
Pathogenic role of endogenous TNF-α in the
development of Sjögren’s-like sialadenitis and secretory
dysfunction in non-obese diabetic mice
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Patients with Sjögren’s syndrome (SS), an autoimmune disease primarily affecting exocrine glands, exhibit enhanced
TNF-α expression in the saliva and salivary glands. However, the precise in vivo role of TNF-α during the initiation and
development of SS is not clearly defined. The present study is undertaken to determine the function of endogenously
produced TNF-α in the pathogenesis of SS in non-obese diabetic (NOD) mice, a model of this human disease.
Administration of a neutralizing anti-TNF-α antibody to female NOD mice during the stage prior to disease onset
significantly improved salivary secretion, indicating a remission of clinical symptoms of SS. TNF-α blockade also decreased
the number of leukocyte foci and reduced the number of T cells and B cells in the submandibular glands (SMG). Moreover,
TNF-α blockade reduced T-bet protein levels in the SMG, suggesting a decrease in T helper 1 and T cytotoxic 1 cells. These
cellular changes induced by TNF-α neutralization were associated with a reduction in T- and B-cell chemoattractants
CXCL9 and CXC13. In addition, TNF-α blockade markedly increased the expression level of tight junction protein claudin-1
and water channel protein aquaporin-5, two key factors required for normal salivary secretion, in the SMG. Collectively,
these findings indicate that endogenous TNF-α has a pathogenic role in the development of SS in the NOD model of this
disease.
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Sjögren’s syndrome (SS) is a systemic autoimmune disease
characterized by inflammation, production of autoantibodies,
destruction and dysfunction of exocrine glands, causing
xerostomia (dry mouth) and xerophthalmia (dry eyes), as
well as systemic symptoms affecting various tissues and
organs.1–4 Aberrantly activated innate immune cells and
autoreactive T and B cells have crucial roles in the
development of these pathological and functional changes
of SS.3,5–9 Many cytokines are upregulated in target tissues
and circulations of SS patients and a number of them,
including IFN-α, IFN-γ, IL-4 and IL-17, are shown to have a
critical role in SS pathogenesis in mouse models by affecting
the function of the immune cells or exocrine gland tissue
cells.7,10–16

Tumor necrosis factor-α (TNF-α) is a pro-inflammatory
cytokine that is increased in production in numerous
autoimmune or inflammatory diseases. It has a crucial role
in the pathogenesis of various autoimmune diseases, such as
rheumatoid arthritis, autoimmune psoriasis and Crohn’s

disease,17–19 and anti-TNF-α therapies using monoclonal
antibodies or inhibitory molecules have received encouraging
results in controlling these diseases.20 TNF-α promotes the
pathogenesis of these disorders by promoting production of
pro-inflammatory cytokines, recruitment of immune cells to
local tissues and destruction of organs.18,20 In SS patients,
elevated TNF-α expression in both salivary glands and serum
has been described compared with non-SS sicca patients.21–24

TNF-α can be produced by many cell types, including salivary
gland epithelium and salivary gland-infiltrating T helper 1
and T cytotoxic 1 cells.10,22 Multiple in vitro studies have
shown that TNF-α, alone or cooperating with other
inflammatory cytokines, induces apoptosis of human salivary
gland cells25 and also causes secretory dysfunction in a rat
parotid gland Par-C10 cell line by disrupting tight junction
integrity and function, which are important for the exchange
of water or solutes through paracellular transport.26 In
addition, TNF-α treatment can augment the production of
Ro/SSA and La/SSB in human keratinocytes, two autoantigens
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closely associated with SS disease.27 Moreover, in human
salivary gland acinar cells, TNF-α treatment downregulates
the expression of aquaporin 5 (AQP5), a water channel
protein required for salivary secretion.28–31 Taken together,
these lines of evidence suggest that TNF-α may be a
pathogenic factor in SS and its inhibition may impede the
development or attenuate the severity of this disease.

Both laboratory and clinical studies have suggested a
possible therapeutic effect of anti-TNF-α treatment in SS. A
study using a SS mouse model demonstrated that inhibition
of TNF-α with pegylated human TNF receptor 1 restrains the
development of SS, as demonstrated by reduced lymphocyte
infiltration and decreased expression of inflammatory cyto-
kines in lacrimal and salivary glands.32,33 A monoclonal anti-
TNF-α antibody attenuated the sicca symptoms in primary SS
patients in a small and open-label pilot clinical study.32

However, the same antibody did not show a clear efficacy
in another randomized and double-blind controlled trial in
primary SS patients.33 The specific in vivo role of TNF-α in
the pathogenesis of SS, especially in the stage of development
prior to the disease onset, has not been clearly defined.

In the present study, we investigated the role of
endogenous TNF-α in the development of SS using a
neutralizing anti-TNF-α antibody in non-obese diabetic
(NOD) mice, a model of SS-like disease. We demonstrated
that endogenous TNF-α serves as an important pathogenic
mediator in the development of this disease.

MATERIALS AND METHODS
Mice
Female NOD mice, strain NOD/ShiLtJ, were purchased from
the Jackson Laboratory and kept under specific pathogen-free
conditions. All the experimental protocols were approved by
the Institutional Animal Care and Use Committee of the
Forsyth Institute. All the procedures were performed in
compliance with the National Institutes of Health guidelines
for the care and use of laboratory animals.

Antibodies
Purified monoclonal anti-mouse TNF-α (TN3-19.12) and its
isotype control hamster IgG used for injection were
purchased from BioXCell. For flow cytometry, anti-CD4
and anti-CD8 antibodies were purchased from BioLegend.
For immunohistological chemistry, biotin-conjugated anti-
CD4 antibody and anti-CD8 antibody were obtained from
eBioscience, anti-T-bet- and biotin-conjugated anti-B220
antibodies were from BioLegend, and biotin-conjugated
anti-hamster IgG was from Vector Laboratories. For immu-
nofluorescence staining, anti-AQP5 and Alexa Fluor647-
conjugated rabbit IgG were purchased from Abcam.

In vivo Administration of Anti-TNF-α Antibody
In all, 200 μg anti-mouse TNF-α antibody or control hamster
IgG were intraperitoneally (i.p.) administered to 4-week-old

female NOD mice 3 times weekly for 6 weeks. All the analyses
were performed 2 days after the last injection.

Histological, Immunohistochemical (IHC) and
Immunofluorescense Staining
Harvested SMG tissues were fixed in 4% paraformaldehyde,
embedded in paraffin and sectioned to 5 μm thickness. The
sections were subsequently stained with hematoxylin and
eosin (H&E) and assessed for leukocyte infiltration. Leukocyte
focus is defined as leukocyte aggregate that contains at least 50
leukocytes. The numbers of leukocyte foci in each of the three
non-consecutive sections of each SMG sample were counted,
and the highest number among the three was used for further
calculation of leukocyte focus score, which is defined as the
number of leukocyte foci per 4 mm2 area of the tissue section.
For IHC staining, the sections were de-paraffinized and
stained with antibodies against mouse CD4, CD8, T-bet
or B220 at 4 °C overnight using the VECTASTAIN Elite ABC
Kit (Vector Laboratories) following the manufacturer’s
manual. For immunofluorescense staining, the de-
paraffinized sections were incubated with anti-AQP5 antibody
(Abcam) after antigen retrieval. They were then incubated
with Alexa Fluor 647-conjugated mouse IgG (Abcam) and
imaged using a Leica laser scanning confocal microscope
(Zeiss). Quantification of the positively stained areas in the
IHC-stained tissue sections was performed using the ImageJ
1.50i software. Briefly, images of IHC were saved as RGB Tiff
files and the brown-stained areas were segmented using
appropriate color thresholding. The percentage of thre-
sholded area in each image was measured and calculated.
Images from immunofluorescence-stained samples were
converted into grayscale (8-bit) and the gray color was
segmented using thresholding. Integrated density measure-
ment was performed to determine the fluorescence intensity
of the staining.

Detection of Serum Antinuclear Antibodies (ANA)
Serum ANA was assessed using HEp-2 human epithelial cell
substrate slides (INOVA Diagnostics), according to the
manufacturer’s instructions. After staining, the images were
acquired on an inverted wide-field fluorescence microscope
(Zeiss) at × 400 magnification and processed using the Zeiss
software (ZEN blue edition).

ELISA
The M3 muscarinic acetylcholine receptor (M3R) peptide
solution (2 μg/ml) was adsorbed onto a Nunc MaxiSorp flat-
bottom 96-well plate (BioLegend). None-specific binding sites
on the plate were blocked with ELISA Assay Diluent buffer
(BioLegend). Sera (1:6 diluted) were added to the plate and
incubated over night at 4 °C After washing with 0.05%
Tween-20 in PBS, the plate was incubated with 1:300 diluted
biotinylated goat anti-mouse IgG antibody (Vector
Labratories) for 1 h. After washing, the plate was incubated
with Avidin-HRP solution for 30 min, and the bound
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antibodies on plate detected by the TMB substrate. Finally,
the reaction was stopped by adding 100 μl 2 N H2SO4 to each
well and the absorbance at 450 nm was read with a microplate
reader (BioTek).

Measurement of Salivary Flow Rate
TNF-α-treated NOD mice were weighed and given an i.p.
injection of 100 μl PBS-based secretagogue solution contain-
ing isoproterenol (0.02 mg/ml) and pilocarpine (0.05 mg/ml).
Saliva was collected continuously for 5 min from the oral
cavity of mice with a micropipette, starting from 1min after
secretagogue injection. The volume of saliva was measured
and normalized to the body weight.

Real-time RT-PCR
Total RNA was isolated using the RNA Kit (Qiagen) and
reverse transcribed into cDNA by MLV reverse transcriptase
(Promega). SYBR Green-based real-time PCR amplification
(Qiagen) was performed for 40 cycles with annealing and
extension temperature at 60 °C, on a LightCycler 480 Real-
Time PCR System (Roche). Primer sequences are: mouse
CXCL9, forward, 5′-CCCTCAAAGACCTCAAACAGT-3′;
reverse, 5′-AGTCCGGATCTAGGCAGGTT-3′; CXCL10 for-
ward, 5′-CCAGTGAGAATGAGGGCCAT-3′, reverse, 5′-CCG
GATTCAGACATCTCTGC-3′; CXCL11 forward, 5′-GCAGA
GATCGAGAAAGCTTCT-3′, reverse, 5′-GTCCAGGCACCTT
TGTCGTT-3′; and CXCL13, forward, 5′-AGATCGGATTC

Figure 1 Expression of TNF-α in the submandibular glands (SMG) of NOD mice. (a) Real-time PCR analysis of TNF-α mRNA level in the SMG of NOD
mice aged 4, 7 and 10 weeks. The expression level was presented relative to that of β-actin. Error bars represent the s.e.m. (b) IHC staining of TNF-α
protein in SMG sections of NOD mice aged 4, 7 and 10 weeks. Original magnification: × 400. Data are the average of analyses of 4–7 mice for each
treatment group.
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AAGTTACGCC-3′, reverse, 5′-TTTGGCACGAGGATTCACA
CA.-3′. All transcript levels were normalized to β-actin.

Statistical Analysis
All statistical significance was determined by Student’s t-test
(two-tailed, two-sample equal variance). P-values o0.05 were
considered as statistically significant.

RESULTS
Expression of TNF-α in the Submandibular Glands (SMG)
of NOD Mice Increases with Age
Expression of TNF-α is elevated in saliva and salivary glands
of SS patients. To assess whether TNF-α is increased in the
SMG during the development of SS disease in NOD mice, we
examined TNF-α expression levels in the SMG of NOD mice
at 4, 7 and 10 weeks of age. Our characterization of the
kinetics of the disease development in female NOD mice
shows that, at 10 weeks of age, the majority of the mice have
leukocyte infiltrates in the SMG, easily detectable ANA in the
serum and reduced salivary flow rate compared with control
Balb/c mice (data not shown). Hence, the female NOD mice
used in this study have the onset of the disease around
10 weeks of age. Real-time PCR analysis and IHC staining
showed that both the mRNA amount and the protein level of
TNF-α in the SMG increased significantly over time between
4 and 10 weeks of age (Figures 1a and b). TNF-α was mainly
expressed by antigen-presenting cells that interspersed among
the epithelial cells (Figure 1b). At 10 weeks of age, SMG-
infiltrating leukocytes were present in most of the mice and
some of them also expressed TNF-α (Figure 1b). Hence,
TNF-α expression increases with the spontaneous

development of SS-like exocrinopathy in NOD mice,
suggesting a possible role of TNF-α in the pathogenesis of
this disease.

Blockade of Endogenous TNF-α Reduces Leukocyte
Infiltration of SMG and Improves Salivary Secretion in
NOD Mice
To determine whether endogenous TNF-α is important for
the pathogenesis of SS, we neutralized TNF-α activity by i.p.
administration of an anti-TNF-α antibody or its isotype
control hamster IgG into 4 week-old female NOD mice, 3
times weekly for 6 weeks, and analyzed the characteristic
pathologies of SS. To determine whether systemically injected
anti-TNF-α antibody can directly target SMG tissues, the
presence of hamster IgG in this gland was examined by
IHC staining. The results showed detectable hamster IgG
in the SMG of both anti-TNF-α- and control hamster
IgG-treated mice, indicating that the injected antibody was
delivered into target SMG as intended (Figure 2a). We then
examined the effect of TNF-α neutralization on the leukocyte
infiltration of SMG, one of the characteristic pathologies of
SS. Histological analysis showed that blockade of TNF-α
significantly reduced the leukocyte focus score, defined as the
number of leukocyte foci per 4 mm2 area of the SMG tissue
section (Figure 2b). Impaired salivary secretion is one of the
major disease manifestations of SS, and we found that anti-
TNF-α treatment markedly improved the stimulated salivary
flow rate (Figure 2c). Therefore, blockade of endogenous
TNF-α impedes the development and onset of SS-like
sialadenitis and hyposalivation in NOD mice.

Figure 2 Blockade of TNF-α impedes the development of SS-like pathologies. Anti-TNF-α or control IgG was injected into 4-week-old NOD mice 3 times
weekly for 6 weeks. (a) The presence of the injected antibody and control IgG in the SMG was examined by IHC staining with an anti-hamster IgG
antibody. Original magnification: × 400. (b) Images of H&E staining of SMG sections with original magnification × 200. Bar graph shows the mean
leukocyte focus score. (c) Stimulated saliva flow rate normalized to body weight. All data in this figure are representative or the average of analyses of
6–13 mice for each treatment group. Error bars represent the s.e.m.
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Figure 3 Neutralization of TNF-α decreases the number of SMG-infiltrating T and B cells in the SMG. Anti-TNF-α or control IgG was injected into 4-
week-old NOD mice 3 times weekly for 6 weeks. (a) Flow cytometric analysis of the percentage of CD4 and CD8 T cells among total SMG cells. (b) IHC
staining of CD4, CD8, T-bet and B cells in SMG sections. Original magnification: × 400. All data in this figure are representative or the average of
analyses of 6 mice for each treatment group.
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Blockade of TNF-α Causes a Reduction in SMG-
Infiltrating T and B Cells
We next assessed the effect of TNF-α blockade on lymphocyte
subsets in the SMG. Flow cytometric analysis revealed that the
percentage of CD4 and CD8 T cells among total SMG cells
was significantly decreased by anti-TNF-α treatment
(Figure 3a). Consistent with these results, IHC staining of
SMG sections detected fewer CD4- or CD8-positive cells in
the SMG of anti-TNF-α mice compared with the IgG-treated
control mice (Figure 3b). Moreover, TNF-α blockade reduced
the number of T-bet-expressing cells in the SMG, suggesting
an overall decrease in T helper 1- and/or T cytotoxic 1 cells
(Figure 3b). In addition, IHC staining results also provided
evidence that anti-TNF-α antibody led to a decreased number
of B cells in the SMG, defined as B220+ cells (Figure 3b).
Hence, the protective function of TNF-α blockade in SS
development is associated with reduced amount of SMG-
infiltrating T and B cells.

TNF-α Blockade Leads to a Reduced Expression of T- and
B-cell Chemoattractants in the SMG
Having shown that TNF-α blockade decreased the number of
T and B cells in the SMG, we further assessed whether this is
due to a reduced recruitment of these cells resulting from
downregulation of T- and B-cell chemoattractants. Real-time
PCR analysis showed that TNF-α blockade significantly
reduced the mRNA level of CXCL9 while having no effect
on that of CXCL10 or CXCL11, in the SMG (Figure 4),
suggesting that T-cell chemoattractant CXCL9 but not
CXCL10 or CXCL11 was involved in the inhibition of T-cell
trafficking into SMG as a result of TNF-α blockade.
Furthermore, consistent with the reduction in B-cell numbers
in SMG, mRNA level of B-cell chemoattractant CXCL13 was
significantly decreased as a result of TNF-α blockade
(Figure 4). Collectively, these results suggest that the anti-
inflammatory role of TNF-α blockade may be mediated, at
least in part, by downregulating CXCL9 and CXCL13
expression in the SMG.

Blockade of TNF-α Increases Claudin-1 and AQP5 levels
in the SMG
Disruption of tight junction integrity has been reported in the
salivary glands of SS patients34 and is associated with impaired
secretory function in rat salivary gland cells.26 To determine
whether TNF-α blockade affects the tight junction integrity in
the SMG, we performed IHC staining for claudin-1, claudin-2
and occludin in SMG tissue sections. TNF-α blockade led to a
markedly increased level of claudin-1 (Figure 5a), whereas it
did not alter that of claudin-2 or occludin (data not shown).
Hence, the improvement of salivary secretion upon TNF-α
blockade is associated with increased claudin-1 expression in
the SMG.

We next examined the expression of AQP5, a water
channel protein that is critical for the normal salivary
secretion.28–30 Immunofluorescence staining of SMG sections
showed a higher level of AQP5 in anti-TNF-α-treated mice
than in IgG-treated controls (Figure 5b). Thus elevated AQP5
expression could be another mechanism of anti-TNF-α-
induced improvement of salivary secretion.

Blockade of TNF-α Leads to Enhanced Autoantibody
Production
We next assess the effect of TNF-α neutralization on serum
autoantibody levels, a characteristic parameter of SS. Using
HEp-2 cells as substrates, our analysis showed that sera from
anti-TNF-α-treated mice exhibited higher levels of ANA to
different extents than those from IgG-treated mice
(Figure 6a). Moreover, autoantibodies against M3R, which
can contribute to salivary gland hypofunction,35–37 were also
increased by TNF-α blockade (Figure 6b). These results are
consistent with previous reports that anti-TNF treatment
leads to increased autoantibody production in a number of
other autoimmune disorders,38 indicating complex and
multifaceted effects of TNF-α in these disease conditions.

DISCUSSION
This study demonstrates a crucial pathogenic role of
endogenous TNF-α in the development and onset of SS-like
exocrinopathy and secretory dysfunction in NOD mice and

Figure 4 TNF-α blockade reduces the expression of T- and B-cell chemoattractants in the SMG. Anti-TNF-α or control IgG was injected into 4-week-old
NOD mice 3 times weekly for 6 weeks. Real-time PCR analysis of T- and B-cell-associated chemoattractant expressions in SMG, presented relative to that
of β-actin. Data are the average of analyses of 13–15 mice for each group.
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identifies several potential underlying mechanisms of TNF-α
function, including downregulation of T- and B-cell
chemoattractants and upregulation of tight junction protein
claudin-1 and water channel protein AQP5.

Previous studies have shown an elevation in TNF-α levels
in the salivary glands and sera of SS patients.21–24 We further
showed in this study that salivary gland TNF-α expression
increases with age in NOD mice accompanying SS develop-
ment, supporting a possible pathogenic role of this cytokine
in SS, especially in the stage prior to the disease onset at
10 weeks of age. By inhibiting TNF-α function between 4 and
10 weeks of age in NOD mice, we showed that it is required
for the full development of SS-like inflammation and
secretory dysfunction of salivary glands. A previous report

has shown that pegylated human soluble TNF receptor 1
(TNFR1), which prevents the binding of TNF-α to TNFR1,
inhibits inflammation and secretory dysfunction of exocrine
glands in NOD mice.39 As TNF-α can also bind to TNFR2,
our study is important in elucidating the overall function of
TNF-α, which engages both TNFR1 and TNFR2, in the
development and onset of SS. Another study has examined
the effect of local, salivary gland-specific expression of a TNF
receptor 1:IgG fusion protein (TNFR1:IgG), which inhibits
TNF-α activity, on SS in NOD mice and showed a complex,
varying effect on the salivary secretion depending on the age
window and length of local TNFR1:IgG expression.40 At early
ages, a short period of TNFR1:IgG expression appears to
improve salivary secretion, consistent with our finding that

Figure 5 Neutralization of TNF-α increases claudin-1 and AQP5 protein levels in the SMG. Anti-TNF-α or control IgG was injected into 4-week-old NOD
mice 3 times weekly for 6 weeks. (a) IHC of claudin-1 protein in SMG sections. Original magnification: × 400. Bar graph shows the percentage of
positively stained areas in the IHC-stained sections. (b) Immunofluoresence staining of AQP5 protein in SMG sections. Original magnification: × 400. Bar
graph shows the fluorescence intensity of AQP5 staining. All data in this figure are representative or the average of analyses of 13–15 mice for
each group.
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also examined the effect of TNF-α at the early stage prior to
the disease onset.40 The same report shows that local TNFR1:
IgG expression does not affect tissue inflammation and
autoantibody production, unlike what our study shows. This
difference is likely attributed to the different approaches and
timing of TNF-α blockade employed. TNF-α can be produced
by and affect many cell types at various sites, and thus
systemic blockade of TNF-α we employed is likely inhibiting a
wider range of TNF-α actions than the local inhibition
approach. Moreover, our study specifically blocked TNF-α at
an earlier stage prior to SS onset, whereas the other study
blocked this cytokine at a later stage for a much longer period
of time. The effects of anti-TNF-α antibody we used in this
study at later stages of the SS disease will be tested in our
future studies by using NOD-derived strains that develop SS
but not diabetes.

It is important to note that our study excluded the
interference from the clinical type-1 diabetes, which the
majority of female NOD mice exhibit after 12–16 weeks of
age, later than the onset of SS and our end point analysis.
Therefore, the inhibitory effect of anti-TNF-α antibody in the
development and onset of SS disease is not an indirect
consequence of its effect on type-1 diabetes.

In characterizing the potential mechanisms by which
TNF-α blockade reduces SMG inflammation, we found that
local expression of CXCL9 and CXCL13, two key chemokines
that can attract T and B cells, is downregulated. TNF-α can
upregulate CXCR3 ligand expression to facilitate leukocyte
infiltration of target organs in various autoimmune or
inflammatory disease conditions.41,42 Interestingly, other
reports have shown that TNF-α is not a potent inducer of
CXCL9 expression,43 whereas we showed that, in the SS
disease setting, TNF-α has an indispensable role in the
optimal expression of CXCL9, but not CXCL10 and CXCL11.
These findings collectively point to a disease context-
dependent function of TNF-α in promoting the expression
of these chemokines. Whether the induction of CXCL9 by
TNF-α requires cooperation of other factors, such as IFN-γ,
during the development of SS will be addressed in our future
investigations. In addition to CXCR3 ligands, CXCL13 is a

critical chemokine directing B-cell recruitment to target
organs in inflammatory conditions44 and the decrease in
CXCL13 expression resulting from anti-TNF therapy is
considered a potential predictive biomarker in rheumatic
arthritis patients.45 In line with these findings, we demon-
strated that neutralization of TNF-α leads to downregulation
of CXCL13 expression also in SS disease settings. The cellular
and molecular basis of TNF-α induction of CXCL9 and
CXCL13 will be a subject of our future investigations.

Tight junctions are protein complexes that form a well-
regulated diffusion barrier between the apical and basal
regions of exocrine gland cells and are crucial for water and
solute exchange.46 In vitro studies have shown that
TNF-α impairs the secretory function in rat salivary gland
epithelial cells, which is associated with the disruption of tight
junction.26,46 Here we provided in vivo evidence that the
improvement in salivary secretion resulting from TNF-α
blockade is accompanied by elevated expression of tight
junction protein claudin-1, which has a critical role in
maintaining tight junction integrity.46 Collectively, these
findings suggest that TNF-α promotes the disruption of
barrier function in salivary gland tissues by downregulating
claudin-1 expression, which in turn contributes to defective
salivary secretion. Meanwhile, we also observed that TNF-α
neutralization increases SMG expression of AQP5, a water
channel protein vital for normal salivary secretion.28–30 AQP5
deficiency leads to impaired salivary secretion owing to
defective water export in salivary gland epithelial cells,29,30

which can be corrected by local gene therapy that over-
expresses AQP1.28 Therefore, our finding suggests that TNF-α
promotes the secretory dysfunction of salivary glands, at least
in part, by downregulating AQP5 expression.

Anti-TNF-α-based therapy has been successfully used in
treating rheumatic arthritis, inflammatory bowel disease and
systemic lupus erythematosus. An unintended and poorly
understood consequence of this treatment is the development
of lupus-like changes, termed as anti-TNF-α-induced lupus
erythematosus, in a small proportion of patients.38,47 These
patients transiently develop ANA and anti-double-stranded
DNA antibodies, which fall back to baseline levels shortly

Figure 6 Blockade of TNF-α promotes autoantibody production. Anti-TNF-α or control IgG was injected into 4-week-old NOD mice 3 times weekly for
6 weeks. (a) Detection of serum ANA. Original magnification: × 400. (b) Serum anti-M3R autoantibody level was determined by ELISA. All data in this
figure are representative or the average of analyses of 13–15 mice for each group.
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after the cessation of anti-TNF-α treatment, generally without
clinical manifestations of lupus.47–49 Consistent with these
reports, here we show that, while TNF-α blockade mitigates
inflammation and dysfunction of salivary glands, it causes a
marked increase in serum ANA and anti-M3R autoantibody
levels. The functional significance and the underlying
mechanisms of the excessive autoantibody production
induced by anti-TNF-α treatment in the SS setting are
currently unclear and require further determination.

To date, a few clinical trials on anti-TNF-α therapies in SS
disease have been conducted and generated inconsistent
results on the efficacy.32,33 In order to develop anti-TNF-α
therapy with better and reliable efficacy, it will be important
to assess the effect of anti-TNF-α in mouse models with
established SS disease to gain better understanding of its
action at this stage and to assess the efficacy of the
combination of anti-TNF-α with other immune-
manipulating strategies in ameliorating this disease.

Conclusions
This study demonstrates that neutralization of TNF-α during
the stage prior to disease onset impedes the development and
onset of SS-like salivary gland inflammation and secretory
dysfunction in NOD mice, indicating that endogenous TNF-α
has a critical pathogenic role in the development and onset of
this disease.
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