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Anti-IL-7 receptor-a treatment ameliorates newly established
Sjogren’s-like exocrinopathy in non-obese diabetic mice
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Abstract

The levels of interleukin (IL)-7 and its receptor are elevated in the salivary glands of patients with
Sjogren’s syndrome (SS). Our previous study indicates that IL-7 plays a critical pathogenic role in
the development and onset of SS in a mouse model of this disease. The present study aims at
determining whether IL-7 also plays a role in sustaining SS pathologies after the disease onset, by
using the non-obese diabetic (NOD) model. Intraperitoneal administration of a blocking antibody
against the IL-7 receptor a chain (IL-7Ra) to female NOD mice aged 10 weeks, which exhibited
newly onset clinical SS, for the duration of 3 weeks significantly ameliorated characteristic SS
pathologies including hyposalivation and leukocyte infiltration of the submandibular glands
(SMGs). These changes were accompanied by a decrease in IFN-y-producing CD4 T- and CD8 T
cells, B cells, and lymphocyte chemoattractants CXCLJ9, -10, -11 and -13 in the SMGs. Anti-
IL-7Ra treatment markedly diminished the amount of TNF-a in the SMGs and increased the level
of claudin-1 and aquaporin 5, two molecules critical for normal salivary secretion. Furthermore,
neutralization of IFN-y and TNF-a, individually or in combination, considerably improved
salivary secretion, reduced leukocyte infiltration and down-regulated CXCL9 and -13 expression
in the SMGs. Collectively, the results indicate that endogenous IL-7R signals promote Thl and
Tcl responses and IFN-y- and TNF-a production to sustain the persistence of SS-like sialadenitis
in NOD mice. These findings suggest that IL-7 and Th1 cytokines could serve as promising
therapeutic targets for this prevalent autoimmune disease.
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1. Introduction

Sjogren’s syndrome (SS) is a prevalent systemic autoimmune disorder that affects millions
of Americans, with a female to male ratio of 9:1 [1-4]. It is characterized by lymphocyte
infiltration of exocrine salivary and lacrimal glands, impairment in the salivary and tear
secretion and elevation of an array of autoantibodies, with the clinical manifestation as
xerostomia (dry mouth) and keratoconjunctivitis sicca (dry eyes)[1, 2, 5, 6]. Accumulating
evidence has indicated that autoreactive effector T cells play a vital pathogenic role in SS
[7-9]. Multiple cytokines that can affect or mediate effector T cell functions, including IFN-
¥, TNF-a, IL-4, IL-17 and type-1 IFNSs, critically contribute to the induction and
development of this autoimmune inflammatory disease as demonstrated by /n vivo studies
using mouse models of this disease [1, 10-14].

IL-7 is a pleiotropic cytokine produced by non-hematopoietic cells, such as stromal and
epithelial cells, and provides essential signals for the development and homeostasis of T
cells under physiological conditions [15-17]. IL-7 signals through IL-7 receptor (IL-7R),
which is composed of the IL-7Ra chain and the common -y chain. Elevated levels of both
IL-7 and IL-7R are detected in the inflamed tissues of an array of autoimmune and
inflammatory disease conditions, including experimental autoimmune encephalomyelitis,
systemic erythematosus lupus, rheumatoid arthritis, inflammatory bowel’s disease and
type-1 diabetes [18-23]. Moreover, blocking the IL-7-IL-7R pathway with anti-IL-7Ra
antibody can prevent, reverse or attenuate the pathologies and clinical manifestations of
these disorders in mouse disease models [19, 20, 23-25] and such effect is associated with a
preferential reduction in T helper 1 (Th1) and T cytotoxic 1 (Tcl) immune responses
characterized by the production of IFN-y [18, 23, 24].

In SS patients, 1L-7 production and IL-7Ra-expressing T cells are markedly increased in
salivary gland tissues and the degree of such increase is associated with the severity of tissue
immunopathology and the dry mouth symptoms [26, 27]. Our previous study, using the
C57BL/6.NOD-Aec1.Aec? (B6.NOD-Aec) model of SS, has demonstrated that exogenous
IL-7 administration accelerates, whereas blockade of endogenous IL-7Ra signals prevents
the development and onset of SS [28]. The pathogenic effect of IL-7 at the pre-disease stage
is chiefly underlain by enhanced Thl and Tcl responses in the target submandibular glands
(SMGs) and the augmented production of IFN-y and TNF-a, two cytokines that are
essentially required for the induction and development of SS pathologies [28, 29]. Hence,
IL-7 and its target Th1 cytokines play a critical pathogenic role in the developmental phase
of SS disease.

In the present study, we sought to determine whether the endogenous IL-7R-mediated
signaling plays a role in sustaining the persistence of SS pathologies after the disease onset
and whether blockade of this pathway can reverse or attenuates the newly established SS
disease, by using the non-obese diabetic (NOD) mouse strain, a spontaneous model of
human SS [30-32]. By using anti-IL-7Ra. antibody-mediated blockade of endogenous IL-7R
signaling in these mice, our study demonstrated an indispensable role of this pathway in
sustaining the persistence of SS.
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Materials and methods

2.1 Mice

Female non-obese diabetic (NOD) mice were purchased from the Jackson Laboratory and
were housed in the specific pathogen-free animal facility at the Forsyth Institution. All the
experimental protocols were approved by the Institutional Animal Care and Use Committee
of the Forsyth Institute and all the procedures were implemented in compliance with the
National Institutes of Health guidelines for the care and use of laboratory animals.

2.2 Antibodies

Purified monoclonal rat-anti-mouse IL-7Ra (A7R34) and its isotype control rat-lgG2a
(2A3) used for injection were obtained from BioXCell. For flow cytometry, fluorescence
conjugated anti-CD4, anti-CD8, anti-CD19, anti-IFN-vy, anti-PD-1, anti-I1L-17 and anti-
CD16/32 antibodies were purchased from BioLegend, and fluorescence conjugated anti-
Foxp3 antibody was obtained from eBioscience. For Immunohistochemical staining, biotin-
conjugated anti-CD4 and anti-CD8 antibodies were obtained from eBiosience and biotin-
conjugated anti-B220 antibody was obtained from BioLegend; anti-TNF-a,, anti-claudin-1
and anti-claudin-2 antibodies were purchased from Abcam. For immunofluorescence
staining, anti-aquaporin-5 (AQP5) antibody and Alexa Fluor647-conjugated anti-rabbit 1gG
were purchased from Abcam.

2.3 In vivo administration of anti-IL-7Ra, anti-TNF-a and anti-IFN-y antibodies

10 week-old female NOD mice received intraperitoneal (7.p.) administration of 200 ug anti-
mouse IL-7Ra., or anti-mouse TNF-a or anti-mouse IFN-vy, or anti-TNF-a plus anti-IFN-y
antibodies or the corresponding isotype control 1gG 3 times weekly for 3 weeks. All the
analyses were performed 2 days after the last injection.

2.4 Histological analysis

SMG tissues were fixed in 4% paraformaldehyde, embedded in paraffin and sectioned to 5
pm thickness. Routine histology was carried out on these sections with hematoxylin and
eosin (H&E) to determine the degree of inflammation. The numbers of leukocytic foci
(comprising more than 50 mononuclear cells per 4 mm?) in each of the three non-
consecutive sections of SMG samples were counted, and the average number of the three
was used for further statistical analysis.

2.5 Immunohistochemical staining

The de-paraffinized sections were subjected to antigen retrieval process and dehydration
procedure. Then, they were stained with anti-CD4, anti-CD8, anti-B220, anti-TNF-a., anti-
claudin-1 or anti-claudin-2 antibody, at 4°C overnight using VECTASTAIN Elite ABC Kit
(\Vector Laboratories) according to the manufacturer’s instructions. Images were recorded at
400x magnification under a light microscope. Quantification of positively-stained cells or
areas in the samples was performed using Image J 1.50i software. Briefly, images were
saved as RGB Tiff files and appropriate segmentation of stained area was performed using
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color thresholding. The percentage of thresholded area in each image was measured and
calculated.

2.6 Immunofluorescence staining

The de-paraffinized sections were subjected to antigen retrieval process and dehydration
procedure. After that, they were incubated with anti-AQP5 antibody at 4°C overnight
followed by Alexa Fluor 647 fluorescent dye conjugated anti-rabbit 1gG. Images were
captured using a Zeiss LSM 780 laser scanning confocal microscope at 400x magnification
and processed with Zeiss software (ZEN black edition). Quantification of the fluorescence
intensity was carried out by ImageJ 1.50i software. Briefly, Images with single stained color
were converted into grayscale (8-bit) and the grey color was segmented properly using
thresholding. Integrated density was analyzed to determine the fluorescence intensity of the
staining.

2.7 Flow cytometry

Freshly isolated single cells from SMGs or submandibular lymph nodes (SmLNs) were
incubated with anti-CD16/32 antibody to prevent unspecific binding. The cells were then
stained with a combination of fluorescence-conjugated antibodies to surface markers CD4,
CD8, CD19 and PD-1 at 4°C for 30 min. Intracellular and nuclear staining with anti-IFN-v,
anti-1L-17A and anti-Foxp3 antibodies was subsequently performed following fixation and
permeabilization. The stained samples were then washed, processed and analyzed with a
FACS Arial Il flow cytometer (BD) and the FlowJo V10 software.

2.8 Detection of serum antinuclear antibodies (ANA)

Sera collected from the mice were diluted 1:40 and subjected to ANA measurements using
HEp-2 human epithelial cell substrate slides (INOVA Diagnostics) following the
manufacturer’s instructions. The slides were observed and imaged under an inverted wide-
field fluorescence microscope (Zeiss) at 400x magnification. The images were further
processed with the Zeiss software (ZEN blue edition), and the fluorescence intensity of the
staining was quantified with the ImageJ 1.50i software as described in 2.6.

2.9 Enzyme-linked immunosorbent assay (ELISA)

The peptide that contains 15 amino acids (AILFWQYFVGKRTVP) of the second
extracellular loop of the M3 muscarinic acetylcholine receptor (M3R) protein (synthesized
by Biomatic Corporation) was dissolved in PBS. After further diluted in 1xBiolLegend
ELISA coating buffer, this M3R peptide solution (2pg/ml) was used to coat Nunc™
MaxiSorp™ flat-bottom 96 well plates (BioLegend). Non-specific binding sites on the plates
were blocked with ELISA Assay Diluent Buffer (BioLegend), and 1:6-diluted serum
samples were added to the plates and incubated at 4°C overnight. The serum samples bound
to the plates were then incubated with 1:300 diluted biotinylated goat anti-mouse 1gG
antibody (Vector Laboratories) for 1 h, followed by avidin-HRP solution for 30 min, and
finally with the TMB substrate. The absorbance was measured at 450 nm using a BioTek
microplate reader.
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2.10 Measurement of stimulated salivary flow rate

Female NOD mice received an 7p.-injection of 100 ul PBS-based secretagogue solution
containing pilocarpine (2 mg/ml) and isoproterenol (1 mg/ml). One min after the injection,
saliva was collected continuously for 5 min and the volume of the saliva from each mouse
was measured and normalized to the body weight.

2.11 Real-time PCR

Total RNA was isolated using RNeasy Micro kit (Qiagen) and transcribed into cDNA with
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 as follows: IFN-y
forward, 5"-GGATGCATTCATGAGTATTGC-3, reverse, 5'-
CTTTTCCGCTTCCTGAGG-3'; T-bet forward, 5'-CCAACAACCCCTTTGCCAAAG-3,
reverse, 5’-TCCCCCAAGCAGT TGACAGT-3"; CXCLJ9, forward, 5’-
CCCTCAAAGACCTCAAACAGT-3’; reverse, 5’ -AGTCCGGATCTA GGCAGGTT-3';
CXCL10 forward, 5'-CCAGTGAGAATGAGGGCCAT-3’, reverse, 5'-
CCGGATTCAGACATCTCTGC-3"; CXCL11 forward, 5'-GCAGAGATCG
AGAAAGCTTCT-3’, reverse, 5'-GTCCAGGCACCTTTGTCGTT-3"; CXCL13 forward,
5 -AGATCGGATTCAAGTTACGCC -3’, reverse, 5'-
TTTGGCACGAGGATTCACACA-3". Other sequences will be provided upon request. All
transcript levels were normalized to B-actin.

2.12 Urine glucose test

Urine glucose from the mice was measured at the end-point of the experiments using
Diastix® Reagent Strips following the manufacturer’s guidelines.

2.13 Statistical analysis

3. Results

The statistical comparisons were carried out using a two-tailed Student’s ftest or ANOVA as
appropriate. P values smaller than 0.05 were considered as statistically significant.

3.1 Blockade of IL-7Ra improves salivary secretion and reduces leukocyte infiltration of
SMGs in NOD mice

Elevated levels of IL-7 and increased frequency of IL-7Ra-expressing T cells are observed
in the salivary glands of SS patients [26, 27]. Our previous study has shown that IL-7
promotes the initial development and onset of SS in B6.NOD-Aec mice [28]. To further
determine whether IL-7 is also important in sustaining SS disease after its initial onset, we
utilized female NOD mice that spontaneously develop SS-like sialadenitis, with disease
onset at around 10 weeks of age based on leukocyte infiltration of SMGs, presence of ANA
in the serum, and impaired salivary secretion [29, 33, 34]. Moreover, none of the mice
became diabetic at 13 weeks of age, indicated by normal urine glucose levels (data show
shown). Real-time PCR analysis showed that the mMRNA amount of both IL-7 and IL-7Ra in
the SMGs was increased between 4 and 13 weeks of age (Fig. 1A). To determine whether
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blockade of IL-7Ra signals can reverse newly established SS, we /7 p.-administrated 200ug
of anti-IL-7Ra antibody or its isotype control, rat 1gG2a, to 10-week-old female NOD mice
3 times weekly for a consecutive 3 weeks, and analyzed SS-characteristic pathologies at 13
weeks of age. Anti-IL-7Ra-treated group had markedly higher salivary flow rate compared
to the control group, indicating a remission of SS-like exocrine dysfunction (Fig. 1B).
Moreover, H&E staining of SMG sections revealed abundant leukocyte infiltrates in 1gG-
treated control mice, but much fewer in anti-IL-7Ra-treated mice (Fig. 1C). Quantification
of leukocyte infiltration showed that the focus score was significantly lower in the anti-
IL-7Ra-treated group (Fig. 1C). Hence, endogenous IL-7-1L-7Ra pathway plays a crucial
role in the persistence of SS-like hyposalivation and sialadenitis in NOD mice after the
disease onset.

3.2 Blockade of IL-7Ra reduces T and B cell accumulation in the SMG tissues

We next assessed the effect of anti-IL-7Ra treatment on lymphocyte populations and subsets
in the target tissues. In accordance with the lowered leukocyte focus score, flow cytometric
analysis demonstrated that the percentage of CD4* and CD8" T cells and that of CD19* B
cells among the total SMG cells were substantially reduced by IL-7Ra blockade (Fig. 2A,
left panels). Moreover, anti-IL-7Ra treatment significantly decreased the frequency of IFN-
v producing-CD4* and CD8" T cells in the SMGs, as shown by the reduced number of these
cells among the 5x10° total SMG cells analyzed (Fig. 2A, right panels), indicating reduced
T helper 1 (Th1) and T cytotoxic 1 (Tcl) responses. In comparison, IL-7Ra blockade did
not significantly alter the proportion of IL-17- or Foxp3-expressing CD4 T cells (data not
shown). The marked decrease in CD4 T, CD8 T and B cells was further confirmed by the
immunohistochemical staining of SMG sections (Fig. 2B). In the smLNs, anti-IL-7Ra
decreased the percentage of total CD4 T cells but did not affect that of CD8 T cell and B cell
populations and that of IFN-y-producing CD4 and CD8 T cells (Fig. 2C). IL-7Ra blockade
also did not alter the proportion of IL-17- and Foxp3-expressing CD4 T cells in the smLNs
(Fig. 2C). Hence, anti-IL-7Ra treatment attenuates Thl and Tc1 cell responses in the SMG
tissues in the NOD mice with newly established SS disease. We also investigated whether
anti-IL7Ra treatment could affect the expression of coinhibitory receptor PD-1, a negative
regulator of Th1l and Tc1 responses. Flow cytometric analysis showed that the proportion of
PD-1-expressing CD4 and CD8 T cells in the SMGs were comparable between anti-IL-7Ra.-
treated and the control mice (data not shown). In accordances, the PD-1 expression level on
CD4 and CD8 T cells in the SMGs was not altered by anti-IL-7Ra treatment, as indicated
by comparable geometric mean of fluorescence intensity (MFI) values (data not shown).
These findings suggest that the inhibitory effect of anti-IL-7Ra on Thl and Tcl responses in
the SMGs was not a consequence of an increase in PD-1 pathway.

3.3 Blockade of IL-7Ra decreases expression of Thl genes and lymphocyte
chemoattractants in the SMGs

To further determine the effect of IL-7Ra blockade on the autoimmune responses, we
analyzed the expression of key factors and cytokines controlling the function of effector T
cells. Real time PCR analysis revealed that administration of anti-IL-7Ra significantly
decreased the mRNA amount of CD3e, IFN-y, and T-bet in the SMGs without significantly
altering that of IL-17, foxp3 and IL-4 (Fig. 3A, and data not shown). These results further
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support that the SS disease-inhibiting effect of anti-1L-7Ra treatment is underlain by a
preferential down-modulation of Th1 (and Tcl) immune responses.

We next assessed whether anti-IL-7Ra can affect SMG expression of T cell
chemoattractants CXCL9, -10 and -11, which can promote the recruitment of Th1/Tc1 cells
to inflamed tissues in autoimmune and inflammatory conditions [35, 36]. In accordance with
the reduction of IFN-y producing-CD4 and CD8 T cells, the amount of transcripts of
CXCLY9, -10 and -11 and their corresponding receptor CXCR3 in the SMGs was
substantially lowered by anti-IL-7Ra. treatment (Fig. 3B). In addition, blockade of IL-7Ra
significantly decreased the mRNA amount of B cell chemoattractant CXCL13 (Fig. 3B),
consistent with reduced B cell numbers in the SMGs. Collectively, these results indicate that
the Thl-enhancing and sialadenitis-promoting effect of endogenous IL-7-IL-7Ra signaling
is associated with an upregulated expression of T- and B cell chemoattractants in the SMGs.

3.4 Blockade of IL-7Ra leads to diminished TNF-a. production and enhanced claudin-1 and
AQP5 expression in the SMGs

TNF-a expression is elevated in the salivary glands of SS patients and plays a critical
pathogenic role in this disease [29, 37, 38]. We thus examined the impact of IL-7Ra
blockade on TNF-a production by immunohistochemical staining of SMG sections, which
showed that TNF-a levels were reduced by anti-IL-7Ra treatment (Fig. 4A). One of our
recent studies has shown that TNF-a downregulates the expression levels of tight junction
component claudin-1 and water channel protein aquaporin 5 (AQP5) in the SMGs of NOD
mice [29], both of which play vital roles in maintaining normal salivary secretion [39-43].
We hence measured the expression levels of these molecules in the SMG tissues, which
demonstrated that blockade of IL-7Ra markedly increased claudin-1 expression levels in the
SMGs as determined by immunohistochemical staining, without affecting that of claudin-2
(Fig. 4A and data not shown). In addition, anti-IL-7Ra treatment significantly upregulated
AQP5 protein expression as assessed by immunofluorescence staining (Fig. 4B). Hence,
IL-7Ra blockade reduces SMG expression of proinflammatory mediator TNF-a and
upregulates that of claudin-1 and AQP5, which are critical components of normal salivary
gland secretory machinery.

3.5 Blockade of IL-7Ra does not affect autoantibody production

Elevation in serum autoantibody levels is another characteristic manifestation of SS disease.
Indirect immunofluorescence staining with human HEp-2 epithelial cells as substrates
showed that sera from anti-IL-7Ra treated mice displayed varying levels of ANA, which on
average were not significantly different from those in the 1gG-treated control group (Fig. 5A
and 5B). Accordingly, ELISA assay demonstrated that the level of autoantibodies against
muscarinic acetylcholine receptor M3 (M3R) in the sera of anti-IL-7Ra treated mice was
comparable to that of the control group (Fig. 5C). Therefore, blockade of IL-7Ra in newly
established SS does not affect autoantibody production levels.
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3.6 Neutralization of either IFN-y or TNF-a attenuates newly established SS-like
sialadenitis in NOD mice

We and other groups have shown that both IFN-y and TNF-a are required for the
development and onset of SS disease [11, 29]. Since the disease-attenuating effect of
IL-7Ra blockade in newly established SS was accompanied by a reduction in IFN--y-
producing CD4 and CD8 T cells and TNF-a levels in the SMGs, we postulated that such
downregulation may account for, at least partially, the disease-attenuating effect of anti-
IL-7Ra, and that neutralization of TNF-a and IFN-y will achieve some of the same
outcomes as anti-IL-7Ra treatment. We /.p.-administration of neutralizing anti-IFN-y, anti-
TNFa, or the combination of the two antibodies to NOD mice aged 10 weeks, 3 times
weekly for a consecutive 3 weeks. Analyses of the disease profiles showed that
neutralization of either IFN-yor TNF-a considerably increased the salivary flow rate (Fig.
6A) and decreased the amount of SMG-infiltrating leukocytes (Fig. 6B), and significantly
reduced the gene expression levels of CD3e, IFN-y, CXCL9 and -13 in the SMGs without
affecting those of CXCL10 or CXCL11 (Fig. 6C). The combination of anti-IFN-y and anti-
TNF-a exhibited overall similar degree of effects on salivary secretion and tissue
inflammation as the individual antibody (Fig. 6B—C, and data not shown). Therefore,
neutralization of either IFN-y or TNF-a exerts similar attenuating effect as IL-7Ra
blockade on salivary gland inflammation and dysfunction, indicating their contributions to
the persistence of these SS pathologies as downstream effectors of IL-7R signals. However,
unlike anti-1L-7Ra or anti-IFN-y treatment, which did not significantly alter serum ANA
levels, anti-TNFa., alone or in combination with anti-IFN-y, caused a significant increase in
the serum ANA levels (Fig. 6D). The autoantibody enhancing-effect of anti-TNFa treatment
has been observed in SS-disease setting at the pre-disease stage as we recently reported and
has also been widely reported in patients receiving anti-TNFa therapies for other
inflammatory diseases [ 44, 45].

4. Discussion

The study was untaken to examine the effects of anti-IL-7Ra antibody on newly established
SS-like sialadenitis using NOD mice and the results demonstrate the importance of IL-7R
signaling and its targeted Th1 cytokines in the persistence of this disease.

We have previously reported that IL-7 is essential for the development and onset of SS
disease in a mouse model [28]. Here we showed that IL-7Ra also plays an essential role in
sustaining the disease after its onset in the NOD mice and its effect is accompanied by
reduced Thl and Tcl responses at the inflamed sites, consistent with the reported effects of
IL-7/IL-7R blockade in a number of autoimmune and inflammatory diseases [18, 19, 23,
24]. Furthermore, neutralization of either IFN-y or TNF-a indeed can achieve several major
effects of IL-7R blockade, providing supporting evidence that downregulation of these
cytokines is one of the mechanisms by which IL-7R blockade ameliorate SS pathologies,
albeit not the direct proof. Moreover, anti-IFN-y and anti-TNF-a treatments lead to very
similar changes without exhibiting synergistic or additive effects, suggesting that both IFN-y
and TNF-a are critically and non-redundantly required for the same pathological events.
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Both IL-7 and IL-7Ra in the SMGs of the NOD mice increase over time as we have shown
in this study. The main sources of IL-7 are non-immune tissue cell types, including epithelial
and stromal cells. We have previously shown that proinflammatory cytokines IFN-y and
type 1 IFNs can enhance IL-7 production from salivary gland epithelial cells /n vitroand in
vivo [28, 46]. We therefore postulate that the increase in SMG IL-7 levels in NOD mice over
time likely results from the progressing SMG inflammation in these mice. IL-7Ra is mainly
expressed on immune cells, including T cells, which are the major targets of IL-7. It is
conceivable that the increase in IL-7Ra levels in the SMGs of NOD mice over time is a
consequence of increased T cell infiltration of these glands as the autoimmune inflammation
progresses.

The Thl- and Tcl-enhancing effect of IL-7 in type-1 diabetes and chronic viral infections
has been shown to be closely linked to the downregulation of T cell expression of PD-1
molecule, an immune-suppressive coinhibitory receptor [47, 48]. In this study however,
IL-7Ra blockade did not decrease the level of PD-1 expression on T cells or the percentage
of PD-1-expressing T cells in NOD mice with newly established SS. Hence, the disease-
ameliorating effect of anti-IL-7Ra is not mediated through downregulation of T cell PD-1
expression, which also further supports the notion that the functional mechanisms employed
by IL-7R signaling to influence T cell responses are disease context- and disease stage-
dependent.

B cell autoantibody production is a characteristic pathological change in SS. We previous
reported that IL-7 administration exacerbates, whereas IL-7Ra blockade suppresses ANA
production during the development of SS [28]. In this study, we did not observe a significant
effect of anti-IL-7Ra. treatment on the production of ANA or anti-M3R antibodies after the
disease onset, in newly established disease, indicating that IL-7 promotes sustained secretory
dysfunction without enhancing the production of these autoantibodies. Our future studies
will more comprehensively examine the effect of anti-IL-7Ra treatment on SS-associated
serological changes and systemic pathologies. It is well documented that anti-TNF-a
therapies, employed to treat inflammatory diseases such as rheumatic arthritis and
inflammatory bowel disease, cause a lupus-like condition termed as anti-TNF-a-induced
lupus erythematosus in some of the patients, which is characterized by elevated serum ANA
and anti-double-stranded DNA antibody levels [44, 45]. Consistent with these reports, our
previous study has shown that TNF-a blockade in NOD mice prior to SS onset impedes the
development of salivary gland hypofunction and inflammation but induces production of
ANA and anti-M3R autoantibodies [29]. Here we showed that neutralization of TNF-a in
newly established SS disease also induced similar elevation in serum ANA. By contrast,
anti-IFN-+y treatment did not cause such increase. The mechanisms underlying anti-TNF-a.-
induced enhancement of autoantibody production, in both in the developing SS and in
established SS disease, require further investigation and delineation, and our recent finding
that blockade of CXCR3 in NOD mice achieved similar enhancement of ANA production
will facilitate such effort [49].

Our study shows that IL-7Ra blockade increased the level of tight junction protein claudin-1
and water channel protein aquaporin 5 (AQP5), which are crucial for normal salivary
secretion [39-43], suggesting two potential molecular mechanisms by which IL-7Ra
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blockade ameliorates hyposalivation. We did not detect a change in claudin-2 and occludin,
another two key components of tight junction. Apart from claudin-1, claudin-2 and occludin,
multiple other tight junction components, such as ZO-1 and other claudins also play vital
roles in the tight junction integrity and salivary secretion [50, 51]. Whether the expression
and cellular distribution of these tight junction proteins are also affected by IL-7Ra
blockade will be addressed in more details in our future studies.

Some female NOD mice start to develop clinical SS become diabetic around 12-16 weeks of
age [52]. We therefore monitored the urine glucose levels in the NOD mice used in this
study at 13 weeks of age, the end-point of the study, and found that none of the mice
exhibited abnormal urine glucose levels. Hence, the SS disease-attenuating effect of anti-
IL-7Ra treatment in the NOD mice is not likely an indirect result of its effect on diabetes.

Apart from IL-7 and Th1 cytokines, a number of other cytokines that are elevated in SS
patients, including IL-17, IL-4, IL-13 and type-1 IFNs, play critical pathogenic roles in the
induction and development of SS disease as demonstrated by functional studies using mouse
models [1, 8, 12, 13, 53-56]. Whereas recent evidence has shown that IL-17 and 1L-21 have
critical contributions to the late stage SS disease pathologies [13, 57], the functional
importance of the other cytokines in the chronic persistence of this disease awaits further
delineation. In addition, while previous studies have indicated a role of IL-7, Th1 cytokines
and several other inflammatory cytokines such as IL-1 in the induction of lacrimal gland
inflammation and dysfunction, the significance of these cytokines in the persistence of SS-
like lacrimal gland disorder requires further investigations [14, 58]. These studies will
generate new knowledge for the design of effective cytokine-targeted therapies, especially
combination therapies targeting multiple pathogenic cytokines, for patients diagnosed with
SS.

5. Conclusions

Endogenous IL-7R signals play a critical role in sustaining the pathogenic Th1 and Tcl
responses and the characteristic SS pathologies in NOD mice with newly established SS
disease, suggesting the potential of targeting IL-7-1L-7R pathway and Th1/Tc1 effector
cytokines as future therapeutic strategies for treating this chronic and prevalent autoimmune
condition.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Blockade of IL-7Ra in NOD mice with newly established SS disease
ameliorated salivary gland inflammation and secretory dysfunction

. Blockade of IL-7Ra decreased the amount of Thl, Tcl and B cells and that
of lymphocyte-attracting chemokines in the salivary glands

. Anti-IL-7Ra treatment reduced the amount of Th1 cytokines IFN-y and
TNF-a, and increased the level of claudin-1 and aquaporin 5 in the salivary
glands

. Neutralization of IFN-y and TNF-a, individually or in combination,
attenuated salivary gland inflammation and secretory dysfunction in NOD
mice with newly established SS
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Figure 1. Anti-IL-7Ra treatment improves salivary secretion and reduces leukocyte infiltration
of submandibular glands (SMGs) in NOD mice

(A) Real-time PCR analysis of IL-7 and IL-7Ra levels in the SMGs of NOD mice aged 4
and 13 weeks. The results are presented relative to that of p-actin. Data are the average of
analyses of 4-7 mice each group. Error bars represent the SEM. (B) Anti-IL-7Ra antibody
or control 1gG was 7.p.-administered to 10-week-old female NOD mice 3 times weekly for 3
weeks. The stimulated salivary flow rate normalized to body weight is shown. (C) H&E
staining of SMG sections from mice described in B (scale bar = 100um). Bar graph shows
the mean leukocyte focus score. Data are representative or the average of 7 mice each group.
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Figure 2. Blockade of IL-7Ra causes a reduce of T and B cell accumulation in the SMGs of NOD
mice

Anti-1L-7Ra antibody or control IgG was 7 p.-administered to 10-week-old female NOD
mice, 3 times weekly for 3 weeks. (A) Flow cytometric analysis of the percentage of
lymphocyte populations among total SMG cells, left panels, and the number of IFN-y*CD4
and IFN-y*CD8 T cells among the 5x10° total SMG cells analyzed, right panels. (B)
Immunohistochemical staining of SMG sections for CD4, CD8 and B220 (scale bar =
50um). Bar graph shows the quantification of the number of positively-stained cells. (C)
Flow cytometric analysis of the percentage of lymphocyte populations among total
submandibular lymph node (smLN) cells. Data are the average of analyses of 7 mice each

group.
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Figure 3. Blockade of IL-7Ra reduces expression of Th1l signature molecules and lymphocyte
chemoattractants in the SMGs

Anti-IL-7Ra antibody or control 1gG was /7.p.-administered to 10-week-old female NOD
mice, 3 times weekly for 3 weeks. (A) Real-time PCR analysis of the gene expression of (A)
T cell-associated genes and (B) lymphocyte chemoattractant genes, presented relative to that
of B-actin. Data are the average of analyses of 7 mice each group.
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Figure 4. Blockade of IL-7Ra reduces TNF-a levels and increases claudin-1 and AQP5 amounts
in the SMGs

Anti-IL-7Ra antibody or control 1gG was /7.p.-administered to 10-week-old female NOD
mice 3 times weekly for 3 weeks. (A) Immunohistochemical staining of TNF-a. and
claudin-1 protein in SMG sections (scale bar = 50um). Bar graph shows the percentage of
positively stained areas in the sections. (B) Immunofluorescence staining of AQP5 protein in
SMG sections (scale bar = 100um). Bar graph shows the fluorescence intensity of AQP5
staining. Data are representative or the average of analyses of 7 mice each group.
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Figure 5. Anti-IL-7Ra treatment does not significantly affect autoantibody production
Anti-IL-7Ra antibody or control 1gG was /7.p.-administered to 10-week-old female NOD

mice 3 times weekly for 3 weeks. (A) Detection of serum ANA (scale bar = 50um). (B) Bar
graph shows the fluorescence intensity of ANA staining. (C) ELISA assay for serum anti-
M3R autoantibody levels. Data are representative or the average of analyses of 7 mice each

group.
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Figure 6. Blockade of IFN-y or TNF-a attenuates SS-like sialadenitis in NOD mice
Anti-IL-IFN-y, anti-TNF-a, or the combination of the two antibodies was /.p.-administered

to 10-week-old female NOD mice 3 times weekly for 3 weeks. (A) Stimulated salivary flow
rate normalized to body weight. (B) Mean leukocyte focus score as determined based on the
H&E staining of SMG tissue sections (C) Real-time PCR analysis of the gene expression of
T cell-associated genes and lymphocyte chemoattractant genes, presented relative to that of
B-actin. (D) Detection of serum ANA (scale bar = 50pum). Bar graph shows the fluorescence
intensity of ANA staining. All data are the average of analyses of 6 mice each group.
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