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Abstract

Interleukin (IL)-6 is a multi-functional cytokine that can either promote or suppress tissue 

inflammation depending on the specific disease context. IL-6 is elevated in the exocrine glands 

and serum of patients with Sjögren’s syndrome (SS), but the specific role of IL-6 in the 

pathogenesis of this disease has not been defined. In this study, we showed that IL-6 expression 

levels were increased with age in C56BL/6.NOD-Aec1Aec2 mice, a primary SS model, and higher 

than the control C57BL/6 mice. To assess the role of IL-6 during the immunological phase of SS 

development, a neutralizing anti-IL-6 antibody was administered into 16 week-old female C56BL/

6.NOD-Aec1Aec2 mice, 3 times weekly for a consecutive 8 weeks. Neutralization of endogenous 

IL-6 throughout the immunological phase of SS development led to increased apoptosis, caspase-3 

activation, leukocytic infiltration, and IFN-γ- and TNF-α production in the salivary gland. To 

further determine the effect of IL-6 on the apoptosis of exocrine gland cells, recombinant human 

IL-6 or the neutralizing anti-IL-6 antibody was injected into female C57BL/6 mice that received 

concurrent injection of anti-CD3 antibody to induce the apoptosis of exocrine glands. 

Neutralization of IL-6 enhanced, whereas administration of IL-6 inhibited apoptosis and caspase-3 

activation in salivary and lacrimal glands in this model. The apoptosis-suppressing effect of IL-6 

was associated with up-regulation of Bcl-xL and Mcl-1 in both glands. Moreover, IL-6 treatment 

induced activation of STAT3 and up-regulated Bcl-xL and Mcl-1 gene expression in a human 

salivary gland epithelial cell line. In conclusion, IL-6 inhibits the apoptosis of exocrine gland 

tissues and exerts a tissue-protective effect under inflammatory conditions including SS. These 

findings suggest the possibility of using this property of IL-6 to preserve exocrine gland tissue 

integrity and function under autoimmune and inflammatory conditions.
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1. Introduction

Interleukin (IL)-6 is a pleiotropic cytokine with both pro- and anti-inflammatory properties 

[1–3]. IL-6 promotes the pathogenesis of a variety of autoimmune or inflammatory disorders 

such as experimental autoimmune encephalomyelitis, rheumatoid arthritis and psoriasis [1, 

4–6]. However, a growing number of reports have shown that IL-6 can also exert anti-

inflammatory effects in a variety of autoimmune or inflammatory diseases [7–12]. IL-6 

increases serum IL-1Rα, TNF receptor p55 and IL-10 levels in humans receiving IL-6 

therapy and induces IL-1Rα production by human macrophages [13, 14]. IL-6 deficiency 

leads to exacerbated skin inflammation, accompanied by increased inflammatory mediators 

including TNF-α, IL-1β, in a mouse model of irritant dermatitis [7]. Furthermore, exogenous 

and endogenous IL-6 increases IL-1Rα in skin and serum in a mouse model of organ-

specific autoimmune bullous dermatoses and plays a protective and anti-inflammatory role 

in this disease [12]. Moreover, our recent study has shown that IL-6 can induce the 

generation of type 1 regulatory T (Tr1) cells and suppress multi-organ inflammation in mice 

[15].

In addition to affecting immune cells, IL-6 can also directly act on intestinal epithelial cells 

to promote their survival and maintain intestinal tissue integrity during ischaemia 

reperfusion, bacterial infection, and dextran sulfate sodium (DSS)-induced colitis [10, 16, 

17]. IL-6 protects against lung epithelial and endothelial cell death induced by reactive 

oxygen species and hyperoxic injury [18, 19]. Moreover, IL-6 inhibits the apoptosis of 

pancreatic acinar cells in a LPS-induced pancreatitis model [20]. The anti-apoptotic effect of 

IL-6 is often associated with activation of STAT3 and up-regulation of anti-apoptotic 

molecules that include Bcl-xL, Mcl-1 and Bcl-2 [10, 16, 17, 19].

Sj gren’s syndrome (SS) is a chronic autoimmune disease with the lacrimal gland (LAC) and 

salivary gland as the primary target organs, causing dryness of mouth and eyes [21–24]. The 

disease often affects multiple other organs and causes systemic symptoms [21–24]. 

Apoptosis of exocrine gland cells is one of the early pathologic events that promote the 

innate immune activation and lymphocyte-mediated autoimmune responses, which propel 

the development and onset of SS [25–29]. IFN-γ and TNF-α, two pro-inflammatory 

cytokines that are dramatically elevated in the salivary gland and serum of SS patients [30–

32], have been shown to induce caspase-3 activation and apoptosis in salivary gland 

epithelial cells and disrupt the function of tight junctions [33–37]. Exocrine gland-specific 

transgenic expression of retinoblastoma-associated protein 48 (RbAP48) in mice results in 

apoptosis of the LAC and salivary gland tissues [38, 39]. Moreover, epithelial-specific 

deletion of STAT3 in mice causes apoptosis of LAC epithelial cells and subsequent 

development of SS-like dacryoadenitis [40]. Therefore, one crucial need in SS research is to 

better define the causes and regulatory mechanisms of exocrine gland tissue apoptosis and 

identify the factors that can protect tissue integrity. IL-6 levels are significantly elevated in 
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the salivary gland and serum of SS patients and are correlated with the disease manifestation 

[41, 42]. However, the in vivo function of IL-6 in the development and onset of SS has not 

been investigated. Since IL-6 possesses both pro-inflammatory and tissue-protective 

properties, it is important to determine whether the excess IL-6 acts as a disease promoting 

factor or as a defense mechanism to protect exocrine gland tissue integrity in SS and other 

inflammatory conditions.

The current study was undertaken to determine the in vivo role of IL-6 in exocrine gland 

inflammatory disorders, including SS. Our results demonstrate that IL-6 reduces the 

apoptosis and inflammation of salivary and lacrimal gland tissues, thereby serving as a 

tissue protective factor in exocrine gland inflammations.

2. Material and methods

2.1. Mice

C57BL/6 mice were purchased from the Jackson Laboratory. C57BL/6.NOD-Aec1Aec2 

mice were kindly provided by Dr. Cha at University of Florida. Mice were kept under 

specific pathogen-free conditions. All experiments were carried out under the guidelines of 

the Institutional Animal Care and Use Committee at the Forsyth Institute. The human 

salivary gland epithelial cell line, HSG cells, was kindly provided by Dr. Cha at University 

of Florida.

2.2. Antibodies and cytokines

Purified monoclonal hamster anti-mouse CD3 (145–2C11), rat-anti-mouse IL-6 (NJ5-20F3) 

and its isotype control rat IgG1 (HRPN) were from BioXCell. Recombinant human IL-6 was 

obtained from Peprotech. Purified polyclonal rabbit anti-mouse Mcl-1 (Poly6163) and rabbit 

anti-Bcl-2 (Poly6119) antibodies were purchased from Biolegend. Monoclonal rabbit anti-

mouse Bcl-xL (54H6) antibody was from Cell Signaling Technology.

2.3. Histology

Tissue samples were fixed in 4 % paraformaldehyde, embedded in paraffin and sectioned to 

5 μm thickness. Sections were then stained with hematoxylin and eosin (H&E) and 

examined for leukocytic infiltration. The numbers of leukocytic foci in each of the two non-

consecutive sections from each sample were counted, and the higher number between the 

two was used for further calculation and statistical analysis.

2.4. Immunohistochemistry

Paraffin sections were de-paraffinized and stained with anti-mouse Bcl-xL or anti-mouse 

Mcl-1 antibodies at 4oC overnight using VECTASTAIN Elite ABC Kit (Vector Labs) 

following the manufacturers’ instructions. Active Caspase-3 was detected by SignalStain® 

Apoptosis (Cleaved Caspase-3) IHC Detection Kit (Cell Signaling Technology), according 

to the manual.
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2.5. Preparation of single cell suspension

Submandibular glands, extra-orbital lacrimal glands and submandibular lymph nodes were 

cut into small fragments and ground into cell suspensions between frosted glass slides. Cell 

suspensions were then filtered through a 200 μm nylon mesh, washed, and resuspended in 

culture medium.

2.6. Real-time RT-PCR

Total RNA was reverse-transcribed into cDNA using Oligo (dT) and M-MLV reverse 

transcriptase (Promega). The cDNA was subjected to SYBR Green-based realtime PCR 

amplification (Qiagen) for 40 cycles with annealing and extension temperature at 60°C, on a 

LightCycler 480 Real-Time PCR System (Roche). Primer sequences are as follows: mouse 

IFN-γ 5’-GGATGCATTCATGAGTATTGC-3’(forward) and 5’-

CTTTTCCGCTTCCTGAGG-3’(reverse); mouse TNF-α, 5’-

CCTTTCACTCACTGGCCCAA-3’(forward) and 5’-AGTGCCTCTTCTGCCAGTTC-3’

(reverse); mouse Bcl-xL, 5’-CACCTAGAGC CTTGGATCCA-3’(forward) and 5’-

TTGAAGCGCTCCTGGCCTTT-3’(reverse); mouse Mcl-1, 5’-

TTGTAAGGACGAAACGGGACT-3’(forward) and 5’-

ACATTTCTGATGCCGCCTTCT-3’(reverse). Other sequences will be provided upon 

request.

2.7. In vivo administration of antibodies and cytokines

Female B6.NOD-Aec mice were intraperitoneally (i.p).-injected with 100 μg of control rat 

IgG1 or anti-IL-6 antibody 3 times weekly for 8 weeks, starting from 16 weeks of age. Mice 

were then sacrificed and organs harvested for analysis. Anti-CD3-induced tissue injury 

model was established by i.p.-injecting 20 ug of anti-CD3 antibody or control rat IgG1 into 

7 week-old C57BL/6 (B6) mice on day 0 and day 2. In order to examine the function of 

IL-6, we also i.p.-administered 1 ug of hu IL-6 on day 0, 1 and 2 or 100 ug of anti-mouse 

IL-6 antibody on day 0 and 2 to the mice treated with anti-CD3. Tissues harvested at 3 h or 

24 h after the last injection were used for RNA or protein level detection, respectively.

2.8. Detection of serum antinuclear antibodies (ANA)

ANA in mouse sera were detected using HEp-2 human epithelial cell substrate slides 

(INOVA Diagnostics) following the manufacturer’s instructions. The stained samples were 

examined with inverted wide-field fluorescence microscope (Zeiss) at a magnification of 

400X. Images presented here were processed using Zeiss software (ZEN blue edition).

2.9. Measurement of salivary flow rate

Non-anesthetized mice were weighed and given an i.p injection of 100 μl PBS-based 

secretagogue solution containing isoproterenol (0.02 mg/ml) and pilocarpine (0.05 mg/ml). 

One minute after secretagogue injection, saliva was collected continuously for 5 minutes 

from the oral cavity of mice with a micropipette. The volume of saliva was measured and 

normalized to the body weight.
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2.10. In vitro culture and treatment of HSG cells

The HSG cells were seeded at a density of 0.2 × 106 cells per well in 24-well culture plates. 

The cells were cultured in freshly replenished medium for 4 hours before rh IL-6 (10 ng/ml) 

was added into the culture. Viable cell numbers were counted after 5 days of culture.

2.11. In situ apoptosis detection

Paraffin embedded tissue sections were de-paraffinized, hydrated and then subjected to in 

situ apoptosis assay using TACS.XL In Situ Apoptosis Detection kit (Trevigen) according to 

the manufacturer’s instruction. Briefly, tissue sections were partially digested with 

proteinase-K for 20 min, and then incubated in 3% H2O2 to inactivate endogenous 

peroxidases. DNA fragmentation was then detected following the manufacturer’s protocol.

2.12. Statistical analysis

Statistical significance was determined by Student’s t-test (two-tailed, two-sample equal 

variance). P values equal to less than 0.05 were considered as statistically significant.

3. Results

3.1. Levels of IL-6 and its receptor are elevated in salivary glands in B6. NOD-Aec mice

We first assessed whether IL-6 levels are elevated in C56BL/6.NOD-Aec1Aec2 (B6.NOD-

Aec) mice, which has been observed in human SS patients. Real-time PCR analysis showed 

that the mRNA levels of IL-6 and IL-6 receptor, which includes IL-6Rα and gp130 subunits, 

in submandibular glands (SMG) were comparable between B6.NOD-Aec mice and control 

B6 mice at 10–12 weeks of age (pre-immunological phase). However, IL-6 and IL-6 

receptor levels were markedly increased with aging in B6.NOD-Aec mice but not B6 mice 

(Fig. 1A). As a result, IL-6, IL-6Rα and gp130 levels in B6.NOD-Aec mice were 

significantly higher than those in B6 mice at 16–18 weeks (immunological phase) and 24 

weeks of age (clinical phase). Moreover, serum IL-6 concentrations in B6.NOD-Aec mice, 

but not B6 mice, were also increased between age 16–18 weeks and 24 weeks (Fig. 1B). 

Hence, B6.NOD-Aec mice, which spontaneously develop SS-like exocrinopathy, have 

elevated expression of IL-6 and IL-6 receptor in the salivary gland.

3.2. Neutralization of endogenous IL-6 exacerbates leukocytic infiltration and apoptosis of 
salivary gland tissues

To determine the role of endogenous IL-6, which is up-regulated in B6.NOD-Aec mice 

during the immunological phase of SS development, in the pathogenesis of this disease, we 

administered a neutralizing anti-IL-6 antibody to B6.NOD-Aec mice to inhibit IL-6 activity 

throughout the immunological phase. We i.p.- injected 100 ug anti-IL-6 or its isotype 

control IgG, rat IgG1, into B6.NOD-Aec mice 3 times weekly starting from 16 weeks of age, 

and analyzed the mice after 8 weeks of consecutive injection. H&E staining showed that 

neutralization of IL-6 increased the percentage of mice that have SMG inflammation, as 

indicated by the presence of at least one leukocytic focus in the SMG section (Fig. 2A, and 

Table 1). Moreover, neutralization of IL-6 increased the percentage of mice that have 

multiple leukocytic foci in the SMG section (Fig. 2A, and Table 1). To assess the apoptosis 
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of salivary gland tissues, we performed in situ terminal deoxynucleotidyl transferase dUTP 

nick end labeling (TUNEL) assay on SMG sections, which showed that neutralization of 

IL-6 increased the amount of apoptotic cells in the SMG (Fig. 2B). Consistent with this 

observation, the level of cleaved, active caspase-3 in the SMG was also increased by anti-

IL-6 treatment as assessed by immunohistochemical staining (Fig. 2C).

IL-6 neutralization did not alter the percentage of mice that were positive for serum 

antinuclear antibody (ANA) or the levels of serum ANA and did not affect the salivary flow 

rate (data not shown). Hence, inhibition of endogenous IL-6 activity throughout the 

immunological phase of SS development leads to exacerbated apoptosis and leukocytic 

infiltration of the SMG during the development of SS in B6.NOD-Aec mice, without 

affecting the secretory function of the SMG.

3.3. Neutralization of IL-6 results in increased IFN-γ and TNF-α expression in the salivary 
gland

We next assessed the effect of IL-6 neutralization on the production of cytokines, 

particularly the ones that are mainly derived from effector T cells and shown to be required 

for SS pathogenesis. Real-time PCR analysis showed a significant increase in T helper cell 

(Th) 1 cytokines, IFN-γ and TNF-α, in the SMG of anti-IL-6-treated mice compared to IgG-

treated controls (Fig. 3). The levels of IL-4 and IL-17 mRNA were extremely low in the 

SMG of both IgG- and anti-IL-6-treated groups (data not shown). Moreover, the amounts of 

IFN-γ, TNF-α, IL-4 and IL-17 transcripts in the submandibular draining lymph nodes were 

not affected by anti-IL-6 treatment (Fig. 3). Thus, neutralization of IL-6 results in increased 

Th1 cytokines in the salivary gland but not in the draining lymph nodes.

3.4. IL-6 activates STAT3 and up-regulates Mcl-1 and Bcl-xL expression in a human 
salivary gland cell line

Since IL-6 can inhibit apoptosis and promote survival of intestinal and lung epithelial cells, 

we next determined whether IL-6 can also exert similar effect on salivary gland epithelial 

cells. Many types of tissue cells do not express IL-6Rα and receive IL-6 signaling via a 

trans-signaling mechanism. We therefore first examined the mRNA expression levels of 

IL-6Rα in SMG cells and compared them with splenocytes, which are mostly lymphocytes 

that express abundant IL-6Rα. Real-time PCR assay showed that SMG cells expressed 

comparable levels of both IL-6Rα and gp130 as splenocytes, suggesting that SMG cells 

express their own IL-6 receptors and can directly receive IL-6 signal through the classic 

signaling pathway (Fig. 4A). Next, we cultured HSG cells, a human salivary gland epithelial 

cell line, in vitro in the presence or absence of exogenous recombinant human (rh) IL-6 for 5 

days and found that IL-6 treatment significantly increased the number of viable HSG cells 

(Fig. 4B). Moreover, brief IL-6 stimulation induced substantial STAT3 phosphorylation in 

HSG cells (Fig. 4C), further confirming that IL-6 can directly affect these cells. IL-6 

treatment markedly up-regulated Mcl-1 and Bcl-xL gene expression, without affecting Bcl-2 

(Fig. 4D). In addition, IL-6 treatment did not affect TNF-α expression in HSG cells (data 

not shown), indicating that the pro-survival effect of IL-6 on HSG cells is not a result of 

decreased TNF-α production from these cells. Hence, IL-6 can directly act on HSG cells and 

up-regulate Mcl-1 and Bcl-xL expression.
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3.5. Endogenous and exogenous IL-6 inhibits anti-CD3 antibody-induced exocrine gland 
tissue apoptosis in B6 mice

We next further assessed the effect of IL-6 in another model of exocrine gland injury and 

inflammation. Systemic administration of anti-CD3 antibody in mice induces production of 

a variety of cytokines by T cells, including TNF-α, IFN-γ, IL-6 and IL-10, and causes acute 

inflammation in multiple organs [15, 43, 44]. Since TNF-α and IFN-γ are reported to induce 

apoptosis in salivary gland epithelial cells, we reasoned that anti-CD3 administration may 

induce exocrine gland tissue apoptosis as a result of increased TNF-α and IFN-γ production. 

Indeed, we found that i.p.-injection of anti-CD3 antibody induced cell apoptosis in both 

SMG and LAC in B6 mice, as assessed by TUNEL-based in situ apoptosis detection assay 

(data not shown). We hence employed this model to assess the effect of exogenous and 

endogenous IL-6 on the apoptosis of exocrine gland tissues. We i.p.-administered anti-CD3 

antibody to B6 mice in conjunction with control IgG for anti-IL-6 antibody, recombinant 

human IL-6 or the neutralizing anti-IL-6 antibody. After two consecutive injections, we 

measured apoptosis and active caspase-3 levels in the exocrine glands. Exogenous IL-6 

inhibited, whereas anti-IL-6 significantly exacerbated the degree of apoptosis in both SMG 

and LAC as assessed by TUNEL assay (Fig. 5A). Moreover, the level of active caspase-3 in 

these glands exhibited similar changes upon treatment with IL-6 and anti-IL-6 (Fig. 5B). 

Therefore, exogenous and endogenous IL-6 inhibits apoptosis of exocrine gland tissues 

induced by anti-CD3 treatment.

3.6. IL-6 up-regulates Bcl-xL and Mcl-1 expression in exocrine glands of anti-CD3-treated 
B6 mice

To understand the molecular mechanisms by which IL-6 inhibits apoptosis of exocrine 

glands, we examined the effect of IL-6 on the expression of a number of anti-apoptotic 

proteins and pro-inflammatory cytokines. Consistent with the findings in HSG cells, in anti-

CD3-treated B6 mice, IL-6 treatment substantially up-regulated, whereas anti-IL-6 treatment 

significantly down-regulated Bcl-xL and Mcl-1 gene expression in SMG and LAC (Fig. 

6A). In comparison, Bcl-2 gene expression was not altered by the treatment with IL-6 or 

anti-IL-6 in a statistically significant fashion (Fig. 6A). We next performed 

immunohistochemical staining on SMG and LAC tissue sections to assess the Bcl-xL and 

Mcl-1 protein expression. IL-6 treatment increased, whereas anti-IL-6 treatment decreased 

the protein levels of Bcl-xL and Mcl-1 in both SMG and LAC, based on the amount of cells 

stained positive for these proteins as well as the intensity of the staining (Fig. 6B).

4. Discussion

In this study, we demonstrated that both endogenous and exogenous IL-6 can protect against 

the apoptosis of exocrine gland tissues and restrain tissue inflammation in mouse models of 

exocrine gland inflammation, including SS and anti-CD3-induced inflammation.

The anti-apoptosis and protective function of IL-6 is well-documented in intestinal epithelial 

cells during various tissue injuries, including ischaemia reperfusion, bacterial infection and 

DSS-induced colitis [10, 16, 17]. The apoptosis-suppressing effect of IL-6 on intestinal 

tissues is accompanied by the up-regulation of anti-apoptotic molecules such as Bcl-xL, 
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Mcl-1 and c-Flip [10, 16, 17]. IL-6 also promotes Bcl-2 expression in lung epithelial cells 

during hyperoxic acute lung injury [19]. IL-6Rα is not expressed in many non-immune 

tissue cells, which nonetheless can receive IL-6 signal through a trans-signaling mechanism. 

We found that SMG cells expressed similar levels of IL-6Rα and gp130 mRNA as the 

splenocytes, which are mostly IL-6Rα-expressing lymphocytes, suggesting that the SMG 

cells express abundant endogenous IL-6Rα and gp130 to receive IL-6 signaling in a 

conventional fashion. Moreover, IL-6 treatment induced activation of STAT3 in HSG cells 

in vitro, further supporting that IL-6 can directly act on salivary gland epithelial cells. The 

anti-apoptotic effect of IL-6 was accompanied by the positive regulation of Bcl-xL and 

Mcl-1, which was demonstrated in HSG cells in vitro and in salivary and lacrimal gland 

tissues in vivo. In addition to Jak1/2-STAT3 pathway, IL-6 can also activate Ras-Raf-MEK-

Erk and PI3 kinase-Akt signaling pathways, both of which have been shown to contribute to 

the anti-apoptotic function of IL-6 in different cells types [45–50]. Further investigations are 

needed to define the functional importance of these signaling pathways as well as Bcl-xL 

and Mcl-1 in IL-6-mediated protection of exocrine glands by loss-of-function approaches. 

Moreover, whether additional molecular players also contribute to the apoptosis-inhibiting 

effect of IL-6 should also be investigated.

IFN-γ and TNF-α, alone or working in concert, can induce the apoptosis of exocrine gland 

cells by both activating mitochondria/caspase-9-dependent pathway and by inducing Fas 

expression to enhance Fas/Fas ligand-caspase-8-dependent cell death [37, 51]. Both 

cytokine-induced and Fas/Fas ligand-mediated apoptosis are implicated in SS pathogenesis, 

and are likely also involved in anti-CD3-induced apoptosis of exocrine gland tissues, since 

anti-CD3 treatment can induce IFN-γ and TNF-α production and Fas ligand expression by T 

cells [35–37, 52–55]. In this study, we assessed the effect of endogenous and exogenous 

IL-6 on the activation of caspase-3, a substrate of both caspase-9 and-8 and the common 

executor of both mitochondria-dependent and Fas/FasL-mediated apoptosis. Further studies 

are needed to determine the involvement of upstream caspases, particularly caspase-9 and 

−8, in the apoptosis of exocrine gland tissues, and to understand the regulation of these 

caspases by endogenous and exogenous IL-6.

In B6.NOD-Aec mice, neutralization of IL-6 resulted in increased IFN-γ and TNF-α 

expression in the SMG, without affecting that in the lymphoid tissues. The cellular sources 

of IFN-γ and TNF-α and the precise mechanisms by which IL-6 affects the expression of 

these cytokines require further investigation. We also showed that IL-6 neutralization 

exacerbated leukocytic infiltration of the SMG. Tissue injuries that cause apoptosis can 

induce various degrees of local inflammatory responses by releasing intracellular DNA, 

RNA and proteins, which in turn can serve as inflammatory mediators and self-antigens. 

Growing amount of evidence indicates that the apoptosis of exocrine gland tissues is 

sufficient to initiate all the major SS-like pathological events, which include leukocytic 

infiltration of the exocrine glands [38, 40]. Hence, it is plausible that neutralization of IL-6 

enhances the recruitment of immune cells into the exocrine gland tissues as a result of 

increased tissue apoptosis.

In this study, we administered anti-IL-6 to B6.NOD-Aec mice starting from 16 weeks of age, 

because we aimed at elucidating the role of IL-6 during the immunological phase of SS 
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development, which precedes the clinical onset of the disease and starts around 16 weeks of 

age when the earliest leukocyte infiltration is detected [56]. IL-6 can promote Th17 

differentiation in cooperation with TGF-β or IL-23 in vitro and in certain inflammatory and 

autoimmune disorders [57, 58]. However, in B6.NOD-Aec mice, neutralization of IL-6 did 

not have a measurable impact on IL-17 production either in the salivary glands or draining 

lymph nodes. Since several other Th17-promoting cytokines, including IL-23 and IL-21, are 

elevated in exocrine glands and serum of SS patients and mice [59–61], these cytokines may 

play a more dominant role in supporting the Th17 responses in SS. Moreover, whereas IL-6 

is required for the optimal generation of Tr1 cells and production of IL-10 in several mouse 

inflammation models [15, 62], our data show that it is not required for these events in 

B6.NOD-Aec mice during the development of SS. We speculate that other Tr1-promoting 

and IL-10-inducing cytokines that are present in the SS settings, such as IL-21 and IL-27, 

may play a more critical role and thus make IL-6 dispensable in these events. Hence, 

whether IL-6 plays an indispensable role in a particular immunological process depends on 

specific disease settings, cytokine environments and tissue- and cell-specific factors. In SS-

associated exocrine gland inflammations, IL-6 is indispensable for suppressing apoptosis 

and protecting tissue integrity, whereas largely dispensable for the immune responses. 

Therefore, the overall function of IL-6 during the immunological phase of SS development 

is tissue-protective and anti-inflammatory. It is important to note that the specific function of 

IL-6 in SS pathogenesis might be stage-dependent, and it will be important to further define 

its specific role at other stages of SS, including the early, non-immunological phase as well 

as the late, clinical phase of this disease.

Conclusions

In the present study, we demonstrated that the effect of IL-6 on exocrine epithelial tissues 

under autoimmune and inflammatory conditions is of a protective property. These results 

suggest that enhancing IL-6 activities specifically in exocrine gland tissues may be a new 

therapeutic approach to preserve exocrine gland integrity and function under autoimmune 

and inflammatory conditions.
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Highlights

Levels of IL-6 and its receptor are increased in salivary gland of a mouse model of SS

IL-6 reduces leukocytic infiltration of the salivary gland in a mouse model of SS

IL-6 inhibits apoptosis of exocrine gland tissues under two inflammatory conditions

IL-6 up-regulates Bcl-xL and Mcl-1 expression in exocrine gland cells
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Figure 1. Expression of IL-6 and its receptor in the SMG of B6.NOD-Aec mice
(A) IL-6, IL-6Rα and gp130 mRNA levels in the SMG of B6 or B6.NOD-Aec mice aged 

10–12, 16–18 and 24 weeks. Expression levels were presented relative to that of β-actin. (B) 

Serum IL-6 concentrations in the same mice described above. Data are the average of 

analyses of at least 6 mice for each group from 3 independent experiments. The histograms 

and error bars represent the average and SEM, respectively.
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Figure 2. Neutralization of IL-6 in B6.NOD-Aec mice leads to increased inflammation and 
apoptosis in SMG
Anti-IL-6 or control IgG was injected to 16 week-old B6.NOD-Aec mice, 3 times weekly for 

8 weeks. (A) H&E staining of SMG sections showing leukocytic foci. Original 

magnification: ×10. (B) In situ TUNEL staining of apoptotic cells in SMG sections. Original 

magnification: ×40. (C) Immunohistochemical staining of active caspase-3 in SMG sections. 

Data are representative of the analyses of 9 mice for each group from 5 independent 

experiments. Original magnification: ×40.
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Figure 3. Neutralization of IL-6 in B6.NOD-Aec mice leads to increased IFN-γ and TNF-α 
expression in the SMG
IFN-γ and TNF-α mRNA levels in the submandibular gland (SMG) and submandibular 

draining lymph nodes (SM LN) of B6.NOD-Aec mice injected with anti-IL-6 or control IgG 

as described in Figure 2. Expression levels were presented relative to that of β-actin. Data 

are the average of the analyses of 7 mice for each group from 4 independent experiments. 

The histograms and error bars represent the average and SEM, respectively.
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Figure 4. IL-6 activates STAT3 and up-regulates expression of anti-apoptotic molecules in HSG 
cells
(A) Numbers of viable HSG cells after being cultured in vitro in the presence or absence of 

rh IL-6 for 5 days. Data are the average of 6 independent samples from 2 experiments. The 

histograms and error bars represent the average and SEM, respectively. (B) Flow cytometry 

of intracellular p-STAT3 in HSG cells transiently stimulated with rh IL-6. Data are 

representative of 4 independent analyses from 4 experiments. (C) Bcl-xL, Bcl-2 and Mcl-1 

mRNA levels in HSG cells cultured with or without rh IL-6 for 1 day, presented relative to 
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that of human Gapdh gene. Data are the average the analyses of 4 independent samples for 

each group. The histograms and error bars represent the average and SEM, respectively.
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Figure 5. IL-6 inhibits exocrine gland cell death induced by in vivo anti-CD3 administration
B6 mice were injected with anti-CD3 in the presence or absence of rh IL-6 or anti-IL-6. (A) 

In situ TUNEL staining of apoptotic cells in SMG and LAC sections. (B) 

Immunohistochemical staining of active caspase-3 in SMG and LAC sections. Data are 

representative of the analyses of 8 mice for each group from 3 independent experiments. 

Original magnification: × 40.
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Figure 6. IL-6 up-regulates Bcl-xL and Mcl-1 expression in exocrine glands in anti-CD3-treated 
mice
(A) Bcl-xL, Mcl-1 and Bcl-2 mRNA levels in the SMG and LAC of B6 mice treated with 

anti-CD3 with or without rh IL-6 or anti-IL-6 as described in Figure 5. Expression levels 

were presented relative to that of β-actin. The histograms and error bars represent the 

average and SEM, respectively. (B) Immunohistochemical staining of Bcl-xL and Mcl-1 in 

SMG and LAC sections. Data are the average of or representative of the analyses of 7–8 

mice each group from 3 independent experiments. Original magnification: × 40.
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Table 1

Leukocytic infiltration of the SMG

SMG LF > 0 LF > 1 Mean number
of LF

IgG 54% 15% 0.84

α-IL-6 80% 47% 1.47

Percentage of mice with any leukocytic foci (LF>0) or more than one LF (LF>1) in the SMG section from mice treated with IgG or anti-IL-6 
antibody. Mean number of LF from each treatment group are also shown. Data are from 13 IgG-treated controls and 15 anti-IL-6-treated mice.
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