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STING inhibitor ameliorates LPS-induced ALI by preventing
vascular endothelial cells-mediated immune cells chemotaxis

and adhesion

Bing Wu'?, Meng-meng Xu'?, Chen Fan', Chun-lan Feng', Qiu-kai Lu'?, Hui-min Lu'?, Cai-gui Xiang'?, Fang Bai'?, Hao-yu Wang'?,

Yan-wei Wu' and Wei Tang'~

Acute lung injury (ALI) is a common and devastating clinical disorder featured by excessive inflammatory responses. Stimulator of
interferon genes (STING) is an indispensable molecule for regulating inflammation and immune response in multiple diseases, but
the role of STING in the ALI pathogenesis is not well elucidated. In this study, we explored the molecular mechanisms of STING in
regulating lipopolysaccharide (LPS)-induced lung injury. Mice were pretreated with a STING inhibitor C-176 (15, 30 mg/kg, i.p.)
before LPS inhalation to induce ALl. We showed that LPS inhalation significantly increased STING expression in the lung tissues,
whereas C-176 pretreatment dose-dependently suppressed the expression of STING, decreased the production of inflammatory
cytokines including TNF-q, IL-6, IL-12, and IL-1[3, and restrained the expression of chemokines and adhesion molecule vascular cell
adhesion protein-1 (VCAM-1) in the lung tissues. Consistently, in vitro experiments conducted in TNF-a-stimulated HMEC-1cells
(common and classic vascular endothelial cells) revealed that human STING inhibitor H-151 or STING siRNA downregulated the

expression levels of adhesion molecule and chemokines in HMEC-1cells, accompanied by decreased adhesive ability and
chemotaxis of immunocytes upon TNF-a stimulation. We further revealed that STING inhibitor H-151 or STING knockdown
significantly decreased the phosphorylation of transcription factor STAT1, which subsequently influenced its binding to chemokine
CCL2 and adhesive molecule VCAM-1 gene promoter. Collectively, STING inhibitor can alleviate LPS-induced ALI in mice by
preventing vascular endothelial cells-mediated immune cell chemotaxis and adhesion, suggesting that STING may be a promising

therapeutic target for the treatment of ALl
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INTRODUCTION
Acute lung injury (ALl) and acute respiratory distress syndrome
(ARDS) are common critical illnesses in clinical anesthesia and the
intensive care unit [1-4]. These conditions are characterized by
the accumulation of macrophages, neutrophils, alveolar-capillary
membrane barrier dysfunction/disruption, and inflammatory
factors production that frequently results in acute hypoxic
respiratory insufficiency or failure. Sepsis and hemorrhagic shock
remain the primary risk factors for the development of ALI/ARDS
[3, 5, 6]. Despite great efforts that have been made in clinical care,
ARDS continues to carry a high mortality rate [5, 6]. The molecular
mechanisms responsible for the development of this are poorly
understood, as well as therapeutic strategies targeting specific
cytokines have not been effective in reducing the ARDS risk or
mortality from sepsis [7, 8]. It is therefore of utmost importance to
gain a deeper understanding of the underlying pathological
mechanisms of ALl and develop novel therapeutic strategies for
patients with ALL

The endothelium is an important part in homeostasis of body
physiology to safeguard transport logistics, control vascular

permeability, and regulate vascular tone [9, 10]. At the same
time, as an active part of the immune system, endothelial cells
not only function as a transport device for immune cells and
constitute a mechanical barrier against intruders, but they
also have an essential paracrine function by expressing adhesion
molecules and chemokines to organize recruitment of immune
cells and regulate leukocyte extravasation at places of inflam-
mation [9, 11]. Pro-inflammatory mediators such as TNF-a and/or
IL-1B increase the production of multiple chemokines and
adhesion molecules vascular cell adhesion protein (VCAM)-1
and intercellular adhesion molecule (ICAM)-1 on the surface of
endothelial cells, which are essential for monocytes and
polymorphonuclear neutrophils (PMN) rolling, adhesion, and
migration [12]. Sustained activation of endothelium leads to
massive infiltration of monocytes and PMNs, tissue damage, and
organ dysfunction in the end [13]. Therefore, regulating
the activation of endothelial cells may be a new direction for
treating inflammatory diseases. However, the regulatory
mechanisms of endothelial cells activation in ALl have not been
fully elucidated.
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The stimulator of interferons genes (STING, also known as MITA,
MPYS, and encoded by Tmem173) is an adapter protein involved
in the immune response to cyclic dinucleotides that are produced
by bacteria or metabolized from double-stranded DNA (dsDNA) by
cyclic guanosine monophosphate-adenosine synthase (cGAS) and
monophosphate [14-16]. Structurally, STING forms a complex with
the TANK-binding kinase 1 (TBK1) to enable its phosphorylation,
which results in activation of both interferon regulatory factor 3
and nuclear factor-kB, leading to the consequent production of
type | interferons (IFNs) and inflammatory cytokines [17].
Increasing evidence suggests that impairment of the STING
pathway has been associated with the pathogenesis of several
diseases, including infections, inflammatory, and autoimmune
diseases [18, 19].

The emerging role of cGAS-STING in sepsis or ALl has been
revealed by several recent studies. Li et al. found that mt-DNA in
cytosol and c-Myc cooperatively activated and upregulated STING,
which subsequently led to LPS-induced ALl by promoting NOD-,
LRR-, and pyrin domain-containing 3 (NLRP3) infllmmasome and
pyroptosis of macrophages. This study provided promising evidence
for the targeting of STING-NLRP3 against ALl [20]. Joshi et al.
demonstrated an essential role of SPHK2" monocyte-derived
CD11b™ macrophages, which are recruited to the airspace, in
promoting anti-inflammatory function of alveolar macrophages
during lung injury. They showed that S1P generated by recruited
SPHK2" monocyte-derived CD11b™* macrophages suppressed STING
signaling in alveolar macrophages to resolve inflammatory injury
[21]. Furthermore, Huang et al. investigated the role of mitochondria
in vascular endothelial injury during sepsis and demonstrated that
pore-forming molecule Gasdermin D released mitochondrial DNA
into the cytosol, which set into motion an amplified response
resulting in suppression of endothelial regeneration mediated by
the cytosolic DNA sensor cGAS [22]. However, whether vascular
endothelial cells-immune cells interactions are responsible for
STING-mediated pulmonary inflammation during AL, therefore,
remains to be explored.

In this study, we demonstrated that inhibition of STING by
C-176 intervention greatly repressed pulmonary inflammation
responses in the LPS-induced murine model of acute lung injury.
Moreover, we unveiled that STING inhibitor or STING knockdown
regulated vascular endothelial cells-mediated immune cells
adhesion and migration process via inhibiting the phosphoryla-
tion of signal transducer and activator of transcription 1 (STATT).
This may open up new opportunities for ALl treatment through
STING inhibitor via modulating the vascular endothelial cells-
immune cells crosstalk.

MATERIALS AND METHODS

Cell culture and treatment

HMEC-1 cells, HL-60 cells, and THP-1 cells were purchased from
American Type Culture Collection (ATCC, Manassas, VA, USA).
HMEC-1 cells were maintained in MCDB131 medium, HL-60 cells
and THP-1 cells were maintained in RPMI-1640 medium (Gibco,
Grand Island, NY, USA), containing 10% fetal bovine serum
(HyClone, Logan, UT, USA), 100 U/mL penicillin, and 100 ug/mL
streptomycin. Cells were cultured in a humidified incubator with
5% CO, at 37 °C. To be differentiated, HL-60 cells were cultured in
a medium containing 1.25% DMSO (Sigma-Aldrich, St. Louis, MO,
USA) and 10% FBS for 6 days.

In vitro leukocytes adhesion

HMEC-1 cells were treated with human STING inhibitor H-151 (HY-
112693, CAS No.: 941987-60-6) (MedChemExpress, New Jersey,
USA) [23] for 1h and then stimulated with TNF-a (315-01A-50,
Peprotech, London, UK) for 24 h. THP-1 monocytes and differ-
entiated HL-60 cells were fluorescently labeled with Calcein AM
(564061, Abcam Ltd) in RPMI-1640 medium for 30 min. Washing
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twice with PBS, THP-1 cells and differentiated HL-60 cells were
added onto an HMEC-1 monolayer and incubated for 30 min,
respectively. The cells were washed with PBS three times to
remove non-adherent cells and were fixed with 3.7% formalde-
hyde for 15min. The cells were visualized and imaged by
fluorescence microscope (Olympus IX73, Tokyo, Japan) and were
counted in three microscopic fields of each well. The pictures were
analyzed by using ImageJ software.

Chemotaxis assay

HMEC-1 cells were treated with H-151 for 1h and then
stimulated with TNF-a for 24 h. Subsequently, conditional
medium was collected and added into the lower chamber of
24-well trans-well chambers with 8 um pores (Corning, NY, USA).
THP-1 and differentiated HL-60 cells were labeled with Calcein
AM (564061, Abcam Ltd) in RPMI-1640 medium for 30 min. After
washing twice with PBS, THP-1 and differentiated HL-60 cells
were resuspended in fresh RPMI-1640 medium and then added
onto upper chamber of trans-well for 2 h incubated at 37 °C. The
number of cells in the lower chamber was detected by cell
counter and fluorescence microscope (Olympus 1X73, Tokyo,
Japan) [24].

SiRNA transfection

To knock down the STING expression in HMEC-1 cells, siRNA
targeting for STING silence (RiboBio, Guangzhou, China) was used
following the manufacturer’s instructions. Briefly, cells were
transiently transfected with appropriate siRNA using Lipofecta-
mine” RNAIMAX Reagent (Thermo Fisher Scientific) in serum-free
Opti-MEM medium. Cells were collected and assayed for STING
expression 48 h later. SiRNA oligo sequences were listed in
Supplementary Table S4.

In vivo animal experiments

All animals’ feeding and laboratory programs were implemented
according to the National Institutes of Health Guide for Care and
Use of Laboratory Animals and approved by the Bioethics
Committee of the Shanghai Institute of Materia Medica, Chinese
Academy of Sciences. Male C57BL/6J mice (8 weeks, 20-22 g)
were obtained from Shanghai Jihui Laboratory Animal Care Co.
Ltd. (Certificate No. 2013-0018, China). The mice were main-
tained under specific pathogen-free conditions with a period of
12h of light/12h of darkness, suitable temperature, and
humidity.

LPS-induced acute lung injury was induced as described by de
Souza Xavier Costa et al. [25]. Briefly, mice were kept in an acrylic
chamber (29 cm X 24 cm x 16 cm) throughout the LPS exposure
period. A solution containing 0.5mg/mL LPS (L2880, Sigma-
Aldrich, MO, USA) in saline was aerosolized with an ultrasonic
nebulizer (Sansbio, Nanjing, China) and air pump coupled to a
manometer (flow rate was monitored and adjusted to 1 mL/min)
for 30 min. After atomization for 30 min, the interval was 2 h, then
atomized for 30 min again, and the experiment endpoint was in 4
h. Mice were randomly divided into four groups with eight mice
per group: untreated normal control, vehicle challenged with LPS,
LPS + C-176 (15 mg/kg), and LPS 4+ C-176 (30 mg/kg). C-176 (HY-
112906, CAS No.: 314054-00-7) was purchased from MedChemEx-
press (New Jersey, USA) and was dissolved in 200 yL of corn oil
(Sigma-Aldrich, MO, USA) with a final concentration at 15 mg/kg
and 30 mg/kg, was injected intraperitoneally 30 min before LPS
inhalation.

Bronchoalveolar lavage fluid (BALF) collection

For the BALF collection, a tracheostomy was performed and a
cannula was inserted into trachea. The left lung was lavaged three
times with 1mL cold PBS via tracheal catheter to obtain
bronchoalveolar lavage (BAL) fluid. Counted the total number of
cells in BALF. BALF was centrifuged at 4 °C at 600 x g for 10 min.
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The differential cells were analyzed with flow cytometer using BD
LSRFortessa instruments. The supernatant was stored at —20°C
until further examination.

Histology analysis

After mice were sacrificed, lung tissues were excised. The lung
tissues were fixed in 4% paraformaldehyde at room temperature
and then embedded in paraffin. Sections (5um) were cut,
hematoxylin and eosin (H&E) staining were performed according
to standard protocol. Histopathological evaluation was observed
by two independent investigators blinded to the experimental
conditions, in the Center for Drug Safety Evaluation and
Research, Shanghai Institute of Materia Medica, Chinese
Academy of Sciences, which is compliant with Good Laboratory
Practice. Lung injury was scored according to the following
criteria [26]: (1) alveolar congestion, (2) hemorrhage, (3)
infiltration or aggregation of neutrophils in airspace or vessel
wall, and (4) thickness of the alveolar wall. For each subject, a
five-point scale was applied: 0, minimal (little) damage; 1+, mild
damage; 2+, moderate damage; 3+, severe damage; and 4+,
maximal damage. Points were added up and are expressed as
median + range of injury score.

For immunohistochemistry, tissue sections were blocked with
10% normal horse serum and incubated overnight at 4°C in a
humidified environment with F4/80 mAb (Abcam Ltd) and Ly6G
mAb (Abcam Ltd). Primary labeling was detected using biotiny-
lated horse anti-rabbit IgG secondary antibody, followed by color
development with the aminoethyl carbazole system. All images
were captured using a Leica TCS SPS microscope.

Cytokine analysis

Cytokines in BALF, lung homogenates, and cell supernatants were
determined by ELISA kit. Lung tissues from mice were homo-
genized in PBS and centrifuged. The concentration of total protein
was determined by BCA protein assay kit. Cytokine levels of TNF-q,
IL-1B, IL-6, IL-12 were quantified by ELISA kit (BD Pharmingen)
according to the manufacturer’s instructions. The cytokine levels
in the lung homogenates were expressed as pg/mg protein. And
the cell supernatants and BALF were expressed as pg/mL.

Flow cytometry analysis

To obtain lung single-cell suspensions, the lung tissues were cut
into small pieces in digestion buffer containing 1.5 mg/mL
collagenase IV (C5138, Sigma-Aldrich, St. Louis, MO, USA) and
0.04 mg/mL DNase | (10104159001, Roche, Mannheim, Germany)
for 1 h at 37 °C. Then the lung tissues were filtered with 100 pm
strainer and red blood cells were depleted with erythrocyte
lysate. Total lung cell suspensions were collected by centrifuga-
tion at 1200 r/min for 5 min and filtered by 70-um strainer. The
lung single-cell suspension was blocked with anti-mCD16/CD32
(2.4G2) and then stained with indicated antibodies. Flow
cytometric analysis was performed on BD LSRFortessa, and
data were analyzed using FlowJo 10 software (Treestar, Ashland,
OR, USA). Immune cells were identified as CD45" (565967,
BD Pharmingen), macrophages as CD11b"F4/80" (550993 and
565410, BD Pharmingen), neutrophils as CD11b*Ly6G™" (551461,
BD Pharmingen).

Measurement of double-stranded DNA

Double-stranded DNA was measured in BALF using Quant-iT™
PicoGreen™ dsDNA Reagent (P7581, ThermoFisher Scientific,
Waltham, USA) according to the manufacturer’s protocol.

Assessment of myeloperoxidase (MPO) activity

For measured neutrophil infiltration into lung tissues, MPO
activity was detected by O-dianisidine method as previously
described [27]. The results were shown as activity units per
milligram tissue.
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Real-time quantitative polymerase chain reaction (RT-QPCR)
analysis

Total RNAs from lung tissues and culture cells were isolated using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Reverse transcrip-
tion was carried out with Trans-Script First-Strand cDNA Synthesis
SuperMix Kit (11123ES60, Yishen, Shanghai, China) according to
the manufacturer’s instructions. Subsequently, the product from
reverse transcription was amplified with SYBR Green (11203ES08,
Yishen, Shanghai, China) using Applied Biosystems (ThermoFisher
Scientific, Waltham, USA). Primer sequences were listed in
Supplementary Table S1.

Western blot analysis

Lung tissue samples and culture cells were lysed in SDS lysis buffer
(PO013G, Beyotime, Shanghai, China). Electrophoresis was per-
formed as we have described previously [28]. Western blots were
quantified using ImageJ software. Antibody information was listed
in Supplementary Table S3.

Chromatin immunoprecipitation (ChIP) assay

HMEC-1 cells were well stimulated with TNF-a for 24 h following
pretreatment with H-151 for 1 h. And cells were collected for
ChIP assay according to a previously described protocol [29].
Vcam-1- and Ccl2-specific primers were designed to include
the STAT1-binding site. The primer sequences are listed in
Supplementary Table S2.

Statistical analysis

All experiment data were presented as mean+SEM and
statistically evaluated by one-way ANOVA followed by Dunnett’s
test for three or more groups. Statistical analyses were evaluated
using GraphPad Prism 7.0 software. Differences where P <0.05
were considered statistically significant.

RESULTS

The cGAS-STING pathway was upregulated in the LPS-induced ALI
mice model and STING inhibitor downregulated its activation
Endotoxin-induced ALl is a well-characterized model of nonlethal
ALl mediated by pro-inflammatory activation of immune cells and
increased vascular permeability [30]. In our study, we investigated
the potential role of STING on the progression of lung
inflammation using the LPS-induced ALI model (Fig. 1a). Mice
were randomly divided into four groups with eight mice per
group: untreated normal control, vehicle challenged with LPS, LPS
-+ C-176 (15 mg/kg), and LPS + C-176 (30 mg/kg). STING inhibitor
was injected intraperitoneally 30 min before model every atomiz-
ing. Western blot analysis showed that cGAS and STING were
significantly increased in the vehicle group lung tissues homo-
genates (Fig. 1c). Accordingly, the phosphorylation levels of TBK1
and p65, which are the direct downstream signaling proteins of
STING, were significantly increased in LPS-challenged vehicle
group mice (Fig. 1d). Compared with the vehicle group, selective
antagonist C-176 treatment decreased the levels of STING (Fig. 1b
and ¢) and inhibited the phosphorylation of TBK1 and p65
(Fig. 1d), consistent with Haag's findings [23]. Additionally, STAT1
phosphorylation was significantly increased in LPS-challenged
vehicle group mice and C-176 treatment inhibited the phosphor-
ylation of STAT1 (Fig. 1d), followed by a decrease of the
downstream interferon-stimulated genes (ISGs) including Isg15,
Mx-1, Isg56, and Eif2ak2 (Fig. 1e). These results indicated that
CGAS-STING pathway participates in the development of LPS-
mediated ALI.

Suppression of STING ameliorated lung inflammation in ALI mice
The above findings encouraged us to further investigate the
important role of STING in lung injury. Compared with the
vehicle group, H&E-stained pulmonary sections indicated that
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Fig. 1 The cGAS-STING signaling was involved in LPS-induced ALI. a The flow diagram of LPS-induced ALl mice model. b Sting mRNA level
was determined in lung tissues homogenates (n =8 mice per group). ¢ cGAS and STING protein levels were detected in lung tissues
homogenates by Western blot (n =3 mice per group). The value of relative protein expression represented the ratio of targeted protein
quantitative value to GAPDH quantitative value in each lane. d Western blot analysis of downstream protein phosphorylation (TBK1, p65, and
STAT1) in lung tissues homogenates and GAPDH was used as a loading control (n = 3 mice per group). The value of relative protein expression
represented the ratio of phosphorylated protein quantitative value to total protein quantitative value in each lane. e RT-QPCR analysis of ISG
factors including Mx-1, Isg15, Isg56, and Eif2ak2 mRNA extracted from lung tissues (n = 8 mice per group). Data are presented as means + SEM.
Normal: untreated control, Vehicle: mice challenged with LPS. Western blots were quantified using ImageJ software. The mRNA relative levels
were normalized to normal group mice by the 2~ AC method. *P < 0.05, **P < 0.01, ***P < 0,001 compared to vehicle group. *P < 0.05, #P <
0.01, ¥*P < 0.001 compared to normal group.

alveolar architecture damage and congestion were relieved in
STING inhibitor-treated groups (Fig. 2a), along with a decrease in
the levels of BALF protein (Fig. 2b). Meanwhile, STING inhibition
also reduced the levels of dsDNA in BALF (Fig. 2c) and attenuated
lactate dehydrogenase activity (Fig. 2d) in serum. In addition,
massive infiltration of immune cells and subsequent inflamma-
tory cytokines production can further aggravate the
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development of the disease [31]. The histological result revealed
that the number of infiltrating cells was reduced when C-176
treatment was applied (Fig. 2a), accompanied by less accumula-
tion of BALF cells (Fig. 2e). As shown in Fig. 2f, C-176 treatment
significantly lessened the production of pro-inflammatory
cytokines including TNF-q, IL-6, IL-12, and IL-13 in BALF.
Consistently, the protein and gene levels of pro-inflammatory
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cytokines in the lung homogenates were decreased in C-176
treated animals (Fig. 2g, h). Taken all together, suppression of the
STING decreased the severity of ALl and lowered the LPS-
mediated inflammation.

STING inhibitor restrained the infiltration of neutrophils in the LPS-
induced ALl mice model

The above data suggested that STING inhibitor affected the
infiltration of immune cells into the lung tissues of mice.
We performed an immunohistochemical assay to further investi-
gate the types of infiltrating immune cells. Our data indicated that
the infiltration of F4/80" macrophages (Supplementary Fig. S1a)
and Ly6G™ neutrophils significantly increased in the vehicle group,
and STING inhibitor could relieve this symptom (Fig. 3a). Mean-
while, increased populations of macrophages (Supplementary
Fig. S1b) and neutrophils (Fig. 3b) were observed in BALF from
LPS-induced mice, which could be restored by C-176. In addition,
flow cytometric analyses showed that treatment with STING
inhibitor substantially reduced the percentage of CD11b*Ly6G™
neutrophils in lung tissues, compared with vehicle control mice
(Fig. 3c). Myeloperoxidase (MPO), which is most abundantly
expressed in neutrophil granulocytes, showed enhanced activity
in lung tissues of ALl mice and C-176 inhibited MPO activity,
indicating the decrease of neutrophil infiltration (Fig. 3d).
Correspondingly, the gene expression of Ly6G and neutrophil
extracellular traps (NET) markers (Pad4 and Rac2) in lung tissues
was downregulated by C-176 (Fig. 3e). Besides, infiltrating
macrophages may aggravate the development of pulmonary
inflammation through the activation of the inflammasome. Our
results revealed that Asc and Caspase-1 were highly induced in the
lung of vehicle-treated LPS animals, whereas C-176 treatment
inhibited the induction of these genes by QPCR assay (Supple-
mentary Fig. S1d). We also observed that administration of C-176
dampened the expression of inflammasome components including
NLRP3 and caspase-1 in lung homogenates (Supplementary Fig. S1c),
consistent with Geng’s data [20]. Vascular endothelial cells play a key
role in recruiting circulating immunocytes by secreting chemokines
and guiding immunocytes’ transmission by expressing adhesion
molecules, thus leading to the maintenance and aggravation of
inflammation in ALl To further clarify the mechanism by which
STING inhibitor affected the infiltration of macrophages and
neutrophils into the lungs of mice, we examined the chemokines
and adhesion molecules expressed [32]. Gene expression assays
showed that the levels of chemokines and chemokine receptors
(such as Cxcl10, Cxcl2, Cxcl9, Cxcll, Ccl2, Ccl20, Ccl3, Ccl4, Ccl5, Ccl22,
and Ccr2) were significantly enhanced in LPS-induced vehicle group
mice, while C-176 treatment inhibited the expression (Fig. 3f). As
shown in Fig. 3g, h, the adhesive molecule VCAM-1 was significantly
enhanced in vehicle mice, while C-176 treatment restored the
expression almost to the normal level. These results suggested that
STING inhibitor repressed the infiltration of macrophages and
neutrophils and reduced pulmonary inflammation.

Inhibition of STING suppressed the expression of chemokines and
adhesive molecules in vascular endothelial cells

Following the decreased adhesive molecule level after STING
inhibition in vivo, we used TNF-a-stimulated HMEC-1 (common
and classic vascular endothelial cells) to study the effects of human
STING inhibitor H-151 [23] on the adhesive and migrating process
in vitro. CCK-8 assay shows that H-151 at 90 uM and below had
almost no toxicity to HMEC-1 cells (Supplementary Fig. S2). TNF-a
addition increased the expression of chemokines including Ccl2,
Ccl5, Ccl20, and Cxcl10, while H-151 possessed the capacity to
downregulate the expression of chemokines in a dose-dependent
manner (Fig. 4a). Moreover, STING inhibitor could decrease adhesive
molecule VCAM-1 expression from HMEC-1 cells (Fig. 4b, c). To
further verify the effect of STING inhibition on the functional profile
of HMEC-1 cells, we knocked down the expression of STING in
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HMEC-1 cells and analyzed the effects of STING on chemokines and
adhesive molecules. The interference efficiency of STING siRNAs was
above 90% (Supplementary Fig. S3a, b). Consistent with the STING
inhibitor, knockdown of STING also inhibited the expression of
chemokines (including Ccl2, Ccl5, Ccl20, and Cxcl10) and adhesive
molecule VCAM-1 in TNF-a-stimulated HMEC-1 (Fig. 4d, e, and f).

Finally, we used HMEC-1 cells to explore their adhesive ability and
chemotaxis effects on monocytes and neutrophils. As shown in
Fig. 4g and Supplementary Fig. S4 (upper), enhanced the adhesive
ability of HMEC-1 toward differentiated HL-60 cells and THP-1 was
observed under the stimulation of TNF-a and STING inhibition
intervened in this event. In accordance with the decreased
chemokines level after STING inhibition, the chemotaxis behavior
of THP-1 (Supplementary Fig. S4, below) and differentiated HL-60
cells (Fig. 4g, below) to conditional media from HMEC-1 cells was
restrained by STING inhibition. These results suggested that STING
may participate in the interaction between vascular EC and
immunocytes, and then restrained the infiltration of macrophages
and neutrophils, which possibly becomes one of the underlying
mechanisms of STING mediating lung inflammation.

STING inhibitor suppressed the expression of Ccl2 and VCAM-1 via
inhibiting the phosphorylation of STAT1

To ravel the underlying molecule mechanism of how STING
inhibitor affected the expression of chemokines and VCAM-1 from
vascular endothelial cells, we first analyzed the classical down-
stream pathways of TNF-a stimulation like p65 and mitogen-
activated protein kinases (MAPK) signaling. The phosphorylation
of p65 and MAPK increased after TNF-a treatment, while H-151
treatment could not reduce the upregulation of protein phos-
phorylation (Fig. 5a). Meanwhile, immunofluorescence staining
showed that p65 nuclear translocation could not be influenced
with H-151 treatment (Supplementary Fig. S5). Surprisingly, H-151
and STING knockdown highly suppressed the phosphorylation of
STAT1, which is a transcription factor strongly associated with the
activation of STING (Fig. 5b, c). We then investigated the exact role
of STAT1 in endothelial cells. We found that the 5’ untranslated
region of the Ccl2 and Vcam-1 gene contains putative STAT1
binding sites via analyzing with TFSEARCH (Searching Transcrip-
tion Factor Binding Sites, version 1.3) (Fig. 5d). Results from ChIP
assay showed that STAT1 bound to the Cc/2 and Vcam-1 promoter,
this binding was strikingly decreased by H-151 treatment
compared with control cells (Fig. 5e). Similarly, silencing STING
prevented the binding between STAT1 and the Ccl2 and Vcam-1
promoter (Fig. 5f), confirming the role of STING in promoting this
binding and Ccl2 and Vcam-1 expression. These results suggested
that STING inhibition suppressed the expression of Ccl2 and
VCAM-1 via inhibiting STAT1 consensus sites to genes promoter
upstream.

DISCUSSION

Increasing evidence has been reported on the regulatory role of
cGAS-STING signaling pathway in various inflammatory diseases
including acute pancreatitis, alcoholic liver disease, age-
dependent macular degeneration, acute kidney injury (AKIl), and
nonalcoholic steatohepatitis [33-37]. In this study, we disclose a
critical role of STING in LPS-induced ALl which modulates vascular
endothelial cells-mediated immune cells chemotaxis and adhe-
sion via regulating phosphorylation of STAT1 (Fig. 6).

Actually, targeting STING by inhibitor C-176 has been shown to
be effective in the treatment of inflammatory diseases. Similar to
our results (Fig. 1d), Hagg's work showed that C-176 could inhibit
the phosphorylation of TBK1, reduce the CMA-mediated induction
of serum levels of type | IFN and IL-6, improve signs of severe
multi-organ inflammation in Trex1 ~/~ mice, which accompanied
by persistent activation of the cGAS-STING pathway and certain
pathogenic features of Aicardi-Goutieres syndrome in humans
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[23]. Peng’s data demonstrated that administration of C-176 addition, Maekawa et al. found that pharmacological inhibition of
substantially attenuated subarachnoid hemorrhage-induced brain the STING by C-176 attenuated tubular injury and renal function in
edema and neuronal inflammation and improved neurological association with a reduction of tubular inflammation in cisplatin-
function by activating AMP-activated protein kinase signal [38]. In induced AKI mice [39].
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to no stimulation. Nc means control scrambled siRNA.

In fact, the role of STING in experimental ALl has also been
mentioned in a few studies recently. Both Geng’s and Mehta's
groups reported that STING knockout regulates the function of
macrophages and ameliorates LPS-induced murine ALl Geng's
data found that mt-DNA in cytosol activated and upregulated
STING, which subsequently led to NLRP3 inflammasome activation
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and pyroptosis of macrophages [20]. Consistent with these
observations, our data also showed that inflammasome compo-
nents were highly increased in the lung of vehicle-treated
LPS animals by realtime PCR and immunoblots assay, whereas
STING inhibitor C-176 intervention inhibited the activation of
inflammasome (Supplementary Fig. S1c, d). Besides, Mehta’s study
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molecule gene promoter.

demonstrated that the cell-intrinsic SPHK2-S1P pathway in
airspace CD11b™ macrophages blocked STING signaling in
alveolar macrophages, thereby resolving lung vascular inflamma-
tory injury [21]. They showed that depletion of CD11b™"
macrophages led to alveolar macrophage proliferation, neutrophil
accumulation, and long-lasting vascular injury. In our study, we
also found that STING inhibitor inhibited the infiltration of
CD11b"F4/80" macrophages (Supplementary Fig. S1a) in the
lung lesion, thereby preventing lung inflammatory response.
Neutrophils are considered to play a key role in the progression
of AL, as activation and migration of neutrophils are early steps in
the pulmonary inflammatory process. In experimental models, the
elimination of neutrophils markedly decreases the severity of ALI.
Furthermore, in neutropenic patients with lung injury, deterioration
of pulmonary function as neutropenia resolves has been well
described [40, 41]. In our study, we found that STING inhibitor could
decrease the infiltration of CD11b"Ly6G" neutrophils in lung
tissues (Fig. 3a, ¢) and BALF (Fig. 3b) and inhibit MPO activity
(Fig. 3d), which is most abundantly expressed in neutrophil
granulocytes. Wei's group finds the release of mtDNA in acute
peripheral tissue trauma models induced the formation of NETs
and sterile inflammation. MtDNA activated neutrophils via cGAS-
STING and TLR9 pathways and increased extracellular neutrophil-
derived DNA in NETs and promoted the expression of the NET-
associated proteins Rac 2 and Pad4 [42]. Correspondingly, our study
showed that the gene expression of Pad4 and Rac2 in lung tissues
was downregulated by STING inhibitor C-176 (Fig. 3e). Therefore,
our findings suggested that STING inhibitor repressed the
infiltration of neutrophils and reduced pulmonary inflammation.
Vascular endothelial cells are kind of sentinel cells detecting
pathogen-associated molecular patterns or damage-associated
molecular patterns in ALIl, and activated vascular endothelial cells
could mediate immune cell adhesion and chemotaxis [12, 43].
Increased vascular endothelial cells-immunocytes interaction
facilitates immunocyte’s transmigration from the capillaries into
the lung parenchyma, contributing to the inflammatory response
as well as to pulmonary edema formation. Therefore, under-
standing the molecular control of vascular endothelial cells
activation is highly significant for elucidating the pathogenesis
of ALI. Adhesion molecules play important roles in cell migration,
proliferation, and signal transduction, as well as in development
and tissue repair [44]. Here, we observed that STING inhibitor
decreased vascular endothelial cells activation accompanied with
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VCAM-1 expression in vivo (Fig. 3g, h). Similarly, in vitro, there was
a large increase of VCAM-1 expression during TNF-a stimulation in
HMEC-1 cells, and STING inhibitor or STING siRNA showed steady
inhibitory effects on the expression level (Fig. 4b, ¢, e, and f). In co-
culture experiment, the adhesive ability of vascular endothelial
cells towards neutrophils and macrophages was also restrained by
human STING inhibitor and STING knockdown (Fig. 4g and
Supplementary Fig. S4). It is worth noting that the expression of
ICAM-1 failed to be relieved in LPS-induced lung injury or TNF-a
triggered HMEC-1 cells under STING inhibitor intervention (data
not shown). These data pointed out that STING may be specifically
implicated in diseases mediated by vascular endothelium;
whereas, the therapeutic effects of STING inhibitor on vascular
diseases such as STING-associated vasculopathy with onset in
infancy await further investigations.

Besides, chemokines released by endothelial cells are an initial
pathological process for immune cells migration to the site of
inflammation, and it could amplify the immune-inflammatory
response in ALl [12]. Ccl2, Ccl3, Ccl5 and Cxcl10, involved in
inflammatory and infection diseases, direct the migration and
infiltration of monocytes, memory T lymphocytes at the place of
injury and infection [45, 46]. In rodents, the most relevant
chemokines for neutrophil recruitment into the lung are Cxc/7 and
Cxcl2, which bind to Cxcr2 chemokine receptor. Inhibition or
knockout of receptor Cxcr2 diminishes neutrophil influx into
the lung tissues [40]. Moreover, Ccl3, Ccl5, and Ccl20 also act as
chemotactic factors that attract lymphocytes and neutrophils [47].
Our data revealed that inhibition of STING reduced the expression of
chemokines including Ccl2, Ccl5, Ccl20, and Cxcl10 (Fig. 3f, Fig. 4a, d)
and intervened in the migrating process of immunocytes towards
HMEC-1 cells after TNF-a stimulation (Supplementary Fig. S4 and
Fig. 4g). Collectively, this is the first study to disclose a regulatory
role of STING on chemokine and adhesive molecule expression in
vascular endothelial cells and further elucidate the mechanism of
crosstalk between endothelial cells and immune cells, especially
neutrophils.

The signaling pathway of activating endothelial cells by the
mediator TNF-a derived principally from activated leukocytes has
been extensively studied [11]. In brief, TNF-a binds to the TNF-a
receptor and initiates various kinase cascades, leading to activation of
the transcription factors p65 and activator protein 1. However, p65
phosphorylation and nuclear translocation increased after TNF-a
stimulation in HMEC-1 cells and STING inhibitor treatment could not
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reduce the upregulation of protein phosphorylation and nuclear
translocation (Fig. 5a and Supplementary Fig. S5). In the present
study, we demonstrated that the phosphorylation of STAT1 was
upregulated in mice and HMEC-1 cells upon stimulation (Fig. 5b).
STATT1 is a transcription factor strongly associated with the activation
of STING. Studies have shown that the activation of STING could give
rise to an increase of the phosphorylation of STAT1 in vascular and
pulmonary syndrome and KRAS-driven lung cancers [48, 49].
Intriguingly, STING inhibitor or siRNA intervention both inhibited
the increasing level of p-STAT1, further repressed the binding of
STAT1 to the promoter of Vcam-1 and Ccl2 (Fig. 5e, f), indicating that
STAT1 was involved in the transcription of genes associated with
chemotaxis and adhesion process.

In summary, through the application of STING inhibitor, we
explored a new function of STING involved in regulating the
activation of vascular endothelial cells, and further clarified the
role and mechanism of STING in the pathophysiological process in
ALl. Altogether, the current study supports the notion that
targeting STING might be a novel and promising therapeutic
strategy against ALL
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