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Purrose. The cGAS-STING pathway has been shown to be an important mediator of
inflammation. There is emerging evidence of the importance of this signaling cascade in
a variety of inflammatory diseases settings. Here, we present evidence that the mitochon-
drial DNA (mtDNA) damage-mediated cGAS-STING pathway plays an important role in
the induction of inflammation in environmental dry eye (DE).

MerHops. RT-qPCR and Western blot were used to assess the induction of the
cGAS-STING pathway and inflammatory cytokines in environmental DE mouse model,
primary human corneal epithelial cells (pHCECs), and patients with DE. RNA sequenc-
ing was used to determine mRNA expression patterns of high osmotic pressure (HOP)-
stimulated pHCECs. mtDNA was detected with electron microscopy, flow cytometry, and
immunofluorescent staining. mtDNA was isolated and transfected into pHCECs for eval-
uating the activation of the cGAS-STING pathway.

Resurrs. The expression levels of cGAS, STING, TBK1, IRF3, and IFNS were signif-
icantly increased in an environmental DE model and HOP-stimulated pHCECs. The
STING inhibitor decreased the expression of inflammatory factors in DE. An upregu-
lation of STING-mediated immune responses and IRF3 expression mediated by TBK1
were observed in the HOP group. HOP stimulation induced mitochondrial oxidative
damage and the leakage of mtDNA into the cytoplasm. Then, mtDNA activated the cGAS-
STING pathway and induced intracytoplasmic STING translocated to the Golgi apparatus.
Finally, we also found activated cGAS-STING signaling in the human conjunctival blot
cell of patients with DE.

Concrusions. Our findings suggest that the cGAS-STING pathway is activated by
recognizing cytoplasmic mtDNA leading to STING translocation, further exacerbating
the development of inflammation in environmental DE.
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ry eye (DE) is a multifactorial syndrome that has

millions of patients seeking treatment at outpatient
clinics annually.""? Due to the drastic changes in the living
environment, environmental stresses, including the popular-
ity of video display terminals and air conditioning, as well
as deterioration of the daily environment, have become the
major risk factors of DE in this new era.>* Therefore, envi-
ronmental DE catches more and more researchers’ atten-
tion. Pathologic changes of environmental DE also include
an increase in tear osmolarity and the development of
ocular surface inflammation. Many studies over the past two
decades have provided a better understanding of the inflam-
mation in environmental DE, being both a triggering factor
and one of the key mechanisms that contributes to the devel-
opment of environmental DE.>° During this process, numer-
ous inflammatory cytokines and chemokines are released
into the cornea and conjunctival epithelium.”® The major
mediators have been shown to be IL-6, IL-17A, IL-18, TNF-«,
and MMP9. In addition, studies have shown that acute
dryness and mitochondrial oxidative damage in DE acti-
vate stress signaling pathways in the corneal epithelium and
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residential immune cells.?>!° This, in turn, activates innate
immune responses and triggers the production of innate
inflammatory mediators. All of this contributes to tear film
instability and worsening of symptoms, leading to the forma-
tion of a vicious circle.

A recent study showed that mitochondrial fragmenta-
tion and autophagy activation plays a significant role in
the pathogenesis of DE.!' It has also been demonstrated
that oxidative damage to mitochondrial DNA (mtDNA) can
disrupt the homeostasis of inflammatory vesicles, which
promotes DE.'> However, few studies have examined the
role of mitochondrial damage in the pathogenesis of dry
eye. Mitochondria are highly immunogenic organelles,'> as
damaged and dysfunctional mitochondria release damage-
associated molecular patterns, that induce inflammatory
responses by triggering immune activation via pattern-
recognition receptors in both immune and nonimmune
cells.'*'> Furthermore, it has been shown that mtDNAs
are detected via pathogen-associated molecular patterns
(PAMPs) being recognized as aberrant DNA.'°-'® PAMPs
include three major receptors: toll-like receptor 9, melanoma
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immunodeficiency factor 2, and cyclic guanosine adeno-
sine monophosphate synthetase (cGAS), which leads to
the activation of stimulator of interferon genes (STING)."?
The cGAS-STING pathway is a major intracytoplasmic DNA
recognition signaling pathway in mammalian cells. Numer-
ous studies have shown that mtDNA can be directly recog-
nized by intracytoplasmic cGAS and activate the cGAS-
STING pathway in inflammatory diseases and antitumor
responses. 2’23

STING signaling is associated with the endoplasmic retic-
ulum (ER).2* cGAS captures foreign or self double-stranded
DNAs (dsDNAs, including nuclear and mtDNAs) entering
the cytoplasm® and stimulates STING, causing STING to
migrate from the ER to the Golgi apparatus and ultimately to
localize in perinuclear endosomes. Here, it assembles with
TBK1 leading to the activation of two inflammatory path-
ways in the nucleus and the production of type I interfer-
ons.?®?” This pathway significantly contributes to the host
defense by activation of the innate immune system.? Recent
studies have identified a close link between the cGAS-
STING pathway and the development of several inflamma-
tory diseases?®3% and a potential new therapeutic target.”®
There are several studies showing the role of the cGAS-
STING pathway in keratitis and age-related macular degen-
eration.>¥-37 Recently, a report proposed the hypothesis that
dsDNA, as well as the cGAS-STING pathway, could play
an important role in the pathogenesis of DE.>® Since then,
the cGAS-STING pathway has been demonstrated as a key
mediator of ocular surface inflammation in two nonenviron-
mental experimental DE models, a chemical treated model
and a surgically intervened model. The cGAS-STING path-
way is the sensor of innate immune system, whereas envi-
ronmental conditions can affect the innate immune system
directly. However, in environmental DE, it is still unknown
whether the cGAS-STING pathway is activated. Herein, we
conducted a series of experiments to evaluate the functional
mechanisms of the cGAS-STING pathway in environmental
DE.

In this study, we uncovered that mitochondrial damage
generates aberrant mtDNA that activates the cGAS-STING
pathway, which promotes the development of inflammation
and significantly contributes to the pathogenesis of envi-
ronmental DE. Also, the application of the STING inhibitor
can alleviate the ocular inflammation in environmental DE,
which may provide additional therapeutic targets for the
development of new treatments for environmental DE.

MATERIALS AND METHODS
Mouse Environmental DE Model

Six- to 8-week-old female C57BL/6 mice were provided by
the Experimental Center of Wenzhou Medical University and
approved by the Experimental Animal Ethics Committee of
Wenzhou Medical University. Mice were exposed to low-
humidity conditions in our proprietary intelligent control
environmental system (ICES) to induce environmental DE
under these conditions for 2 weeks.?® The control group was
housed with humidity of 60% to 80%, no airflow, and temper-
ature of 22 £ 2°C. The DE group was housed in cham-
bers maintained at a humidity of 13.1% =+ 3.5%, airflow of
2.2 + 0.2 m/s, and temperature of 22 + 2°C. At the end
of this period, corneal epithelial cells and conjunctiva were
harvested and preserved in RNA lysis buffer or protein lysis
buffer.
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Evaluation of Sodium Fluorescein Staining in Mice

On days 0 and 14, mice were evaluated by slit-lamp exam-
ination and sodium fluorescein staining. To stain mouse
corneas, 0.5 pL sodium fluorescein solution (1 mg of sodium
fluorescein was dissolved in 0.5 mL of 0.9% physiologic
saline) was applied to the conjunctival sacs of both eyes.
Observations were made with a cobalt blue light using a
slit-lamp microscope 2 minutes after staining. The National
Eye Institute Standard Classification was chosen as the
scoring criteria: the mouse cornea was divided into five
regions: superior, inferior, nasal, temporal and central, and
the staining of each region was scored 0 to 3 (0 points,
no punctate staining; 1 point, scattered punctate staining;
2 points, diffuse punctate staining; 3 points, lamellar stain-
ing). The five regional scores were added together for a total
score of corneal fluorescein staining. Each examination was
performed by the same researcher and conducted in a single-
blind manner.

Real-Time PCR

Total RNA was extracted from harvested cells with RNA lysis
buffer (RLT; Applied Biosystems, Grand Island, NY, USA) and
0.2 mg RNA from each sample was reverse transcribed with
M-MLV reverse transcriptase (Applied Biosystems) according
to the manufacturer’s instructions. The gene sequences are
listed in Supplementary Table S1.

Immunoblotting

Protein was extracted using an ice-cold lysis buffer and
ultrasonic dispersion. The suspension was centrifuged at
15,000 rpm for 15 minutes, and the supernatant protein
concentration was determined using the BCA assay. Samples
containing 10 ug protein were subjected to SDS-PAGE and
then transferred to polyvinylidene difluoride membranes
(Roche, Basel, Switzerland). Membranes were blocked with
fat-free milk and then probed overnight with primary
¢GAS (31659S; Cell Signaling Technology, Danvers, MA,
USA, 1:500), STING (13647S; Cell Signaling Technology;
1:3000), TBK1//NAK (3013S; Cell Signaling Technology;
1:500), Phospho-TBK1//NAK (5483S; Cell Signaling Technol-
ogy; 1:500), IRF-3 (4302S; Cell Signaling Technology; 1:500),
Phbospho-IRF-3 (29047S; Cell Signaling Technology; 1:500),
or GAPDH (5174S; Cell Signaling Technology; 1:3000). This
was followed by incubating with horseradish peroxidase—
conjugated goat anti-rabbit IgG (Bioworld Technology,
Nanjing, China; 1:5000). Blots were developed with an ECL
detection system (Pierce Biotechnology, Rockford, IL, USA).
GAPDH was used as a loading control.

Cell Culture

Primary human corneal epithelial cells (pHCECs) were
cultured from fresh human corneoscleral tissues acquired
from the Eye Bank of Wenzhou. Tissues were dissected into
several pieces and cultured in a supplemented hormonal
epidermal medium (SHEM) with 5% fetal bovine serum
(FBS). After several days, corneal epithelial cells grew out
of the corneal limbus. Cells were maintained in a humid-
ified 5% CO, incubator at 37°C, and culture medium was
changed every other day. High osmotic pressure (HOP)
group cells were cultured in 450 osmotic pressure media
(mOsm) by adding 85 mM sodium chloride to media and
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incubated 2 hours for quantitative PCR (qPCR) and 24 hours
for Western blotting. As a control, human corneal epithelial
cells (HCECs) were cultured under normal osmotic pressure
(310 mOsm). Confluent corneal epithelial cultures were then
cultured with SHEM with H151 (STING inhibitor; Selleck,
Houston, Texas, USA) or SHEM with 0.1% DMSO (Beyotime,
Shanghai, China). After being treated for 2 hours, protein or
total RNA from pHCECs was extracted.

Immunostaining

HCECs were plated on 12-well plates (Corning, Corning,
NY, USA) in complete medium at 37°C with 5% CO,. Cells
were fixed with 4% paraformaldehyde for 30 minutes at
room temperature, blocked in 10% serum at 37°C for 30
minutes, and finally incubated with the clone AE-2 antibody
(32160702; Sigma, Darmstadt, Germany; 1:100), 7OM20
monoclonal antibody (66777-1-1G; Thermo Fisher Scientific,
Rockford, IL, USA), anti-Calnexin (AF18) (sc-23954; Santa
Cruz Biotechnology, Santa Cruz, CALI, USA), anti-GM130 (B-
10) (sc-55591; Santa Cruz Biotechnology, Santa Cruz, CALI,
USA), and anti-ER-Golgi intermediate compartment (ERGIC)
53 (C-6) (sc-365158; Santa Cruz Biotechnology, Santa Cruz,
CALI, USA) at 4°C overnight. Cells were then incubated with
a species-matched Alexa Fluor 488-conjugated secondary
antibody (Thermo Fisher Scientific; 1:200), Alexa Fluor 594—
conjugated secondary antibody (Thermo Fisher Scientific;
1:200), and DAPI (Beyotime Biotechnology; 1:1000) for 15
minutes in the dark at room temperature. In addition, stained
cells processed without primary antibodies served as nega-
tive controls. Cells were visualized and imaged using a fluo-
rescence microscope (Zeiss LSM 880; Zeiss, Kyoto, Japan).

CM-H2DCFDA Assay to Detect Intracellular
Reactive Oxygen Species

pHCECs were cultured in 96-well black/clear-bottom plates.
Wells were seeded with 1.5 x 10% cell, and each plate was
divided into two groups. Each group had three duplicate
plates. Test groups were stimulated for 2 hours, then washed
with PBS. After PBS aspiration, 100 pL CM-H2DCFDA work-
ing fluid (5 pM/mL, diluted in PBS) was added to each well.
The plate was incubated at 37°C in the dark for 30 minutes.
Cells were then washed with PBS three times, and 100 pL
PBS with 1% FBS was added to each well. The cells were
immediately imaged with an inverted fluorescence micro-
scope.

mtDNA Extraction and Transfection

mtDNA from pHCECs was extracted using a Mitochondrial
DNA Isolation Kit (ab65321; Abcam, Cambridge, MA, USA)
according to the kit protocol. Briefly, approximately 5 x g
pHCECs were homogenized with 1 x Cytosol Extraction
Buffer and transferred to a 1.5-mL tube and centrifuged at
600 x g for 10 minutes at 4°C. The supernatant was trans-
ferred to a new 1.5-mL tube and centrifuged at 10,000 x g
for 30 minutes at 4°C. After centrifugation, the super-
natant and precipitates were solubilized by adding mito-
chondrial isolation buffer (30 pL), followed by the addi-
tion of the enzyme mix (5 pL), and lightly mixed. This
mixture was then incubated in a water bath at 50°C for 60
minutes. The mtDNA was precipitated by centrifugation at
room temperature at maximum speed for 5 minutes. The
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mtDNA was lysed and the DNA concentration was measured
using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific).

The Attractene Transfection Reagent (301,005, Qiagen,
Duesseldorf, Germany) was used to induce mtDNA trans-
fection into pHCECs according to the kit protocol. The
extracted mtDNA was first mixed with serum and antibiotic-
free cell culture medium to 100 pL and then mixed by
adding Attractene Transfection Reagent (4.5 pL), followed
by centrifugation of the homogenate and standing at
room temperature for 15 minutes to form the transfec-
tion complex. After pHCECs, cultured under normal condi-
tions (37°C and 5% CO,), had reached 70% confluence, the
medium was replaced with new complete medium and the
transfection complex was applied to the cells and incubated
for 4 hours. HCEC cells were incubated for 3 hours before
the medium was changed and was incubated for 3 additional
hours after application of the transfection complex.

qPCR to Determine the mtDNA Copy Number in
the Cytoplasm

The pHCEC mitochondria were extracted using the Mito-
chondria Isolation Kit for Cultured Cells (C3601; Beyotime)
according to the kit protocol. Approximately 5 x 10°
pHCECs were collected. Cells were resuspended in 250 pL
of mitochondrial isolation reagent and incubated for 15
minutes on ice. The cell suspension was homogenized
at a low temperature using a Dounce cell grinder, and
the homogenate was transferred to a 1.5-mL tube before
centrifuging at 600 x g for 10 minutes at 4°C. The super-
natant was transferred to a new tube and centrifuged at
11,000 x g for 10 minutes at 4°C. The supernatant (now
cytoplasm) was transferred to a new 1.5-mL tube.

The DNA within the cytoplasm was then isolated using
the FlexiGene DNA Kit (No. 51206; Qiagen). Briefly, 300 uL
FG1 was added to the collected cytoplasm and mixed well
before the addition of 300 pL FG2 and inverted three times.
The homogenate was incubated in a 65°C water bath for 10
minutes before the addition of 600 uL of 100% isopropanol
to induce the precipitation of DNA. The precipitate was then
centrifuged at 10,000 x g for 3 minutes. The supernatant was
discarded and 200 pL FG3 was added and incubated at 65°C
for 30 minutes to dissolve the DNA.

After obtaining the cytoplasmic DNA solution, the intra-
cytoplasmic mtDNA copy number was detected using
RT-qPCR. The mtDNA using primers that bind to the
gene encoding mitochrome c¢ oxidase 1 (mt-Col) and
nuclear DNA using primers that bind to the gene encod-
ing 185 rDNA (encoding 18S rRNA) were used. Cyto-
plasmic mtDNA copy number levels were compared
between the two groups using nuclear DNA as the base-
line. All primers were synthesized by Tsingke Biolog-
ical Technology (Shanghai, China). The mi-Col primer
sequence is 5-GCCCCCGATATGGCGTTT-3' (forward) and
5'-GTTCAACCTGTTCCTGCTCC-3' (reverse). The 18S rDNA
primer sequence is 5-TAGAGGGACAAGTGGCGTT-C-3’
(forward) and 5-CGCTGAGCCAGTCAGTGT-3' (reverse).

Chemical Enzyme Labeling Apparatus to Detect
Intracellular ATP Concentration

The intracellular ATP was detected using the ATP Detec-
tion Kit (S0026; Beyotime) according to the kit protocol.
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The culture medium was aspirated and the cells were lysed
by adding lysate at the ratio of 200 uL of lysate per well
of a 6-well plate. After lysis, the cells were centrifuged at
12,000 x g at 4°C for 5 minutes, and the supernatant for
the subsequent assay removed. The reagents to be used
were melted on an ice bath, and the ATP standard solu-
tion was diluted with ATP assay lysate to the appropri-
ate concentration gradient. The appropriate amount of ATP
Assay Working Solution was prepared at a ratio of 100 pL
ATP Assay Working Solution per sample or standard. The
reagents to be used were melted in an ice bath. The appro-
priate amount of ATP Assay Reagent was taken and the
ATP Assay Reagent with ATP Assay Reagent Diluent was
diluted at a ratio of 1:9. Then, 100 uL ATP Assay Working
Solution was added to the assay well or tube and allowed
to stand at room temperature for 3 to 5 minutes to allow
all of the background ATP to be consumed. Then, 20 puL
of sample or standard was added to the assay wells or
tubes and mixed quickly with a micropipette, and the RLU
value by chemiluminescence was measured (SpectraMax
190; Molecular Devices, SanDiego, California, USA) after a
minimum interval of 2 seconds. Finally, the concentration
of ATP in the sample was calculated from the standard
curve.

Flow Cytometry

MitoSOX Red Mitochondrial Superoxide Indicator (M36008;
Thermo Fisher Scientific) was used to detect superoxide
levels within pHCECs. A 5-uM MitoSOX working solution
was prepared and 1 mL of working solution was added
to the harvested pHCECs and incubated for 10 minutes at
37C° in the dark. Cells were washed three times with PBS,
and the difference in cell fluorescence intensity between
the two experimental groups was determined using a flow
cytometer (Invitrogen Attune NXT VG6; Thermo Fisher Scien-
tific).

Changes in the mitochondrial membrane potential of
PHCECs induced by hyperosmolarity were detected using
JC-1 dye (Mitochondrial Membrane Potential Probe) (T3168;
Thermo Fisher Scientific). A 2-uM JC-1 dye working solu-
tion was prepared and the harvested pHCECs were resus-
pended in 1 mL of working solution and incubated for
30 minutes at 37°C in the dark. Cells were washed three
times with PBS and then examined by flow cytometry
(Invitrogen Attune NXT V6; Thermo Fisher Scientific) to
determine the differences in cell fluorescence intensity and
fractionation percentages between the two experimental
groups.

Electron Microscopy

PHCECs fixed with glutaraldehyde were rinsed three times
with 0.1 M phosphate buffer (pH 7.2) for 15 minutes each.
Cells were then fixed in 1% starvation acid/0.1 M phos-
phate buffer (pH 7.2) for 2 hours at room temperature and
rinsed three times with 0.1 M phosphate buffer (pH 7.2)
for 15 minutes each. Cells were dehydrated by 30%, 50%,
70%, 80%, 85%, 90%, 95%, and 100% (twice) alcohol gradi-
ents for 15 to 20 minutes each. Cells were permeabilized
using acetone/epoxy resin (2:1), acetone/epoxy resin (1:1),
and epoxy resin for 8 to 12 hours in a 37°C incubator. The
cells were placed in an embedding plate, and embedding
agent epoxy resin was added and polymerized for 48 hours
at 60°C. The samples were sliced into 80- to 100-nm slices
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using an ultrathin slicer (EM UC7; Leica, Heidelberg, Baden-
Wiirttemberg, Germany). After uranium-lead double staining
(2% uranyl acetate saturated in water, lead citrate, 15 minutes
at room temperature), sections were dried at room temper-
ature overnight and observed by electron microscopy (TEM
Hitachi HT7650; Hitachi, Tokyo, Japan).

Patient Selection

All procedures involving human participants adhered to the
principles of the Declaration of Helsinki and were approved
by the Institutional Research Ethics Committee (2022-138-
K-107-01) of the Eye Hospital of Wenzhou Medical Univer-
sity. Written informed consent was obtained from all patients
prior to participation in the study. The diagnosis of envi-
ronmentally induced DE follows the “New Perspectives
on Dry Eye Classification: Recommendations from ADES,”
published in Eye and Contact Lens in 2020.%° Inclusion crite-
ria include complaints of DE-related symptoms, no topi-
cal anti-inflammatory medication other than artificial tears,
Ocular Surface Disease Index (OSDID) >13 points, tear film
breakup time (TBUT) <5 seconds, or noninvasivce break up
time (NIBUT) <10 seconds. Patients with a history of eye
disease other than DE, eye surgery, contact lens use, any
systemic medication, and pregnancy were excluded. Normal
participants with no DE symptoms, OSDI <13, and TBUT
>5 seconds were included. The right eye was selected for
statistical analysis.

Human Conjunctival Impression Cytology

One drop of proparacaine hydrochloride eye drops (s.a.
ALCON-COUVREUR n.v., Bruxelles, Belgium) was used to
temporarily anesthetize the participant’s ocular surface.
A 3 x 3 x 4.5-mm (right trapezoidal) polyethersulfone
membrane (SuporPall Gellman Science, East Hills, NY, USA)
was placed on the globular conjunctiva for 10 seconds. The
membrane was placed in 350 pL RNA lysis buffer (RLT; ABI,
NY, USA) to obtain human conjunctival blot cell sample and
stored at —80°C until isolation.

Statistical Analysis

RNA sequencing data were analyzed using R 4.1.1 (R Foun-
dation for Statistical Computing, Vienna, Austria) software.
P < 0.05 was considered statistically significant. Data were
graphed using GraphPad Prism 6 software (GraphPad Soft-
ware, San Diego, CA, USA) and SPSS 19.0 (IBM Corporation,
Armonk, NY, USA). Statistical analysis was performed using
one-way ANOVA followed by a Tukey’s test. All values are
expressed as mean + SD, and values of P <0.05 were consid-
ered statistically significant.

RESsULTS

The cGAS-STING Pathway Is Activated in Corneal
Epithelial Tissue of Environmental DE

In vivo studies, after 2 weeks of ICES exposure, we observed
that the fluorescein staining score was significantly higher
compared with the control group and was obviously lower
after the treatment of STING inhibitor H151 in the DE group
(Fig. 1A, P < 0.001). The protein levels of cGAS, STING,
P-TBK1, TBK1, P-IRF3, and IRF3 were differentially
increased (Fig. 1B). Additionally, the mRNA expression levels
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TBK1-mediated activation of IRF3 in pHCECs under osmotic stress. A distinct peak (red line) denoting a strong positive correlation among
the highest-ranked genes. The middle portion’s color gradient represents gene regulation, with red indicating upregulated genes and blue
indicating downregulated ones in response to the stress. Black vertical bars represent the position of each member in the target gene set.
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of IL-6, IL-17A, TNF-«, and IFN-8 in corneal epithelial tissues
were significantly increased in the DE group (Fig. 1C). To
further investigate the role of the cGAS-STING pathway in
DE, we topically treated mice with the STING inhibitor H151
during the 2 weeks of DE induction. The results show a
significant reduction in the expression of IL-6, [L-17A, TNF-«,
and IFN-B in the DE group after treatment with H151
compared to the untreated group (Fig. 1C).

Hyperosmolarity Increases STING-Mediated
Immune Responses in pHCECs

We performed a single-sample gene set enrichment analy-
sis in R 4.1.1 (R Foundation for Statistical Computing) using
the innate immune system-related pathway from the Reac-
tome database (https://reactome.org/) on primary epithelial
cells after hyperosmotic stress. The top 20 pathways with
the most significant changes (P < 0.05) are shown (Fig. 2A),
including upregulation of the STING-mediated induction of
the host immune responses pathway, which is underlined
with a red box. Red represents high expression, which is in
contrast to the low expression (blue). In addition, a simul-
taneous gene set enrichment analysis of the innate immune
system-related pathways in the Reactome database showed
upregulated activation of IRF3 mediated by TBK1 epsilon
(Fig. 2B). The vertical axis represents a gene enrichment,
which shows increased enrichment of genes in the IRF3-
TBK1 gene axis in the cells associated with HCECs under
osmotic stress.

Hypertonicity Induces Activation of the
cGAS-STING Pathway and Inhibitors
Downregulate Inflammatory Expression in
pHCECs

A significant increase in protein expression of the cGAS-
STING pathway-related factors was observed (Figs. 3A, 3B).
To further investigate the role of the cGAS-STING pathway in
DE, we used the STING inhibitor H151 to inhibit the expres-
sion of STING in pHCECs. RT-qPCR assays showed that treat-
ment with H151 inhibited the activation of the cGAS-STING
pathway and inflammatory factors in DE (Fig. 3C).

Hyperosmotic Stress Induces Mitochondrial
Dysfunction in pHCECs

Examination by electron microscopy suggested significant
changes in mitochondrial morphology with loss of mito-
chondrial cristae and rupture of the outer membrane in
pHCECs after hyperosmotic stimulation (Fig. 4A). Flow
cytometric analysis indicated that the proportion of cells
stained with the JC-1 monomer stain increased signifi-
cantly compared with those stained with the multimer stain,
suggesting an increased number of cells with decreased
mitochondrial membrane potential after hyperosmotic stim-
ulation (Fig. 4B). After hypertonic stimulation of pHCEC
for 2 hours, an enhancement of intracytoplasmic reactive
oxygen species (ROS) fluorescence was observed by fluores-
cence staining compared with the normal group, indicating
an increase in intracellular oxidative stress (Supplementary
Fig. S1). These results also indicate a significant increase in
fluorescence intensity via Mito-SOX staining after hyperos-
motic stimulation compared with the control group (Fig. 4C),
suggesting increased oxidative stress in the mitochondria. A
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decrease in intracellular ATP content was also observed after
hyperosmotic stimulation (Fig. 4D).

Hypertonicity Induces Leakage of mtDNA Into
the Cytoplasm in pHCECs

Double-staining for intracytoplasmic dsDNA (clone AE-2)
and mitochondria (TOM20 Monoclonal Antibody) was done
to observe intracytoplasmic dsDNA and mtDNA (dsDNA
colocalized with mitochondria) via immunofluorescence
microscopy in pHCECs. As shown in Figure 5A, free intracy-
toplasmic dsDNA and mtDNA were substantially increased
in pHCECs after hyperosmotic stimulation compared to the
normal control (NC) group. In addition, the negative control
group is shown in Supplementary Figure S2, which indi-
rectly proves the specificity of staining with anti-AE-2 and
anti-TOM20 antibodies. To confirm the leakage of intra-
cytoplasmic mtDNA, we extracted intracytoplasmic DNA
from pHCECs after hyperosmotic stimulation and directly
detected the mtDNA copy number using RT-qPCR (based
on primers designed for mtDNA sequences). These results
showed a significant increase of intracytoplasmic mtDNA
copy number after hyperosmotic stimulation (Fig. 5B).

mtDNA Activates the cGAS-STING Pathway in
PHCECs and Promotes STING Translocation

We performed transfection stimulation experiments using
mtDNA extracted from pHCECs cells. Protein expression
level of cGAS was significantly increased after mtDNA trans-
fection stimulation, and the downstream factors STING,
TBK1, and IRF3 were significantly increased (Fig. 6A).
The addition of H151 to mtDNA-transfected pHCECs led
to a decrease in inflammatory factors associated with DE
(Fig. 6B).

STING was diffusely distributed in the endoplasmic retic-
ulum in the control group. In the mtDNA-transfected group
(1 pg for 6 hours) and the HOP group, STING translocation
occurred as movement was observed from the endoplas-
mic reticulum and partially accumulated on the ER-Golgi
intermediate compartment (ERGIC) and the Golgi appara-
tus in the cytoplasm (Fig. 7). In addition, the negative control
groups are shown in Supplementary Figure S3, which indi-
rectly proves the specificity of staining with mentioned anti-
bodies.

cGAS-STING Pathway Is Activated in Conjunctiva
of an Environmental DE Murine Model

To comprehensively observe the changes in the ocular
surface, we examined the induction of the cGAS-STING path-
way in the conjunctiva of a DE murine model. The protein
levels of cGAS, STING, TBK1, and IRF3 were significantly
increased in the DE group compared to the control group
(Supplementary Fig. S4).

cGAS-STING Pathway Expression Increases in
Patients With DE

We recruited 11 DE participants (11 left eyes) and 11 normal
participants (11 left eyes). There were no significant differ-
ences in gender and age between the two groups (Table).
The DE group had a higher OSDI scores (P < 0.0001) and
a much lower TBUT value (P < 0.05). RT-qPCR showed that
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Ficure 3. Hyperosmotic stress induces the activation of the cGAS-STING pathway in pHCECs. (A, B) Protein expression of cGAS, STING,
P-TBK1, TBK1, P-IRF3, IRF3, and IFN-S in pHCECs of NC and HOP groups (nz = 3/group). (C) Gene expression of inflammatory factors
in NC, HOP, and HOP + H151 groups (nz = 4/group). The data are presented as mean £ SD. *P < 0.05, **P < 0.01, **P < 0.001. Protein

expression levels are quantified by densitometry for protein plots.

the expression levels of cGAS, STING, TBK1, IRF3, and IFN-£
were significantly higher in the human conjunctival blot cell
sample of patients with DE (Fig. 8). This suggests that the
cGAS-STING pathway is activated in patients with DE.

DISCUSSION

Accumulating studies demonstrated that the abnormal
innate immune response at the ocular surface induces DE,’
whereas the innate immune system can be profoundly
affected by environmental stresses. Importantly, the cGAS-
STING pathway is a crucial component of the innate immune
system. Thus, we assumed that the cGAS-STING pathway is
the bridge between environmental stresses and DE. Interest-
ingly, our data demonstrate an activation of the cGAS-STING
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pathway in patients with DE and an in vivo/vitro environ-
mental DE model, which suggests a potential role of the
cGAS-STING pathway in the pathogenesis of environmen-
tal DE. Notably, a recent study®® found that the cGAS-STING
pathway is activated in a chemical or surgically intervened
DE model, but the role of cGAS-STING pathway in envi-
ronmental DE is not clear. The biggest difference between
our study and the abovementioned research is that we used
the ICES mice model to better simulate the environmental
factors that induce the DE. The ICES model is designed to
well represent the environmental factors® that lead to exces-
sive evaporation of tears, which is one of the most important
causes in environmental DE; also, we used the pHCECs and
the conjunctival cells from patients with DE to better reveal
the role of the cGAS-STING pathway in environmental DE.
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Ficure 4. Hyperosmolarity induces mitochondrial dysfunction in pHCECs. (A) Electron microscopy was used to visualize the morphology
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Ficure 5. Hyperosmotic stress induces increased intracytoplasmic mtDNA of pHCECs. (A) Intracellular dsDNA, mitochondrial localization,
and fluorescence intensity of pHCECs were observed via an immunofluorescence microscope. (B) Changes in mtDNA level of pHCECs in

Collectively, our study provides clear evidence for a possible
contribution of cGAS-STING in the development of environ-
mental DE.

Although the cGAS-STING pathway is essential for innate
immune disorders, few other studies have been published
regarding the role of the cGAS-STING pathway in ocular
diseases. Previous studies have demonstrated that the cGAS-
STING pathway activates the innate immune system in
corneal infections with HSV-1.3937 In Aspergillus fumigatus
keratitis, the cGAS-STING pathway is also involved in the
promotion of the inflammatory response.®® This evidence
suggests that the cGAS-STING pathway has a significant role
in the disease process that occurs after corneal infections.
Additional studies show that mtDNA activates the cGAS-
STING pathway in retinal microvascular endothelial cells to
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drive atypical inflammation,*! and subsequent in vivo exper-
iments by this research group confirm the intracellular cyto-
plasmic mtDNA activation of ¢cGAS-STING, which induces
retinal dysfunction,*? suggesting that the cGAS-STING path-
way participates in molecular mechanisms of pathogenesis
that are associated with the inflammatory response in the
eye. In systemic diseases, many studies report a close link
between the cGAS-STING pathway and the pathologic mech-
anisms of inflammatory diseases. Patients with systemic
lupus erythematosus have elevated levels of cGAMP, and
this can be reversed by STING knockdown in mice with
a lupus-like phenotype.®*=% In rheumatoid arthritis, it has
been proposed that cytokine expression is decreased follow-
ing knockdown of either cGAS or STING.*® As inflammation
is central to the pathogenesis of DE, these studies are consis-
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tent with our data showing the activation of the cGAS-STING
pathway is a crucial process in environmental DE.
Previously, our and other studies have revealed the
importance of ROS in environmental DE.#-% Here we
further show that exposure to high osmolarity induces
excess ROS in the mitochondria of pHCECs, as well as
impaired mitochondrial function and damaged mitochon-
drial morphology. But in the latest study,*® the authors found
the inhibiting mtDNA oxidation by exogenous 8-OHDG did
not downregulate the cGAS-STING pathway, which shows
that mtDNA oxidation is not the cause of cGAS-STING acti-
vation in the HCEC line. One reason might be due to other
regulatory events leading to such results, so the mechanism
of oxidative stress leading to DE needs further studies.
Additionally, we observed that excess mtDNA in the
cytoplasm induced activation of the cGAS-STING pathway,
resulting in the translocation of STING from the endoplasmic
reticulum to the perinuclear endosomes in DE. This accumu-
lation triggers the production of downstream inflammatory
factors. mtDNA enters the cytoplasm by rupture or perme-
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Ficure 6. mtDNA activates the cGAS-STING pathway in pHCECs. (A) Protein expression levels of cGAS, STING, TBK1, and IRF3
3/group). (B) Gene expression of inflammatory factors stimulated by mtDNA transfection followed by treatment with H151
(n = 3/group). The data are presented as mean £ SD. *P < 0.05, **P < 0.01, and **P < 0.001. Protein expression levels are quantified by

abilization of mitochondrial membranes after mitochondrial
damage.>® Alternatively, mtDNA may escape from mitochon-
dria into the cytoplasm via the mitochondrial permeability
transition pore (mPTP) in retinal microvascular endothelial
cells.*! Especially, in a latest study,’® they revealed that HCEC
mtDNA was released into the cytoplasm through the mPTP
under hyperosmotic stimulation, which led to mtDNA leak-
age. Overall, these data suggested that mtDNA release is
complex in DE.

The treatment efficiency of the STING inhibitor in envi-
ronmental DE, which may be caused by cytoplasmic mtDNA,
is not clearly verified. In this study, we report that STING
inhibition reversed the increased expression of inflamma-
tory factors in both a hyperosmolarity-induced cellular
model and an in vivo model, suggesting that the cGAS-
STING pathway may be a potential target for the treat-
ment of DE. Recently, it has been shown that the BRD4
inhibitor JQ1 (which epigenetically regulates the inhibition
of STING transcription) attenuated oxidative stress—induced
retinal inflammation and degeneration, and it thus may
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mtDNA promotes STING translocation in pHCECs. Colo-
calization of STING fluorescence localization with ER, ERGIC, and
Golgi in the cytoplasm after stimulation by mtDNA transfection and
HOP stimulation of pHCECs.

provide a potential therapeutic strategy for targeting the
cGAS-STING pathway in age-related macular degeneration.34
Similarly, our study provides a rationale for the targeting of
the cGAS-STING pathway in the development of therapeu-
tics for DE. In neoplastic diseases, the cGAS-STING signal-
ing pathway has a central role in the immune response to
tumors. cGAS-STING pathway activators have shown thera-
peutic efficacy in the treatment of tumor diseases,’*>? and a
number of clinical trials have been conducted to test poten-
tial biologic therapies.”>~>° To further investigate the poten-
tial application of the STING inhibitor in environmental DE
treatment, we applied one kind of STING inhibitor, H151,
in ICES mice, pHCECs, and mtDNA-transfected cells. We
have demonstrated that inhibition of STING can alleviate
the inflammation response, which is caused by mtDNA leak-
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TaBLe. Demographics and Clinical Characteristics of NC and DE

=+ P < 0.001.

Characteristic NC DE P Value
Number of cases 11 11 —
Percentage of females 54.50 63.60 —
OSDI, mean £+ SD 10.01 + 1.548 38.09 £+ 12.05 <0.001***
TBUT, mean + SD 5.273 £ 2.240 2909 + 0.831 <0.01**

age. As a most widely used typical inhibitor of the cGAS-
STING pathway, H151 effectively suppresses the expression
of STING. H151 significantly dampens inflammatory signal-
ing pathways in amyotrophic lateral sclerosis and human
dental pulp tissue.”®>” H151 has been shown to prevent
IFN-8, TNF-«, and IL-6 production induced by DNA trans-
fection in acute lung injury.®® H151 can downregulate the
expression levels of adhesion molecule and chemokines,
accompanied by decreased adhesive ability and chemotaxis
of immunocytes.”® These studies are consistent with our
results showing that H151 inhibits inflammation in DE. In
the latest study,®® they used one kind of STING inhibitor,
C-176, in mice and also found its efficiency in alleviating the
inflammation of the ocular surface in vivo. Thus, these stud-
ies together confirmed the importance of STING in mediat-
ing inflammation in DE.

We next sought to ask how the cGAS-STING pathway
exerts its effects in DE. There are two main downstream
factors in the cGAS-STING pathway, including TBK1 and
NF-xB.24-2% To find out the main contributing factor, we did
an RNA sequencing analysis of pHCECs, which is shown
as the TBK1 pathway that contributes to building environ-
mental DE. Our data suggest that the TBK1 pathway may
play an important role as the application of H151 effec-
tively dampens TBK1 expression, which provides evidence
of the environmental DE treatment method. Ouyang
et al.*® also found the upregulation in the protein level of
P-TBK1 in HCECs. Additional studies need to be conducted
to examine the downstream role of NF-«B. The induc-
tion of autophagy has been shown to be a pivotal func-
tion in the activation of the cGAS-STING pathway as the
strong activation of autophagy is a unique and important
feature of the pathway.”® Mitochondrial dysfunction and
cytosolic mtDNA stress activate the cGAS-STING pathway,
which triggers autophagy and promotes esophageal squa-
mous cell carcinoma progression.”® Moreover, activation of
the cGAS-STING pathway in A. fumigatus keratitis has been
reported to promote autophagy and inflammatory activa-
tion.?> Accordingly, we speculate that autophagy may be a
downstream target molecule of this pathway in the patho-
genesis of DE. Interestingly, we observed a significant upreg-
ulation of IFN-$ in the DE model. IFN-$ is a major effector
of the cGAS-STING pathway in the development of autoim-
mune diseases and inflammatory diseases. Type I IFN has
been shown to have a significant role in the pathogene-
sis of Sjogren syndrome, but the exact mechanism remains
unclear. A clinical study showed that type I IFN activation in
neutrophils of patients with Sjogren syndrome led to mito-
chondrial damage and associated ROS production.®® Since
Sjogren syndrome is a major risk factor for the pathogenesis
of DE, we hypothesized that IFN-8 may play an important
role as a downstream factor of the cGAS-STING pathway.

The study demonstrated that (1) the cGAS-STING path-
way is highly expressed in environmental DE disease; (2)
the cGAS-STING pathway is activated by recognition of mito-
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Ficure 8. RT-qPCR results show the mRNA expression levels of c¢GAS, STING, TBK1, IRF, and IFN-8 in the NC and DE groups
(n = 11/group). The data are presented as mean £ SD. *P < 0.05, **P < 0.01.

chondrial DNA leaking into the cytoplasm, leading to STING
translocation, resulting in the development of inflammation;
and (3) inhibition of the cGAS-STING pathway dampens the
increased expression of inflammatory factors. Targeting of
the cGAS-STING pathway could be a new target for envi-
ronmental DE therapy. However, further in-depth studies on
the downstream targets and specific molecular regulatory
mechanisms of the cGAS-STING pathway in environmental
DE are warranted.
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