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A B S T R A C T   

Salivary gland (SG) extracellular matrix (ECM) has a major influence on tissue development, homeostasis, and 
tissue regeneration after injury. During aging, disease, and physical insult, normal remodeling of the SG 
microenvironment (i.e. ECM) becomes dysregulated, leading to alterations in matrix composition which disrupt 
tissue architecture/structure, alter cell activity, and negatively impact gland function. Matrix metalloproteinases 
(MMPs) are a large and diverse family of metalloendopeptidases which play a major role in matrix degradation 
and are intimately involved in regulating development and cell function; dysregulation of these enzymes leads to 
the production of a fibrotic matrix. In the SG this altered fibrotic ECM (or cell microenvironment) negatively 
impacts normal cell function and the effectiveness of gene and stem cell therapies which serve as a foundation for 
many SG regenerative therapies. For this reason, prospective regenerative strategies should prioritize the 
maintenance and/or restoration of a healthy SG ECM. Mesenchymal stem cells (MSCs) have great potential for 
mitigating damage to the SG microenvironment by ameliorating inflammation, reducing fibrosis, and repairing 
the damaged milieu of extracellular regulatory cues, including the matrix. This review addresses our current 
understanding of the impact of aging and disease on the SG microenvironment and suggests critical deficiencies 
and opportunities in ECM-targeted therapeutic interventions.   

1. Introduction 

The extracellular matrix (ECM) contains a multitude of biochemical, 
physical/mechanical, and architectural cues which regulate virtually all 
aspects of cellular function.1–3 As in many other tissues, salivary gland 
(SG) contains a specific microenvironment, composed of regulatory cues 
embedded in the ECM, that direct normal cell turnover and tissue 
regeneration in response to injury. While studies of SG dysfunction have 
largely focused on the role of particular cell types, alterations in cell 
function are also suggestive of significant changes in the regulatory 
microenvironment. Although different types of SG dysfunction are likely 
associated with a unique set of changes in microenvironmental cues, 

ECM remodeling emerges as a consistent theme.4 

The ECM is a highly dynamic and complex structure that undergoes 
controlled and continual remodeling in each tissue. Accordingly, alter-
ations in the biochemical composition (i.e. proteins, complex poly-
saccharides, lipids, etc) of the SG ECM has attracted much attention as 
an important aspect in both disease pathogenesis and strategies for 
regeneration.5 Under homeostatic conditions, ECM remodeling is a 
tightly regulated process, which involves the coordinated action of 
matrix metalloproteinases (MMPs) and their endogenous inhibitors (i.e. 
tissue inhibitors of metalloproteinases [TIMP]), as well as other families 
of ECM-modifying enzymes (e.g. serine, cysteine, and aspartic acid 
proteinases).2,6 However, in aging or disease, ECM remodeling is 
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dysregulated and can lead to the accumulation of abnormal amounts 
(and types) of ECM components which disrupt tissue architecture and 
normal cell function.7,8 On the other hand, fibrosis is a process that re-
places normal/healthy ECM with disorganized scar tissue. In SG, fibrotic 
degeneration occurs as a natural consequence of aging, but is exacer-
bated in response to injury (e.g. irradiation) or chronic inflammation (e. 
g. Sjögren’s syndrome [SS]).9 The accumulation of fibrotic ECM in the 
SG microenvironment impairs glandular function by disrupting the 
normal architecture of the tissue, reducing the availability of nutrients 
and oxygen to the cells, and creating a barrier to the infiltration of 
progenitors that are required for regeneration. 

Aberrant cues in the local microenvironment (i.e. the SG-ECM) have 
not been targeted for repair by cell-based tissue engineering approaches 
or prospective gene therapies. If left unaddressed, the damaged micro-
environment provides an opposing influence which negates the poten-
tial therapeutic effects of the intervention. For example, aquaporin-1 
(AQP1) gene therapy increases transitory expression of aquaporin-1 by 
SG cells and may improve saliva production to some extent, but it does 
not restore depolarization of the acinar cells and address the reduction 
in secretory activity caused by MMP-mediated breakdown of the ECM.10 

Thus, communication (i.e. crosstalk) between discrete molecular or 
gene-based interventions (e.g. AQP1 gene therapy) and changes in 
signaling cues in the damaged microenvironment (e.g. tissue disorga-
nization) impede efforts to restore SG function. In another words, the 
vast majority of current strategies for treating SG disorders focus on 
modulating cell proliferation, differentiation and function without any 
consideration for the damaged microenvironment (e.g., ECM) where the 
cells reside. In our view, it is essential that any new therapeutic para-
digm carefully consider the precise mechanisms by which cues in the SG 
ECM regulate tissue homeostasis and how degradation or damage of this 
matrix contributes to SG dysfunction.10–12 The aim of this review is to 
summarize our current understanding in this area and synthesize in-
formation in order to suggest novel approaches for mitigating or even 
reversing SG degeneration. 

2. MMP dysregulation is linked to pathological remodeling of 
the SG ECM 

MMPs are a 28-member family of zinc- and calcium-dependent en-
dopeptidases that catabolize ECM components during matrix remodel-
ing. In the SG, MMPs play a critical role in regulating extracellular cues 
during SG development, maintaining tissue homeostasis, and are 
involved in a variety of disease processes.13,14 During SG development, 
MMPs remodel the ECM in order to support the growth and increasing 
complexity of the gland during morphogenesis. For example, MMP-2, -9, 
-14, and − 15 are involved in orchestrating branching morphogenesis by 
degrading the basement membrane to support duct extension.15 Addi-
tionally, MMP-3 and MMP-7 are involved in the differentiation of SG 
cells by cleaving cell surface receptors and modulating signaling 
pathways. 

In human SGs, the expression of MMP-2 and -9, along with TIMP-1, 
-2, and -3, has been identified in mature ductal cells of healthy 
adults.16,17 During SG homeostasis, MMPs are involved in ECM turn-
over, allowing for proper gland function. For example, MMP-2, -3, and 
-14 are involved in the maintenance of gland structure by regulating 
basement membrane turnover.18 In contrast, when MMP activity is not 
appropriately regulated, changes in the microenvironment are associ-
ated with many forms of SG damage, such as gland degeneration during 
aging, ionizing radiation (IR)-induced injury, and autoimmune attack in 
SS.19 The activity of MMPs is regulated by a variety of mechanisms, 
including the presence of endogenous inhibitors such as TIMPs, which 
help regulate ECM turnover by binding active MMPs to inhibit their 
activity. While all of the factors which regulate the balance of MMPs to 
TIMPs in the SG are yet to be elucidated, the expression of inflammatory 
cytokines such as interleukins (IL) -1α and − 6, tumor necrosis factor 
(TNF)-α, and interferon-γ have been shown to induce the expression of 

MMPs/TIMPs in human SG cells.20,21 Our current understanding of the 
role of MMPs in mediating the changes occurring in the SG microenvi-
ronment during physiological aging, IR-induced damage, and SS are 
summarized in Fig. 1. 

2.1. SG degeneration during aging 

Breakdown of the SG basal lamina, which occurs in aging, contrib-
utes to acinar cell depolarization and a reduction in secretory function. 
However, the mechanisms involved in SG degeneration with aging are 
more diverse than those implicated in discrete SG disease pathologies.22 

Biological variation between individuals, as well as a multitude of 
aging-related co-morbidities, increases the difficulty of isolating specific 
aging-related changes in human SGs. As a result, much of our current 
understanding of the aging SG microenvironment has been derived from 
animal models. An investigation into the structural and immunohisto-
chemical changes in major SGs in young (2-months) and old (aging) 
(18-months) mice revealed an age-related increase in MMP-2 immuno-
reactivity.23 In addition, Type I collagen immunoreactivity was notably 
elevated in aged mice and accompanied by morphological and func-
tional deterioration of both acinar and ductal cells. Consistent with these 
findings, another study observed that acinar autolysis increases signifi-
cantly with age.24 Complimentary findings were also shown in a report 
which demonstrated that submandibular gland (SMG) from 24-month 
old mice exhibited significantly higher expression of MMP-2 compared 
to that of younger counterparts (3-months). In SMGs from aging mice, 
type I collagen and MMP-2 expression accumulated in the gland inter-
stitium, suggesting an on-going fibrotic remodeling of the aging 
SG-ECM.25 

A similar relationship between changes in the SG microenvironment 
and MMP expression has also been observed in human subjects enrolled 
in clinical studies of SG hypofunction and aging. Nassar et al. investi-
gated SG biomarkers of aging in young (20–30 years) and elderly (60–80 
years) patients.26 The results showed a significant, aging-related 
reduction in salivary flow rate in whole saliva from the elderly versus 
young subjects. In addition, the saliva of elderly patients contained a 
higher concentration of MMP-1 and MMP-8, without a compensatory 
increase in TIMP-1 production. Interestingly, Holmström et al. reported 
that saliva levels of MMP-12, which is responsible for elastin proteolysis, 
were significantly decreased in older patients as compared to younger 
counterparts (<40 years old).27 Together, these studies support the 
assertion that alterations in endogenous matrix remodeling activity are 
associated with aging-related changes in SG morphology and microen-
vironmental cues, independent of any specific pathology (e.g. SS). 

As primary agents of matrix remodeling, MMPs play an important 
role in disrupting SG tissue architecture during aging. However, the 
mechanisms underlying the increased expression of MMPs in SGs during 
aging are still not well-defined. While our current understanding sug-
gests that degranulating neutrophils, derived from the aging inflam-
matory microenvironment, may provide a significant contribution of 
MMPs to salivary secretions, identifying the cellular origin of MMPs and 
TIMPs in the aging SG is critical for understanding the mechanism of 
aging-related degeneration and warrants further investigation.28 

In addition to observing that fibrosis is strongly associated with 
aging-related remodeling of SG morphology, a recent study by Li et al. 
identified several phenotypic characteristics, associated with aging 
human labial salivary glands (LSGs), including atrophic acini, an in-
crease in inflammatory cells, altered immune response, and intracellular 
accumulation of lysosomes and autophagosomes.29 The study used the 
rat as a natural model of aging to demonstrate that SGs from aged rats 
have increased amounts of inflammation compared to young rats. 
Co-localization studies, using fluorescently labelled antibodies, revealed 
an increase in the distribution of MMP-9+/CD45+ immune cells in 
aged, but not young, rat sublingual glands. While MMP-9 plays a key 
catabolic role in tissue remodeling, it is enriched in cells expressing a 
senescence-associated secretory phenotype (SASP). Further research is 
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needed to better understand the role of MMPs in SG during aging and 
determine whether these enzymes have potential as therapeutic targets 
to ameliorate or even reverse SG aging. 

2.2. Irradiation-induced SG damage 

When the head and neck region is exposed to irradiation (IR), MMP 
activity in the damaged SG tissue is increased, a process likely related to 
an increase in inflammation and edema in the damaged gland.4,30 By use 
of a Drosophila model, Lee et al. showed that IR stimulated programmed 
cell death in the SG; in addition, there was a significant up-regulation of 
MMP-1 expression, coupled with a >20-fold down-regulation of TIMP, 
suggesting that conditions were conducive for high levels of active 
proteolytic enzyme activity and matrix breakdown.31 

In a study of IR-induced SG hypofunction in murine SMGs, RNA-seq 
analysis 300 days post-IR showed an increase in matrix metal-
loproteinases (MMP2, MMP3) and a cysteine peptidase inhibitor (Serp-
ing1) which are involved in ECM remodeling and fibrosis.32 Moreover, 
the study also reported that MMP2 and Serping1 were similarly upre-
gulated in porcine parotid glands at 16 weeks post-IR. Most recently, 
Uchida et al. demonstrated that, in bilaterally irradiated murine SMGs, 
transcriptional- and protein-level expression of MMP2 was significantly 
increased at 24 and 48 h post-IR.33 

2.3. Sjögren’s syndrome 

Sjögren’s syndrome (SS) is an autoimmune disorder that primarily 
affects exocrine glands, including SGs, and leads to a reduction in saliva 
production. Currently, the etiopathogenesis of SS remains unclear, but 
lymphocytic infiltration and autoimmune attack have been shown to 
contribute to acute SG inflammation and ultimately destruction of 
glandular tissue.34–36 Although SS represents a distinct pathology, 
degeneration of the SG microenvironment and dysregulation of MMP 
activity are consistent features of the disease.4,18 This assertion is sup-
ported by clinical biopsy studies showing extensive amounts of SG ECM 
remodeling in SS patients,37 coupled with increased expression of 
MMP-3 38 and MMP-9 expression and activity.39,40 In a clinical study by 
Pérez et al. SS patients were stratified into three categories, based on 
disease severity, and MMP and TIMP expression at both the mRNA and 
protein levels determined.41 The investigators observed that the severity 

of lymphocytic infiltration in labial SGs was correlated with pronounced 
alterations in acinar morphology and reduced acinar cell polarity (i.e., 
reflected by loss of basal positioning of the nucleus). In addition, the 
degree of SG damage in these subjects was strongly correlated with an 
increase in MMP-9/TIMP-1 and MMP-3/TIMP-1 ratios, suggesting that 
an imbalance in the ratio of MMPs to TIMPs was linked to acinar damage 
and SS progression. 

As stated above, SG cells are known to produce both MMPs and 
TIMPs. As a result, it’s possible that metalloproteinases, which are 
normally involved in ECM maintenance and remodeling, may play a role 
in degrading the matrix that contributes to SS pathogenesis. One way 
that these endogenous enzymes may be activated is through anoikis, 
which is a programmed cell death process induced by an interruption in 
integrin-mediated attachment to the ECM, that leads to the deterioration 
of acini in SS.38,42 This process also alters the ratio of MMP-9 and MMP-3 
to TIMP1 produced by the acinar and ductal cells.41 Thus, the endoge-
nous SG cells participate in breaking down the secretory machinery and 
supporting epithelium, even though there is no direct participation by 
the infiltrating lymphocytes. 

A disorganized SG epithelium and basal lamina are hallmarks of SS 
pathology. Observations made from both animal models and clinical 
samples suggest that this deterioration in tissue structure and 
morphology is due to an interplay between inflammation, innate im-
munity, and matrix metabolism.43–45 Non-obese diabetic (NOD) mice 
have been employed as a powerful model for studying autoimmune 
exocrinopathy because they spontaneously develop SS-like secretory 
dysfunction by 12–16 weeks of age.46 Investigations of SG morphology 
in these mice have described the presence of significant changes in gland 
structure and homeostasis, along with reduced secretory output, prior to 
the onset of inflammation.47 In Cha et al. decreased acinar cell prolif-
eration was coupled with alterations in the structure of the SG epithe-
lium and basal lamina; these changes are believed to be due to increased 
MMP-2 and MMP-9 activity during SG development.48 Significantly, 
these observations suggest that MMP-mediated degradation of the SG 
ECM may produce peptides that subsequently stimulate an auto-immune 
response and drive SS pathogenesis (see below).49 In a clinical study of 
19 patients with primary SS, Pérez et al. concluded that increased SG 
MMP activity correlated with increasing disease severity. Moreover, 
through immunolocalization studies of SG biopsies, staining intensity 
for MMP-3 and MMP-9 in acinar and ductal cells was found to be 

Fig. 1. SG pathologies are characterized by unique changes in the local microenvironment. Different mechanisms of SG damage perturb the expression of MMPs in 
addition to up/down regulation of specific ECM components. Created using BioRender.com. 
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unrelated to their proximity to inflammation-inducing mononuclear 
cells.40 These observations support the hypothesis that lymphocytes, 
which are routinely found infiltrating the gland in SS, may not be 
directly responsible for ECM degradation due to dysregulated MMP 
activity. 

An alternative mechanism by which MMP-mediated degradation of 
the SG basal lamina can stimulate immunopathogenesis is through the 
generation of ECM breakdown by-products, known as damage- 
associated molecular patterns (DAMPs).50 These matrix fragments 
have been shown to activate sterile inflammation by binding both 
pattern recognition receptors (PRRs), such as toll-like receptors (i.e. 
TLR2, TLR4) and other classes of surface receptors (e.g. integrins).51 

PRRs are widely-expressed by cells of the innate immune system (i.e. 
macrophages, dendritic cells, neutrophils, and mast cells), stromal cells 
(i.e. epithelial cells and fibroblasts) and endothelial cells. Binding to 
PRRs stimulates the inflammasome of the innate immune response, MAP 
kinase, NF-kB signaling pathways, and complement activation cascades 
which promote lymphocyte recruitment, coupled with the generation of 
autoantibodies and stimulation of pro-inflammatory cytokines.50 

DAMPs are normally not accessible by the immune system, but they can 
be released by living or necrotic cells under stress conditions.52 Clinical 
studies have shown that MMPs produced by cells from SS patients 
degrade the SG basal lamina with different degrees of efficiency and that 
laminin was the most affected followed by fibronectin and collagen 
types I, III, and IV.38 

Recent studies have identified SG-specific DAMPs associated with 
the pathogenesis of SS.50 An investigation conducted in NOD mice 
showed that the production of biglycan (Bgn) and decorin (Dcn) was 
similar in SGs of both healthy and SS mice.53 However, sera from SS 
mice contained elevated levels of anti-Bgn and -Dcn autoantibodies 
relative to healthy controls. In addition, the study also found that 
breakdown of the SG basal lamina in SS mice generated DAMPs asso-
ciated with these small proteoglycans. SG-associated DAMPs are thought 
to activate PRRs (TLR2, TLR4) and trigger Myd88-dependent activation 
of NF-κB, ultimately leading to persistent B cell activation in the SG and 
contributing to autoimmunity. These observations were further sup-
ported by another report showing significantly elevated DCN gene 
expression in SGs of primary SS patients.54 Immunostaining of SG bi-
opsies indicated co-localization of Dcn and TLR4, a PRR found in the SG 
epithelium, and staining intensity was found to increase with SS 
severity. In addition, soluble Dcn was shown to induce the polarization 
of macrophages from the naïve (M0) to activated (M1) phenotype. 
Taken together, these studies outline a framework for how matrix pro-
teolysis in SGs, enabled at least in part by dysregulated MMP-activity, 
may potentiate a runaway feedback loop of autoimmune activation 
which drives SS etiopathology. 

3. Fibrosis is the outcome of different types of SG degeneration 
and disease 

All degenerative processes that dismantle a healthy SG epithelium 
and basal lamina ultimately lead to fibrosis which is characterized by 
scar/repair tissue formed in response to MMP-mediated ECM degrada-
tion.55 The overall composition of the fibrotic ECM in SG is known to be 
distinct from that of healthy tissue.23,24 In healthy SG, the ECM is mainly 
composed of proteins and complex carbohydrates (e.g. collagens, lam-
inins, fibronectin, glycosaminoglycans and proteoglycans).5 In contrast, 
fibrotic SG ECM contains increased amounts of certain collagens, lam-
inins and fibronectin56 and the distribution and organization of the ECM 
components are altered (vs. normal healthy tissue).57,58 In addition to 
these compositional changes, which lead to the degeneration of acinar 
and ductal architecture and secretory function, fibrosis also impairs the 
innervation and microvasculature of the SG, resulting in reduced blood 
flow and oxygenation and further exacerbating damage to the tissue and 
its microenvironment.59,60 Fibrosis of major SGs is not the only cause of 
fibrosis-induced hyposalivation. Oral submucosal fibrosis also impacts 

minor salivary glands, which can impair the function of secretory cells in 
the gland and reduce salivary secretion.61 Taken together, these changes 
in tissue organization and regulatory cues in the extracellular environ-
ment lead to a significant impairment in gland homeostasis and secre-
tory function.62,63 Fig. 2 presents a generalized framework showing how 
different pathways of SG microenvironmental damage all converge on 
fibrotic remodeling of the ECM. 

3.1. Aging-related degeneration 

The morphological changes that occur in human SGs during physi-
ological aging have been established by studies showing that acinar 
volume in major SGs decreases by about 25–30% and fibrosis and adi-
pose infiltration into the glandular tissue is significantly increased.22 

Rodent models have been used to extend these observations and show 
that both fibrosis and collagen deposition are increased in all three 
major SGs during aging.23,64 Moreover, impaired SG function was 
correlated with an increase in periductal collagen accumulation in 
acinar and ductal cells. Although the relationship between acinar atro-
phy and fibrosis in the SG during aging has been relatively 
well-described, the precise mechanisms responsible for the morpho-
logical and functional changes have not been completely defined. 

Fibrosis may reduce SG function through a variety of mechanisms. By 
use of a rodent model of SG aging, Choi et al. suggested that periductal 
stiffening due to increased collagen deposition may impair SG secretory 
function and mucin production.65 Yamauchi et al. also employed a ro-
dent SMG model to show that localized increases in oxidative stress may 
contribute to many aspects of the aging SG phenotype, including the 
accumulation of fibrotic tissue.66 Finally, Tomiskai et al. attributed 
increased fibrosis and adipose infiltration, histologically observed in a 
gerbil aging SG model, to the increased number of fibroblasts expressing 
intracellular type I procollagen and serpin collagen chaperones.67 They 
proposed that this increase in collagen secretion by the SG cells was a 
major driver of aging-related fibrosis and associated salivary hypo-
function. Indeed, both alterations in SG cellular populations and 
microenvironmental cues are likely participants in the progression of 
aging-related fibrosis. 

Observations in aging animal models of SG fibrosis have also been 
translated to studies of human clinical samples. Leehan et al. investi-
gated the relationship between fibrosis and adipose infiltration in labial 
SG biopsies from SS and non-SS sicca patients and concluded that there 
were no significant differences in displacement of SG volume by fatty 
tissue.62 The study was able to demonstrate that the relationship be-
tween salivary flow and fatty replacement, as well as morphologically 
identified fibrotic changes, was almost exclusively influenced by patient 
age and was independent of SS-status. This finding was supported by a 
10-year retrospective analysis of minor SG biopsies by Klein et al. which 
found that natural SG aging (i.e. fibrosis and adipose replacement) 
contributed to impaired salivary/secretory function, even in the absence 
of specific pathological processes in SS or IR-induced damage.63 Overall, 
most research points to the accumulation of fibrotic tissue in the SG and 
the resulting impairment in secretory function as a natural process in 
oral aging physiology. However, fibrosis is also strongly involved in SG 
pathologies which mainly manifest in the aged. One possibility is that 
these conditions (e.g. IR damage, SS) may further promote an already 
on-going fibrogenic process occurring in the aging SG. 

3.2. Irradiation-induced SG damage 

Generally, IR-induced SG damage is marked by acinar cell atrophy 
and replacement of the cells by fibrotic tissue.68 An initial decline in SG 
function occurs in the first three days after exposure to IR in mice and 
rats.4 Mice experience a significant reduction in acinar cells, salivary 
flow rate, and changes in saliva composition shortly after IR 
exposure.69–71 Reports have noted that chronic hyposalivation begins 
between 30 and 300 days following IR, with fibrosis occurring as early as 
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30 days after receiving fractionated IR in minipigs and over 4 months in 
rodents.72,73 In addition to immunostaining of SG-gland biopsies 
showing fibrotic lesions, genomic profiling has linked increased collagen 
deposition in irradiated SGs to intraglandular up-regulation of fibrosis 
pathways.32,58 In addition, studies have shown that IR-induced SG 
fibrosis occurs in defined stages over time that are dependent on radi-
ation dose.57,74 In a rat SG irradiation model, Friedrich et al. measured 
the accumulation of type I collagen as a function of radiation dose and 
concluded that radiation doses exceeding 20 Gy (but less than 60 Gy) 
promoted periductal and perivascular fibrosis of SMGs.74 Furthermore, 
multivariate analysis indicated a statistically significant increase in type 
I collagen accumulation in the excretory and striated ducts, capsule and 
septae, nerves and the vascular adventitia of irradiated glands. A sub-
sequent investigation compared the distribution patterns of ECM com-
ponents in naïve versus irradiated rodent SMGs at 6 and 12 months 
post-IR and concluded that radiation induces dose-dependent ECM 
remodeling, with higher doses resulting in an increased amount of 
fibrosis and a decreased number of acini.57 In animals not exposed to 
radiation, the ECM was uniformly distributed throughout the gland, 
including regions containing acinar cells, ducts, nerve tissues, and vessel 
walls. However, in irradiated glands, significantly increased staining 
intensity for ECM proteins was localized within the radiation field, 
compared to tissue outside the radiation field or in non-irradiated ani-
mals. Moreover, the greatest deposition of laminin, fibronectin and type 
III collagen was most evident in animals irradiated at 60 Gy. The 
expression of laminin in irradiated glands increased in a dose-dependent 
manner, particularly in regions previously occupied by acinar cells. 
Type III collagen staining was also significantly increased in irradiated 
vs. non-irradiated glands. Fibronectin staining was increased around 
acinar cells, granular convoluted tubules, and striated and excretory 
ducts. Finally, type IV collagen staining followed a pattern similar to 

that of laminin, showing an increase in intensity in irradiated glands, but 
did not show any significant increase in accumulation at the 20 Gy dose 
relative to controls. 

Fibrosis has been shown to significantly impair SG secretory function 
by reducing the innervation and drainage of the acinar and ductal 
structures.56,75 Finally, a study comparing structural and compositional 
changes occurring in human SMG at 6 months versus 6 years post-IR 
therapy, showed that collagen density in the fibrotic lesions increased 
significantly over time and was accompanied by a gradual clearing of 
ECM-forming adipocytes as the collagenous fibers in the matrix became 
more tightly organized.58 

Although the formation of fibrotic lesions after IR damage has been 
conclusively demonstrated to occur in both animal models and human 
subject biopsies, the mechanisms which mediate this process in SG 
remain to be elucidated.76,77 One potential signal transduction pathway 
involved in the SG damage response to IR is TGF-β, a master regulatory 
cytokine for fibrosis.55 TGF-β binds to type I & II transmembrane ser-
ine/threonine kinase receptors to activate downstream signaling cas-
cades of SMADs, which ultimately stimulate ECM remodeling and 
promote fibrosis by regulating various transcriptional targets.46,78 In 
human patients, the expression of TGF-β has been shown to be elevated 
following radiotherapy of the head and neck,79 as well as in murine 
models of IR-induced salivary hypofunction.80 TGF-β promotes fibrosis 
by increasing ECM synthesis, activating fibroblasts, inducing acquisition 
of the myofibroblast phenotype, and stimulating the epi-
thelial–mesenchymal transition (EMT) and endothelial-mesenchymal 
transition (EndMT).81 Additional research is necessary to conclusively 
delineate the mechanisms involved in the SG response to IR, including 
the prospective role of TGF-β as a mediator of fibrosis. 

Fig. 2. Fibrosis is the final common pathway of SG 
damage. Aging-related degeneration, IR-induced 
damage, and Sjögren’s Syndrome are distinguished 
by different pathways (e.g. expression and activity of 
MMPs/TIMPs) which degrade the SG microenviron-
ment and contribute to reduced salivary function-
ality. Irrespective of the pathway involved, fibrotic 
remodeling emerges in all three types of SG damage 
as a consequence of improper repair of the damaged 
ECM. The impact of fibrosis is a permanently 
compromised SG structure and loss of function. 
Created using BioRender.com.   
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3.3. Sjögren’s syndrome 

The histological hallmarks of SS in SG biopsies are the presence of a 
lymphocytic infiltrate and loss of healthy exocrine tissue architecture, 
including acinar atrophy, destruction of the basal lamina and epithe-
lium, hyperplasia of the intraglandular duct lining, and interstitial 
fibrosis.82–85 Typically, fibrosis in the SG manifests as regions of ECM 
hyperplasia, where healthy glandular architecture is disrupted by the 
deposition of a fibrous dense type I collagen network.86,87 While fibrosis 
may be more pronounced in the advanced stages of SS, studies have 
shown that the extent of fibrosis correlates with the degree of lympho-
cytic infiltration and severity of SS symptoms (e.g., inflammation scores; 
stimulated salivary flow rate).88,89 The identification of age-related 
fibrosis in healthy individuals has caused much uncertainty regarding 
the use of this marker in SS patients as its presence may actually be a 
consequence of aging rather than a manifestation of pathology. More-
over, fibrosis in SS patients is further complicated by its relatively late 
onset, usually in the fourth decade of life or later. Llamas-Gutierrez et al. 
sought clarification of this issue by evaluating a series of SG biopsy 
specimens (i.e. 63 cases of pSS and 11 healthy controls) and found that 
pSS patients had a higher grade of fibrosis and confirmed that there was 
a connection between fibrosis and SS after adjusting for age.9 

Fibrotic remodeling of the SG microenvironment in SS is not limited 
to increased deposition of type I collagen. Laminins are a family of 
structural glycoproteins which play a crucial role in organizing the 
structure of the SG and maintaining its function, including the formation 
of a network of fibers that support the glandular epithelium which is 
responsible for producing and secreting saliva.5 Within the inter-acinar 
basal lamina of the SG, laminins and type IV collagen form a major 
structural network which is stabilized through non-covalent crosslinks 
of globular nidogen proteins.42 Studies have shown that remodeling of 
the basal lamina during fibrosis significantly alters laminin organization 
and the support/integrity of the salivary acini and ductal structures.90 A 
comparison of laminins in healthy SGs versus those in SS showed a 
significant decrease in the abundance of almost all isoforms of laminin, 
along with a severely disorganized laminin structure in the basal lam-
ina.91,92 To better understand the changes occurring in the LSG basal 
lamina of SS patients, Kwon et al. analyzed the levels of laminin α1, α4 
and γ2 chains, as well as nidogens 1 and 2, at the mRNA and protein 
levels. The results showed that patients with low levels of inter-acinar 
fibrosis had elevated mRNA and protein levels for unprocessed lami-
nin γ2 and less pronounced changes in subjects with high fibrosis. Only 
protein-level changes were observed for laminin α1 and α4 chains in low 
fibrosis patients. Nidogens 1 and 2 displayed similar mRNA and protein 
levels in SS patients and control subjects, but high levels of nidogen 
degradation products were observed in low fibrosis patients. These re-
sults suggest that active remodeling of the basal lamina occurs during 
the early stages of disease, potentially contributing to the disorganized 
basal lamina observed in patients with low inter-acinar fibrosis.42 Work 
by Konttinen et al. showed that, apart from the general structural 
anomalies noted for SG acini in SS, the laminin α1 chain is depleted from 
the acinar basement membrane, reducing the capacity of the local 
microenvironment to regulate differentiation of progenitors to acinar 
cells.93 Taken together, these results indicate that changes in laminin 
and collagen isoforms in SS contribute to morphological changes in the 
SG and potentially influence gland function.91 

Although ECM remodeling during fibrosis plays a critical role in the 
pathogenesis of SS, specific factors that induce SG fibrosis are yet to be 
clearly identified. To address this gap in our understanding, Mao et al. 
used a murine model of SMG fibrosis to determine if increased perme-
ability of the tight junction (TJ)-based endothelial barrier, which is 
crucial in glandular homeostasis, contributes to SG fibrosis.94 The results 
showed that claudin-5 expression was increased in fibrotic glands, while 
the TJ sealer, AT1001, was able to restore the function of the endothelial 
barrier and attenuate SG fibrosis. Moreover, the study also confirmed 
that claudin-5 was upregulated in fibrotic SMGs, along with elevated 

p-ERK1/2 signaling, from patients with chronic SG inflammation. 
Overall, the study provided convincing evidence that impaired endo-
thelial barrier function plays a role in the progression of SG fibrosis and 
provided a mechanistic framework for the pathogenesis of ECM 
remodeling in inflammatory conditions such as SS. 

Similar to IR-induced SG damage, recent studies have suggested a 
link between chronic inflammation in SS and SG fibrosis via activation of 
the EMT in the SG epithelium. Sisto et al. investigated the expression of 
E-cadherin (an epithelial cell marker) and the mesenchymal markers, 
vimentin and type I collagen in SG biopsies from SS patients.87 The re-
sults indicated that increased SG tissue inflammation in SS was nega-
tively correlated with E-cadherin expression and positively correlated 
with the expression of vimentin and type I collagen. In addition, the 
study showed that IL-17 and IL-22 synergistically promoted the EMT in 
human SG epithelial cells (SGECs) from healthy subjects, including the 
upregulation of mesenchymal markers and suppression of epithelial 
markers. The results suggest that inflammatory mediators, including 
IL-17 and IL-22, may play an important role in the initiation and pro-
gression of fibrosis in primary SS, and as such, constitute potential 
therapeutic targets for reducing fibrosis and protecting SG function. 

4. Fibrosis of the SG microenvironment is an obstacle to 
effective regenerative therapies 

Generally, regenerative medicine-based therapies for SG hypo-
function have not been very successful because, in our opinion, aging, 
disease or physical insult have produced major changes to the SG 
microenvironment that result in loss of important regulatory cues. These 
changes lead to SG hypofunction via self-propagating, mutually-rein-
forcing, multifactorial mechanisms that result in secretory failure.95 The 
cumulative effect of these aberrant regulatory signals to SG regeneration 
are summarized in Fig. 3. For example, at least three types of cell 
damage account for the decrease in saliva secretion observed in irradi-
ated SGs: cell membrane damage caused by free radicals, changes in the 
signaling pathways that regulate the production of saliva (such as Ca2+

signaling), and inactivation of ion channels and transporters (e.g. 
aquaporins).96 Thus, attempts to increase the expression of aquaporins 
(e.g. aquaporin-1 [AQP1]) have demonstrated a degree of clinical 
effectiveness, but the benefits to salivation are both limited in impact 
and temporary.97,98 This is likely because improvements in secretory 
function provided by the gene therapy are counteracted by the loss or 
damage to regulatory cues in the microenvironment.99 Other genes, 
such as nerve growth factor and neurturin, have shown promise in 
alleviating radiation-induced SG dysfunction in animal models.32 

However, their efficacy and duration are also influenced by the dysre-
gulated cues in the microenvironment.100 While gene therapies may 
temporarily reduce symptoms, their combination with strategies to 
restore the damaged microenvironment may offer a more effective 
long-lasting cure for SG hypofunction. 

Similarly, potential new therapies focused on restoring SG cells and 
tissues using stem cells or SG progenitors must also contend with dys-
regulated cues in the damaged SG microenvironment.101 Depending on 
the degree of SG damage, the regenerative or anti-inflammatory po-
tential of the implanted cells may not be sufficient to overcome the 
deleterious influence of the damaged microenvironment or hijack the 
fibrogenic potential of stem cells (or stromal cells) to increase ECM 
remodeling and fibrosis (Fig. 3). Senolytic approaches, which aim to 
selectively eliminate damaged or senescent SG progenitors, may be a 
promising approach for promoting endogenous regeneration in the 
damaged SG.102 However, the effectiveness of this intervention is also 
subject to the accumulation of deleterious cues in the SG tissue and their 
effect on the cells.103,104 

At present, we only have limited knowledge regarding the capacity 
of implanted cells to repair damaged ECM or fibrotic tissue.105,106 In 
vitro cell culture models have only recently been developed to assess 
changes in mesenchymal stem cell (MSC) behavior when maintained in 
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“healthy” versus “diseased”/“damaged” microenvironments. Our group 
conducted a study using decellularized ECMs produced by bone marrow 
stromal cells (MSCs) obtained from “young” and “elderly” donors as 
novel in vitro cell culture surfaces. We found that when young MSCs 
were cultured on the ECM derived from elderly MSCs, they exhibited 
significant, deleterious changes in their phenotype, including reduced 
sensitivity to osteogenic growth factors such as BMP-2 and IGF-1.107 

Burk et al. used a similar approach to create MSC-derived ECMs pro-
duced under regular versus pro-fibrotic conditions (e.g. TGF β1)108 and 
observed substantial differences in the collagen content and architecture 
(i.e., tissue culture plate and Matrigel-ECM versus TGFβ1-ECM). When 
MSCs were cultured on these matrices, they showed significant differ-
ences in the expression of genes related to matrix metabolism. Notably, 
MSCs cultured on the pro-fibrotic ECM up-regulated MMP expression 
while down-regulating the expression of key MMP inhibitors, TIMP-1 
and TIMP-2, suggesting that the fibrotic microenvironment modulates 
matrix synthesis by enhancing degradation in cultures. The study sug-
gested that a damaged microenvironment can induce healthy MSCs to 
express a myofibroblast-like, pro-fibrotic phenotype. 

While these in vitro studies do not directly investigate aging-related 
changes in the SG microenvironment, the results can be extended to 
the use of stem cells for restoring SG function by determining if a 
damaged microenvironment can overcome the regenerative potential of 
multipotent stem cells. Numerous studies, referenced above, have 
shown that physiological aging, IR-induced injury, and SS substantially 
damage the SG microenvironment by changing the architecture and 
composition of the local ECM through both altered matrix metabolism 
(i.e. MMPs) and fibrotic remodeling. Under normal conditions, these 
extracellular regulatory cues maintain tissue homeostasis. When per-
turbed, the aberrant cues reduce the functional capacity of the gland and 
contribute significantly to pathologies associated with all three modes of 
SG damage. In order to be effective in reversing this damage, both cell 
and gene therapies must overcome powerful cues in the extracellular 
regulatory environment which favor SG dysfunction. 

5. Restoration of the ECM should be the first target of stem cell- 
based SG regeneration 

Restoration or repair of damage to the SG ECM caused by aging, 
disease or physical insult and mediated by MMPs and fibrosis, may 

enable new stem cell-based and gene therapies to repair or regenerate 
tissue and perhaps even reverse the loss of secretory function. Hyper-
expression of MMP-9 in the salivary epithelium of patients with pSS 
causes severe ECM remodeling and characteristic degeneration of 
glandular tissue.38,40,109 By employing primary SG epithelial cells 
derived from pSS patients to study the regulation of MMP-9 expression, 
Noll et al. identified overexpression of a key transcription factor, 
ETS1.110 siRNA knockdown of ETS1 reduced MMP-9 expression at both 
transcriptional and protein levels and represents a potential therapeutic 
target for inhibiting MMP-mediated degradation of the SG microenvi-
ronment in aging and disease. 

While in situ protection or repair of damaged SG ECM would be an 
ideal goal of regenerative therapies, current tissue engineering methods, 
which address the degenerated ECM, generally employ synthetic scaf-
folds combined with stem cells or progenitors. Other approaches have 
employed molecular or genetic methods to directly modulate the 
composition of the SG ECM. For example, significant changes in the 
shape and function of acinar and ductal cells in labial SGEC cultures 
treated with anti-SSA (Sjögren’s-syndrome-related antigen A) autoanti-
bodies were accompanied by alterations in the expression of fibulins, a 
group of ECM proteins which regulate cell shape and function.111 These 
results suggested that anti-SSA autoantibodies modulate the expression 
of ECM proteins by SG epithelial cells and contribute to SS pathogenesis. 
Subsequently, Lisi et al. investigated the possibility of using antibodies 
to regulate the expression of fibulins by SGECs as a potential approach 
for mitigating damage to SG architecture in SS.37 The results showed 
that anti-SSA antibodies were quite effective at reducing the expression 
of fibulin-6 which plays a role in disorganizing the SG ECM and the loss 
of glandular structure and function seen in SS. 

Other approaches which have attempted to modulate damage to the 
SG microenvironment have focused on reducing fibrosis. In a murine IR- 
induced damage model, Lombaert et al. employed an adeno-associated 
virus serotype 2 (AAV2) vector to carry the human neurotrophic fac-
tor, neurturin (CERE-120), to treat injured SGs.32 The results showed 
that CERE-120 had the potential to alleviate salivary hypofunction by 
diminishing periductal and perivascular fibrosis. Genomic analysis of 
SGs treated with the CERE-120 vector displayed reduced expression of 
genes associated with fibrotic ECM remodeling, MMP2, MMP3 and 
Serping1. Another study used a transgenic knockout (KO) mouse model 
to demonstrate that deletion of differentiated embryo chondrocyte 

Fig. 3. Damaged extracellular cues in SG disease. The damaged SG microenvironment produces aberrant cues which contribute to dysregulated of SG organization, 
cell behavior and function. If unaddressed, these degenerative cues interfere with SG regeneration. Created using BioRender.com. 
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expressed gene-1 (Dec1), a transcription factor and major regulator of 
cellular senescence, has the potential to alleviate age-related decline in 
SMG function.25 Significantly, the study showed that loss of transcrip-
tion factor expression simultaneously reduced the loss of SMG function 
(due to fibrosis) and expression of type I collagen and MMP-2 during 
aging in Dec1-KO mice. These results suggest that Dec1 siRNA has po-
tential as a prospective therapy for protecting SG integrity and function 
during aging. Others have proposed the administration of chimeric an-
tigen receptor T-cells (CAR-T) to selectively target myofibroblasts 
expressing fibroblast activation protein (FAP).112 While these ap-
proaches demonstrate the therapeutic potential of moderating fibrosis to 
preempt degeneration of the SG microenvironment, an approach which 
repairs the SG ECM in situ has yet to be identified. 

MSCs have the potential to slow, moderate or even repair SG damage 
in vivo as a result of aging, IR, or SS, through multiple pathways.113 

Unfortunately, most studies of MSC-mediated SG regeneration or repair 
have emphasized the ability of the MSCs to serve as a reservoir of pro-
genitor cells without addressing their potential to mediate SG matrix 
repair. However, the capacity of MSCs to moderate inflammation 
through cell-cell contact, paracrine factor secretion, and production of 
cytokine-laden extracellular vesicles (EVs) may also play an important 
role in modulating the degradation/repair of the SG microenviron-
ment.114 Based on these putative immunomodulatory and 
anti-inflammatory capabilities, we speculate that the administration of 
MSCs at relatively early stages of ECM damage may reduce deterioration 
and fibrosis of the native SG microenvironment, which if left unchecked 
can severely impair the function of SG cells and create major obstacles to 
endogenous tissue repair by resident cells. Cell culture studies have 
shown that cell-cell contact between fibroblasts and MSCs and paracrine 
factors secreted by MSCs have a potent regulatory effect on the in-
flammatory response of fibroblasts, reducing their expression of 
inflammation-associated adhesion molecules (e.g., ICAM1 and VCAM1) 
and attenuating the expression and activation of ECM-degrading 
MMPs.115–117 Other studies have suggested that MSC conditioned 
media have the ability to both reduce inflammation and ECM deposition 
in highly damaged, irradiated human cardiac fibroblasts118 and human 
keloid fibroblasts119 via inhibition of Notch and Smad signaling and the 
expression of TGF-β2.120 While these studies were not performed in 
SG-derived cell types, they suggest that MSCs have the potential to 
reduce ECM degradation and fibrosis, which may be leveraged to miti-
gate SG damage. 

Recently, in vivo models of liver fibrosis and cardiac ischemia have 
been used to investigate the anti-fibrotic potential of both MSCs and 
their paracrine products. In a novel zebrafish embryo model of induced 
liver fibrosis, van der Helm et al. showed that the injection of bone 
marrow-derived MSCs into embryos with liver fibrosis-inducing agents, 
significantly reduced the expression of collagen and TGF-β as compared 
to untreated controls.121 Kore et al. employed an acute murine cardiac 
ischemia model to investigate the potential of MSC-derived exosomes in 
reducing cardiac diastolic dysfunction by inhibiting the 
profibrotic-phase of matrix remodeling and/or initiating regenerative 
remodeling of the damaged tissue.122 The results showed that MSC 
exosomes suppressed inflammation and promoted ECM remodeling in 
hearts with acute and chronic ischemia by reducing the secretion of 
fibronectin and modulating collagen production. In addition, proteomic 
analyses in this study showed that IL-1β expression was reduced and 
profibrotic signaling inhibited in the hearts of animals treated with MSC 
exosome. 

Finally, a major potential advantage of using MSCs to treat SG 
damage is their potential to not only mitigate fibrosis and its effects, but 
also to repair the damaged SG microenvironment. To achieve this goal, 
transplanted stem cells must be able to overcome the destructive 
microenvironmental cues that have (presumably) activated EMT or 
apoptotic programs in SG stem cells/progenitors already present in the 
damaged tissue.123 Thus, in order to maximize the restorative potential 
of multipotent MSCs, transplantation of the cells must occur at a 

relatively early stage of tissue damage, prior to the onset of fibrosis, 
before the local microenvironment is compromised beyond repair. For 
example, MSCs can suppress inflammation in early wound healing via 
TGF-β1, but in later remodeling phases, the same growth factor may 
actually increase myofibroblast differentiation and promote 
fibrosis.124,125 Indeed, other studies have convincingly shown that while 
MSCs may improve healing during the early stages of fibrosis, when 
transplanted at more advanced stages, they respond to cues in the 
microenvironment that exacerbate ongoing fibrosis, rather than 
resolving or reversing any existing damage.126,127 

A potential solution that may mitigate MSC-mediated fibrosis in-
volves developing methods which “reeducate” MSCs during in vitro 
clonal expansion, a process necessary for generating the large numbers 
of cells required by regenerative therapies.1 Unfortunately, the expan-
sion of MSCs in artificial cell culture environments (e.g., tissue culture 
plastic) reduces self-renewal and differentiation capacity, as well as 
stimulating overall phenotypic drift, which diminishes the expression of 
stem cell markers and anti-inflammatory capacity over multiple 
passages.128–130 Importantly, Majd et al.131 and Talele et al.132 outlined 
a mechanistic pathway linking culture on high-stiffness substrates such 
as TCP to MSC differentiation to a pro-fibrotic, myofibroblast pheno-
type, via upregulation of α-smooth muscle actin stress fibers and sub-
sequent nuclear translocation of YAP/TAZ. 

To address the susceptibility of stem cells to culture environments 
which alter their phenotype and promote fibrosis, our group and others 
have demonstrated that MSCs from various tissues (e.g. bone marrow, 
adipose and cardiac tissues) may be maintained on stromal cell-derived 
ECMs which recapitulate some of the biochemical (e.g., proteins, pro-
teoglycans), mechanical, and architectural attributes of tissue-specific 
MSC niches.7,107,133,134 Culture environments which reproduce these 
native properties are better able to preserve self-renewal capacity and 
stem cell phenotype during expansion135–138 and restrain the thera-
peutically undesirable transition to pro-fibrotic phenotypes.131,132 In 
this regard, Li et al. provided evidence that “soft priming” MSCs during 
expansion reeducated their mechanical memory and suppressed MSC 
fibrogenic response. The study showed that even when subsequently 
transplanted into scar-like wound environments, MSCs maintained a 
mechanosensory memory, including expression of myocardin-related 
transcription factor-A (MRTF-A).139 Our group recently demonstrated 
that MSCs, pre-incubated with SG-ECM can induce MSC trans--
differentiation to SG lineage cells both in vitro and in an in vivo rodent 
model.113 Taken together, these recent studies suggest that while the 
sensitivity of MSCs to signals in the microenvironment is central to their 
regenerative potential, careful consideration must be given to the cues to 
which they are exposed while being prepared for study and therapeutic 
use. Moreover, if MSCs are exposed to appropriate cues during expan-
sion, they may retain their ability to restore a compromised microen-
vironment, including the replacement of a fibrotic matrix which occurs 
in SG damage. 

6. Conclusion 

Catabolism (MMPs) and anabolism (deposition of a fibrotic matrix) 
are opposing processes which are responsible for producing a SG ECM 
which impairs (or interrupts) both gland homeostasis and secretory 
function. Fibrosis of the SG is known to occur as a result of aging and as a 
consequence of multiple pathological processes such as IR-induced 
injury or autoimmune attack in SS. SG fibrosis represents a formidable 
obstacle to all forms of potential regenerative therapies. Reversing the 
ECM damage caused by MMP activity and fibrosis to restore the struc-
tural integrity of the glandular tissue and create a more supportive 
microenvironment for the survival, proliferation, and differentiation of 
stem cells used in cell-based approaches represents a major challenge. 
Similarly, reversing the changes to the SG microenvironment caused by 
aging will improve the efficacy of gene therapies that aim to introduce 
functional genes into the damaged glandular tissue. We speculate that a 
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combination of MSC-based approaches for restoring the SG microenvi-
ronment with prospective molecular and gene therapies offers a new SG 
regenerative paradigm because it offers the potential to comprehen-
sively address both cellular and microenvironmental factors which 
contribute to impaired SG function. 
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syndrome: mechanisms of exocrine parenchyma destruction. Arthritis Rheum. 2000; 
43(12):2807–2817. https://doi.org/10.1002/1529-0131(200012)43:12<2807:: 
aid-anr22>3.0.co;2-m. 

M. Marinkovic et al.                                                                                                                                                                                                                           

https://doi.org/10.1016/b978-0-12-811920-4.00003-3
https://doi.org/10.1111/febs.15776
https://doi.org/10.1111/febs.15776
https://doi.org/10.1016/bs.ctdb.2018.02.002
https://doi.org/10.1016/bs.ctdb.2018.02.002
https://doi.org/10.3390/jcm9124095
https://doi.org/10.1159/000313707
https://doi.org/10.1159/000313707
https://doi.org/10.1038/nrm3896
https://doi.org/10.1038/nrm3896
https://doi.org/10.1016/j.matbio.2022.06.004
https://doi.org/10.1016/j.matbio.2022.06.004
https://doi.org/10.1111/febs.15282
https://doi.org/10.1111/1756-185x.12502
http://refhub.elsevier.com/S2212-4268(23)00100-8/sref10
http://refhub.elsevier.com/S2212-4268(23)00100-8/sref10
http://refhub.elsevier.com/S2212-4268(23)00100-8/sref10
https://doi.org/10.14670/hh-29.305
https://doi.org/10.1152/physrev.00015.2021
https://doi.org/10.1152/physrev.00015.2021
https://doi.org/10.1016/j.semcdb.2007.01.006
https://doi.org/10.17219/acem/30428
https://doi.org/10.17219/acem/30428
https://doi.org/10.1016/j.semcdb.2013.12.001
https://doi.org/10.1016/j.semcdb.2013.12.001
https://doi.org/10.1177/154405910408300902
https://doi.org/10.1177/154405910408300902
https://doi.org/10.1111/j.0309-0167.2004.01814.x
https://doi.org/10.1038/nrm3904
https://doi.org/10.1038/nrm3904
https://doi.org/10.1016/j.archoralbio.2012.08.009
https://doi.org/10.1016/j.archoralbio.2012.08.009
https://doi.org/10.4049/jimmunol.152.11.5532
https://doi.org/10.1002/(sici)1097-4652(199705)171:2<117::aid-jcp1>3.0.co;2-r
https://doi.org/10.1002/(sici)1097-4652(199705)171:2<117::aid-jcp1>3.0.co;2-r
https://doi.org/10.3390/ijms22115835
https://doi.org/10.3390/ijms22115835
https://doi.org/10.1590/1678-7757-2017-0484
https://doi.org/10.1590/1678-7757-2017-0484
https://doi.org/10.1590/1678-775720150139
https://doi.org/10.1590/1678-775720150139
https://doi.org/10.26402/jpp.2021.4.09
https://doi.org/10.1016/j.jds.2013.11.002
https://doi.org/10.1016/j.jds.2013.11.002
https://doi.org/10.1016/j.cyto.2018.06.036
https://doi.org/10.1111/j.1600-0765.1990.tb01035.x
https://doi.org/10.1111/j.1600-0765.1990.tb01035.x
https://doi.org/10.1016/j.isci.2023.106571
https://doi.org/10.1016/j.prro.2011.03.003
https://doi.org/10.1016/s0960-9822(03)00085-x
https://doi.org/10.1016/s0960-9822(03)00085-x
https://doi.org/10.1016/j.omtm.2020.07.016
https://doi.org/10.1016/j.omtm.2020.07.016
https://doi.org/10.1242/dmm.049570
https://doi.org/10.1038/nrdp.2016.47
https://doi.org/10.1002/1529-0131(200102)44:2<408::aid-anr60>3.0.co;2-0
https://doi.org/10.1002/1529-0131(200102)44:2<408::aid-anr60>3.0.co;2-0
https://doi.org/10.1016/j.cccn.2004.03.006
https://doi.org/10.1080/03009740802520722
https://doi.org/10.1080/03009740802520722
https://doi.org/10.1002/art.11178
https://doi.org/10.1002/art.11178
https://doi.org/10.1016/s0945-053x(98)90086-5
https://doi.org/10.1016/s0945-053x(98)90086-5
https://doi.org/10.1002/1529-0131(200012)43:12<2807::aid-anr22>3.0.co;2-m
https://doi.org/10.1002/1529-0131(200012)43:12<2807::aid-anr22>3.0.co;2-m


Journal of Oral Biology and Craniofacial Research 13 (2023) 693–703

702
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