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In the pathogenesis and progression of Sjögren’s syndrome (SS), hematopoietic

cells in the peripheral circulation, tissue-resident immune cells, and parenchymal

cells of salivary gland tissues (such as epithelial cells, endothelial cells, fibroblasts,

etc.) all play crucial roles. These diverse cells form intricate networks and interact

with each other, leading to tissue destruction and persistent chronic

inflammation, ultimately causing irreversible damage in glandular function.

Among these, salivary gland epithelial cells (SGECs) consistently hold a key

position, characterized by their functions in expressing co-stimulatory and

antigen-presenting molecules and secreting pro-inflammatory cytokines and

chemokines. Moreover, SGECs actively engage in and facilitate the development

of specific pathological structures within the salivary gland, such as

lymphoepithelial lesions (LELs) and tertiary lymphoid structures (TLSs), thereby

substantially elevating the risk of mucosa-associated lymphoid tissue (MALT)

lymphoma. Overall, SGECs are recognized for their essential and irreplaceable

contributions to the pathogenesis of SS. This review article initially delves into the

anatomical composition of salivary gland epithelial cells, subsequently focusing

on elucidating the different cytokines derived from SGECs, encompassing

chemokines, pro-inflammatory cytokines, anti-inflammatory cytokines, pro-

survival cytokines, and damage-associated molecular patterns (DAMPs), to

explore their key roles in the pathogenesis of SS.
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1 Introduction

Sjögren’s syndrome (SS) is a chronic autoimmune disease that

typically targets the salivary and lacrimal glands, resulting in

xerostomia and xerophthalmia (1). Studies have indicated that the

prevalence of SS in adults ranges from 0.2% to 3%, with a female-to-

male ratio of 9:1, positioning it as the second most prevalent

autoimmune disease following rheumatoid arthritis (2). In terms

of clinical presentation, SS is a highly heterogeneous and complex

disease, with over 50% of patients experiencing extra-glandular

symptoms, including fatigue, interstitial lung disease, interstitial

nephritis, peripheral neuropathy, and cryoglobulinemia-associated

vasculitis. Approximately 2.7% to 9.8% of SS patients may even

develop lymphoma (3). With ongoing research advancements, our

understanding of SS has deepened over time. It is currently believed

that SS results from a complex interplay of genetic factors,

environmental influences (such as microbial infections), and

hormonal levels, ultimately leading to disturbances in immune

tolerance and abnormal homing of lymphocytes (1, 4). The

complex interactions among blood-borne inflammatory cells,

tissue-resident immune cells, and parenchymal cells of salivary

gland tissues lead to dysfunction of the salivary gland, ultimately

resulting in tissue fibrosis. In this process, some unique identifiable

structures related to epithelial cells are formed, including LELs

(lymphoepithelial lesions) and tertiary lymphatic structures (TLSs)

(5, 6). LELs refer to infiltrating lymphocytes (mainly FcRL4+ B

cells) within the proliferated striated and excretory ducts. They are

highly specific for SS and relatively prevalent, with frequencies

reaching up to 56% in the parotid glands and 42% in the labial

glands in cohorts of patients with primary Sjögren’s syndrome

(pSS) (7). Importantly, LELs are associated with the development of

mucosa-associated lymphoid tissue (MALT) lymphoma (6). The

TLSs in SS are primarily generated by the interaction of epithelial

cells, immune fibroblasts, and infiltrating lymphocytes, which serve

as unique and local sites for B cell activation and antibody affinity

maturation. It has been reported that approximately 30-40% of SS

patients have TLSs in the tissue of the salivary gland. TLSs have also

been associated with lymphoma development, although this

remains a matter of debate (5, 8–10). Therefore, SGECs hold a

special position in the pathogenesis of SS, which is also known as

autoimmune epithelitis (11–15).

In addition, epithelial cells, especially ductal epithelial cells, can

mimic the functions of antigen-presenting cells by expressing MHC

class I and II molecules, as well as co-stimulatory molecules such as

CD80, CD86, CD40, and PD-L1. They can also interact with B cells.

Studies have shown that SGECs from patients with pSS can

significantly promote B lymphocyte activation, which cannot be

reversed by inhibitors of individual cytokines (BAFF, APRIL, or IL-

6) (16). Furthermore, in LELs, FcRL4+ B cells can directly interact

with epithelial cells, leading to B cell expansion, epithelial cell

proliferation, and ductal obstruction. In severe cases, this

interaction can even induce clonal expansion of B cells, which is a

significant driving factor for MALT lymphoma (6, 17–19).

Similarly, epithelial cells can also promote T cells to differentiate

into Th1 and Tfh cells under the influence of the local inflammatory
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microenvironment (20, 21). In addition, epithelial cells themselves

contain abundant self-antigens and damage-associated molecular

patterns. On one hand, SGECs release significant amounts of

autoantigens (such as Ro/SSA and La/SSB) through apoptotic

blebs and exosomes (22, 23). Additionally, SGECs can secrete

BAFF, and chemokines, and upregulate MHC molecules, which

are involved in the immune responses of T and B cells, thus

promoting the formation of autoantibodies. The antigen-antibody

complexes primarily engage Fc receptors (FcR) to activate immune

cells and secrete cytokines, which further exacerbate the damage

and activation of SGECs. On the other hand, SGECs undergo cell

death, including apoptosis, necroptosis, and ferroptosis, in the

context of chronic inflammation (24). This process further

contributes to the maintenance of the immune microenvironment

of SS through the release of DAMPs, such as IL-33 and HMGB1,

ultimately leading to impaired glandular function and tissue fibrosis

(24). This review article summarizes the cytokines associated with

SGECs, including chemokines, pro-inflammatory cytokines, anti-

inflammatory cytokines, pro-survival factors, and damage-

associated molecular patterns, highlighting their significant and

complex roles in SS.
2 Anatomy of the salivary glands

Salivary glands originate from the epithelial placode during

embryonic development and gradually differentiate into mature

structures. There are three major salivary glands: the parotid gland

(PG), the submandibular gland (SMG), and the sublingual gland

(SLG), as well as thousands of minor salivary glands (25)

(Figure 1A). The secretion ducts of the PG, SMG, and SLG are

respectively Stensen’s duct, Wharton’s duct, and Bartholin’s duct.

Additionally, the SLG also includes many smaller Rivinus ducts,

through which the secreted saliva is emptied into the oral cavity. In

humans, the PG is the largest salivary gland, whereas in mice the

largest is the SMG (26).
3 Composition of salivary gland
parenchymal cells

In physiological conditions, salivary glands are primarily

composed of epithelial cells, ionocytes (a specialized type of

epithelial cell involved in regulating and maintaining osmotic

pressure), fibroblasts, smooth muscle cells, endothelial cells,

myoepithelial cells, melanocytes, and a small number of immune

cells (such as tissue-resident macrophages). Upon continuous

interaction with the external environment, more immune cells,

including T cells, B cells, plasma cells, and myeloid cells, will

accumulate in the salivary gland tissue (25, 27) (Figure 1B).

Furthermore, there exists a group of cells with differentiation

potential in the salivary glands, expressed in both mice and

humans, known as salivary gland progenitor cells (SGPCs). These

cells can proliferate locally after injury, replenishing lost acinar and

ductal tissues. Human SGPCs are located in intercalated ductal,
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striated ductal, or acinar compartments (28, 29). It is reported that a

subset of acinar cells expressing SOX2 can differentiate into MUC19

+ acinar cells and play a role in acinar replenishment after

radiation-induced damage to the salivary glands (30).

Additionally, a subset within the ductal cells expressing the

transcription factor ASCL3 can generate ductal cells (31). There is

also a population of undifferentiated cells expressing Krt5 within

the ductal compartment (26). Moreover, single-cell sequencing and

immunofluorescence have shown a significant decrease in SOX9

expression in myoepithelial cells of salivary glands from SS,

suggesting the involvement of SOX9 in the transcriptional

regulation of myoepithelial cell regeneration (27).
4 Salivary gland epithelial cells

SGECs include acinar cells (serous and mucinous acinar cells)

which are responsible for secreting saliva (32), myoepithelial cells

that support acinar cells and can contract to promote salivary

excretion and some of which have differentiation potential (33),

intercalated duct cells that may also contribute to salivary secretion

(34, 35), and the striate duct cells that dominate salivary transport

and regulate ion concentrations (34).

Under the influence of these different epithelial cells, saliva

containing water, ions (such as Na+ and Ca2+), immunoglobulins,

enzymes, mucins, hormones, and other components ultimately

enter the oral cavity. Saliva plays various roles such as aiding in

food digestion, cleaning and moisturizing the oral cavity, protecting

the mucosa and teeth, providing antimicrobial action, and even

promoting wound healing. Therefore, when SGECs are damaged,

accompanied by changes in saliva secretion and composition, it
Frontiers in Immunology 03
significantly affects oral and periodontal health and actively

participates in gland inflammation (15, 36, 37). With the

establishment of long-term in vitro culture systems for SGECs in

SS (38), there has been a more in-depth understanding of the

functions of these cells, primarily including the functions related to

immune regulation and salivary secretion (12, 13). The former

primarily involves ductal epithelial cells, as seen in the biopsy tissues

of SS patients, where structures resembling TLSs and LELs closely

associated with ductal cells are observed (14, 39, 40). Although

acinar cells also express some immune-related molecules, they do

not seem to recruit or attract immune cells (12). Ductal epithelial

cells can recognize pathogen-associated molecular patterns

(PAMPs) and damage-associated molecular patterns (DAMPs)

through Toll-like receptors (TLRs) (15, 41), which, upon

activation, can promote the secretion of type I interferons and B-

cell activating factor (BAFF), induce apoptosis, and release self-

antigens (42–45). These cells can also express various immune

regulatory molecules like ICOSL, CD40, CD80, CD86, MHC

molecules, BAFF, CXCL13, and CXCL10, which can influence the

survival and differentiation of T and B cells in the local immune

microenvironment (12, 13, 21, 46–48). The latter (saliva secretion)

mainly involves acinar cells. The secretion of saliva begins with the

binding of acetylcholine to M3 receptors (M3R) on acinar cells,

leading to an increase in intracellular Ca2+ levels, which further

activates aquaporin water channels, such as AQP5, resulting in

enhanced salivary secretion. In Sjögren’s syndrome (SS),

autoantibodies targeting M3R are produced, and the ability of

aquaporin channels to respond to muscarinic stimulation is

diminished (49). Additionally, signaling molecules associated with

secretion, such as phosphatidylinositol 4,5-bisphosphate (PIP2) and

synaptotagmin 1, are mislocalized to the basolateral membrane
FIGURE 1

The anatomy and structure of the salivary glands. (A) There are three major salivary glands: the parotid gland, the submandibular gland, and the
sublingual gland. (B) The parenchymal cells of the salivary glands include acinar cells, myoepithelial cells, intercalated duct cells, striated duct cells,
melanocytes, fibroblasts, pericytes, and immune cells. Additionally, the salivary glands also contain numerous nerve and blood vessels. PG, parotid
gland; SMG, submandibular gland; SLG, sublingual gland.
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rather than the apical membrane (50–52). This mislocalization

impairs both the production and secretion of saliva, ultimately

leading to decreased salivary secretion levels. Furthermore,

alterations in mucin distribution and changes in the synthesis and

modification of mucins (including decreased glycosylation) also

occur, contributing to insufficient saliva lubrication (53, 54). In

addition, SGECs from SS are more sensitive to apoptosis than

healthy controls (44, 55, 56), whereas ductal cells express the anti-

apoptotic protein BCL-2 compared with acinar cells not (57),

suggesting that acinar cells are more susceptible to apoptosis.

However, local ductal cells may be more prone to damage from

inflammatory factors and immune microenvironment (12).

Generally speaking, the most pronounced change in acinar cells in

SS is the disruption of cellular polarity, particularly affecting proteins

related to saliva secretion. Conversely, ductal cells demonstrate more

pro-inflammatory features, such as inflammasome activation, NF-kB
pathway activation, and cytokine secretion.
5 Interaction of salivary gland
epithelial cells and immune cells

Local macrophages and dendritic cells in the salivary gland

tissue primarily perform immune surveillance functions,

particularly in response to infection or damage within the salivary

gland. In addition to innate immune cells, CD8+ T cells can be

found surrounding the acinar or ductal epithelial cells (58), while

CD4+ T cells are mainly located within the ductal epithelial cells

(58), and B cells can also infiltrate the ductal epithelial cells (59).

These indicate that SGECs are at least spatially close to

lymphocytes. In general, tissue-resident CD103+CD8+ T cells
Frontiers in Immunology 04
play a role in immune surveillance, whereas GZMK+CD8+ T

cells primarily exert pro-inflammatory and cytotoxic functions

(60, 61). For CD4+ T cells, SGECs can enhance T cell

differentiation and proliferation by expressing many immune-

related molecules, such as MHC-II, CD80, CD86, CD40, and

ICOSL (13, 21). However, despite the theoretical ability of SGECs

to present antigens to T cells, there is currently no direct evidence to

support this phenomenon. For B cells, SGECs tend to provide a

conducive microenvironment. By secreting CXCL10 to attract

CXCR3+FcRL4+ B cells, and by secreting BAFF or other yet-to-

be-identified factors to promote the survival of intraepithelial B cells

(6). These findings suggest that SGECs may interact with T cells by

expressing immune-related molecules (MHC-II, CD80, CD86,

CD40, ICOSL) and potentially form immune synapses, but

further direct evidence is needed to substantiate this phenomenon.
6 Cytokines derived from SGECs

SGECs especially ductal epithelial cells can secrete a variety of

cytokines, including chemokines, pro-inflammatory cytokines, anti-

inflammatory cytokines, and pro-survival cytokines, and DAMPs

are actively involved in the pathogenesis of SS (40, 62). Among

them, chemokines play a crucial role in recruiting immune cells,

pro-inflammatory cytokines coordinate the activation of immune

cells, anti-inflammatory cytokines participate in local immune

regulation, pro-survival cytokines assist in the survival and

differentiation of immune cells, and damage-associated molecular

patterns act as a bridge between innate and adaptive immunity. The

following section summarizes the roles of cytokines derived from

SGECs in SS (Table 1).
TABLE 1 The composition and function of SGECs-derived cytokines in SS.

Cytokines Related molecules Function LELs
related
molecules

TLSs
related
molecules

Refs

Chemokines CCL2, CCL3, CCL4, CCL5, CCL6, CCL11, CCL19, CCL20,
CCL26, CXCL1, CXCL2, CX- CL8, CXCL10, CXCL12,
CXCL13, CX3CL1

recruiting
inflammatory cells

CXCL10 CCL19,
CXCL12,
CXCL13

(11, 12, 14,
65–76)

Pro-
inflammatory
cytokines

IL-1b, IL-6, IL-18, IL-25, IL-2, TNF-a, IFN-b, IFN- lambda, IL-13,
IL-15, GM-CSF

activation of the
immune cells

IL-6, IFN-b IL-13 (11, 12, 14,
77–79,
83–90)

Anti-
inflammatory
cytokines

TGF-b, TSLP, IL-37. IL- 10 maintenance tolerance,
suppression of
immune cells

NA NA (84, 92–97)

Pro-
survival
cytokines

BAFF, IL-7 maintaining of immune
cell survival

BAFF BAFF, IL- 7 (46, 47, 85,
86, 98)

DAMPs HMGB1, IL-1a, IL-33 connecting in- nate and
adap- tive immunity

NA NA (19,
119–127)
SGECs, salivary gland epithelial cells; SS, Sjögren's Syndrome; LELs, lymphoepithelial lesions; TLSs, tertiary lymphoid structures; CCL2, C-C motif chemokine ligand 2; CXCL1, C-X-C motif
chemokine ligand 1; CX3CL1, C-X3-C motif ligand 1; IL-1b, interleukin-1b; TSLP, thymic stromal lymphopoietin; TNF-a, tumor necrosis factor-a; IFN-b, interferonß; GM- CSF, granulocyte-
macrophage colony-stimulating factor; TGF-ß, transforming growth factor; BAFF, B-cell Activating factor of the TNF family; HMGB1, high mobility group protein B1; NA, not applicable;
Refs, references.
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6.1 Chemokines derived from SGECs

Chemokines and their receptors are important communication

tools for interactions between different cells (63), serving as a key

link in understanding the formation of the complex pathological

microenvironment in SS (62). Currently, over 50 chemokines have

been identified in both mice and humans, which can be classified

into subfamilies based on differences in the N-terminal cysteine

motif, including the CC, CXC, XC, and CX3C chemokine

subfamilies. Correspondingly, there are 18 receptors categorized

into the CC, CXC, XC, and CX3C chemokine receptor subfamilies

(64, 65). SGECs can secrete a variety of chemokines in different

inflammatory microenvironments, including CCL3, CCL4, CCL5,

CCL11, CCL19, CXCL8, CXCL10, CXCL12, CXCL13, and CX3CL1

(13, 15, 66–70). Additionally, in senescent (P16+) cells, further

secretion of CCL2, CCL6, CCL20, CCL26, CXCL1, and CXCL2 has

been reported (12, 71). These chemokines can bind to various

chemokine receptors and recruit inflammatory cells. CCL2, CCL3,

CCL4, and CCL6 exhibit chemotactic activities towards monocytes/

macrophages, while CCL4 can also attract NK cells. CCL5 attracts T

lymphocytes, CCL11 attracts eosinophils, and CCL19 primarily

recruits naïve T cells, central memory T cells, regulatory T cells,

naïve B cells, dendritic cells, and NK cells. CCL20 can recruit

dendritic cells, Th17 cells, and B cells, while CCL26 attracts

eosinophils and Th2 cells. CXCL1, CXCL2, and CXCL8 are

mainly responsible for attracting neutrophils, CXCL10 primarily

attracts Th1 cells and CXCR3+ B cells, and CXCL12 can attract T

cells and monocytes. CXCL13 predominantly attracts CXCR5+ B

cells. CX3CL1 attracts T cells, NKT cells, monocytes/macrophages,

and dendritic cells, and it promotes the progression of SS-like

phenotypes in NFS/sld mice after thymectomy (70, 72, 73).

Additionally, CCL25 may be expressed in SGECs, which

primarily attract CCR9+ T cells (74). Current evidence supports

an increase in protein levels of CCL25 in salivary gland tissues, with
Frontiers in Immunology 05
CCR9+ T cells observed near SGECs. In other mucosal sites, such as

the intestinal tract, epithelial cells are known to express high levels

of CCL2 (74–76). Furthermore, CCL19, CXCL12, and CXCL13 are

associated with the formation of TLSs (5). CXCL10 is closely related

to the formation of LELs and can recruit CXCR3+FcRL4+ memory

B cells (6, 12, 77) (Figure 2). These data suggest that, under the

promotion of senescent and inflammatory phenotypes, the

chemokines secreted by SGECs weave into a network, greatly

accelerating the progression of SS.
6.2 Pro-inflammatory cytokines derived
from SGECs

Although SGECs produce cytokines to a lesser extent compared

to immune cells, they are ubiquitous in salivary glands and often

encounter pathogens earlier than immune cells. To effectively

protect the body from pathogen damage, SGECs can secrete pro-

inflammatory cytokines to coordinate the activation of immune

cells recruited to the local area. SGECs can secrete a variety of pro-

inflammatory cytokines, including IL-1b, IL-6 (13), IL-8 (CXCL8),

IL-18, IL-25, TSLP, IL-2, TNF-a, IFN-b, IFN-lambda (type III

interferon), and IL-13. Additionally, senescent cells can also

produce IL-15 and GM-CSF (12, 13, 15, 78–80). Viral infection is

one of the significant triggers for the production of cytokines by

salivary gland epithelial cells in SS, which is commonly observed in

patients and plays a role in disease progression, such as by the

elevation of type I interferons or molecular mimicry (81). Among

the viruses studied in the context of SS, Epstein-Barr virus (EBV)

and human T-cell leukemia virus type 1 (HTLV-1) have garnered

considerable attention (81). Interestingly, EBV primarily infects B

cells during asymptomatic carriage or chronic infection, however,

upon reactivation of the virus (for example, through the use of aryl

hydrocarbon receptor (AhR) agonists et.), EBV can also infect
FIGURE 2

Chemokines derived from SGECs. SGECs can secrete various chemokines to recruit different immune cells, including B cells, T cells, NK cells, as well
as myeloid lineage-related cells, which contribute to the formation of TLSs and LELs, actively participating in the progression of the disease. SGECs,
salivary gland epithelial cells; TLSs, tertiary lymphoid structures; LELs, lymphoepithelial lesions.
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SGECs, serving as units for viral replication (82, 83). This can lead

to the activation of endogenous toll-like receptors (TLRs), resulting

in the release of inflammatory cytokines and type I interferon, or it

may ultimately cause cell lysis through cytotoxic effects of immune

cells, thereby releasing damage-associated molecular patterns

(DAMPs). HTLV-1 appears to influence the functional activities

of SGECs through direct infection, and it has been shown to

increase the production of pro-inflammatory factors such as

intercellular cell adhesion molecule-1 (ICAM-1) (81).

Activated SGECs can spontaneously secrete IL-1b, a process

related to the accumulation of cytoplasmic DNA in SGECs and

activation of the AIM2 inflammasome. IL-1b actively participates in
cell proliferation, differentiation, and apoptosis and drives the

progression of immunity and inflammation (78, 84). SGECs can

produce IL-6 when stimulated synergistically by IL-17 and IL-18.

IL-6 then promotes B cell proliferation and, in coordination with

ICOSL expressed by SGECs, facilitates the differentiation of T cells

into T follicular helper cells (Tfh) (21, 80). Furthermore, it has been

determined that both acinar cells and ductal cells express IL-18 by

immunohistochemistry. Additionally, in vitro studies have shown

that human SGEC lines HSY and AZA3 cells can be induced to

secrete IL-18. IL-18, in turn, can induce Th1 cells to secrete IFN-g
(80). In addition, immunohistochemistry has also demonstrated the

expression of IL-25 in SGECs surrounding infiltrating CD4+ T cells.

Extracellular IL-25 can promote the expansion of inflammatory

ILC2, increase the concentration of autoantibodies, and enhance the

frequency of CD4+ IL-17RB+ TRAF6+ cells, contributing to the

pathogenesis of SS and SS-related lymphoma (79). It has been

reported that SGECs can also express IL-2 and TNF-a, which has

been validated at the transcriptional level, however, the actual

significance still requires further research (85). Stimulation of

TLR3 of SGECs by Poly I: C can lead to the secretion of IFN-b.
Frontiers in Immunology 06
This, in turn, through the JAK-STAT pathway, influences cell

proliferation and regulates immune responses. Additionally,

under TLR3 stimulation, SGECs also express interferon-lambda,

which plays a role in the production of BAFF and CXCL10 (86, 87).

In the resting state, SGECs can secrete IL-13, which can stimulate

IL-13R+ fibroblasts to express VCAM-1, PDPN, and ICAM-1,

which is related to form TLSs (88). Senescent cells or SGECs

activation by TLR2 can produce IL-15, which can induce the

proliferation of B cells, T cells, and NK cells. It can also

collaborate with IL-12 to stimulate NK cells to produce IFN-g,
contributing to inflammation in the SS microenvironment (89, 90).

Senescent cells can also produce GM-CSF, which can participate in

the immune response by increasing neutrophils and monocytes and

enhancing the phagocytic action of macrophages (12, 91)

(Figure 3A). These data indicate that the proinflammatory

cytokines secreted by SGECs play a significant role in SS,

contributing to the supplementation and maintenance of local

mucosal immune function. However, persistent chronic

inflammation can lead to tissue damage and the generation of

TLSs. Targeting proinflammatory cytokines and inflammatory

pathways to restore normal epithelial cell function holds

therapeutic significance for SS.
6.3 Anti-inflammatory cytokines derived
from SGECs

In addition to regulating the secretion of saliva components,

SGECs, functioning as barrier cells, also secrete various anti-

inflammatory cytokines. Despite not being regularly exposed to

harmless antigens (e.g. food) like the intestines, salivary glands are

also open to the oral cavity, directly interacting with the external
FIGURE 3

Inflammatory cytokines, anti-inflammatory cytokines, and pro-survival cytokines derived from SGECs. (A) Various inflammatory factors are actively
involved in the activation of immune cells or stromal cells, leading to the production of more inflammatory factors, and resulting in a sustained
chronic inflammatory environment. (B) Through anti-inflammatory factors, excessive inflammation damage is avoided, but the downregulation of
anti-inflammatory factor expression indirectly promotes and maintains the inflammatory microenvironment, exacerbating disease progression. (C) By
secreting pro-survival factors, the long-term survival of local immune cells is maintained, promoting the formation of structures related to TLSs and
LELs. SGECs, salivary gland epithelial cells; TLSs, tertiary lymphoid structures; LELs, lymphoepithelial lesions; FDC, follicular dendritic cells; CTL,
Cytotoxic T lymphocytes.
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environment. The oral cavity hosts a diverse microbial community

and is prone to viral infiltration. This underscores the importance of

salivary gland tissues maintaining sufficient tolerance to normal

oral microbiota while responding actively to harmful pathogens.

Intestinal epithelial cells can constitutively express TGF-b, helping
to keep resident immune cells relatively quiescent (92). Similarly,

SGECs also express TGF-b, which might contribute to local

microenvironment tolerance (93). At the same time, TGF-b also

participates in the fibrosis of the salivary gland (94). Although TGF-

b can promote the differentiation of Th17 or Th9 cells in specific

conditions where IL-6 or IL-4 are present, exerting pro-

inflammatory effects, generally, TGF-b plays an anti-

inflammatory effect by promoting Treg cells and inhibiting

cytotoxic and Th1 cells (95). Similarly, TSLP also has complex

pro-inflammatory and anti-inflammatory effects, playing important

roles in allergic reactions and antiviral immunity (96). In SS, the

reduced expression of TSLP in SGECs may contribute to the

increase of Th1 and Th17 cells, thereby promoting the

progression of SS (97). IL-37 is an inhibitor of gene expression

and inflammation located within the cell nucleus. It can bind to the

IL-18 receptor (IL-18R), leading to the inhibition of transcription

factors NF-kB and MAPK. Additionally, IL-37 can interact with IL-

18 binding protein (IL-18BP), a natural inhibitor of IL-18-mediated

inflammatory activity, to suppress the synthesis of IFN-g (98).

Additionally, SGECs also express IL-10, which exerts significant

inhibitory effects on both T and B cells (85) (Figure 3B). SGECs

concurrently express anti-inflammatory cytokines, which help

maintain homeostasis and play a therapeutic role in potential

tissue damage. The imbalance between anti-inflammatory and

pro-inflammatory cytokines leads to the ongoing progression of SS.
6.4 Pro-survival cytokines derived
from SGECs

SGECs also simultaneously express cytokines that promote the

survival of infiltrating T and B cells. Various cytokines, such as Type

I interferons and interferon-lambda, can enhance ductal cell

production of BAFF (48, 87, 99). BAFF is essential for B cell

survival. BAFF also guides B cell maturation, development,

survival, as well as immunoglobulin production and class

switching (100–102). BAFF also enhances B cell’s (especially

memory B cells) chemotactic response to CXCL13 (103).

Although BAFF plays a crucial role in the survival and activation

of local B cells, inhibiting BAFF alone in the interaction between

SGECs isolated from SS patients and B cells in vitro did not affect B

cell survival. This suggests other factors under these experimental

conditions can also influence B cell survival (16). In addition,

transcriptional analysis of SGECs from both SS and sicca patients

showed a significant increase in IL-7 expression. Furthermore,

treatment with Poly (I: C), type I interferons, IFN-g, or

interferon-lambda can all stimulate the secretion of IL-7 by

SGECs (47, 86). Interestingly, IL-7 not only contributes to the

development of B cells and the generation and survival of T cells

(104, 105), but it can also activate Th1 cells to produce IFN-g,
indirectly promoting the expression of CXCL10 (106). Additionally,
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IL-7 assists in activating CCR9+ T cells to produce IFN-g, IL-17,
and IL-21 (107). IL-7 is also related to the formation of TLSs (5,

108) (Figure 3C). These data suggest that both BAFF and IL-7 can

significantly promote the survival of infiltrating lymphocytes and

contribute to the maintenance and development of the local

inflammatory microenvironment.
6.5 The death patterns of SGECs

SGECs are also one of the main sources of local alarmins,

especially during the process of inflammatory cell death (109). It has

been reported that SGECs can undergo various forms of cell death

(24). Apoptosis is the most common form of cell death in salivary

SGECs in SS, involving both extrinsic apoptosis pathways induced

by Fas/FasL and TRAIL, as well as intrinsic apoptosis pathways

induced by mitochondria (110). While traditional views consider

apoptosis as a non-inflammatory form of cell death, impairments in

the phagocytic process can lead to secondary necrosis associated

with inflammation. Additionally, the formation of apoptotic bodies

may result in the loss of immune tolerance, leading to the

production of autoantibodies (111). Autophagy also actively

contributes to the pathogenesis of SS. It has been demonstrated

that there is excessive autophagy in SGECs of SS patients,

exacerbating the inflammatory response (112, 113), in contrast, in

the MRL/lpr mice (mimic SS model), insufficient autophagy is

observed, leading to reduced clearance of dead cells and increased

autoantigens (114). These differences may be related to the stage of

disease onset and the local inflammatory microenvironment.

Furthermore, in the immune microenvironment of SS, SGECs

exhibit damaged DNAse1, leading to abnormal accumulation of

cytoplasmic DNA and excessive activation of AIM2. Moreover,

after Type I interferon stimulation, SGECs can undergo pyroptosis

associated with NLRP3 or AIM2 inflammasome activation

(84, 115). Other inflammatory cytokines like IL-17 can stimulate

SGECs to express high levels of pMLKL and RIPK3 (116).

Additionally, IFN-g can downregulate solute carrier family

3 member 2 (SLC3A2), glutathione, and GPX4 through the JAK/

STAT1 pathway, thereby triggering ferroptosis in SGECs

(117) (Figure 4A). These findings suggest that in the SS

microenvironment, salivary gland epithelial cells may undergo

necroptosis and ferroptosis (116, 118). These modes of cell death

enable DAMPs to be released from SGECs and exert significant pro-

inflammatory effects.
6.6 DAMPs derived from SGECs

This review article focuses on the DAMPs including HMGB1,

IL-1a, and IL-33, Under normal circumstances, these cytokines are

located in the cell nucleus. HMGB1, in particular, can be actively

released under certain stimuli, as well as passively released during

inflammatory cell death processes (119). The active release of

HMGB1 is partly facilitated by a JAK/STAT1 signaling-mediated

acetylation of lysine residues which promotes its translocation from

the nucleus to the cytoplasm, and further secretion into the
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extracellular space through the secretory lysosome pathway (120).

In contrast, the passive release of HMGB1 mainly involves the

inflammatory cell death processes, which release the reduced

(primarily chemoattractive) and disulfide isoforms (primarily pro-

inflammatory) (121, 122). The SGECs can undergo inflammatory

cell death which provides a rich source of HMGB1. Moreover,

elevated levels of HMGB1 have been found in the peripheral blood

of SS patients, correlating with extra-glandular involvement (123).

Furthermore, HMGB1-neutralizing antibodies are believed to

significantly alleviate the inflammatory phenotype of SS (124). IL-

1a is another nuclear factor, and compared with healthy control,

there is an increase in IL-1a transcripts in SGECs of SS.
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Additionally, the staining intensity of IL-1a is increased in the

salivary gland ducts and acinar cells of SS. After inflammatory cell

death, IL-1a is released into the surrounding environment as an

alarmin, and it activates downstream pathways in an IL-1R1-

dependent manner to promote the recruitment of chemokines

and inflammatory cells (125). IL-33 is a dual-functional nuclear

protein that can activate both type 1 and type 2 immune cells in an

environmentally specific manner through its receptor ST2 (126).

Recent studies have revealed a type 1 immune-restricted promoter

for the ST2 encoding gene Il1rl1 that is crucial for antiviral CD8+

cytotoxic T cell and CD4+ Th1 cell responses. Interestingly, ST2 is

only transiently expressed post-activation under the drive of T-bet
FIGURE 4

Cell death in SGECs and releasing of DAMPs. (A) SGECs can participate in various forms of cell death by recruiting different molecules. (B) Cell death,
especially pyroptosis, necroptosis, and ferroptosis, can lead to the release of HMGB1, IL-1a, and IL-33, promoting and maintaining local
inflammation, with IL-33 exhibiting pleiotropic effects. SGECs, salivary gland epithelial cells; DAMPs, damage-associated molecular patterns.
FIGURE 5

The role of cytokines derived from SGECs in SS immunopathogenesis. Different cytokines including chemokines, pro-inflammatory cytokines, anti-
inflammatory cytokines, pro-survival cytokines, and DAMPs et. actively participate in the inflammation, and through indirect or direct interactions,
lead to excessive damage and fibrosis of the salivary gland. SGECs, salivary gland epithelial cells; TLSs, tertiary lymphoid structures; LELs,
lymphoepithelial lesions; DAMPs, damage-associated molecular patterns; TRM, tissue-resident memory T cells; FDC, follicular dendritic cells.
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and STAT4, in contrast to the high basal level constitutive

expression of ST2 under the GATA-3 drive (127). In SS, IL-33 is

expressed in acinar, ductal, and endothelial cells, and is released in

damaged tissues during inflammatory infiltration, which is in

agreement with that IL-33 is increased in tissues with Chisholm

scores of 2 or 3 and decreased in tissues with Chisholm scores of 4,

both indicating that IL-33 can be released to the extracellular to

exert its function (20, 128). In addition, IL-33 is thought to

synergize with IL-12 and IL-23 to promote IFN-g production by

NK and NKT cells (128). One of our studies found that IL-33 was

able to promote the phenotype of APC in salivary gland epithelial

cells and contribute to the differentiation of T cells in the Th1 (20)

(Figure 4B). Taken together, these studies suggest that SGECs-

derived DAMPs can actively participate in the pathology of SS, thus

maintaining normal epithelial function and reducing inflammatory

death, which are effective therapeutic targets.
7 Therapies targeting SGECs

SGECs play a complex and crucial role in the progression of SS.

Therefore, reshaping the function of SGECs requires not only

altering the local immune microenvironment but also improving

the senescent phenotype, reducing inflammatory cell death of

SGECs, and replenishing with newly regenerated parenchymal

cells. Currently, there is a lack of specific treatments targeting

SGECs. Ongoing therapies include but are not limited to, SYK

inhibitors (NCT03100942), BTK kinase inhibitors (NCT03100942),

baricit inib (NCT04916756, NCT05016297), tofacit inib

(NCT04496960, NCT05087589), BAFF inhibitors (NCT05349214,

NCT05350072, NCT01160666), and rapamycin (NCT05605665).

Some studies have shown positive results in the treatment of SS,

such as ianalumab (VAY736) (129), baricitinib (130), and

tofacitinib (131), but the assessment of epithelial cell benefits is

insufficient due to a lack of relevant evaluation metrics. In the

future, it is essential to develop more indicators related to the

improvement of epithelial cell function. Other treatments include

senescent cell exhaustion therapy (132, 133) and stem cell therapy,

where patient-matched pluripotent stem cells are differentiated into

SGECs and transplanted back into the patient (26, 134, 135).

However, long-term follow-up is necessary to monitor functional

restoration and tumor risks. With the ongoing advancements in

monoclonal antibody drugs, small molecule drugs, stem cell

regenerative technology, and organoid research, it is believed that

there will be more effective methods in the future for treating SS and

reshaping the tissue microenvironment of salivary glands.
8 Discussion

SGECs play a crucial role in the pathogenesis of SS and are

associated with important pathological structures in SS, including

TLSs and LELs. One of the most important roles of SGECs is the

APC phenotype, allowing them to secrete various cytokines,

including chemokines, pro-inflammatory cytokines, anti-

inflammatory cytokines, pro-survival cytokines, and DAMPs.
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Chemokines play a role in recruiting inflammatory cells from

circulation, which is associated with the decreased levels of

certain subgroups found in the peripheral blood of SS patients.

Pro-inflammatory cytokines can maintain the activation of

inflammatory cells, exacerbate tissue damage, and inhibit the

function of anti-inflammatory cytokines. Pro-survival cytokines

can sustain the long-term survival of local inflammatory cells,

especially lymphocytes, promoting interactions between

lymphocytes and parenchymal cells, ultimately leading to

inflammatory cell death of SGECs, which results in the release of

DAMPs, further promoting the release of chemokines and pro-

inflammatory factors, leading to chronic tissue inflammation, tissue

damage, gland dysfunction, and tissue fibrosis (Figure 5). This

suggests that timely rescue of damaged epithelial cells and

restoration of their normal function are of significant therapeutic

importance in SS. Currently, there is a limited number of drugs

targeting SGECs, highlighting the need for a deeper understanding

of the functions of these cells, including metabolism and specific

immune characteristics, which may be one of the key directions for

future SS treatments.
9 Conclusion

SS is a chronic inflammatory autoimmune disease, and SGECs

play an irreplaceable role in the progression of SS. Understanding

the function of SGECs is crucial for comprehending the

pathophysiology of the disease and developing therapeutic targets.

We summarize the cytokines produced by SGECs, highlighting the

importance of restoring their function and rescuing damaged

epithelial cells. In the future, it will be essential to develop new

targets for inhibiting the activation of SGECs and preventing the

inflammatory death of SGECs to provide innovative directions for

the treatment of SS.
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