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A Role for Lymphotoxin in Primary Sjogren’s Disease

Long Shen,*’T Lakshmanan Suresh,jlE Jing Wu,""§ Jingxiu Xuan,T’M Hong Li,‘L’M
Chongjie Zhang,® Oleh Pankewycz,”¥ and Julian L. Ambrus, Jr.*

The etiology of salivary gland injury in primary Sjogren’s disease is not well understood. We have previously described a mouse
model of Sjogren’s disease, IL-14a transgenic (IL14aTG) mice, which reproduces many of the features of the human disease. We
now demonstrate a critical role for lymphotoxin o (LTA) in the pathogenesis of Sjogren’s disease in IL14aTG mice. IL14aTG
mice express LTA mRNA in their salivary glands and spleen and produce soluble LTA protein in their salivary secretions. When
IL14aTG mice were crossed with LTA ™'~ mice, the IL140TG.LTA ™'~ mice retained normal salivary gland secretions and did not
develop either lymphocytic infiltration of their salivary glands or secondary lymphomas. However, both IL14aTG and IL14aTG.
LTA ™'~ mice produced similar amounts of IFN-« and had similar deposition of autoantibodies in their salivary glands. Both
IL14« and IL140/LTA ™'~ mice had similar B cell responses to T-dependent and T-independent Ags, L-selectin expression, and
expression of RelA, RelB, and NF-kB2 in their spleens. These studies suggest that LTA plays a critical role in the local rather than
systemic inflammatory process of Sjogren’s disease. Furthermore, local production of soluble LTA in the salivary glands of
IL14aTG mice is necessary for the development of overt Sjogren’s disease. Autoantibody deposition alone is not sufficient to
produce salivary gland dysfunction. We also demonstrate that LTA is increased in the salivary gland secretions and sera of
patients with Sjogren’s disease, further strengthening the biological relevance of the IL14aTG model to understanding the

pathogenesis of human disease. The Journal of Immunology, 2010, 185: 6355-6363.

jogren’s syndrome is a common autoimmune disorder char-

acterized by xerostomia (dry mouth) and xerophthalmia (dry

eyes) due to progressive loss of secretory function in the
salivary and lacrimal glands, respectively (1, 2). In previous stud-
ies, we demonstrated that transgenic mice expressing the B cell
growth factor IL-14a develop a disease that reproduces the clinical
and immunological changes characteristic of Sjogren’s disease.
Moreover, these pathological changes occur in IL-14a transgenic
(IL14aTG) mice in the same temporal sequence as observed in
patients with Sjogren’s disease (3-6). Confirming previous obser-
vations in human disease, we demonstrated that in IL-14« mice, the
loss of salivary gland secretion precedes lymphocytic infiltration of
the salivary glands (4, 7, 8). Several possible mechanisms may
underlie salivary gland injury independent of cell-mediated de-
struction including direct cytokine toxicity from IL-12, IFN-c,
IFN-y, lymphotoxin « (LTA), or TNF-a (9-11). Alternatively,
Ab-mediated injury either alone or in combination with cytokines
may cause gland damage (12). Lymphocytic infiltration may also

*Division of Allergy, Immunology and Rheumatology, Department of Medicine and
IDivision of Transplantation, Department of Surgery, School of Medicine and Bio-
medical Sciences, State University of New York at Buffalo; "Kaleida Health, Buffalo,
NY 14203; FIMMCO Diagnostics Inc., Buffalo, NY 14228; and hDepaerent of Immu-
nology, Sichuan University, Sichuan, China

Received for publication May 6, 2010. Accepted for publication September 15, 2010.

This work was supported by grants from the Wendt Foundation (to J.L.A.), the Troup
Foundation (to J.L.A.), and the Kaleida Health Foundations (to J.L.A.).

Address correspondence and reprint requests to Julian L. Ambrus, Jr., Division of
Allergy, Immunology and Rheumatology, State University of New York at Buffalo,
School of Medicine and Biomedical Sciences, Room C281, Buffalo General Hospital,
100 High Street, Buffalo, NY 14203. E-mail address: jambrus @buffalo.edu

Abbreviations used in this paper: IL-14a TG, IL-14a transgenic; LT, lymphotoxin;
LTA, lymphotoxin o; LTB, lymphotoxin 3; LTBR, LTB receptor; MZB, marginal
zone B cells; NP, nitrophenol; PG, parotid gland; gPCR, quantitative PCR; SMG,
submandibular gland; SUNY, State University of New York.

Copyright © 2010 by The American Association of Immunologists, Inc. 0022-1767/10/$16.00

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1001520

contribute to salivary gland injury by direct cell-mediated destruc-
tive processes.

Lymphotoxins (LTs) are cytokines closely related to TNF. LTA
has both systemic and local actions that allow for productive in-
teractions between lymphocytes and surrounding parenchymal
and stromal cells (13-17). Membrane-bound LTA associated with
lymphotoxin 8 (LTB) is required for the formation of normal
lymph node and germinal center architecture (17). LTA/LTB is
capable of inducing ectopic germinal center formation (13-17).
LTA also exists in a soluble form as a trimer that has direct cy-
totoxic effects (18). Soluble LTA also promotes production of
IFNs as well as chemokines that are important activating and
migration signals to immune cells (19-21). Due to its direct cy-
totoxic effects, LTA has been directly implicated in the patho-
genesis of human polymyositis (22). In animal models, blocking
LTA action inhibited both induced and spontaneous forms of
autoimmune diseases including collagen-induced arthritis, inflam-
matory bowel disease, myasthenia gravis, insulin-dependent di-
abetes, and multiple sclerosis (23, 24). In this paper, we demon-
strate that in the IL14aTG animal model, LTA is a critical factor
in the pathogenesis of Sjogren’s disease. Furthermore, because
soluble LTA is increased in the salivary gland secretions and sera
of patients with Sjogren’s disease, we speculate that LTA may play
an important role in human illness.

Materials and Methods
Mice

LTA™’~ mice (strain name: B6.129S2-Ltatm1Dch/J) and C57/BL6 mice
were obtained from The Jackson Laboratory (Bar Harbor, ME) and housed
in the Laboratory Animal Facility at the State University of New York
(SUNY) at Buffalo in accordance with institutional guidelines. IL14aTG
mice were made by our laboratory and maintained in the Laboratory
Animal Facility at SUNY Buffalo (3). To generate IL14aTG mice that did
not express LTA, IL14aTG mice were crossbred with LTA™~ mice. These
double transgenic (IL14aTG.LTA™'") mice were screened by PCR to
ensure the presence of the IL-14a gene and lack of LTA gene by following
instructions from The Jackson Laboratories.
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Quantitative PCR for the evaluation of LTA, RelA, RelB, and
NF-kB2

Quantitative PCR (qPCR) reaction was set up using SYBR GreenER qPCR
SuperMix for ABI Prism instrument purchased from Invitrogen (Carlsbad,
CA) following the manufacturer’s instructions. PCR was run on an ABI
7900 instrument (Applied Biosystems, Carlsbad, CA) with the following
program: 50°C for 2 min hold, 95°C for 10 min hold, 40 cycles of 95°C,
15 s and 60°C, 60 s. Melting curve analysis was performed as previously
described (4). The primers for LTA were forward primer 5'-CACGAGGT-
CCAGCTCTTTTC-3' and reverse primer 5'-AGTGCAAAGGCTCCAAA-
GAA-3'; for RelA were forward primer 5'-GGCCTCATCCACATGAAC-
TT-3" and reverse primer 5'-CACTGTCACCTGGAAGCAGA-3'; for RelB
were forward primer 5'- GCGGATTTGCCGAATCAACAAGGA-3' and re-
verse primer 5'-AGCTGCTCAACTCTCCAAGGACAT-3'; for NF-k B2 were
forward primer 5'-TGACTGTGGAGCTGAAGTGG-3' and reverse primer
5'-GGTGTGTTTCCAGCAAAGGT-3'; and for 18S rRNA control were for-
ward primer 5'-CGCGGTTCTATTTTGTTGGT-3' and reverse primer 5'-
AGTCGGCATCGTTTATGGTC-3'.

Stimulation of purified B cells with LPS and rIL-14a

B lymphocytes were purified from the spleens of C57/BL6 mice using
Dynabeads Mouse Pan B (Invitrogen) following the manufacturer’s in-
structions. Cells were then cultured in RPMI 1640 medium with 10% FBS
(Invitrogen) and stimulated with LPS (Sigma, St. Louis, MO) and custom-
made rIL-14a. rIL-140c was made by cloning human IL-14a into PQE-30
vector from Qiagen (Valencia, CA) and expressed in Escherichia coli Host
Strains M-15 from Qiagen. LPS from rIL-14a was removed with poly-
myxin beads.

Western blot analysis of LT in salivary gland secretions

Salivary gland secretions from mice were evaluated by a Western blot assay
utilizing an anti-LT mAb obtained from R&D Systems (Minneapolis, MN)
as previously described (4). Salivary gland secretions from patients with
Sjogren’s disease and from normal controls were evaluated by a Western
blot assay utilizing an anti-LT mAb obtained from R&D Systems. Total
protein concentration in the saliva samples was measured by the bicin-
choninic acid assay (Pierce, Rockford, IL) according to the manufacturer’s
instructions. Equal amounts of protein were loaded in each sample well.

Analysis of serum IFN-a and serum and salivary LTA by
ELISA

The levels of IFN-« in the sera of mice were determined by an ELISA kit
purchased from Invitrogen and according to the manufacturer’s instruc-
tions. The levels of soluble LTA in the sera of human subjects were de-
termined by an ELISA kit purchased from R&D Systems and according to
the manufacturer’s instructions.

Histological and immunofluorescence evaluation of salivary
gland tissues

The structure of salivary gland tissues was evaluated by standard histo-
logical techniques using H&E staining as previously described (3, 4). Im-
munofluorescence studies were performed as previously described using
Abs to mouse IgA, IgG, and IgM from Sigma (St. Louis, MO) (4).

Determination of the volume of salivary gland secretions

The volume of salivary gland secretions was determined as previously
described (4). In short, mice were anesthetized with i.p. injection of 80 mg
ketamine and 10 mg xylazine per kg body weight. Body weight was
measured, and then they were given 0.05 mg pilocarpine per 100 g body
weight i.p. The total saliva was collected by gentle suction for a 15-min
period and measured.

Flow cytometry

Flow cytometry on lymphocytes obtained from the spleen and peritoneal
cavity was performed as previously described using Abs to murine CD3,
CD5,CD19, CD21, CD38, CD62L, CD138, IgM, and IgD (BD Biosciences,
San Jose, CA) (3).

Patients with Sjogren’s disease

Patients with Sjogren’s disease were recruited from the immunology clinics
of the SUNY at Buffalo School of Medicine. Normal donors were age-
and sex-matched friends of the patients. The diagnosis of Sjogren’s disease
was based on the criteria proposed by the American-European Consensus

LYMPHOTOXIN IN SJOGREN’S DISEASE

Group on Sjogren’s Syndrome (25). The Institutional Review Board of
the University at Buffalo for Health Sciences approved these studies.

Results

Because previous microarray studies suggested that the mRNA for
LTA was expressed at high levels in the spleens of IL14aTG mice,
we examined the expression of LTA mRNA in the spleens and
salivary glands of IL14aTG and C57BL/6 mice by quantitative
RT-PCR. Fig. 1A demonstrates that the mRNA for LTA was
expressed at higher levels in the salivary glands and spleens of
IL14aTG mice than in the corresponding tissues of C57BL/6 mice.
In both cases, significantly more LTA mRNA was expressed in the
salivary glands than in the spleens, suggesting that local production
of LTA is important. No LTA mRNA was observed in either of these
organs in LTA™'~ mice. Western blot studies demonstrated that the
LTA found in the salivary gland secretions of IL14aTG mice was in
a soluble form. Furthermore, LTA was detected in the saliva of
IL14aTG mice but not in the saliva of littermate control mice,
LTA " mice, or IL14aTG.LTA ™~ mice (Fig. 1B). Because the pro-
duction of LTA was increased in IL14aTG mice, we examined
whether rIL-14a could induce the production of LTA mRNA in
purified B cells. The addition of IL-14a to LPS-stimulated B cells
resulted in a significantly increased amount of LTA production (Fig.
1C). Next, because B1 cells are a potential source of soluble LTA,
which has been associated with the induction of systemic inflam-
matory states (26, 27), we also evaluated the level of LTA transcripts
in peritoneal B1 cells in C57BL/6 and IL14aTG mice. Fig. 1D
demonstrates that expression of LTA mRNA in the peritoneal B1
cells is similar in both strains of mice.

To evaluate the significance of LTA in Sjogren’s disease, we
generated IL14aTG mice that lacked LTA (IL14aTG.LTA™' ™)
(28). Fig. 2 demonstrates that IL14aTG.LTA™'~ mice maintained
normal salivary gland secretion up to 10 mo of age, whereas
IL140TG mice exhibit diminished salivary gland function (4). All
strains of mice, including the control C57BL/6 and LTA '~ mice,
demonstrated some mild diminution in salivary gland secretion
between 6 and 10 mo, suggesting that there must be some age-
dependent changes in salivary gland function not dependent upon
LTA. Furthermore, IL14aTG.LTA™’~ mice do not have lympho-
cytic infiltration within salivary glands even at 14 mo of age de-
spite the presence of pulmonary inflammation (Fig. 3). In contrast,
by 14 mo of age, IL14aTG mice have significant lymphocytic in-
filtration of both the submandibular and parotid glands (4).

We next explored whether LTA-induced salivary gland in-
flammation was mediated by IFN-a.. LTA has been shown to in-
duce the production of IFN-a under various circumstances (29),
and IFN-a has been associated with Sjogren’s disease (10, 30).
We previously demonstrated increasing levels of IFN-a in the
sera of IL14aTG mice as they aged (3). Fig. 4 demonstrates that at
8 mo of age, there is no difference in the levels of IFN-a in the
sera of disease-prone IL14aTG and disease-resistant IL14aTG.
LTA™'™ mice. In contrast, IFN-a is undetectable in the sera of
control C57BL/6 and LTA™'~ mice at the same age.

We next examined whether particular B cell subpopulations
were altered in IL14aTG.LTA™'~ mice. Normally, IL14aTG mice
have increased numbers of peritoneal B1 cells compared with that
in normal mice (Fig. 5) (3). However in the absence of LTA
(IL14aTG.LTA™'7), the number of B1 cells in the peritoneum
was the same as that in the C57BL/6 controls. The number of B2
cells and marginal zone B cells were similar in IL14aTG mice and
IL14aTG.LTA™'™ mice (Fig. 5 and data not shown).

To test whether the differences in numbers of peritoneal B1 cells
had functional consequences, we immunized both IL14aTG and
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FIGURE 1. A, Data shown are the mean = SEM of the relative levels of LTA mRNA in the spleens and salivary glands of six C57BL/6 and six IL14aTG
mice at 10 mo of age. The differences between C57BL/6 spleen and C57BL/6 salivary gland, C57BL/6 spleen and IL14aTG spleen, C57BL/6 salivary
gland and IL14aTG salivary gland, and IL14aTG spleen and IL14aTG salivary gland are all highly significant (p < 0.001). Statistical analysis was
performed using unmatched Student ¢ test. B, Salivary gland secretions were collected from IL14aTG mice and various control mice at 12 mo of age.
Western blot assays were performed on the undiluted specimens. Lane M, M.w. markers. Lane 1 and lane 2 are from IL14aTG mice, lane 3 and lane 4 are
from IL14aTG.LTA™'~ mice, lane 5 and lane 6 are from LTA™'~ mice, and lane 7 and lane 8 are from C57BL/6 mice. C, B lymphocytes were purified
from the spleens of C57BL/6 mice and stimulated with media alone, LPS (10 pg/ml), or LPS + IL-14a (10 ng/ml) for 24 or 48 h as shown. Cells were
harvested after culture and the levels of LTA mRNA determined by qPCR. The difference in LTA mRNA levels in LPS + IL-14a stimulated cells compared
with that of media-stimulated cells was significant (p < 0.001) as was the difference in these levels between LPS and LPS + IL-14a stimulated cells (24 h, p
< 0.01; 48 h, p < 0.001) as determined by Student 7 test. D, Peritoneal B1 cells were isolated from four C57BL/6 and four IL14aTG mice at 10 mo of age.
Levels of LTA mRNA were determined by qPCR, and the relative levels of LTA mRNA expression for each mouse are shown. The difference between the
levels of LTA mRNA in C57BL/6 and IL14aTG mice is not statistically significant (p = 0.337).

IL140TG.LTA™'~ mice with a T-independent Ag, nitrophenol (NP)- in these two strains of mice. To evaluate B2 function, we immu-
Ficoll. As shown in Fig. 6, the IgM responses in both IL14aTG nized IL14aTG and IL14aTG.LTA™'~ mice with the T-dependent
mice and IL14oTG.LTA ™'~ mice were equivalent. Thus, although Ag NP-OVA and determined the IgG anti-NP response. There were
there were fewer peritoneal B1 cells in IL14aTG.LTA™'~ mice no differences in anti-NP Ab responses in these two strains of mice
compared with that in [L14aTG mice, B1 function was equivalent (Fig. 6B).
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FIGURE 2. Data shown are the amount of saliva collected in 15 min
after pilocarpine stimulation, as described, for 10 mice in each group,
normalized to the body weight of the animals. The mean = SEM is des-
ignated by bars. Statistical significance is reached for C57BL/6 at 6 mo
versus IL14aTG at 6 mo (p < 0.01), C57BL/6 at 10 mo versus IL14aTG
at 10 mo (p < 0.001), IL14aTG at 6 mo versus IL14aTG.LTA™'™ at 6 mo
(p < 0.01), and IL14aTG at 10 mo versus IL14aTG.LTA™'™ at 10 mo
(p < 0.01). Analysis was done by ANOVA using the Tukey—Kramer
multiple comparison test. Using a paired Student ¢ test, mice from each
group were compared at 6 and 10 mo. Statistically significant decreases in
salivary gland function were noted between the 6-mo and 10-mo time
points in all groups: C57BL/6 (p < 0.0001), IL14aTG (p = 0.04), LTA™/~
(p = 0.001), and IL14aTG.LTA™'~ (p < 0.0001).

We assessed the expression of L-selectin (CD62L) on B and
T lymphocytes to determine whether the trafficking of lymphocytes
to the salivary glands might be altered. Fig. 7 demonstrates that
B cells from IL14aTG.LTA™'~ mice expressed higher levels of
CD62L than that of B cells from IL14aTG mice. This result sug-
gests that at least the initial step of B cell trafficking should not
be inhibited in these mice. The expression of CD62L on T lym-
phocytes was only minimally depressed in IL14aTG.LTA ™/~
mice compared with that in IL14aTG mice and was not likely to
have functional consequence.

T e s T ML
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IL140TG.LTA-/- Lung at 14M IL140TG.LTA-/- Lung at 14M

FIGURE 3. The fop panels show histological samples of the parotid
gland (PG) and the submandibular gland (SMG) of a representative
IL140TG.LTA™'~ mouse from 24 mice studied. The bottom panels show
histological samples of the lungs of two representative IL14aTG.LTA ™/~
mice from 24 studied. All mice were 18 mo of age. IL14aTG mice have
lymphocytic infiltration of their PGs, SMGs, and lungs at this age. H&E,
original magnification X400.
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FIGURE 4. Data shown are the serum levels of IFN-a determined by
commercially available ELISA (R&D Systems) at 8 mo of age for eight
mice in each group: C57BL/6, LTA™'~, IL14aTG, and IL14aTG.LTA ™",
The difference between the IFN-a levels of C57BL/6 and IL14aTG mice
were highly significant (p < 0.001) using Student 7 test. The difference
between the IFN-a levels of IL14aTG and IL14aTG.LTA '~ mice were
not significant (p = 0.453).

Next, we considered the possibility that LTA might be neces-
sary for the production and deposition of anti-salivary gland auto-
antibodies. Previous studies have shown that IgM autoantibodies
are found in the submandibular glands of IL14aTG mice prior
to diminished salivary secretion and lymphocytic infiltration (4).
However, disease-resistant IL14oTG.LTA™’~ mice, which do not
get salivary gland injury, had similar [gM autoantibody deposition
in their submandibular glands as that of disease-prone IL14aTG
mice (Fig. 8). Furthermore, both IL14aTG mouse and IL14aTG.
LTA™~ mouse serum produced a speckled anti-nuclear fluores-
cence pattern similar to that of patients with Sjogren’s syndrome
that was not seen with normal mouse serum. These results suggest
that both transgenic strains produce equivalent autoantibodies both
to cytoplasmic as well as salivary gland Ags.

Because we could not identify any clear differences in lym-
phocyte function in IL14aTG and IL14aTG.LTA™'~ mice, we
sought to determine whether LTA was critical for induction of
systemic inflammation, possibly involving other cell types. We there-
fore examined the levels of mRNA for several genes involved with
systemic inflammation, RelA, RelB, and NF-kB2, in the spleens of

20
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FIGURE 5. Data shown are the mean + SEM of five mice studied in
each group. Flow cytometry was used to determine the percentage of
marginal zone B cells (MZB) (CD19*, CD21%, sIgM*) in the spleen and
B1 cells (CD5", CD19", sIgM™") in the peritoneal lavages of C57BL/6
mice, IL14«TG mice, LTA™'~ mice, and IL14aTG.LTA™'~ mice. For
MZB, the difference between C57BL/6 and IL14aTG spleens was statis-
tically significant (p = 0.0201) as was the difference between that of
LTA™’" and IL14aTG.LTA™~ (p = 0.0151) using Student 7 test. The
difference between IL14aTG and IL14aTG.LTA™'~ was not statistically
significant (p = 0.725). For peritoneal B1 cells, the differences between
IL14aTG mice and both C57BL/6 (p = 0.0002) and IL14aTG.LTA™'~
(p < 0.0001) mice were statistically significant. Values that are signifi-
cantly different compared with those of the controls are noted with an
asterisk.
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FIGURE 6. A, Six mice in each group were immunized with NP-Ficoll
as described in Materials and Methods on days O and 14. Sera were col-
lected on days 0,14, 28, and 56. Data shown are the mean * SEM of the
levels of IgM anti-NP Abs determined by ELISA. At time O there is
no statistically significant difference among any of the groups as deter-
mined by Student 7 test. The difference between C57BL/6 and LTA™'~ was
not different at any time point. The difference between IL14aTG and
IL14aTG.LTA™'~ was not significant at any time point. The difference
between C57BL/6 and IL14aTG was significant at times 14 (p < 0.001),
28 (p < 0.001), and 56 (p < 0.01) as was the difference between LTA™/~
and IL14aTG.LTA™'™ at times 14 (p < 0.001), 28 (p < 0.001), and 56
(p < 0.01). Values that are significantly different compared with those of
the controls are noted with an asterisk. B, Six mice in each group were
immunized with NP-OVA as described in Materials and Methods on days
0 and 14. Sera were collected on days 0, 14, 28, and 56. Data shown are
the mean = SEM of the levels of IgG anti-NP Abs determined by ELISA.
At time O there is no statistically significant difference among any of the
groups as determined by Student ¢ test. The difference between C57BL/6
and LTA™'~ was not different at any time point. The difference between
IL14aTG and IL14aTG.LTA ™'~ was not significant at any time point. The
difference between C57BL/6 and IL14aTG was significant at times 14
(p < 0.001), 28 (p < 0.001), and 56 (p < 0.001) as was the difference
between LTA ™/~ and IL14aTG.LTA™/™ at times 14 (p < 0.001), 28 (p <
0.001), and 56 (p < 0.001). Values that are significantly different com-
pared with those of the controls are noted with an asterisk.

IL14aTG and IL14aTG.LTA™'~ mice. We chose to evaluate these
particular genes because they are expressed at high levels in various
types of inflammatory states (31), and each of these genes is ex-
pressed at high levels in the B cell lymphomas of IL14aTG mice
(32). Fig. 9 demonstrates that at 10 mo of age, the expression of
RelA, RelB, and NF-kB2 are similar in IL14aTG and IL14aTG.
LTA '~ mice. Only small but statistically significant differences were
noted. These studies suggested that local production of LTA in the
salivary glands is critical for development of salivary gland injury in
IL14aTG mice.

The local production of LTA mRNA has previously been de-
scribed in the salivary glands of patients with Sjogren’s disease
(33). We examined the presence of soluble LTA protein in the
salivary gland secretions and sera of patients with documented
early Sjogren’s disease. Fig. 10A demonstrates that patients with
Sjogren’s disease, but not normal controls, have detectable soluble
LTA in their salivary gland secretions. Fig. 10B reveals the pres-
ence of soluble LTA in the sera of these patients. The amount of
LTA in the salivary gland secretions was statistically greater than
the amount of LTA in the sera (p = 0.0019).
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FIGURE 7. Data shown are the mean + SEM of five mice studied in
each group. Flow cytometry was used to determine the percentage of L-
selectin—positive B cells (CD19%, CD62L") and T cells (CD3*, CD62L") in
the spleens of C57BL/6, IL14aTG, IL14aTG.LTA™'~, and LTA™'™ mice.
Among the B cells, the differences between IL14aTG mice and both
LTA™"™ mice (p = 0.0006) and IL14aTG.LTA™'~ mice (p = 0.0012) were
statistically significant as determined by Student ¢ test. There were no
statistically significant differences among the T cells of any of the groups.
Values that are significantly different compared with those of the controls
are noted with an asterisk.

Discussion

These studies demonstrate that soluble LTA is produced locally in
the salivary glands of IL14aTG mice and selected patients with
Sjogren’s disease. LTA deficiency prevents salivary gland injury in
IL140TG mice without altering the production of IFN-a, B cell
function, the deposition of IgM autoantibodies in the salivary
glands, or changes in the expression of several NF-kB proteins
associated with systemic inflammation. Thus, in IL14aTG mice
and perhaps human Sjogren’s disease, LTA acts locally to directly
and/or indirectly induce salivary gland injury. LTA is not involved
with the pulmonary injury that occurs in IL14aTG mice, suggest-
ing that organ-specific injury in Sjogren’s disease may involve
distinct mechanisms.

Various cytokines have been implicated in the pathophysiology
of salivary gland injury in Sjogren’s disease based on their local
expression (33, 34). In some cases, the relevance of these cyto-
kines to Sjogren’s disease has been confirmed in animal models.
For example, IFN-y has been found in the serum and saliva of
patients (34, 35), and deletion of IFN-y or the IFN-vy receptor
genes from NOD mice prevented the abnormal expression of
salivary gland proteins as well as the immune response to them
(35). With other cytokines, such as IL-10, animal models have
provided conflicting results (11, 36, 37). We focused on LTA and
IFN-a in these studies because microarray studies identified them
and their signatures in both IL14aTG mice and patients with
Sjogren’s disease (33). Previous studies had implicated IFN-a in
Sjogren’s disease, and we identified IFN-« in the sera of IL14aTG
mice (3, 10, 30).

The analysis of LTA is complicated by the fact that it exists in
two very distinct forms, which likely have very different physio-
logical roles. Membrane-bound LTA is found together with LTB
dimers (or rarely) monomers and binds a specific LTB receptor
(LTBR) (17). Membrane-bound LTA is critical for the deve-
lopment of lymph nodes and Peyer’s patches through its actions
on stromal and follicular dendritic cells, without direct activity
on lymphocytes (17). In contrast, soluble LTA binds the TNF-a
receptors TNF-RI and TNF-RII, which are present on lympho-
cytes (38). The effects of LTA binding TNF-RI and/or TNF-RII
results in cell activation or apoptosis, depending upon other fac-
tors influencing the cells involved (39, 40). Lymphocyte function
has generally been normal in LTA™'~ mice, although the forma-
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A C57BL/6 -SMG

B IL-14aTG - SMG C LTA-/--SMG

FIGURE 8. Immunofluorescence studies were
performed as described in Materials and Meth-
ods using IgM, IgG, and IgA Abs. Only the
studies with anti-IgM Abs were positive, and rep-
resentative examples are shown. Examples from
C57BL/6, IL14aTG, LTA™'", and IL14aTG.
LTA™’~ mice are shown as labeled. Fluorescein-

labeled goat anti-murine IgM, original magni-
fication X400. PG, parotid gland; SMG, sub-

E IL-14aTG.LTA-/-#2 - F IL-14aTG.LTA-/-#3 -
SMG SMG/PG

mandibular gland. A, Submandibular gland of a
C57BL/6 mouse. B, Submandibular gland of an
IL14aTG mouse. C, Submandibular gland of an
LTA™'~ mouse. D and E, Submandibular glands
of IL14aTG.LTA™'~ mice. F, Submandibular
gland and parotid gland of an IL14aTG.LTA™"~

mouse.

tion of IgG memory responses has been shown to be less efficient
(16, 41).

LTA has been implicated as having diverse effects on the path-
ogenesis of autoimmune disorders. One potential role for membrane-
bound LTA would be to increase the production of ectopic lymphoid
tissues in particular organs leading to the development of more
efficient local autoreactive responses (24, 42). A soluble LTBR-Ig
was produced to investigate this hypothesis. LTBR-Ig blocked the
development of collagen-induced arthritis, diabetes, and experi-
mental allergic encephalomyelitis in certain animal models (43-45).
A recent study examining LTBR-Ig in NOD mice, an animal
model for both diabetes and Sjogren’s syndrome, confirmed that
it blocked both the development of diabetes and sialitis. How-
ever, LTBR-Ig provided incomplete protection in maintaining
normal salivary gland secretions (46). In contrast, a more recent
study examining collagen-induced arthritis found that soluble
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FIGURE 9. Splenic mRNA was obtained from four mice per group for
C57BL/6, IL14aTG, and IL14aTG.LTA™’~ mice at 10 mo of age. Relative
levels of mRNA expression for RelA, RelB, and NF-kB2 were determined
by RT-PCR and are shown as individual values. There were small, statis-
tically significant differences between the expression of RelA (p = 0.018)
and RelB (p = 0.02) in IL14aTG and IL14aTG.LTA™'~ mice but not in
the expression of NF-kB2 (p = 0.14) as determined by Student ¢ test. The
levels of mRNA for RelA and NF-kb when comparing splenic mRNA for
C57BL/6 mice versus either IL14aTG or IL14aTG.LTA™'~ splenic
mRNA was significant (p < 0.001). Values that are significantly different
compared with those of the controls are noted with an asterisk.

LTBR-Ig had no influence on the disease, whereas Abs to LTA
blocked disease induction and the aberrant production of cyto-
kines associated with it (47). The recent elucidation of the role of
LT in the normal development of thymic stromal cells argues that
LTBR-Ig might make autoimmunity actually worse by prevent-
ing the AIRE-induced deletion of high-affinity autoreactive
T cells by thymic stromal cells (48). Finally, LT itself has been

>

1000-
£ i
E 800 .
£
£ o0 =
2 ]
S 400- e
[ L]
E (]
3 200 —wea=—
0 N .
O N
<,°€\é q‘e’o
X
&
B = 800
g -
2 :
E’ 600 -
g ®
2 o0 ——
.
% 200 .l
5 — s — -
& o T T
& 2
ff’S oe"q"
¢« &
l of

FIGURE 10. A, Saliva was obtained over a 5-min period from patients
with Sjogren’s disease and from age- and sex-matched controls after
stimulation with sour candy. A commercially available ELISA (R&D
Systems) was used to determine LTA levels. The differences between the
levels of LTA in the saliva of patients with Sjogren’s disease and in that of
normal controls was statistically significant using Student 7 test (p <
0.0001). B, Sera were obtained from six normal donors (age- and sex-
matched to six of the Sjogren’s disease patients) and from 12 patients with
Sjogren’s disease. A commercially available ELISA (R&D Systems) was
used to determine LTA levels. The differences between the serum levels of
soluble LT in normal controls and in patients with Sjogren’s disease was
statistically significant (p = 0.0011) using Student ¢ test.
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shown to protect against diabetes in two studies utilizing NOD
mice (49, 50). In the IL14aTG model of Sjogren’s disease, we
demonstrated that salivary gland injury occurs before the in-
filtration of the glands with lymphocytes (4). Therefore, early
injury to the salivary glands is unlikely to be due to membrane-
bound LTA/LTB effects. However, membrane LTA/LTB may
contribute to the later stages of lymphocytic inflammation ob-
served in the salivary glands of IL14aTG mice.

Another potential mechanism by which LTA could participate
in autoimmunity is by the direct activation of B cells participating
in the disease process. LTA is an autocrine growth factor for
B lymphocytes and has been shown to enhance normal memory
B cell responses (27, 51-55). These functions have been attributed
partially to signaling through TNF-RI, which is activated by sol-
uble LTA (56). TNF-RII activation by either TNF-a or LT also
leads to B cell activation (57). Furthermore, LTA is critical for
the production of chemokines, especially CXCL13, necessary for
normal B cell homing (21).

In our studies, the only B cell abnormality noted was a nor-
malization of the number of peritoneal B1 cells in IL14aTG.
LTA™'~ mice compared with that in IL14aTG mice (Fig. 5). This
was likely due to differences in B1 compartmentalization, as the
production of IgM Abs to NP-Ficoll, which is dependent upon
B1 cells, was completely normal (Fig. 6) (58). Other B cell func-
tions in IL14aTG.LTA™'~ mice including the IgG response to
NP-OVA (Fig. 6) and the production of autoantibodies were nor-
mal (Fig. 8). Although LTA can certainly influence the develop-
ment of other cell types, including NK cells and NKT cells (59,
60), we did not perform more extensive studies on these cell pop-
ulations because they are not found in the salivary gland lesions of
the IL14aTG mice (4).

Another potential role for LTA in autoimmunity is to promote
the production of disease-inducing cytokines. LTA has been shown to
induce the production of type 1 IFNs (29, 61). We have observed
production of IFN-a in IL14aTG mice (3). Increased levels of
IFN-a have also been observed in the sera of patients with both
systemic lupus erythematosus and Sjogren’s disease (62). Our
current findings suggest that IFN-a does not determine salivary
gland injury in IL14aTG mice, as the levels of IFN-a were simi-
lar in the sera of IL14aTG and IL140TG.LTA ™'~ mice (Fig. 4).
Preliminary studies examining IL14aTG mice lacking the type 1
IFNR (IL140TG.JFNo/BR™/7) support this conclusion. Five of
seven IL140LTG.IFNOL/BR7/7 mice studied at 12 mo of age have
lymphocytic infiltration of their submandibular glands, and two
of seven have lymphocytic infiltration of their lacrimal glands.

LTA could contribute to autoimmunity by directly killing vul-
nerable tissues. Soluble LT has been shown to be directly cytolytic
(18). This activity has been invoked for its role in experimental
colitis and human polymyositis (22, 63). Increased amounts of
soluble LTA have been identified in the cerebrospinal fluids of
patients with multiple sclerosis, which could directly have toxic
effects (64). The fact that soluble LTA as well as LTA transcripts
were identified in the saliva and salivary tissues respectively in
IL14aTG mice (Figs. 1B, 2, 3) would support a role for LTA-
induced local cytotoxicity in promoting Sjogren’s disease. The
lack of salivary LTA in disease-resistant LTaTG.LTA™'~ mice
further supports this hypothesis. The fact that the spleens of
IL14aTG and IL14aTG.LTA™'~ mice express similar levels of
mRNA transcripts for inflammatory proteins (Fig. 9) further
supports the fact that LTA has a more local than systemic effect.
The fact that soluble LTA is found at high levels in the salivary
gland secretions (Fig. 104) and sera of patients with Sjogren’s
disease (Fig. 10B) suggests that LTA-induced cytotoxicity may
also be an important factor in human disease.
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Several additional interesting observations resulting from these
studies are worthy of mention. First, discordance was noted in the
injury to the salivary glands and the lungs in IL14aTG mice.
Salivary gland injury is dependent upon LTA, and lung injury is
not (Fig. 3). Similar discordance has been noted in the NOD
mouse when analyzing diabetes and salivary gland injury (46, 65).
Although this suggests that the mechanism of injury in these two
organs may be different, it must also be considered that the mech-
anism of lung injury in IL14aTG mice is different from the mech-
anism of lung injury in IL14aTG.LTA™'~ mice. Previous studies
have demonstrated that LTB '~ and LTA ™'~ mice develop increased
numbers of lymphocytes in the lungs because of abnormal cellular
trafficking and lymph node formation (66).

It is noteworthy that salivary gland injury did not occur in
IL14aTG.LTA™'~ mice, despite the deposition of Abs in the sali-
vary glands (Figs. 2, 3, 8). This discrepancy suggests that auto-
antibodies in and of themselves are not pathogenic but must work
in conjunction with other mediators such as LTA to induce salivary
gland injury. Alternatively, autoantibody production and deposition
may be an epiphenomenon reflecting the existence of salivary gland
injury. It is also possible that different types of autoantibodies are
deposited in the salivary glands at various stages of the disease having
different pathogenic potential. Future studies will examine these dif-
ferent possibilities.

Also of interest is the lack of lymphoma development in
IL14oTG.LTA™'~ mice. The incidence of lymphoma is markedly
increased in Sjogren’s disease (67—69). More than 95% of IL14aTG
mice develop B cell lymphomas by 18 mo of age (3). None of 24
IL14aTG.LTA™~ mice followed to 22 mo of age developed lym-
phoma. Little is known regarding the evolution of the chronic in-
flammation of Sjogren’s disease into lymphoma, but one hypothesis
is that the rapid proliferation of autoreactive cells leads to accumu-
lation of mutations that ultimately allow the malignant state to pre-
vail (70-72). Another hypothesis is that there are intrinsic abnor-
malities in the B cells of Sjogren’s patients that allow malignancy
to develop after further environmental insults (73). The absence of
LTA in IL14aTG.LTA™~ mice somehow prevents malignant B cell
transformation. The mechanisms by which this occurs will be the
topic of future studies.

In summary, the data presented in this study support the hy-
pothesis that early Sjogren’s disease may be caused by local LTA
production leading to salivary gland injury. These findings may
explain the observation made in both patients and animal models
that injury to the salivary glands occurs prior to and independent
of parenchymal lymphocytic infiltration (74, 75). As the current
definition of Sjogren’s disease in humans includes the identifica-
tion of lymphocytic infiltration of salivary glands, most patients
are likely being missed during the early stage of disease when the
potential for salivary gland repair may still be present (25, 76).
Future work must identify early markers for disease to develop
effective treatment strategies.

Acknowledgments

We thank Dr. Lisa Martin for assistance with the care and handling of the
animals and Chris Becker (IMMCO Diagnostics, Inc.) for technical assis-
tance.

Disclosures
The authors have no financial conflicts of interest.

References
1. Delaleu, N., R. Jonsson, and M. M. Koller. 2005. Sjogren’s syndrome. Eur. J.
Oral Sci. 113: 101-113.
2. Soliotis, F. C., and H. M. Moutsopoulos. 2004. Sjogren’s syndrome. Autoim-
munity 37: 305-307.

0T0Z ‘0T JOqUIBAON U0 B0’ [oUNLULL "M LI PRIE0 JUMOC]


http://www.jimmunol.org

6362

3.

10.

13.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Shen, L., C. Zhang, T. Wang, S. Brooks, R. J. Ford, Y. C. Lin-Lee,
A. Kasianowicz, V. Kumar, L. Martin, P. Liang, et al. 2006. Development of
autoimmunity in IL-14alpha-transgenic mice. J. Immunol. 177: 5676-5686.

. Shen, L., L. Suresh, H. Li, C. Zhang, V. Kumar, O. Pankewycz, and J. L. Ambrus,

Jr. 2009. IL-14 alpha, the nexus for primary Sjogren’s disease in mice and humans.
Clin. Immunol. 130: 304-312.

. Soyfoo, M. S., S. Steinfeld, and C. Delporte. 2007. Usefulness of mouse models

to study the pathogenesis of Sjogren’s syndrome. Oral Dis. 13: 366-375.

. Chiorini, J. A., D. Cihakova, C. E. Ouellette, and P. Caturegli. 2009. Sjogren

syndrome: advances in the pathogenesis from animal models. J. Autoimmun. 33:
190-196.

. Kimura-Shimmyo, A., S. Kashiwamura, H. Ueda, T. Ikeda, S. Kanno, S. Akira,

K. Nakanishi, O. Mimura, and H. Okamura. 2002. Cytokine-induced injury of
the lacrimal and salivary glands. J. Immunother. 25(Suppl 1): S42-S51.

. Hansen, A., P. E. Lipsky, and T. Dorner. 2005. Immunopathogenesis of primary

Sjogren’s syndrome: implications for disease management and therapy. Curr.
Opin. Rheumatol. 17: 558-565.

. Mitsias, D. I, A. G. Tzioufas, C. Veiopoulou, E. Zintzaras, I. K. Tassios,

0. Kogopoulou, H. M. Moutsopoulos, and G. Thyphronitis. 2002. The Th1/Th2
cytokine balance changes with the progress of the immunopathological lesion of
Sjogren’s syndrome. Clin. Exp. Immunol. 128: 562-568.

Bave, U., G. Nordmark, T. Lovgren, J. Ronnelid, S. Cajander, M. L. Eloranta,
G. V. Alm, and L. Rénnblom. 2005. Activation of the type I interferon system in
primary Sjogren’s syndrome: a possible etiopathogenic mechanism. Arthritis
Rheum. 52: 1185-1195.

. Saito, I., K. Haruta, M. Shimuta, H. Inoue, H. Sakurai, K. Yamada, N. Ishimaru,

H. Higashiyama, T. Sumida, H. Ishida, et al. 1999. Fas ligand-mediated exo-
crinopathy resembling Sjogren’s syndrome in mice transgenic for IL-10. J.
Immunol. 162: 2488-2494.

. Cha, S. H., E. Singson, J. Cornelius, J. P. Yagna, H. J. Knot, and A. B. Peck.

2006. Muscarinic acetylcholine type-3 receptor desensitization due to chronic
exposure to Sjogren’s syndrome-associated autoantibodies. J. Rheumatol. 33:
296-306.

Rennert, P. D., D. James, F. Mackay, J. L. Browning, and P. S. Hochman. 1998.
Lymph node genesis is induced by signaling through the lymphotoxin beta re-
ceptor. Immunity 9: 71-79.

. Rennert, P. D., J. L. Browning, R. Mebius, F. Mackay, and P. S. Hochman. 1996.

Surface lymphotoxin alpha/beta complex is required for the development of
peripheral lymphoid organs. J. Exp. Med. 184: 1999-2006.

. Matsumoto, M., Y. X. Fu, H. Molina, and D. D. Chaplin. 1997. Lymphotoxin-

alpha-deficient and TNF receptor-I-deficient mice define developmental and
functional characteristics of germinal centers. Immunol. Rev. 156: 137-144.

. Matsumoto, M., S. F. Lo, C. J. L. Carruthers, J. J. Min, S. Mariathasan,

G. M. Huang, D. R. Plas, S. M. Martin, R. S. Geha, M. H. Nahm, and D. D. Chaplin.
1996. Affinity maturation without germinal centres in lymphotoxin-alpha-deficient
mice. Nature 382: 462-466.

. Fu, Y. X, and D. D. Chaplin. 1999. Development and maturation of secondary

lymphoid tissues. Annu. Rev. Immunol. 17: 399—433.

. Mackay, F., P. R. Bourdon, D. A. Griffiths, P. Lawton, M. Zafari, I. D. Sizing,

K. Miatkowski, A. Ngam-ek, C. D. Benjamin, C. Hession, et al. 1997. Cytotoxic
activities of recombinant soluble murine lymphotoxin-alpha and lymphotoxin-
alpha beta complexes. J. Immunol. 159: 3299-3310.

. Ware, C. F. 2005. Network communications: lymphotoxins, LIGHT, and TNF.

Annu. Rev. Immunol. 23: 787-819.

Banks, T. A, S. Rickert, and C. F. Ware. 2006. Restoring immune defenses via
lymphotoxin signaling: lessons from cytomegalovirus. Immunol. Res. 34: 243-254.
Rangel-Moreno, J., J. E. Moyron-Quiroz, D. M. Carragher, K. Kusser,
L. Hartson, A. Moquin, and T. D. Randall. 2009. Omental milky spots develop in
the absence of lymphoid tissue-inducer cells and support B and T cell responses
to peritoneal antigens. Immunity 30: 731-743.

Liang, Y. D., A. Inukai, S. Kuru, T. Kato, M. Doyu, and G. Sobue. 2000. The role
of lymphotoxin in pathogenesis of polymyositis. Acta Neuropathol. 100: 521-527.
Gommerman, J. L., and J. L. Browning. 2003. Lymphotoxin/light, lymphoid
microenvironments and autoimmune disease. Nat. Rev. Immunol. 3: 642-655.
Tumanov, A. V., P. A. Christiansen, and Y. X. Fu. 2007. The role of lymphotoxin
receptor signaling in diseases. Curr. Mol. Med. 7: 567-578.

Vitali, C., S. Bombardieri, R. Jonsson, H. M. Moutsopoulos, E. L. Alexander,
S. E. Carsons, T. E. Daniels, P. C. Fox, R. I. Fox, S. S. Kassan, et al; European
Study Group on Classification Criteria for Sjogren’s Syndrome. 2002. Classifi-
cation criteria for Sjogren’s syndrome: a revised version of the European criteria
proposed by the American-European Consensus Group. Ann. Rheum. Dis. 61:
554-558.

Ammirante, M., J. L. Luo, S. Grivennikov, S. Nedospasov, and M. Karin. 2010.
B-cell-derived lymphotoxin promotes castration-resistant prostate cancer. Nature
464: 302-305.

Estrov, Z., R. Kurzrock, E. Pocsik, S. Pathak, H. M. Kantarjian, T. F. Zipf,
D. Harris, M. Talpaz, and B. B. Aggarwal. 1993. Lymphotoxin is an autocrine
growth factor for Epstein-Barr virus-infected B cell lines. J. Exp. Med. 177: 763—
774.

De Togni, P., J. Goellner, N. H. Ruddle, P. R. Streeter, A. Fick, S. Mariathasan,
S. C. Smith, R. Carlson, L. P. Shornick, J. Strauss-Schoenberger, et al. 1994.
Abnormal development of peripheral lymphoid organs in mice deficient in
lymphotoxin. Science 264: 703-707.

Benedict, C. A., T. A. Banks, L. Senderowicz, M. Ko, W. J. Britt, A. Angulo,
P. Ghazal, and C. F. Ware. 2001. Lymphotoxins and cytomegalovirus co-
operatively induce interferon-beta, establishing host-virus détente. Immunity 15:
617-626.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

LYMPHOTOXIN IN SJOGREN’S DISEASE

. Banchereau, J., and V. Pascual. 2006. Type I interferon in systemic lupus

erythematosus and other autoimmune diseases. Immunity 25: 383-392.

. Karin, M., and F. R. Greten. 2005. NF-kappaB: linking inflammation and im-

munity to cancer development and progression. Nat. Rev. Immunol. 5: 749-759.

. Ford, R. J., L. Shen, Y. C. Lin-Lee, L. V. Pham, A. Multani, H. J. Zhou,

A. T. Tamayo, C. Zhang, L. Hawthorn, J. K. Cowell, and J. L. Ambrus, Jr. 2007.
Development of a murine model for blastoid variant mantle-cell lymphoma.
Blood 109: 4899-4906.

. Hjelmervik, T. O. R., K. Petersen, I. Jonassen, R. Jonsson, and A. I. Bolstad.

2005. Gene expression profiling of minor salivary glands clearly distinguishes
primary Sjogren’s syndrome patients from healthy control subjects. Arthritis
Rheum. 52: 1534-1544.

. Roescher, N., P. P. Tak, and G. G. Illei. 2009. Cytokines in Sjogren’s syndrome.

Oral Dis. 15: 519-526.

. Cha, S., J. Brayer, J. Gao, V. Brown, S. Killedar, U. Yasunari, and A. B. Peck.

2004. A dual role for interferon-gamma in the pathogenesis of Sjogren’s
syndrome-like autoimmune exocrinopathy in the nonobese diabetic mouse.
Scand. J. Immunol. 60: 552-565.

. Willeke, P., M. Gaubitz, H. Schotte, H. Becker, W. Domschke, and B. Schliiter.

2008. The role of interleukin-10 promoter polymorphisms in primary Sjogren’s
syndrome. Scand. J. Rheumatol. 37: 293-299.

. Zhu, Z., D. Stevenson, J. E. Schechter, A. K. Mircheff, T. Ritter, L. Labree, and

M. D. Trousdale. 2004. Prophylactic effect of IL-10 gene transfer on induced
autoimmune dacryoadenitis. Invest. Ophthalmol. Vis. Sci. 45: 1375-1381.

. Bossen, C., K. Ingold, A. Tardivel, J. L. Bodmer, O. Gaide, S. Hertig,

C. Ambrose, J. Tschopp, and P. Schneider. 2006. Interactions of tumor necrosis
factor (TNF) and TNF receptor family members in the mouse and human. J.
Biol. Chem. 281: 13964-13971.

Watts, T. H. 2005. TNF/TNFR family members in costimulation of T cell
responses. Annu. Rev. Immunol. 23: 23-68.

Micheau, O., and J. Tschopp. 2003. Induction of TNF receptor I-mediated ap-
optosis via two sequential signaling complexes. Cell 114: 181-190.

Fu, Y. X., G. M. Huang, Y. Wang, and D. D. Chaplin. 2000. Lymphotoxin-alpha-
dependent spleen microenvironment supports the generation of memory B cells
and is required for their subsequent antigen-induced activation. J. Immunol. 164:
2508-2514.

Browning, J. L. 2008. Inhibition of the lymphotoxin pathway as a therapy for
autoimmune disease. Immunol. Rev. 223: 202-220.

Fava, R. A, E. Notidis, J. Hunt, V. Szanya, N. Ratcliffe, A. Ngam-Ek, A. R. De
Fougerolles, A. Sprague, and J. L. Browning. 2003. A role for the lymphotoxin/
LIGHT axis in the pathogenesis of murine collagen-induced arthritis. J. Immu-
nol. 171: 115-126.

Wu, Q., B. Salomon, M. Chen, Y. Wang, L. M. Hoffman, J. A. Bluestone, and
Y. X. Fu. 2001. Reversal of spontaneous autoimmune insulitis in nonobese di-
abetic mice by soluble lymphotoxin receptor. J. Exp. Med. 193: 1327-1332.
Ettinger, R., S. H. Munson, C. C. Chao, M. Vadeboncoeur, J. Toma, and
H. O. McDevitt. 2001. A critical role for lymphotoxin-beta receptor in the de-
velopment of diabetes in nonobese diabetic mice. J. Exp. Med. 193: 1333-1340.
Gatumu, M. K., K. Skarstein, A. Papandile, J. L. Browning, R. A. Fava, and
A. L. Bolstad. 2009. Blockade of lymphotoxin-beta receptor signaling reduces
aspects of Sjogren’s syndrome in salivary glands of non-obese diabetic mice.
Arthritis Res. Ther. 11: R24.

Chiang, E. Y., G. A. Kolumam, X. Yu, M. Francesco, S. Ivelja, 1. Peng,
P. Gribling, J. Shu, W. P. Lee, C. J. Refino, et al. 2009. Targeted depletion of
lymphotoxin-alpha-expressing TH1 and THI17 cells inhibits autoimmune dis-
ease. Nat. Med. 15: 766-773.

Seach, N., T. Ueno, A. L. Fletcher, T. Lowen, M. Mattesich, C. R. Engwerda,
H. S. Scott, C. F. Ware, A. P. Chidgey, D. H. Gray, and R. L. Boyd. 2008. The
lymphotoxin pathway regulates Aire-independent expression of ectopic genes
and chemokines in thymic stromal cells. J. Immunol. 180: 5384-5392.

Seino, H., K. Takahashi, J. Satoh, X. P. Zhu, M. Sagara, T. Masuda, T. Nobunaga,
1. Funahashi, T. Kajikawa, and T. Toyota. 1993. Prevention of autoimmune di-
abetes with lymphotoxin in NOD mice. Diabetes 42: 398-404.

Takahashi, K., J. Satoh, M. Sagara, X. P. Zhu, G. Muto, Y. Muto, M. Fukuzawa,
S. Nishimura, S. Miyaguchi, and T. Toyata. 1995. Analysis of action mechanism
of lymphotoxin in prevention of cyclophosphamide-induced diabetes in NOD
mice. J. Autoimmun. 8: 335-346.

Fiitterer, A., K. Mink, A. Luz, M. H. Kosco-Vilbois, and K. Pfeffer. 1998. The
lymphotoxin beta receptor controls organogenesis and affinity maturation in
peripheral lymphoid tissues. Immunity 9: 59-70.

Gibbons, D. L., M. Rowe, A. P. Cope, M. Feldmann, and F. M. Brennan. 1994.
Lymphotoxin acts as an autocrine growth factor for Epstein-Barr virus-
transformed B cells and differentiated Burkitt lymphoma cell lines. Eur J.
Immunol. 24: 1879-1885.

Kulmburg, P., M. Radke, and W. Digel. 1998. Lymphotoxin-alpha is an autocrine
growth factor for chronic lymphocytic leukemia B cells. Leukemia 12: 493-498.
Ryffel, B., F. Di Padova, M. H. Schreier, M. Le Hir, H. P. Eugster, and V. F.
J. Quesniaux. 1997. Lack of type 2 T cell-independent B cell responses and
defect in isotype switching in TNF-lymphotoxin alpha-deficient mice. J.
Immunol. 158: 2126-2133.

Worm, M., K. Ebermayer, and B. Henz. 1998. Lymphotoxin-alpha is an im-
portant autocrine factor for CD40 + interleukin-4-mediated B-cell activation in
normal and atopic donors. Immunology 94: 395-402.

Le Hir, M., H. Bluethmann, M. H. Kosco-Vilbois, M. Miiller, F. di Padova,
M. Moore, B. Ryffel, and H. P. Eugster. 1996. Differentiation of follicular
dendritic cells and full antibody responses require tumor necrosis factor
receptor-1 signaling. J. Exp. Med. 183: 2367-2372.

0T0Z ‘0T JOqUIBAON U0 B0’ [oUNLULL "M LI PRIE0 JUMOC]


http://www.jimmunol.org

The Journal of Immunology

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Munroe, M. E., and G. A. Bishop. 2004. Role of tumor necrosis factor (TNF)
receptor-associated factor 2 (TRAF2) in distinct and overlapping CD40 and TNF
receptor 2/CD120b-mediated B lymphocyte activation. J. Biol. Chem. 279:
53222-53231.

Maizels, N., J. C. Lau, P. R. Blier, and A. Bothwell. 1988. The T-cell in-
dependent antigen, NP-Ficoll, primes for a high affinity IgM anti-NP response.
Mol. Immunol. 25: 1277-1282.

Elewaut, D., and M. Kronenberg. 2000. Molecular biology of NK T cell spec-
ificity and development. Semin. Immunol. 12: 561-568.

lizuka, K., D. D. Chaplin, Y. Wang, Q. Wu, L. E. Pegg, W. M. Yokoyama, and
Y. X. Fu. 1999. Requirement for membrane lymphotoxin in natural killer cell
development. Proc. Natl. Acad. Sci. USA 96: 6336—6340.

Banks, T. A., S. Rickert, C. A. Benedict, L. Ma, M. Ko, J. Meier, W. Ha,
K. Schneider, S. W. Granger, O. Turovskaya, et al. 2005. A lymphotoxin-IFN-
beta axis essential for lymphocyte survival revealed during cytomegalovirus
infection. J. Immunol. 174: 7217-7225.

Baccala, R., D. H. Kono, and A. N. Theofilopoulos. 2005. Interferons as path-
ogenic effectors in autoimmunity. Immunol. Rev. 204: 9-26.

Mackay, F, J. L. Browning, P. Lawton, S. A. Shah, M. Comiskey, A. K. Bhan,
E. Mizoguchi, C. Terhorst, and S. J. Simpson. 1998. Both the lymphotoxin and
tumor necrosis factor pathways are involved in experimental murine models of
colitis. Gastroenterology 115: 1464—1475.

Navikas, V., and H. Link. 1996. Review: cytokines and the pathogenesis of
multiple sclerosis. J. Neurosci. Res. 45: 322-333.

Nakayama, M., N. Abiru, H. Moriyama, N. Babaya, E. Liu, D. M. Miao,
L. P. Yu, D. R. Wegmann, J. C. Hutton, J. F. Elliott, and G. S. Eisenbarth. 2005.
Prime role for an insulin epitope in the development of type 1 diabetes in NOD
mice. Nature 435: 220-223.

Alimzhanov, M. B., D. V. Kuprash, M. H. Kosco-Vilbois, A. Luz, R. L. Turetskaya,
A. Tarakhovsky, K. Rajewsky, S. A. Nedospasov, and K. Pfeffer. 1997. Abnormal
development of secondary lymphoid tissues in lymphotoxin beta-deficient mice.
Proc. Natl. Acad. Sci. USA 94: 9302-9307.

67.

68.

69.

70.

71.

72.

74.

75.

76.

6363

Mackay, I. R., and N. R. Rose. 2001. Autoimmunity and lymphoma: tribulations
of B cells. Nat. Immunol. 2: 793-795.

Ekstrom Smedby, K., C. M. Vajdic, M. Falster, E. A. Engels, O. Martinez-Maza,
J. Turner, H. Hjalgrim, P. Vineis, A. Seniori Costantini, P. M. Bracci, et al. 2008.
Autoimmune disorders and risk of non-Hodgkin lymphoma subtypes: a pooled
analysis within the InterLymph Consortium. Blood 111: 4029-4038.
Voulgarelis, M., and F. N. Skopouli. 2007. Clinical, immunologic, and molecular
factors predicting lymphoma development in Sjogren’s syndrome patients. Clin.
Rev. Allergy Immunol. 32: 265-274.

Hansen, A., K. Reiter, A. Pruss, C. Loddenkemper, O. Kaufmann, A. M. Jacobi,
J. Scholze, P. E. Lipsky, and T. Dorner. 2006. Dissemination of a Sjogren’s
syndrome-associated extranodal marginal-zone B cell lymphoma: circulating
lymphoma cells and invariant mutation pattern of nodal Ig heavy- and light-chain
variable-region gene rearrangements. Arthritis Rheum. 54: 127-137.
Voulgarelis, M., and H. M. Moutsopoulos. 2003. Lymphoproliferation in auto-
immunity and Sjogren’s syndrome. Curr. Rheumatol. Rep. 5: 317-323.

Fisher, S. G., and R. 1. Fisher. 2006. The emerging concept of antigen-driven
lymphomas: epidemiology and treatment implications. Curr. Opin. Oncol. 18:
417-424.

. Borchers, A. T., S. M. Naguwa, C. L. Keen, and M. E. Gershwin. 2003.

Immunopathogenesis of Sjogren’s syndrome. Clin. Rev. Allergy Immunol. 25:
89-104.

Gao, J. H., S. Killedar, J. G. Cornelius, C. Nguyen, S. H. Cha, and A. B. Peck.
2006. Sjogren’s syndrome in the NOD mouse model is an interleukin-4 time-
dependent, antibody isotype-specific autoimmune disease. J. Autoimmun. 26:
90-103.

Ohno, K., T. Hattori, H. Kagami, and M. Ueda. 2007. Effects of preceding
sialadenitis on the development of autoimmunity against salivary gland. Oral
Dis. 13: 158-162.

Gilvez, J., E. Sdiz, P. Lopez, M. F. Pina, A. Carrillo, A. Nieto, A. Pérez,
C. Marras, L. F. Linares, C. Tornero, et al. 2009. Diagnostic evaluation and
classification criteria in Sjogren’s syndrome. Joint Bone Spine 76: 44-49.

0T0Z ‘0T JOqUIBAON U0 B0’ [oUNLULL "M LI PRIE0 JUMOC]


http://www.jimmunol.org

