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Abstract
Context: Cathepsin S (CTSS) activity is elevated in Sjogren’s Syndrome (SS) patient tears.

Objective: To evaluate longitudinal expression of tear and tissue CTSS activity relative to other
disease indicators in Non-Obese Diabetic (NOD) mice.

Methods: CTSS activity was measured in tears and lacrimal glands (LG) from male 1-6 month
(M) NOD and 1 and 6M BALB/c mice. Lymphocytic infiltration was quantified by histopathology,
while disease-related proteins (Rab3D, CTSS, collagen 1) were quantified using g-PCR and
immunofluorescence.

Results: In NOD LG, lymphocytic infiltration was noted by 2M and established by 3M (P<0.01).
IFN-y, TNF-a,, and MHC Il expression were increased by 2M (P<0.01). Tear CTSS activity was
significantly elevated at 2M (P<0.001) to a maximum of 10.1-fold by 6M (P<0.001). CTSS
activity in LG lysates was significantly elevated by 2M (P<0.001) to a maximum of 14-fold by 3M
(P<0.001). CTSS and Rab3D immunofluorescence were significantly increased and decreased
maximally in LG acini by 3M and 2M, respectively. Comparable changes were not detected
between 1 and 6M BALB/c mouse LG, although Collagen 1 was decreased by 6M in LG of both
strains.

Conclusion: Tear CTSS activity is elevated with other early disease indicators, suggesting
potential as an early stage biomarker for SS.
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Introduction

The autoimmune disease, Sjogren’s Syndrome (SS), is characterized by lymphocytic
infiltration and altered secretory function of lacrimal gland (LG) and salivary gland (SG),
causing autoimmune-mediated dry eye and dry mouth, respectively [1, 2]. SS is a chronic
systemic disease, with patients experiencing additional symptoms of weight loss, fatigue,
and inflammation of the heart, kidney, brain, lungs, liver, nervous system, and/or
gastrointestinal tract which can worsen over time [3, 4]. SS patients are also 44 times more
likely to develop non-Hodgkin’s B-cell lymphoma, which in turn may lead to high-grade
malignant tumors [5, 6]. SS can be classified into primary (pSS) and secondary (sSS)
disease, based on the development of symptoms in the absence or presence, respectively, of
other autoimmune diseases such as rheumatoid arthritis (RA) and systemic lupus
erythematosus (SLE) [7, 8]

SS occurs in males and females of all ages, but the majority of patients diagnosed are
middle-aged women with a male to female ratio of 1:10 [9]; however, ocular and extra-
glandular complications may be more serious in men [10]. Despite being the second most
common autoimmune rheumatic disease in the United States, a large subset of SS patients
are estimated to remain undiagnosed due to a lack of specific classification criteria and
biomarkers [11]. Several classification criteria have been proposed but lack proper
validation. In 2002, American and European experts in SS set forth classification criteria that
included oral and ocular symptoms, histopathology of SG to confirm lymphocytic
infiltration, and elevated serum markers like autoantibodies to Ro (SSA) and La (SSB) [12].
However, none of these classifications were endorsed by the American College of
Rheumatology (ACR) or the European League Against Rheumatism (EULAR) until, in
2012, the Sjogren’s International Collaborative Clinical Alliance (SICCA) registry
developed new classification criteria, which were endorsed by the ACR in the interim [13].
Most recently, in 2016, a set of new classification criteria were developed and endorsed by
the ACR and EULAR based primarily on hallmark symptoms like histological evaluations
and autoantibody profiles [14]. Each of these “gold standard” criteria has its own drawbacks,
ranging from a lack of specificity to SS to the need for use of invasive methods and the high
costs of the assay. Even with these criteria, it still takes ~3.5 years to diagnose a SS patient
(source: https://www.sjogrens.org/home/about-the-foundation/breakthroughgoal-/
4yearupdate). Hence, there continues to be a need for specific and non-invasive diagnostic
markers for timely diagnosis of SS.

Of the many mouse models of SS, the NOD mouse is one of the most widely utilized, as it
spontaneously develops most of the attributes of SS in humans such as elevated pro-
inflammatory cytokines, lymphocytic infiltration of LG and SG, and low secretory flow [15-
17]. This model has also provided important insights into the changes in gene and protein
expression in affected exocrine glands in human SS [18, 19], leading to insights into
mechanisms of disease development. These mice demonstrate increased levels of the serum
autoantibodies SSA (anti-Ro) and SSB (anti-La), components of the current classification
criteria [20]. The development of autoimmune dacryoadenitis in male NOD mice is much
more prominent than in females, while inflammation of pancreas and submandibular gland,
leading to insulitis and submandibularitis, respectively, develops earlier and to a greater
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extent in female NOD mice relative to males [21, 22]. Previous studies have demonstrated
that the LG in NOD mice is normal at 3—4 weeks of age but that by 6-8 weeks of age
lymphocytic infiltration begins while manifestation of symptoms such as reduced tear flow
and increased corneal fluorescein staining is detected by 12—-16 weeks of age. Extensive
destruction of the LG is reported at 28 weeks in male NOD mice [23, 24]. The presence of
pro-inflammatory cytokines like IFN-y, TNF-a, IL-1B, IL-2, IL-6, and IL-18 paralleling
lymphocytic infiltration of exocrine glands in mouse models of SS and human patients is
well studied [20, 25, 26], and a plethora of knockout NOD mouse models have been used to
study the roles of these cytokines in the pathogenesis of SS [27-29]. It is also well-
established in male NOD mice that expression levels of IFN-y, TNF-a, IL-10 and MHC-II
are elevated in the LG whereas levels of ECM markers such as collagen 1 and 3 are
decreased during the progression of autoimmune dacryoadenitis [30, 31].

The main focus of this study is a cysteine protease, cathepsin S (CTSS), which we have
shown is elevated in LG lysates and tears of male NOD mice aged 12 weeks relative to age-
and gender- matched controls [30]. We subsequently demonstrated elevated tear CTSS in
diagnosed female SS patients in comparison to age- and gender-matched healthy controls
and in comparison, to patients with other autoimmune or eye diseases [32, 33]. These
clinical findings derived from preclinical studies in the NOD model thus suggested that tear
CTSS has potential as a hon-invasive diagnostic marker for SS. However, the relationship
between elevated tear and LG CTSS with disease pathogenesis and progression has not been
previously determined. The purpose of the present study is to investigate the relationship
between increased CTSS expression and activity in tears and LG to the onset and
progression of autoimmune dacryoadenitis, and to correlate this with other indicators of SS
in male NOD mice. Insights from this work will shed light on the utility of this potential tear
biomarker in clinical SS populations.

Materials and Methods

Animals:

NOD/ShiLtJ (001976) mice obtained from The Jackson Laboratory and BALB/c mice
obtained from Charles River Laboratories were housed, and aged in the vivarium facilities at
the University of Southern California. All animal experiments were performed in
compliance with the University of Southern California Institutional Animal Care and Use
Committee (IACUC), and in accordance with the ARVO statement for Animal Use in
Ophthalmic and Vision Research. In the current study, male NOD mice aged 1 to 6 months
(M) and male BALB/c mice aged 1 and 6 M were used. 12-15 male NOD mice, each at the
experimental time points of 1 M, 2 M, 3 M, 4 M, 5 M and 6 M, and 10 male BALB/c mice,
each at experimental time points of 1 M and 6 M were anesthetized with an intraperitoneal
injection of 50-60 mg of Ketamine and 5-10 mg of Xylazine per kg of body weight. Tears
were collected from these mice by stimulating with 3 pl of 50 uM CCH as described below
and used for the CTSS activity assay. After tear collection, the mice were immediately
euthanized by cervical dislocation. The LG pair was retrieved, and the tissues were divided
with one LG allocated for biochemistry to accommodate either lysate preparation for CTSS
activity assays, or mRNA extraction for expression analysis of CTSS, IFN-y, TNF-a, MHC-
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I1, Rab3D, Collal and Col3al, and the other LG allocated and fixed in 10% neutral buffered
formalin (NBF) for histology or 4% paraformaldehyde for indirect immunofluorescence.
The number of mice (n) used for each experiment are indicated in the relevant figure
legends.

CTSS activity assay kits were obtained from Biovision (Milpitas, CA). The RNeasy plus
universal mini kit was bought from Qiagen (Valencia, CA). The Reverse Transcription Kit,
the Universal Master Mix, and primers for real-time PCR analysis of ctss
(Mm01255859_m1), MHC-ii (Mm00439216_m1), IFN-y (MmO00801778_m1), Collal
(Mm00801666_g1), RAB3D (Mm01151273_mh), TNF-a (MmO00443258_m1) and
GAPDH Mm99999915 g1) were all purchased from Life Technologies (Grand Island, NY).
The eye irrigating solution for washing the mouse ocular surface was from Bausch + Lomb
(Rochester, NY). The 2-uL microcaps micropipettes for tear collection were obtained from
Drummond (Broomall, PA). Ketamine hydrochloride (VetaKet) was from Akorn (Lake
Forest, IL) and Xylazine (XylaMed) was obtained from MW!I animal health (Boise, ID).
Carbachol, used to stimulate LGs for tear production, was from Sigma-Aldrich Corp (St.
Louis, MO). The Bio-Rad Protein Assay dye reagent was from Bio-Rad Laboratories
(Hercules, CA). Optimal cutting compound (OCT) was from Sakura Lifetek (Torrance, CA).
Rabbit anti-CTSS polyclonal antibody was from Biovision Inc (cat # 6686-100) (Milpitas,
CA). Rabbit anti-Collal polyclonal antibody was from Abcam (cat# ab34710) (Cambridge,
MA). Rabbit anti-Rab3D polyclonal antibody was from Proteintech (cat# 12320-1-AP)
(Rosemont, IL). Rhodamine Phalloidin, ProLong® Gold Antifade mounting medium, Alexa
Fluor® 488 donkey anti-rabbit and Alexa Fluor® 568 goat anti-rabbit secondary antibody
were from Invitrogen (Carlsbad, CA).

Analysis of Lymphocytic Infiltration:

LGs from male NOD and BALB/c mice, fixed in 10% NBF, were embedded in paraffin, cut
into 5 um horizontal sections, and stained with hematoxylin-eosin (H&E) according to
standard procedures. Sections were imaged using a Nikon 80i microscope equipped with a
digital camera (Nikon Instruments Inc., Melville, NY). Multiple low magnification images
covering the entire LG section were captured and the percentage of lymphocytic infiltration
in the total tissue area represented by multiple continuous stitched images was measured
across three LG sections acquired at approximately %, % and ¥ depths of sectioning within
each LG utilizing ImageJ software (National Institutes of Health, http://imagej.nih.gov/ij) by
a blinded reviewer. These values were averaged to provide a single value for lymphocytic
infiltration for one mouse LG.

Stimulated Tear Collection:

Tears were collected from anesthetized male NOD and BALB/c mice at the aforementioned
ages as described. The mice were kept resting on their side and the LG was exposed by
making a small incision along the axis of the outer eyelid and ear. The connective tissue
capsule around the LG was carefully removed and a small layer of fine cellulose (Kimwipe;
Fisher Scientific, Pittsburgh, PA) was applied on top of the gland. The ocular surface was
washed with an eye irrigating solution. The LG was then stimulated by applying 3ul of 50
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UM carbachol (CCH) topically on the gland. Tear fluid was carefully collected by gently
placing a 2 pl microcapillary tubes at the medial canthus for 5 min. Each gland was
stimulated three times resulting in 15 min of tear collection per LG. The tears were emptied
into sterile vials and analyzed immediately.

CTSS Activity Assay in Tears and LG lysates:

Lysates were prepared by placing LG from male NOD and BALB/c mice at the ages
indicated into 2.0 ml tubes with 2.0 mm zirconium beads. 300 pL of CTSS lysis buffer was
added to each tube, and LG were homogenized using a BeadBlaster™ 24 microtube
homogenizer (Benchmark Scientific, Inc. Edison, NJ). The homogenate was then
centrifuged at 6000 X g for 10 min at 4°C; the supernatant collected was analyzed
immediately. 10 pL of LG lysate with 40 pL of CTSS lysis buffer and 50 uL of CTSS
reaction buffer or 100 puL of mouse tears diluted in CTSS reaction buffer were added to 96-
well plates in duplicates. 2 pL of CTSS inhibitor was added to one of the two wells and 2 pL
of substrate was added to each well with and without the CTSS inhibitor for each sample.
The reaction was then incubated at 37°C for 1 h. The quantity of the resulting fluorescent
products obtained from the CTSS and substrate reaction was measured with a microplate
spectrofluorometer (Spectramax Gemini EM; Molecular Devices, Sunnyvale CA) using 400
nm/505 nm excitation/emission filters.

mMRNA Extraction and Real Time PCR Analysis:

MRNA was extracted from LG from male NOD and BALB/c mice at the indicated ages
using the RNeasy plus Universal Mini Kit according to the manufacturer’s protocol. mRNA
concentration was measured using the NanoDrop™ spectrophotometer (NanoDrop,
Wilmington, DE). cDNA was prepared with the Reverse Transcription Kit for all the
samples using equal amounts of MRNA. Real time PCR was then performed for ctss, MHC
I1, IFN-y, TNF-a, Rab3D, Collal, and Col3al using GAPDH as an internal control. The
recorded data was then analyzed using the AACt method. The change ratio for a specific
gene was obtained by calculating ACt = Ct (target gene) — Ct (internal control), ACt
(control) — ACt (samples) = AACt. Finally, relative quantification (RQ) was calculated using
the formula 27AACt,

Immunofluorescence labeling of LG:

LGs from male NOD and BALB/c mice at the indicated ages were retrieved following
euthanasia; fixed in 4% paraformaldehyde for 3 h, transferred to 30% sucrose and incubated
overnight at 4°C. Fixed glands were inserted into OCT compound and flash-frozen on dry
ice. The blocks were cryosectioned at 5 um thickness and mounted onto a glass slide. The
sections were then permeabilized with 0.1% Triton X-100 for 10 min and 1% SDS for 5
min. Following this, the sections were blocked with 1% BSA for 1 h and later incubated
with primary and secondary antibodies for a period of 1 h each at 37°C. Between each
incubation, the slides were washed with PBS three times for 5 min each. Finally, the samples
were mounted with ProLong anti-fade and imaged using a Zeiss LSM 800 confocal
fluorescence microscope (Zeiss, Thornwood, NY). Average Mean gray values of 3 random
acini from 3 randomly selected images obtained from each of 3 mice in each age group was
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measured using ImageJ software (National Institutes of Health, http://imagej.nih.gov/ij) to
quantify the expression level of different proteins tested.

Statistical Analysis:

All statistical analyses were performed using GraphPad Prism software. A one-way ANOVA
with Tukey’s multiple comparison test was used between all pairs of the group. A P<0.05
was considered as a significant difference.

Results

LG lymphocytic infiltration in male NOD mice is established by 3 M of age:

The presence of infiltrating lymphocytes in the tear- and saliva-producing exocrine glands is
a principal hallmark of SS in patients. Similarly, lymphocytic infiltration characterizes the
LG of male NOD mice, an experimental model of autoimmune dacryoadenitis. We
quantified the extent of lymphocytic infiltration over time as an indicator of disease
progression in these mice. H&E stained sections of LG were obtained from NOD mice aged
1-6 M and BALB/c control mice aged 1 M and 6 M, and the level of lymphocytic
infiltration (dark purple patches) was quantified as a percentage of the total area of the
gland. As shown in Fig 1, there were no signs of infiltration in LG at 1M in NOD mice and
in LG at 1 M and 6 M BALB/c mice; however, initial lymphocytic infiltrates were observed
in the LG (dark purple) at 2 M, increasing to 20-40% by 3 M (P<0.01), and remaining at
that general level up to 6 M in male NOD mice, suggesting disease is well established and
lymphocytic infiltration is maximal and significant by 3 M.

Gene expression analysis in male NOD mice LG shows early elevations in pro-
inflammatory cytokines by 2 M of age:

Gene expression of several genes commonly associated with the etiology and autoimmune
exocrinopathy in SS were analysed to understand how their expression changed with
lymphocytic infiltration and disease progression over time. Quantitative real time-PCR
revealed significant up-regulation of IFN- y (Fig 2A) and TNF-a (Fig 2B), cytokines
commonly associated with inflammation in SS patients [34-36], as well as upregulation of
MHC II, which is associated with increased antigen presentation [37-39] (Fig 2C), by 2 M
(P<0.01) in male NOD LG when compared to 1 M old male NOD mice. Expression of these
genes each increased remarkably between 1- 2 M, prior to major lymphocytic infiltration of
the LG, and then remained elevated at all time points measured up to 6 M, suggesting a
possible causative or initiating role in lymphocytic infiltration. However, the expression
levels of these genes in 6 M male BALB/c mice did not change when compared to 1 M
BALB/c mice. A progressive and significant down-regulation in the gene expression of the
major secretory Rab protein associated with formation and maintenance of mature secretory
vesicles in acinar cells of the LG, Rab3D, which is also decreased in exocrine glands of SS
patients [40] was conversely detected in parallel in LG of NOD mice by 2 M which
continued at 3 M and was sustained to 6 M (Fig 2D), while no change in its expression level
were observed in 6 M BALB/c LGs when compared to 1 M BALB/c mice LG. A more
precipitous decline in gene expression of the major ECM proteins, collagen type 1 (collal)
(Fig 2E) and collagen type 3al (Fig 2F), also decreased in SS LG and SG [31, 41], was seen
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by 2 M and sustained to 6 M (P<0.001) in NOD LGs and also seen in 6 M (P<0.001)
BALB/c LGs when compared to 1 M LGs from each strain, respectively. As shown in Fig 3,
by 2 M and continuing to 6 M, collagen 1 immunofluorescence was markedly reduced in the
NOD mouse LG when compared to the amount in 1 M mouse LG, and but also was
diminished with age in BALB/c mouse LG at 6 M.

ctss gene expression in LG and Activity in LG Lysates and Tears is increased in parallel to
disease development:

Cathepsin S (CTSS) was previously observed to be increased in tears of male NOD mice
with significant lymphocytic infiltration of the LG [30] by 3 M of age and is also elevated in
diagnosed SS patients [32, 33]. CTSS activity was measured in LG lysates or in carbachol-
stimulated tears collected from male NOD mice aged 1 to 6 M. A significant increase in
CTSS activity in LG lysates was seen as early as 2 M (8.1-fold increase, P<0.0001), which
peaked at 14-fold increase at 3 M (P<0.0001) and remained elevated at this level when
compared to levels in 1 M mice (Fig 4A). Gene expression changes in ctssin LG paralleled
the elevated enzyme activity in LG lysates (Fig 4B). In tears, mean CTSS activity was
significantly elevated in mice aged 2 to 6 M when compared to 1 M old mice, where little to
no lymphocytic infiltration was observed as shown in Fig 1. However, in contrast to the
CTSS activity in LG lysates, the age-dependent increase in tear CTSS continued throughout
the time measured. The activity increased by 4.4-fold at 2 M (P<0.001), 6.2-fold at 3 M
(P<0.001), 7.3-fold at 4 M (P<0.0001), 8.8-fold at 5 M old mice (P<0.0001), and 10.1 in 6
M old mice (P<0.001) (Fig 4C) relative to 1 M old mice. However neither LG and tear
CTSS activity nor ctss gene expression were significantly changed in 6 M BALB/c mice
when compared to 1 M mice. Moreover both LG and tear activity and gene expression levels
of ctssin 6 M NOD mice were significantly elevated when compared to 6 M BALB/c mice
as shown in Fig 4A-C. Values shown in Fig 4A and4C are normalized to 50 pg of total LG
protein concentration and normalized to 100 g tear protein, respectively; tear CTSS activity
is significantly less than that seen in CTSS lysates. However, the gradual increase in its
activity over time in these mice relative to the constant elevation in lysates suggests an active
change in its cellular sorting into the tear fluid.

CTSS Activity in tears parallels changes in CTSS and Rab3D distribution within the
secretory pathway in acinar cells:

To understand how the intracellular distribution of CTSS is affected with progression of
autoimmune dacryoadenitis, indirect immunofluorescence was performed on sections of LG
from male NOD mice aged 1-6 M. Representative images are shown in Fig 5. At 1 M of
age, CTSS immunofluorescence was barely detectable in LG acinar cells, occasionally
detected in large basolateral organelles with morphology and distribution consistent with
lysosomes. This distribution is consistent with the known role of CTSS in all cells in
lysosomal protein catabolism [30, 42]. By 2 M of age, CTSS immunofluorescence was
detected more abundantly throughout the cytoplasm in large basolateral vesicles, again
consistent with lysosomes. However, by 3 M of age, a significant increase in CTSS-enriched
organelles was also detected immediately beneath the apical plasma membranes, suggestive
of the enrichment of CTSS in vesicles destined for secretion at the apical membrane and into
tears. CTSS immunofluorescence in subapical organelles appeared to increase from 4-5 M

Biomarkers. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Janga et al.

Page 8

and to remain constant at 6 M. These data suggest that CTSS present in increasing
abundance in acinar cells of the LG is increasingly recovered in vesicles that discharge their
contents by regulated secretion, consistent with its increased activity in tears throughout this
period. No detectable CTSS immunofluorescence in BALB/c mice was seen at 6 M relative
to 1 M in LG acinar cells as also shown in Fig 5.

We have previously shown that secretion of CTSS is increased in mice lacking Rab3D [40].
As shown in Fig 6, male NOD mice exhibit a dramatic reduction and redistribution of
Rab3D positive vesicles suggestive of reduced function of Rab3D in the regulated secretory
pathway with aging. At 1 M of age, male NOD mice showed robust Rab3D
immunofluorescence associated with apparent mature secretory vesicles located from the
apical region and extended abundantly into the cytoplasm. By 2 M of age, reduced
immunofluorescence was noticeable and by 3 M of age, the immunofluorescence signal was
further reduced while labeling at the basolateral membrane could be detected. Additionally,
in LG from mice aged 4 and 5 M, Rab3D immunofluorescence was detected in apparent
bands around aggregates of large vesicles in the middle region of the cell. By 6 M of age,
Rab3D immunofluorescence was almost undetectable. These images suggest profound
changes in the function of this major effector of regulated secretion during disease
progression, likely related to the altered secretory profile of CTSS. Meanwhile the
immunofluorescence associated with Rab3D in LG acinar cells in 6 M BALB/c mice was
unchanged in intensity and distribution relative to 1 M BALB/c mice (Fig 6).

Discussion

While SS affects up to 4 million Americans, the lack of specific diagnostic markers means
that patients are not diagnosed until later stages of the disease when irreversible damage to
the exocrine glands may have occurred. The current classification criteria are based on a
weighted sum of five items: a positive Anti-SSA (Ro) antibody; demonstration of focal
lymphocytic sialadenitis (FLS) with a focus score of > 1 foci/ 4 mm?; an ocular staining
score (OSS) of =5; a Schirmer’s test of <5 mm/5 min; and an unstimulated whole saliva
flow rate < 0.1 mL/min [14]. While this set of criteria is endorsed by the ACR and EULAR,
these tests/criteria have major limitations including the lack of specificity of SSA antibodies
and the invasive nature and potential side effects of lip biopsies for FLS assessment.
Moreover, a lip biopsy may not reflect the extent of autoimmune dacryoadenitis, since
exocrinopathy may not equivalently impact the LG and SG. Dry eye and dry mouth can be
symptoms of other diseases and/or result from low humidity levels, use of computers or
tablets for prolonged periods, exposure to smoke [43], Due to many of these limitations,
diagnosis of SS remains challenging.

The main objective of the present study was to evaluate the time course of development of
elevated activity of a putative SS biomarker, tear CTSS, identified utilizing the male NOD
mouse model [30] and validated in an SS patient population [32, 33], relative to other
indicators of disease. Our findings show that significant elevations of CTSS occur in LG
lysates and are detectable in tears as early as 2 M of age in the male NOD mice, in parallel
with early elevations in the pro-inflammatory cytokines, IFN-y and TNF-a, and of MHC |1
in the LG. IFN-y and TNF-a are implicated in disease pathogenesis, as a majority of T-cells
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isolated from infiltrates in LG of male NOD mice produce IFN-y and TNF-a upon ex vivo
antigen stimulation, which is consistent with their elevation in the early stages of disease
[44]. The timeline of LG disease development, observed in our cohort is consistent with
what have been shown in other NOD mice cohorts, with early elevation of LG gene
expression of TNF-a and IFN-y at 6-8 weeks along with lymphocytic infiltration around 2
months of age [45-47]. Although not measured here, we have previously shown in diseased
NOD mice that changes in pro-inflammatory gene expression of these cytokines are
correlated with their increased protein expression, utilizing multiplex ELISA [48]. Elevated
tear CTSS occurs concomitant with the earliest detectable lymphocytic infiltration of the LG
and before lymphocytic infiltration reaches maximum levels. The continued increase in tear
CTSS with aging in the mice may reflect the continued deterioration of the Rab3D-mediated
secretory pathway, which has been linked to negative regulation of CTSS secretion [40]
from lacrimal acini, and has also been shown to be down-regulated in SS patient exocrine
glands [49, 50].

CTSS is an endopeptidase that belongs to the C1 (papain) family, and is abundant in late
endosomes and lysosomes, with a role in protein catabolism [51, 52]. It is also responsible
for immune responses through participation in MHC Il-mediated antigen presentation in
professional antigen-presenting cells [53, 54]. Consistent with this function, it is well-
established that ctss expression is responsive in particular to IFN-y, which also evokes
expression of other components of MHC II-mediated antigen presentation through the
transcription factor (class Il transactivator) CIITA including the class Il a and B chains,
invariant chain and the DMA and DMB-chains [48, 55]. Thus, CTSS may serve as an early
and sensitive readout reflective of onset of autoimmune-mediated exocrine gland
autoimmune inflammation.

Tear CTSS activity in SS patients has thus far been shown to be significantly elevated only
in patients with diagnosed disease [32, 33]. These new data, extrapolated to SS patients,
suggest that CTSS may be elevated in LG and tears early in disease development at first
onset of tissue cytokine elevation and onset of LG lymphocytic infiltration. This would
suggest significant value in the testing of CTSS as an early stage diagnostic biomarker of
SS, in parallel with “gold standard” biomarkers in SS patients since it might represent an
earlier disease stage than any of the classification criteria in current use. Tear CTSS
measures are non-invasive, in contrast to measures such as FLS, and they are capable of
discriminating between patients with SS and patients with non-autoimmune mediated dry
eye [32, 33].

It should be noted that the ability of CTSS to contribute to antigen presentation and
processing, and to be stable at neutral pH when compared to other cysteine proteases [52],
allows it to play a key role in inflammation. Its role in MHC ll-mediated antigen
presentation involves degradation of proteins to antigenic peptides [56, 57], maturation and
trafficking of MHC Il ap heterodimer with invariant chain (i) and sequential degradation of
li to class 1l associated invariant chain peptide (CLIP) that facilitates Antigen loading and
presentation [58-60]. Moreover, CTSS has the potential to participate in extracellular events
within tissue and on the ocular surface. CTSS is implicated in extracellular matrix
remodeling and degradation [61, 62], which in turn leads to cell infiltration, migration and
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differentiation [63, 64]. Various ECM proteins are the substrates of CTSS [65, 66]. In the
current study, we examined two types of collagen, collal and col3al, which are known to be
degraded in the exocrine glands of SS patients [41]. Although we did observe loss of
collagen 1 immunofluorescence, we were surprised to detect early changes in gene
expression of these proteins by 2 M of age, with their expression remaining decreased
through 6 M. We also observed the loss of collal and col3al by gene expression and
collagen 1 by immunofluorescence in 6 M BALB/c mice when compared to 1 M BALB/c
mice. While elevated tissue CTSS can potentially contribute to reduced tissue collagen 1, the
findings of reduced gene expression and loss of collagen 1 shown by immunofluorescence
in BALB/c are unexpected and suggest additional potential contributions beyond CTSS-
mediated degradation, potentially related to aging.

The ability of CTSS to participate in multiple events in inflammation suggest that it may
play an active role in disease progression, a subject of active investigation by many groups.
Studies utilizing CTSS inhibitors in NFS/sld, another mouse model of SS, have shown
suppression of autoimmune sialadenitis [67]. Several CTSS inhibitors are in clinical trials
for treatment of autoimmune diseases and other disorders including celiac disease [68],
abdominal aortic aneurysm [69], RA (www.clinicaltrails.gov, Identifier: NCT00425321),
psoriasis (www.clinicaltrails.gov, Identifier: NCT00396422) and most recently, a phase Il
study to assess the efficacy of a small molecule CTSS inhibitor in pSS
(www.clinicaltrails.gov, Identifier: NCT02701985). If CTSS represents a therapeutic target
as well as a biomarker of disease, the relationship of its levels in tears with response to
therapy will be important to determine. It is important to note that we have treated
autoimmune dacryoadenitis in male NOD mice with rapamycin formulations administered
both intravenously and topically and, in both cases, reduction of lymphocytic infiltration of
the LG was accompanied by a parallel reduction in tear CTSS levels, suggesting this as a
potentially pharmacodynamic biomarker [70, 71].

Conclusion

Tear and tissue CTSS levels were evaluated in the male NOD mice in parallel with other
indicators of autoimmune dacryoadenitis, in order to understand how these indicators may
emerge during the disease process and relate to other available biomarkers for disease
diagnosis. Autoimmune dacryoadenitis in the male NOD mouse shares many attributes with
SS patients. We find that tear CTSS is elevated early at the first detectable lymphocytic
infiltration of the LG, in parallel with the first spikes in pro-inflammatory cytokines and
MHC Il gene expression. The absence of significantly elevated tear CTSS in the non-
diseased BALB/c control mouse model further suggests that this elevation is disease-specific
and may serve as a potential tool to identify patients with early stage SS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Significance:

The diagnosis of SS is often delayed due to overlapping symptoms with other
autoimmune diseases and lack of specific biomarkers [43, 72, 73]. We have previously
shown that CTSS activity is elevated in tears of female SS patients compared to patients
with other autoimmune diseases including RA, SLE or other eye conditions including
non-autoimmune associated dry eye and Blepharitis and healthy controls [32, 33], thus
constituting a promising biomarker for SS. This study furthers the understanding of the
utility of tear CTSS activity as a biomarker of SS, as it shows its increase early in disease
development.
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Fig 1: Representative images and quantitative assessment of lymphocytic infiltration in LG of
male NOD and BAL B/c mice.

1 to 6 M old male NOD mice and 1 and 6M old male BALB/c (n=9-12 mice per group) LGs
were sectioned and stained with H&E. Images show foci of infiltrating lymphocytes (dark
purple patches) within tissue, representing a measure of disease progression over time. Bar,
300 pm. Image J was used to quantify the percentage of lymphocytic infiltration. One-way
ANOVA with Tukey’s multiple comparison test was used to for statistical comparison. The
overall ANOVA p-value was < 0.0001. * indicates post-test P-values for each of the NOD
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age groups (2 M, 3 M, 4 M, 5 M, 6 M) compared to NOD at 1 M, and also 6 M NOD
compared to 6 M BALB/c. * P<0.05; **, P< 0.01; and *** P < 0.001.
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Fig 2: Expression levels of IFN- vy, MHC-I1, TNF-a, RAB3D, COL 1al and COL 3al in male
NOD and BALB/c mouse LG from 1 M through 6 M of age determined by qPCR.

Gene expression of IFN-y, MHC-II, TNF-a, RAB3D, COL1al and COL3al were
guantified in male NOD mice at 1 M of age, prior to initiation of inflammation of the LG,
through 6 M of age (n=7-9 mice per group), when autoimmune dacryoadenitis is established
and in BALB/c mice at 1 M and 6 M of age (n=4 mice per group). Data represents Mean +
SEM of relative quantification, which was measured using the formula 2-AACt. One-way
ANOVA followed by Tukey’s multiple comparison test was used for statistical comparison.
The overall ANOVA p-values for each of IFN- -y, MHC-1I, TNF-a, RAB3D, COL1al and
COL3al was < 0.0001. * indicates post-test p-values for each of the NOD age groups (2 M,
3M,4M,5M, 6 M) compared to NOD 1 M, and 6 M NOD compared to 6 M BALB/c. *
P<0.05; **, P< 0.01; and *** P < 0.001.
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y

Fig 3: Collagen type 1 expression and quantitative analysisin male NOD and BALB/c mice LG
visualized by indirect immunofluorescence.
The intensity of Collagen 1 immunofluorescence was clearly decreased from 1-6 M in

parallel with the decreased collal gene expression seen in NOD and BALB/c mice LG (n=3
mice per group). Green, collagen 1 visualized with a Rabbit anti-Collal polyclonal antibody
and an Alexa Fluor® 488-donkey anti-rabbit secondary antibody; red, actin labeled with
rhodamine-phalloidin. Bar, 20 um. Image J was used to quantify the expression level of
Collal. One-way ANOVA followed by Tukey’s multiple comparison test was used for
statistical comparison. The overall ANOVA p-value was < 0.0001. * indicates post-test p-
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values for each of the NOD age groups (2 M, 3 M, 4 M, 5 M, 6 M) compared to NOD 1 M,
and 6 M BALB/c compared to 1M BALB/c. * P<0.05; **P< 0.01; and *** P < 0.001.
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Fig 4: CTSSactivity in tear fluid and CTSS expression and activity in LG lysatesin 1to 6 M old
male NOD and BAL B/c mice.

A) CTSS activity in LG lysates of NOD mice increased with time from 1-3 M and then
remained elevated, whereas no significant difference in activity was observed in 6 M BALB/
compared to 1 M BALB/c mice (n=6-10 mice per group). B) Relative CTSS expression
levels were increased in NOD mouse LG from 2 M to 6 M when compared to 1 M old mice,
while no change was observed in BALB/c mice (n=5-9 mice per group). C) CTSS activity
was progressively increased in tears of NOD mice aged 1 to 6 M, but was not significantly
different in 1 M and 6 M BALB/c mice (n=6-10 mice per group). Data represents Meant
SEM. One-way ANOVA with Tukey’s multiple comparison test was used to calculate the
significance and the overall ANOVA p-value for each of LG lysate CTSS activity, tear CTSS
activity and CTSS gPCR analysis was < 0.0001. * indicates post-test p-values for each of the
NOD age groups (2 M, 3 M, 4 M, 5 M, 6 M) compared to NOD 1 M, and 6 M NOD
compared to 6 M BALB/c. * P<0.05; **P< 0.01; and *** P < 0.001.
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Fig 5: Expression and quantification of CTSS immunofluorescencein male NOD and BALB/c

mouse LG from 1 M thorough 6 M.

CTSS showed increased immunofluorescence consistent with its increased gene expression.
In addition, its distribution shifted from enrichment in apparent basolateral lysosomes
(arrows) to apparent secretory vesicles located beneath the apical plasma membrane

(arrowheads). CTSS immunofluorescence was not abundant in both 1 and 6 M old male

BALB/c mice LG (n=3 mice per group). *, luminal regions and Bars, 20 um. Green, CTSS
immunofluorescence obtained with a rabbit anti-CTSS polyclonal antibody and Alexa
Fluor® 488-donkey anti-rabbit secondary antibody. Red, actin filaments labeled with
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rhodamine-phalloidin. Image J was used to quantify the expression of CTSS in NOD and
BALB/c mice acini. One-way ANOVA followed by Tukey’s multiple comparison test was
used for statistical comparison. The overall ANOVA p-value was < 0.0001. * indicates post-
test p-values for each of the NOD age groups (2 M, 3 M, 4 M, 5 M, 6 M) compared to NOD
1 M, and 6 M NOD compared to 6 M BALB/c. * P<0.05; **P< 0.01; and *** P < 0.001.
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Fig 6: Expression, distribution and quantification of Rab3D immunofluorescencein male NOD
and BALB/cmouse LG from 1 M thorough 6 M of age.
Rab3D showed decreased immunofluorescence with time, consistent with its decreased gene

expression in NOD mouse LG, while the immunofluorescence labeling associated with
Rab3D in 1 M and 6 M BALB/c mice was unchanged (n=3 mice per group). The distribution
pattern in young NOD and in both 1 M and 6 M BALB/c mouse LG acini showed
enrichment at the apical region in large vesicles which in some cases extended all the way
into the cell interior. In older NOD mice, Rab3D distribution shifted from enrichment in
large subapical mature secretory vesicles (white arrows) to more dispersed aggregates
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beneath the basolateral membrane (yellow arrows) and to apparent bundles around vesicle
aggregates (arrowheads). *, luminal regions and bars, 20 um. Green, Rab3D
immunofluorescence obtained with a rabbit anti-Rab3D polyclonal antibody and Alexa
Fluor® 488-donkey anti-rabbit secondary antibody. Red, actin filaments labeled with
rhodamine-phalloidin; Blue, DAPI. Image J was used to quantify the expression of Rab3D
expression in NOD and BALB/c mice acini. One-way ANOVA followed by Tukey’s
multiple comparison test was used for statistical comparison. The overall ANOVA p-value
was < 0.0001. * indicates post-test p-values for each of the NOD age groups (2 M, 3 M, 4
M, 5 M, 6 M) compared to NOD 1 M, and 6 M NOD compared to 6 M BALB/c. * P<0.05;
**P< 0.01; and *** P < 0.001.
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