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A B S T R A C T

It is well established that distinct cell metabolic alterations strongly contribute to the modulation of innate and
adaptive immune responses. In the past decade the term immunometabolism has been introduced to describe the
intracellular metabolic shifts of immune cells that lead to alterations of their functions. The pathogenesis of
Sjögren's syndrome (SS), also referred to as autoimmune epithelitis, is not completely understood, but strong
evidence supports the central role of the salivary glandular epithelial cells which are the target cells in the
initiation of the autoimmune responses. Moreover, the altered epithelial functional phenotype, observed in the
salivary gland lesion, may explain their disturbed secretory as well as immunoregulatory functions. From an
immunometabolic perspective we have focused our studies on the endoplasmic reticulum (ER) of the salivary
gland epithelial cells (SGEC) and the implication of its altered functions in the immunogenicity of these cells in
SS. We showed that ER of SGEC in SS patients in situ is stressed and extensively dilated. Using salivary gland cell
cultures, we studied in vitro the effect of ER stress on the metabolic behavior and viability of the cells. ER stress
induced by thapsigargin increased spliced X-box binding protein-1 (XBP-1, transcription factor that increases the
transcription of UPR target genes) levels in a time-dependent manner followed by autophagy and resulted to cell
apoptosis. In apoptotic cells, we observed that the autoantigens Ro52 and La were redistributed in apoptotic
blebs. During the induction of ER stress autophagy rescued the cells from apoptosis acting as a protective me-
chanism. We have also shown that adiponectin, a multifunctional hormone, is upregulated in the SGEC of SS
patients acting in an autocrine or paracrine manner in the same cells. Adiponectin through activation of AMPK,
the major sensor for cell energy demands, protected SGEC from apoptosis. Our results in combination with the
work of others indicate that any effort of cell adaptation to ER stress may up regulate a proinflammatory milieu.
This enhances the notion that metabolic alterations of the targeted epithelial cells in SS, independently of the
cause, may induce an immunogenic phenotype. Therefore, SGEC have the potential to directly regulate sus-
ceptibility to and/or severity of autoimmune responses. Since adiponectin plays a vital role in the viability of
SGEC through phosphorylation of AMPK, therapeutic interventions using PPAR agonists that upregulate adi-
ponectin and concomitantly modify the energy metabolism, may be promising candidates for therapeutic in-
tervention in SS.

1. Introduction

The initiators of autoantibodies production as well as the immune
cell-mediated tissue injury are key research questions in the field of

autoimmune diseases. The auto-aggression of the immune response,
evident once clinical manifestations become apparent, initially made it
difficult to conceptualize that an apparently uncontrolled attack on self
could be initiated by the target tissue itself. Notably, in some

https://doi.org/10.1016/j.jaut.2019.102335
Received 4 September 2019; Accepted 9 September 2019

Abbreviations: SS, Sjögren's syndrome; ER, Endoplasmic Reticulum; SGEC, Salivary Gland Epithelial Cells; XBP-1, X-box binding protein-1; AMPK, 5′ adenosine
monophosphate-activated protein kinase; PPAR, peroxisome proliferator-activated receptors; TCR, T-cell receptor; OXPHOS, Oxidative phosphorylation; Teff, ef-
fector T cells; Treg, T regulatory cells; mTORC1, mammalian target of rapamycin complex 1; GRP78/BiP, 78 kDa glucose-regulated protein; UPR, Unfolded Protein
Response; ERdj, ER-localized DnaJ proteins; ATP, Adenosine triphosphate; TEM, transmission electron microscopy; LSG, Labial Salivary Gland; ATF6α, Activating
transcription factor 6 α; STING, stimulator of interferon genes; LC3, microtubule-associated protein 1 light chain 3; 3-MA, 3-Methyladenine; TG, thapsigargin; HSG,
human submandibular gland cell line; IRF, Interferon regulatory factor; IFN, Interferon; IL-6, Interleukin-6; IL-4, Interleukin-4; MHC, Major histocompatibility
complex; NOD, non-obese diabetic mice; TNF-α, Tumor Necrosis Factor α

∗ Corresponding author. Department of Nutrition and Clinical Dietetics, Harokopio University 70 El. Venizelou, Athens, 17671, Greece.
E-mail address: sakats@hua.gr (S. Katsiougiannis).

Journal of Autoimmunity 104 (2019) 102335

Available online 18 September 2019
0896-8411/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/08968411
https://www.elsevier.com/locate/jautimm
https://doi.org/10.1016/j.jaut.2019.102335
https://doi.org/10.1016/j.jaut.2019.102335
mailto:sakats@hua.gr
https://doi.org/10.1016/j.jaut.2019.102335
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaut.2019.102335&domain=pdf


autoimmune diseases, such as Sjogren's syndrome (SS), evidence sup-
ports that the main targets, the epithelial cells of the salivary glands
might be able to initiate autoimmune responses by provoking/trig-
gering the immune cells through aberrant expression of several proin-
flammatory molecules and neoantigens [1–6]. The pathophysiological
mechanism of this aberrant phenotype able to initiate autoimmune
response remains elusive.

In recent years, the emergence of immunometabolism as a key
concept in the regulation of immune responses provides a new di-
mension to our understanding of the role of metabolic conditions in
immune functions in health and disease [7,8]. It is now well recognized
that intracellular metabolic pathways are important regulators of im-
mune differentiation and activation, and thus directly influence the
immune responses including autoimmune reactivity [9].

In an attempt to gain a better understanding of the role of target
cells in SS, our group has generated data revealing the importance of
salivary gland cells’ metabolic signature in auto-antigenicity, as in-
dicated by the occurrence of endoplasmic reticulum stress, autophagy,
immunogenic apoptosis and upregulation of adiponectin [10–12].

2. Immunometabolism is a novel perspective in immunology

In the past ten years a substantial number of discoveries have been
made in the field of immunometabolism, by which is meant the in-
tracellular metabolic shifts in immune cells, that leads to alterations of
their functions. Cellular metabolism instructs and modulates immune
cell differentiation and function in physiology and disease [7]. It is now
well established that for immune cells in order to execute their spe-
cialized functions they should engage anabolic metabolism [8]. In the
absence of a TCR signal, naïve T cells have reduced surface expression
of nutrient transporters [13], maintaining a catabolic state that involves
autophagy, OXPHOS and fatty acid oxidation [14]. A “shift” from OX-
PHOS to aerobic glycolysis is the hallmark of T cell activation [15]. As T
cells differentiate their metabolic demands change and this is best il-
lustrated by Teff and T regulatory (Treg) cells. Teff cells rely primarily
on glucose to support their functions [15] while FOXP3‐expressing Treg
cells have decreased requirements for glycolysis [16]. Similarly, the
secretion of antibodies by B lymphocytes is an energetically demanding
response. In fact, B lymphocytes undergo metabolic rewiring involving
the energy-regulating kinase complex mTORC1 and mitochondrial re-
modeling, necessary to mount effective antibody production [17–19].

Consistent with the above, metabolic alterations in the intracellular
levels of specific metabolites are linked to the inflammatory phenotype
of immune cells which are implicated in various autoimmune diseases
including rheumatoid arthritis, systemic lupus erythematosus, multiple
sclerosis and diabetes [9,20]. Various organelles, such as endoplasmic
reticulum (ER) and mitochondria are pivotal regulators of cell's meta-
bolism and compelling evidence suggests that ER stress exerts profound
effects on several central metabolic processes [21,22], placing ER on
the frontier of immunometabolism research.

The translational importance of metabolism in regulating immunity
is further supported by recent works showing that targeting central
metabolic components such as AMP-activated protein kinase, mTOR
and hexokinase ameliorates autoimmune inflammation by metformin
[23,24] rapamycin [25] and 2-deoxy-D-glucose respectively [26,27]. In
fact, it has been shown that inhibition of metabolic pathways in ex-
perimental models of systemic lupus erythematosus has profound ef-
fects without any apparent toxicity [26]. Therefore, cellular metabolism
is a highly adaptive driver for cellular fate decisions and critical im-
mune regulator under physiological and pathological conditions such as
autoimmune diseases.

3. Sjogren's syndrome: cross talk between targeted tissues and
immune cells

Sjogren's syndrome is a systemic autoimmune disease in which the

target of the autoimmune attack are exocrine gland tissues, mainly the
lachrymal and salivary glands. Clinical and pathology studies have
shown that the autoreactive immunocytes surround and attack epithe-
lial cells not only of the exocrine glands but also around bronchial and
renal epithelia and cholangia. These milestone observations directed
Dr. Moutsopoulos in the early 90s to introduce the term “Autoimmune
epithelitis” for the syndrome [28]. Subsequent tissue immunopathology
and salivary gland epithelial cell cultures studies revealed that these
cells are activated since they inappropriately express immunoreactive
molecules [5,29–31], release exosomes containing autoantigens [32]
and have the ability to act as antigen presenting cells. These observa-
tions suggested that these cells are the initiators and perpetuators of
autoimmune reactivity [1]. In other words, it appears that the epithelia,
non-immune cells, play a major role in the autoimmune arena.

Since metabolic aberrations of immune cells drive immune regula-
tion in mammals, it was postulated that the “immune” phenotype of
SGEC, undergoes similar control by their metabolism and may actively
shape the autoimmune response in SS. On this basis, our group initiated
a research program asking whether and to what extend target cells’
metabolic status has a role in the immunogenic phenotype. To address
this, we investigated the possible involvement of metabolic regulatory
mechanisms in salivary gland epithelium of patients with SS that may
affect the specific auto-immunogenicity of the disease.

4. Endoplasmic reticulum: demand for energy

A common characteristic of secretory cells is the extended ER. The
acinar and ductal cells of salivary glands belong to the cells with the
most extended ER and they are metabolically active cells, since con-
tinuously produce saliva, a fluid rich in proteins. Extended ER is also
present in other secretory cells, against which the immune system is
acting in SS, such as epithelial cells of the lachrymal glands, bronch-
ioles, cholangia and renal tubules.

The ER system has many different cellular functions including
synthesis, folding, modification and transport of proteins, as well as
storage of calcium [33]. The production and the secretion of the sali-
vary proteins depend on the physiological ER function and the Ca2+

homeostasis in ductal and acinar salivary cells [34–36]. However, when
a protracted stimulus triggers the cells to produce increased amount of
protein, disturb the calcium homeostasis [37], interfere with the ne-
cessary energy amount for these processes and the ER system is
stressed.

Like other professional secretory cells that synthesize large amounts
of proteins (e.g., plasma cells, hepatocytes, or pancreatic exocrine
cells), SGEC are estimated to secrete an immense amount of proteins
per second [38,39]. This feature is achieved not only by having an
elaborate ER machinery that contains an abundance of protein-folding
network but also by maintaining a sophisticated system to recognize
and discard misfolded proteins when are accumulated. Protein folding
in the ER is a highly complex process that is dependent on a multitude
of factors. In fact, it is estimated that in the average cell, one third of all
proteins produced in the ER are misfolded under homeostatic condi-
tions [40], implying that even greater rates of protein misfolding might
occur when cells are either injured or under stressed conditions. To
cope with these interactions, cells possess high levels of chaperone
proteins in their ER lumen, which function to physically block mis-
folded or unfolded proteins [40,41]. GRP78/BiP is one of the most
important ER chaperone proteins playing a major role in chaperoning
newly synthesized proteins [42]. GRP78/BiP is responsible for targeting
misfolded proteins for retrograde translocation towards the proteasome
for degradation, and sensing conditions of ER stress to activate the
mammalian unfolded protein response (UPR). The binding of adenosine
nucleotides by GRP78/BiP has a vital role in these activities and its
interaction with specific ER-localized DnaJ (ERdj) family proteins al-
lows it to achieve several cellular functions [42]. Importantly, the ac-
tivities of chaperone proteins are dependent on the hydrolysis of ATP;
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thus, they require a constant supply of energy to perform their vital
functions. This energy dependence likely explains why ER stress is often
observed in cells deprived of essential nutrients or has significant me-
tabolic impairments [43].

5. Endoplasmic reticulum in SS

The cellular responses to ER stress are multifaceted and include the
activation of a series of signaling pathways such as UPR, autophagy and
cell death. The UPR system is an energy-consuming process requiring
ATP and upon its activation cells eliminate their biosynthetic program
in order to save energy and support it [44]. Given the requirement for
ATP in chaperone function, the initiation and maintenance of the UPR
are likely to be influenced by cellular energy levels. Several observa-
tions are consistent with the need for adequate energy to sustain ER
function. This metabolic support, necessary for the proper chaperon
protein synthesis and function is one of the most critical metabolic
adaptations to ER stress. In mammalian cells it has been shown that
UPR activation leads to the transcriptional upregulation of a number of
autophagy-related genes [45,46]. Autophagy, as a catabolic process
allows cells to reutilize their own constituents for energy and eventually
provides the stressed cells with the necessary biomolecules for cha-
perone synthesis and efficient UPR function. These events are activated
in order to relieve stress and restore ER homeostasis. However, pro-
longed or unresolved ER stress results in apoptotic cell death [47].

In a very recent work from our group, to investigate the status of ER
in SS we assessed its subcellular morphology using transmission elec-
tron microscopy (TEM) in minor salivary gland biopsies of patients and
control individuals. The analysis of TEM images revealed extensive
dilation of the ER cisternae in salivary gland epithelial cells derived
from SS donors compared to controls ([48] and unpublished data). ER
lumen dilation is a definitive marker of ER stress and this finding is
particularly important and reveals that a major organelle of the target
tissue in SS is severely disturbed.

These in situ findings directed us to further assess ER stress in cul-
tured primary SGEC from SS and control donors. Using GRP78/Bip and
Xbp-1 as markers for UPR activation and in line with the previous
findings, our in vitro data demonstrate that: 1) SGEC derived from SS
patients appear to sustain the increased ER stress phenotype under long
term culture and 2) ER stress is a rather endogenous characteristic of
diseased SGEC phenotype than transiently induced by the micro-
environment, further supporting the potential role of target cells in the
initiation of the autoimmune response in SS ([48] and unpublished
data). In addition, Barrera et al. have shown Increased ATF6α pathway
activation in LSG from SS-patients [49]. ATF6α is a major component of
ER stress and these data, although obtained by using whole LSG tissue
samples that include different cell types, provides additional support on
our findings that SGEC are ER stressed.

In another recent work it was shown that the chaperone protein
ERdj5 is highly expressed in the minor salivary glands of SS patients,
with stain intensity correlating to inflammatory lesion severity and anti-
SSA/Ro positivity [50]. Moreover, it was demonstrated higher Xbp-1
activation within the salivary glands of SS patients. These observations
provide a clear picture of the stressed ER machinery in salivary glands
of SS patients and further support the existence of aberrant phenotype
in target tissue before the autoimmune response is initiated. The above-
mentioned studies of ER disturbancies in SS are depicted in Table 1.

Remarkably, in an animal model of ER stress, ablation of the cha-
perone protein ERdj5 develop many of the central features of SS, like
spontaneous inflammation of salivary gland with infiltrating T and B
lymphocytes, distinct cytokine signature, excessive cell death, reduced
saliva flow, and production of anti-SSA/Ro and anti-SSB/La auto-
antibodies. Notably, these features were more pronounced in female
mice [50].

Several molecules downstream of the ER stress machinery, which
can be activated by metabolic stress, are recognized as potential

inducers of inflammatory and immune response. ER stress-induced
molecules particularly relevant to SS are: the IRF family transcription
factors activation and IL-6 production by the stressed cells during UPR
activation [51–53], the surface MHC expression on the cells that fa-
cilitate the antigen presentation during autophagy process [47] and the
ribonucleoprotein exposure to the surface of the cells within the
apoptotic blebs [12].

Viruses contribute to ER stress in salivary gland epithelial cells and
this is particularly supported by the interferon signature in minor
salivary glands of SS patients [54]. It has been described that ER stress
significantly augments type I interferon immune response in the setting
of pathogen challenge, such as viral infection [55]. Nevertheless, it has
been described that oxygen-glucose deprivation and pharmacologic
UPR inducers, activate IRF3 in the absence of pattern recognition sti-
mulation [56]. Recently, activation of energy sensors such as AMPK
have been linked to modulation of the stimulator of interferon genes
(STING) signaling [57]. STING is located in the ER membrane and
appears to play a critical role in the induction of type 1 IFNs. Finally,
chronic stress is thought to be an important inducer of ER stress re-
sponse in salivary glands. Preliminary data from our ongoing experi-
ments appear to confirm this novel hypothesis in the context of SS
pathogenesis ([48] and unpublished data).

6. Autophagy links ER stress to immunogenic apoptosis

Autophagy is an evolutionarily-conserved and genetically-regulated
pathway that recycles cellular content and controls the intracellular
turnover of proteins, organelles, and pathogens through the initiation of
lysosome-dependent degradation system. Degradation of cytoplasmic
content in turn generates metabolites necessary for anabolic processes,
such as cell growth and proliferation as well as the remodeling that
occurs during differentiation of immune cells. In fulfilling these capa-
cities, autophagy is a fundamental mechanism for the maintenance of
metabolic homeostasis under normal and pathological conditions [58].

When autophagy degrades cytoplasmic content, the resulting me-
tabolite products directly feed into cellular metabolic pathways, thus
intimately linking autophagy with metabolism. Autophagy metabolites
are then used for energy generation or for biomolecules synthesis.
Notably, autophagic proteolysis results in free amino acids which can
directly feed into central metabolism. Concurrently, by degrading lipid
droplets (lipophagy) [59] or mitochondria (mitophagy) [60] autophagy
has the capability to interfere and redirect cellular metabolite flow.
Finally, autophagy is controlled and regulated by two key sensors for
energy and nutrient availability, namely AMPK and MTOR [61–63]
further substantiating that cellular energy-metabolic balance, autop-
hagy, and their regulation via AMPK and mTOR signaling are in-
timately linked.

To investigate the involvement of autophagy in target salivary gland
epithelial cells we tested its role in cell death after induction of ER
stress. First, we asked whether a conventional ER stress inducer elicits
autophagy. HSG cells were treated with the ER stressor thapsigargin

Table 1
Studies revealing disturbances of ER in Sjogren's syndrome.

ER disturbance Species/Tissue Ref.

Dilation of ER cisternae Human SGEC in situ [48]
Increased GRP78/Bip Human SGEC in situ &

culture
[48,50]

Increased Xbp-1 Human SGEC culture [48,50]
Increased ERdj5 Human SGEC in situ [50]
Increased ATF6α Human LSG [49]
SS-like disease induced by ERdj5 ablation ERdj5−/− mouse [50]
ER stress-induced autophagy Human HSG cells [12]
ER stress-induced apoptosis Human HSG cells [12]
ER stress-induced redistribution of Ro/SSA and

La/SSB in apoptotic blebs
Human HSG cells [12]
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(TG). The conversion of the cytoplasmic form of microtubule-associated
protein 1 light chain 3 (LC3-I) to the membrane-bound form (LC3-II)
reflects the number of autophagosomes formed, and this is indicative of
autophagy induction. After triggering ER stress with TG, LC3-I was
converted to LC3-II in a time-dependent manner indicating the induc-
tion of autophagy in salivary gland cells. Later on, after prolonged ER
stress (24 h) autophagy was attenuated, which may reflect the induc-
tion of cell death under constant ER stress conditions [12].

To gain a deeper understanding of the role of autophagy in ER-in-
duced cell death we used the autophagy inhibitor 3-MA, an inhibitor of
the class III phosphoinositide 3-kinase. HSG cells were subjected to the
ER stress (TG) in the presence or absence of 3-MA. Treatment of HSG
with 3-MA increased tremendously the percentage of ER stress-induced

apoptosis. Autophagy inhibition alone did not affect the apoptotic
process and did not produce additional damage to TG-treated cells [12].
These data clearly indicate that autophagy might partially compensate
for a stressed ER, since an active autophagic machinery is protective
during ER stress-induced cell death.

Traditionally, during programmed cell death, mainly in the form of
apoptosis, intracellular content is confined within membranous vesicles
called apoptotic bodies, that are rapidly been up taken by phagocytes in
an immunologically “silent”manner. For this reason, apoptosis has long
been considered a non-immunogenic or even tolerogenic process
[64,65]. However, based on newer data, apoptosis is no longer con-
sidered to be an immunologically “silent” process, since apoptotic cells
are able to induce antigen-specific immune responses [66]. This new
concept of “immunogenic cell death” has challenged the traditional
view and has granted apoptosis with immunogenic abilities. This im-
munostimulatory type of apoptosis is characterized mainly by the
ability of dying cells to release damage-associated molecular patterns
(DAMPS) or autoantigens, resulting in the induction of robust immune
responses against self-antigens [67]. Hence, immunogenic cell death is
thought to be a significant mechanism in the initiation of autoimmune
response. In particular, for SS, apoptosis of salivary gland epithelial
cells has been shown to elicit the activation of self-reactive lymphocytes
in an animal model [68].

Table 2
Pharmaceutical targeting of PPARs in autoimmune diseases.

Pharmaceutical molecule Disease Targeted PPAR Experimental model Effect Ref.

Rosiglitazone Ciglitazone SS PPARγ Human SGEC Anti-inflammatory Anti-apoptotic [75]
Rosiglitazone SS PPARγ NOD mice Amelioration of histopathologic lesion

Decreased IL-6, TNF-alpha
Increased IL-4

[76]

Pioglitazone + methotrexate Rheumatoid arthritis PPARγ Wistar albino rats Suppression of disease activity [77]
Rosiglitazone Scleroderma PPARγ Skin scleroderma fibroblasts Alleviation of fibrotic phenotype [78]
Pioglitazone Type 1 diabetes PPARγ NOD mice Induction of UPR, improved β-cell function [82]
Troglitazone Rosiglitazone Experimental colitis PPARγ Swiss-Webster mice Lower disease activity index [80]

Fig. 1. Schematic representation of documented metabolic alterations of SGEC in SS.

Table 3
Key questions in the study of metabolism in salivary epithelium of SS.

• What is the energy status of SGEC in SS?

• Which are the major organelles involved in SGEC energetics?

• How does energy supply or deprivation affect the immune phenotype of SGEC?

• How does metabolism regulate epigenetic changes during the course of SS?

• How the autoantigens to commonly autoantibodies, observed in SS, are implicated
in the altered metabolic process of SGEC.

• Is it possible to target specific events in immunometabolism of SGEC and achieve a
therapeutic effect in SS?
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In our studies we sought to investigate the possible effect of ER
stress on immunogenic apoptosis by following the cellular distribution
of the two major autoantigens of SS, Ro52/SSA and La/SSB. These
autoantigens are expressed in a relatively diffuse cytoplasmic pattern in
the normal HSG cells with low and partial staining of the nucleus. When
we induced ER stress on HSG cells, both Ro52/SSA and La/SSB showed
a striking pattern of re-localization during different stages of apoptosis.
In cells at a relatively early stage of apoptosis after ER stress, a reduced
cytoplasmic staining of the two autoantigens was observed. Ro52/SSA
and La/SSB were re-localized to the periphery forming thin eccentric
rims or crescents inside the cell membrane. At the final stages of
apoptosis, where HSG cells were in the process of forming apoptotic
blebs, Ro52/SSA and La/SSB were abundantly found in these blebs
[12]. The fact that intracellular autoantigens such as Ro52/SSA and La/
SSB can be exposed to the immune system through apoptotic blebs
could represent a typical form of immunogenic apoptosis in the salivary
gland lesion of SS. Thus, immunogenic apoptosis of glandular epithelial
cells may be one of the critical contributors in autoimmune responses in
SS.

Collectively, our studies suggest that a metabolic shift of salivary
gland cells such as induction of autophagy might be of significant im-
portance in maintaining cell viability. When autophagy is blocked,
salivary gland cells undergo apoptotic death which might be im-
munostimulatory since the two major autoantigens of the disease are
exposed to the immune cells. Future studies in SS should delineate the
potential benefits of targeting autophagy machinery and boosting me-
tabolic pathways against immunogenic cell fate.

7. Metabolic adaptation of the target tissue: the importance of
adiponectin and AMPK

Adiponectin is one of the most studied hormones with metabolic
and immunoregulatory properties. There is ample evidence supporting
its homeostatic function, which is mediated both by direct actions on
metabolic cells and indirectly through immunomodulatory effects on
immune cells [69].

At the time, adiponectin was thought to be an adipocyte-specific
hormone and in 2006 our work demonstrated for the first time the
production of adiponectin by SGEC, both in situ and in culture [10].
When we compared the levels of adiponectin expression between SS
and controls we found that SGEC from patients with SS produce higher
levels of adiponectin as shown by immunohistochemistry using salivary
gland tissue biopsies. The higher constitutive secretion of adiponectin
was further confirmed in vitro using SGEC derived from SS patients and
controls. These findings led to the logical, yet intriguing question: why
do the target cells in SS differentially produce and secrete a metabolic
hormone? To answer that, adiponectin's biological role was tested in
primary SGEC and it was initially shown that this hormone functions as
a protective factor against spontaneous apoptosis. Since IFN-γ is a major
proinflammatory cytokine in the microenvironment of SS lesions, adi-
ponectin's protective function was further tested in the context of IFN-γ-
induced cell death. The data showed that adiponectin confers anti-
apoptotic protection against IFN-γ-induced cell death. Mechanistically,
our experiments documented that adiponectin acts as a protective agent
in SGEC by activating AMP-activated protein kinase (AMPK), the en-
ergy sensor of the cells [11]. AMPK is a critical sensor in cellular energy
homeostasis. When AMPK is phosphorylated a series of anabolic path-
ways are initiated aiming to provide the necessary conditions for energy
production and cell survival. The data suggest that the target SGEC in
SS become resistant to apoptosis induced by IFN-γ by secreting adipo-
nectin which acts in an autocrine and/or paracrine manner. When a
specific inhibitor was used to block AMPK phosphorylation by adipo-
nectin, SGEC became vulnerable to IFN-γ-induced apoptosis [11]. The
central role of AMPK in this process highlights the importance of cell
metabolism in target cell survival and uncovers a previously unknown
mechanism in the salivary lesion of SS. This finding provides a potential

pathway through which AMPK may regulate cell survival under energy
stress conditions such as autoimmune inflammation and substantiates
the intimate connection between energy metabolism and inflammation.

8. Pharmaceutical products used for metabolic diseases; are they
a reasonable therapeutic intervention for autoimmunity?

The labial glandular epithelial cells in SS appear with a metaboli-
cally imbalanced phenotype where ER is one of the major contributors.
The expression of adiponectin could be interpreted as a “biomarker”,
indicating the constant regulation of the epithelial cell's metabolic
needs for the maintenance its basic functions and survival [11,70,71].
Thus, adiponectin represents a key molecule and a potential target for
therapeutic intervention. Adiponectin is up-regulated by insulin sensi-
tizers such as glitazones, metformin, sulfonylurea and resveratrol [72]
as well as by lipid lowering drugs such as fibrates [73]. Both glitazones
and fibrates act through receptors which are called peroxisome pro-
liferator activated receptors (PPARs).

PPARs are a family of nuclear receptors, of which three major iso-
forms have been identified (α, β/δ, and γ) [74]. The receptor isoforms
display tissue and cell specificity and upon activation wield interrelated
but distinct functions. PPARγ has been the best characterized, due to
their insulin sensitizing and glucose metabolism stabilizing effects.
Agonists of the PPARγ are currently used for treatment of type 2 dia-
betes. More recently some of these same agonists were shown to exert
anti-inflammatory and anti-proliferative effects. PPAR-alpha is a tran-
scription factor and a major regulator of lipid metabolism. PPAR-alpha
is activated under energy deprivation status and is essential for keto-
genesis, a significant adaptive response to prolonged starvation.

The anti-inflammatory action of glitazones has raised the interest of
scientists to study their effects in experimental animal models as well as
in patients with autoimmune diseases and dissect their mechanism of
action as therapeutic tools for autoimmune diseases. Recently a com-
parative analysis of LSG biopsies and salivary gland epithelial cells
(SGEC) obtained from SS patients and controls had revealed that PPARγ
receptors are strongly expressed in the ductal epithelia of normal sali-
vary glands while constitutively reduced in ductal epithelial cells of SS
patients [75]. The induction of PPARγ activity by synthetic ligands in
salivary gland epithelial cell lines was shown to have a potent in-
tracellular anti-inflammatory effect, demonstrated by the down-reg-
ulation of various immuno-active molecules expression, as well as of
NF-κB and IL-1β activity. The reduced epithelial PPARγ signaling in SS
patients was shown to correlate with the existence of constitutively
active IL1-β and NF-κB pathways and this may largely contribute to
unrestrained epithelial activation [75].

A few years ago Li et al. [76], investigated the anti-inflammatory
effect of PPAR-γ on non-obese diabetic mice (NOD mice), which de-
velop some of the central phenotypic characteristics of Sjogren's syn-
drome. Mice were randomly divided into 2 groups and rosiglitazone
and normal saline were administered in the PPAR-γ group and the
control group respectively. The levels of IL-1β, IL-6 and TNF-α were
gradually increased in PPAR-γ group and controls and the level of IL-4
was gradually increased in PPAR-γ group. At the age of 18 weeks, the
levels of IL-6 and TNF-α were significantly lower and the level of IL-4
was significantly higher in the serum of PPAR-γ group treated with
rosiglitazone compared to control group.

The research approaches and therapeutic interventions using PPAR
agonists in the above studies in SS experimental animal models were
generally focused on their anti-inflammatory action. However, the role
of PPAR agonists in enhancing energy supply of the cell, which may be
decisively involved in the anti-inflammatory action, has never been
investigated. A deeper understanding of the downstream molecular
cascade under various energy conditions will open new directions for
therapeutic approaches.

Ongoing clinical studies are further investigating the effects of
several PPAR-targeting compounds in the treatment of various
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inflammatory disorders such as rheumatoid arthritis scleroderma and
inflammatory bowel disease [77–80]. However, despite the progress in
molecular pharmacology, SS still remains a disorder without an effec-
tive therapeutic modality. Biologic agents have been proven ineffective,
particularly the anti-TNFs, for amelioration of disease symptoms and
progression [81]. The PPARγ agonists due to their in vitro and in situ
anti-inflammatory effects and their therapeutic efficacy in NOD mice
[76,82] represent a promising therapeutic agent for SS. The fact that
these agents are already in the market and their side effects are well
known, make them very attractive as candidates for testing of their
safety and effectiveness in SS patients. Table 2 summarizes the findings
of studies using PPAR agonists in autoimmune diseases.

9. Conclusions and outlook

Although the exact pathogenic mechanisms underlying the hetero-
geneous autoimmune responses in SS are not known, epithelial cells
appear to play a key role. They are suitably equipped to drive and
regulate immune responses by actively interacting with the immune
cells and driving their activation, accumulation and differentiation.

We present and discuss here evidence suggesting that SGEC meta-
bolism and immune phenotype may be interconnected more than pre-
viously anticipated and may actually reflect different steps of a common
signaling axis that can determine their strategic role in the initiation of
the local lesions in SS.

SGEC are secretory cells with constant high energy demands and
their metabolic machinery is expected to suit their life-style.
Disturbances of this process may be enforced by insufficient energy
supply, ER stress or even chronic stress, leading to metabolic repro-
gramming and eventually immunogenic cell death characterized by the
release of cellular autoantigens in the form of apoptotic blebs.
Differential adiponectin production by SGEC in SS indicates a low en-
ergy phenotype and the antiapoptotic effects of adiponectin mediated
by phosphorylation of AMPK provide a robust paradigm for the inter-
connection between metabolism and immune functions of SGEC in the
context of glandular lesion in SS. Fig. 1 provides a visual summary of
these phenomena.

The identification of the causes for the SS-associated epithelial ac-
tivation and the unraveling of the interactions between metabolism and
immune phenotype are of great importance for the understanding of
disease pathogenesis and the development of newer effective ther-
apeutic strategies. Hence, we can expect broader findings in this bur-
geoning field. Table 3 describes key questions which might guide us to a
more comprehensive approach of glandular lesions in SS putting im-
munometabolism at the forefront of our investigations.
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