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Aryl Hydrocarbon Receptor-Mediated Induction of EBV
Reactivation as a Risk Factor for Sjogren’s Syndrome

Hiroko Inoue,* Kenji Mishima,*"' Sachi Yamamoto-Yoshida,* Ryoko Ushikoshi-Nakayama,*
Yoichi Nakagawa,* Ken Yamamoto,* Kofuchi Ryo,* Fumio Ide,* and Ichiro Saito*

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that mediates a variety of biological effects by
binding to environmental pollutants, including 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD or dioxin). Although numerous animal
studies have demonstrated the harmful effects of dioxins, it remains controversial whether dioxins pose a risk to human health,
Enhanced lytic replication of EBYV is a risk factor for the development of autoimmune diseases and cancers. This study evaluated
the possibility that ligand-activated AhR reactivates EBV. EBV reactivation and AhR transactivation were evaluated with
luciferase assays. Saliva samples were collected from 19 patients with primary Sjogren’s syndrome (SS). Control saliva samples
were obtained from 10 healthy individuals and nine patients with severe dry mouth. TCDD enhanced BZLF1 transcription, which
mediates the switch from the latent to the lytic form of EBV infection in EBV-positive B cell lines and in a salivary gland epithelial
cell line. Moreover, TCDD-induced increases in BZLF1 mRNA and EBV genomic DNA levels were confirmed in the B cell lines.
Saliva from SS patients activated the transcription of both- CYP1A1 and BZLF1. Additionally, there was a positive correlation
between CYP1A1 and BZLF1 promoter activities. AhR ligands elicited the reactivation of EBV in activated B cells and salivary
epithelial cells, and these ligands are involved in SS. Our findings reveal novel aspects of the biological effects of dioxin and the

AhR-dependent pathogenesis of autoimmune diseases.

tetrachlorodibenzo-p-dioxin (TCDD or dioxin), are

chemical carcinogens that are widely distributed in the
environment, and these chemicals are persistent environmental
contaminants. Human exposure to mixtures of halogenated aro-
matic hydrocarbons and polynuclear aromatic hydrocarbons oc-
curs mainly through diet; thus, exposure is universal and can
accumulate throughout a lifetime. Most of the harmful effects of
dioxins are thought to be mediated by the aryl hydrocarbon re-
ceptor (AhR) (1-3). The binding of ligands to the AhR triggers its
translocation into the nucleus, where the AhR forms a heterodimer
with the AhR nuclear translocator (Arnt). The AhR/Arnt hetero-
dimer binds to specific xenobiotic response elements located in the

H alogenated aromatic hydrocarbons, including 2,3,7,8-
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promoter and enhancer regions of target genes, thus regulating the
transcription of these genes.

Dioxins directly induce the replication of the influenza virus (4),
human CMV (5), and HIV type 1 (6) in vitro. Moreover, viral
titers in the salivary glands of rats infected with CMV are elevated
by dioxin in vivo (7). Although numerous animal studies have
demonstrated the harmful effects of dioxins, the dioxin-related
risks to human health remain controversial.

EBYV is a ubiquitous herpes virus that infects >90% of the
world’s population. Infection is usually asymptomatic and asso-
ciated with lifelong persistence of the virus in resting recirculating
memory B cells (8). The induction of lytic replication results in
new viral infection and EBV-associated cellular transformation,
and this induction may be a risk factor for both malignant trans-
formation and the development of autoimmune diseases. The
pathogenesis of many autoimmune diseases, including multiple
sclerosis, systemic lupus erythematosus, Sjdgren’s syndrome (SS),
and rheumatoid arthritis, is not fully understood. Both genetic
predisposition and environmental factors, including EBV infec-
tion, contribute to the development and/or promotion of these
diseases (9).

During viral replication, the EBV BZLF1 is the first gene to be
transcribed. Its gene product Zta (also called ZEBRA, EB1, and Z)
is considered both necessary and sufficient to induce the EBV lytic
cycle (10, 11). The regulatory elements within the BZLF1 promoter
(Zp) are divided into three groups: positive elements (ZI, ZII, and
ZIIIA), negative elements (H1, ZIIR, ZIV, and ZV), and autor-
eactivation elements (ZIIA and ZIIIB) (12). The region from —221
to +12 bp, which carries the ZI, ZII, ZIIl, and ZV motifs, may be
necessary for maintaining basal activity and transcriptional activa-
tion by lytic cycle-inducing agents (13). Conversely, the distal re-
gion from —554 to -221 bp contains repressive elements (14). In
latently infected B cells, BZLF1 expression leading to viral repli-
cation is induced by various reagents, including phorbol ester (15),
anti-Ig Abs (16), and butyrate (17). However, the physiological
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stimulant that controls the initiation of viral replication and the
switch from latency in vivo is unknown.

B cells are a major component of humoral immunity and are
a sensitive immune target of TCDD (18). Resting human B cells are
also the main sites of primary EBV infection in vivo. In healthy
individuals, EBV persists in the memory B cells of the mucosal
lymphoid tissue in the Waldeyer’s ring (tonsils/adenoids) and in
the peripheral blood for the duration of the individual’s lifespan.
EBV-infected memory B cells from this reservoir can be induced
to enter the lytic phase of infection, which is accompanied by the
differentiation of the B cells into plasma cells (19).

In this study, we demonstrate that BZLF1 is a novel target gene
of dioxin-activated AhR. Infectious EBV is present in both the
saliva of SS patients (20-22) and culture supernatants of B cell
lines established from SS patients (23). Mariette et al. (24) pre-
viously used in situ hybridization to detect EBV DNA in a sub-
stantial proportion of lymphoid cells and epithelial cells in salivary
glands from patients with SS. In our study, saliva from SS patients
transactivated both BZLF1 and CYP1Al, which are target genes
of AhR. Taken together, these findings demonstrate that the AhR
ligands in SS saliva may be involved in EBV reactivation.
Although dioxins are known to modulate the immune system,
resulting in the development of autoimmune diseases, our study
suggests a new role for dioxins as a pathogenetic factor for auto-
immune disease via EBV reactivation.

Materials and Methods

Cell culture

The EBV-positive B cell lines B95-8 (an EBV-transformed marmoset B cell
line) and P3HRI (a Burkitt’s lymphoma cell line) were maintained in
RPMI 1640 supplemented with penicillin (100 IU/ml), streptomycin (100
mg/ml), and 10% FCS. These cell lines promptly and synchronously ac-
tivated latent EBV genomes after 12-O-tetradecanoyl-phorbol-13-acetate
(TPA) stimulation. The cells were suspended in fresh medium to produce
a final concentration of 1 X 10° cells/ml and were cultured for the indi-
cated time in the presence or absence of TPA. The salivary adenocarci-
noma cell line HSY (25) (provided by Dr. M. Sato, Tokushima University)
was cultured in MEM containing penicillin (100 IU/ml), streptomycin (100
wg/ml), and 10% FCS.

Plasmids

The promoter region (—552 to +13) of BZLF1 was amplified by PCR and
cloned into pGL3 basic luciferase vector (Promega) using the primers pZp+
13Hind (5'-CGAAGCTTGCCGGCAAGGTGCAATGTTT-3') and pZp—
551Xho (5'-AGCTCGAGGGATCCCTAACGCCAG-3'). The following
combinations of enzymes were used to construct the pZp221-Luc and
pZp130-Luc plasmids: Xhol-Sphl for Zp221 and Xhol-Nsil for Zp130.
Constructs pZp552A130, MI, MII, and MIII were synthesized from
PZp552-Luc by temperature cycling using the primers and PfuTarbo DNA
polymerase. These constructed pZp plasmids are shown in Fig. 1. Reporter
DNA construct containing the human CYP1Al promoter was generated by
inserting a 1.9-kb CYP1A1 promoter PCR fragment into the pGL3 basic
luciferase vector.
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FIGURE 1. Schematic description of the relevant plasmids used in
transfection experiments to analyze the transcriptional cis-elements.
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To construct the expression vectors pCI-AhR-hemagglutinin (HA)
and pCI-Arnt-HA, the AhR and Arnt cDNAs were amplified by RT-PCR
and subcloned into pCl-neo (Promega), and an HA tag was fused to the
C-terminal end of the gene. The RT-PCR primers used were as follows:
ABR, 5'-CTCGAGACCATGAACAGCAGC-3' and 5'-ACGCGTCAGGA-
ATCCACTG-3'; and Arnt, 5'-CGCTCGAGGCCATGGCGGCGACT-3" and
5'-GTACGCGTTTCTGAAAAGGGGGGA-3'. To construct Ad-AhR-HA
and Ad-Arnt-HA, HA-tagged cDNAs were excised from pCI-AhR-HA and
pCLl-Arnt-HA and inserted into the cosmid pAxCAwt (TaKaRa, Shiga,
Japan). Viral titers were measured in a limiting dilution bioassay using
HEK?293 cells.

Reporter assay

Cells were seeded in 12- or 24-well plates at a density of 10° cells per well
and grown to subconfluence. HSY cells were seeded in 12-well plates 24 h
prior to transfection. Transient transfection experiments were performed
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
protocol. Cells were cotransfected with the pZp552-Luc, pZp221-Luc,
pZp130-Luc, or CYP1A1-Luc reporters using 1 ng Renilla luciferase re-
porter (pRL-TK) driven by the HSV thymidine kinase (HSV-tk) promoter
as an internal control and the pCI-AhR, pCI-Amt, or pCI-Zta plasmid
using Lipofectamine 2000. After 4 h, transfected cells were treated with
either TCDD or a vehicle control (DMSO) for 48 h. Final DNA concen-
trations were adjusted using empty expression vectors to ensure that equal
amounts of DNA were used in each well. Cells were harvested and lysed in
a passive lysis buffer (Promega). Lysates were sequentially assayed for
firefly and Renilla luciferase activity in a luminometer using the dual lu-
ciferase reporter assay system (Promega) and an ARVO MX multilabel
counter (PerkinElmer). The results are presented in terms of relative lu-
ciferase activity, which represents the ratio of stimulated activity to non-
stimulated activity in each experiment. All transfection experiments were
performed in triplicate.

Quantitative PCR

Total RNA (2 wg) was used for cDNA synthesis with the SuperScript III
first-strand synthesis system (Invitrogen). Quantitative PCR was performed
using the SYBR Premix Ex Taq II kit (TaKaRa) and analyzed on a Ste-
pOnePlus instrument (Applied Biosystems). The PCR primers used were as
follows: BZ1, 5'- TTCCACAGCCTGCACCAGTG-3'; BZ2, 5'-GGCAG-
CAGCCACCTCACGGT-3’; BRLF1 up, 5'-CATCACTATAGGGCAC-
GCGA-3'; BRLF1 down, 5'-TAATGGCCACGCTCAACATC-3'; BALFS
up, 5'-CGGAAGCCCTCTGGACTTC-3'; and BALF5 down, 5'-CCCTG-
TTTATCCGATGGAATG -3'. The latter two primers recognize the EBV
viral DNA BALF5 gene that encodes the viral DNA polymerase. Briefly,
each 20-pl reaction sample contained 2 ul cDNA or genomic DNA, 10 pl
SYBR Premix Ex Taq II (TaKaRa), 0.4 pl ROX reference dye, 0.8 .l each
primer at 10 pM, and 6 pl double-distilled H,O. Each experiment was run
in triplicate. The PCR reaction was conducted as follows: 95°C for 30 s,
followed by 40 cycles of 95°C for 3 s and 60°C for 30 s.

EMSA

HSY cells were infected with Ad-AhR and Ad-Amt and then stimulated
with TCDD for 2 h. Cell lysates were extracted from Ad-AhR- and Ad-
Arnt-infected HSY cells using the CelLytic M cell lysis reagent (Sigma-
Aldrich) and stored at —80°C until the assay was performed. EMSA was
carried out with the LightShift chemiluminescent EMSA kit (Pierce
Chemical). Oligonucleotide probe for Zp130 was biotinylated using the
biotin 3’ end-labeling kit (Pierce Chemical). Briefly, cell lysates were in-
cubated with 20 fmol biotin-labeled oligonucleotide for 20 min at room
temperature in a binding buffer (10 mM Tris, 1 mM EDTA, 1 mM DTT,
100 mM KCl, and 10% [v/v] glycerol) and 1 p.g nonspecific inhibitor Poly
(deoxyinosinic-deoxycytidylic) in a final volume of 20 pl and incubated
for 20 min at 25°C, followed by nondenaturing gel electrophoresis using
0.5X TAE as the running buffer. After electrophoresis, the biotinylated
probes were transferred to a Hybond N+ membrane (GE Healthcare) fol-
lowed by cross-linking with UV light. The biotinylated DNA was imaged
using a VersaDoc 5000 (Bio-Rad). The specificity of AhR DNA binding
was determined by competition reactions in which a 200-fold molar excess
(4 pmol) of unlabeled oligonucleotide was added to the binding reaction.

Saliva samples

All SS patients were evaluated at the outpatient clinic of the Tsurumi
University School of Dental Medicine (Yokohama, Japan) and diagnosed
based on criteria proposed by the Japan Ministry of Health, Labor, and
Welfare (Table I). Saliva samples were collected from 19 patients with SS
(mean age, 61.9 y) at the initial medical examination, prior to the ad-
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FIGURE 2. TCDD did not activate Zp or CYP1A1
transcription in unstimulated B cell lines. (A) pZp552-
Luc was transiently cotransfected with human AhR and
Arnt into P3HR1 cells cultured. for the indicated times
in the presence of 100 nM TCDD, TPA/n-butylate,
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ministration of any medication. Control saliva samples were obtained from
10 age-matched normal healthy individuals (NML) (mean age, 63.7 y) and
9 patients with severe dry mouth (DM; mean age, 58.1 y). Informed
consent was obtained from all patients. The average stimulated and un-
stimulated saliva flow rates in both SS and DM individuals were <5 mV/
10 min and <0.5 ml/15 min, respectively. Samples were centrifuged at
12,000 X g for 45 min and filtered through a 0.22-um filter to remove
cells, viruses, and particulate debris. Aliquots of the samples were then
stored at —80°C.

Ethics

Informed consent was obtained from all patients, and the Ethical Committee
of Tsurumi University approved this study.

Results
TCDD does not change the EBV infectious status in B cell lines

To test the effect of TCDD on EBV reactivation in B lympho-
cytes, we used the EB V-infected B cell lines B95-8 and P3HR1, in
which the EBV lytic cycle can be induced by TPA stimulation
in vitro. Because BZLF1 expression following Zp reactivation is
sufficient for this switch (10), we initially conducted a Zp assay to
confirm EBV reactivation in B cells. pZp552-Luc, indicated in
Fig. 1, was transiently transfected into P3HR]1, and TCDD had no
effect on Zp552 activation, even in the presence of AhR and Arnt
expression (Fig. 2A). We also tested the stably transfected cell
line Zp552-B95-8. Zp552 activation was strongly enhanced in
Zp552-B95-8 cells following TPA stimulation, but the cells did
not respond to TCDD in the presence of AhR and Arnt (Fig. 2B,
2C). Moreover, the promoter activity of CYP1A1, a target gene of
AhR, was unchanged following TCDD stimulation, even in the
presence of AhR and Arnt (Fig. 2D). Although B cells have
previously demonstrated an inappropriate activation response to
TCDD (26), our results show that TCDD stimulation alone is not
sufficient for AhR activation or for BZLF1 and CYP1Al tran-
scription in P3HR1 and B95-8 cells.

TCDD induces EBV reactivation in TPA-activated B cell lines

Several studies have demonstrated that activated B cells are more
sensitive to TCDD than are nonactivated cells (27-29). TPA-
activated splenocytes show increased AhR expression and en-
hanced dioxin response element binding to AhR in the presence of
TCDD (28). Thus, we studied the effect of TCDD on B cells under
moderate activation by TPA. P3HR1 and B95-8 cells were stim-
ulated with a low concentration of TPA (1 ng/ml) prior to incu-
bation with TCDD. Simultaneous TPA and TCDD treatment
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enhanced the transactivation of pZp552 compared with treatment
with TPA alone (Fig. 3). TPA combined with n-butylate stimulated
Zp552, and the greatest activity was detected after 48 h incubation
(Fig. 2C). In contrast, under moderate TPA stimulation, TCDD
increased Zp552 activity after as little as 6 h stimulation, and the
maximum activity was observed after 24 h (Fig. 3). The increased
expression of BZLF1 mRNA was confirmed by RT-PCR (Fig. 4A)
and real-time PCR (Fig. 4B), and significant expression was
detected after 24 h combined TCDD/TPA treatment (Fig. 4A, 4B).
EBV genomic DNA was amplified by PCR using primers for the
BALFS5 gene, and the levels of this DNA were increased in B95-8
and P3HR1 cells following treatment with TCDD combined with
TPA (Fig. 4C). Real-time PCR revealed significant EBV replica-
tion after 24 or 48 h treatment in P3HR1 and B95-8 cells, re-
spectively (Fig. 4D). At the point when virus replication was
confirmed, the mRNA expression of an alternative virus gene,
BRLF]1, was also increased in these cells (Fig. 4E, 4F). These re-
sults suggest that the activation of B cells is required for TCDD
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FIGURE 3. Transactivation of Zp by TCDD in TPA-activated B cell lines.
Human AhR and Amt were cotransfected into P3HR-1 (A) and B95-8 cells (B).
Zp activities were measured after 6, 24, and 48 h stimulation with TCDD (100
nM) in the presence of TPA (1 ng/ml). Values represent means * SD derived
from normalized data, with transfections performed in triplicate in each ex-
periment. Data were averaged over at least three experiments. Statistical
analysis was performed using a one-way ANOVA. *p < 0.05, **p < 0.005.
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Real-time PCR results are presented relative to GAPDH mRNA expression (B,
F) or genomic DNA (D). Values represent means * SD derived from nor-
malized data, with transfections performed in triplicate in each experiment.
Data were averaged over at least three experiments. Statistical analysis was
performed using a one-way ANOVA. *p < 0.05, *¥+p < 0.005, ***p < 0.0005.

to reactivate EBV and emphasize that Zp activity reflects BZLF1
mRNA expression and EBV replication.

TCDD induces Zp activation in salivary gland epithelial cells

EBY replication only occurs in a small percentage of B cells (30),
and the levels of virus released from B cells alone differs con-
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siderably from the actual virus levels in the saliva (31). Thus, EBV
reactivation in B cells is thought to be only the initial event in the
spread of virus particles in vivo. The actual physiological site of
virus production is thought to be the epithelial cells of the naso-
pharynx and parotid glands (31-34). The calculated potential virus
production from these cells is sufficient to account for the ob-
served levels of shedding in saliva (31). Thus, we tested Zp ac-
tivation in the salivary epithelial cell line HSY.

HSY cells were cotransfected with pZp552-Luc or CYP1A1-Luc
and AhR and Amnt, and the cells were then exposed to TCDD
stimulation. Clear TCDD-induced CYP1A1 promoter activity was
observed in HSY cells (Fig. 5A), and Zp552-Luc activity was also
enhanced by TCDD (Fig. 5B). )

To confirm the role of the AhR/Arnt complex, we transfected
different quantities of AhR and Arntinto HSY cells. The TCDD (10
nM) treatment-induced Zp activity was dependent on the levels of
transfected AhR and Arnt (Fig. 5C). The range of TCDD required
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FIGURE 5. Transcriptional activation of the CYP1A1 promoter or Zp in
response to TCDD in salivary epithelial cells and HepG2 cells. (A-E) HSY
cells transiently cotransfected with CYP1Al-Luc (A, D), pZp552-Luc (B,
©), or pZp130-Luc (E) and plasmids encoding human AhR and/or Amt. (C)
Increasing amounts of plasmids encoding human AhR and Arnt (0.05-0.25
ng) were cotransfected with or without Zta. (F) HepG2 cells were trans-
fected with Zp130-Luc. Luciferase activities were measured after 48 h
stimulation with increasing amounts of TCDD (1-100 nM) (A, B) or 10 nM
TCDD (C-F). Data were averaged over at least three experiments. Values
represent means * SD derived from normalized data, with transfections
performed in triplicate in each experiment. *¥p < 0.01.
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for both the activation of the CYP1A1 promoter and for the ac-
tivation of Zp was similar. Although CYP1Al promoter activity
was increased by either AhR or Amt (Fig. 5D), an increase in
Zp130 activity was observed only upon the exogenous expression
of both AhR and Amt (Fig. 5E). Zp contains the autoreactive
sequence sites ZIITA and ZIIIB; therefore, the exogenous ex-
pression of the BZLF1 gene product Zta increased the activity of
Zp (Fig. 5C). The Zp activity induced by TCDD-activated AhR/
Arnt was not enhanced by Zta expression (Fig. 5C). These results
demonstrate that Zp activity is stimulated by TCDD via the AhR/
Arnt complex and that this stimulation represents a distigct tran-
scriptional mechanism that occurs via CYP1A1 promoter activa-
tion. Moreover, the endogenous expression of AhR/Arnt in HepG2
cells is also responsive for Zp transactivation by TCDD (Fig. 5F).
This activity was not dramatic but was still significant.

Identification of the cis-acting AhR-responsive region in Zp

To investigate the activation of the AhR-responsive regions in Zp,
we generated a series of deletion plasmids encompassing the —551-
to +13-bp region of Zp flanked by the luciferase-coding region
(Fig. 1).

We cotransfected HSY cells with pZp130-Luc, pZp221-Luc, or
pZp552-Luc and AhR and Arnt. The TCDD-induced Zp552-Luc and
Zp221-Luc activities were similar, whereas the shortest plasmid,
pZp130-Luc, showed the highest level of activation in response to
TCDD (Fig. 6A). ATCDD concentration of >10 nM was required
to activate pZp130-Luc (Fig. 6B); the same concentration was re-
quired to activate pZp552-Luc and CYP1A1-Luc (Fig. 5A, 5B). To
confirm the presence of AhR cis-response elements in Zp130, we
generated the deletion mutant plasmid pZp552A130-Luc by elim-
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inating the —130- to —44-bp region from the intact pZp552-Luc
plasmid. TCDD failed to activate pZp552A130-Luc in HSY cells
(Fig. 6C). Exogenously expressed Zta also failed to stimulate this
promoter because the Zta binding sites ZIIIA and ZIIIB are located
between —134 and —104 bp (Fig. 6C). The serially mutated re-
porter plasmids MI, MII, and MIII (Fig. 1) exhibited an incomplete
loss of promoter activity in comparison with intact pZp552-Luc
(Fig. 6D). These results indicate that the putative location of the
AhR response element is proximal to the transcription start site
within a 130-bp segment of the Zp.

Coexpression of AhR and Arnt is required for Zp activation
(Fig. SE). The AhR/Amt heterodimer binds specific xenobiotic re-
sponse elements containing core motifs (5'-GCGTG-3") in respon-
sive genes, modulating their expression. Although there is no core
sequence for AhR in the Zp region, we attempted to evaluate the
binding of TCDD-activated AhR/Armnt to the Zp130 fragment using
an EMSA. Nuclear extracts from TCDD-treated HSY cells that
ectopically expressed AhR and Arnt showed that AhR/Arnt bound
to Zp130. This binding was specifically inhibited by nonlabeled
Zp130 (Fig. 6E). This result suggests a physical interaction be-
tween the AhR/Amt complex and Zp130. A luciferase assay con-
ducted using a deletion mutant of pZp552-Luc demonstrated that
ligand-activated AhR interacts primarily with the ZII element (Fig.
6D), which also binds to basic leucine zipper transcription factors
such as ATF1, CREB, and ATF2 (35). Future studies will be nec-
essary to define the AhR binding sites within Zp.

AhR activation is associated with EBV reactivation in SS

SS is a systemic autoimmune disorder that affects the salivary and
lacrimal glands and causes mononuclear cell infiltration, causing
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the clinical symptoms of dryness of the mouth and eyes. The
pathogenesis of SS remains unclear; however, a high incidence of
EBV reactivation in SS has been reported. EBV Ags and DNA are
present in the infiltrating lymphocytes and salivary gland epithelial
cells of SS patients (22, 24). Infectious EBV is present in the saliva
of SS patients (21, 36) and in the culture supernatants of B cell
lines established from SS patients (23). Thus, EBV reactivation
in SS is thought to contribute to the initiation or perpetuation of
tissue destruction in target organs such as the salivary and lacrimal
glands. To detect AhR ligands in the saliva of SS patients, we
conducted a reporter assay for the CYP1A1 promoter and Zp. As
disease controls, we assessed DM patients with levels of saliva
secretion similar to those of SS patients. In this study, we found
that Zp130 was strongly activated by the saliva of SS patients in
the presence of exogenous AhR expression, whereas activation in
the saliva of NML or DM individuals was basal level (Fig. 7A).
The saliva from SS patients also activated the CYP1A1 promoter
in the presence of exogenous AhR expression (Fig. 7B), and this
activity was significantly weaker in the saliva of NML and DM
individuals. Moreover, there was a positive correlation between
the Zp and CYP1A1 promoter activities (Fig. 7C). These results
indicate that the AhR ligand in the saliva of SS patients may
stimulate BZLF1 transactivation.

The relationship between AhR activation and autoantibodies in
SS

The most common autoantibodies in patients with SS are those
directed against the SSA/Ro and SSB/La ribonucleoprotein
complexes (37, 38). These Abs are detected in serum and can be
produced locally in the affected salivary glands (39). Anti-SSB/La
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Abs are accompanied by anti-SSA/Ro Abs, whereas anti-SSA/Ro
Abs can be found either with or without anti-SSB/La Abs (40). In
this study, serum titers of anti-SSA/Ro and anti-SSB/La Abs were
evaluated relative to Zp and CYP1Al promoter activities. Al-
though a high titer of anti-SSB/La Ab was detected in only 6 of
19 patients (Table I), the Ab titer was correlated with Zp and
CYP1A1 promoter activities in these patients (Fig. 8A, 8B).

Discussion

Several epidemiological studies suggest an association between
dioxin exposure and an increased incidence of . certain human
diseases. After an industrial accident in Seveso, Italy, in which
workers were acutely exposed to high levels of TCDD, a high
incidence of gastrointestinal, lymphatic, and hematopoietic cancers
and endocrine and immunological effects was observed (41). The
long-term effects of dioxin exposure include an excess of lym-
phohematopoietic neoplasms, such as Hodgkin’s and non-Hodg-
kin’s lymphoma (42). EBV has been associated with certain types
of non-Hodgkin’s lymphoma, such as Burkitt’s lymphoma and
lymphomas related to severe immunosuppression (43). Dioxins in
adipose tissue and Abs against Epstein-Barr early Ag were in-
vestigated in non-Hodgkin’s lymphoma patients. An increased
risk of non-Hodgkin’s lymphoma was found for patients in the
high-concentration and high-titer group (44). The level of early Ag
Abs reflects the degree of EBV viral replication, a relationship that
was also observed in SS patients. Moreover, a high early Ag Ab
titer was frequently detected in SS patients who developed non-
Hodgkin’s lymphoma (45, 46). The present study demonstrates
that environmental contaminants such as dioxins may induce EBV
reactivation and thus act as risk factors for SS.
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Table I.  Clinical information on patients and summary of data obtained
by luciferase assay

Autoantibody Luciferase Assay

Patient
No. Age (y) Sex SSA/Ro SSB/La BZLF1  CYPlAl

SS 01 55 F 23.8 6.4 234 39.2
SS 02 34 F ND ND 38.8 54.3
SS 03 76 F 500.0 7.0 13.6 30.9
SS 04 72 F 500.0 7.0 10.7 20.6
SS 05 70 F ND ND 19.0 25.6
SS 06 70 F 500.0 7.0 36.7 33.0
SS 07 72 F 7.0 7.0 20.2 - 182
SS 08 72 F ND ND 183 28.3
SS 09 69 F 107.7 7.0 13.0 16.8
SS 10 68 F 500.0 474.6 24.0 30.8
SS 11 58 F 500.0 132.2 29.3 204
SS 12 52 F 500.0 341.0 29.8 64.2
SS 13 52 F 500.0 ND 12.1 24.5
SS 14 58 F 500.0 500.0 333 35.8
SS 15 71 F 476.0 32.0 13.1 1234
SS 16 66 F 500.0 27.1 16.1 21.4
SS 17 37 F 500.0 7.0 11.8 18.8
SS 18 58 F - 3070 ND 13.2 225
SS 19 70 F ND ND 12.5 31.1

In this study, we studied ligand-activated AhR using a Zp re-
porter assay that involved the modification of chemically activated
luciferase gene expression (CALUX). The CALUX method is
becoming increasingly common for the evaluation of dioxins in
blood (47), milk (48), food (49), and environmental samples (50).
The conventional method, high-resolution chromatography/mass
spectrometry, is time-consuming, costly, and requires large sample
volumes. A previous comparison of results obtained using the two
assays revealed few differences (51). For our assessments, in-
volving limited volumes of saliva, the CALUX bioassay was a
useful tool for evaluating dioxins.

In B cells, the observed mechanisms of EBV reactivation in vitro
are hypothesized to involve the activation of BZLF1 transcription

EBV REACTIVATION VIA AhR IN SIOGREN’S SYNDROME

by TPA, N-butyric acid, or Ig—cross-linking Abs. However, the
priming factor for EBV reactivation in vivo is poorly understood.
The plasma cell differentiation factor X-box binding protein-1
(XBP-1) binds and transactivates Zp in a plasma cell line and in
lymphoid cell lines but not in epithelial cell lines (52). XBP-1 also
induces BZLF1 transcription and is involved in B cell differenti-
ation into plasma cells. In this study, we propose a new candidate
dioxin that induces BZLF1 in both activated B cells and salivary
epithelial cells. In contrast to XBP-1, the response to TCDD-
activated AhR was higher in salivary epithelial cells than in ac-
tivated B cells. Activated B cells have increased AhR mRNA
levels and protein expression (27) and are more responsive to
TCDD than are nonactivated B cells (29). Chen and Tukey (53)
reported that TPA, as a protein kinase C activator, enhances
CYPI1A1 gene transcription by AhR, indicating that protein kinase
C promotes nuclear events that work in concert with or precede
AhR binding to the gene. This result suggests that the B cells that
are responsible for TCDD after TPA stimulation may use the
protein kinase C signaling pathway.

EBNA-3 is an EBV-encoded nuclear Ag that is indispensable
for B cell transformation and is implicated in the maintenance
of lymphoblastoid cell line proliferation. The overexpression of
EBNA-3 induces Go/G; arrest (54), and the elimination of EBNA-
3 results in cell death (55) in lymphoblastoid cell lines. EBNA-3
directly interacts with AhR and enhances its transactivational
function via the ligand-activated AhR (56). TCDD-activated AhR
induces cell cycle arrest at G;, accompanied by the increased
expression of the CDK2 inhibitor p27<%P! (57). Studies of murine
B cell development have shown that AhR ligands, such as poly-
cyclic aromatic compounds, induce apoptosis in pro- and pre-
B cells (58). The function of AhR in cell cycle progression is also
consistent with its interaction with proteins such as pRb (59) and
the p65 subunit of NF-kB RelA (60). Although the molecular
mechanisms underlying its activity are not understood, EBNA-3
compromises the inhibitory effect of TCDD on the growth of EBV-
positive lymphoblasts (56). All of the latent EBV genes, including
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EBNA-3, are expressed in EBV* naive (IgD") B cells (latency III).
Latency III is known as the growth program because EBV-
transformed B cells proliferating in vitro exhibit this expression
pattern (61). In germinal center B cells, EBV gene expression is
restricted to EBNA1, LMP1, and LMP2 (latency II) (62). In the
peripheral blood, EBV exists within the IgD™ memory B cell pool,
with expression more restricted to LMP2A (latency 0) (8). How-
ever, EBV status in the salivary glands has not been elucidated. In
this study, we used EBV-positive B cell lines B95-8 and P3HR1,
which express latency III and latency II patterns, respectively. This
finding suggests that EBNA-3 may cause different Zp sensitivity
toward TCDD-activated AhR in B95-8 and P3HR1 (Figs. 3, 4).

Our previous study demonstrated that Zp221 activity and BZLF1
transcription were induced by saliva from SS patients (63). TGF-
B1, which is expressed in SS salivary glands, induced Zp221 ac-
tivity via the MAPK signaling pathway. These data suggest that
EBYV reactivation at the inflammatory site may occur because of
the presence of TGF-B1. In the present study, we observed TCDD-
induced AhR-dependent Zp activity. Thus, TCDD may be a trig-
ger' for EBV reactivation without inflammation.

AhR has been shown to regulate the level of T regulatory and Th17
cell differentiation and to modulate the severity of experimental
autoimmune encephalitis in a ligand-dependent manner in mice (64—
66). Human CD4 cells derived from healthy donors produced IL-22
but not IL-17 in response to ligand-activated AhR (67, 68). Human
exposure to an extremely high dose of TCDD in vivo induced a
selective increase in the frequency of T cells producing IL-22 but
not IL-17, IL-10, or IFN-y (69). Activated AhR also promoted
T cell differentiation into functional Foxp3* human induced regu-
latory T cells, which produce IL-10 in vitro (70). More recently, Li
et al. (71) showed that intraepithelial lymphocytes express high
levels of AhR and that receptor activation directly affects the
maintenance but not the development, homing, or proliferation
of intraepithelial lymphocytes. AhR activity can be regulated by
certain dietary components derived from vegetables, which may
regulate the intestinal immune system. Currently, it is not clear
why AhR activation can either increase or reduce inflammatory
reactions. We hypothesize that the immunological condition of the
host may contribute to the pathogenesis of autoimmune diseases
involving EBV reactivation caused by activated AhR.

SS is a chronic autoimmune disease that is characterized by the
presence of a variety of autoantibodies directed against organ-
specific and non-organ-specific autoantigens. The most common
of these Abs are directed against two ribonucleoprotein Ags
known as SSA/Ro and SSB/La. It is still unknown whether any of
the autoantibodies have a pathogenic potential or whether they are
all part of a secondary response to salivary glands already dam-
aged by other processes. Anti-SSA/Ro and anti-SSB/La are found
in the saliva of SS patients (72), and the B cells that infiltrate the
salivary glands contain intracytoplasmic Igs with anti-SSA/Ro and
anti-SSB/La activity (39, 73, 74). In this case, ectopic lymphoid
germinal centers that contain Ag-presenting dendritic cells, T cells,
and B cells have been found, providing a microenvironment that is
conducive to the propagation of the autoimmune response (39).
Finally, an increased production of SSB/La mRNA in acinar epi-
thelial cells has been observed (75), and translocation and mem-
brane localization of the SSB/La protein has been observed in
conjunctival epithelial cells of SS patients (76). These reports
suggest that anti-SSA/Ro and anti-SSB/La Abs may participate in
the local immune response in the affected exocrine glands. In the
present study, we found a correlation between anti-SSB/La in the
sera and AhR activation by saliva in SS patients. These data lead
us to speculate that EBV reactivation induced by dioxins may
cause an immune response in the salivary glands of SS patients.
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radical scavenging antioxidant systems results in ox-
idative stress, which has been associated with cell
injury observed in many age-related diseases. The su-
peroxide dismutase (SOD) family is a major antioxi-
dant system, and deficiency of Cu,Zn-superoxide dis-
mutase-1 (Sodl) in mice leads to many different
phenotypes that resemble accelerated aging. In this
study we examined the morphologic features and the
secretory functions of the lacrimal glands in Sod1 ™/~
mice. Lacrimal glands showed atrophy of acinar
units; fibrosis; infiltration with CD4™ T cells, mono-
cytes, and neutrophils; increased staining with both
4-hydroxy-2-nonenal and 8-hydroxy-2'-deoxyguanos-
ine; increases in apoptotic cells; and the presence of
the epithelial-mesenchymal transition in senescent

Sod1~/~ mice. Electron microscopy findings revealed
evidence of epithelial- mesenchymal transition, pres- -
ence of swollen and degenerated mitochondria, and

- the presence of apoptotic cell death in the lacrimal

glands of senescent Sod1 ™/~ mice. These alterations

- were also associated with the accnmulation of secre-

tory vesicles in acinar epithelial cells, decreased pro-
duction of both stimulated and nonstimulated tears,
and a decline in total protein secretion from the lac-
rimal glands. Our results suggest that Sod1 ™/~ mice
may be a good model system in which to study the
mechanism of reactive oxygen species-mediated lac-
rimal gland alterations. (4m J Patbol 2012 180
1879-1896; DOL 10.1016/}.ajpath.2012.01.019)

Aging is associated with damage fo tissues by free radicals.
An imbalance between generation of free radicals and rad-
ical scavenging antioxidant systems results in oxidative
stress, a condition that has been associated with cell injury
observed in many age-related diseases and is also consid-
ered a major factor in the process of senescence.” One of |
the well-known antioxidant defense systems is superoxide

“dismutase (SOD), an enzyme system that is composed of

three isozymes: SOD1, SOD2, and SOD3. Among them,
SOD1 is widely distributed in the tissues and represents
90% of the total SOD activity.>®
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Previously, Imamura et al* reported that Sod7 gene
knockout in a mouse model was associated with signs of
oxidative stress—yelated retinal damage and features of
age-related macular degeneration (AMD), an aging dis-
ease of the human retina. ,
The prevalence of AMD in the US population 40 years
or older is estimated to be 1.47%.5 Even more prevalent
than AMD is another age-related ophthalmic disorder, the
dry eye disease, the prevalence of which varies from
~ 3.98% to 9.80% in the United States.® Dry eye, whichis a
visually disabling disease,® has been reporied to be a
- major public health issue in many societies with a signif-
icant effect on quality of life and especially on the visual
quality of patients with this disorder.®
Evidence from mouse models and human studies of
dry eye disease showed decreased tear production, cor-
neal epithelial damage, and lacrimal gland inflammation
as important alterations in the pathogenesis of dry eye
disease.” '3 With the aim to investigate the eligibility of
- 'the Sod1 knockout (Sod7™"") mice as a model for age-
~ related dry eye disease, we studied the functional and

. histopathologic alterations of the lacrimal gland in the
Sod1™~ mice, comparing the results with wild-type (WT)
mice. We also investigated the histopathologic changes
in human lacrimal gland samples obtained soon after
death from young and elderly individuals. -

Materials and Methods
_ Animals

Seventeen Sod71™~ male mice with C57BL/background
and 14 C57BLS6 strain WT male mice were examined at
10 and 50 weeks in this study. The Sod7~/~ mice were
received from the Tokyo Metropolitan Institute of Geron-
tology and the WT C57BL/6 mice were purchased from
Japan Clea (Osaka, Japan). Sod7™~ mice were back-
crossed to Sod2™™x14 for two generations to obtain the
Sod1~/~, Sod2™%x_All studies were performed in ac-
) -cordance with the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Oph-
 thalmic and Vision Research.

Aqueous Tear Production Measurements

Aqueous tear production was measured with phenol red-
. impregnated cotton threads (Zone-Quick, Showa Yakuhin
Kako Co., Lid., Tokyo, Japan) without anesthesia. The va-

- lidity of this test in mice has been previously described.”™ .

The threads were held with a jeweler forceps and then
- immersed into the tear meniscus in the lateral canthus for 60
seconds. The length of wetting of the thread was measured
in millimeters. Aqueous tear production was weight ad-
justed by dividing the amount of total aqueous tear pro-
duced in 60 seconds by weight. In a separate experiment to
determine the incidence of dry eye disease, 40 Sod7™~
male mice and 118 WT male mice aged 50 weeks under-
went weight and aqueous tear production measurements.
. To be able to define the incidence of dry eye disease in
‘mice, we defined dry eye disease as a cotton thread test
" value of <0.1 mm/g and a corneal fluorescein staining

score exceeding 3 pointsi We then calculated thebpercent-
ages of mice with dry eye disease in each group.

Ocular Surface Epithelial Damage Assessment

Comeal fluorescein staining was evaluated with sfit lamp .
biomicroscopy using cobalt blue light after instillation of 2
pl of 0.5% sodium fluorescein. Excess of fluorescein was

* wiped from the lateral tear meniscus. The comea was ex-

amined with a handheld slit lamp 2 minutes after fluorescein
instillation. Punctuate staining was recorded using a grad-
ing system of O to 3 points for superior, central, and inferior
corneal areas. The ﬂuorescem staining scores ranged from

‘a minimum of 0 to a maximum of 9 pomts

Pilocarpine-Stimulated Aqueous Tear

Production Measurements

' Tear secretion was stimulated 3 minutes after anesthesia

{6 mg/mL of ketamine and 4 mg/mL. of xyladine) by intra-
peritoneal injection of 0.06% pilocarpine solution (3 mg/

kg; Santen Pharmaceutical Co., Ltd., Osaka, Japan), a

nonselective muscarinic receptor agonist of the parasym-
pathetic nervous system. Tears were collected from the
lateral canthus for 15 minutes using 5 ul of graded
capillary microglass tubes (Hirschmann Laborgerate and
GmbH & Co., Eberstadt, Germany), and graticule read-
ings were recorded at the end of each measurement.

Lacrimal Gland Carbachol-Stimulated Total
Protein Secretion Measurements

The nerves in the lacrimal gland provide the major stimuli
for secretion of proteins, electrolytes, and water.®-'® To
test the total protein secretion from the lacrimal glands,
we exposed lacrimal gland fragments to cholinergic ago-
nists and measured the amount of protein secreted in
response to carbachol, a drug that binds and activates
the acetylcholine receptor. Mice lacrimal glands were
weighed before being cut into small fragments of 1 to 2
mm with a scalpel blade. The fragments were washed in
5 mL of saline solution containing 116 mmol/L NaCl, 5.4
mmol/L. KCI, 1.8 mmol/L. CaCl,, 0.81 mmol/L MgCl,, 1.01
mmol/L NaH,PO,, 26.2 mmol/L NaHCOj3, and 5.6 mmol/L
dextrose (pH 7.4), maintained at 37°C and vigorously
bubbled with 95% O, and 5% CO, in a beaker for 10
minutes. The solution was'changed three times and dis-
carded. The gland fragments were then incubated in 1
mL of saline for 10 minutes at 37°C, and the saline was
removed and replaced with fresh medium. This cycle was
repeated three times, and the saline was collected after

. each 10-minute incubation. The protein level measured in

these samples represented the basal total protein secre-
tion from the glands. After another 10 minutes of incuba-
tion, the medium was removed and saved, and the pro-
tein levels in these solutions represented the stimulated
total protein secretion. in response to carbachol. One
gland was used in each experiment. The lacrimal gland
samples were analyzed for total protein with a Coomassie
protein assay kit (Pierce, Rockford, IL). Bovine serum
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albumin was used as the standard protein, and standards
were run with each assay. Protein concentrations were de-
termined from the standard curves measured with each
assay. The assays were performed in a microplate reader
(model EL 808; Bio-Tek Instruments, Winooski, VT) at
595 nm. Both samples and standards were read in
duplicate in 96-well flat-bottomed microplates (Costar;
Corning Inc., Corning, NY). Total protein concentration
was. determined with the software provided by the
manufacturer (KC4 version 2.7; Bio-Tek Instruments).
Stimulated protein secretion was calculated by sub-
tracting the basal protein secretion levels from the
post-carbachol-stimulated protein secretion levels.
The readings from the plate reader were then con-
verted to micrograms per. milliliter per minute.

Tear Fluid Collections

A total of 10 pl of 0.1 mol/LL. PBS was introduced onto the
ocular surface by a micropipetie and then collected with
a 10-ul. glass capillary tube (Hirschmann Laborgerate
and GmbH & Co) from the lateral canthus. This proce-
dure was performed at 10 and 50 weeks in both Scd? ™~
and WT mice. Collected tears were stored at —80°C until
tear cytokine concentration assessments. ’

Cytometn’c' Bead Array for Assessment of
Inflammatory Cytokines in Tears

The Becton Dickinson Cytometric Bead Array system was
used to investigate the sensitivity of amplified fluores-
cence detection by flow cytometry to measure soluble
analyses in particle-based immunoassay. Each bead
provides a capture surface for a specific protein and is
analogous to an individual coated well in an enzyme-
linked immunosorbent assay (ELISA) plate. The testing
allows the detection of multiple analyses in a small-vol-
ume sample. We quantitatively measured IL-6, 1L-10,
monocyte chemoattractant protein-1 (MCP-1), interferon
(IFN)-y, tumor necrosis factor (TNF), and IL.-12p70 pro-
tein levels in tears and serum samples using the mouse
inflammation kit (BD Bioscience, Franklin Lakes, NJ).

Blood was collected from the intracardiac space and
centrifuged at 9100 X g for 5 minutes at 4°C. Serum was
separated from the clotted blood and stored at —80°C.
After reconstituting the mouse inflammation standards,
the cytokine standard mixture (20 ul) and the tear and
serum (20 ul) samples were diluted with 30 ul of the
assay diluent. The standards and samples were added to
a mixture of 50 ul of capture antibody-bead reagent
and detector antibody-phosphatidylethanolamine phyco-
erythrin reagent. The mixture (150 ul) was subsequently
incubated for 2 hours at room temperature and washed
with 1 mL of wash buffer (from the kit) to remove unbound
detector antibody-phycoerythrin reagent. After washing,
the samples and standards were centrifuged at 200 X g
for 5 minutes, and then the' supernatants were carefully
removed. The bead pellets were resuspended with 300
pL of wash buffer before data acquisition using flow
cytometry.

Sod1™'~ Mice and Dry Eye 1881
AJP May 2012, Vol. 180, No. 5

Flow cytometric analysis was performed using a FAC-
SCalibur flow cytometer (Becton Dickinson Immunocy-
tometry Systems, San Jose, CA). Data were acquired and
analyzed using the Becton Dickinson Cytometric Bead
Array software version 1.4 (BD Bioscience).’®

Lacrimal Gland Specimen Collections

Animals were sacrificed at 10 and 50 weeks. The preau-
ricular lacrimal glands were rapidly removed by trimming
the glands from the surrounding tissues. Samples were
divided and fixed in 4% buffered paraformaldehyde for
stainings or stored in 2.5% glutaraldehyde in 0.1M phos-
phate for electron microscopy or were prepared for pro-
tein secretion analysis. .

Histopathologic Assessment of Lacrimal Gland
Specimens

All lacrimal gland specimens wefe immediately fixed in
4% buffered paraformaldehyde, embedded in paraffin

wax, cut info 4-wm-thick paraffin sections, and pro-
cessed according to conventional histological tech-

‘niques, including H&E and Mallory stainings.*0!

Lacrimal Gland Acinar Unit and Secretory
Vesicle Density Quantifications

Five randomly selected nonoverlapping areas in each
specimen in 890 X 705-um frames were digitally photo-
graphed (Axioplan2imaging; Carl Zeiss, Jena, Germany).

A total of five images from each Sod7~/~ or WT mouse
were taken with the photographer masked to the mouse
genetic information. The acinar units and secretory ves-
icles were counted manually, and scores from the sam-
ples were averaged as the lacrimal acinar unit density for
that lacrimal gland.

Lacrimal Gland Inflammatory Cell Density

Assessment

. Using an image capturing software (Adobe Photoshop

Creative Suite version 8.0.1, San Jose, CA), a subset of
color that indicated the-stained areas (brown color) was
selected from the raw pictures and analyzed using Im-
aged version 1.410 (NIH, Bethesda, MD). The density of
inflammatory cells |n each picture was measured and .

~ expressed in pixels.?

IHC Staining for Oxidative Stress Markers and
CDA45 Panleukocyte Antigen

Lipid peroxidation was assessed by immunohistochemi-
cal (IHC) detection of 4-hydroxy-2-nonenal (4-HNE). Ox-
idative DNA damage was investigated by IHC staining
with anti-8-hydroxy-2'-deoxyguanosine (8-OHdG) anti-
bodies. The avidin-biotin-peroxidase complex (ABC)
method was used in immunostainings. Tissues were fixed
overnight in a 4% buffered paraformaldehyde solution
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and processed for paraffin embedding. Sections 4 um
thick were cut from paraffin wax blocks, mounted on
precoated glass slides, deparaffinized, and rehydrated.
To.block nonspecific background staining, lacrimal gland
~ sections were treated with normal horse serum (Vector
Laboratories, Burlingame, CA) for 2 hours at room tem-
perature. The tissues were then treated with mouse anti-
8-OHdG monoclonal antibody at a concentration of 10
ng/mb diluted with horse-blocking serum (Japan Institute
for the Control of Aging, Shizuoka, Japan) and anti-4-
HNE monoclonal antibody at a concentration of 25 ug/mL
diluted with horse-blocking serum (Japan institute for the
Control of Aging) for 2 hours at room temperature. For the
negative controls, the primary anfibody was replaced
. ‘'with mouse IgG1 Isotype control (MOPC-21; Sigma, St.
Louis, MO). Endogenous peroxidase activity was
blocked using 3.0% H,O, in methanol for 3 minutes. The
sections were incubated for 30 minutes with biotin-la-
beled horse anti-mouse IgG serum (Vector Laboratories),
followed by avidin-biotin-alkaline phosphatase complex
treatment (Vector Laboratories) for 30 minutes. The sec-
tions were washed in PBS buffer, developed in 3,—3’-
diaminobenzidine (DAB) chromogen "solution (Vector
Laboratories), lightly counterstained with hematoxylin for
4 minutes at room temperature, washed with tap water,
" dehydrated, and mounted. For CD45 IHC stainings, we
used the purified anti-mouse CD45 antibody solution di-
luted with rabbit blocking serum at a concentration of 10
pg/mL (BiolLegend, San Diego, CA) and the peroxidase
system Vectastain ABC kit (rat IgG; Vector Laboratories).
To block nonspecific background staining, lacrimal gland
sections were treated with normal rabbit serum (Vector
Laboratories) for 2 hours at room temperature. The tis-
sues were then treated with 10 pg/mL of anti-mouse
-CD45 for 2 hours at room temperature. For the negative
‘controls, the primary antibody was replaced with rat
1gG2B isotype control at the same concentration of the
primary antibody (R&D Systems, Minneapolis, MN). En-
dogenous peroxidase activity was blocked using 3.0%
H,O, in methanol for 3 minutes. The sections were incu-
bated for 30 minutes with biotin-labeled rabbit anti-rat
IgG serum (Vector Laboratories), followed by avidin-bio-
- tin-alkaline phosphatase complex treatment (Vector Lab-
oratories) for 30 minutes. The sections were washed in
_0.1M PBS, developed in prepared DAB chromogen so-
- lution (Vector Laboratories), lightly counterstained with
_hematoxylin for 4 minutes at room temperature, washed
with tap water, dehydrated, and mounted.

Fluorescent IHC Staining for EMT Markers and
Inflammatory Cell Markers

Epithelial mesenchymal transition (EMT) has been re-
_ported to play a crucial role in fibrosis of tissues.?>2® To
- evaluate whether EMT is involved in the pathogenesis of
fibrosis in aged SOD7™~ mice, mice lacrimal gland
specimens were immunostained with epithelial cell
marker (E-cadherin) and mesenchymal ceil marker [a-
smooth muscle actin (SMA)]. To evaluate the continuity of

basement membrane in acinar units, type | collagen was

immunostained. IHC for EMT markers was performed as
described previously.?*
To differentiate the type of inflammatory cells in the

" lacrimal gland, specimens were immunostained with

CD4, CD11b, and Gr-1 antibodies. Fluorescent IHC was
performed as follows. Briefly, cryosections (6 pm) from
mouse lacrimal gland were fixed in 4% paraformalde-
hyde for 20 minutes. Aiter blocking with 1% bovine serum
albumin PBS containing 2% donkey serum, sections were
incubated overnight with primary antibodies. After wash-
ing with PBS, the sections were incubated for 30 minutes
with secondary antibodies and observed using a fluores-
cence microscope (Carl Zeiss, Oberkochen, Germany).
For negative control, isotype control igG was applied
instead of primary antibody. The specimens were immu-
nostained with the following primary. antibodies: rabbit -
anti-a-SMA antibody (0.01 mg/mL, ab5694; Abcam, Bos-
ton, MA), rat anti-E-cadherin antibody (0.01 mg/mL,
ab11512; Abcam), rabbit antitype | collagen antibody
(0.01 mg/mL, ab292; Abcam), rat anti-CD4- antibody
(0.01 mg/mL, 14-0041; eBioscience, San Diego, CA), rat
anti-CD11b (0.026 mg/ml., ab8878; Abcam), and rat
anti-Gr-1 (0.01 mg/mL, ab25377; Abcam). The second-

- ary antibodies were fluorescein' isothiocyanate—conju-

gated anti-rabbit IgG antibody (0.0075 mg/mL; Jackson
Immunoresearch Laboratories, West Grove, PA) and fluo-
rescein isothiocyanate-conjugated anti-rat IgG antibody
(0.0075 mg/ml; Jackson Immunoresearch Laboratories).
DAP! (Vector Laboratories) was used for nuclear staining.

Immunoﬂuorescence Staining for Apoptos:s
Markers

Terminal deoxyribonucleotidyl transferase-mediated de-
oxyuridine triphosphate digoxigenin nick end labeling
(TUNEL) staining was performed using the in situ Cell
Death Detection Kit, TMR Red (Roche Applied Science,
Mannheim, Germany). initially, 10 ug/mL of proteinase K
{Roche Applied Science) in 10 mmol/L Tris/HC| (pH 7.4)
was applied to the lacrimal gland specimens and left for
15 minutes at room temperature. After washing the sam-
ples with 0.1M PBS twice, TUNEL reaction mixture

. (Roche Applied Science) was added to the samples and

the label solution on the negative control sample, which
were. then incubated at 37°C for 60 minutes in a dark
room. The specimens were rinsed in 1M PBS for 5 min-
utes three times, and then 100 ul of 0.5 ug/mL of DAPI
diluted in Tris-buffered saline and Tween-20 was added
on samples for 5 minutes at room temperature. Finally,
the specimens were washed with 1M PBS and mounted
with aqueous mounting medium Permafluor (Beckman
Coulter, Marseille, France). Caspase-3 immunofluores-
cent staining was performed using the Aléxa Fluor 488
Goat Anti-Rabbit SFX Kit (Molecular Probes, Eugene,
ORY). The samples were initially blocked with four drops of
Image-iT FX signal enhancer (Molecular Probes) for 30
minutes and then with 10% normal goat serum (Dako,
Tokyo, Japan) difuted in Block-Ace solution (ditution fac-
tor 1:25 in 0.1M PBS) for 2 hours. Primary cleaved
caspase-3 antibody (dilution factor 1:200; Cell Signaling,
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‘Danvers, MA) was added on the specimens, which
were kept refrigerated overnight at 4°C. Subsequently,
after wash with 0.1M PBS, the secondary antibody
anti-lgG Alexa 488 (dilution 1:200; Molecular Probes)
was applied for 45 minutes in a dark incubation chamber.

After wash with 0.1M PBS, specimens were coverslipped .

with fluorescent mounting medium with DAPI (Vectashield;
Vector Laboratories). Sections were examined and pho-
tographed with an epifluorescence  microscope
(AxuoplanZ;magmg, Carl Zelss)

Transmission Electron Microscopy Examination

Lacrimal gland specimens were immediately fixed with
2.5% glutaraldehyde in 0.1M PBS {pH 7.4) immersed for
4 hours at 4°C, and then washed three times with 0.1M
PBS solution. The samples were then postfixed in 2%
osmium tetroxide, dehydrated in a series of ethanol and
propylene oxide, and embedded in epoxy resin. One-
micrometer sections were stained with methylene blue,
and the lacrimal gland tissues were thin sectioned on an
Ultratome (LKB, Gaithersburg, MD) with a diamond knife.
Sections were collected on 150-mesh grids, stained with

uranyl acetate and lead citrate, examined, and photo-
graphed using an electron microscope (model 1200 EXII
JEOL, Tokyo, Japan).

| Serum 8-OHdG Concentrations Assessed by
ELISA -

A commercially available 8-OHdG ELISA kit (Japan Insti-
tute for the Control of Aging) was used to determine the
serum 8-OHdG concentration, as reported previously.2®

A total of 200 ul of serum was used for 8-OHDG mea-
surements.

Lacrimal Gland IHC Staining for Oxidative Stress

and Inflammatory Cell Markers in Humans

Postmortem human lacrimal gland tissues from 6 individ-
uals 17 to 48 years old (the-young group) and 6 individ-
uals 76 to 87 years old (the old group) were donated by
Dr. Hiroto Obata. The samples were studied under insti-
tutional review board permission at Keio University
School of Medicine. All lacrimal gland specimens were
immediately fixed in 4% buffered paraformaldehyde, em-
bedded in paraffin wax, cut into 4-um-thick paraffin sec-
tions, and processed according to conventional histo-
logic techniques, including H&E and Mallory staining
fibrosis. Oxidative stress-induced lipid peroxidation was
assessed by IHC detection of 4-HNE protein adducts.
Oxidative DNA damage was investigated by IHC staining
of 8-OHdG. The presence of inflammatory cells was in-
vestigated by IHC using anti-CD45 antibodies (concen-
tration: 0.01 mg/mL; Dako, Glostrup, Denmark). The ABC
method was used for immunostaining. Antigen retrieval
was achieved by microwaving in 10 mmolfL. sodium ci-
trate buffer for 5 minutes then cooling for 20 minutes. The
tissues were then treated with mouse anti-8-OHdG
monoclonal antibody at a concentration of 10 pg/mL di-
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luted with horse-blocking serum (Japan Institute for the
Control of Aging) and anti-4-HNE monoclonal antibody
at a concentration of 25 pg/mL diluted with horse-block-
ing serum (Japan lnstitute for the Control of Aging) for 2
hours at room temperature. For the negative controls, the
primary antibody was replaced with mouse IgG1 isotype
control (MOPC-21; Sigma). Endogenous peroxidase ac-
tivity was blocked using 3.0% H,O, in methanol for 3
minutes. The sections were incubated for 30 minutes with

biotin-labeled horse anti-mouse igG serum (Vector Lab-

oratories), followed by avidin-biotin-alkaline phosphatase
complex treatment (Vector Laboratories) for 30 minutes.
The sections were. washed in PBS buffer, developed in
prepared DAB chromogen solution (Vector Laboratories), .
lightly counterstained with hematoxylin for 4 minutes at
room temperature (4-HNE stainings), washed mth tap
water, dehydrated, and mounted

Quantitative RT-PCR for EMT Markers

Mouse lacrimal glands were preserved overnight in RNA
later (Applied Biosystems, Carlsbad, CA) after prompt
excision. Tissues were then transferred into isogen (Nip-

pon Gene, Tokyo, Japan) and homogenized well. Total -

RNA was extracted, cleaned up, and treated with DNase
using RNeasy mini kit (Qiagen, Valencia, CA). cDNA syn-
thesis was performed using iScript cDNA Synthesis Kit
(Bio-Rad, Hercules, CA). SYBR Green-based quantitative
realtime PCR was performed using StepOnePlus system
(Applied Biosystems). Mouse glyceraldehyde-3-phosphate
(GAPDH) (sense 5"-TGACGTGCCGCCTGGAGAAA-3', an-
tisense, -3'AGTGTAGCCCAAGATGCCCTTCAGS’-), Snail .
(sense 5'-TGGAAAGGCCTTCTCTAGGC-3’, antisense,

| 3CTTCACATCCGAGTGGGTTTS™), E-cadherin (sense 5™~

GGCTTCAGTTCCGAGGTCTA-3', antisense, -3'CGAAAA-
GAAGGCTGTCCTTGS'-), a-SMA (sense 5’-CTGACAGAG-
GCACCACTGAA-3', antisense, -3'AGAGGCATAGAGGG-
ACAGCAS'-) primers were used as templates for GAPDH,
Snail, E-cadherin, and «-SMA amplification. Data were nor-

. malized to GAPDH.

Resulis

Lack of SOD1 Accelerates Oxidative Lipid and
DNA Damage in the Lacrimal Glands and
Causes Elevation of Serum 8-OHdG Levels

Aldehyde molecules generated endogenously during the
praocess of lipid peroxidation have been reported to be
associated with oxidative stress in cells and tissues.?®
4-HNE is one of the best recognized and most studied
cytotoxic product of lipid peroxidation.2®

To evaluate the influence of the Sod1 knockout on the
lipid peroxidation process, we inifially performed lacrimal -
gland IHC stainings with anti-4-HNE antibodies (Figure
1A). Specimens from 50-week-old Sod7™~ mice exclu-
sively showed dense staining compared with the speci-
mens from the WT mice at 10 and 50 weeks and Sod7™~
mice at 10 weeks (Figure 1A). The mean areas (pixels?)
of positively stained cells were 11.98 *+ 4.26 for WT mice
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Fignre 1. Oxidative lipid and DNA changes in the lacrimal glands and alterations in serum 8-OHdG levels, As Late-phase lipid peroxidation marker 4-HNE stained
cells positively, showing a dense staining in the 50-week-old Sed1™"~ mouse. WT mice specimens were also stained but not to the extent observed in Sod1™"~
mice. B: Acinar cell nuclei showed scanty staining with 8-OHdG antibodies in the Sod7™”~ and WT mice at 10 weeks. There was a marked increase in nuclear
staining from 10 to 50 weeks, exclusively in all Sod?™"" mice. Relatively more acinar cellular nuclei stained with anti~8-OHdJG antibodies in the SodZ™"~ mice
at 50 weeks compared with lacrimal gland specimens from WT mice at 50 weeks. C: Semi itative analysis of the extent of cellular staining for 4-HNE revealed
a statistically significance increase in the 50-week-old mice group compared with the 10-week-old group and a significant elevation in staining for the Sod1™"*
mice group compared with the WT mice at 50 weeks (P < 0.0001). Error bars indicate SD from at least five independent samples. D; The mean 8-OHdG serum
concentrations were significantly higher in the SodZ™/" than the WT mice at 10 (P < 0.05) and 50 weeks (P = 0.008). Note the significant elevation of serum

8-OHAG concentration from 10 to 50 weeks in the Sod1™* mice. Eror bars indicate SD from at least five independent samples per group of two separate

at 10 weeks, 12.29 + 4.64 for Sod? ™~ mice at 10 weeks,
© 27.23 + 12.37 for WT mice at 50 weeks, and 87.43 *
30.37 for Sod1~~ mice at 50 weeks. The extent of lacri-
mal gland staining with 4-HNE antibodies showed a sig-
_ nificant increase (P < 0.0001) in both Sod1~~ and WT
mice from 10 weeks to 50 weeks as shown in Figure 1C.

The extent of staining with 4-HNE antibodies in the .

Sod1™~ mice at 50 weeks was significantly higher (P <
0.0001) than the WT mice at 50 weeks (Figure 1C).

. 8-OHdG is a well-known marker for oxidative stress—
induced DNA damage.?® To assess the cellular DNA
damage, we next performed IHC with anti~8-OHdG an-
tibodies. Acinar cell nuclei showed scanty staining with
8-OHdG antibodies in the Sod1~~ and WT mice at 10
weeks. There was a marked increase in nuclear staining
from 10 to 50 weeks in all Sod7~~ mice. Relatively more
acinar cellular nuclei stained with anti-8-OHdG antibod-
ies in the Sod7™/~ mice at 50 weeks compared with
lacrimal gland specimens from WT mice at 50 weeks
(Figure 1B). Serum 8-OHdG assessment has been shown
to be a reliable marker for elevated systemic oxidative
. stress status.®® To investigate this possibility, we per-

formed ELISA to determine serum 8-OHdG concentra-

 tions in the Sod7™~ and WT mice at both 10 and 50
weeks. The mean 8-OHdG concentrations were signifi-
cantly higher in the Sod7 ™~ than the WT mice at 10 (P <
0.05) and 50 weeks (P = 0.008).

A significant timewise increase was seen in the mean
serum 8-OHdG concentration in the Sod7~~ mice from
10 to 50 weeks. The mean values for serum 8-OHdG
concentrations were 0.12 = 0.01 ng/mL for WT mice at 10
weeks, 0.15 = 0.02 ng/mL far Sod? "~ mice at 10 weeks,
0.12 = 0.01 ng/mL for WT mice at 50 weeks, and 0.27 =
0.03 ng/mL for Sod7™~ mice at 50 weeks (Figure 1D).

Oxidative Lipid 'and DNA Damage Is Associated
with Ultrastructural Mitochondrial Alterations

At organelle level, we could observe, by transmission
electron microscopy examination, certain ultrastructural
changes in the mitochondria, which are the power
houses of the living cells.?” Whereas the mitochondria
did not show any phenotypic alterations from 10 to 50
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weeks in the WT or the Sod7™™ mice at 10 weeks,
mitochondrial swelling, disorientation, shortening, and
disorganization of cristae were noted prominently at 50
weeks in 88.2% of the Sod1™~ mice (Figure 2).

Sod1 Knockout Is Also Associated with
Increased Inflammatory Response in the
Lacrimal Gland and Elevation of inflammatory
Cytokines in Tears and Serum

Oxidative damage has been reported 1o be associated
with induction of inflammation.?®-3° To check whether the
aforementioned oxidative stress changes were associ-
ated with increased facrimal gland inflammation, we per-
formed IHC stainings with CD45 antibodies. CD45 is a
panleukocyte marker and has been shown to be a good
marker for staining of T lymphocytes, B lymphocytes,
granulocytes, monocytes, and macrophages.®' Whereas
specimens from the 10-week-old Sod7~~ and WT mice
showed scanty staining of inflammatory cells with anti-
CD45 antibodies, there was intense staining in all spec-
imens from the Sod7 ™7/~ mice at 50 weeks, where inflam-
matory cell infiltrates around glandular ducts and several
foci of inflammation could be observed. Relatively more
inflammatory infiltrates were observed in specimens from
the 50-week-old Sod7™/~ mice compared with the WT
mice (Figure 3A). To differentiate the type of inflammatory
cells in the 50-week-old Sod7~'~ mice, we performed
further IHC stainings with CD4, CD11b, and Gr-1 antibod-

ies. CD4.is a marker of helper T cells, whereas CD11b-

and Gr-1 are markers for neutrophils and monocytes,
respectively. ‘ :

Using the ImageJ and Adobe Photoshop computer
software, we quantified the total inflammatory cell counts
in each specimen. The mean CD45* inflammatory cell

Sod1~'~ Mice and Dry Eye 1885
AJP May 2012, Vol, 180, No. 5

- Figure 2. Ultrastructural mitochondrial altera-

tions. Transmission electron microscopic exan- -
ination of WT and SodT ™ mice at 10 and 50
weeks revealed marked ultrastructural changes
in the mitochondria. Whereas the mitochondria
did not show any phenotypic alterations from 10
to 50 weeks in the WT mice, mitochondrial
swelling, disorientation, shortening, and disor-
ganization of cristae were noted at 50 weeks in
the Sod1™" mice.

E
WY 50 weeks

density showed a significant timewise increase from 10 to
50 weeks in both the Sod7~/~ and WT mice (P < 0.0001
and P = 0.0031, respectively). The mean inflammatory
cell density was significantly higher in the Sod?7~/~ mice
at 50 weeks compared with the WT mice (P < 0.05) -
(Figure 3B). The mean CD4-, CD11b-, and Gr-1—positive
inflammatory cell densities were significantly higher in the
Sod?~'~ mice compared with the WT mice at 50 weeks.
The mean CD4-positive cell density was significantly
higher than the density of other inflammatory cells in the
Sod1~'~ mice at 50 weeks (Figure 3B).

To investigate the inflammatory cytokine alterations in
the serum and tears, we performed Cytometric Bead
Array evaluating the changes in six cytokines, including
IL-6, IL-10, IFN-y, TNF-a, MCP-1, and IL-12p70. Among
them, the mean serum IL-6 concentration in the Sod? /"~
mice showed a significant (P = 0.009) timewise increase
from 10 to 50 weeks (9.96 = 12.95 pg/mL to 33.62 =
14.98 pg/mL). The mean serum TNF-a levels were also
significantly higher (P = 0.009) in the Sod1™~ mice
(10.89 = 3.23 pg/mL) compared with the WT mice at 50
weeks (5.6 *+ 3.73 pg/mL). There was a significant (P =
0.016) timewise increase in the mean TNF-a serum con-
centration from 10 (5.13 + 6.39 pg/mL) to 50 (10.89 *
3.23 pg/mL) weeks in the Sod? ™~ mice (Figure 3C).

The mean tear IL-6 concentration also showed a sig-
nificant increase in'the Sod7~/~ mice from 10 to 50 weeks
(P = 0.002). The IL-6 concentration was significantly
higher (P = 0.028) in the Sod7 ™~ at 50 weeks (36.88 +
29.23 pg/mL) compared with the WT mice at 50 weeks
(14.08 = 11.65 pg/mL). The mean tear TNF-a concentra-
tion increased significantly from 10 to 50 weeks in both
the Sod1™~ (9.96 = 12.95 pg/mL and 33.62 + 14.98
pg/mL, respectively) and the WT mice (6.82 = 10.38
pg/mbl and 46.11 + 17.86 pg/mL, respectively). The
mean tear TNF-a concentration was significantly higher in -
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the Sod7™/~ mice compared with the WT mice at 50
weeks (P < 0.05) (Figure 3D).

The mean tear IL-10, IFN-y, MCP-1, and IL-12p70 lev-
els did not show significant differences from 10 to 50
weeks in both the Sod7~~ and WT mice. There were also
no significant differences in the mean {L-10, IFN-y,
MCP-1, and IL-12p70 concentrations between the WT

. and the Sod?™~ mice at 50 weeks (data not shown).

IHC and Ultrastructural Evidence of Increased
Apoptosis in the Lacrimal Glands

Inflammation in the !écrimal gland has previously been
shown to be associated with apoptosis in acinar cells of

i Budt
sumatye , Hgure 3. loflammatory lacrimal gland, serum,
and tear alterations in the SodZ™™ and WT mice.
A: Specimens stained with CD45 in the 10-week-
old SodZ™/~ and WT mice showed scanty inflam-
matory cells. Note the refatively more intense stain-
ing in the specimen from the Sod7 ™~ mice at 50
weeks compared with the WT. mice. The mean
inflammatory cell densities showed a significant
timewise increase from 10 weeks to 50 weeks in
both the Sod7 ™~ and WT mice (P < 0.0001 and
P = 0.0031, respectively). Note the significantly
higher inflammatory cell density in the Sod7 ™~
mice at.50 weeks compared with the WT mice
(P < 0.05). B: Specimens from the 50-week-old
Sod 1™~ mice were stained with anti-CD4, CD11b,
and Gr-1 antibodies. Note the CD4-positive cells
were dominant among inflammatory cells. The
CD4-positive cell density (lower panel) was signif-
icantly higher than either the CD11b- or Gr-1-
positive cell density. C: The mean serum I1-6 con-
centration - in the SodZ7™~ mice showed a
significant (P = 0.009) timewise increase from 10
to 50 weeks, Serum TNF-a levels were also signif-
icantly higher (P = 0.009) in the SodZ™"~ mice at
50 weeks compared with the WT mice at 50
weeks. A significant (P = 0.016) timewise increase
was seen in the mean TNF-a serum ¢oncentration
from 10 to 50 weeks in the Sod7™/~ mice. Dz The
mean tear 116 concentration also showed a signif-
icant increase in the SodZ ™"~ mice from 10 to 50
weeks (P = 0.002). Note the significantly higher
16 concentration (P = 0.028) in the Sod1™"~
mice at S0 weeks compared with the WT mice at
50 weeks. The mean tear TNF-a concentrations
increased significantly from 10 to 50 weeks in both
the $6d7™"~ and the WT mice. Note also the sig-
nificanly higher TNFa concentration  in the
Sod1™" shice compared with the WT mice at 50
weeks (P < 0.05). Frror bars indicate SD from at
least five independent samples per group of three
separate experiments. *P < 0.05.
Bustt”
s Tyos

the lacrimal glands in dry eyes associated with Sjégren
syndrome.3232 To investigate whether elevated oxidative
damage and inflammation status were associated with
increased cell death in the lacrimal glands of the current
mouse model, we performed immunofluorescence stain-
ing with TUNEL and caspase-3 antibodies. TUNEL assay
has been used to detect the DNA breakpoints and as-
sess apoptotic cells.3* Lacrimal gland samples from all
Sod1~’~ mice at 50 weeks showed -marked positive
staining with TUNEL for apoptotic cells (572.21 cells/.
mm?>) compared with specimens from Sod?™~ mice at
10 weeks (110.05 cells/mm?) and WT mice at 50 weeks
(247.21 cells/mm?). Increased positive staining was also
observed for the WT mice lacrimal gland specimens from
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Figure 4. THC and ultrastructural evidence ofapoptosisinthelaa‘imalglands.A:l.acﬁmal gland samples from all Sod7™ mice at 50 weeks showed marked
positive staining with TUNEL for apoptotic cells (572.21 cells/mm?®) compared with specimens from Sod7™~ mice at 10 weeks (110.05 cells/mm®) and WT mice
at 50 weeks (247.21 cells/mm?). htcreasedposmvesmmmgwasalsoobservedfor the WT mice lacrimal gland specimens from 10 weeks (27.11 cells/mm?) to 50
weeks (247.21 cells/mm®). B: Specimens from the Sod7™" mice at 50 weeks displayed relatively more positive staining (178.63 cellsymm?®) with caspase-3
antibodies for apoptotic cells compared with specimens from Sod7™*" mice at 10 weeks (65.39 cells/mm?) and WT at 50 weeks (116.43 cells/mm?). C: Note the
evidence for apoptosis (A; arrows) in acinar epithelial cells by transmission electron microscopy. Specimens from the Sod7 ™~ mice at 50 weeks exclusively and |
prominently displayed fragmentation and shrinkage of the nuclei, cytoplasmic vacuole formation, and loss of nuclear membranes. The areas indicated by circles
and ellipses correspond to the lacnmal gland acinar ducts (D). Images are representatives of at least five independent samples per group.

10 weeks (27.11 cells/mm?) to 50 weeks (247.21 cells/
mm?) (Figure 4A). We also performed cleaved caspase-3
staining by immunofluorescence. Caspase-3 has been re-
garded to be an important mediator of apoptosis.®® Speci-
mens from the Sod7™~ mice at 50 weeks displayed rela-
tively more positive staining (178.63 cells/mm?) with
caspase-3 antibodies for apoptotic cells compared with
specimens from Sod7™~ mice at 10 weeks (65.39 cells/
mm?) and WT mice at 50 weeks (116.43 cells/mm?) (Figure
4B). We also sought for evidence of apoptosis in acinar
epithelial cells by transmission electron microscopy. A total
of 88.2% of the specimens from the Sod?™~ mice at 50
weeks displayed marked fragmentation and shrinkage of
the nuclei, cytoplasmic vacuole formation, and loss of nu-
clear membranes (Figure 4C). Such changes were not ob-
served in specimens of WT mice at 10 and 50 weeks and
Sod1™~ mice at 10 weeks (data not shown).

Lacrimal Gland Fibrosis and Related Morphologic
Alterations in the Sod1~~ and WT Mice

As shown in Figure 5A, lacrimal glands removed from the
10-week-old WT and Sod1~/~ mice showed normal duc-

tal and acinar cell morphologic features and lobular ar-
chitecture separated by interlobular connective tissue. At
50 weeks, lacrimal glands in the Sod1™"~ mice exclu-
sively developed a severe inflammatory response - with
inflammatory cells invading the interlobular spaces sur-
rounding both acinar and ductal cells. Lobular atrophy
due to atrophy of the acinar cells, interlobular and peri-
ductal fibrosis, and interlobular duct dilatation were ob- -
served. Slight periductal and interlobular fibrosis together
with a few inflammatory cells were also noted in the WT
mice lacrimal gland specimens. To further describe the
extent of fibrosis, Mallory staining was performed, which
stains areas of fibrosis with a dark blue color.2°2' Aimost
no interlobular fibrosis was observed in both Sod?1—/~
and WT mice at 10 weeks. Extensive interlobular and
periacinar Mallory staining was observed in the lacrimal
gland specimens of all Sod1™~ mice at 50 weeks, with _
some slight interlobular positive staining observed in the

" age-matched WT mice (Figure 5B).

To quantify the lacrimal gland-acinar unit densities, we
counted the number of acinar units within a fixed area for all
samples. We observed that there were no statfistically sig-
nificant differences between the mean acinar unit densities

— 568 —



-'1888  Kojima et al
AJP May 2012, Vol. 180, No. 5

of Sod7~/~ (780.89 + 150.05 units/um?) and WT (794.39 +

78.75 units/um?) mice at 10 weeks. There was a decrease
in the mean acinar unit densities from 10 weeks to 50 weeks
in both Sod7™~ and WT mice (Figure 5C). The mean acinar

unit density in the lacrimal gland specimens of the Sod7™~
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mice at 50 weeks (379.72 + 92.78 units/um?) was signifi-
cant lower than the acinar unit density in the WT mice at 50
weeks (514.58 + 47.43 units/y.rnz) (P < 0.001 ).

Evaluatlon of EMT in Lacnmal Glands of
Sod1™" and WT Mice

To further study the processes involved in lacrimal gland
fibrosis, we decided to investigate the presence of EMT
in the lacrimal gland. Lacrimal gland specimens were
immunostained with epithelial and mesenchymal mark-
ers, namely, E-cadherin and a-SMA. Type | collagen was
expressed in basement membranes of acinar cells in
both Sod7~"~ and WT mice (Figure 6, A-D). In eyes of
50-week-old Sod7~'~ mice, disruption of basement
membrane was observed (Figure 6D). «-SMA immuno-
staining was observed in the periacinar areas of the ep-
ithelial cells in all specimens (Figure 6, E~H). The number
of a-SMA-positive cells was significantly higher in the
50-week-old Sod7~/~ mice compared with the WT mice.
On the other hand, positive E-cadherin staining was ob-
served in the intercellular junctions between adjacent
lacrimal gland acinar cells (Figure 6, I-L), and expression
was lower in the 50-week-old Sod7~~ mice compared
with the WT mice (Figure 6L). To further quantify the
mRNA expression levels of EMT-related markers, SYBR
Green-based quantitative real-time PCR was performed.
The expression of Snail, which is an inducer of EMT, was
significantly higher in the 50-week-old Sod7~/~ mice than
in 50-week-old WT and 10-week-old Sod7~/~ mice (Fig-
ure 6M). The expression of a-SMA, which is a mesenchy-
mal cell marker, was significantly higher in the 50-week-
old Sod7~/~ mice than in 50-week-old WT mice (Figure
6N). The expression of E-cadherin, which is an epithelial
cell marker, was significantly lower in the 50-week-old
Sod1~/~ mice than the 50-week-old WT mice, the 10-
week-old Sod7~/~ mice, and the 10-week-old WT mice
(Figure 60). The expression level of the a-SMA/E-cad-

- herin ratio was significantly higher in the 50-week-old

Sod7~'~ mice than the 50-week-old WT mice, 10-week-
old Sod1~'~ mice, and 10-week-old WT mice (Figure 6P).

Figure 5. Evidence of further morphologic alterations in the Sod7™/~ and
WT mice lacrimal glands. A: Lacrimal glands from the 10-week-old WT and
Sod1™/~ mice showed normal ductal and acinar cell morphologic features. At
50 weeks, lacrimal glands in the Sodl ™~ mice exclusively developed a
severe inflammatory response, with inflammatory cells invading the inter-
lobular spaces surrounding both the acinar and ductal cells. Lobular atrophy
due to atrophy of the acinar cells, interlobular and periductal fibrosis, and
interlobular duct dilatations were observed. Slight periductal and interlobular
fibrosis together with a few inflammatory cells were also noted in the WT
mice lacrimal gland specimens. B: Extensive interlobular and periacinar
fibrosis was observed in the lacrimal gland specimens of all So#1 ™™ mice at
50 weeks, with some slight interlobular positive staining in the age-matched
WT mice. Images in A and B are representatives of at least five independent
samples per group. C: No statistically significant differences were found
between the mean acinar unit densities of the Sod7™~ and WT mice at 10
weceks. There was a timewise decrease in the mean acinar unit densities from
10 weeks to 50 weeks in both Sod7™ and WT mice (P < 0.0001). The mean
acinar unit density in the laciimal gland specimens of the SodZ™ mice at 50
weeks was significant lower then the-acinar unit density in the WT mice at 50
weeks (*P < 0,001, Mann-Whitney test). Data in C represents the mean and SD
of combined data from seven nucepetgtoup andarerepresentatxveofthree
separate experiments.
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Figore 6. IHC and quantitative txanscnpt evaluation of EMT in the lacmnalghndof\Vl and Sod7™”" mice. IHC usmgam—collagentypelamibody A-D) .

revealed disruption of basement membrane in 50-week-old Sod7 "~ mice (D). Arrowhead showed the location of b d

ption (D). THC

staining of a-SMA (B-H) in 50-week-old Sod7 "~ mice (H) increased compared with 50-week-old WT mice (F). On the other hand, IHC staining of E-cadherin
(L) in 50-week-old SodZ™" mice (E) decreased compared with 50-week-old WT mice (J). M: Quantitative real-time. PCR revealed that Snail expression in
50-week-old Sod™ mice was higher than 50-week-old WT mice and 10-week-old Sod7 ™" mice. N: a-SMA expression in 50-week-old Sod1™~ mice was higher
than 50-week-old WT mice. O: E-cadherin expression in 50-week-old Sod™~ mice was lower than in 50-week-old WT mice, 10-week-old WT mice, and
10-week-old Sod7™" mice. P: The a-SMA/E~cadherin ratio in 50-week-old Sod~*~ mice was higher than in 50-week-old WT mice, 10-week-old Sod 7™~ mice,

and 10-week-old WT mice. *P < 0.05.

Ultrastructural Evidence for EMT in the Lacrimal
Glands

Electron microscopy observation of lacrimal gland in the
50-week-old Sod7~/~ mice revealed loss of polarity of
acinar epithelial cells, which is feature of EMT (Figure 7).
Higher magnification of electron microscopy also re-
vealed the presence of secretory vesicles and microvilli
toward the interstitial area with evidence of increased
collagen lay-down (Figure 7).

Lacrimal Gland Secretory Functions Decrease
Overtime in the Sod1™/~ Mice, Leading to
Ocular Surface Disease

We measured aqueous tear production with the cotton
thread test and divided the values by the respective

mouse weights at 10 and 50 weeks. Weight-adjusted
aqueous tear production measurements were signifi-
cantly lower in the Sod1™~ (n = 17) mice compared with
the age- and sex-matched WT (n = 14) mice at 10 weeks
and 50 weeks (10-week-old Sod7™~ mice: 0.094 =
0.077 ul/g; 50-week-old Sod?™~ mice: 0.050 = 0.035

- ul/g; 10-week-old WT mice: 0.175 * 0.112 ul/g; and

50-week-old WT mice: 0.168 + 0.089 ul/g) as shown in -
Figure 8A. A significant decrease of tear production from
10 to 50 weeks was also observed in the Sod7 ™~ mice
(P = 0.026) (Figure 8A). On stimulation with pilocarpine, the
tear secretion tended to decrease from 10 to 50 weeks in
the Sod1™~ mice with a tendency to increase in the WT
mice without statistical significance. However, pilo-
carpine-stimulated tear secretion was significantly lower
(P = 0.0364) in the Sod?™~ mice at 50 weeks (0.034 +
0.009 ul/g) compared with the WT mice (0.079 + 0.010 -
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