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Purpose. CD25KO mice are a model of Sjogren disease (SjD) driven by autoreactive T
cells. Cathepsin S (CTSS) is a protease crucial for major histocompatibility complex class
II presentation that primes T cells. We investigated if a diet containing CTSS inhibitor
would improve autoimmune signs in CD25KO mice.

MerHoDS. Four-week female CD25KO mice were randomly chosen to receive chow
containing a CTSS inhibitor (R05461111, 262.5 mg/kg chow) or standard chow for 4
weeks. Cornea sensitivity was measured. Inflammatory score was assessed in lacrimal
gland (LG) histologic sections. Flow cytometry of LG and ocular draining lymph nodes
(dLNs) investigated expression of Thl and Th17 cells. Expression of inflammatory, T-
and B-cell, and apoptotic markers in the LG were assessed with quantitative PCR. The
life span of mice receiving CTSS inhibitor or standard chow was compared. CD4" T cells
from both groups were isolated from spleens and adoptively transferred into RAG1KO
female recipients.

Resurrs. Mice receiving CTSS inhibitor had better cornea sensitivity and improved LG
inflammatory scores. There was a significant decrease in the frequency of CD4" immune
cells and a significant increase in the frequency of CD8" immune cells in the dLNs of
CTSS inhibitor mice. There was a significant decrease in Thl and Th17 cells in CTSS
inhibitor mice in both LGs and dLNs. Ifng, Ciita, and Casp8 mRNA in CTSS inhibitor
mice decreased. Mice that received the CTSS inhibitor lived 30% longer. Adoptive transfer
recipients with CTSS inhibitor-treated CD4" T cells had improved cornea sensitivity and
lower inflammation scores.

Concrusions. Inhibiting CTSS could be a potential venue for the treatment of SjD in the
eye and LG.
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jogren disease (§jD) is an autoimmune disease charac-

terized by dysfunction of secretory glands, such as the
lacrimal gland (LG) and salivary gland (SG).! Previously, SjD
was identified as Sjogren Syndrome, but advances in defin-
ing the etiology and pathology of the disease, in addition to
patient advocacy, have made the term disease preferable.?:?
The prevalence of the disease varies due to a lack of univer-
sally accepted criteria and unique biomarkers.* Therefore,
estimates for the prevalence can vary from 0.2% to 14.2%.>°
SjD is characterized by severe lymphocytic infiltration in the
SG and LG, and it is composed primarily of T cells and B
cells.” Autoreactive B cells produce autoantibodies to Ro
and La proteins and are present in the inflamed exocrine
tissue.® Helper T cells (Th) activate B cells to generate this
humoral response; in SjD, it has been found that there is
a strong proinflammatory feedback loop between CD4t T
cells and B cells, resulting in autoimmunity.” Consequently,
biopsy specimens of SGs and LGs from patients with SjD
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have identified higher localization of Th cells in these tissues
than in controls.!®'!! Addressing this feedback loop may be
a therapeutic approach for SjD.

Cathepsin S (CTSS) is a protease that is important to
major histocompatibility complex (MHC) class II peptide
presentation. It degrades the last of the Ii-chain variants,
allowing transport of the MHC II receptor to the surface
for antigen presentation.'? Increased CTSS levels have been
associated with increased MHC II presentation and genera-
tion of autoreactive T cells.!® One clinical marker proposed
for better identification of SjD is protein activity measure-
ment of CTSS, which is elevated in the tears of patients and
is negatively correlated with tear and saliva production.'*
Furthermore, CTSS inhibition has promise as a treatment for
SjD. Peripheral blood mononuclear cells (PBMCs) isolated
from patients with primary SjD when stimulated in vitro
using SS-A and SS-B antigens and a CTSS inhibitor showed
decreased T-cell proliferation and decreased production of
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cytokines.’® In the nonobese diabetic (NOD) mouse, CTSS
inhibition resulted in reduced infiltration of lymphocytes
into the LG and increased stimulated tear secretion.'® While
these indicate strong promise for the use of CTSS inhibition
to decrease pathogenic T cells in SjD, further work in other
animal models of SjD is needed.

The CD25KO mouse is a severe autoimmune model with
long-lived autoreactive T cells. CD25 is the a chain of the
IL-2 receptor. It is the binding arm of the heterodimeric
receptor and critical for IL-2 signaling.!” Among its key
roles in T-cell homeostasis, IL-2 signaling results in differ-
entiation and maintenance of FOXP37CD4"CD25" T regula-
tory cells (Tregs).!® Without IL-2 signaling, CD25KO mice
develop a strong autoimmune response due to a lack
of Tregs, spontaneously activated T cells, and lack of
activation-induced T-cell death, all resulting in enlargement
of lymphoid tissues, destruction and fibrosis of organs, and
eventual fatal autoimmune complications.! Previously, we
and others have shown that CD25KO mice develop spon-
taneous dacryoadenitis, sialadenitis, and lymphocytic infil-
tration in the exocrine glands.?’?! By 16 weeks of age, LGs
and SG are severely atrophied and present almost complete
infiltration by lymphocytes, resulting in a diminished gland
size.?> However, it is unknown if this severe autoimmune
phenotype can be stymied by addition of a CTSS inhibitor
to standard chow. Herein, we investigated the use of CTSS
inhibition for 4 weeks in CD25KO mice as a mouse model
of $jD.20:22

MATERIALS AND METHODS
Animals

The Institutional Animal Care and Use Committee at Baylor
College of Medicine approved all animal experiments (AN-
6491). In addition, all studies adhered to the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision
Research and the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.>® The experiments
were performed at the Ocular Surface Center, Department of
Ophthalmology, Baylor College of Medicine, Houston, Texas.

Heterozygous breeder pairs of CD25%~ mice on a
C57BL/6 background (B6.129S4-II2ra™'®%/]) and breeder
pairs of RAG1KO mice (recombination activating gene 1;
B6.129S7-Rag1m“M°”‘/J) were purchased from Jackson Labo-
ratories (Bar Harbor, ME, USA) for establishing breeder
colonies. Mice were housed in specific pathogen-free facili-
ties at Baylor College of Medicine and kept on diurnal cycles
of 12 hours/light and 12 hours/dark with ad libitum access
to food, water, and environmental enrichment. The genotype
of CD25KO mice was confirmed using a commercial vendor
(Transnetx, Cordova, TN, USA). Wild-type (WT) mice were
littermates from our in-house colony. All mice used in this
study were female, because SjD disproportionately affects
women compared to men at a ratio of 9:1,>* and our previ-
ous work with CD25KO mice found no sex differences in
LG inflammation.?> Forty CD25KO mice, 5 WT mice, and 35
RAG1KO mice were used. Efforts were made to use the same
mouse in multiple endpoints to decrease the sample size.
The final sample size per endpoint can be found in figure
legends.

CTSS Inhibitor Regimen

Two groups of 4-week-old female CD25KO mice were
randomized to receive either a standard chow or a
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customized chow with the CTSS inhibitor (R05461111, 262.5
mg/kg chow; Roche, Basel, Switzerland). Pharmacokinetic
data indicate this dose results in an exposure dose of 30
mg/kg and stable plasma levels of 400 to 600 ng/mL for 8
weeks.!? The medicated chow was commercially prepared
by LabDiet (San Antonio, TX, USA). Mice were weighed
weekly. All endpoints were tested at euthanasia at 8 weeks
of age.

Survival Curve

CD25KO mice were given the CTSS inhibition chow ad libi-
tum and evaluated three times a week for body condition.
Endpoint days reflect either the natural death of the animal
or the day of euthanasia. Criteria for euthanasia included loss
of 20% or more of body weight and decreased body condi-
tion, rectal prolapse, or extreme moribund status as defined
by hunched posture and minimal movement.

Corneal Mechanical Sensitivity

Corneal sensitivity was measured with the Luneau Cochet-
Bonnet instrument (Western Ophthalmics, Lynnwood, WA,
USA), as described previously.?® Briefly, a nylon filament
was applied to the central cornea, initially at a length of
6 cm (range, 0.5-6 cm). The step technique was used; if
a specific length exhibited no response, the next lower
step (meaning higher pressure) was tested until a positive
response was obtained. A positive response was indicated
by a clear stimulus-evoked blink or retraction of the eye
into the ocular orbit. The response was considered negative
when the monofilament touch elicited no blink. One eye per
mouse was measured.

LG Inflammation Score

LGs were excised, fixed in 10% formalin, paraffin-embedded,
and cut into 5-um sections using a microtome (Microm HM
340E; ThermoFisher, Waltham, MA, USA), and stained with
hematoxylin and eosin. Sections were graded by two masked
independent investigators using a modified score described
by White and Casarett,”’ changing the assigned score from
0 to 5 as done previously.?®

RNA Isolation and Quantitative PCR

CD25KO LGs were excised, and total RNA was extracted
using a QIAGEN RNeasy Plus Micro RNA isolation kit
(Qiagen, Hilden, Germany). cDNA was synthesized using
the Ready-To-Go You-Prime kit (GE Healthcare, Chicago, IL,
USA). Quantitative PCR (qPCR) was performed with specific
minor groove binder probes for TNF (Tnf, Mm99999068),
IL-18 (111b, Mm00434228), IFN-y (Ifng, Mm00801778), CD4
(Cd4, Mm00442754), MHC 11 (Ciita, Mm00482914), caspase
3 (Casp3, Mm01195085), caspase 8 (Casp8, Mm00802247),
caspase 9 (Casp9, Mm00516563), and hypoxanthine-guanine
phosphoribosyltransferase 1 (Hprtl, Mm00446968). The
HPRT1 gene was used as an endogenous reference. The
results were analyzed by the comparative CT method and
normalized by the CT value of HPRT1.

Flow Cytometry

LGs and cervical draining lymph nodes were excised
and prepared as we have done previously.?® They were
stained with the antibodies anti-CD45_BV510 (clone 30-F11;
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BioLegend, San Diego, California, USA), anti-CD4_FITC

(clone RM4-5; Invitrogen ThermoFisher, Waltham,
Massachusettes, USA), anti-CD8a_APC (clone 53-6.7,
BioLegend), anti-IL-17a_PE (clone eBiol787; Invitro-

gen ThermoFisher), and anti-IFN-y_Pacific Blue (clone
XMG1.2, BioLegend). Afterward, cells were incubated with
an infrared fluorescent reactive live/dead dye diluted 1:32
(ThermoFisher).

The following gating strategy was used in this study: cells
were identified by forward scatter area versus side scatter
area; doublets were discriminated by forward scatter height
versus forward scatter area (singlet 1), followed by side scat-
ter height versus side scatter area (singlet 2); thereafter, dead
cells were excluded by gating live fixable infrared dye versus
side scatter; and subsequently, CD45" cells were gated and
then either CD4" or CD8™ cells were selected to calculate the
frequency of intracellular markers IFN-y* IL-17*, or FoxP3"
as described in each figure.

Negative controls consisted of fluorescence minus one
combined cell suspensions from all groups. Cells were
acquired with the BD Canto II Benchtop cytometer with BD
Diva software version 6.7 (BD Biosciences, Franklin Lakes,
New Jersey, USA). Final data were analyzed using FlowJo
software version 10 (Tree Star, Ashland, OR, USA).

CD4™" T-Cell Isolation and Adoptive Transfer

Single-cell suspensions were prepared from spleens and
draining lymph nodes and CD4" T cells were isolated
using a CD4 isolation magnetic kit (MACS system; Miltenyi
Biotec, Bergisch Gladbach, Germany). Then, 2 x 10° cells
were injected intraperitoneally into sex-matched 12-week-
old RAG1KO mice. Five weeks posttransfer, their tissues
were collected and used for histology and qPCR.

Statistical Analysis

Statistical analyses were performed with GraphPad Prism
(version 10; GraphPad Software, La Jolla, CA, USA). Nonpara-
metric Mann-Whitney U tests were used to compare controls
and CTSS-inhibited mice. Kaplan-Meier survival analysis
was performed with the Mantel-Cox log-rank test. A P <
0.05 was considered significant.

RESULTS

CTSS Inhibition Improves Cornea Sensitivity and
Dacryoadenitis

We investigated if CTSS inhibition could improve signs of
dry eye in CD25KO mice. Mice aged 4 weeks? were random-
ized to receive either a customized chow with CTSS inhibitor
or standard chow and were evaluated at 8 weeks (Fig. 1A).
We tracked the body weights of both cohorts during the
diet regimen and found no significant differences in weights
between groups (Supplementary Fig. S1). Prior to euthana-
sia, we assessed cornea sensitivity using the Cochet-Bonnet
aesthesiometer. CD25KO mice receiving the CTSS inhibi-
tion diet had significantly improved sensitivity, like wild-
type littermates (represented by dotted line; Fig. 1B). There
was no difference in body mass between control mice and
mice receiving CTSS inhibition (Fig. 1C). Mice that received
the CTSS inhibitor had improved LG to body mass ratio
compared to CD25KO mice on standard chow (Fig. 1D).
LGs were graded using a modified inflammation score.?
Representative images of LG histologic sections are shown

7
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(Fig. 1E). CD25KO LGs from animals on standard chow had
an average inflammation score of 4.25 (out of a total possi-
ble score of 5), indicating severe lymphocytic infiltration
and destruction of healthy tissue. LGs from mice that had
received the inhibitor had significantly lower inflammation
scores (average 1.5) than controls (Figs. 1E, 1F).

CTSS Inhibition Reduces the Frequency of CD4*
Th1 and Th17 Cells and Inflammatory Marker
Expression

We then quantified the infiltrating immune cells in the LGs
by flow cytometry, emphasizing T cells because CD4" Th1l
and Th17 cells have been implicated in SjD.3*3! LG suspen-
sions were stained for CD45, CD4, CDS8, IL-17, and IFN-y.
Representative dot plots are shown in Figures 2A and 2B.
In mice who received standard chow, an average of 50% of
alive cells in the LG were CD45%, 20% of which were CD4™ T
cells (Fig. 2C). By contrast, mice receiving the CTSS inhibitor
had significantly decreased CD4" T cells (12%) in their LGs
(Fig. 2C). This decrease became starker when we investi-
gated specific subsets of CD4" T cells. Both IFN-y TCD4" T
cells (Th1) and IL-177CD4" T cells (Th17) were significantly
decreased in the LGs of mice receiving the CTSS inhibitor
compared to mice on standard chow (Fig. 2C). A similar
decrease was observed in the eye and LG-draining cervical
lymph nodes (dLNs) of the same mice (Fig. 2D).

While there was no difference between the frequency of
CD8" T cells between groups, mice on CTSS inhibition had
a significant decrease in IFN-y *CD8" T cells (Fig. 2C). In the
dLNs, there was also a significant increase of total CD8" T
cells in mice that received CTSS inhibition compared to mice
on standard chow. CD8" T cells have nearly twice as much
IL-2RB and IL-2Ry as CD4" T cells,?? and it has been shown
previously that CD8" T cells proliferate in CD25KO mice,*
likely due to increased exposure to IL-15.34

We validated these findings with qPCR in whole LG
lysates. First, we verified our previously reported results
investigating changes in CD25KO LGs compared to wild-
type littermates. As before,?* we found increased expression
of Ifng and Il1b, in addition to increased Tnf, increased T-cell
marker Cd4, and increased antigen-presenting cell marker
Ciita (Supplementary Figs. S2A-S2C). CD25KO mice did not
have significant changes in the transcripts of apoptotic mark-
ers Casp3, CaspS8, or Casp9.

In CTSS-inhibited mice, there were no changes in
the inflammatory markers I/76 and Twnf but significantly
decreased expression of the inflammatory Ifng transcript
(Figs. 3A, 3B). This is promising because exogenous treat-
ment with IFN-y can cause acinar cell death, and in vivo
deletion of IFN-y in the NOD and CD25KO mice ameliorates
the SjD phenotype.?”'3> There was significantly decreased
expression of the gene Ciita in CTSS-inhibited mice (Fig.
3B), suggesting that CTSS inhibition reduced MHC II presen-
tation time. We found a significant decrease in Casp8 in the
CD25KO mice that received the inhibitor chow (Fig. 3C).
Casp8 is the marker for the first caspase in the extrinsic
apoptosis pathway,® suggesting there is less cell death medi-
ated through this pathway.

CTSS Inhibition Improves the Longevity of Mice

CD25KO mice often face early mortality due to systemic
autoimmunity and have an average life span of 12 to
20 weeks’” We investigated whether systemic CTSS



Investigative Ophthalmology & Visual Science

CTSS Inhibition Improves Autoimmunity in SjD Mouse

A B

Cochet-Bonnet C

IOVS | July 2024 | Vol. 65 | No. 8 | Article 26 | 4

Standard -BC Body mass D Lacrimal gland/
. g chow sensitivity body mass
[ ]
W g o = g 0-0138 251 S5, 0.0004
CDIEKO ek = — Joeeeepeeeeene FRPRTOR D2 2.
4 weeks of weeks - © 20' . .‘I;! >
S © 6 " b 2 2.0-
22 215 [ [E] 8%
.chow © = E .t . = 1.01
Y A o 83’ > 101 ' E1of
CD25KO, Endpoint = @ 2 5_ _g 0.51
4 weeks of 4 weeks < 0 0 (_g_’
age r . i
CTSS | T N 0.0

m
N
o
pasd

2 d

FiGurE 1.

LG
Inflammation Score

0.0005

© 6
o

CCD) g

c 44 -
S w

g2

£ 2]

®© e
c

- 0 T T
CTSSinh - +

CTSS inhibition improves signs of dry eye in CD25KO mice. (A) Schematic of treatment. Created with Biorender.com. (B) Cornea

sensitivity of mice at endpoint. The dotted line represents the average cornea sensitivity of wild-type littermates. Mann—Whitney U test.
Sample size: CD25KO = 11; CTSS-inh CD25KO = 8. (C) Weight of mice at endpoint. The dotted line represents the average weight of wild-
type littermates. (D) Normalized LG to body mass ratio. The dotted line represents the average normalized LG mass of wild-type littermates.
Mann-Whitney U test. Sample size: CD25KO = 13; CTSS-inh CD25KO = 20. (E) Representative hematoxylin and eosin-stained LG images
of CD25KO mouse on either normal (CTSS inh (—)) or inhibited (CTSS inh (4)) chow. Scale bar at 20x: 100 pm. Scale bar at 40x: 50 pm.
(F) LG pathology assessed with modified White and Casarett inflammation score?” as done previously.?® The dotted line represents the
average inflammation score of wild-type littermates (average of 0). Mann—Whitney U test. CTSS inh = CTSS inhibition chow. Sample size:
CD25KO = 5; CTSS-inh CD25KO = 9. Each dot represents an independent biological sample (either mouse or LG).

inhibition could improve the life span of our model. Control
mice in our study had a median survival of 82 days. In
comparison, mice on the inhibitor chow lived an average
of 30% longer, reaching a median survival of 113 days
(Fig. 4). These observations suggest that CTSS inhibition may
also decrease the immune infiltration in other organs and
delay the appearance of systemic autoimmunity that can lead
to death.

Adoptive Transfer of CD4" T Cells From
CTSS-Inhibited Donor Mice Shows Ameliorated
Disease in Recipient Mice

We then investigated the functional ability of these inhibited
CD4*" T cells with an adoptive transfer experiment. Previ-

ously, we showed that adoptive transfer of CD25KO CD4"
T cells can cause SjD-like disease in immunocompromised
recipients.”® We isolated CD4" T cells from the spleen and
dLNs of mice that either received CTSS inhibitor or standard
chow and adoptively transferred 2 x 10° cells to female
RAG1KO mice (Fig. 5A). Cornea sensitivity was evaluated
2 days prior to euthanasia. Signs of LG pathology were eval-
uated 5 weeks posttransfer.

Cornea sensitivity was reduced in recipients of CD4"
T cells from standard chow donor mice but rescued in
recipients of CD4" T cells from CTSS inhibitor-fed donor
mice (Fig. 5B). LG physiology was determined with inflam-
mation score as before (Figs. 5C, 5D). Histologic eval-
uation of LGs of recipient mice of CD4" T cells with-
out CTSS inhibition showed extensive immune infiltration,
resulting in large foci of immune cells and acinar cell
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Ficure 2. CTSS inhibition decreased Th1, Th17, and IFN-y™ CD8T T cells in the LG and ocular draining lymph nodes. (A) Representative
gating scheme for LG and ocular dLN staining for IFN-y in control (CTSS inh (—)) and inhibited (CTSS inh (+)) CD25KO mice. (B) Represen-
tative dot plots for LG and ocular draining lymph nodes staining for IL-17 in control (CTSS inh (—)) and inhibited (CTSS inh (4)) CD25KO
mice. (C) Cumulative data of CD4", CD8™, Th1, and Th17 cells in LGs of control (CTSS inh (—)) and inhibited (CTSS inh (+)) CD25KO mice.
(D) Cumulative data of CD4", CD8", Th1, and Th17 cells in draining ocular lymph nodes of control (CTSS inh (—)) and inhibited (CTSS inh
(+)) CD25KO mice. Mann-Whitney U test. KO = CD25KO. CTSS inh = CTSS inhibition chow. Sample size: # = 5/group.

death (Fig. 5C). However, recipients of T cells from CTSS-
treated mice showed minimal mononuclear lymphocytic
infiltration and a significantly lower inflammation score
(Fig. 50).

Since we observed improved LG physiology, we also
investigated inflammatory marker expression with qPCR
(Fig. 6). Recipients of untreated CD4" T cells had increased
expression of Il1b, Tnf, Ifng, and Ciita compared to
untouched RAG1KO mice (Supplementary Figs. S3A-S30).

While there were few changes, there was a significant
decrease in the apoptotic marker caspase 8 and a significant
increase in caspase 9 in CTSS inhibitor-treated recipient mice
compared to recipients of untreated CD4" T cells (Fig. 6C).

DiscussioN

Patients with SjD have a reduced quality of life. Due to sicca
symptoms, patients have blurry vision, difficulty swallowing,
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mouse. P value as shown.

significant pain, fatigue, and increased rates of insomnia.’®
Therefore, it is important to find therapeutics for SjD that
can address these symptoms. This study showed that CTSS
inhibition reduced the pathogenic capacity of autoreactive T
cells, resulting in improved cornea sensitivity, less lympho-
cytic infiltration to the LG, a reduction in the number of Th1
and Th17 cells, less production of inflammatory and apop-
totic mRNA transcripts, and less disease progression in the
cornea and LG of our adoptive transfer recipients. Finally, we
showed an extension in the life of our model with the CTSS

inhibitor. This study highlights one potential therapeutic for
treating SjD and demonstrates its use in a systemic autoim-
mune mouse model.

CTSS inhibition improved cornea sensitivity in CD25KO
mice. Patients with SjD have decreased cornea sensi-
tivity despite increased ocular irritation symptoms.3®~4!
One hypothesis to explain this incompatibility in signs
and symptoms is that the corneal nerves become neuro-
pathic.*? We have shown that CD25KO mice have decreased
corneal innervation and decreased mechanosensitivity.?
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receiving CTSS inhibition chow. Sample size: standard chow
CD25KO = 9; CTSS inhibition chow CD25KO = 5.

The improvement in cornea sensitivity suggests an improve-
ment in the corneal nerve health of CTSS inhibitor-recipient
mice. While to our knowledge, there have been no studies
published yet that have described CTSS inhibition improv-
ing corneal nerves, there is some indirect evidence. A study
investigating neuropathic orofacial pain in male rats found
that a CTSS inhibitor improved signs of hyperalgesia.*> Work
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from our laboratory has shown that exogenous administra-
tion of CTSS to corneal epithelial cells breaks tight junction
proteins in vitro and breaks the corneal barrier in vivo,
which is important for preserving corneal nerves. Similarly,
exogenous addition of CTSS to human corneal epithelial
cell cultures resulted in increased expression of the protein
protease-activated receptor 2, which can induce neurogenic
inflammation and participate in pain signaling.%5-4
Likewise, CTSS inhibition improved inflammation scores
in the LGs of CD25KO mice. Lymphocytic infiltrates of the
exocrine glands are a hallmark of SjD. They are found
in patient’s minor SG and LG biopsy specimens'®-'"47 and
result in the sicca symptoms that cause patient discomfort.
This infiltration to the exocrine glands is recapitulated in our
murine model of S$jD.?>** Here, we described how systemic
administration of CTSS inhibition not only reduced lympho-
cytic infiltration but also resulted in improved health of the
remaining LG tissue, likely by reducing the pathogenicity
of the autoreactive CD4" T cells. Furthermore, the CTSS
inhibitor chow reduced the number of Thl and Th17 cells
in the LG lymphocytic infiltrates. Thl and Th17 cells are
present in labial SG and LG biopsy specimens of patients
with SjD and play a pathogenic role in the pathogenesis
of the disease.®® The presence of Thl cells in labial SG
biopsy specimens is associated with disease progression.?’
Furthermore, patients with SjD have unique Th1 and Th17
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Ficure 5. CTSS inhibition-treated CD4" T cells have reduced pathogenicity in RAG1KO adoptive transfer recipients. (A) Schematic of
adoptive transfer experiment. Created with Biorender.com. (B) Cornea sensitivity of mice at endpoint. The dotted line represents average
cornea sensitivity of wild-type littermates. Mann-Whitney U test. Sample size: Standard chow recipient LGs = 11, CTSS inhibition chow
recipient LGs = 11. (C) Representative hematoxylin and eosin-stained LG images of RAG1KO mouse receiving adoptive transfer of normal
CD25KO (CTSS inh (—)) or inhibited CD25KO (CTSS inh (+)) CD4" T cells. (D) RAG1KO mouse recipient LG pathology assessed with
modified White and Casarett inflammation score?’ as done previously.?® CTSS inh — = CD4* T cells from CD25KO mice on standard chow
adoptively transferred to RAG1KO mice. CTSS inh + = CD4" T cells from CD25KO mice on CTSS inhibition chow adoptively transferred
to RAG1KO mice. Mann-Whitney U test. Sample size: Standard chow recipient LGs = 18, CTSS inhibition chow recipient LGs = 9. Each dot

represents one biological sample.
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Ficure 6. CTSS inhibition-treated CD4™" T cells result in differential expression of apoptotic markers. qPCR of broad inflammatory markers
(A) 1116 and Tnf; T-cell- and B-cell-related markers (B) Ifng, Ciita, and Cd4; and apoptosis-related markers (C) Casp3, Casp8, and Casp9.
Mann-Whitney U test. Naive RAG1KO mice were used as calibrators for each qPCR reaction and the dotted line represents their average
expression for each marker. CTSS inh = CTSS inhibition chow given to donor mice. Sample size: RAG1KO + adoptive transfer standard
chow CD4™" cells = 9; RAGIKO + adoptive transfer CTSS inhibition treated CD4™ T cells = 9.

cell receptors and restricted clonal expansion,® implying a
role of T-cell pathology in the disease. SjD-like symptoms in
the NOD mouse LG were ablated after the removal of IFN-
y, inhibiting Th1 cells.>> We also showed similar results in
the CD25KO mouse after genetic deletion of IFN-y.* Our
findings that the CTSS inhibition significantly reduced the
number of Thl and Th17 cells agree with previous litera-
ture'>2° and shed light on the role of T cells in SjD.
Treatment also reduced mRNA transcript expression of
cytokines associated with Th1 cells, antigen-presenting cells,
and apoptosis. Thl cytokines have been associated with
disease severity in tears and saliva of patients with SjD* and
mice.? IFN-y is can cause apoptosis in cultures of human SG
cells and conjunctiva cells,’®>! and treating LG acinar cells
with IFN-y in vitro resulted in increased genetic expression
of CTSS and a disease-like phenotype.>* The downregulation
of Ifng seen in our model concurs with these findings. The
downregulation of Ciita and Casp8 could suggest a reduc-
tion in autoreactive T-cell-mediated apoptosis of self-tissues.

Aberrant apoptosis of epithelial cells was found to induce
SjD-like autoimmune disease,” and inhibition of apoptosis
in a murine model of SjD was sufficient to reduce the pres-
ence of lymphocytic infiltration.>* This suggests that exces-
sive apoptosis furthers disease progression in SjD, and CTSS
inhibition appears to help stem this excess. Taken together,
our qPCR data helps validate our flow cytometry and LG
histology data.

Of note is the ability of CTSS inhibition to extend the
life of CD25KO mice. As reported previously, CD25KO mice
have early mortality due to their systemic autoimmunity.
Fifty percent of mice die by 9 weeks and the rest by 20
weeks.?” We found that ad libitum administration of CTSS
inhibitor to female CD25KO mice starting at 4 weeks of
age dampened inflammation and autoreactivity enough to
extend their life span by 30%. Females are more likely to
develop autoimmune diseases than males; in SjD, in partic-
ular, the prevalence of the disease is greater in women than
in men by a ratio of 9:1.2* This underscores the impor-
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tance of finding therapeutics specifically working in female
patients.

Interestingly, our results demonstrate that the number
of infiltrating immune cells to the LG is not only reduced,
but their capacity for autoreactivity is also diminished. In
RAGI1KO recipients, there was a decrease in inflammation
score and caspase 8 mRNA transcript. This implies that CTSS
inhibition-treated T cells are less pathological. Therefore,
interfering with MHC II presentation decreases autoimmu-
nity and may break the vicious cycle of inflammation driven
by T cells.

Our results did not completely stem the autoimmunity of
the mouse, suggesting there is compensation by the immune
system. Likewise, a recent phase II clinical trial investigat-
ing a different CTSS inhibitor, RO5459072, did not identify
improvement in EULAR Sjogren’s Syndrome disease activ-
ity index (ESSDAI) scores, unstimulated tear production, or
stimulated salivary flow in a cohort of patients with estab-
lished primary SjD.”> However, this does not necessarily
invalidate all forms of CTSS inhibition for treatment, like
the inhibitor we used, RO5461111. First, the parameters of
the study investigated only one dosage for 12 weeks, and it
may be that there is greater efficacy in humans at a differ-
ent dosage or time. The study reported a nonsignificant
decrease in B and T cells and less of a decline in unstim-
ulated tear production in the treatment arm. Because SjD is
a highly variable disease, it may be that the efficacy of CTSS
inhibition is more useful in a subset of patients. The pres-
ence of Th1l and Th17 cells, for instance, in labial SG biopsy
specimens is more prevalent in nongerminal centers in the
tissue,¥” suggesting these cells may be more prominent in
the earlier stages of SjD. We investigated mice from the ages
of 4 to 8 weeks, which is when autoimmunity begins in the
CD25KO mouse. By 8 weeks of age, the CD25KO LG is atro-
phied and largely devoid of healthy acinar cells. Our study
thus investigated the prevention of the onset of disease and
did not investigate if treatment with CTSS inhibition could
reverse signs once already established. Therefore, treatment
with CTSS inhibition may be more potent in earlier stages of
SjD. Whether CTSS inhibition can reverse already established
autoimmunity is an exciting avenue for future research.

A limitation of our study was that by administering the
CTSS inhibitor through the diet, we could not ensure that
each mouse received the same amount of drug. To address
this, we tracked the weight of a subset of mice for the
duration of the regimen and found no significant differ-
ences in weight between groups. This suggests that the mice
were eating approximately the same amount of food and
received a similar amount of the inhibitor. Furthermore, we
did not investigate whether the improvement in LG pathol-
ogy resulted in improving the quality of the tear film. This
is a promising avenue for future research.

Overall, our findings suggest that CTSS inhibition is a
tenable option for stemming autoreactivity in the eyes and
LGs of patients with SjD.

Acknowledgments

The authors thank Leiqi Zhang for her expert help maintaining
the mouse colonies and genotyping.

Supported by the NIH/NEI EY030447 (CSdP), NIH EY-002520,
Center Core Grant for Vision Research (Core Grant for Vision
Research Department of Ophthalmology at Baylor College of
Medicine), NEI Training Grant in Vision Sciences T32 EY007001

IOVS | July 2024 | Vol.65 | No.8 | Article 26 | 9

(KKS); Research to Prevent Blindness (Dept. of Ophthalmol-
ogy); The Hamill Foundation; The Sid Richardson Founda-
tion; and Baylor College of Medicine Pathology Core (NCI
P30CA125123). This project was supported by the Cytometry
and Cell Sorting Core at Baylor College of Medicine with funding
from the CPRIT Core Facility Support Award (CPRIT-RP180672),
the NIH (CA125123 and RR024574), and the assistance of Joel
M. Sederstrom. JG received a Fulbright Visiting Scholar Award
and visited the de Paiva Lab in December 2021 to February
2022, and he participated in data acquisition for some of the
experiments. He is funded by Wellcome Trust 221859/Z/20/Z
and Agencia Nacional de Promocion Cientifica y Tecnoldgica
(Argentina, PICT 2018-02911, PICT 2020-00138). The funders
had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; prepa-
ration, review, or approval of the manuscript; and decision to
submit the manuscript for publication.

Disclosure: K.K. Scholand, None; J. Galletti, None; W. Haap,
F. Hoffmann-La Roche Ltd. (E, F); T. Santos-Ferreira, Tenpoint
Therapeutics GmbH (E), F. Hoffmann-La Roche Ltd. (F);
C. Ullmer, F. Hoffmann-La Roche Ltd. (E, F); C.S. de Paiva,
Spring Discovery (C), F. Hoffmann-La Roche Ltd. (R), BioAegis
Pharmaceuticals (R), Aerie Pharmaceuticals (R), Serpass Biolog-
icals (R), HanAll Biopharma (R)

References

1. Vitali C, Bombardieri S, Jonsson R, et al. Classification crite-
ria for Sjogren’s syndrome: a revised version of the Euro-
pean criteria proposed by the American-European consen-
sus group. Ann Rbheum Dis. 2002;61(6):554-558.

2. Baer AN, Hammitt KM. Sjogren’s disease, not syndrome.
Artbritis Rbeumatol. 2021;73(7):1347-1348.

3. Cottin V. Sjogren disease, not Sjogren’s: comment on
the article by baer and hammitt. Arthritis Rbeumatol.
2022;74(2):366-367.

4. Patel R, Shahane A. The epidemiology of Sjogren’s
syndrome. Clin Epidemiol. 2014;6:247-255.

5. Haugen AJ, Peen E, Hulten B, et al. Estimation of the preva-
lence of primary Sjogren’s syndrome in two age-different
community-based populations using two sets of classifica-
tion criteria: the Hordaland health study. Scand J Rbeuma-
tol. 2008;37(1):30-34.

6. Izmirly PM, Buyon JP, Wan I, et al. The incidence and
prevalence of adult primary Sjogren’s syndrome in New
York county. Arthritis Care Res (Hoboken). 2019;71(7):949-
960.

7. Brito-Zer6on P, Baldini C, Bootsma H, et al. Sjogren
syndrome. Nat Rev Dis Primers. 2016;2(1).

8. Tengnér P, Halse A-K, Haga H-J, Jonsson R, Wahren-
Herlenius M. Detection of anti-Ro/SSA and anti-La/SSB
autoantibody-producing cells in salivary glands from
patients with Sjogren’s syndrome. Arthritis Rbeum:.
1998;41(12):2238-2248.

9. Verstappen GM, Meiners PM, Corneth OB]J, et al. Attenuation
of follicular helper T cell-dependent B cell hyperactivity by
abatacept treatment in primary Sjogren’s syndrome. Arthri-
tis Rbeumatol. 2017;69(9):1850-1861.

10. Szabo K, Papp G, Dezso B, Zeher M. The histopathology of
labial salivary glands in primary Sjogren’s syndrome: focus-
ing on follicular helper T cells in the inflammatory infil-
trates. Mediators Inflamm. 2014;2014:631787.

11. Matsumoto I, Tsubota K, Satake Y, et al. Common T cell
receptor clonotype in lacrimal glands and labial salivary
glands from patients with Sjogren’s syndrome. J Clin Invest.
1996;97(8):1969-1977.

12. Bania J, Gatti E, Lelouard H, et al. Human cathepsin S, but
not cathepsin L, degrades efficiently MHC class II-associated



Investigative Ophthalmology & Visual Science

CTSS Inhibition Improves Autoimmunity in SjD Mouse

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

invariant chain in nonprofessional APCs. Proc Natl Acad Sci
USA. 2003;100(11):6664-6669.

Rupanagudi KV, Kulkarni OP, Lichtnekert J, et al. Cathepsin
S inhibition suppresses systemic lupus erythematosus and
lupus nephritis because cathepsin S is essential for MHC
class II-mediated CD4 T cell and B cell priming. Ann Rheum
Dis. 2015;74(2):452-463.

Edman MC, Janga SR, Meng Z, et al. Increased cathep-
sin S activity associated with decreased protease inhibitory
capacity contributes to altered tear proteins in Sjogren’s
syndrome patients. Sci Rep. 2018;8(1):11044.

Hargreaves P, Daoudlarian D, Theron M, et al. Differential
effects of specific cathepsin S inhibition in biocompartments
from patients with primary Sjogren syndrome. Arthritis Res
Ther. 2019;21(1):175.

Klinngam W, Janga SR, Lee C, et al. Inhibition of cathep-
sin S reduces lacrimal gland inflammation and increases
tear flow in a mouse model of Sjogren’s syndrome. Sci Rep.
2019;9(1):9559.

Waldmann TA. The multi-subunit interleukin-2 receptor.
Annu Rev Biochem. 1989;58:875-911.

Fontenot JD, Rasmussen JP, Gavin MA, Rudensky AY. A func-
tion for interleukin 2 in Foxp3-expressing regulatory T cells.
Nat Immunol. 2005;6(11):1142-1151.

Willerford DM, Chen J, Ferry JA, Davidson L, Ma A, Alt FW.
Interleukin-2 receptor alpha chain regulates the size and
content of the peripheral lymphoid compartment. Immu-
nity. 1995;3(4):521-530.

De Paiva CS, Hwang CS, Pitcher JD, III, et al. Age-related
T-cell cytokine profile parallels corneal disease severity
in Sjogren’s syndrome-like keratoconjunctivitis sicca in
CD25KO mice. Rbeumatology (Oxford). 2010;49(2):246—
258.

Sharma R, Bagavant H, Jarjour WN, Sung SS, Ju ST. The role
of Fas in the immune system biology of IL-2R alpha knock-
out mice: interplay among regulatory T cells, inflammation,
hemopoiesis, and apoptosis. J Immunol. 2005;175(3):1965—
1973.

Rahimy E, Pitcher JD, III, Pangelinan SB, et al. Spontaneous
autoimmune dacryoadenitis in aged CD25KO mice. Am J
Pathol. 2010;177(2):744-753.

National Research Council (US) Committee for the Update of
the Guide for the Care and Use of Laboratory Animals. The
National Academies Collection: Reports funded by National
Institutes of Health. Guide for the Care and Use of Labora-
tory Animals. Washington, DC: National Academies Press;
2011.

Gondran G, Fauchais A, Lambert M, et al. Primary Sjogren’s
syndrome in men. Scand J Rheumatol. 2008;37(4):300-305.
Stepp MA, Pal-Ghosh S, Tadvalkar G, Williams AR,
Pflugfelder SC, de Paiva CS. Reduced corneal innervation
in the CD25 null model of Sjogren syndrome. Int ] Mol Sci.
2018;19(12).

Galletti JG, Scholand KK, Trujillo-Vargas CM, et al. Effects of
cathepsin S inhibition in the age-related dry eye phenotype.
Invest Opbthalmol Vis Sci. 2023;64(11):7.

White SC, Casarett GW. Induction of experimental autoaller-
gic sialadentis. J Immunol. 1974;112(1):178-185.

Zaheer M, Wang C, Bian F, et al. Protective role of commen-
sal bacteria in Sjogren syndrome. J Autoimmun. 2018;93:45—
56.

Pelegrino FS, Volpe EA, Gandhi NB, Li DQ, Pflugfelder SC,
de Paiva CS. Deletion of interferon-gamma delays onset and
severity of dacryoadenitis in CD25KO mice. Arthritis Res
Ther. 2012;14(6):R234.

Mitsias DI, Tzioufas AG, Veiopoulou C, et al. The Th1/Th2
cytokine balance changes with the progress of the
immunopathological lesion of Sjogren’s syndrome. Clin Exp
Immunol. 2002;128(3):562-568.

31.

32.

33.

34.

35.

30.

37.

38.

39.

40.

41.

42.

43.

44.

45.

40.

47.

48.

IOVS | July 2024 | Vol. 65 | No.8 | Article 26 | 10

Sakai A, Sugawara Y, Kuroishi T, Sasano T, Sugawara S.
Identification of IL-18 and Th17 cells in salivary glands of
patients with Sjogren’s syndrome, and amplification of IL-
17-mediated secretion of inflammatory cytokines from sali-
vary gland cells by IL-18. J Immunol (Baltimore, Md: 1950).
2008;181(4):2898-2900.

Smith GA, Taunton J, Weiss A. IL-2Rbeta abundance differ-
entially tunes IL-2 signaling dynamics in CD4(+4) and
CD8(+) T cells. Sci Signal. 2017;10(510).

Cho JH, Boyman O, Kim HO, et al. An intense form of home-
ostatic proliferation of naive CD8+ cells driven by IL-2. J Exp
Med. 2007;204(8):1787-1801.

Cho JH, Kim HO, Kim KS, Yang DH, Surh CD, Sprent J.
Unique features of naive CD8+ T cell activation by IL-2.
J Immunol (Baltimore, Md: 1950). 2013;191(11):5559-
5573.

Cha S, Brayer J, Gao J, et al. A dual role for interferon-gamma
in the pathogenesis of Sjogren’s syndrome-like autoimmune
exocrinopathy in the nonobese diabetic mouse. Scand J
Immunol. 2004;60(6):552-565.

Boldin MP, Goncharov TM, Goltsev YV, Wallach D. Involve-
ment of MACH, a novel MORT1/FADD-interacting protease,
in Fas/APO-1- and TNF receptor-induced cell death. Cell.
1996;85(6):803-815.

Sadlack B, Merz H, Schorle H, Schimpl A, Feller AC, Horak
I. Ulcerative colitis-like disease in mice with a disrupted
interleukin-2 gene. Cell. 1993;75(2):253-261.

Champey J, Corruble E, Gottenberg JE, et al. Quality of
life and psychological status in patients with primary
Sjogren’s syndrome and sicca symptoms without autoim-
mune features. Arthritis Rheum. 2006;55(3):451-457.

Xu K-P, Yagi Y, Tsubota K. Decrease in corneal sensi-
tivity and change in tear function in dry eye. Cornea.
1996;15(3):235-239.

Benitez-Del-Castillo JM, Acosta MC, Wassfi MA, et al. Rela-
tion between corneal innervation with confocal microscopy
and corneal sensitivity with noncontact esthesiometry
in patients with dry eye. Invest Ophthalmol Vis Sci.
2007;48(1):173-181.

Villani E, Galimberti D, Viola F, Mapelli C, Ratiglia R. The
cornea in Sjogren’s syndrome: an in vivo confocal study.
Invest Opbthalmol Vis Sci. 2007;48(5):2017-2022.
Vereertbrugghen A, Pizzano M, Sabbione F, et al. An ocular
Thl immune response promotes corneal nerve damage
independently of the development of corneal epitheliopa-
thy. J Neuroinflammation. 2023;20(1):120.

Lisboa MRP, Pereira AF, Alves BWF, et al. Block-
age of the fractalkine pathway reduces hyperalgesia
and prevents morphological glial alterations: comparison
between inflammatory and neuropathic orofacial pain in
male rats. J Neurosci Res. 2024;102(1):€25269.

Yu Z, LiJ, Govindarajan G, et al. Cathepsin S is a novel target
for age-related dry eye. Exp Eye Res. 2022;214:108895.
Zhao P, Lieu T, Barlow N, et al. Cathepsin S causes inflam-
matory pain via biased agonism of PAR2 and TRPV4. J Biol
Chem. 2014;289(39):27215-27234.

Klinngam W, Fu R, Janga SR, Edman MC, Hamm-Alvarez
SF. Cathepsin S alters the expression of pro-inflammatory
cytokines and MMP-9, partially through protease-activated
receptor-2, in human corneal epithelial cells. Int J Mol Sci.
2018;19(11).

Maehara T, Moriyama M, Hayashida JN, et al. Selective local-
ization of T helper subsets in labial salivary glands from
primary Sjogren’s syndrome patients. Clin Exp Immunol.
2012;169(2):89-99.

Voigt A, Bohn K, Sukumaran S, Stewart CM, Bhattacharya I,
Nguyen CQ. Unique glandular ex-vivo Th1 and Th17 recep-
tor motifs in Sjogren’s syndrome patients using single-cell
analysis. Clin Immunol. 2018;192:58-67.



Investigative Ophthalmology & Visual Science

CTSS Inhibition Improves Autoimmunity in SjD Mouse

49.

50.

51.

52.

Chen X, Aqrawi LA, Utheim TP, et al. Elevated cytokine
levels in tears and saliva of patients with primary Sjogren’s
syndrome correlate with clinical ocular and oral manifesta-
tions. Sci Rep. 2019;9(1):7319.

Wu AJ, Chen ZJ, Tsokos M, O’Connell BC, Ambudkar IS,
Baum BJ. Interferon-y induced cell death in a cultured
human salivary gland cell line. J Cell Physiol. 1996;167(2):
297-304.

De Saint Jean M, Brignole F, Feldmann G, Goguel A,
Baudouin C. Interferon-gamma induces apoptosis and
expression of inflammation-related proteins in Chang
conjunctival cells. Invest Opbthalmol Vis Sci. 1999;40(10):
2199-2212.

Meng Z, Klinngam W, Edman MC, Hamm-Alvarez SF.
Interferon-gamma treatment in vitro elicits some of
the changes in cathepsin S and antigen presentation
characteristic of lacrimal glands and corneas from the

53.

54.

55.

IOVS | July 2024 | Vol.65 | No.8 | Article 26 | 11

NOD mouse model of Sjogren’s Syndrome. PLoS Omne.
2017;12(9):¢0184781.

Okuma A, Hoshino K, Ohba T, et al. Enhanced apoptosis
by disruption of the STAT3-IkappaB-zeta signaling pathway
in epithelial cells induces Sjogren’s syndrome-like autoim-
mune disease. Immunity. 2013;38(3):450-460.

Saegusa K, Ishimaru N, Yanagi K, et al. Prevention and
induction of autoimmune exocrinopathy is dependent
on pathogenic autoantigen cleavage in murine Sjogren’s
syndrome. J Immunol (Baltimore, Md: 1950). 2002;169(2):
1050-1057.

Bentley D, Fisher BA, Barone F, Kolb FA, Attley G.
A randomized, double-blind, placebo-controlled, parallel
group study on the effects of a cathepsin S inhibitor
in primary Sjogren’s syndrome. Rbeumatology (Oxford).
2023;62(11):3644-3653.



