingly, there is evidence that NK cell contribution to SS is not through the
traditionally explored lens of NK cells as killers, but rather through the regulatory capacity of NK
cells [82,83]. In this study, Rusakiewicz et al. identified a new mechanism for NK involvement in
SS where dysfunctional regulation by NK cells via NCR3/Nkp30 permits over activation of DCs,
facilitating activation of lymphocytes and systemic immunity [82].

3.4. Salivary Gland Epithelial Cells (SGECs)

SGECs are one of the targets of autoimmune attack in SS as exhibited by the aberrant apoptosis
that occurs in the SG. However, further scrutiny into the role of SGECs has revealed that this class
of cells is not merely the bystander target, but rather an active participant in the autoimmune
response [84,85]. SGECs expressed high levels of HLA-DR, costimulatory molecules CD80 and CD86,
and adhesion molecules, allowing them to perform as non-professional antigen presenting cells [86].
Additionally, SGECs have been identified to be sources of multiple chemokines and proinflammatory
cytokines including CXCL12, CXCL13, IL-6, IL-7, IL-22, ICOSL, and BAFF [74,87–93]. Local expression
of certain chemokines by SGEGs, including CXCL12 and CXCL13 is believed to contribute to the
formation of ectopic GCs in the glands [89]. Furthermore, the Ro52 antigen has been detected in
SGECs of pSS at higher levels than control patients, and is positively associated with the severity of
inflammation [94]. Enhanced endoplasmic reticulum (ER) stress detected in the SGECs of pSS patients
has been hypothesized to contribute to the production of proinflammatory cytokines from SGECs [95].
Co-culture experiments discovered that SGEC expression of ICOSL and IL-6 can differentiate naïve T
cells into follicular T cells, demonstrating the ability of SGECs to influence lymphocytic organization
in the SGs [91].

TLR 1, 2, 3, 4, and 7 are known to be expressed by SGECs [96–98]. Furthermore, TLR3 stimulation
of the SG of New Zealand Black X New Zealand White (NZB/W) F1 mice was shown to reduce salivary
flow in mice [99]. Separate studies observed that TLR3 stimulation induced apoptosis in SGECs,
and SGECs from pSS patients were more susceptible to anoikis induced by TLR3 stimulation [100,101].
Additionally, pSS patients were found to overexpress the costimulatory molecule B7-H3 which was
determined to be able to induce apoptosis of SGECs [102]. Stimulation of patient SGECs with TLR
agonists dsRNA virus and poly I:C resulted in increased BAFF expression, further demonstrating
the role of SGECs as regulators of the immune response [92]. The anti-inflammatory activity of
peroxisome-proliferator-activated receptor-γ (PPARγ) was found to be reduced in SS patient derived
SGECs, allowing for overactive NF-κB and IL-1β pathways [103]. TLR stimulation of the SGECs,
presumably from a viral infection, represents a possible initiating event in the autoimmune cascade
where increased cell death, and the release of inflammatory cytokines drive an escalating cycle of
inflammation [84,85,104]. Overall, like macrophages and DCs, SGECs possess the ability to both
produce various chemokines, inflammatory cytokines, and act as APCs, allowing them to exert a
powerful influence guiding the behavior of lymphocytes within the SGs.
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4. Adaptive Immune Cells

4.1. T cells

4.1.1. Th1 Cells

Th1 cells produce the inflammatory cytokines IFN-γ and TNF-α, and both of these cytokines
regulate cell mediated immunity and activate macrophages, NK, and CD8+T cells [105]. SS was
originally considered a Th1 dominated autoimmune disorder, but it has gradually been observed
that both Th1 and Th2 cells are drivers of the disease depending on the stage. Deciphering the
specific roles of the Th1 subpopulation in the disease progression in SS has been a primary goal in
understanding the disease [106]. IFN-γ has a significant effect on the organ development of SGs. Ifnγ−/−
and NOD.IfncR−/− mice have been shown to be clinically asymptomatic for SS and indicate normal
acinar cell proliferation and maturation [107,108]. It has been established that IFN-γ induces expression
of glandular adhesion molecules including vascular cell adhesion molecule-1 (VCAM-1), α4β1 integrin,
peripheral node addressin, L-selectin and LFA-1, which facilitate the influx of inflammatory cells into
glands [108–110]. Further transcription signature analysis of the Th1 cell type suggests that the IFN-γ
regulated cytokines CCL5, CCL8, CXCL9, CXCL13, and CXCL16 (an IFN-γ regulated chemokine)
attract both NK and memory T cells [109]. IFN-γ plays an important role in the perpetuation of
inflammation of SS as labial salivary gland primary cell cultures from patients indicate epithelial
HLA-DR expression in 80% of cultures. IFN-γ can alter tight junction function and causes an increase
of permeability across the epithelium [111]. The in-vitro exposure of acinar cells to IFN-γ causes
alterations in tight junction components as observed in the SGs of patients with pSS [112]. It can
induce Fas mediated apoptosis in SGEC cultures, ultimately contributing to epithelial cell damage
and diminished saliva secretion [113]. Other proteins like IFN inducible guanylate binding protein
1 and CD45+ cell infiltration are corelated and may be analyzed by the degree of CD45+ infiltration
in the major SGs of pSS patients [107]. CCL9 and CCL19 expression is up-regulated in the salivary
(SG) and LGs (LG) of NOD and C57BL/6.NOD-Aec1Aec2 mice during disease onset, inducing other
potentially disease relevant genes such as Epsti1 and Ubd that show enhanced activity in the LGs of
male mice [109,114]. IL-7, known to cause increased production of IFN-γ and CXCR3 via upregulation
of Th1 cells, has been shown to accelerate the development of SS [115]. Okamoto et al. have shown that
IκB-ζ induction is necessary for Th17 cell differentiation and is important in experimental autoimmune
encephalomyelitis [116]. Similarly, Okuma et al. have determined that the STAT3-IκB-ζ signaling
pathway is essential for the development of SS-like disease, as the genetic deletion of the STAT3-IκB-ζ
signaling pathway is sufficient for the development of SS-like disease, as enhanced apoptosis is
observed after deletion of the pathway in SG tissue [117]. The epithelial cell-specific STAT3-deficient
mice develop SS-like inflammation with impaired IκB-ζ expression in the LGs, activating Th1 cells [117].
The disruption of STAT3-mediated IκB-ζ induction elicits the activation of self-reactive lymphocytes
that causes the spontaneous development of SS. The IκB-ζ-deficient epithelial cells accelerate apoptosis
even without the involvement of lymphocytes [117]. STAT3 is widely expressed in different cells and is
activated by an array of cytokines and growth factors [118,119]. It controls RORγt expression and Th17
development, but alternatively it has been found that epithelial deletion of STAT3 induced SS-like
symptoms. IκB-ζ expression is significantly reduced in the LGs of STAT3-deficient mice, proving that
STAT3 is required for the expression of IκB-ζ [117].

IL-18, another Th1 cytokine, has been detected in CD68+ macrophages, ductal, and acinar cells of
SGs of SS mice and is secreted at a significantly higher level in sera and the saliva of patients with SS
and NOD mice [59,120,121]. It has been established that IL-18 produced by activated macrophages
and T cells stimulates the inflammatory pathway within the glands [122].
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4.1.2. Th2 Cells

Th2 cells mediate humoral immunity and are involved in allergic immune responses in the
body [123]. Th2 cells play a critical role in sustaining B cell function and conversely, B cells regulate
the maintenance and expansion of both IL-4 producing cell lineages [124]. Hyperactivity of B cells,
specifically overproduction of autoantibodies is observed in SS patients. This activity is attributed
by cytokines secreted by Th2 cells. Th2 cells are generated following priming of CD4+ T cells by
IL-4, resulting in the induction of the Th2 transcription factor GATA3. Th2 cells express a range of
cytokines that influence B cell differentiation, eosinophil recruitment, and mucus production [125].
The signature cytokines produced by Th2 cells are IL-4, IL-5, and IL-13 but they can also produce IL-9,
IL-10, IL-25, and amphiregulin [126]. Genetic ablation of IL-4 in NOD mice was able to restore normal
levels of secretory function however, leukocytic infiltration and pathophysiological abnormalities in
gland pathology persisted [127,128]. IL-4 has also been found to play a crucial function during the
clinical manifestation of SS while having limited effect on the pathology associated with the preclinical
disease. Il4 KO mice do not produce IgG1 isotypic autoantibodies against the muscarinic acetylcholine
receptor (M3R), a known autoantibody target in SS, indicating a critical role of IgG1 isotype switching
in SS. Other antibodies such as IgG2a, IgG2b, IgG3, IgM, and IgA are produced against M3R [108]
in both the Il4 KO and NOD.B10-H2b mouse models. The NOD.B10-H2b mouse model has the Stat6
gene knocked out that impairs the capability of IgG1 production against M3R [129]. Purified IgG
fractions from NOD.B10-H2b mice were capable of reducing saliva secretions in normal C57BL/6 mice
as opposed to fractions isolated from sera of NOD.B10-H2b. Stat6−/− mice that inhibited saliva flow
rates when infused into naive C57BL/6 mice [129]. Thus, it is essential to note that IL-4, the primary
cytokine produced by Th2 cells, plays a part in the isotype class switching to produce pathogenic IgG1
auto-antibodies highlighting the significance of the IL-4/Stat6 pathway.

4.1.3. Th17 Cells

The role of Th17 cells, has been studied extensively in the past decade in the pathogenesis of
SS [130]. Both IL-6 and transforming growth factor (TGF)-β are required to induce naive murine
CD4+ T cells to develop into Th17 cells, which are characterized by the expression of retinoic acid
receptor-related orphan receptor γ (RORγ)t. In humans, the differentiation of Th17 cells occurs by
activation of T cell receptor (TCR) signaling in the presence of TGF-β and IL-6 or IL-21 stimulation [131].
Other critical cytokines that play a role in the progression of the disease include IL-22 and IL-23.
IL-22 is derived primarily from natural killer cells, but it is also produced by Th17 cells, and it has
been identified in the mSG tissue of pSS patients [74]. IL-23, while not required for differentiation of
Th17 cells, is a cytokine that is necessary for their survival and maintenance [132]. Th17 cells produce
IL-17A (referred to here as IL-17) and five other IL-17 members which have also been described that
are termed as IL-17B, C, D, E (or IL-25), and F with conserved residues in the c-terminal region that
form homodimers [133]. Local IL-17 protein production and mRNA levels, together with IL-6 and
IL-23 mRNA, have been shown to increase with the progression of lesion severity in mSGs of pSS
patients [134]. Th17 cells are the primary producers of IL-17A and IL17F and other cytokines such
as TGFβ, IL-6, and IL-12, which have been detected in the plasma and saliva of pSS patients [134].
The nuclear receptor RORγt plays an indispensable role in the differentiation of Th17 cells as increased
presence and activation indicates an increase in autoimmunity [135]. PBMCs from SS patients have the
capacity to secrete IL-17 and IL-12 which skew naïve CD4+ T cells to Th1 and Th17 cells respectively,
thereby facilitating initiation of the auto-immune cascade [136]. IL-21 expression in SGs has also been
associated with hypergammaglobulinemia and patients with primary SS [137]. Th17 cells display the
CD4+ CD161+ phenotype in circulation and have been found to be increased at advanced stages of the
disease [138]. There are other subsets of marker specific T cells that contribute to disease progression.
CD4−CD8− double negative T cells are a subset that is capable of producing IL-17 and has been
correlated with more severe glandular infiltration and is present during the formation of GCs [139].
Another direct set of Th17 cells that secrete IL-17 consistently in the periductal infiltrates of all mSGs,
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has been identified with the level of expression directly correlating with the severity of glandular
inflammation and as a result destruction of healthy gland tissue [134].

Other Th17 cytokines that include IL-17 and IL-23 expression in SGs cause an increase in Tbet
expression in the pre-disease phase in the C57BL/6.NOD-Aec1Aec2 model [140]. The systemic effect of
IL-17 on sexual dimorphism has been elucidated by genetically ablating IL-17 in C57BL/6.NOD-Aec1Aec2
mice. It has been observed that the elimination of IL-17 reduces sialadenitis more drastically in females
than in males [141]. The TCR repertoires of Th1 and Th17 cells in SG infiltrates have been found to be
restricted, with an increase in the number of pathogenic effector T cells in the glands with a sex-based
selection bias of TCR repertoires [142]. Furthermore, it has been observed that transferring Th17 cells
in IL-17 deficient mice, restores the SS disease phenotype, highlighting the key role of Th17 cells in the
inflammatory cascade and subsequent disease progression [143].

The function of RORγt overexpression in naive CD4+ T cells has been elucidated in RAG deficient
mice showing the development of pSS phenotype upon transfer of RORγt-overexpressing CD4+T cells
that induce sialadenitis. The findings in IL-17-deficient mice therefore, suggest that IL-17 is essential
for the development of sialadenitis [144]. Gene therapy studied in the C57BL/6.NOD-Aec1Aec2 mice
has explored the role of cytokines like IL-27. Induction of IL-27, a natural inhibitory cytokine of
Th17 expression, was found to down-regulate or reverse SS in C57BL/6.NOD-Aec1Aec2 mice via a
recombinant adeno-associated virus (rAAV) 2-IL27 vector injection. Th1 activation and inhibitory
activity of Th17 cells was observed [145].

M3R-reactive CD3+ T cells play a pathogenic role in the development of murine autoimmune
sialadenitis (MIS), which mimics SS [146]. M3R is the primary receptor subtype that promotes fluid
secretion in salivary acinar cells. Both interferon IFN-γ and IL-17 are required for induction of SS in
MIS, indicating that M3R-reactive Th1 and Th17 cells contribute to the pathogenesis of autoimmune
sialadenitis. Thus, MIS is used to analyze the effectiveness of RORγt antagonists [147]. As mentioned,
anti-M3R autoantibodies have been proposed to contribute to secretory dysfunction in SS. Iizuka et al.
showed that transferring the M3R deficient splenocytes to RAG deficient mice lead to Th1 and Th17
infiltration in SGs and pSS like symptoms. Lymphocytic infiltration and destruction of epithelial cells
in the SGs indicated that M3R reactive CD3+ T cells played a pathogenic role in the development of
autoimmune sialadenitis [146].

In the lacrimal glands, the lymphocytic infiltration and the presence of IL-17 can also be observed.
IL-17 conjunctival mRNA and protein expression in tears is observed to be higher in pSS as compared
to non-SS patients exhibiting dry eye disease [148], whereas percentages of peripheral IL-17-producing
CD4+ T cells are shown to be similar between pSS patients and controls. The importance of Th17 was
further supported in animal models of SS. IL-2Rα (CD25) knockout mice develop autoimmunity and
lymphoproliferative disorders and produce significantly higher levels of IL-6, TGF-β1, IL-23R, IL-17,
IL-17F, IL-21, IL-10, and IFN-γ mRNA in the cornea and conjunctiva. This promotes autoimmune
lacrimal-keratoconjunctivitis with symptoms closely resembling SS. Th-17 cells are shown to produce
IL-17 that overlap with the peak severity of corneal epithelial disease [149]. A clinical trial using
anti-IL-17 failed to improve dry eye in SS patients, which makes the role of Th17 cells in disease
progression within LGs ambiguous [150].

4.1.4. T Regulatory Cells (Tregs)

Tregs possess suppressive activity towards autoreactive lymphocytes via either cell-cell contact or
the release of soluble mediators including IL-10 and TGF-β. The commitment of a naïve T lymphocyte
towards a Treg phenotype is dependent on a specific cytokine microenvironment and of the expression
of the forkhead box protein P3 (FoxP3) transcription factor [151]. Understanding the role of Treg
cells in SS pathogenesis has been complicated by studies reporting mixed and controversial results.
The inconsistencies in results can be explained at least in part by the different strategies employed
to assess Treg cells in the course of disease progression. Studies follow two approaches of either
enumerating the proportion of circulating Treg cells according to the high surface expression of
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CD25high cells or combining surface expression with the co-expression of FoxP3, the most specific
marker of Treg cells. An increase of circulating FoxP3+ cells in pSS biopsies correlates with worse clinical
disease has been observed as shown by Sarigul et al., similar to FoxP3+ cells circulating in patients
with RA [143,152,153]. Several studies report a reduction of peripheral blood Treg cells [78,154–157]
and highlight an association between the reduction of these cells and exacerbated clinical symptoms.
Szodoray et al. have proven that Treg cell reduction resulted in prevention of extra-glandular
manifestations [78]. Contrary to these results, other groups report increased circulating Treg cells
in pSS patients that show clinical symptoms, with no glandular manifestation and no serological
features [152,158], and in a few cases CD4+CD25high cell percentages are similar in the peripheral
blood of pSS patients and controls [153,159,160].

Disease activity does not influence the number of circulating Treg cells and the disease presents
as either being a mild stable polyclonal hypergammaglobulinemia, as was the case for one group
(inactive) or a more severe polyclonal hypergammaglobulinemia (active) [160], as was the case for
another group. Other murine studies on Tregs in SS include the treatment of TSP1-KO mice with
TSP1-derived peptide to prove attenuation of the clinical symptoms of SS-associated dry eye in TSP-1
deficient mice. This demonstrates that an increase in Treg cells, which reduce Th17 cells, can attenuate
disease symptoms. TGF-β plays a pivotal role in differentiation for immunosuppressive FoxP3+Tregs,
where an increase is evident in biopsy specimens with mild and moderate inflammation which is
disproportionate to escalating pro-inflammatory Th17 populations in advanced disease [134].

There is an increase in the frequency of CD4+Foxp3+ Tregs observed with age in the cervical lymph
node (CLN), spleen, and LG of NOD.B10.H2b mice. These CD4+CD25+ cells lose suppressive ability,
while maintaining expression of Foxp3 and producing IL-17 and IFN-γ. Furthermore, an increase of
Foxp3+IL-17+ or Foxp3+IFN-γ+ cells was observed in the LG and LG-draining CLN of these mice [161].
The role of Tregs is uncertain because of a balance in between Tregs and Th17 cells [162]. Further soluble
mediators, such as TGF-β, the level of which is increased in SGs of SS patients compared to controls, is
required for both Treg and Th17 cell development [163,164].

4.1.5. T Follicular Helper Cells (Tfh)

T follicular helper (Tfh) cells are specialized providers of T cell help to B cells, and are essential for
GC formation, affinity maturation, and the development of high affinity antibodies and memory B
cells. Tfh cell differentiation is a multi-factorial process involving B cell lymphoma 6 (Bcl6) and other
transcription factors that are usually upregulated in autoimmunity [165]. B cell depletion therapy by
Rituximab has been used in patients with pSS, where it decreased the elevated levels of circulating
Tfh cells and improved the symptoms of patients, illustrating the crucial role of the crosstalk between
B cells and Tfh cells in pSS [166]. Tfh cell differentiation is driven by the transcription factor Bcl-6
and activates Tfh cells to express high levels of Inducible T-cell costimulator (ICOS) and Programmed
cell death protein 1 (PD-1) [167]. Tfh cells are important in the formation of GCs and primarily show
presence of CD84 as a cell surface marker. CD84 + PD-1+Bcl6+ Tfh cells have been identified in
organized structures with high focus scores and are in close proximity with Bcl6+ B cells, suggesting
an association with increased disease severity in SS [168]. Tfh cells facilitate T cell–dependent B
cell responses, mainly by secretion of IL-21, a primary driver of B cell activation and differentiation
towards plasma cells. Increased frequencies of Tfh cells have been associated with several autoimmune
diseases [169,170]. Cohorts of Tfh cells have been defined where the frequencies of circulating Tfh
(cTfh) cells, defined as CD4+CD45RA−CXCR5+PD-1+cells, and are increased in pSS patients. Tfh cells
within glandular tissue cannot be easily identified due to overlapping CXCR5 expression with B cells.
Detection by immunohistochemistry and quantification of these cells by flow cytometry is difficult
because biopsies are processed into cell suspensions using enzymatic digestion, and in the process
CXCR5 expression is lost [171]. The function of CXCR5 positive Tfh cells is thus directly related to the
secretion of IL-21 mediating B cell maturation, proliferation, and GC formation.
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4.1.6. Cytotoxic T Cells/ CD8+ T Lymphocytes (CTLs)

CTLs are best known for their destruction of virally infected and tumor cells. They produce
the pro-inflammatory effector cytokines TNF-α or IFN-γ. The effector function of CD8+ T cells
follows recognition by the T lymphocyte T-cell receptor of major histocompatibility complex class
I (MHC I) molecules loaded with the relevant antigenic peptide, expressed at the surface of the
target cells. Due to their lytic capacity, these cells represent key effectors in various autoimmune
diseases [172]. Tissue resident memory CD8+ T cells act as mediators of SG damage in murine
models of SS but the pathogenic significance of CD8+ T cells is unclear as limited studies have been
performed to illuminate their role. CD8+ T cells have been observed within labial SGs infiltrates of
patients with SS. They tend to colocalize with salivary duct epithelial cells and acinar cells, and they
potentially produce pro-inflammatory cytokines. Infiltrating lymphocytes with a CD69+CD103+/−
tissue-resident phenotype and increased IFN-γ production were prominent in the submandibular
glands of p40−/−CD25−/− mice used as a murine model of SS, indicating initiation of the inflammatory
pathway. This knockout mitigated symptoms and reduced progression of the disease, elucidating
the role of CD8a in SS [173]. Subsequently, genetic ablation of IFNγ resulted in decreased CD8+

T cell infiltration and glandular tissue destruction. More importantly, depletion of CD8+ T cells
fully protected mice against the pathologic manifestations of SS, even after the onset of disease [173].
A subset of these CD8+ T cells show an activated phenotype, as reflected in higher expression levels
of HLA-DR where increased proportions of HLA-DR+ T cells are associated with higher disease
severity [174]. Increased HLA-DR expression has been observed in both CD4+ and CD8+ T cells in the
blood of patients that were positive for anti-SSA antibodies. The frequencies of HLA-DR-expressing
activated CD4+ and CD8+ T cells in blood correlated with high ESSDAI scores [174]. Whole blood
transcriptomic studies, serum proteomics, and peripheral immunophenotyping show a proportion
of activated CD8+ T cells in blood that indicate an activated gene signature profile [175]. CXCR3 is
necessary for the migration of CD8+ T cells into SGs [176]. High ESSDAI scores correspond to the
activation of CD8+ T cells in lymphoid organs, CXCR3 upregulation, and consequent migration to
the SGs [174]. Within the LGs and SGs of NOD mice, CD8 T cells proliferate, express an activated
phenotype, and produced inflammatory cytokines. Transfer of purified CD8 T cells isolated from the
cervical lymph nodes of NOD mice into NOD-severe combined immunodeficiency recipients resulted
in inflammation of the LGs, but was not sufficient to cause inflammation of the SGs as observed in the
study by Barr et al., demonstrating that CD8 T cells have a pathogenic role in LG autoimmunity [177].

Tissue auto-antigen responses and activated CD8+ T cells have not been well characterized in
explaining autoimmune diseases like SS. Identifying human leukocyte antigen class I (HLA-I) binding
peptide motifs gives insight to CD8+ T cells involved in pSS, but their role in pathogenicity and
progression of the disease besides secretion of cytokines, primarily TNF-α, and IFN-γ is still unclear.
New findings in the pathophysiology of CD8+ T cells in autoimmunity and a better understanding of
their activation may provide opportunities for the development of targeted immunologic therapies in
various autoimmune disorders.

4.2. B Cells

4.2.1. Marginal Zone B Cells

Marginal zone (MZ) B cells are a class of innate-like lymphocytes positioned in the marginal
zone of the spleen, inhabiting a junction between the circulation and lymphoid follicle [178–180].
While some differences exist between human and mouse MZ B development and function, in both
organisms the positioning of MZ B cells within the spleen allows them to act as antibody generating
first responders against pathogens in the blood [178,181]. While MZ B cells occupy a critical niche
between innate and adaptive immunity, MZ B cells expansion has been associated with autoimmunity
and previous studies have determined that MZ B cells possess polyreactive BCRs that can be potentially
be self-reactive [178,182–185]. Among the most serious complications of SS is the increased incidence
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of B cell lymphoma [3]. Investigation into the types of non-Hodgkin Lymphoma (NHL) tumors within
a cohort of 58 pSS patients identified that the two most commonly occurring types of tumors were
indolent extranodal MZ B-cell lymphoma of the mucosal associated lymphoid tissue (MALT) at 59%,
and nodal MZ lymphoma at 15%, indicating the importance MZ B cells within the disease [186].
MZ-like B cells have been found to be increased in the SGs and peripheral blood of pSS patients [187].

Investigations in SS mouse models have provided additional clues regarding the role of MZ
B cells in the disease process. Mice transgenic (tg) for BAFF are known to develop autoimmune
symptoms similar to SLE and SS [188,189]. In order to study the role of MZ B cells in this model,
Fletcher et al. generated BAFF tg mice lacking lymphotoxin-β (LTβ), as mice lacking LTβ will fail
to develop MZ B cells [190]. The authors discovered that while the mice still developed nephritis,
they did not develop severe sialadenitis associated with the SS phenotype, suggesting a critical role
played by MZ B cells in this aspect of disease [190]. A separate study investigated the role of MZ B
cells within the IL-14α transgenic mouse model (IL14αtg) [191]. Elimination of MZ B cells within the
IL14atg model restored saliva flow rate, removed lymphocytic infiltrations into the SGs, and prevented
formation of autoantibodies [191]. Considering that depletion of MZ B cells improves disease in two
separate SS mouse models, targeted depletion of MZ B cells has attracted attention as a potential
therapy. Ly9 (CD229) is a cell surface receptor highly expressed on MZ B cells, and anti-Ly9 has been
demonstrated to selectively target and deplete MZ B cells [192]. Treatment of NOD.H-2h4 SS model
mouse with anti-Ly9 reduced both SG and renal infiltration, and also decreased ANAs and RF [193].
Considering the overwhelming involvement of MZ B cells in NHLs of SS patients, anti-Ly9 antibodies
likely represent the first of many strategies to target MZ B cells for depletion in SS.

4.2.2. Memory B Cells and Plasma B Cells

Memory B cells are the important cell type that is involved in SS pathogenesis due to their ability
to maintain memory for a given antigen in the absence of constant antigen stimulation [194,195].
They are characterized by CD27+ expression and BCR somatic hypermutation [196,197]. SS shows
an increase in accumulation of CD27+ memory B cells and plasma cells within the SGs infiltrate and
the peripheral blood of patients. The glands show a distinct cytokine profile that includes adhesion
molecules, cytokines, and B-cell chemokines CXCL13 and CXCL12 [88,90]. CXCL13 is the key cytokine
responsible for the homing of B cells to the SGs. GC formation in the SGs is facilitated by CXCL13
secreted by Tfh and fDCs. Interaction with its corresponding receptor CXCR5 on B-cells regulates
B-cell movement between different tissues. In the SGs, CXCL13 guides B cell entry into the follicles
that causes lymphoid organization visualized in SG biopsies of SS [198–200]. CXCL13 over-expression
in inflamed glands of patients with pSS plays the primary role in the recruitment of circulatory CXCR5
expressing CD27+ memory B cells, attracting the subpopulation of peripheral CD27+ memory B cells
into the inflamed glands where they then reside [88,90].

Plasma B cells are terminally differentiated cells of the B lymphocyte lineage, the primary cell
type that produces antibodies, and thus are drivers of antibody-mediated immunity [201]. They are
maintained for extended periods, making them an essential component of immune memory and thus
linking them closely to memory B cells from which they can differentiate [202]. BAFF, a member of
the TNF family, is secreted by inflammatory cells and is needed for prolonged plasma cell survival
and sustained Ig production by plasma B cells [203]. The glandular microenvironment is generally
rich in BAFF, promoting accumulation of CD27+ B memory cells resulting in more IgG producing
plasma cells in the tissue [203–205]. BAFF has a role in B cell maturation, class switching, survival,
and proliferation especially in advanced disease and is produced by SGEC, DC, macrophages, activated
T cells, and also B cells [204]. Mice transgenic for BAFF possess increased numbers of mature B and
effector T cells, and develop high levels of circulating immune complexes, glandular Ig deposition,
and anti-DNA antibodies [189]. The patients of pSS have auto-reactive plasma B cell infiltrates that
produce anti-SSA/Ro or anti-SSB/La autoantibodies. These infiltrates appear from the differentiation of
CD27+ memory B cells recruited from circulating blood and from B cells generated in ectopic SG GCs.
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Other notable cytokines include CXCR3 and CXCR4, whose expression on activated B cells leads to the
migration of the plasma cells to the site of inflammation and causes the attraction of lymphocytic cells
to the SGs [206–211].

B-cell-targeted mAbs (see below), largely rely on two mAb Fc-dependent mechanisms:
antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC).

Rituximab, a mouse/human chimeric IgG1 mAb, was the first B-cell targeting therapeutic antibody
approved by the US Food and Drug Administration [212,213]. Ocrelizumab a second generation CD20
mAb(rhumAb 2H7v.16) is a humanized CD20 mAb, which binds a different but overlapping epitope
from rituximab [214]. Furthermore B-cell survival, differentiation, and functional properties are tightly
regulated by a variety of cytokines and chemokines. Targeting survival and differentiation factors
with specific mAbs or fusion proteins is an alternative approach to targeting B-cell surface antigens for
active cell depletion [215].

5. Conclusions

SS is a heterogeneous disease with a wide spectrum of severity. Both human and mouse studies
of SS indicate an involvement of multiple cell types in producing local inflammation in pSS and SS-like
disease as summarized in Table 1. The innate immune response is crucial for the pathogenesis of
SS and is implicated in disease initiation, contributing to starting the immune cascade and guiding
adaptive immune responses. The activation of innate immune cells is considered to be indicative
of disease onset while T and B cell infiltrates indicate driving responses in more severe cases that
is reflected in glandular tissue destruction. Both cellular and cytokine repertoires that mediate the
skewing, activation, and differentiation of different cell types in peripheral blood and exocrine tissue
initiate the epithelial cell activation and in turn the innate immune response as illustrated in Figure 1.
This process ultimately leads to chronic autoimmune responses resulting from adaptive immune cells.
To date, numerous studies have been performed to identify the cells relevant to autoimmune disease
and to understand the individual contributions of all interacting cell types. As a result, comprehending
contributions of individual cell types and their interactions is of great importance for elucidating
disease pathogenesis and the development of effective therapeutic interventions.

Table 1. Immune cells and their functions involved in SS.

Cell Type Immunity Function References

Dendritic cells Innate

• mDC are increased in pSS SGs, pSS patient mDCs
have increased IL-12p40 secretion and HLA-DR
expression.
• pDC identified in pSS SGs, pSS patient pDCs are
decreased in circulation but show increased activation.
• fDC can be organized into fDC networks within
functional ectopic GC in the SGs.

[41,42,44]

Macrophages Innate

• Macrophage infiltration correlates with disease
severity in pSS.
• Infiltrating macrophages express IL-18 and
proteases allowing them to contribute to inflammation
and tissue destruction.
• pSS monocytes and SS mouse model macrophages
display impaired efferocytosis.

[38,59,61]

Salivary gland
epithelial cells

(SGECs)
Innate

• SGECs can operate as non-professional APCs and
as sources of multiple inflammatory cytokines.
• SGECs are sensitive to TLR induced apoptosis.

[86,101]

Th1 cells Adaptive

• Play a role in the organ development of SGs. They
prevent normal acinar cell proliferation and
maturation.
• Secrete IFN-γ that induces expression of glandular
adhesion molecules allow the influx of inflammatory
cells into SGs.
• In-vitro exposure of acinar cells to IFN-γ causes
alterations in tight junction components as observed in
the SGs of patients with pSS.

[97,108,109,112]
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Table 1. Cont.

Cell Type Immunity Function References

Th2 cells Adaptive

• Secrete IL-4 that prevents secretory function.
• Secretion of IL-4 causes formation of IgG1 isotypic
autoantibodies against M3R indicating a critical role of
IgG1, IgG2a, IgG2b, IgG3, IgM, and IgA isotype
switching in SS.
• Stat6 gene also prevents IgG1 production against
M3R and also plays a part in the isotype class
switching.

[108,129,216]

Th17 cells Adaptive

• They are stimulated by cytokines that play a role in
the progression of the disease such as IL-22 and IL-23.
• IL-22 is derived primarily from natural killer cells,
is produced by Th17 cells, and it has been identified in
the mSG tissue of pSS patients.
• Th17 cells produce IL-17A (refer to as IL-17) and
five other IL-17 members which have also been
described that are termed as IL-17B, C, D, E (or IL-25),
and F with conserved residues in the c-terminal region
that form homodimers.
• Local IL-17 protein production and mRNA levels,
together with IL-6 and IL-23 mRNA, have been shown
to increase with the progression of lesion severity in
mSGs of pSS patients.
• Conjunctival RORγT mRNA and protein
expression in tears is observed to be higher in pSS as
compared to non-SS patients exhibiting dry eye disease.
• IL-21 expression in SGs has also been associated
with hypergammaglobulinemia and patients with
primary SS.

[133,134,152,155,163,217]

T regulatory cells
(Tregs) Adaptive

• Important for the induction and maintenance of
peripheral tolerance therefore, they are key in
preventing excessive immune responses in SS.
• Suppressive activity towards autoreactive
lymphocytes via either cell-cell contact or the release of
soluble mediators that notably include IL-10 and
TGF-β.
• Reduction of peripheral blood Treg cells in humans
that lead to exacerbated clinical symptoms of SS.
Role of Tregs is uncertain because of a balance in
between Tregs and Th17 cells.

[152,154,218,219]

T follicular helper
cells (Tfh) Adaptive

• Specialized providers of T cell help to B cells,
marked increase of Bcl6 and other transcription factors
that are usually upregulated in SS.
• Important in the formation of GCs and primarily
show presence of CD84 a cell surface marker, observed
in SS.
• The function of CXCR5 positive Tfh cells is directly
related to the secretion of IL-21 mediating B cell
maturation, proliferation, and GC formation.

[165,166]

Cytotoxic T cells/
CD8+ T cells

(CTLs)
Adaptive

• They produce the pro-inflammatory effector
cytokines TNF-α or IFN-γ.
• Tissue resident memory CD8+ T cells act as
mediators of SG damage in murine models of SS but
the pathogenic significance of CD8+ T cells is unclear
as limited studies have been performed to illuminate
their role.
• Tend to colocalize with salivary duct epithelial cells
and acinar cells, and produce pro-inflammatory
cytokines.

[172]

Marginal Zone B
cells Adaptive

• Stimulated by BAFF.
• MZ B cells within the IL14atg model drive reduced
saliva flow rate, lymphocytic infiltrations into the SGs,
and formation of autoantibodies.
• Possess self-reactive BCRs that cause complications
of SS and the increased incidence of B cell lymphoma.

[174,179,189,192,193]
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Table 1. Cont.

Cell Type Immunity Function References

Memory B cells Adaptive

• Maintain memory for SS antigens in the absence of
constant antigen stimulation.
• CXCL13 is the key cytokine responsible for the
homing of B cells to the SGs.
• CD27+ memory B cells, attract the subpopulation
of peripheral CD27+ memory B cells into the inflamed
glands where they reside and cause inflammation.
• The primary cell type that produces antibodies,
and thus are drivers of antibody-mediated immunity.
• BAFF primary cytokine produced, that has a role in
B cell maturation, class switching, survival,
and proliferation especially in advanced disease and is
produced by SGEC, DC, macrophages, activated T
cells, and also B cells
• Cause the formation of GCs in SGs and work
antagonistically to Tfr cells.

[88,167,194,195,220]

Plasma B cells Adaptive
• B cells that produce SS auto-antibodies with specific
BCRs against auto-antigens after differentiation from
Memory B cells or circulating peripheral B cells.

[189,203,221]

Figure 1. Proposed functions of different cell types in the pathogenesis of Sjögren’s syndrome (SS).
(1) The initiating events in the development of SS remain unclear, but evidence suggests the disease
proceeds following an environmental trigger on a susceptible genetic background, likely a viral
infection. (2) Salivary gland epithelia cells (SGECs) experience increased apoptosis and act as sources
of inflammatory cytokines and chemokines within the salivary gland (SG). (3) CD8+ T cells are poorly
understood in SS, but may contribute to tissue destruction in the glands. (4) Macrophages participate
in tissue destruction through the release of proteases and cytokines and display reduced efferocytosis
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allowing unremoved apoptotic cells to act as sources of self-antigen. (5) Type I interferon (T1-IFN)
both initiates antiviral activity and exerts an activating effect on cells of the immune system. T1-IFN is
produced by multiple cell types but is closely associated with plasmacytoid DCs (pDCs). (6) Myeloid
dendritic cells (mDCs) are the dominant antigen presenting cells to T cells, however, macrophages and
SGECs also participate. (7) Antigen presentation allows for activation of CD8+ T cells and the Th1, Th2,
and Th17 CD4+ T cell subsets, which can then contribute to various aspects of the disease pathology.
Th1 cells enter the glands and compose much of the early infiltrates and exacerbate the inflammatory
environment with the production of type II interferon, while Th17 cells play an increasingly well
recognized role in SS as sources of cytokines including IL-17. Conflicting evidence has caused the roles
of regulatory T cells (Tregs) remain indistinct in SS. Th2 cells support the humoral autoimmune response
through cytokines incusing IL-4. (8 and 9) T follicular helper (Tfh) cells support B cell development in
germinal centers (GC) that include follicular dendritic cell (fDC) networks. Germinal centers exist in the
spleen, but about 25% of SS patients develop ectopic germinal centers in the SG containing Tfh and fDC.
B cells in the germinal center undergo proliferation, somatic hypermutation and affinity hypermutation
in the dark zone of the germinal center. (10) B cells then proceed to germinal center selection by fDCs
in the light zone and either leave the germinal center as memory B cells or antibody producing plasma
cells (Fate 1), or return to the dark zone for further affinity maturation (Fate 2). (11) The MZ B cells
function as part of the adaptive immune system carrying antigens to the germinal centers for more
efficient generation of memory B cells and glandular MZB cells are proliferative, activated, and produce
autoantibodies. Lastly, (12) plasma cells exhibit hyperactivity and are responsible for the production of
pathogenic autoantibodies. Created with BioRender.com.
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Abstract: Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disease characterized by
dysfunction and lymphocytic infiltration of the salivary and lacrimal glands. Besides the characteristic
sicca complaints, pSS patients can present a spectrum of signs and symptoms, which challenges
the diagnostic process. Various imaging techniques can be used to assist in the diagnostic work-up
and follow-up of pSS patients. Developments in imaging techniques provide new opportunities
and perspectives. In this descriptive review, we discuss imaging techniques that are used in pSS
with a focus on the salivary glands. The emphasis is on the contribution of these techniques to
the diagnosis of pSS, their potential in assessing disease activity and disease progression in pSS, and
their contribution to diagnosing and staging of pSS-associated lymphomas. Imaging findings of
the salivary glands will be linked to histopathological changes in the salivary glands of pSS patients.

Keywords: primary Sjögren’s syndrome; imaging; salivary gland; sialography; salivary gland
ultrasonography; magnetic resonance imaging; sialendoscopy; salivary gland scintigraphy; positron
emission tomography

1. Introduction

Primary Sjögren’s syndrome (pSS) is a chronic, systemic, autoimmune disease characterized by dry
mouth and dry eyes. As a heterogeneous systemic disease, many patients suffer from extraglandular
symptoms, and almost all organs can be involved [1]. Because of the heterogeneity of the disease,
pSS patients can present a broad spectrum of signs and symptoms, thereby making the diagnostic
process challenging. The characteristic sicca symptoms of mouth and eyes, however, remain the most
common manifestation of pSS. The dysfunction of the salivary glands and lacrimal glands is usually
associated with chronic inflammation. For this reason, salivary gland biopsies are part of the standard
diagnostic work-up, and the typical periductal lymphocytic infiltrates are an important criterion for
pSS [2]. However, taking biopsies is an invasive surgical procedure and cannot be performed in all
diagnostic centers. Imaging techniques, on the other hand, are noninvasive. It has been shown that
imaging techniques can assist in the diagnostic process of pSS [3]. Imaging techniques could also be of
value in assessing disease activity and detecting disease progression in pSS, which has already been
shown in other systemic autoimmune diseases [4].
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PSS patients have an increased risk of developing a non-Hodgkin’s lymphoma, mostly of
the mucosa-associated lymphoid tissue (MALT) type. The prevalence of lymphoma development in
pSS patients varies in different studies from 2.7% to 9.8% [5]. In pSS patients, MALT lymphomas most
commonly arise within the parotid glands, but they can also develop at other extranodal locations,
such as the lungs, lacrimal glands, or stomach [6–8]. Although the usefulness of imaging techniques
in the diagnosis, staging, and treatment response evaluation in lymphomas in general is widely
known [9,10], the value of imaging techniques in pSS-associated lymphomas is not yet clear.

In this descriptive review, we discuss the various imaging techniques used in pSS and link imaging
findings to histopathological changes that occur in the salivary glands. We review the potential
contribution of radiological and nuclear imaging techniques to the diagnostic work-up of pSS, and
their role in assessing disease activity and disease progression. We also discuss imaging techniques
that are currently used for the diagnosis and staging of pSS-associated lymphomas.

2. Diagnosis and Classification of pSS

Currently, there is no “gold standard” test or diagnostic criteria set to support diagnosis of this
heterogenous and multisystemic autoimmune disease [11,12]. Therefore, diagnosis of pSS is still based
on expert opinion, which relies on interpretation of a combination of several assessments. Although
there is no consensus yet which assessments are necessary for diagnosing pSS, the diagnostic work-up
can consist of different items, such as clinical examination, serological tests, oral and ocular tests,
imaging techniques, and histopathology of the salivary gland. In the past years, multiple classification
criteria sets were developed for pSS. These classification criteria were developed for research purposes,
to allow selection of well-defined and homogenous populations of pSS patients for clinical studies.
However, the terms diagnosis and classification in pSS are often used interchangeably since diagnosis
and classification depend on similar items/tests. Table 1 shows the items that are included in the various
classification criteria sets. In this review, we focus on the value of imaging techniques in the diagnostic
work-up of pSS. When we specifically discuss imaging techniques as items of classification criteria sets,
we add the term classification.

Table 1. Comparison of classification criteria sets for pSS [13].

2016-ACR-EULAR [14] 2012-ACR [15] 2002-AECG [16]

ESSDAI ≥ 1 + (Entry Criterion) − −
Sicca Symptoms + (Entry Criterion) − +

Salivary Gland Biopsy + + +

Serology
Anti-Ro/SSA + + +
Anti-La/SSB − + +

Antinuclear Antibodies − + −
Rheumatoid Factor − + −

Oral Signs
UWS ≤ 0.1mL/Min + − +

Sialography − − +
Scintigraphy − − +

Ocular Signs
Schirmer’s Test ≤ 5 + − +

Ocular Staining (OSS or vBv) + + +

ACR-EULAR: American College of Rheumatology-European League Against Rheumatism; ACR: American College
of Rheumatology; AECG: American European Consensus Group; ESSDAI: EULAR Sjögren’s Syndrome Disease
Activity Index; UWS: unstimulated whole saliva; OSS: ocular staining score; vBv: van Bijsterveld score.

226



J. Clin. Med. 2020, 9, 2492

3. Histopathology of the Salivary Gland

For decades, salivary gland histopathology has played a major role in diagnosing pSS.
The characteristic finding within labial and parotid gland biopsies is the presence of infiltrates
around striated ducts, mainly consisting of B- and T-lymphocytes. From the number of periductal
foci (clusters of >50 lymphocytes) per 4 mm2, the focus score can be calculated, which is used in
classification criteria sets for pSS [2,14]. Another scoring system is the grading system by Chisholm
and Mason. In this grading system, stage 0, 1, and 2 indicate no, slight, or moderate infiltration with
less than one focus per 4 mm2, respectively. Stage 3 and 4 correspond with a positive focus score (≥1
focus per 4 mm2) [17]. Besides the presence of periductal foci, other characteristic features can be
found within the salivary glands of pSS patients, such as influx of IgG plasma cells and the presence
of lymphoepithelial lesions (LELs) and germinal centers [18–20]. LELs are defined as hyperplastic
ductal epithelial cells with infiltrating lymphocytes. LELs can eventually lead to complete obstruction
of ducts (Figure 1). In addition to these characteristic features, proportions of fibrosis and acinar
atrophy within salivary gland tissue are higher in pSS patients compared to controls [21,22]. There
is no agreement yet whether fatty infiltration is age-associated or specific for pSS [23,24]. Besides
their role in the diagnostic work-up of pSS, biopsies may also be used to assess prognosis (Table 2).
Higher focus score is associated with higher European League Against Rheumatism (EULAR) Sjögren’s
syndrome disease activity index (ESSDAI) scores, severe serological profiles, and an increased risk of
lymphoma development [25,26]. PSS-associated salivary gland MALT lymphomas are diagnosed on
histomorphological appearance (Figure 1) in combination with clonal analysis of immunoglobulin
heavy chain (IGH) variable(V)-diversity(D)-joining(J) (VDJ) gene segments [27]. The following sections
will discuss whether the characteristic histopathological findings correspond with imaging findings
found in pSS patients.

Figure 1. Histopathological features in parotid salivary glands of primary Sjögren’s syndrome patients
(A) Lymphocytic infiltrate located around a hyperplastic striated duct (lymphoepithelial lesion: LEL)
without obstructed lumen. Both (B) CD3+ T-lymphocytes and (C) CD20+ B-lymphocytes are present in
the periductal infiltrate and within the ductal epithelium. (D) Presence of a germinal center, which
was revealed by the presence of a cluster of ≥5 adjacent Bcl6-positive cells within a focus [28]. (E)
Immunoglobulin A (IgA) (red) and immunoglobulin G (IgG) (brown) staining shows a plasma cell shift
towards IgG plasma cells. (F) Salivary gland mucosa associated lymphoid tissue (MALT) lymphoma
biopsy, which shows a diffuse CD20+ B-lymphocytic infiltrate around lymphoepithelial lesions in
the absence of normal salivary gland parenchyma.
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4. Radiology Techniques

4.1. Sialography

Sialography is a radiographic technique that visualizes the architecture of the ductal system
by using X-ray projections after injection of contrast medium. In pSS patients, sialography shows
sialectasis, which are collections of contrast material. The degree of sialectasis can be classified
according to the scoring system developed by Rubin and Holt [29] (Figure 2). Sialectasis may be
found at the location of cystic ductal dilatations in pSS patients. Another explanation could be that
sialectasis represents extravasation of contrast material into the glandular parenchyma. A possible
explanation for the leakage of contrast medium in pSS patients is dysfunction of tight junctions between
striated ductal cells, due to the presence of proinflammatory cytokines [30]. In addition to sialectasis,
sparsity of the ductal branching pattern can be found during sialography [3,31,32]. This could be
due to obstruction of the ductal system, as a result of lymphocytic infiltration and proliferation of
the ductal epithelium. However, direct associations with histopathological findings, such as the area of
lymphocytic infiltrate or presence of LELs, have thus far not been reported.

Figure 2. Findings on sialography. Sialographies of the parotid gland showing (A) no abnormalities in
a healthy subject, (B) punctate/globular sialectasis in a pSS patient, and (C) globular/cavitary sialectasis
in a pSS patient [29]. (D) Two-dimensional sialo-CBCT image and (E) three-dimensional sialo-CBCT
image of the parotid gland of a pSS patient, showing normal width of the primary duct, moderate
scarcity of ductal branches, and numerous diverse sialectasis. Thanks to Prof. D.J. Aframian and Dr. C.
Nadler and colleagues who provided the sialo-CBCT images.

Sialography has been used for diagnosing pSS for decades and shows moderate to high
sensitivity and specificity [3]. This technique was excluded from the 2016 American College of
Rheumatology/European League Against Rheumatism (ACR-EULAR) classification criteria (Table 1)
because of multiple drawbacks. It is an invasive technique with risk of complications and radiation
exposure. Furthermore, there are multiple contraindications like acute infection, acute inflammation,
and contrast allergy [3,31].

Alternative sialographic techniques have been developed, such as sialo-cone-beam computerized
tomography (sialo-CBCT) and magnetic resonance (MR) sialography. These techniques have an
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increased spatial resolution and provide three-dimensional, instead of two-dimensional, images of
the ductal system. Keshet et al. [33] described correlations between sialo-CBCT findings and clinical
data, such as xerostomia and serological parameters. However, since only 6 out of 67 sicca patients
fulfilled the American European Consensus Group (AECG) classification criteria for pSS in this cohort,
the usefulness of sialo-CBCT in pSS should be further investigated. MR sialography can identify
changes within the salivary glands without the injection of contrast medium. The typical finding in
pSS is the presence of multiple high-signal-intensity spots, which are thought to arise after leakage
of saliva from peripheral ducts. Kojima et al. [34] did not find correlations between MR sialography
findings and salivary flow rate, which can be explained by the fact that MR sialography visualizes
the ductal system instead of saliva-producing acinar cells. Although MR sialography seems to be more
sensitive to detect early disease, magnetic resonance imaging (MRI) provides more information on
pathological changes in the glandular parenchyma, as we describe below [35].

In conclusion, sialography is not commonly used in the diagnostic work-up and follow-up of pSS
anymore. Although alternative sialographic techniques such as sialo-CBCT and MR sialography have
been evaluated, their current role in the diagnostic work-up of pSS is limited.

4.2. Magnetic Resonance Imaging

The role of MRI of the salivary glands in pSS has been investigated during the past decades.
The characteristic finding in salivary glands of pSS patients is a heterogeneous signal-intensity
distribution on T1- and T2-weighted images. The multiple hypointense and hyperintense areas cause
a so-called salt and pepper appearance [34]. In the advanced stages of pSS, cystic changes can be
found with MRI, which are thought to arise from destruction of the salivary gland parenchyma and
the presence of fibrosis and fatty infiltration [3,31,36]. Although fat fractions in salivary glands seem to
increase with higher age and body mass index [37] and can account for 60% of the histological section
of the parotid gland in healthy individuals [38], imaging studies found that premature fat deposition
found on MRI images is associated with SS [39,40]. Histopathological studies, however, did not make
clear whether fatty infiltration is a specific feature of pSS or age-associated. Since biopsies do not
represent the entire gland, it remains difficult to correlate MRI findings to histopathological findings.
Although correlations between the focus score of the labial gland and MRI findings of the parotid gland
were found [41,42], further associations between MRI findings and histopathological findings, such as
the area of lymphocytic infiltration, fibrosis, and fatty infiltration, have not been investigated yet.

Although MRI showed added value in the diagnostic work-up of pSS by detecting pSS-specific
abnormalities of the salivary glands, this technique is not routinely applied in pSS. Findings on
MRI showed good agreement with salivary gland ultrasonography (SGUS). Since SGUS has several
advantages over MRI, such as its high spatial resolution in superficial organs and the fact that SGUS is
more easily accessible, SGUS is a better alternative for the diagnostic work-up of pSS [3,43].

Kojima et al. [34] demonstrated, in a group of pSS patients, that a higher degree of glandular
heterogeneity and a smaller volume of the parotid and submandibular glands on MRI images were
associated with lower stimulated and unstimulated salivary flow rates. These associations were even
more pronounced for the submandibular glands, compared to the parotid glands, indicating that
MRI findings of the submandibular glands can reflect hyposalivation. A possible explanation for
the differences in associations between both glands is that the function of the submandibular gland is
impaired earlier in the disease process than the function of the parotid gland [34,44,45]. Collection of
saliva from the individual glands would be a more direct approach to relate MRI findings with salivary
gland functioning in pSS. Similar to the MRI findings of Kojima et al. [34], lacrimal flow rates were
associated with lacrimal gland volumes of pSS patients. Lacrimal flow rates were lower in pSS patients
with atrophic lacrimal glands compared to patients with hypertrophic and normal-sized glands [46].
No studies have been performed to evaluate associations between MRI findings of the salivary glands
and systemic disease activity, but MRI is the most appropriate imaging technique to evaluate central or
peripheral nervous system involvement in pSS [47,48].
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MRI is also used for the evaluation of pSS-associated lymphomas in the head and neck region
(Figure 3). MRI findings of salivary and lacrimal gland MALT lymphomas vary. Findings that
have been described are glandular enlargement, (micro)cystic changes, and calcifications [49–51].
Zhu et al. [51] found that solid cystic appearances of MALT lymphomas can help to differentiate MALT
from non-MALT lymphomas. However, benign and malignant lesions of salivary and lacrimal gland
show overlap, which makes MRI a less reliable technique to differentiate between benign and malignant
disorders of the exocrine glands [3,52,53]. Despite the indolent nature of pSS-associated lymphomas,
these malignancies are able to disseminate to other mucosal sites or organs. MRI is used in local staging
of the disease, by assessing the ingrowth in adjacent structures and spread to lymph nodes or other
organs [50,54] (Table 2).

Figure 3. 18F-fluorodeoxyglucose (FDG) positron emmison tomography/computed tomography
(PET/CT) and magnetic resonance imaging (MRI) findings in a pSS patient with salivary gland mucosa
associated lymphoid tissue (MALT) lymphoma. (A) Whole-body FDG-PET showing high heterogeneous
FDG uptake in both parotid and submandibular glands. No other pathological lesions were found
(axillary and clavicular regions with increased uptake represent brown fat). (B) FDG-PET/CT image
showing pathological uptake in the parotid glands and physiological uptake in the tonsils. (C) MRI stir
sequence showing a pathological, heterogeneous aspect of both parotid glands. (D) Manually fused
FDG-PET/MRI image, showing pathological uptake in the parotid glands and physiological uptake
in the tonsils. (E) Whole-body FDG-PET and (F) FDG-PET/CT image after treatment, showing no
pathological uptake in the parotid glands, indicating complete remission.

Together, MRI is not often used in the standard diagnostic work-up of pSS. However, due to its
high spatial resolution, MRI is the most useful imaging technique for local staging of pSS-associated
salivary and lacrimal gland lymphomas.
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4.3. Salivary Gland Ultrasonography

Within the past decade, salivary gland ultrasonography (SGUS) has gained more and more
attention, and was proven to be effective for the detection of typical structural abnormalities in pSS [55,
56]. Furthermore, various studies demonstrated that addition of SGUS improves the performance and
feasibility of the 2016 ACR-EULAR classification criteria [57–60]. However, many different SGUS-based
scoring systems are available, and international consensus on which scoring system should be used is
lacking. This hampers addition of SGUS to the classification criteria [55,56]. Therefore, the Outcome
Measures in Rheumatology Clinical Trials (OMERACT) SGUS task force group has recently developed
ultrasound definitions and a novel SGUS scoring system with good and excellent inter and intraobserver
reliabilities, respectively [61]. Further studies should validate this scoring system before SGUS can be
added to the 2016 ACR-EULAR classification criteria.

Typical ultrasonographic abnormalities in pSS are hypoechogenic areas, hyperechogenic reflections,
and poorly defined salivary gland borders [55] (Figure 4). Mossel et al. [62] demonstrated that
the presence of hypoechogenic areas is the most important SGUS feature. However, it is still unknown
what these hypoechogenic areas reflect at a histological level. It has been suggested that hypoechogenic
areas consist of foci containing inflammatory cells. Histopathological foci, however, are smaller in
size compared to the hypoechogenic areas. Preliminary results of Mossel et al. [63] show a good
correlation between hypoechogenic areas and percentages of CD45+ leukocytic infiltrate. These results
indicate that, despite the differences in size, hypoechogenic areas are somehow associated with foci of
inflammatory cells. One explanation for this association could be that hypoechogenic areas originate
from leakage of saliva that is transported through the ductal system into the periductal infiltrate,
and eventually into the salivary gland parenchyma. Leakage of saliva from the ductal system can be
a comparable phenomenon to leakage of contrast medium during sialography, due to dysfunction
of tight junctions between striated ductal cells [30]. However, collections of saliva in the periductal
infiltrates or parenchyma are not commonly seen in salivary gland biopsies of pSS patients. Another
hypothesis is that the hypoechogenic areas represent fatty infiltration. However, fat tissue is most often
visible as a hyperechogenic instead of hypoechogenic area [64]. Furthermore, preliminary results of
Mossel et al. [63] show poor associations between hypoechogenic areas and the percentage of fat cells
in the total salivary gland parenchyma, which contradicts the latter hypothesis.

As described before, the area from which the parotid biopsies are taken may not be representative
for the ultrasonographic images. The biopsy is taken from the periphery of the gland, which does
not contain larger excretory ducts. Therefore, correlating histopathology to SGUS findings remains
difficult. A possibility to get a better understanding of what SGUS features in salivary glands of pSS
patients represent is taking ultrasound-guided core needle biopsies. A recent study by Baer et al. [65]
showed that taking core needle biopsies in pSS patients suspected of salivary gland lymphoma is
a safe and useful procedure. Although the morphology of core needle biopsies is inferior compared to
that of open biopsies, the core needle method allows biopsies to be taken from the exact location of
hypoechogenic areas or hyperechogenic reflections.

Another unresolved question is whether current SGUS scoring systems are sensitive enough
to assess (treatment-induced) differences that are seen histopathologically. Current SGUS scoring
systems use subjective categorical scales. Hypoechogenic areas, for instance, are scored on a 0–3
scale. Therefore, major changes need to occur in order to change from one category to another. This
could be an important drawback when using SGUS as an objective tool to assess disease progression
as well as to assess changes in salivary gland involvement in clinical trials [56,66]. Scoring SGUS
findings on a continuous scale and in a more objective way could increase the sensitivity to change.
A possible way to do this is by using image segmentation and artificial intelligence. HarmonicSS,
a multicenter and EU-supported project, is applying artificial intelligence to SGUS images in pSS.
Preliminary results show that, among the tested algorithms, the multilayer perceptron classifier is
the best performing algorithm. Since the HarmonicSS cohort will increase in size over time, further
validation will follow [56,67].
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Figure 4. Salivary gland ultrasonography findings in pSS. Presence of hypoechogenic areas and
hyperechogenic reflections in the (A) submandibular gland and (B) parotid gland of a pSS patient.

Despite the potential usefulness of SGUS in diagnosis and classification of pSS, the value of SGUS
to assess disease activity and disease progression and to detect salivary gland MALT lymphoma needs
to be established. SGUS scores seem to correlate with objective salivary gland function, as unstimulated
salivary flow rates were found to be lower in SGUS-positive patients, compared to SGUS-negative
patients [68–70]. Zabotti et al. [71] described that of all SGUS findings, the presence of hyperechogenic
bands was independently associated with salivary flow rates. Although they suggested that damage
of the glands is reflected by hyperechogenic bands, it is still unclear what these hyperechogenic
bands reflect at a histological level. Several studies showed associations between SGUS scores and
clinical parameters of disease activity, such as ESSDAI scores, IgG levels, and rheumatoid factor
(RF) levels [68,72–75]. In contrast, other studies did not find correlations between SGUS scores and
ESSDAI [69,76]. These discrepancies can be explained by differences in patient characteristics between
cohorts, and by the fact that severe salivary gland involvement might not reflect systemic disease
activity in all pSS patients.

Since previous studies found associations between SGUS findings and risk markers of lymphoma,
such as cryoglobulinemia, lymphopenia, and persistent salivary gland swelling, Theander et al. [72]
and Coiffier et al. [77] stated that SGUS can identify patients at risk of developing lymphoma. However,
these results were found in retrospective cohorts, and longitudinal studies should be performed to
assess whether SGUS findings are predictive of lymphoma [78]. Furthermore, the capability of SGUS
to detect lymphoma compared to histopathology and MRI should be clarified.

The studies presented thus far provide evidence that SGUS has added value in the diagnostic
work-up of pSS (Table 2). Further research should be performed on the development of a consensus
scoring system. Furthermore, to assess the usefulness of SGUS in follow-up and lymphoma detection
in pSS, longitudinal studies are needed. Several initiatives have started already, such as OMERACT
and HarmonicSS projects, which will give us more insight into the potential of this imaging tool in pSS.
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5. Sialendoscopy

Sialendoscopy is a minimally invasive technique used for both diagnosis and management of
obstructive salivary gland disorders, such as sialolithiasis, anatomic ductal abnormalities and mucus
plugs. With this gland-sparing technique, a sialendoscope is entered through the ductal orifice of major
salivary glands for inspection and irrigation of the ductal system, after local or general anesthesia.

In pSS patients, sialendoscopic examination mainly shows strictures, but mucous plugs and
a pale, minimally vascularized ductal wall of the larger excretory ducts can also be observed [79–81].
Ductal strictures can cause ductal obstruction and could therewith account for glandular swelling and
pain in pSS. It is still unclear what these strictures reflect at a histological level. One hypothesis is
that strictures are caused by large LELs that obstruct the ductal system, but no histological studies
have been performed yet to prove this hypothesis. Since the sialendoscopic findings in pSS are not
specific for the disease, the diagnostic value of this technique in pSS is limited. However, various
studies show that dilatation of strictures in combination with irrigation of the ductal system with
saline and/or corticosteroids by using sialendoscopy is a safe and effective treatment option for
salivary gland dysfunction in pSS patients. Studies showed that both subjective and objective oral
dryness improved after sialendoscopy [80,82,83]. Furthermore, visual analogue scale pain scores
decreased after the procedure [79,84], and the number of episodes of glandular swelling declined
after treatment [85]. However, the above mentioned (pilot) studies included relatively small numbers
of patients. The clinical benefits for pSS patients after sialendoscopy should be further explored in
larger cohorts.

Although complications, such as infections and postoperative pain, seem to be limited [86],
multiple studies reported that the sialendoscopic procedure was not successful in all pSS patients
because of technical issues [79,80]. The most common difficulties reported were problems with
identification or dilatation of the papilla before introducing the sialendoscope, which occurred more
often during sialendoscopy of the submandibular gland compared to the parotid gland. These problems
might be associated with characteristic features of severe stages of pSS, such as the presence of extreme
hyposalivation and atrophic changes. Using salivary gland ultrasonography to assess the stage of
the disease was suggested to predict whether patients would benefit from sialendoscopic treatment [80].
It would be of value to study this suggestion.

In summary, although sialendoscopy has no added value in the diagnostic work-up of pSS, recent
studies have drawn attention to the fact that rinsing the ductal system, a procedure that accompanies
sialendoscopy, might be useful in the management of oral symptoms.

6. Nuclear Medicine Techniques

6.1. Conventional Nuclear Medicine

Nuclear medicine imaging uses specific radiopharmaceuticals to visualize (patho)physiological
processes in the body. Imaging with a a gamma camera system that provides two-dimensional
planar images forms the basis of conventional nuclear medicine. However, it is often difficult to
determine the exact location of increased tracer uptake by using these two-dimensional images.
Three-dimensional images can be created by collecting images from different angles around the patient.
This technique, called single photon emission computed tomography (SPECT), leads to a higher
contrast and improves sensitivity, compared to two-dimensional nuclear medicine. Combining SPECT
with a low dose or contrast-enhanced CT scan enables determination of the exact location of the area
with increased uptake.

6.1.1. 99mTc-Pertechnetate Scintigraphy

Scintigraphy of the major salivary glands is a nuclear imaging technique that evaluates salivary
gland function by uptake and secretion patterns of the radioactive tracer Technetium-99m pertechnetate
(99mTc-pertechnetate). 99mTc-pertechnetate is actively taken up by salivary gland epithelial cells,
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probably by using Na+/I− symporters, and secreted into the ductal lumen along with saliva [87].
The technique was included in previous classification criteria of pSS, in which a positive scintigraphy
was defined as delayed uptake, reduced concentration, and/or delayed excretion of the tracer [16].
However, due to the low specificity and the inability to differentiate uptake failure from secretory
failure, scintigraphy was omitted from the ACR-EULAR classification criteria [14,88]. Various studies
stated that scintigraphic examination should focus on the degree of salivary gland dysfunction in pSS,
instead of the differentiation between pSS and non-SS [31,89].

Several studies found a relationship between scintigraphic findings and severity of the disease.
Brito-Zéron et al. [90] concluded that severe scintigraphic patterns were a prognostic factor for
developing extraglandular manifestations. In a large retrospective study by Ramos-Casals et al. [89],
patients presenting with severe involvement of the salivary glands according to the scintigraphic
examination not only showed increased risk of developing serious extraglandular manifestations, but
also a higher risk of developing lymphoma and a lower survival rate. The latter authors also reported
that scintigraphic findings worsened during follow-up in 32% of patients. This subgroup of patients
also had higher prevalence of high ANA titers, compared to patients with stabilization or improvement
of scintigraphy [89]. Furthermore, scintigraphy was associated with histopathological findings within
labial salivary glands of pSS patients, as scintigraphic parameters decreased significantly with higher
stages of lymphocytic infiltrates graded by Chisholm and Mason’s grading system [91–93].

6.1.2. Future Promising Scintigraphic Tracers

Another scintigraphic tracer studied in pSS patients is 99mTc-EDDA/Tricine-HYNIC-
Tyr(3)-Octreotide (99mTc-HYNIC-TOC). This tracer binds to somatostatin receptors on cell membranes.
These receptors were shown to be overexpressed in various inflammatory and autoimmune diseases,
and were found on, among others, activated lymphocytes, endothelial cells, and the monocyte lineage
in synovium of rheumatoid arthritis (RA) patients [94–96]. Anzola et al. [97] showed increased
99mTc-HYNIC-TOC uptake within salivary glands of pSS patients compared to controls, as well
as a considerably higher sensitivity of 99mTc-HYNIC-TOC scintigraphy compared to conventional
scintigraphy. Furthermore, they demonstrated that 99mTc-HYNIC-TOC scintigraphy was able to
identify joint involvement in a cohort of 62 pSS patients, of which many patients (87%) reported joint
pain. Another tracer with potential applicability for pSS is 99mTc labeled with rituximab, which is
an anti-CD20 tracer that images B-lymphocytes. In a small experimental setting, this tracer showed
variable uptake in salivary glands and moderate uptake in lacrimal glands in two pSS patients [98].

Together, 99mTc-pertechnetate scintigraphy is in many institutes no longer used as an imaging
technique in the diagnostic work-up and follow-up of pSS. Although promising new scintigraphic
tracers have been developed, conventional nuclear medicine has disadvantages, such as the limited
resolution of 8-10 mm and the inability to quantify the exact uptake. Positron emission tomography
(PET), combined with low dose or contrast-enhanced CT, has multiple advantages over conventional
scintigraphy, such as better spatial resolution, faster imaging tracts, and the possibility to quantify
tracer uptake. It would be of value to couple the promising tracers that are mentioned above to a PET
radionuclide in order to study the added value of these PET tracers in pSS patients.

6.2. Positron Emission Tomography/Computed Tomography

PET is an imaging tool developed in the 1990s to visualize specific (patho)physiological processes
of a particular area or of the whole body. The technique is based on injection of radioactive tracers,
which are tracers attached to radionuclides that emit positrons (positively charged electrons) to become
stable. Emitting positrons cannot exist freely and annihilate with antimatter (negatively charged
electrons) by emitting two gamma-ray photons, each with the same energy (511 keV) in direct opposite
directions. The PET camera system consists of a ring-shaped detector system which can detect the two
photons when they arrive within a certain time frame. Recent developments in software of PET
cameras have led to a correction method for the time these photons need to travel to the detector,
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the so-called Time-of-Flight technique. This improvement (since 2005) caused a higher efficacy in
detecting photons. Since then, the use of PET imaging for clinical and research purposes increased
considerably. Although PET was originally used in oncological diseases to detect malignancies,
the usefulness of PET to image infection and inflammation has markedly increased during the last
decade, and PET techniques evolved rapidly. Hybrid camera systems were developed to combine PET
findings with CT or MRI to add anatomical information. These new camera systems provide better
spatial resolution images (around 3–4 mm), decrease scan duration and radiation dose, and lead to
increased diagnostic accuracy. Furthermore, the development of guidelines to standardize PET/CT
techniques between centers by the European Association of Nuclear Medicine (EANM) enhances
comparability of data and promotes multicenter research [99,100]. In addition, new and specific tracers
to image infectious and inflammatory diseases are constantly being developed.

6.2.1. 18F-FDG-PET/CT

The most commonly used PET tracer is 18F-fluorodeoxyglucose (FDG). Uptake of this tracer is
relatively higher in cells that are metabolically active, such as inflammatory cells. FDG is indicated
in several infectious and inflammatory diseases and is useful for the diagnosis and follow-up of
various autoimmune diseases [4,101,102]. In pSS patients, several case reports showed abnormal FDG
uptake in salivary glands [103–105] (Figure 5). However, physiological FDG accumulation in salivary
glands is highly variable, and subjects without known head and neck pathology frequently show
increased FDG uptake in the salivary glands [106,107]. A possible explanation for the wide range in
physiological uptake is that salivary glands of different subjects utilize different amounts of glucose
for metabolism [108,109]. Which human salivary gland cells have the highest glucose uptake is not
known, but in rodent salivary glands, both acinar and ductal cells seem to play a role in glucose
uptake [110,111].

Figure 5. FDG-PET uptake patterns within the parotid glands. FDG-PET/CT showing (A) no increased
uptake in the parotid glands of a subject without pathology in the head/neck region, (B) increased
uptake in both parotid glands in a pSS patient, and (C) intense uptake in both parotid glands of a pSS
patients with histologically confirmed parotid salivary gland MALT lymphoma.

Whether pSS patients show increased FDG uptake in inflamed salivary and lacrimal glands is not
yet clear. Although Cohen et al. [112] reported increased FDG uptake in salivary glands of pSS patients
compared to a control group of patients who underwent PET for an isolated pulmonary nodule, another
study could not confirm this finding [36]. However, both studies used different scoring methods and
camera settings, and standardized guidelines and EANM Research Ltd. (EARL) reconstructions were
not applied in these studies.

Besides visualizing salivary gland inflammation, several authors reported the ability of
FDG-PET/CT to detect systemic disease activity in pSS [104,105,112–115]. Abnormal FDG uptake was
observed in 75–85% of pSS patients, mainly within salivary glands, lymph nodes, and lungs [112,113].

236



J. Clin. Med. 2020, 9, 2492

However, not all organ involvement in pSS can be visualized by FDG-PET/CT, such as neuropathies,
cutaneous vasculitis, and other skin abnormalities, which is mainly due to limited spatial resolution
of PET cameras. Since the optimal spatial resolution is around 3-4 mm in newer PET/CT systems, it
would be of interest to use these newer systems to study the effectiveness of FDG-PET/CT in assessing
systemic disease activity in representative pSS cohorts.

The applicability of FDG-PET/CT in MALT lymphomas is still controversial due to variable
FDG avidity at different MALT locations. Pulmonary and head/neck MALT lymphomas seem to
be most FDG avid, and FDG-PET/CT shows higher sensitivities at these regions [116,117]. Since
pSS-associated MALT lymphomas frequently develop in the salivary glands and/or lungs, there
may be a role for this technique in the detection of lymphomas associated with pSS [113,118,119]
(Figure 3). Cohen et al. [112] reported a higher maximum standardized uptake value (SUVmax) in
lymphoma patients compared to pSS patients without lymphoma. Since only four lymphoma patients
were included in this retrospective cohort, the study was not powered to affirm the usefulness of
FDG-PET/CT in the diagnosis of pSS-associated MALT lymphoma. In another retrospective study
by Kerean et al. [113], 8 out of 15 pSS patients had confirmed salivary gland or pulmonary MALT
lymphoma. They found that a SUVmax of ≥4.7 in the parotid glands and presence of focal lung lesions
were associated with lymphoma. An important advantage of FDG-PET/CT is the possibility to detect
extraglandular lymphoma locations by using whole-body imaging. In addition, Kerean et al. [113]
showed that FDG-PET/CT is useful for biopsy guiding and for treatment response monitoring [113].
However, the mentioned SUVmax threshold found in this study cannot directly be used by others,
as different nonstandardized camera systems were used in this multicenter study. Importantly, both
retrospective studies state that the frequent presence of benign lymph node uptake in pSS patients
can be misleading and should be taken into account when using FDG-PET/CT for the diagnosis of
lymphoma in pSS patients [112,113].

6.2.2. Future Promising PET Tracers

Similar to conventional scintigraphy, specific PET tracers can be used to visualize inflammation
in pSS. A case report showed intense uptake of 68Ga-pentixafor, a radioligand of the chemokine
receptor CXCR4. This receptor is involved in, among others, migration of leukocytes toward sites
of inflammation. In this pSS patient, the increased uptake in salivary glands and lymph nodes was
histologically proven to be attributed to inflammatory cell infiltration [120]. To further investigate
the overexpression of somatostatin receptors in salivary glands and joints of pSS patients, as shown by
99mTc-HYNIC-TOC scintigraphy, the specific PET tracer 68Ga-DOTATOC can be used [121]. Another
pathological feature in pSS that could be visualized is the increased number of B-lymphocytes within
salivary glands. Furthermore, by using whole-body B-lymphocyte imaging, not only B-lymphocytes
within the salivary glands can be visualized, but also B-lymphocytes that are present in other
organs associated with pSS. We previously showed that high numbers of B-lymphocytes within
salivary glands of pSS patients predict response to rituximab (anti-CD20) therapy [122]. Whole-body
imaging of B-lymphocytes could be an improved and noninvasive method to select pSS patients
who are likely to respond to rituximab treatment. In rheumatoid arthritis and orbital inflammatory
diseases, imaging of B-lymphocytes by using 89Zr-rituximab has shown potential in the detection of
B-lymphocyte-mediated diseases, in the evaluation of rituximab treatment, and also in the selection of
rituximab responders [123,124]. Therefore, it is of interest to study whole-body B-lymphocyte imaging
by using PET/CT in pSS patients, and to assess whether this specific PET tracer can detect treatment
response and can identify rituximab responders at baseline. Since T-lymphocytes are thought to be
predominant in salivary glands in early stages of pSS [125], imaging of these lymphocytes could also be
of added value. Radiolabeled interleukin-2 (IL-2) can detect activated T-lymphocytes within affected
organs in pSS since IL-2 receptors are overexpressed on activated T-lymphocytes [126].

Overall, PET seems to be a promising imaging technique in pSS. Although the added value of
PET in the diagnostic process of pSS remains to be shown, FDG-PET/CT was found to be useful in
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the assessment of disease activity, the systemic staging of pSS-associated lymphomas, and the evaluation
of treatment response.

7. Conclusions

Currently, various imaging techniques are used in the diagnostic work-up and follow-up of
pSS patients, but none of them are included in the current 2016 ACR-EULAR classification criteria.
Although sialography and scintigraphy have been part of previous classification criteria sets, both
techniques are not commonly used in the diagnostic work-up of pSS anymore. An imaging technique
that has proven to be of added value in diagnosing and classifying pSS is SGUS. The next step is to
incorporate a consensus SGUS scoring system into the 2016 ACR-EULAR criteria, after its validation in
independent cohorts. In addition, longitudinal observational studies and clinical trials are needed
to understand the usefulness of SGUS in assessing disease activity and disease progression in pSS.
Several initiatives were started already, such as OMERACT and HarmonicSS, which will give us
more insight into the potential of this promising imaging tool in pSS. Another emerging technique in
the evaluation of salivary gland and systemic involvement in pSS is PET, combined with CT or MRI.
Additional studies are needed to further elucidate the presumed role of FDG-PET/CT in pSS, by using
larger and representative cohorts, standardized scanning procedures, and harmonization between
centers. Besides, new pSS-specific PET tracers should be further explored since they may provide
promising insights into pathological processes. Regarding imaging of pSS-associated lymphomas,
findings on MRI, SGUS, and FDG-PET/CT should be compared to histopathological findings in
order to investigate which imaging technique is most appropriate for the detection and staging of
pSS-associated lymphomas. Furthermore, it is still not known what the various imaging findings in
salivary glands of pSS patients represent at a histological level. Further research, for example, by
performing ultrasound-guided biopsies, is needed to answer this question.
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Abstract: Salivary glands sustain collateral damage following radiotherapy (RT) to treat cancers of the
head and neck, leading to complications, including mucositis, xerostomia and hyposalivation. Despite
salivary gland-sparing techniques and modified dosing strategies, long-term hypofunction remains a
significant problem. Current therapeutic interventions provide temporary symptom relief, but do not
address irreversible glandular damage. In this review, we summarize the current understanding of
mechanisms involved in RT-induced hyposalivation and provide a framework for future mechanistic
studies. One glaring gap in published studies investigating RT-induced mechanisms of salivary gland
dysfunction concerns the effect of irradiation on adjacent non-irradiated tissue via paracrine, autocrine
and direct cell–cell interactions, coined the bystander effect in other models of RT-induced damage.
We hypothesize that purinergic receptor signaling involving P2 nucleotide receptors may play a key
role in mediating the bystander effect. We also discuss promising new therapeutic approaches to
prevent salivary gland damage due to RT.

Keywords: radiation; hyposalivation; xerostomia; purinergic signaling; bystander effect; saliva;
salivary gland; P2 receptors; radioprotection; head and neck cancer

1. Introduction

Advances in radiotherapy (RT) for cancer have aimed at minimizing damage to surrounding
tissues through modified treatment regimens, technological improvements affording more precise
RT delivery and novel radiation sources. These efforts notwithstanding, damage to surrounding
tissues such as salivary glands following RT for head and neck cancer (HNC) remains a significant
problem. Despite being a highly differentiated, slowly proliferating tissue, salivary glands are
surprisingly sensitive to RT [1], a phenomenon attributed to disruption of the plasma membrane on
secretory salivary acinar cells and apoptosis [2–9]. RT-induced salivary gland dysfunction results in
hyposalivation (i.e., measured reduction in saliva production), xerostomia (i.e., the sensation of oral
dryness), mucositis, nutritional deficiencies, oral infections and functional changes, such as difficulties
with mastication, dysphagia (i.e., problems with swallowing) and loss of taste, which can significantly
reduce the quality of life for afflicted patients [10,11]. It is estimated that >80% of HNC patients
exhibit xerostomia and salivary gland hypofunction following RT [12]. Depending on the RT dose,
delivery method and salivary gland-sparing techniques employed, chronic xerostomia affects 64–91%
of RT patients with HNC [12–14]. There are limited treatment options for RT-induced hyposalivation.
The muscarinic receptor agonists pilocarpine and cevimeline that induce saliva secretion from residual
acinar cells [15] and artificial saliva provide only temporary symptom relief, which comes at a
substantial long-term financial cost [12]. Amifostine is the only FDA-approved radioprotective
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therapeutic aimed at preventing damage to normal tissues, including salivary glands [16]. However,
due to toxicity and potential tumor-protective effects, amifostine is not widely used [17]. Thus,
development of innovative approaches to restore or retain salivary function in HNC patients receiving
RT is essential [9]. The lack of treatment options to prevent dysfunction or recover function in
irradiated salivary glands is compounded by a limited understanding of the underlying mechanisms
and the range of variable responses to different RT regimens. In the present review, we explore the
mechanisms underlying short- and long-term RT-induced salivary gland dysfunction as well as current
and promising future therapeutics.

2. Clinical Presentation

Fractionated radiotherapy is the most common treatment regimen for head and neck squamous
cell carcinoma (HNSCC), which consists of daily radiotherapy, usually 2 gray (Gy) per fraction,
five days per week, to a total dose of 70 Gy to the tumor [18]. For HNC patients receiving radiotherapy,
acute hyposalivation occurs within the first week after RT with a 50–60% loss of saliva flow [19].
In addition to patient-reported xerostomia, which is scored using quality of life (QoL) questionnaires,
RT-induced salivary gland dysfunction is verified by an objective measure of salivary gland flow
rates or scintigraphic assessment of gland function [20–22]. Rapid RT dose-dependent loss of
secretory function seems to result from a marked loss of salivary acinar epithelial cells [23,24],
a finding that has been supported in animal studies [3–7]. During the first three weeks after RT,
nearly all patients present with mucositis due to significant inflammatory damage to the mucosal
surfaces [25]. Interestingly, the incidence of mucositis is highest following fractionated radiation
treatment regimens [26]. While these lesions usually resolve within a few weeks, they are reportedly
painful and can be so severe as to disrupt HNC treatment regimens [11]. In addition to decreased
volume, changes in saliva quality (e.g., pH, protein composition, consistency) affect the buffering
capacity and digestive functions of saliva, as well as the composition of oral microbiota [27–30].

Chronic hyposalivation, usually lasting at least 6 months, is commonly experienced by HNC
patients undergoing RT [12–14,19,31]. Chronic salivary gland dysfunction is attributed in part due to
failure to regenerate functional acini and the development of glandular fibrosis [32–36], although the
degree of acute dysfunction is predictive of long-term complications [37,38]. Chronic xerostomia is
responsible for a host of complications, including functional impairments in speaking, swallowing
and eating [37], poor oral clearance and altered saliva quality that lead to increased incidence of
oral bacterial, yeast and fungal infections, dental caries, periodontitis [39,40], digestive disorders and
nutritional deficiencies [19], which significantly reduce the quality of life of afflicted patients [20].
Thus management of chronic xerostomia is critical. Unfortunately, current management strategies
are inadequate, relying on transient symptom relief afforded by artificial saliva products [41,42] or
sialagogues that promote saliva production from residual acinar cells, as discussed in the therapeutics
section of the present review [15]. However, there are some promising strategies for RT-induced
salivary gland dysfunction, such as recently evaluated oral probiotic lozenges [30]. We will discuss
novel therapies being investigated for radioprotection or salivary gland regeneration at the end of
this review.

3. Animal Models Provide Mechanistic Insight into Radiation-Induced Salivary Gland Dysfunction

Preclinical animal models have provided many clues to the underlying mechanisms of
radiation-induced salivary gland damage. Previous studies from our labs and others have utilized
mouse models of ionizing radiation (IR)-induced salivary gland damage to show that acute
hyposalivation detected immediately after IR and before onset of obvious gland damage is associated
with aberrant calcium signaling, rapid apoptosis of acinar cells, DNA damage and enhanced reactive
oxygen species (ROS) production [1,2,4,8,9,43–48]. Sustained IR-induced salivary dysfunction is
additionally impacted by inflammation, neuronal and vascular changes, senescence or dysfunction of
adult progenitor cell populations, cytoskeletal rearrangements and replacement of normal parenchyma
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with fibrotic tissue [1,44,45,49–55] (Figure 1). In mouse and rat models, the events giving rise to early
loss of salivary gland function occur within the first 3 days following IR. Thus, we have defined
acute time points for animal models as the first 3 days and chronic time points as ≥30 days post-IR.
Acute IR-induced hyposalivation in mice is observed within the first few hours following IR with a
marked loss of acinar cells, a decrease in saliva flow and altered saliva composition [1,4,56]. Available
research investigates chronic hyposalivation anywhere from 30 to 300 days post-IR with fibrosis
developing between 4 and 6 months [1,44] and as early as 30 days post-fractionated IR in minipigs [57].
Here, we summarize and discuss the signaling processes involved in IR-induced hyposalivation during
both acute and chronic time points post-IR.

Figure 1. Timeline of Radiation-Induced Changes in the Rodent Salivary Gland. Following
irradiation, rodent models show decreased saliva flow at approximately 3 days and a loss of amylase
secretion reported as early as 4 days in rats post-IR [2,56,58]. In the acute phase, immediate DNA
damage [6,59], rapid apoptosis of acinar cells [4,6,58], and elevated levels of intracellular calcium [45,46]
and reactive oxygen species [45,46,60,61] contribute to acute loss of glandular function following
irradiation. This period is also marked by release of ATP, which activates the P2X7 receptor (P2X7R),
and P2X7R-dependent release of prostaglandin E2 (PGE2) in murine parotid cells [48]. During
the transition phase, loss of apical/basolateral polarity as a result of PKCζ inactivation [55,62,63],
increases nuclear Yes-associated protein (Yap) levels [55,64], compensatory proliferation [62,65,66],
cellular senescence [60,67,68], and cytoskeletal rearrangements [50,69], which contribute to long-term
dysfunction. Changes in innervation and vasculature have been reported as early as 24 h post-IR [53],
as well as at chronic time points [54,70]. Though inconsistently reported, fibrosis generally appears
between 4 and 6 months following irradiation [1,44,71]. There is little information regarding the effect
of irradiation on the immune landscape of the salivary glands in rodent models, although one study
indicates changes at 300 days post-IR in mice [54].

3.1. DNA Damage, Insufficient DNA Repair and Cell Cycle Arrest

Administration of IR to salivary glands activates an array of signaling pathways that influence
the development of acute hyposalivation. Within minutes of IR exposure, DNA double-strand breaks
were detected in mouse parotid glands using a neutral comet assay and were associated with increased
phosphorylation of the H2A histone family member X (referred to as γH2AX) [59]. Furthermore,
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DNA strand breaks were insufficiently repaired in parotid glands due to reduced activity of the
stress-induced deacetylase, sirtuin-1, that results in reduced phosphorylation of the DNA repair
protein, NBS1, likely due to inadequate deacetylation that is necessary for optimum kinase function and
initiation of the DNA damage response [59]. Insulin-like growth factor (IGF)-1 pretreatment in mice
preserved salivary gland function following IR exposure [5]. Mice pretreated with IGF-1 had reduced
γH2AX levels, increased NBS1 phosphorylation and improved DNA repair capabilities. Blocking
sirtuin-1 activity using a pharmacological inhibitor in combination with IGF-1 therapy decreased
DNA repair efficiency, confirming the importance of sirtuin-1-mediated DNA repair in conserving
parotid gland function post-IR, especially in the context of IGF-1-mediated preservation of glandular
function [59].

Following IR-induced damage, salivary glands insufficiently undergo cell cycle arrest that would
allow for complete DNA repair. Following 5 Gy IR, parotid glands exhibit reduced cell cycle arrest,
with a low percentage of cells in the G2/M phase at 8 h post-IR, as well as reduced levels of the cell
cycle arrest gene, p21, at 24 h post-IR [47]. At 8 and 24 h post-IR, there were elevated levels of total
and phosphorylated p53 tumor suppressor protein and increases in the truncated, inhibitory isoform
of the p53 homolog, p63, (ΔNp63) which is known to block transcription of genes, including p21.
In the IR-induced salivary gland damage model, IGF-1 pretreatment reduced salivary dysfunction
in mice through induction of cell cycle arrest by increasing p21 transcription due to reduced ΔNp63
binding and increased p53 binding to the p21 promoter 8 h post-IR [47]. Interestingly, pretreatment
of mice with roscovitine, a cell cycle inhibitor, 2 h prior to IR, increased G2/M phase cell cycle arrest
and p21 protein content within 6 h post-IR [72]. Compared to vehicle treatment, roscovitine increased
phosphorylation of protein kinase B (Akt), a master regulator of cell survival, and mouse double
minute 2 homolog (MDM2), an E3 ubiquitin ligase that negatively regulates p53, at 6 h post-IR, which
correlates with reduced apoptosis at 24 h post-IR and improved salivary output at days 3 and 30
post-IR [72]. These results confirm the importance of cell cycle inhibition immediately following
IR-induced damage to enhance DNA repair and reduce apoptosis in salivary glands.

3.2. Reactive Oxygen Species Generation

Reactive oxygen species (ROS) production is a known consequence of IR treatment and typically
induces cellular damage immediately following IR exposure. In rats receiving 5 Gy IR, there was
a significant reduction in the activity of the free radical scavenging enzymes superoxide dismutase,
glutathione peroxidase and glutathione S-transferase that correlates with elevated levels of the oxidative
stress markers, malondialdehyde and xanthine oxidase, as well as increased levels of peroxynitrite,
nitric oxide synthase and nitric oxide in salivary glands at day 10 post-IR [61]. In mouse primary
submandibular gland (SMG) cells, mitochondrial ROS levels were increased by days 1–3 post-IR with
a reduction in ROS levels observed in cells deficient in transient receptor potential melastatin-related
2 (TRPM2), a calcium-permeable cation channel that is activated by oxidative stress and the DNA
damage responsive protein, poly (ADP-ribose) polymerase 1 (PARP1), which correlates with improved
salivary secretory function post-IR [45]. Furthermore, pharmacologically quenching ROS levels with
Tempol improved salivary gland function in mice post-IR [46]. Another group showed that ROS
and malondialdehyde levels remained elevated at day 7 post-5 Gy IR in SMGs, but were reduced by
adenoviral induction of Sonic Hedgehog signaling at day 3 post-IR, which promoted DNA damage
repair [60]. In rats receiving 18 Gy IR, there were elevated levels of the ROS-generating enzyme,
NADPH oxidase at days 4–7 post-IR and increased DNA oxidation, measured as enhanced oxidized
deoxyguanosine production by 4 days post-IR [58]. This phenotype was reversed following treatment
with the antioxidant, α-lipoic acid, that correlated with increased amylase content and salivary function
in SMGs [58]. Taken together, these results indicate that IR-induced ROS generation is detrimental to
salivary gland function.
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3.3. Dysregulated Calcium Signaling

Intracellular calcium levels are tightly regulated and impact a multitude of signaling pathways,
including induction of saliva secretion, and have been shown to be dysregulated following
irradiation of SMGs [45,46]. Blocking activation of the calcium-permeable cation channel, TRPM2,
by pharmacologically scavenging free radicals with Tempol or inhibiting PARP1 activity, attenuates
ROS production and preserves salivary gland function at days 10–30 following administration of 15
Gy IR, which was also seen in TRPM2−/− mice [46]. Further evaluation of this pathway illustrated that
TRPM2 activation and mitochondrial calcium uniporter (MCU) activity induced cleavage of the stromal
interaction molecule 1 (STIM1) via caspase-3 activation within 48 h of IR exposure [45]. STIM1 function
is necessary for regulating calcium stores in the endoplasmic reticulum and mediates store-operated
calcium entry into acinar cells, with alterations in this pathway leading to reduced saliva secretion at
day 30 post-IR. Blocking TRPM2, MCU or caspase-3 function with siRNA or pharmacological inhibitors
reversed the hyposalivation phenotype. Likewise, adenovirus-induced expression of STIM1 at day 15
post-IR improved salivary gland function by day 30 following IR-induced damage [45]. These results
suggest a key role for the regulation of intracellular calcium signaling in preserving salivary gland
function post-IR.

3.4. Generation of Inflammatory Responses

Inflammatory responses may also contribute to IR-induced salivary gland dysfunction.
Extracellular ATP (eATP), a damage-associated molecular pattern (DAMP) that commonly activates
neighboring cells due to ATP release from adjacent damaged cells, is released from primary
parotid gland cells immediately following 2–10 Gy IR exposure [48]. Additionally, levels of the
inflammation-associated lipid, prostaglandin E2 (PGE2), are increased in parotid acinar cell culture
supernatant 24–72 h following 5 Gy IR, with reduced levels of eATP and PGE2 release shown in mice
deficient in the ATP-activated, P2X7 purinergic receptor (P2X7R), which correlates with improved
saliva flow by days 3–30 post-IR [48]. Surprisingly, these pathways do not impact cell death induction
in parotid glands post-IR [48], but may play a role in the inflammatory response to IR-induced salivary
gland damage. It also has been observed that mRNA levels of the inflammatory cytokine interleukin
(IL)-6 in irradiated salivary glands increased at 3 h post-13 Gy IR exposure and were reduced by 6 h
post-IR, but increased again by day 14 post-IR. Interestingly, this increase correlated with elevated
serum IL-6 levels at 6–12 h post-IR and again by day 14 [67]. IL-6 is a pro-inflammatory cytokine with
diverse functions. However, the exact role that IL-6 plays in salivary glands post-IR has not been well
defined. These data suggest that IR-induced damage to salivary glands leads to diverse inflammatory
responses that should be further investigated.

3.5. Apoptosis, Autophagy and Cellular Senescence

Apoptosis of salivary acinar cells occurs at 8–72 h post-IR in mice, with the peak commonly
occurring at 24 h post-IR in both parotid glands and SMGs [3–6,48,53]. Apoptosis levels have been
quantitated in a multitude of ways to characterize this acute mechanistic phenotype, including via
elevated mRNA expression of the apoptosis regulators Bax and Puma [4,6,73], increased caspase-3
protein cleavage [3,6,48,73,74] or enhanced caspase-3 activity [6] or via the terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL) assay [3,48,58,73,75,76].

In rats treated by total body irradiation with 5 Gy Cesium-137, there were elevated apoptosis
levels, reduced aquaporin-5 content, histological scores in SMGs indicative of tissue degeneration and
a concomitant reduction in gland size and saliva secretion by days 10–30 post-IR [76]. Furthermore,
in rats receiving 18 Gy IR, there were elevated levels of TUNEL-positive cells and increased cleavage
of caspase-9, the upstream regulatory caspase that promotes caspase-3 activation [58]. Importantly,
rats receiving α-lipoic acid treatment 1 h post-IR exhibit reduced apoptosis markers and improved
saliva secretion at days 4–56 post-IR [58].
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Mice lacking the tumor suppressor protein, p53, show improved salivary flow rates at days 3 and
30 following 2 or 5 Gy IR, which correlates with reduced expression of the apoptosis regulators Puma
and Bax and a reduction in cleaved caspase-3 levels in histological salivary gland sections [4]. Similarly,
mice with constitutive activation of Akt show reduced apoptosis of salivary acinar cells due to inhibition
of p53-mediated apoptosis, which was shown to be dependent on Akt-induced phosphorylation and
activation of MDM2, leading to p53 ubiquitination and degradation, reduced mRNA and protein
levels of the cell cycle regulator p21 and reduced expression of the p53 homologs, p63 and p73 at 24 h
post-IR [6]. Constitutive Akt activity reduced apoptosis levels 8–24 h following various doses of IR [5,6]
that correlated with reduced p21 and Bax mRNA levels at 12 h post-IR, which improved salivary flow
rates at days 3 and 30 post-IR [5]. Another group reiterated the importance of this pathway in mouse
and human salivary gland cell cultures, with p53-mediated apoptosis being reduced in mice treated
with keratinocyte growth factor-1 (KGF-1) 1 h prior to and immediately following 15 Gy IR, which
correlated with improved salivary gland function and increased amylase content of saliva at 16 weeks
post-IR [75].

Another study evaluated the potential use of human adipose mesenchymal stem cells (hAMSCs)
to preserve salivary gland architecture and function and found that treatment of human parotid
gland organoid cultures with hAMSCs increased the release of fibroblast growth factor 10 (FGF10),
which reduced IR-induced (10 Gy) apoptosis measured by the TUNEL assay, decreased DNA
damage as measured by γH2AX staining, and reduced levels of p53 phosphorylation, Puma and
Bax protein and caspase-3 cleavage [73]. Further evaluation of FGF10 signaling showed that
activation of the FGFR2-PI3K-Akt pathway increased phosphorylation of BAD and MDM2 and
reduced p53-mediated apoptosis, which could be inhibited by pharmacological blockade of FGF10,
FGFR2 or phosphatidylinositol-3-kinase (PI3K) activity. Injection of hAMSCs into SMGs of mice
4 weeks post-IR (15 Gy) increased amylase levels, glycoprotein content, gland weight and salivary
flow rates and reduced levels of fibrosis at 12 weeks post-injection [73]. These results further support
the importance of targeting p53-mediated cell death to improve salivary function post-IR.

Interestingly, knocking down expression of the apoptosis mediator, protein kinase C delta (PKCδ),
in mice led to a reduction in 1 or 5 Gy IR-induced apoptosis in parotid glands 24 h post-IR [63].
Additionally, blocking the activity of PKCδ with nanoparticles containing PKCδ siRNA reduced
apoptosis levels in mouse SMGs 48 h following 10 Gy IR [3]. The use of siRNA or the tyrosine kinase
inhibitors, dasatinib or imatinib, to block the non-receptor tyrosine kinases c-Abl and c-Src, known
upstream regulators of PKCδ, caused a similar reduction in apoptosis levels and improved saliva
secretion post-IR [77,78]. Importantly, tyrosine kinase inhibition did not enhance survival or growth
of HNC cell lines or tumors in mice following radiotherapy [78]. These results suggest apoptosis of
salivary acinar cells is a major mechanistic component of the acute response to radiation and can occur
via p53- and PKCδ-mediated apoptosis.

Autophagy is the process of “self-eating” damaged cellular components (e.g., organelles or
cytoplasmic molecules) to support cell survival and healthy cell regeneration. While 5 Gy irradiation of
FVB mouse salivary glands only modestly induced autophagy, pretreatment with IGF-1 followed by IR
promoted autophagy activation in salivary glands as measured by conversion of microtubule-associated
protein light chain 3 (LC3)-1 to LC3-II, concomitant with decreased levels of the autophagy substrate,
p62, and increased interaction of the autophagy regulator Ambra-1 with Beclin-1 [56]. Notably,
mice that do not exhibit autophagy in parotid acinar cells 24–48 h post-IR have increased salivary gland
apoptosis levels, as well as reduced saliva flow rates that cannot be rescued with IGF-1 therapy [56].
Additionally, inhibition of autophagy leads to increased compensatory cell proliferation at 1–30 days
post-IR [56]. Despite the fact that autophagosome formation was only minimally observed in irradiated
salivary glands, the combined data suggest a critical role of autophagy in the damage response to
irradiation, especially in the context of damage prevention using IGF-1 therapy. In a translational
model utilizing miniature pigs, there is reduced levels of microtubule-associated protein light chain 3B
(LC3B) and increased p62 levels in parotid glands post-IR (20 Gy) that correlates with a reduction in
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gland weight, acinar area, aquaporin-5 expression and saliva secretion [52]. Remarkably, activation of
the Sonic Hedgehog (Shh) pathway by intraglandular delivery of adenoviral vectors expressing Shh at
4 weeks post-IR reversed this phenotype and improved saliva output in minipigs [52]. These studies
suggest that further understanding of the role played by autophagy in post-IR damage may provide
alternative strategies for drug development to preserve salivary gland function in HNC patients
receiving RT.

Cellular senescence may play a role in IR-induced hyposalivation. Senescence has been suggested
to occur in a subset of SMG cells that exhibit elevated DNA damage, measured by an increase in
γH2AX+ cells and p21 mRNA by day 7 following 15 Gy IR in mice [60] and by 5 weeks following 20
Gy IR in minipigs [52]. Another study utilizing a 13 Gy dose of IR found increased levels of γH2AX+
cells, p53 binding protein-1 and mRNAs for senescence-associated markers p21, p19, decoy receptor 2,
plasminogen activator-1 and IL-6 in SMGs, which were maintained above baseline 6 weeks later [67].
Interestingly, both IL-6-deficient mice and mice receiving IL-6 treatment prior to irradiation showed
a reduction in these markers of senescence and improved saliva flow rates 8 weeks post-IR [67],
suggesting a key role for senescence in the IR-induced damage response of salivary glands.

3.6. Neuronal and Vascular Changes

Alternative pathways that may be influencing IR-induced hyposalivation include damage
to non-epithelial tissue within the salivary gland, such as neurons or vasculature. Importantly,
parasympathetic neurons have been suggested to play a role in salivary gland regeneration post-IR
damage. During embryonal development, SMGs that receive IR exposure exhibit increased epithelial
and neuronal cell apoptosis at 24 and 72 h post-IR, respectively [53]. Neurturin (NRTN) is essential for
parasympathetic neuronal development and survival, including in murine salivary glands [53,79,80].
Delivery of human NRTN by adenovirus serotype 5 vector (AdNRTN) to murine SMGs 24 h prior to
IR (5 Gy) preserved function at 60 days post-IR [81]. Additionally, NRTN delivery by adeno-associated
virus serotype 2 (AAV2) in CH3 mice and minipigs prior to IR improved saliva flow rate at 300 days
and 16 weeks, respectively [54]. Treatment with NRTN has been shown to enhance parasympathetic
innervation and reduce epithelial apoptosis post-IR, consistent with increased end bud formation
within SMGs, supporting a potential regenerative role for neurotrophic signaling in the repair of
IR-induced salivary gland damage [53]. Rats administered 18 Gy IR exhibit reduced levels of the
neurotrophic factors brain-derived neurotrophic factor (BDNF) and NTRN as well as decreased
levels of the neurotrophic factor receptor, GRFα2, acetylcholinesterase and neurofilament staining in
SMGs, which could be reversed with α-lipoic acid treatment [70]. In minipigs following 20 Gy IR,
there is a reduction in levels of BDNF, NTRN, acetylcholinesterase and the acetylcholine receptor,
Chrm1, indicative of decreased parasympathetic innervation, responses that can be reversed with
intraglandular adenoviral delivery of Shh at 4 weeks post-IR [52].

As for the vasculature in salivary glands, endothelial cell death occurs 4 h after 15 Gy IR, measured
as an increase in caspase-3 cleavage in platelet endothelial cell adhesion molecule (CD31) positive cells,
which correlates with an overall reduction in microvessel content in salivary gland tissue sections,
responses modulated by treatment with the ROS scavenger Tempol for 10 min prior to IR in mice [82].
Minipigs receiving 20 Gy IR exhibit reduced blood flow and CD31 and vascular endothelial growth
factor (VEGF) levels in parotid glands 20 weeks post-IR, indicative of the microvascular damage
induced by IR [52]. At 90 days following 15 Gy IR, mice show an increase in blood vessel dilation
in SMGs that coincides with a reduction in total capillary volume and diminished salivary function.
Interestingly, co-treatment of mice with FMS-like tyrosine kinase-3 ligand (Flt-3L), stem cell factor
(SCF) and granulocyte colony-stimulating factor (G-CSF) (i.e., F/S/G treatment) one month following
IR promoted increased endothelial cell division, capillary content and endothelial nitric oxide synthase
and endoglin expression due to bone-marrow-derived immune cell recruitment and activation of
endothelial cells by F/S/G, which correlated with increased acinar cell number and saliva flow at day
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90 [83]. Overall, these data suggest that repair of acute and chronic IR-induced damage to salivary
glands likely requires contributions from neuronal and vascular cells.

3.7. Stem/Progenitor Cell Dysfunction

In addition to restoring proper innervation and vascularization, the ability of salivary glands to
regain function following irradiation relies on the presence of stem and/or progenitor cells to regenerate
depleted acinar cells [2]. One group reported that stem/progenitor cells are not evenly distributed
within the salivary glands, but rather are localized to salivary ducts in rat and human parotid glands [84].
This suggests that preventing IR from damaging these stem/progenitor cell populations may improve
salivary gland function following IR. Indeed, the same group found that irradiation of the cranial
50% of the rat parotid gland—where the authors speculate that the preponderance of progenitor
cells reside—had considerably more devastating effects on saliva production at 1 year post-IR than
irradiating the caudal region [84]. However, other groups have reported that progenitor cells localized
to the acinar compartment of mouse parotid glands and SMGs are capable of self-renewal [55,85].
This discrepancy may be due to the markers used to identify various salivary gland progenitor cell
populations. Isolation of Sca-1-, c-Kit- and Musashi-1-expressing mouse salivary gland stem cells
has been achieved by in vitro culture of salispheres followed by fluorescence-activated cell sorting
(FACS) enrichment using c-Kit as a marker [86]. These cells were capable of differentiating into
functional amylase-producing acinar cells. This same group investigated the effect of transplanting
salisphere cultures in 15 Gy irradiated female mouse salivary gland. Ninety days after salisphere
transplantation, irradiated salivary glands in mice had similar morphology to non-irradiated glands
and exhibited restoration of acinar cell populations and improved saliva production compared to
irradiated, untreated glands [86].

Senescence as a result of IR can similarly inhibit regenerative potential. In a recent study, C57BL/6
mice receiving 15 Gy X-ray IR were treated with the senolytic drug, ABT263, by oral gavage at 8 or
11 weeks post-IR [68]. ABT263, which inhibits BCL-2 and BCL-xL, selectively eliminates senescent
cells. Pilocarpine-stimulated saliva secretion demonstrated a restoration of salivary gland function
in irradiated mice receiving ABT263, compared to those receiving IR and vehicle [68]. Additionally,
these mice had reduced expression of senescence markers and an increase in aquaporin 5-expressing
acinar cells in the SMGs [68]. The authors conclude that clearance of senescent cells promotes
self-renewal of the stem/progenitor niche and restoration of salivary gland function [68]. Together,
these data underscore the importance of salivary progenitor/stem cells in the regeneration of salivary
gland function post-IR. These preclinical studies suggest that stem cell therapies may be a promising
approach for the treatment of RT-induced hyposalivation in HNC patients.

Importantly, another group reported that regeneration following salivary gland damage due to
duct ligation or under normal homeostatic conditions could occur through self-duplication of acinar
cells [85]. More recently, this same group showed that while regeneration following glandular damage
in mice under homeostatic conditions or following duct ligation was limited to lineage-restricted
progenitors, both differentiated acinar and ductal cells in the adult mouse salivary gland were capable of
contributing to acinar regeneration following irradiation [87]. Because permanent acinar cell depletion
following irradiation has been reported [2], the ability of ductal cells to regenerate acinar cells is
significant. If this cellular plasticity and self-duplication are also observed in human adult salivary
acinar and ductal cells following radiotherapy, treatment options involving expansion or stimulation of
endogenous populations without the need for isolating salivary gland stem cells may prove promising.

3.8. Compensatory Proliferation

Compensatory proliferation is a common reparative response to tissue damage that typically
leads to replacement of dead cells following an injury. In irradiated murine salivary glands, induction
of proliferation, as measured by increased expression of proliferating cell nuclear antigen (PCNA)
or pKi67, is observed as early as 48 h post-IR [47,72] and continues through chronic time points (i.e.,
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30–90 days) [62,65,66,74]. Despite the increase in cell number, salivary glands remain non-functional
post-IR, which correlates with reduced levels of salivary amylase, a marker of differentiated acinar
cells, suggesting that the newly generated cells are maintained in an undifferentiated state [56,65,66].
Ectodysplasin A-1 receptor (EDAR) signaling typically occurs during embryogenesis to allow for fetal
development of ectodermal tissues, such as skin, hair and exocrine glands, including salivary glands.
Interestingly, activating this pathway with an EDAR-agonist monoclonal antibody restores salivary
gland function post-IR, which correlates with a reduction in compensatory proliferation and increased
levels of salivary amylase at days 30–90 [65]. The mammalian target of rapamycin (mTOR) is a critical
signaling mediator that controls cell metabolism, growth, proliferation and survival, which is inhibited
by rapamycin. Treating mice with the rapamycin analog, CCI-779, reduces proliferation rates while
increasing levels of amylase and saliva flow rates at day 30 post-IR [88]. Likewise, post-IR IGF-1
treatment reduces the number of proliferating cells and enhances amylase levels and saliva secretion
from days 9–90 post-IR [66].

Compensatory proliferation has been shown to be mediated by reduced activation of the apical
polarity regulator, PKCζ, which leads to increased Jun kinase (JNK) signaling in parotid glands
following IR [62]. The reduction in PKCζ activity is observed in a subset of stem and progenitor
cells, as well as the entire acinar compartment at 5–30 days post-IR, which correlates with increased
Ki67 levels [55,62]. Notably, mice lacking PKCζ have increased baseline proliferation rates that are
unchanged post-IR and cannot be modulated by IGF-1 treatment [55,62]. Additionally, mice deficient
in PKCζ and treated with IGF-1 do not show improvements in salivary gland function post-IR [55].
Together, these data illustrate the importance of the regulation of cell polarity and proliferation by
PKCζ and its alteration due to the IR-induced damage response in parotid glands. Modulating
proliferation downstream of PKCζ signaling may provide novel drug targets to preserve salivary gland
function post-IR.

3.9. Alterations in Cell Structure

Modifications to cell junction protein interactions and actin cytoskeletal rearrangements are also
observed in salivary glands following IR in mice [50] and rats [69]. Junctional regulators play a critical
role in cell–cell contact and their interactions influence cell proliferation and differentiation, essential
components of tissue repair. Claudins are tight junction proteins that comprise the paracellular barrier
between neighboring cells and mediate intercellular permeability. In rat parotid glands, there is a
transient increase in claudin-4 expression 2–3 days following 15 or 20 Gy irradiation and a reduction in
levels of claudin-3 at days 7 and 30, responses that could be modulated in non-injured cells via Src
kinase inhibition [69]. Epithelial (E)-cadherin is another junctional protein that is typically associated
with the protein catenin, including α, β, γ or p120 isoforms that are known to play a critical role in
cytoskeletal assembly and the regulation of cell adhesion, contraction and motility. A reduction in
the interaction between E-cadherin and β-catenin leads to actin filament fragmentation in mouse
parotid glands 7–30 days post-IR due to increased rho-associated kinase (ROCK) signaling that can
be reversed by post-IR IGF-1 treatment [50]. Further evaluation of this pathway showed that ROCK
signaling leads to activation and nuclear translocation of the transcriptional regulator Yes-associated
protein (Yap) that is modulated by ROCK inhibition or IGF-1 treatment [64]. Yap activity is typically
beneficial in injury models, although in salivary glands increased activation of Yap is seen in subsets
of stem and progenitor cells, as well as the entire acinar compartment in parotid glands at days 5–30
post-IR in models that do not restore salivary function [55,64]. In contrast, post-IR IGF-1 treatment
reduces Yap activity and improves salivary gland function in a PKCζ-dependent manner [55,64].
Together, these data support the mechanism whereby IR induces dissociation of tight junction proteins
to promote loss of PKCζ-mediated apical/basolateral polarity, ROCK-dependent actin cytoskeletal
rearrangements and loss of salivary gland function, responses that can be reversed by IGF-1 to restore
salivary function of irradiated parotid glands.
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3.10. Fibrosis

SMG biopsies from patients with advanced stage oropharyngeal cancer who received fractionated
radiotherapy (1.8–2 Gy per fraction, ~35 fractions) showed glandular atrophy and periductal and
parenchymal fibrosis that correlates with the degree of sialadenitis (i.e., lymphocytic infiltration of the
gland). Destruction of salivary gland parenchyma with progressive replacement of functional tissue
by extracellular matrix proteins impairs saliva production [33]. In rodent models, the development of
fibrosis following irradiation is inconsistent, but has been reported to develop between 4 and 6 months
post-IR [1,44,71]. In minipigs, IR-induced fibrosis has been reported at 30 days post-fractionated IR
(200 cGy per fraction, 70 Gy total dose) [57]. Extensive fibrosis, measured by collagen deposition,
was reported in CH3 mice and minipigs after 300 days and 16 weeks post-IR, respectively. In this
study, CH3 mice received fractionated IR (5 × 6 Gy doses), whereas minipigs were exposed to a single
15 Gy dose of IR [54]. RNA-seq analysis of mouse SMGs 300 days post-IR revealed upregulation of
genes involved in extracellular matrix remodeling and fibrosis (i.e., Col23a1, Mmp2, Mmp3, Serping1),
whereas Serping1 and Mmp2 were also upregulated in minipigs at 16 weeks post-IR [54]. In a partial
gland resection model utilized to investigate the mechanisms of salivary gland regeneration in the
absence of confounding external stimuli, such as irradiation, genes involved in fibrotic development,
ECM remodeling and the innate and adaptive immune system were similarly upregulated at days 3
and 14 post-resection in the murine SMG [89].

While humans [33,36,90] as well as mice and minipigs [1,44,54,57] show significant fibrotic damage
to the salivary glands following irradiation, there is insufficient evidence to determine whether fibrosis
is a cause or consequence of gland dysfunction. TGF-β, a known mediator of fibrogenesis in several
tissues [91–94] is elevated in HNC patients following radiotherapy [95] and in murine models of
IR-induced hyposalivation [96]. We have previously shown that TGF-β is upregulated in a mouse
model of fibrosis caused by SMG excretory duct ligation and that in vivo administration of TGF-β
inhibitors reduces duct ligation-induced salivary gland fibrosis [97]. TGF-β inhibition also efficiently
reduces IR-induced lung [98,99] and rectal [100] fibrosis in mouse models. Further investigation is
needed on the relationship of TGF-β and fibrosis to IR-induced hyposalivation and whether this
pathway plays a significant role in chronic salivary gland dysfunction in RT.

3.11. Immunomodulation

The immunomodulatory effect of radiation on immune cells within tumors and normal tissue is a
well-documented phenomenon in other models of IR-induced damage involving infiltration of immune
cells of both the innate and adaptive immune system, as well as differentiation and gene expression
changes within irradiated immune cell populations [101–103]. Lombaert et al. recently reported that
female CH3 mice receiving fractionated IR (5 × 6 Gy) showed increased fibrosis, inflammation and
expression of innate and adaptive immune markers (i.e., Clec12a, Cma1, Pld4, and Lyz2) in irradiated
SMGs 300 days post-IR [54]. This is the first published evidence of IR-induced immunomodulation in
mouse salivary glands, despite being an important area of research for other tissues and models of
IR-induced damage, such as pneumonitis and pulmonary fibrosis following thoracic irradiation [102].
Similar changes in the expression patterns of these markers of immunomodulation have been shown
in 15 Gy irradiated parotid glands of minipigs at 16 weeks post-IR [54].

In humans, there also is limited research on the effect of RT on salivary gland immune responses.
SMG biopsies from patients receiving fractionated radiotherapy (1.8–2 Gy per fraction, 5 days per
week, for a total dose of 60–70.6 Gy) revealed lymphocytic infiltration (i.e., sialadenitis), where the
majority of lymphocytic infiltrates were CD3+ T cells with a 1:1.8 ratio of CD4+ to CD8+ T cells and
significant numbers of granzyme B-stained cytotoxic T cells [33]. Macrophages and monocytes were
also present, localized to the periductal and periacinar compartments.

Immunomodulation is recognized as a driver of IR-induced pneumonitis and pulmonary
fibrosis [102,104]. During the acute phase, myeloid- and lymphoid-derived immune cells
infiltrate lung tissue, leading to inflammation and the release of cytokines and chemokines [102].
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In the chronic phase, interactions between IR-damaged tissue-resident cells, recruited immune
cells and the microenvironment activate signaling pathways that promote immunomodulation,
myofibroblast activation and fibrosis [102]. In IR-induced pulmonary fibrosis, CD4+ T cells shift from
pro-inflammatory (TH1 and TH17) during the pneumonitic phase to anti-inflammatory (TH2 and
TREG) during the fibrotic phase [102,104]. In addition to TH2 and TREG cells, resident innate lymphoid
cells (ILCs) are important regulators of fibrosis [105–107]. Notably, a unique subset of ILCs has been
described in mouse SMGs [108,109], although their potential contributions to IR-induced fibrosis
of the salivary gland are yet to be investigated. Nonetheless, the recent findings in CH3 mice [54],
highlight the potential for future research to investigate the role of salivary gland immune cells in
IR-induced hyposalivation.

4. Bystander Effect: Potential Role for Purinergic Signaling

Ionizing radiation affects cells within the radiation field and indirectly on adjacent, non-irradiated
cells and tissue. This phenomenon, called the bystander effect, has been described for multiple
cancer models [110–114] and has been investigated in relation to the protection of non-irradiated
tissue [115], therapeutic approaches to cancer progression [112,116] and secondary radiation-induced
neoplasms [112,117]. The bystander effect can be initiated by the release of several signaling molecules
from irradiated cells, including ROS, nitric oxide (NO) or cytokines such as TGF-β1 [111,118] and
through direct intercellular interactions via gap junctions or membrane channels [119–121] (Figure 2).
While sparing techniques in cancer therapies for RT have attempted to remove salivary glands from
the radiation field and/or reduce the overall radiation dose delivered to the glands, bystander effects
still persist, suggesting that other radioprotective and regenerative approaches are needed [122].

Figure 2. Radiation-Induced Bystander Effects. The bystander effect can be propagated by intercellular
communication between adjacent cells via gap junctions or by autocrine or paracrine signaling processes
whereby NTPs, nitric oxide (NO), reactive oxygen species (ROS), cytokines (e.g., TGF-β), or other
second messengers elicit a response in non-irradiated cells. Created with Biorender.com.

In the past ten years, mounting evidence demonstrates that purinergic signaling can mediate the
IR-induced bystander effect in adjacent, non-irradiated cells [110,122–128]. Extracellular nucleotides
such as ATP (eATP), which are released into the extracellular space in response to cellular damage
including ionizing radiation [124,128], act as autocrine or paracrine signaling molecules via activation
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of P2 receptors (P2Rs) on nearby cells [122–124,128–134]. In response to γ-irradiation, both human and
murine cell lines have been shown to release ATP, thereby activating G protein-coupled P2Y [110,129,135]
and ATP-gated ionotropic P2X receptors [126,136], which initiate purinergic signaling. Although no
studies have yet investigated this bystander effect in IR-induced salivary gland dysfunction, we and
others have reported on the expression of P2Y2, P2X7 and P2X4 receptors in salivary gland epithelia of
mice [137–139] and humans [139], suggesting that irradiated salivary glands in vivo should be highly
sensitive to elevated levels of IR-induced eATP release. Mechanisms of P2 receptor signaling relevant
to the bystander effect have been investigated in multiple tissues [110,122–128] and their potential
roles in IR-induced salivary gland damage are summarized in Figure 3.

 

Figure 3. Purinergic Signaling in Bystander Effects. In response to elevated extracellular ATP (eATP)
levels following irradiation, P2Y2R and P2X7R, which are expressed in murine and human salivary
glands, may mediate a number of bystander effects. Through activation of the NLRP3 inflammasome,
P2X7Rs promote ROS production, growth factor maturation (e.g., IL-1β) and subsequent release
and apoptosis. Activation of either P2Y2R or P2X7R causes increased [Ca2+]i and subsequent
downstream signaling processes (e.g., ERK1/2 signaling, gene expression changes, inflammatory
processes). P2Y2R activates phospholipase C (PLC) resulting in the production of inositol 1,4,5
trisphosphate (IP3) and diacylglycerol (DAG), in turn mobilizing intracellular Ca2+ and activating
protein kinase C (PKC), respectively, and subsequent downstream signaling. Through its C-terminal
Src-homology 3 (SH3) domain, the P2Y2R is involved in Src-dependent activation of growth factor
receptors (e.g., EGFR, VEGFR-2) and downstream MAPK signaling as well as transactivation of EGFRs
through activation of metalloproteases, ADAM10 and ADAM17. P2Y2Rs may also contribute to the
bystander effect by promoting latent TGF-β signaling. DAG: diacylglycerol; PLC: phospholipase C;
PKC: protein kinase C; ERK: extracellular signal-regulated protein kinase; JNK: c-Jun N-terminal kinase;
MAPK: mitogen-activated protein kinase; COX: cyclooxygenase; PGE2: prostaglandin E2; ADAM: A
Disintegrin And Metalloprotease. Created with Biorender.com.

4.1. ATP Release

In addition to responding to elevated eATP, the P2X7 receptor (P2X7R) has been implicated in the
IR-induced release of ATP. As previously described in B16 murine melanoma cells [124], we recently
demonstrated thatγ-irradiation of parotid epithelial cells induces release of eATP in a P2X7R-dependent
manner [48]. One way that IR induces the release of eATP is through upregulation of connexin 43
(Cx43) [140], a gap junction hemichannel involved in intercellular communication [141], as well as
eATP release [142,143]. The activation of P2X7R by eATP induces an increase in the cytoplasmic
calcium concentration, [Ca2+]i, which promotes eATP release via Cx43 [128]. Indeed, Cx43-mediated
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release of ATP following irradiation of B16 melanoma cells is dependent on P2X7R [123]. As reported,
IR-induced ATP release through Cx43 could be suppressed by blockade of P2X7R or downstream
purinergic signaling pathways, including tyrosine kinase and Rho kinase activation, actin cytoskeletal
rearrangements and increases in [Ca2+]i and ROS production [123]. Together, these data demonstrate a
role for P2X7R in mediating release of eATP following IR.

4.2. Dysregulated Calcium Signaling

Once released, eATP can then bind available P2 receptors, such as P2X7Rs or P2Y2Rs, and promote
a host of signaling processes. As we discussed earlier, a rapid increase in [Ca2+]i is observed following
irradiation of submandibular glands in mice via store-operated Ca2+ entry (SOCE), a response
that was abrogated in TRMP2-/- mice [45]. Activation of either P2X7R or P2Y2R by eATP leads
to elevated [Ca2+]i though by different mechanisms. Like TRPM2, P2Y2Rs promote cytoplasmic
entry of Ca2+ via SOCE [144], while P2X7Rs mediate extracellular Ca2+ influx [138]. Calcium
signaling contributes to many of the signaling processes underlying bystander responses [145–147]
that we will discuss in more detail below, including MAPK signaling [148], ROS production [146],
NF-κB-mediated iNOS synthesis [149] and COX-2/PGE2 signaling [149–152]. A rapid increase in [Ca2+]i

was observed in bystander cells that were exposed to conditioned medium (CM) from irradiated
human keratinocytes [146], glioma and fibroblasts [148]. In human keratinocytes, the apoptosis
observed in bystander cells following exposure to CM was blocked by treatment with the calcium
chelator, EGTA, suggesting influx, not SOCE, was important for the observed bystander effect [146].
Because of the central role of Ca2+ signaling in mediating bystander effects, the contributions of P2
receptors to IR-induced increases in [Ca2+]i following irradiation of the salivary gland should be
further investigated.

4.3. MAPK Signaling

A number of groups have implicated MAPK signaling in propagating bystander effects in
non-irradiated cells [146,147,153]. Using human B-lymphoblastoid cell lines, one group reported
phosphorylation of ERK1/2, JNK and p38 in bystander cells exposed to CM from X-ray irradiated
cells [153]. Additionally, bystander-induced caspase 3/7 activation could be diminished by treatment
with ERK inhibitor U0126, JNK inhibitor SP600125 or p38 inhibitor SB203580. Human keratinocytes
treated with conditioned medium (CM) from irradiated keratinocytes showed elevated ERK and JNK
signaling [146]. CM-mediated apoptosis in bystander keratinocytes could be blocked by JNK inhibition,
although ERK inhibition seemed to increase bystander-induced apoptosis in these cells [146].

Gq-coupled P2Y receptors (P2Y1,2,4,6,11Rs) activate phospholipase C (PLC) resulting in the
production of inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG), in turn mobilizing intracellular
Ca2+ and activating protein kinase C (PKC) and subsequent downstream signaling pathways [144],
including ERK1/2 activation, that have been implicated in mediating the bystander effect [146,154].
Further, through its C-terminal Src homology 3 (SH3) domain, the P2Y2R is involved in Src-dependent
activation of growth factor receptors (e.g., EGFR, VEGFR-2), ERK1/2, and JNK [144]. P2Y2R is also
capable of transactivation of EGFRs by activating metalloproteases (i.e., ADAM10 and ADAM17) [155].
In turn, EGFR activation initiates MAPK signaling cascades. In this way, P2Y2Rs are capable of
mediating MAPK signaling through canonical Gq-coupled signaling or through activation of growth
factor receptors such as EGFR.

Another potential role for P2Rs in mediating bystander effects involves PKC. We discussed
above that knocking down PKCδ expression inhibits IR-induced apoptosis in irradiated murine
parotid glands [63], while blocking PKCδ activity by administration of nanoparticles containing siRNA
targeting PKCδ reduces apoptosis in irradiated mouse SMG [3]. Directly blocking c-Src with imatinib
or dasatinib had a similar anti-apoptotic effect and enhanced saliva production [78]. P2R antagonists
(DIDS, suramin and Cibacron Blue 3GA) increase phosphorylation of PKCδ in rat parotid acinar
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cells, confirming that P2 activity promotes PKCδ activation [156]. Together these data suggest that
ATP-induced activation of P2Rs promotes apoptosis in bystander cells via PKCδ phosphorylation.

4.4. COX-2/Prostaglandin E2 Signaling

The inflammatory cyclooxygenase-2 (COX-2) signaling pathway that is required for PGE2

synthesis has been implicated in promoting bystander effects [149–152,157]. Most bystander studies
involve the transfer of conditioned medium from irradiated cells to non-irradiated cells in vitro.
Zhou et al. used a novel mylar strip culture dish to shield a portion of human fibroblasts from
irradiation while remaining in the same culture vessel as irradiated cells [150]. Using this technique,
bystander human fibroblasts showed overexpression of COX-2 [150]. Inhibition of COX-2 with
NS-398 decreased the bystander effect in non-irradiated cells, as determined by the frequency of
mutations in the hypoxanthine-guanine phosphoribosyltransferase (HPRT-) locus and the percent
of surviving cells [150]. They also demonstrated that inhibition of ERK1/2, which lies upstream of
COX-2, could diminish the bystander effects. More recently, this same group reported that NF-κB
was important for mediating bystander effects in human fibroblasts, which could be attributed to
NF-κB-mediated inducible NO synthase (iNOS) and COX-2 expression [149]. The NF-κB inhibitor, Bay
11-7082, and 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, a scavenger of NO,
decreased mutation frequency in bystander cells [149].

PGE2 has also been suggested to mediate the bystander effect [147,157]. We have previously
reported that PGE2 levels are increased in parotid acinar cell culture supernatant 24–72 h post-IR [48].
We also reported reduced levels of PGE2 release in mice lacking P2X7R [48]. In addition to these
findings, P2X7Rs and P2Y2Rs lie upstream of many of the signaling pathways resulting in expression
of COX-2 (Figure 3). Together, these findings suggest that COX-2/PGE2-mediated bystander effects are
dependent on signaling through P2X7Rs or P2Y2Rs.

4.5. DNA Damage Response

Elevated levels of γH2AX are an indicator of DNA damage, a well-documented response to
ionizing radiation [59]. In irradiated A549 human lung cancer cells, elevated γH2AX levels were
abrogated by pretreatment with the ectonucleotidase apyrase [158], a response that could be eliminated
by the ectonucleotidase inhibitor ARL67156 or addition of ATP or UTP. Similar to our findings in
primary murine parotid epithelial cells [48], ATP is released from A549 cells following γ-irradiation
(2 Gy) in a P2X7R-dependent manner. The finding that antagonism of P2Y6R, P2Y12R or P2X7R blocked
activation of DNA repair mechanisms led to the overall hypothesis that P2X7R-dependent release
of ATP and subsequent autocrine activation of G protein-coupled P2Y receptors was responsible
for the observed DNA damage response [158]. Additionally, downstream P2R signaling molecules,
such as nitric oxide (NO), are important mediators of radiation-induced DNA damage in bystander
cells [128,159].

4.6. Reactive Oxygen Species and TGF-β1

ROS and TGF-β1 are well-appreciated mediators of the bystander effect in multiple IR models [160],
serving as second messengers in an autocrine or paracrine fashion. In response to ATP, P2X7Rs regulate
production of ROS by NLRP3 inflammasome activation [161] and ROS promote TGF-β1 release [162].
P2Y2Rs may also contribute to the bystander effect by promoting latent TGF-β signaling. TGF-β,
latency activated protein (LAP) and latent TGF-β binding proteins (LTBP) form a covalently-bound
large latent complex (LLC) that is secreted from cells, whereupon it binds to integrins (e.g., αvβ5,
αvβ6, αvβ3 and αvβ8) in the extracellular matrix (ECM) through LAP interaction with RGD sequences.
Latent activation of TGF-β signaling can occur through metalloprotease-dependent cleavage of LAP or
LTBP or disruption of LAP-RGD interaction with integrins [163–166]. P2Y2R activation also induces
metalloprotease activity [167,168] and the P2Y2R contains an extracellularly-oriented RGD sequence
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that enables its direct binding and activation of the αvβ5 integrin [167]. Through these mechanisms,
activation of P2Y2R or P2X7R could promote the TGF-β1 and ROS-mediated bystander effects.

4.7. Immunomodulation

There is currently insufficient research regarding the role of immunomodulation in IR-induced
salivary gland dysfunction or in models of IR-induced bystander effects to fully define the role
of P2 receptors. A T cell-mediated mechanism of long-distance effects on metastatic lesions
following irradiation of primary tumors—coined the abscopal effect—has been described [169–171].
Most bystander effect studies are performed in vitro, making it difficult to ascertain the contributions of
various immune cells that recapitulate in vivo conditions [172]. However, one study utilized an in vivo
model of radiation-induced acute myeloid leukemia to investigate the bystander effect. They found
that the long-term bystander consequences of irradiation in vivo were due to altered macrophage
activity [172]. P2Y2R signaling pathways are involved in the recruitment, migration and proliferation
of immune cells [173–175], and thus activation of this receptor by elevated eATP levels following IR
should mediate the modification of the immune landscape in the salivary gland.

In conclusion, the available data strongly support the notion that purinergic signaling plays a
role in the IR-induced bystander effect in multiple models. In particular, the role of P2X7R, P2X4R,
and P2Y2R, given their reported expression in human and mouse salivary glands, should be further
investigated for their potential as novel targets for the prevention of the bystander effects underlying
IR-induced salivary hypofunction.

5. Therapeutics

As mentioned above, treatments for RT-induced hyposalivation are limited to sialagogues, such as
pilocarpine and cevimeline, which induce saliva secretion from residual acinar cells, artificial saliva and
the single FDA-approved radioprotective therapeutic, amifostine. There are also a number of salivary
gland radiation sparing techniques that have been utilized to minimize IR-induced damage. Promising
new radioprotective and regenerative approaches are being investigated in preclinical animal models.
The next section summarizes current and promising therapeutic approaches to IR-induced salivary
gland dysfunction.

5.1. Salivary Gland-Sparing Techniques

5.1.1. Dosing Strategies

Fractionated radiation is the primary method of radiotherapy for cancer patients, including for
the treatment of HNC, but causes cell toxicity and other severe side effects. Fractionated radiation
divides the total curative dose into a series of smaller doses, which allows the patient to better tolerate
and maintain the treatment. Conventional fractionated radiotherapy for HNC patients is commonly
prescribed as 2 Gy per day, five days per week, for multiple weeks, to a total dose of 70 Gy [18]. Multiple
small radiation doses allow non-tumor cells to recover between IR exposures, while more severely
damaging malignant cells due to their high proliferation rates. A meta-analysis, including 34 trials
and 11,969 HNC patients (with primarily late-stage tumors of the oropharynx and larynx), comparing
different subtypes of fractionated radiation found that hyper-fractionated radiation, where a patient
receives the same total curative dose of radiation, but in two fractions per day (totaling 4 Gy/day),
showed improved overall survival and progression-free survival when compared to conventional
fractionation (2 Gy/day). However, these more intensive radiation schedules induced more severe side
effects, including increased instances of mucositis, which caused RT patients to go on feeding tubes more
frequently [176]. Overall, hyper-fractionated radiation was less feasible than conventional approaches
due to the cost, scheduling difficulties and the increased severity of side effects. Other altered
fractionation dosing schedules, including increasing the IR doses per day and shortening the total time
to curative dose, were evaluated, but these treatments did not show improvement in disease outcomes
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or sparing organs at risk compared to conventional fractionation [176]. While fractionated therapies
are more efficacious as cancer treatments, there is currently no evidence that hyper-fractionated
radiotherapy or other altered fractionated dosing schedules have any effect on decreasing the incidence
of xerostomia [19,176].

5.1.2. Intensity Modulated Radiation Therapy (IMRT)

IMRT is a form of radiotherapy for tumors with advanced precision and dosing control.
IMRT utilizes three-dimensional (3D) imaging of tumors, typically by computerized tomography (CT)
or magnetic resonance imaging (MRI), to design beam patterns with varying intensities to direct at
the tumor with the goal of sparing non-malignant tissues, especially radiosensitive tissues, such as
the brain, spinal cord and salivary glands [177]. These complex, variable RT patterns aim to keep the
total dose to below 26 Gy for parotid glands [178,179] and 39 Gy for submandibular glands [180] to
spare gland function without decreasing the dose to the tumor. Computer-calculated dosing and beam
angles are defined with the 3D images and the beam is typically targeted at the tumor site with image
guidance from CT or X-ray scans of the patient to deliver varying beam doses across the tumor in a
fixed field. IMRT controls tumor growth better than or similarly to 3D-conformal radiotherapy (CRT).
A study looking at tumor recurrence in 3D-CRT- versus IMRT-treated HNC patients found that those
receiving IMRT following surgical resection of the primary tumor had improved tumor control two
years post-treatment compared to patients receiving 3D-CRT; however, treatment modalities showed
no difference in tumor recurrence following definitive radiotherapy [181]. Conversely, a meta-analysis
of studies evaluating disease-free survival and overall survival in patients receiving 3D-CRT or IMRT
found that there was no difference in outcomes [182]. Compared to conventional radiotherapy, IMRT
is substantially more time-intensive, with the need for extensive planning and increased clinician
and machine time [177]. However, IMRT reduces non-malignant tissue radiation exposure and
improves the QoL for HNC survivors post-therapy [182]. The first study to evaluate differences in
xerostomia rankings across patients receiving 3D-CRT versus IMRT found that patients who underwent
IMRT, while still experiencing xerostomia, had significantly improved scores at all times during and
following radiotherapy [183]. Despite the improvements in sparing salivary glands, IMRT still leads
to hyposalivation and xerostomia and has been shown to alter saliva composition, including pH
and electrolyte content; however, these patients have improved saliva output one year after ending
treatment [184].

5.1.3. Volumetric Modulated Arc Therapy (VMAT)

VMAT, also known as Rapid Arc therapy, is a recently developed form of radiotherapy that
continuously exposes the tumor to a radiation beam while rotating in an arc shape around the tumor.
VMAT improves radiation targeting by more precisely controlling rotational speed, shape and dose
rate, where radiation beams can be directed as a single or double beam towards the tumor site and can
rotate in a full or half arc [185]. One major benefit of VMAT is the efficiency in delivering radiotherapy
and the reduction in machine time, when compared to IMRT; however, extensive planning for targeting
radiation arcs to the tumor is a limitation [185]. Radiation dosing measurements between VMAT and
IMRT were compared and IMRT offered greater homogeneity while VMAT had increased conformity,
although both therapies used similar dosing strategies for planning target volume and VMAT showed
reduced radiation exposure to organs at risk, including salivary glands, brain stem, spinal cord and the
oral cavity [186]. These results were supported by a more recent study that slightly favored VMAT,
particularly in the context of increasing the patient’s QoL [187]. Although VMAT is a relatively recent
development in radiotherapy [185], there have been studies over the last decade offering improvements
in VMAT, such as auto-planning to precisely target tumors while conserving organs at risk. Manual
contouring around organs at risk is a standard planning objective of VMAT to avoid radiation exposure
to non-malignant regions, but this is time and labor intensive. Auto-contouring, accomplished with a
computer system, has been combined with simplified contouring, which uses simple drawn structures
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of organs at risk to develop VMAT plans with acceptable dosing strategies for organs, specifically
salivary glands, that can be completed in a more efficient time as compared to manual contouring (2 min
for auto-planning VMAT versus 7 min for manual) [188]. In auto-planning VMAT, computer calculated
dosing strategies are generated with input on planning target volume as well as contours of organs
at risk that require minimal radiation exposure. Computational plans can then be manually edited
by clinicians to better define therapy components. Auto-planning VMAT shows similar or improved
dosing characteristics for tumors, reduces exposure to organs at risk and requires less clinician time,
when compared to manual planning [189]. These studies show the continuous improvements being
made in radiotherapy techniques, with VMAT becoming a more accessible and efficient treatment
option for HNC patients, especially in areas with limited medical resources.

5.1.4. Proton Beam Radiotherapy (PBRT)

PBRT is a relatively new and alternative form of radiotherapy that focuses protons in a beam to
target a tumor site. Compared to photons, protons have unique physical characteristics and decelerate
very quickly as they travel through matter, exhibiting a phenomenon referred to as the Bragg peak [190].
This difference allows for more precise targeting of protons to the malignancy and reduces potential
damage to organs at risk, such as salivary glands. In a recent study comparing the development of
secondary tumors following 3D-CRT, IMRT or PBRT, 3D-CRT and IMRT had similar rates of cancer
recurrence, whereas PBRT showed reduced recurrence across cancer types [191]. Unfortunately, proton
therapy is currently expensive and understudied, making it a less ideal option for most clinicians and
patients [192]. More research evaluating the differences in tumor control and damage to organs at
risk with PBRT versus IMRT or VMAT should be conducted to further validate the efficacy of this
alternative type of radiotherapy.

5.1.5. Intraoral Stents and Temporary Submandibular Gland (SMG) Transplantation

Two additional non-pharmacological salivary gland-sparing interventions have been utilized, i.e.,
intraoral stents and temporary submandibular gland transplantation. Intraoral stents are personalized
medical devices designed to position and stabilize the oral cavity to prevent unnecessary irradiation of
adjacent tissues. These devices are easy to manufacture [193] and have been demonstrated to efficiently
reduce irradiation of off-target tissues [194–196]. Salivary glands can be protected from irradiation
by temporarily relocating them further away from the field of irradiation in a procedure known as
temporary SMG transplantation. This surgical alternative has been shown to be safe and cost effective
and involves releasing the SMG from surrounding tissues and temporarily repositioning it in the
submental space over the digastric muscle, thereby removing it from the radiation field [197]. Pathak
et al. showed that in patients receiving RT, those that underwent temporary SMG transplantation had
no significant differences in salivary flow rates before RT compared to those who did not undergo
transplantation [168]. After RT, 73% of the group that received the transplantation had a preserved
mean salivary flow rate, compared to 27% of the group that did not receive transplantation [198].
Despite its success, due to the risks of co-transplantation of malignant tissues and subsequent relapse
or secondary metastases, SMG transplantation is only used in RT for specific types of head and
neck cancers.

Recently, novel salivary glands have been identified in humans, dubbed the tubarial glands
due to their proximity to the torus tubarius [199], in a retrospective analysis of PET/CT scans of 100
prostate or para-urethral gland cancer patients using radiolabeled ligands that bind prostate-specific
membrane antigen (PSMA), which is highly expressed in all major and minor salivary glands [199,200].
The tubarial glands were described as predominantly mucous gland tissue with multiple draining
ducts located in the dorsolateral pharyngeal wall. The sparing techniques we describe in this review
have not taken into consideration these glands and none of the current targeted techniques avoid these
structures that lie posterior to the nasopharynx [199]. The effect of RT dose on tubarial glands was
further investigated with the incidence of xerostomia and dysphagia found to be correlated in 723 HNC
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patients at both 12- and 24-months after initial physician-rated xerostomia. This exciting discovery
raises the question of whether modifying radiation fields to spare the tubarial glands will prevent
RT-induced xerostomia. As of yet, these glands have not been identified in any preclinical animal
models and it is noteworthy that mice lack the torus tubarius [201]. However, if similar glands are
present in animal models, we anticipate that future studies will examine possible RT field modifications
to optimize radioprotective therapies that preserve glandular function.

Radiation treatment plans for HNC are not one size fits all and depend on many factors, such as
cancer type, location, stage and the patient’s overall health. Comparisons of multiple types of
radiotherapy plans for HNC have been performed and researchers found that there are benefits to
certain planning methods, depending on the type and stage of HNC [202]. Furthermore, while there
have been substantial improvements in RT techniques in recent years to reduce exposure to organs
at risk, patients still exhibit side effects, such as hyposalivation and xerostomia, which can lead to
multiple complications, as discussed earlier [1]. Further evaluation of mechanisms of radiation damage
to salivary glands to develop novel radioprotective and/or regenerative approaches is, therefore,
necessary to improve the quality of life for HNC survivors.

5.2. Symptom Relief

5.2.1. Artificial Saliva

Radiation-induced xerostomia is influenced by factors including the patient’s salivary gland health
and function prior to treatment, the magnitude of the treatment and the individual response of the
patient. Current strategies to manage RT-induced xerostomia provide only short-term relief. Artificial
saliva products have played a limited role in the treatment of xerostomia due to their extremely
transient nature. Despite human saliva consisting of approximately 99.5% water, the proteins, lipids,
ions and other biomolecules that compose the remaining 0.5% are essential and have yet to be efficiently
mimicked artificially [41]. Spirk et al. conducted a small clinical study evaluating the three most
utilized artificial saliva products, characterizing their physiochemical properties in comparison to
unstimulated human saliva [42]. Their study demonstrated that these artificial saliva products differed
significantly from human saliva in pH, osmolarity and/or electrical conductivity [42]. Their findings
explain why the utility of artificial saliva or saliva substitutes is limited.

5.2.2. Sialagogues

Treatments to stimulate the function of remaining salivary gland tissue have had more success than
artificial saliva. Systemic sialagogues stimulate saliva secretion from residual, functional salivary gland
acinar cells to compensate somewhat for decreases in saliva flow due to RT and, thus, their effectiveness
depends heavily on the number of surviving acinar cells [203]. Both pilocarpine and bethanechol
are systemic sialagogues that activate muscarinic-cholinergic receptors. A phase III randomized
clinical trial studying the effects of pilocarpine therapy after RT in HNC patients demonstrated that
unstimulated saliva flow in the patients who received pilocarpine therapy was significantly higher
than in those receiving a placebo [204]. The authors reported that this increase in saliva flow did not
correlate with improved QoL scores and also concluded that pilocarpine therapy had no significant
effect on the incidence of mucositis. These observations support previous clinical studies [205–207].
Cevimeline, a quinuclidine derivative of acetylcholine that selectively activates M3 muscarinic receptors,
has obtained FDA approval for xerostomia treatment in Sjögren’s syndrome patients, although its
use for RT-induced xerostomia remains off-label [21,208]. In a prospective, single-arm study with 255
participants, cevimeline taken orally for 52 weeks improved symptoms in 59.2% of HNC patients who
received RT [209]. The benefit of cevimeline over pilocarpine is that its half-life is much longer [210],
offering prolonged benefit to patients. Similarly, bethanechol is a stable analogue of acetylcholine
and, thus, its effects last longer, as it undergoes slower degradation by cholinesterases. Similar to
pilocarpine, bethanechol stimulates the parasympathetic nervous system by activating muscarinic
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receptors. Although still only indicated for post-operative or postnatal urinary retention, studies by
Epstein et al. and Gorsky et al. demonstrate that post-RT bethanechol therapy is just as effective as
pilocarpine therapy [211,212]. Patients receiving either bethanechol or pilocarpine reported a 39% or
33% subjective increase in unstimulated saliva production, respectively [212]. Patients receiving a
combination therapy of bethanechol and pilocarpine did not show statistically significant improvements
over either monotherapy. The authors postulate that this is due to “parenchymal fatigue”, hinting
at a saturation limit of the remaining healthy tissues [212]. Jham et al. was one of the first studies
to evaluate bethanechol therapy concomitant with receiving RT in regards to preventing rather than
ameliorating xerostomia [213]. They observed that the use of bethanechol throughout the duration
of RT led to a statistically significant increase in whole resting saliva secretion at the culmination
of RT, compared to a control group receiving artificial saliva. Similarly, a double-blind randomized
clinical study [214] evaluating the utility of bethanechol therapy concomitantly with or after RT
demonstrated that patients receiving bethanechol reported improved xerostomia symptoms and had
statistically significant increases in unstimulated and stimulated whole saliva flow [214]. Despite many
promising studies with a diverse cohort of HNC patients, there is still a lack of longitudinal studies. A
systemic meta-analysis assessing the effect of pharmacological interventions for RT-induced xerostomia
found that there was insufficient data to support any effect of pilocarpine therapy on salivary gland
function or QoL [215]. The authors noted that what data were available were of very low quality,
supporting the need for additional studies. As the time of writing this review, there have been no
clinical studies evaluating treatment outcomes utilizing muscarinic receptor agonists beyond a few
months post-RT. Given the lifelong presentation of post-RT xerostomia, therapies need to be effective
over an extended period of time. Additionally, because of the transient effect of artificial saliva and
sialagogues, these treatment options present a significant financial burden [12].

5.3. Radioprotection

5.3.1. Amifostine

While drugs such as pilocarpine and cevimeline have been approved by the FDA to treat
xerostomia, amifostine was the first and currently the only FDA-approved radioprotective drug to
prevent xerostomia following RT. The radioprotective effects of amifostine are thought to be due to its
ability to scavenge free radicals [216] (Figure 4). In an open-label phase III clinical trial, Wasserman
et al. showed that 2 years post-RT HNC patients who received both RT and amifostine presented
with a lower incidence of xerostomia, compared to those receiving RT alone [190]. Additionally,
the amifostine group had significantly reduced mouth dryness scores and a significant number of these
patients exhibited meaningful unstimulated saliva production. Moreover, amifostine administration
with RT did not significantly alter progression-free survival and overall survival rates compared to
RT alone [217], a finding supported by a meta-analysis [218]. This is important, given that two major
criticisms of amifostine therapy are its toxicity and the possibility that it could reduce the efficacy of
RT by protecting cancer cells. In contrast to these promising findings, a randomized double-blind
trial reported that amifostine did not affect the incidence of acute or late RT-induced xerostomia
(grade ≥ 2) over placebo in HNC patients [219]. A 2017 meta-analysis concluded that there is little
evidence that amifostine provides any benefit, and no evidence that reported benefits last longer than
12 months [215]. Additionally, a phase III clinical study by Rades et al. reported that adverse effects of
amifostine therapy in combination with RT were responsible for a statistically significant percentage
(41%) of patients in the study group discontinuing treatment [220]. The reported clinical benefit of
amifostine is questionable and, due to toxicity concerns, amifostine is not widely used [17].
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Figure 4. Pharmacological Approaches to Salivary Gland Radioprotection and Regeneration.
Amifostine is currently the only radioprotective therapeutic approved for the prevention of RT-induced
hyposalivation. The membrane-bound alkaline phosphatase converts Amifostine to WR-1065 that is
then taken up by the cell. WR-1065 is thought to promote radioprotection by scavenging reactive species
in turn affecting gene expression, apoptosis, chromatin stability, DNA damage repair and enzymatic
activity [221,222]. Other promising radioprotective therapeutics being investigated in preclinical animal
models include the P2X7R antagonist, A-438079 [48], and the tyrosine kinase inhibitors, dasatinib and
imatinib [77,78]. Pharmacological approaches to regeneration studied in animal models post-IR target
a number of signaling pathways. IGF-1 treatment 4–7 days post-IR restored saliva production in a
PKCζ-dependent manner [55]. mTOR signaling is another target that has been investigated by several
groups to promote salivary gland regeneration [88,223]. Administration of the rapamycin analog,
CCI-779, following IR improved saliva flow rates at 30 days post-IR [88]. Transient upregulation of
Shh signaling by either overexpressing a Shh transgene or by administering a smoothened agonist,
restored stimulated saliva flow [224]. EDAR agonists, such as monoclonal antibodies that promote
EDAR signaling, are essential for salivary gland development and have shown promise in restoring
salivary gland function in mice [65]. The senolytic agent, ABT263, which depletes senescent cells by
inhibiting BCL-2 and BCL-xL, has been shown to promote salivary gland regeneration and self-renewal
capabilities of residual salivary gland stem cells [68]. RTK: receptor tyrosine kinase; PLC: phospholipase
C; PKC: protein kinase C; BCL: B-cell lymphoma; TRAF: tumor necrosis factor receptor-associated
factor; IKK: IkB kinase; AKT: protein kinase B; EDAR: ectodysplasin A-1 receptor; PTCH: patched
receptor. Created with Biorender.com.

5.3.2. Promising Preclinical Studies

Although there is currently only one FDA-approved radioprotective therapy, there are promising
preclinical studies investigating potential radioprotective approaches (Figure 4). We recently reported
that antagonism of the ATP-gated ionotropic P2X7 receptor (P2X7R) by i.p. injection of A-438079 in
FVB mice provided significant radioprotection and maintained carbachol-induced saliva flow rates
similar to non-irradiated mice [48]. P2X7R is highly expressed in mouse salivary glands, where its
activation induces pro-inflammatory responses, including membrane blebbing, caspase activation,
IL-1β release, recruitment of immune cells and NLRP3 inflammasome assembly [161,225,226]. We also
have previously reported that A-438079 attenuates lymphocytic infiltration of SMGs and increases
saliva secretion in a mouse model of the autoimmune disease Sjögren’s syndrome [161,227]. Another
promising pharmacological approach is the use of tyrosine kinase inhibitors (TKIs). Delivery of TKIs,
dasatinib or imatinib, protect the mouse salivary gland from IR-induced damage and loss of function
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without affecting xenograft tumor growth [78]. This response was due to reduced activation of PKCδ,
an important regulator of apoptosis in salivary gland acinar cells [63,77,228–230].

Introduction of human neurotrophic factor neurturin (NRTN) using an adeno-associated virus
serotype 2 (AAV2) vector prior to IR, but not post-IR, was radioprotective, preventing hyposalivation in
both murine and porcine models [54]. NRTN is essential for proper innervation of the salivary glands,
which is required for salivary secretory function. RNA sequencing analysis revealed a reduction in
expression of fibrotic genes and both innate and humoral immune responses in mice and minipigs
receiving AAV2-NRTN [54]. While additional studies are warranted to further investigate immune
responses and the duration of improvement of saliva secretion in the IR-treated porcine model,
these exciting findings in the highly translational Yucatan minipig model [57,231] are promising for
future clinical trials.

5.4. Regeneration

There are currently no FDA-approved therapeutics available to patients to restore salivary function
after RT. Stem cell therapies to repair or regenerate damaged salivary gland tissue and gene therapy
approaches are being studied in preclinical animal models [232]. Additionally, there are two active
clinical trials that are testing the efficacy of delivering human aquaporin-1 (hAQP1) to IR-damaged
salivary glands to improve secretory function.

5.4.1. Gene Therapy

There are currently two clinical trials investigating the delivery of aquaporin-1 (AQP1) via
adeno-associated viral vector 2 (AAV2) to treat IR-induced salivary hypofunction (ClinicalTrials.gov
NCT02446249 and NCT04043104). AQP1 is a constitutively active water channel that facilitates
secretion of fluid along an osmotic gradient [233]. AQP1 is expressed in the myoepithelial and
endothelial cells of the human [234–236] and mouse [237] salivary glands and is limited to endothelial
cells in the rat SMG [238]. Adenoviral delivery of human AQP1 (AdhAQP1) to rat SMGs by retrograde
ductal instillation 3–4 months following IR (17.5 or 21 Gy) resulted in a 2- to 3-fold increase in salivary
fluid secretion compared to controls [233]. The minipig closely replicates the structural and functional
responses of the human salivary gland to irradiation [57,231] and, thus, is a highly translational
model for evaluating novel therapies to prevent or reverse IR-induced salivary gland damage in
humans. After determining an 85–90% decrease in saliva flow in minipigs at 16 weeks post-IR (20
Gy), AAV2-hAQP1 was delivered directly to the parotid gland via the Stensen’s duct at 17 weeks
post-IR [239]. In contrast to minipigs receiving control vector or saline that continued to exhibit
diminished salivary output, minipigs receiving AAV2-hAQP1 had a consistent improvement in saliva
secretory volume up to 35% of pre-IR levels by 8 weeks following AAV2-hAQP1 administration. As
anticipated, the water channel hAQP1 did not reverse changes in saliva composition induced by IR [239].
Adenoviral delivery of hAQP1 in a phase I clinical trial in patients experiencing RT-induced xerostomia
resulted in both short- and long-term improvement of parotid salivary flow and sustained symptomatic
relief for 2–3 years [240,241]. In contrast to delivery of exogenous AQP1, forced expression of native
AQP1 in human cells, including salivary gland cell lines and primary human salivary progenitor cells,
has been achieved by delivery of guide RNAs targeting the promoter region of human AQP1 [242,243].

5.4.2. Stem Cell Therapies

As discussed above, progenitor and/or stem cell populations are essential for regeneration of
functional salivary glands in mice [2,55,85,86]. Regeneration of salivary glands using stem cell
therapies is a promising approach to ameliorate IR-induced salivary gland dysfunction. Isolation
of Sca-1-, c-Kit- and Musashi-1-expressing mouse salivary gland stem cells has been achieved by
in vitro culture in 3D salispheres followed by enrichment of stem cells with FACS using c-Kit as a
marker [86]. These c-Kit+ cells were capable of differentiating into functional amylase-producing
acinar cells. This same group then investigated the effect of transplanting salisphere cultures in
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salivary glands of irradiated (15 Gy) female mice. Ninety days after salisphere transplantation,
IR-damaged salivary glands in mice showed similar morphology to non-irradiated glands, with
restored acinar cell populations and improved saliva production compared to irradiated, untreated
glands [86]. Perhaps most impressive was the number of cells required for restoration, i.e., as few
as 300 c-Kit+ progenitor cells were capable of restoring salivary gland function [86]. Additional
populations of murine salivary stem and/or progenitor cells have been identified that are capable
of regenerating salivary gland tissue and rescuing IR-induced hyposalivation in mouse models. As
few as 100 CD24+c-Kit+Sca1+ progenitor cells from adult murine SMGs were capable of restoring
saliva secretion and functional acini in vivo [244]. Isolated CD24hi/Cd29hi adult murine salivary gland
progenitor cells were capable of multi-lineage differentiation in vitro and restored salivary function
in vivo [245]. While less is known about adult human salivary gland stem cells, a similar c-Kit+ stem
cell population has been identified [246] that is capable of self-renewal and restoring salivary gland
function following irradiation in a murine xenotransplantation model [247]. A number of groups
are testing novel biomaterials approaches harnessing the regenerative potential of isolated stem or
progenitor cells to engineer implantable tissue [248]. Additionally, one group is using primary murine
SMG cells—rather than isolated stem cells—to build cell sheets for salivary gland regeneration [249].

Rather than delivering progenitor cells to IR-damaged glands, other groups are investigating
signaling pathways that may restore progenitor cell populations lost in RT (Figure 4). Transient
overexpression of Shh restored IR-induced hyposalivation in mice by maintaining salivary
stem/progenitor cells [224]. Shh signaling has been shown to be essential for SMG development in
mice [250,251] and is activated during regeneration [252]. Activation of the Shh pathway also preserves
normal parasympathetic innervation of the SMG [224]. Recently, another group found that depleting
senescent salivary gland cells following IR by treatment with the senolytic agent, ABT263, an inhibitor
of BCL-2 and BCL-xL that selectively induces apoptosis in senescent cells, at either 8 or 11 weeks
post-IR (15 Gy) led to regeneration of aquaporin-5-expressing acinar cells and improved salivary gland
function in C57BL/6 mice [68]. Using an in vitro organoid culture model, this group demonstrated that
elimination of IR-induced senescent cells enhanced the self-renewal potential of remaining salivary
gland stem cells [68]. Another pharmacological approach for preventing IR-induced progenitor cell
damage involves administration of insulin-like growth factor 1 (IGF-1). Chibly et al. demonstrated
that IGF-1 delivered 4–7 days following irradiation improved saliva production in a PKCζ-dependent
manner [55]. Finally, Emmerson et al. identified a SOX2+ adult human salivary gland progenitor cell
population in all three major salivary glands (submandibular, sublingual and parotid glands) that
was capable of differentiating into acinar, but not ductal cells [24]. They demonstrated that SOX2 was
essential for salivary gland regeneration following a single 10 Gy dose of γ-radiation to the murine
sublingual gland. Using an ex vivo model, SOX2+ cells were capable of repopulating the irradiated
murine sublingual gland. Furthermore, in human SMG cells, SOX2 expression as well as both acinar
and ductal markers were maintained by muscarinic activation [24], suggesting that future studies
should target muscarinic signaling as a means to restore residual progenitor cell function after RT.

5.4.3. Pharmacological Approaches

In addition to gene and stem cell therapies, some groups are taking a pharmacological approach
to salivary gland regeneration (Figure 4). Rapamycin, an inhibitor of mTOR signaling, is one such
agent [88,223]. As discussed earlier, treating FVB mice with the rapamycin analog, CCI-779, on days 4–8
following IR reduced proliferation rates and improved saliva flow rates 30 days post-IR [88]. CCI-779 is
an FDA-approved therapy for the treatment of renal cell carcinoma and mantle cell lymphoma [253] and
both CCI-779 and rapamycin are currently being investigated in clinical trials for several other cancer
types and amyotrophic lateral sclerosis (ALS) (clinicaltrials.gov). Minipigs receiving i.p. injection of
rapamycin 1 h prior to RT had improved saliva flow rates 12 weeks post-IR [223], suggesting that
targeting mTOR signaling may be beneficial as either a radioprotective or regenerative therapeutic
approach. Another potential pharmacological intervention to promote salivary gland regeneration is
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the post-irradiation delivery of EDAR agonist monoclonal antibodies. EDAR signaling is involved in
salivary gland development and transient activation of EDAR signaling post-IR (5 Gy) restores salivary
gland function and amylase levels through 90 days in mice [65]. In conclusion, although still in the
developmental phase, pharmacological approaches as well as gene and stem cell therapies provide
promising new avenues for restoring salivary gland function in HNC patients who have undergone RT.

6. Summary

Whether as a result of direct radiation exposure or due to bystander effects, radiotherapy of the
head and neck region results in damage to salivary glands that often leads to permanent dysfunction
and associated complications, such as increased oral infections, functional impairments in speaking,
swallowing, and eating and diminished quality of life. The mechanisms of acute and chronic dysfunction
have been investigated using multiple animal models. In the present review, we discussed the available
data describing the mechanisms of acute and chronic IR-induced salivary gland dysfunction. In animal
models of RT, acute salivary gland dysfunction involves DNA damage and insufficient repair, aberrant
calcium signaling, acinar cell apoptosis and ROS production. While these mechanisms contribute
to long-term loss of function, sustained salivary dysfunction is further influenced by inflammatory
responses, neuronal and vascular changes, loss of epithelial polarity, compensatory proliferation,
impaired stem or progenitor cell populations, cytoskeletal rearrangements and fibrosis. One area
that deserves further investigation is the contribution of immune cells to IR-induced salivary gland
dysfunction. IR-induced immunomodulation is a well-appreciated driver of damage in other models
of IR, both with regard to direct IR exposure as well as influencing bystander effects. Further, our
overall understanding of bystander effects in the salivary glands following irradiation is inadequate.
Building on research performed in other IR-induced damage models, we propose that purinergic
signaling through P2 receptors in the salivary gland may be a critical mediator of bystander effects
in IR-induced salivary gland dysfunction. At present, artificial saliva and sialagogues provide
inadequate and temporary symptom relief in RT. The therapeutic benefit of amifostine, the only
FDA-approved radioprotective treatment, is questionable due to toxicity concerns. The need for
additional preventative and regenerative approaches is essential. Here, we discussed current and
future therapeutic approaches for the treatment or prevention of RT-induced salivary gland damage,
including a number of promising radioprotective and regenerative therapies being investigated in
preclinical animal models and clinical trials. Radioprotective approaches currently being investigated
target many of the signaling pathways discussed in this review, while regenerative approaches include
gene therapy, pharmacological interventions and stem cell transplantation.
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Abstract: Candida species are common global opportunistic pathogens that could repeatedly and
chronically cause oral mucosa infection and create an inflammatory environment, leading to organ
dysfunction. Oral Candida infections may cause temporary or permanent damage to salivary glands,
resulting in the destruction of acinar cells and the formation of scar tissue. Restricted function of the
salivary glands leads to discomfort and diseases of the oral mucosa, such as dry mouth and associated
infection. This narrative review attempts to summarize the anatomy and function of salivary glands,
the associations between Candida and saliva, the effects of Candida infection on salivary glands, and
the treatment strategies. Overall, clinicians should proactively manage Candida infections by educating
patients on oral hygiene management for vulnerable populations, conducting frequent checks for a timely
diagnosis, and providing an effective treatment plan.

Keywords: oral candidiasis; salivary gland; saliva; treatment

1. Introduction

Salivary glands, an essential component to maintaining oral health, are susceptible to a variety of
pathologies, including candidiasis. The salivary glands are commonly classified as either major or minor
salivary glands based on their sizes, distributions, and functional characteristics [1]. The major salivary
glands consist of the parotid, submandibular, and sublingual glands [2], which produce and secrete saliva,
moisturize intraoral mucosa and teeth, maintain oral hygiene, and facilitate taste, swallowing, speech, and
mastication [3]. The minor salivary glands are distributed throughout oral mucosa surfaces, producing
mucous saliva with organic substances, even at night, and protect oral mucosa from injury [4–6]. Notably,
salivary glands produce high concentrations of the secretory immunoglobulin (Ig) A, which prevents other
Igs from being broken down by proteolytic enzymes from microbes [7,8]. These critical functions of saliva
are repressed when the salivary glands are damaged by Candida infections.

Candida is a genus of yeast and major human fungal pathogens [9]. Candida species are opportunistic
pathogens that could repeatedly and chronically cause oral mucosa infections [10,11]. The most prevalent
species found in oral Candida infection is Candida albicans, due to its cell adherence properties and great
pathogenic potential [12]. C. albicans is isolated from more than 80% of oral Candida lesions [13]. Other
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clinically relevant species include Candida glabrata, Candida tropicalis, Candida parapsilosis, Candida kefyr,
Candida dubliniensis, Candida lusitaniae, Candida krusei, and Candida guilliermondii [14]. It has been
reported that 30–45% of healthy adults carry oral Candida organisms, and 25–80% of adults develop
oral candidiasis under the condition of using antibiotics, steroids, or immunosuppressants; impaired
salivary gland function; improperly fitted dentures; poor oral hygiene; and a high carbohydrate diet.
Additionally, 49–54% of healthy infants carry oral Candida organisms, and 5–7% of infants develop oral
candidiasis [15,16]. In general, the most commonly affected populations are middle-aged to elderly people.
Prevalence rates as high as 70% have been reported in nursing-home residents [17]. Denture-associated oral
candidiasis is frequent and occurs globally. Additionally, females are affected slightly more frequently than
males [17]. Oral candidiasis also occurs in immunocompromised patients, with an estimated prevalence of
9–31% of acquired immunodeficiency syndrome (AIDS) patients and 20% of cancer patients [18].

Host inflammatory reaction to Candida infection may negatively affect salivary gland tissue and
function. During Candida infection, epithelial leukocyte penetration and subepithelial inflammation
are observed in histological examinations [19]. The inflammatory mediators, such as chemokines and
cytokines (TNF-α, IL-6, and IL1β), are secreted from oral epithelial cells and phagocytic cells, including
neutrophils, macrophages, and dendritic cells [19]. The inflammatory reaction could damage salivary
glands in the form of sialectasis, ductal ectasia, and progressive acinar destruction. The sublingual and
minor salivary glands are located in the superficial layer of the oral mucosa and may be more vulnerable
to inflammatory-mediated damage.

Based on clinical observation and pathological evidence from the literature, this review article
discusses the anatomy and function of the salivary gland, the association between Candida and saliva, the
effects of oral Candida infection on salivary glands, and treatment strategies to combat Candida infection.

2. Anatomy and Function of the Salivary Glands

To understand the implications of Candida infection and how it affects salivary glands, the anatomy
and function of normal salivary gland are described. As shown in Figure 1, there are three major salivary
glands: parotid, submandibular, and sublingual glands in the oral cavity. The paired parotid glands
are the largest of the major salivary gland; they are encapsulated and located lateral to the ramus of the
mandible [20]. The parotid gland consists mainly of serous acini, secreting α-amylase-rich saliva. Saliva
α-amylase is known to play a secondary role in preventing bacterial attachment to the oral surface and
removing bacteria from the oral cavity [21]. The paired submandibular glands are the second largest
salivary gland, located in the submandibular triangle, consisting of anterior and posterior digastric muscles,
and lower border of the mandible, making up the posterior part of the floor of the mouth, above the
mylohyoid muscle. The submandibular glands are composed of mixed acini populations with mucous
and serous function [20]. The sublingual glands are the smallest major salivary gland and are located right
under the mucous membrane at the floor of the mouth [22]. Unlike the parotid and submandibular glands,
the sublingual glands are not encapsulated and spread throughout the sublingual space. The sublingual
space is just below the floor of mouth and above the mylohyoid muscles. The sublingual glands secrete
mucous saliva, a viscous solution rich in mucins. While the parotid and submandibular glands have long
branched ducts containing all the ductal segments (excretory, intercalated, and striated), the sublingual
glands lack striated ducts. The three main salivary glands account for more than 90% of secreted saliva
by volume.
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Figure 1. Drawing shows the location of the major salivary glands and its ducts. Note: Sublingual gland
is located below the oral epithelium of the floor of the mouth. Adapted with permission of Radiological
Society of North America, from “Imaging the Floor of the Mouth and the Sublingual Space”, 31, 5, 2011 [23];
permission conveyed through Copyright Clearance Center, Inc.

Minor salivary glands are located in the submucosa, where they are surrounded by connective tissue,
or embedded between muscle fibers (Figure 2). Between 600 and 1000 minor salivary glands are scattered
throughout the oral mucosa except for the gingiva, the anterior dorsal aspect of the tongue, the midline
and anterior part of the hard palate. Minor salivary glands consist of small secretory cell clusters with
short excretory ducts that convey saliva products to the mucosal surface [4]. Minor salivary glands have a
diameter of 1–5 mm and no actual capsule like the sublingual gland. Most of the minor salivary glands
secrete mucus saliva; however, Von Ebner glands secrete serous or mixed saliva. The Von Ebner glands are
adjacent to the foliate and circumvallate papillae in the dorsum and posterior tongue [4]. Although minor
salivary glands produce about 10% of the total saliva volume [24], the minor salivary glands are widely
distributed throughout the oral submucosa and secrete an abundance of salivary mucins, which acts as a
lubricant. Mucin is important component of saliva, to avoid the subjective sensation of oral dryness [6].
By secretion of salivary mucins from the minor salivary glands, the formation of a lubricating film on the
oral surfaces contributes to mucosal wetting and protection [5]. Meanwhile, researchers demonstrated
that the flow rate of the minor salivary glands is a critical factor for dry-mouth assessment [25,26]. Since
subjective feelings from dry mouth are associated with decreased flow rates of the minor salivary gland,
the minor salivary gland flow rate could be used a xerostomia-assessment tool [25,26]. Furthermore, minor
salivary glands produce saliva during sleep. It appears that a reduced minor salivary gland flow rate
could account for dry mouth at night [27]. By secretion of salivary mucins from the minor salivary glands,
the formation of a lubricating film on the oral surfaces contributes to mucosal wetting and protection [5].
Minor salivary glands also secrete high concentrations of antibacterial components, such as IgA, to protect
the oral mucosa [28]. More than a third of secretory IgA is secreted from the minor salivary glands in
whole saliva [29]. Secretory IgA enhances the antibacterial activity of mucin, lactoferrin, peroxidase, and
aglutinin [30].
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Figure 2. (a) Minor salivary gland distribution in the oral cavity (shown as purple shade). Adapted with
permission of Wolters Kluwer Medknow Publications from Review of the Major and Minor Salivary Glands,
Part 1: Anatomy, Infectious, and Inflammatory Processes, 8, 1, 2018 [31]. (b) Minor salivary gland are
located just below the oral epithelium (Adapted with permission of Elsevier Science and Technology Books
from Comparative Anatomy and Histology: A Mouse, Rat, and Human Atlas, 2017 [32]). (a,b) Permission
conveyed through Copyright Clearance Center, Inc.

Whole saliva secreted by both major and minor salivary glands is an essential fluid for oral
maintenance and function. Saliva initiates the digestive process with digestive enzymes, while
simultaneously lubricating the solid diet, to assist with passage through the esophagus. Saliva plays an
important role in pronunciation and taste by moisturizing the tongue and other tissues in the mouth.
Saliva maintains the acid–base balance of the oral cavity, to protect teeth and soft tissues from prolonged
acid exposure due to diet and gastroesophageal reflux [33,34]. Additionally, whole saliva contains several
signaling molecules essential for the regeneration of oral and esophageal mucosa, including epidermal
growth factor, fibroblast growth factor, nerve growth factor, and transforming growth factor alpha.
Furthermore, lactoferrin, saliva’s Ig, and lysozyme inhibit the progression of oral bacterial or fungal
infections [33]. Due to their location directly below the mucosa, the sublingual gland and the minor
salivary glands are susceptible to mucosal infection. Therefore, saliva from the major and minor salivary
glands prevents oral mucosal diseases, maintains oral hygiene, and lubricates the oral cavity.

3. Pathology of Salivary Glands

3.1. Infectious Diseases Involving Virus, Bacteria, and Fungi

3.1.1. Viral and Bacterial Infectious Diseases

Salivary gland tissue may become infected with numerous viruses and bacteria, thus increasing
the susceptibility of candidiasis. Epidemic parotitis is caused by the Paramyxovirus (mumps is the most
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common infection) and develops parotid edema with systemic symptoms, including fever, anorexia,
malaise, and headache [35]. HIV infects the parotid gland and can lead to the formation of benign
lymphoepithelial cystic lesions. Coxsackie virus and Hepatitis C virus are RNA-bound viruses that can
infect the salivary glands and damage host tissues, causing dry mouth [35]. Cytomegalovirus (CMV) is a
widespread virus with symptoms ranging from asymptomatic to severe-end organ dysfunction. Human
CMV infection, usually affecting salivary glands, could be asymptomatic in healthy people, or it could be
a life-threatening viral infection to immunocompromised individuals [36]. Recent evidence suggests that
salivary glands are a potential target of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection [37]. The study explains that SARS-CoV-2 infection was found in the salivary glands by
identifying the presence of angiotensin I–converting enzyme 2 and cellular protease transmembrane serine
protease 2 in the salivary glands [38]. Furthermore, many researchers reported sialadenitis by SARS-CoV-2
infection and the importance of saliva as a diagnostic tool [39–41]. In minor salivary glands, various
viral infections also have been reported, such as Epstein–Barr virus, HIV, and human T-lymphotropic
virus [42–44].

Bacterial infections are comparatively rare to viral infections. These infections are caused by either
a ductal obstruction or a retrograde spread of infection up the duct secondary to decreased salivary
flow. Salivary gland bacterial infections develop in patients who have existing conditions, including
postoperative recovery, diabetes or immunodeficiency. Radiation therapy or antidepressant medication
could reduce salivary flow and consequently induce staphylococcal and streptococcal strains associated
with the biofilm on oral mucosa to infect the salivary gland [20]. Untreated bacterial infections could spread
beyond the glandular borders and extend between the neck muscles, leading to serious complications,
such as sepsis. In attempt to combat bacterial infection, immune cells infiltrate into the salivary gland
and may destroy the secretory system resulting in dry mouth, local pain, and edema [45]. Mycoplasma
infection affecting the minor salivary glands has been reported to damage the ductal epithelium, disrupt
acinar structures, and cause mucus outflow into connective tissue [46]. Salivary gland dysfunction and
destruction caused by various viral and bacterial infection can create a vulnerable condition that causes
Candida infection in the oral mucosa and even in the salivary glands.

3.1.2. Infectious Diseases with Candida

A study reported that Candida infection of the parotid gland among healthy adults was caused by
deep wounds from dentures [47]. Importantly, dentures were found to disrupt the epithelial barrier and
induce Candida infection, infiltrating below the mucous membrane. Although fungal infection is reported
less frequently, C. albicans, Histoplasma capsulatum, and Cryptococcus neoformans are the most common
causes of sialadenitis, salivary gland inflammation [48–54]. Signs and symptoms of sialadenitis by C.
albicans are low grade fever (37.4–37.8 ◦C), painful inflammatory-mediated swelling, and salivary gland
duct discharge [10]. Histopathologically, the pus from the parotid gland demonstrated budding yeast
cells. The yeast-like cells were between 2 and 4 μm in length within the intra- and extra-cellular space
of macrophages [10]. Mostly, salivary gland infection with Candida occurs in individuals with impaired
immunity, including persons impacted by HIV/AIDS [55]. Additionally, diabetic patients were reported
to have increased susceptibility to Candida associated parotitis [10,48].

3.2. Non-Infectious Inflammatory Disease

Sjögren’s syndrome is an autoimmune disorder that causes chronic inflammation and fibrosis of the
salivary glands. The primary presenting symptoms of Sjögren’s syndrome are dry eyes and mouth. A
study reported that Sjögren’s syndrome is associated with the IgG4 spectrum of disease [46]. As the disease
progresses and becomes chronic, salivary glands show atrophy, parenchymal calcification, fat replacement,
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cystic destruction, or multiple lymphocyte cysts [47]. Chronic Sjögren’s sialadenitis demonstrates ductal
stenosis and swelling using sialography [56]. Chronic sclerosis sialadenitis, also known as Küttner’s
tumor, indicates chronic enlargement of the salivary glands caused by immune-mediated infiltration of
lymphoplasmacytic cells [57]. Remarkably, recent works in the literature have shown strong associations
with IgG4-related plasma cell infiltration in over 90% of patients with chronic sclerosing sialadenitis [58].
Mikulicz disease’s cause is unknown, but it is believed to be autoimmune. The disease resembles Sjögren’s
syndrome except the fact that salivary and lacrimal secretion is less than that of Sjögren’s syndrome [20].
Sarcoidosis is an autoimmune disease of unknown etiology and can affect multiple systems of the body.
Large granulomas can develop in the salivary glands. The granulomas appear as masses with several
non-cavity characteristics [45]. The loss of salivary function associated with these inflammatory diseases
may cause consequent Candida infection.

3.3. Secondary Candida Infection with Salivary Gland Tumors

Salivary gland tumors are often manifested as painless, slow growing, and benign. However, 20% of
salivary gland tumors are diagnosed as malignant tumor. Salivary gland tumors are indicated to be benign
in 85% of tumors affecting the parotid, 60% of tumors affecting the submandibular, 50% of tumors affecting
the minor glands, and only 10% of tumors affecting the sublingual glands [59]. Several studies have
reported the association between Epstein–Barr virus infection and salivary gland neoplasm. Epstein–Barr
virus may be a major factor in its etiology or pathogenesis [55,60–62]. HIV infection was also found to
increase the risk of salivary gland cancers. Salivary gland neoplasms, such as adenoid cystic carcinoma,
Kaposi sarcoma, and lymphoma, are reported in HIV infection [63].

Candida infection associated with salivary gland neoplasm has been rarely reported. However, Candida
infection in the development of squamous cell carcinoma has been suspected for years. Common sites
for oral squamous cell carcinoma to develop are on the tongue, lips, and floor of the mouth, where minor
salivary glands and sublingual and submandibular glands are distributed. Candida species are more
prevalent in potentially malignant oral mucosa diseases and cancerous oral mucosa lesions than in mucosa
with the non-cancerous diseases [64,65]. With Candida infection, the rate of malignant transformation in
leukoplakia is higher than in leukoplakia without candidiasis. The susceptibility to Candida infection often
relies on an imbalance between Candida virulence factors and the host’s defensive immune system [66].
In order for C. albicans to penetrate into mucosa, cell surface proteins, called adhesins, must recognize
host molecules and adhere to the host cell. After they adhere to the cell surface, the cellular phenotype
converts from yeast form to hyphae form by two mechanisms. The first mechanism is the secretion
of a protease, a degrading enzyme that can digest epithelial cell surface components. This, in turn,
allows physical migration into/between epithelial host cells. The second mechanism is the epithelial cell
endocytosis of C. albicans. During this process, Candida can damage the host epithelium and the host’s
immune system [19,66,67]. Furthermore, Candida can produce carcinogenic compounds, nitrosamines,
N-nitrosobenzylmethylamine. Strains with high nitrosamines were isolated from lesions with advanced
precancerous changes. In such cases, the yeast cells expand from the mucosal surface toward epithelial
cells that exhibit the ability to transport and deposit precursors, nitrosamines, into the deep layer, leading
to epithelial dysplasia [65]. An in vivo study reported the carcinogenic susceptibility of salivary glands to
nitrosamine [68]. It has also been reported that the workers exposed to nitrosamine have a higher mortality
rate from salivary gland carcinoma [69].
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4. Candida Infection and Salivary Gland Function

4.1. Candida Infection Affecting Salivation

In the early stages of oral candidiasis, Candida attaches to the oral mucosa and begins to multiply [64,
70]. Several proteins, such as secretory IgA, lactoferrin, histatins, and defensins, downregulate adhesion
and multiplication of Candida [10,71–73]. Among the proteins, histatins and defensins are particularly
effective as antifungal factors, which are produced in epithelial cells and salivary glands [74]. Histatins
1, 3, and 5 are present within saliva, accounting for about 80% of total salivary histatins [75]. Human
β-defensin-1 was isolated from both the major and minor salivary glands, especially from ductal cells and
not acinar cells [76]. Therefore, when salivation or the antifungal agent levels of saliva are reduced, oral
microbial hyperproliferation is permitted and oral candidiasis can more easily manifest [73].

Salivary flow showed a significantly negative correlation between stimulated salivary flow rates and
Candida colony-forming units (CFUs) in the patients with xerostomia [77]. This trend also appeared in
patients with reduced salivation after radiation therapy [78]. Antifungal therapy for candidiasis patients
can expect to relieve pain, redness, and oral mucosa atrophy. Notably, antifungal therapy often increases
the amount of saliva by removing Candida. A clinical study investigated the effects of Candida elimination
on stimulating whole salivary flow rate [79]. The patients with successful elimination of Candida showed
significantly increased stimulated whole salivary flow rate, whereas patients with unsuccessful elimination
of Candida did not show increased stimulated whole salivary flow rate. Sympathetic stimuli, like acute
pain and stress from Candida infection, can reduce salivary flow rate. In other words, parasympathetic
stimuli result in increased saliva flow rate; on the other hand, sympathetic stimuli result in more viscous
saliva secretions [24,80]. On the basis of this evidence, researchers have suggested that the increased
stimulated whole salivary flow rate after treatment was the result of reduced sympathetic stimulation by
oral pain reduction [79]. The study states that a decrease in sympathetic stimulation could lead to changed
watery salivary secretion. However, 13.5% of the patients with successful elimination of Candida did not
show increased stimulated whole salivary flow rate [79]. The unrestored salivary flow rate may be a result
of salivary gland destruction from the Candida infection, and the salivary glands could not restore function
even after successful Candida treatment [20,62].

4.2. Candida Infection and Host Immune Response

Oral Candida infection on salivary glands causes host immune responses by activation of T
lymphocytes. The T cells mediate inflammation by stimulating the production of inflammatory cytokines,
such as TNF-α, IL-1ß, and IL-6. These T cells also stimulate the production of inflammatory chemokines
and recruit neutrophils and macrophages. The rapid and localized induction of these cytokines form
the first line of defense that limits the transmission of invading Candida. However, recurrent or chronic
infections can provide an elevated inflammatory environment, leading to organ dysfunction [81]. TNF-α
and IL-1ß play well-known roles in the pathogenesis of chronic inflammatory diseases. These cytokines
may affect salivary gland damage [82–84]. The role of these cytokines in the etiology has been determined
experimentally in Sjögren’s syndrome with dry mouth [85]. TNF-α suppresses the transcription of
Aquaporin-5 and destroys human salivary gland acinar cells. Aquaporin-5 is critical for saliva production
and a specific channel protein found in the acinar cells that allows for rapid transcellular migration of
water in response to an hydrostatic/osmotic pressure gradient [86,87]. There is a cycle of destruction
where Candida causes immune mediated salivary gland destruction, following reduced salivary flow and
consequent Candida infection.
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5. Diagnosis of Oral Candidiasis

5.1. Tentative Diagnosis Using Clinical Features and Characteristics

The diagnosis of oral candidiasis can usually be made through a complete medical history and
physical examination [88]. Most commonly, candidiasis demonstrates as acute pseudomembranous
candidiasis, acute atrophic candidiasis, chronic atrophic candidiasis, chronic hyperplastic candidiasis,
angular cheilitis, or median rhomboid glossitis (Figure 3) [89]. (a) Pseudomembranous candidiasis accounts
for approximately 35% of oral candidiasis cases. In these cases, the pseudomembrane can be easily removed,
revealing underlying mucosa, with minimal bleeding. The pseudomembranous white matter consists of
debris, fibrin, and exfoliated epithelium invaded by Candida and its hyphae. Acute pseudomembranous
candidiasis can be chronic, either intermittently or constantly affecting the patient. The condition may
occur in infants, immune-compromised patients (leukemia and AIDS), or patients taking medication such
as antibiotics, immunosuppressants, or topical corticosteroids [18,90,91]. (b) Acute atrophic candidiasis,
also known as erythema candidiasis, is usually associated with a burning sensation in oral mucosa.
It presents as a raw-looking red lesion and occurs prior to the formation of the pseudomembrane or
appears after the removal of the pseudomembrane. Acute atrophic candidiasis usually occurs on the
dorsal surface of tongue and is characterized by absent papilla due to the use of topical antibiotics or
systemic long-term corticosteroids or antibiotics [18,90,91]. (c) Chronic atrophic candidiasis, referred
to AS “denture stomatitis”, is usually associated with wearing dentures and inhibited salivary flow. It
appears as erythematous inflammation and edema in denture occluded areas. These lesions are caused by
dentures rubbing against the oral mucosa, creating a moist and warm environment that is ideal for the
growth of Candida. Chronic atrophic candidiasis can be symptomatic, causing soreness and burning, or
asymptomatic and only found on routine examination [92,93]. (d) Chronic hyperplastic candidiasis is a
rare type of oral candidiasis and appears as a rough or nodular lesion, which complicates the diagnosis
by differentiating from oral cancer. It typically appears as white patches on the commissures of the oral
mucosa. The main cause of chronic hyperplastic candidiasis is C. albicans, but other systemic co-factors,
such as vitamin deficiency and generalized immune suppression, may contribute. Clinically, the lesions
are asymptomatic and regress after proper antifungal treatment and correction of underlying nutritional
deficiencies or other co-factors. If the lesion is not treated, it can develop into dysplasia or carcinoma [94].
(e) Candida-associated angular cheilitis is inflammatory fissures that emanate from the commissure of
the mouth. Angular cheilitis is frequently found in the clinic, including cases involving a combination
of Candida and bacterial organisms. Signs and symptoms may include bleeding, blisters, cracks, crusts,
itchiness, pain, redness, and swelling. Predisposing factors can be loss of vertical height in the denture
wearer, habitual lip licking, mouth breathing, or nutritional deficiencies, particularly with vitamin B12 or
iron [95]. (f) Median rhomboid glossitis is a term used to describe the area of a smooth, red, flat, or raised
nodule in the middle of the dorsal surface of the tongue. The affected area of the tongue usually does
not have a normal coating of filiform papilla covering the entire upper surface of the tongue. High levels
of Candida can be discovered from these lesions, which are associated with the frequent use of steroid
inhalers or cigarettes [18,90,91].
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Figure 3. Clinical manifestations of oral candidiasis: (a) acute pseudomembranous candidiasis, (b)
acute atrophic candidiasis, (c) chronic atrophic candidiasis, (d) chronic hyperplastic candidiasis, (e)
angular cheilitis, and (f) median rhomboid glossitis. Clinical photographs were taken under patients’
informed-consent agreement, with approved Institutional Review Board, PNUDH-2017-026, from the
Pusan National University Dental Hospital.

5.2. Definite Diagnosis Using Cytology and Culture

Diagnosis can be confirmed by smear, oral rinse sample, whole saliva sample, culture, or oral
biopsy [88]. Specimens for cytology can be obtained by scraping the lesion with a tongue blade. PAS
staining of specimens reveals the existence of Candida hyphae and budding yeast. Moreover, 10% potassium
hydroxide (KOH), gram, and methylene blue staining can be used instead of PAS. The sensitivity of smear
is 51.6%, which is less than that of sample (oral rinse or whole saliva sample) culture. Candida species at a
low concentration of 200 to 500 cells per milliliter of saliva could be detected using cell culture method
rather than cytology method. Of the asymptomatic healthy population carry Candida in the oral cavity.
Therefore, it is necessary to identify a threshold amount of Candida species (>270 CFU/mL), to distinguish
oral candidiasis from oral carriage [96]. A definitive diagnosis of candidiasis requires the confirmation of
tissue invasion by Candida, using biopsy with PAS staining. Biopsies are always required in hyperplastic
candidiasis in order to discard the existence of epithelial dysplasia [97].

6. Prevention and Treatments of Oral Candidiasis

6.1. Prevention

Clinicians should notice that patients with immunocompromised disease, such as AIDS and
diabetes, or individuals who have the risk factors of usage of medication (antibiotics, steroids,
or immunosuppressants), impaired salivary gland function, dentures, poor oral hygiene, or a
high-carbohydrate diet can develop candidiasis easily. Therefore, periodical oral examinations, oral
hygiene instruction, and periodic prophylaxis could prevent oral candidiasis. Oral hygiene includes
cleaning the tongue with a tongue cleaner, cleaning teeth and dentures with a toothbrush [98], and rinsing
oral mucosa with chlorhexidine. In addition, dentures should be removed at night and meticulously
washed and soaked in a disinfectant solution, such as chlorhexidine and sodium hypochlorite (1%) [15,99].
To reduce the destruction of salivary glands due to repetitive candidiasis, periodical oral examinations
with prophylaxis and proper oral hygiene instruction should be recommended and practiced.
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6.2. Treatments of Candida Infection

The treatment of oral candidiasis is based on four basic principles [98,100]: Assess the Candida infection
type, diagnose the infection early and accurately, correct the predisposing factor or underlying disease,
and administer antifungal agents appropriately. In order to select the proper medications, studies consider
factors including local or systematic approach, type of Candida, clinical findings [90], and medication
efficacy and toxicity [101]. Commonly used antifungal medications are included in Table 1.

Table 1. Summary of the antifungal medications and their side effects.

Drug Formulation Dose Side Effect

Amphotericin B Infusion 50 mg 100–200 mg/6 h Renal, cardiovascular, spinal, and neurological

Nystatin

Suspension 60 mL 4–6 mL/6 h Well tolerated

Ointment 30 g 2–4 times/day

Tablets 2 every 8 h Uncommon nausea, vomiting, and gastrointestinal effects

Clotrimazole
Gel 1% 3 times/day Occasionally skin irritation and burning sensation.

Tablets 10 mg 5 times/day

Miconazole Gel 100 mg/6 h Uncommon burning, irritation, nausea, and diarrhea.

Ketoconazole

Gel 2% 3 times/day Nausea, vomiting

Tablets 200 mg, 1–2/day abdominal pain.

Suspension 30 mL

Fluconazole
Tablets 50–100 mg/day Nausea, vomiting, diarrhea, and abdominal pain.

Suspension 10 mg/mL

Itraconazole Capsule 100–200 mg/day Nausea, vomiting, diarrhea, and abdominal pain.

Table was adapted with permission of CEDRO, Centro Espanol de Derechos Reprograficos, from “Current treatment of
oral candidiasis: A literature review”, 6, 5, 2014 [98]); permission conveyed through Copyright Clearance Center, Inc.
(Danvers, MA, USA).

Based on the histopathological information via microscopic examination and fungal culture, clinicians
should choose the most appropriate antifungal medication. Polyene was the first broad spectrum antifungal
agent discovered in the 1940s and 1950s [102]. Polyenes, such as nystatin and amphotericin B, bind to
and weaken ergosterols in fungal cell membranes that can initiate the leakage of K+ and Na+ ions, thus
contributing to fungal cell death. Polyenes are considered fungicidal and have broad activity against most
fungal organisms. Amphotericin B is an antifungal drug used for serious fungal infections and nystatin is
used to treat Candida infections of the skin, vagina, mouth, and esophagus [102,103]. Although resistance to
polyene medication is rare, some fungal species exhibit intrinsic resistance to polyenes [104,105]. Nystatin
is only effective topically, and amphotericin B, which is effective orally and intravenously, is well-known
for its severe and potentially lethal side effects such as high fever, kidney damage, and multiple-organ
damage. The search for antifungal agents with an acceptable toxicity profile first led to the discovery
of azole. Therefore the first azoles were discovered in 1944, but were not approved for use in humans
until the early 1960s [102]. Azoles inhibit 14-α-sterol demethylase, a cytochrome P-450 enzyme involved
in ergosterol synthesis [106], resulting in the accumulation of toxic sterol intermediaries and loss of
membrane integrity. Most azoles are fungistatic and have a broad spectrum against filamentous fungi
and yeasts [107,108]. The search for azole antifungal agents with an acceptable toxicity profile led to the
discovery of the first ketoconazole. Later, the triazoles fluconazole and itraconazole were developed with
an improved safety profile and comparatively broader range of antifungal activity. Analogs have been
developed to overcome limitations, such as a suboptimal spectra of activity, need to develop resistance,
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unfavorable pharmacokinetics, drug–drug interactions, and toxicity [109]. Candida species resistance
to the azole medications (e.g., itraconazole, clotrimazole, and fluconazole), including Candida glabrata,
Candida tropicalis, or Candida parapsilosis are susceptible to polyene medication. Polyene medications are
not well absorbed from the gastrointestinal tract but are effective for topical application [89]. Topical
antifungal therapy is recommended as the primary treatment option for mild cases of Candida infection. If
the lesion is refractory to topical treatment or recurs frequently, systemic antifungal therapy is suggested.
However, systemic antifungal therapy must be considered as the primary treatment for patients with
immunocompromised conditions due to the risk of candidemia [103].

The removal of Candida biofilm is necessary, in combination with appropriate medication. Successful
treatment of candidiasis depends upon biofilm control, using daily oral hygiene and professional
prophylaxis. The Candida biofilm is a thick extracellular polymeric substances layer with a dense network
of yeasts, pseudohyphae, and hyphae [110]. The biofilm allows Candida to easily attach between cells and
other surfaces, such as dentures. The biofilm provides barriers between Candida and the surrounding
environment, thus protecting Candida from antifungal medications [90]. Therefore, the removal of Candida
biofilm from the dentures, as well as from all sides of the oral cavity, contributes to lowering the failure
rate of antifungal treatment; it is essential for the effective treatment of Candida infection.

6.3. Treatments of Salivary Gland Dysfunction

6.3.1. Symptomatic Management

Hyposalivation is symptomatically managed with methods such as lifestyle changes, synthetic saliva
supplementation, salivary gland stimulants, and the use of sialagogues (e.g., muscarinic receptor agonists,
pilocarpine, and sevimeline) to elevate the flow rate of saliva [111,112]. Among the sialagogue treatment
options, pilocarpine is the most commonly selected medication to increase saliva secretion by stimulating
the salivary gland. However, pilocarpine’s effect is temporary and causes side effects, including excessive
sweating and tearing, chills, dizziness, flushing, nasal congestion, vocal changes, nervousness, tremors,
and diarrhea [113,114]. To improve the side effects of pilocarpine, consistent and controlled release
of pilocarpine in the salivary glands was considered [115]. Controlled drug-release systems have been
developed and are expected to deliver therapeutic agents directly to salivary glands using novel biomedical
approaches, such as hydrogels [116], polymer-based microchips [117], nanoshells [118], and microfluidics
technology [119]. For example, polymer hydrogels for controlling pilocarpine release have already been
clinically tested in patients with Sjögren’s syndrome [115]. However, the polymer hydrogel and associated
medication could not improve the discomfort of patients who had completely destroyed acinar cells. Since
the severity of salivary dysfunction may vary from patient to patient [115], the literature suggests that the
most effective therapy depends on the evaluation of salivary glands damage.

6.3.2. Gene Therapy and Cellular Stimulation

Gene delivery therapy could be applied to salivary gland cells to ameliorate salivary gland function.
Loss of functional water channels in salivary gland epithelia is often considered one of the hallmarks of
salivary gland dysfunction, and recent advances are aimed at restoring the permeability in an attempt to
increase saliva production. Gene therapy was attempted to deliver the human aquaporin 1 (AQP1) gene to
the salivary gland via recombinant adenovirus delivery (AdhAQP1) in rats [120]. The result suggests that
AQP1 gene transfer may have potential as an approach for the treatment of salivary hypofunction. In the
human study, five of 11 patients experienced elevated salivary flow 3–4.7 years after the AdhAQP1 vector
delivery treatment [121]. Clinically, gene delivery to salivary glands offers the accessibility of transfer
vectors in a less invasive manner [122]. The administration of bioactive components, cells, and genes
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directly into the salivary gland is a promising therapeutic option, when salivary-gland cells are intact.
Systemic and local delivery was performed to administer a multitude of reagents, including adenoviral
vectors, primary cells, growth factors, antioxidant compounds, and cytokines [123–129]. In addition,
bone-marrow-derived cell (BMC) recruitment by cytokine stimulation has been reported for recovery of
salivary gland cells in vivo [130,131]. Studies demonstrate that subcutaneous injection of granulocyte
colony stimulating factor mobilized BMC into the bloodstream and induced migration of BMC to the
damaged salivary gland, resulting in improvement of morphology and function of the submandibular
salivary gland [130].

6.3.3. Stem Cell Therapy

Among the stem cell approaches, a majority of research relies on mesenchymal stem cells (MSCs) [132,
133]. In the MSC salivary transplant in vivo studies, MSCs have been acquired from bone marrow, adipose
tissue, or umbilical cord blood [132,134,135]. MSCs are able to be harvested in a non-invasive manner,
with relative abundance. Although the differentiation of MSCs into salivary gland acinar cells has been
observed in vitro, the actual contribution to differentiation in vivo is unclear and controversial. Their
beneficial action can occur primarily through paracrine pro-survival/proliferative effects on the remaining
local stem/progenitor cells and cells of the surrounding environment [136,137]. However, MSCs have
primary safety concerns, including unknown long-term report, tumorigenic, and metastatic potential. In
addition, donor-dependent efficacy and heterogeneous properties of MSCs pose critical obstacles [138].
Therefore, autologous stem cells are preferred to repair salivary gland function. Transplantation of
pluripotent salivary gland-specific epithelial stem/progenitor cells has been shown to morphologically
and functionally repair salivary gland tissues. Multi-level of potency from the salivary gland cells could
be applied to repair compartments of the salivary gland, recover the secretory compartment conditions,
and maintain the secretory compartment [139,140]. Permanently differentiated and post-mitotic acinar
cells may be able to self-duplicate after damage in post-chronic sialadenitis [141], post-duct ligation [142],
partial salivary gland excision [143], and post-radiation therapy. In fact, most patients requiring autologous
cell therapy are elderly and do not have enough stem/progenitor cells [144,145]. Although the number of
stem/progenitor cells was increased by using heparin sulfate–stimulated growth factors [146] or Aldehyde
dehydrogenase-3 activator [147], the absolute number of stem/progenitor cells required for functional
regeneration of the human gland has not been clearly defined.

6.3.4. Tissue Engineering

In cases of full destruction of salivary glands, it is insufficient to restore part of the damaged salivary
glands and their function. To achieve a complete functional replacement of lost or damaged tissue,
tissue-engineered organoids to reconstruct fully functional organs has been proposed [148,149]. In vitro
tissue-engineered organoids, using three-dimensional biomaterials loaded with salivary gland cells and/or
bioactive cues, can be embedded in extracellular matrix to connect with remaining tissue residues. This
approach, called the “organ germ method”, has been evaluated for the regeneration of fully functional
salivary glands in mice, which has been induced by mutual epithelial and mesenchymal interactions [149].
The bioengineered salivary gland responded to pilocarpine administration and taste stimulation by
producing saliva. To be utilized in clinical practice, an appropriate cell source needs to be clearly identified.
Recently, induced pluripotent stem cells or embryonic stem cells have been studied in salivary-gland tissue
engineering [150].

Although notable progress in the treatment of hypofunctional salivary gland has been attempted over
the last decades, no definitive treatment has been confirmed. Limitations of in vivo studies for translation
to human trial are present due to the biological differences between human and rodent salivary glands
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and require further study [140]. In addition, potential differences in the development and/or regeneration
strategies between different glands (e.g., parotid, submandibular, and sublingual) should be considered
for future translation.

7. Conclusions

A mutual vicious cycle presents itself between the salivary gland and Candida infection: A decrease in
the saliva flow rate creates conditions that encourage Candida infections, and then the Candida infection
damages salivary glands, leading to a further decrease in saliva secretion. This pathological malfunction
could result in temporary or permanent destruction of the salivary glands and may cause various
intraoral symptoms, including dry mouth, speech and swallowing difficulties, and oral infections.
Oral candidiasis should be detected early and treated correspondently, using an antifungal agent like
nystatin and fluconazole to prevent the development of chronic salivary gland dysfunction. Correction
of the underlying disease, biofilm control by using tongue cleaners, and chlorhexidine rinses must be
accompanied. Limitation of current treatment options of salivary gland dysfunction are symptomatic
management with medication with their side effects. Therefore, scientists have made an effort to regenerate
salivary glands, using various sources to overcome the limitations of current treatments. Regeneration
of salivary glands has been attempted by the activation of remaining cells with growth factors, genes,
cytokines, and the transplantation of progenitor cells and mesenchymal stem cells. However, these
technologies are still limited in clinical application and are in a stage that requires further research.
Therefore, the clinician’s role in the early detection and proper treatment of vulnerable populations who
could be exposed to Candida-mediated salivary gland dysfunction is important.
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