www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Elucidating the function of STING
in systemic lupus erythematosus
through the STING Goldenticket
mouse mutant

Pichpisith Pierre Vejvisithsakul®’, Chisanu Thumarat?, Asada Leelahavanichkul®*,
Nattiya Hirankan®, Trairak Pisitkun®, Soren Riis Paludan®’ & Prapaporn Pisitkun®2**

The complexity of systemic lupus erythematosus (SLE) arises from intricate genetic and
environmental interactions, with STING playing a pivotal role. This study aims to comprehend

the function of STING using the pristane-induced lupus (PIL) model in Sting missense mutant

mice (Goldenticket or Sting®*), which contrasts with previous research using Sting knockout mice.
Investigating two-month-old Sting®® mice over six months post-PIL induction, we observed a profound
reduction in autoimmune markers, including antinuclear and anti-dsDNA antibodies, germinal

center B cells, and plasma cells, compared to their wild-type counterparts. A pivotal finding was the
marked decrease in IL-17-producing T cells. Notably, the severity of lupus nephritis and pulmonary
hemorrhages was significantly diminished in Sting®* mice. These findings demonstrate that different
genetic approaches to interfere with STING signaling can lead to contrasting outcomes in SLE
pathogenesis, which highlights the need for a nuanced understanding of the role of STING in drug
development for SLE. In summary, the loss of Sting function in Goldenticket mutant mice rescued
autoimmune phenotypes in PIL. This study reveals the critical nature of STING in SLE, suggesting that
the method of STING modulation significantly influences disease phenotypes and should be a key
consideration in developing targeted therapies.
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Type I interferon (IFN) is one of the critical cytokines that induce lupus disease and is essential for Pristane-
induced lupus (PIL)". The interruption of type I IFN receptor ameliorates lupus-like phenotypes in NZB (New
Zealand Black) mice®. The mice with Tlr7 (Toll-like receptor 7) over-expression developed lupus phenotypes®*,
while the Tlr7-deficient mice did not develop glomerulonephritis in PIL®. In addition, the Tlr9 (Toll-like receptor
9) -deficient C57BL/6 mice develop less histological renal injury and immune complex deposition than wild-type
(WT) mice in PIL®. However, PIL in Tlr9-deficient BALB/C mice shows worsening renal pathology compared
to WT”. These data suggest that interfering with the upstream of type I IFN production through nucleic acid
sensors in different backgrounds showed different outcomes of lupus diseases.

TREX1 (three prime repair exonuclease 1) degrades excess intracellular single-strand DNA to prevent the acti-
vation of interferon-stimulated genes®. Trex1-deficient mice develop autoimmunity mediated through type I IFN
signaling’. STING (stimulator of interferon genes) or Tmem173 (Transmembrane protein 173) is a cytosolic DNA
sensor that responds to dsDNA or cyclic GMP-AMP (cGAMP). The cGAS (Cyclic GMP-AMP synthase) pro-
cesses dsDNA and releases cGAMP'?. The absence of cGAS and Sting signaling abrogates the lethal autoimmune
phenotypes in Trex1-deficient mice'"'?. In addition, gain-of-function STING mutations have been identified in
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patients with monogenic autoinflammatory disease and type I interferonopathies, so-called STING-associated
vasculopathy with onset in infancy (SAVI)***7, inflammatory lupus-like disease and familial chilblain lupus'®*’.

The deletion of Sting aggravates inflammation and increases autoantibody production in the autoimmune
MRL.Fas " mice®. PIL shows the autoimmunity development in the Sting knockout mice, which depends on
DNA?!. A mutant mouse strain, Goldenticket (Gt), that harbors a point mutation (T596A) in Sting results in an
isoleucine-to-asparagine substitution (I199N) in the Sting protein which leads to the loss of STING function and
type I IFN signaling?’. Activation of STING signaling induces B cell death, and the Sting®* mutant mice develop
accelerated autoimmune arthritis in collagen-induced arthritis (CIA)*. Nevertheless, STING signaling in den-
dritic cells (DC) promotes plasmacytoid DC differentiation and initiates lupus phenotypes in the 129/B6.Fcgr2b
(Fc gamma receptor 2b) -deficient mice*!. The STING inhibitor (ISD017) targeted STING signaling specifically
and affected lupus development in the lupus-prone 129/B6.Fcgr2b-deficient mice®. These data suggested that
STING is a gatekeeper of autoimmunity in specific contexts.

The STING is an endoplasmic reticulum adaptor that has several domains, each with specific roles and inter-
actions, including transmembrane proteins (TM), dimerization domain (DD), Cyclic-di-GMP-binding domain
(CBD), and C-terminal tail (CTT)?**?’. These domains interact with adaptor proteins that enhance inflammatory
response or inhibit type I IFN production?®?. The C-terminal region of STING is both necessary and sufficient
to activate TBK1 and stimulate the phosphorylation of IRF3*.

The cGAS-STING activating canonical pathway can lead to TBK1/IRF3 mediated type I IFN expression.
Several functions of non-canonical signaling downstream of STING have been described, such as autophagy,
cellular condensation, and DNA damage repair'’. The genetic manipulation of Sting in different domains (mutant
or deletion) could lead to opposite outcomes in the same mouse model.

Although the Sting-deletion mice developed PIL?, the Sting® mutant prevented the Fcgr2b-deficient mice
from developing lupus disease?*. Thus, we aim to verify whether a different genetic manipulation of Sting could
lead to different outcomes by introducing PIL into the Sting® mutant mice. We found that PIL in the Sting® mice
did not develop anti-dsDNA and lupus nephritis. Also, the Sting®* mice limited the expansion of plasmacytoid
dendritic cells after pristane injection and reduced IFN-gamma and IL-17-producing double-negative T cells.
Our data suggested that STING plays a vital role in SLE pathogenesis, and inhibition of STING at the specific
sequence could lead to a potential target for therapeutic intervention.

Methods

Pristane-induced lupus mouse model

The Sting® mice (the Goldenticket or Tmem173%") mice were created via chemically inducing mutagen with
N-ethyl-N-nitrosourea (ENU)?2. The C57BL/6 WT and Sting® mice (8-10 weeks old) were intraperitoneally
injected with 500 pl of Pristane or tetramethylpentadecane (TMPD) (#P2870, SIGMA-ALDRICH Co., MO,
USA)*L. Blood samples were collected before and after 6 months after pristane injection intraperitoneally. The
mice were monitored for clinical symptoms and humanely sacrificed if they showed distressing symptoms. Mice
were bred and housed at the Faculty of Medicine, Chulalongkorn University. All experiments were performed
with the approval of the Animal Experimentation Ethics Committee of Chulalongkorn University Medical
School with all relevant institutional guidelines (007/2561). All methods were performed following the ARRIVE
guidelines.

Sample collection and preparation

The organs were harvested from the mice six months after pristane injection. The splenocytes were isolated,
and cold ACK lysis buffer was added to lyze red blood cells for 5 min. The splenocytes were washed and resus-
pended in 0.5% BSA in PBS for flow cytometry. Kidneys were fixed with 4% Paraformaldehyde in PBS. Lungs
were perfused with normal buffer formalin to inflate the lungs and fixed with 4% Paraformaldehyde in PBS for
tissue pathology.

Detection of anti-dsDNA and antinuclear antibody (ANA)

The quantitative ELISA for anti-dsDNA was performed from the sera collected six months after pristane injection
using the previous protocol**. The ANA was tested in the sera (dilution 1:2000) of the mice using Hep-2 cells,
following the described protocol*. The researcher was blinded to the treatment groups and graded the fluores-
cence intensity as 4 = maximal fluorescence (brilliant yellow-green), 3 =less brilliant (yellow-green fluorescence),
2 =definite (dull yellow-green), and 1=very dim (subdued fluorescence)’.

Flow cytometry analysis

Splenocytes were resuspended with staining buffer (0.5%BSA in PBS and 0.09% azide) to obtain the 20 x 10°
cells/ml concentration. The splenocytes (1 x 10° cells) were stained with flow antibody including CD4 (GK1.
5; #100423), CD8 (53-6. 7; #100708), CD62L (MEL-14; #104417), CD44 (IM7; #103035), CD3¢ (145-2C11;
#100312), ICOS (C398.4A; #313517), CD11c (N418; #117312), B220 (RA3-6B2; #103222), CD11b (M1/70;
#101228), I-Ab (AF6-120.1; #116406), PDCA-1 (129c1; #127103), CD80 (16-10A1; #104733), GL7 (GL7;
#144604), CD138 (281-2; #142506), F480 (BMS; #123112), CD45RB (C363-16A; #103307), Ly6c (HK1.4;
#128022), Ly6g (1A8; #127608), IgM (RMM-1; #406512), IgD (11-26¢.2a; #405718), CD21 (7E9; #123415),
CD23 (B3B4; #101613), CD19 (6D5; #115,522), IFNy (XMG1.2; #505821), and IL17A (TC11-18H10.1; #506921),
(Biolegend, San Diego, CA, USA), FAS (15A7; #12095181) (Invitrogen, Frederick, MD, USA). Cell viability
(eBioscience™ Fixable Viability Dye eFluor™ 780, #65-0865-14, Thermo Fisher Scientific, CA, USA). For cell
surface marker staining, splenocytes were isolated and prepared as previously described?2.
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Intracellular staining for cytokine-induced cells

The splenocytes were resuspended with staining buffer (0.5%BSA in PBS and 0.09% azide) to obtain the 20 x 10°
cells/ml concentration. The 200-uL cells were then seeded, which is equivalent to 1x 10° cells, in a culture
medium with 25 ng/ml PMA, 1 ug/ml ionomycin (Sigma-Aldrich, Darmstadt, Germany), and 1X GolgiPlug
(brefeldin A, Biolegend, San Diego, CA, USA) into each well of the 96-well culture plate. The cells were incubated
at 37°C, 5% CO, for 4 h. Afterward, cells were stained with surface markers, i.e., anti-CD3, anti-CD4, and anti-
CD8 antibodies, and fixed in 200 pl of fixation buffer (BioLegend, San Diego, CA, USA) at 4 °C overnight without
light exposure. Cells were centrifuged and subjected to permeabilization to stain intracellular cytokine using 50
uL of 1X permeabilization buffer (BioLegend, San Diego, CA, USA). The cells were stained with anti-IFNy and
anti-IL17A antibodies. The flow cytometry was performed within 2 h after intracellular staining.

Immunohistochemistry

The mice were euthanized 6 months after the pristane injection. The whole lung was infused with paraformalde-
hyde to dilate the alveoli through the trachea and then immersed in 4% paraformaldehyde/PBS. The harvested
kidneys and lungs were fixed with 4% paraformaldehyde/PBS and embedded in paraffin. The 5 um of tissue
sections were stained with Hematoxylin and eosin (H&E). The kidney scores were graded as glomerular and
interstitial scores previously described®. In brief, glomerular scores were defined as 0 =normal; 1 =focal, mild,
or early proliferative; 2 =moderate or definite proliferative; 3 = diffuse and focal or diffuse proliferative; 4 = severe
diffuse proliferative with crescent/sclerosis, and interstitial scores were defined as 0 =normal; 1=focal or small
pockets (10-15 cells) of mononuclear cells (MNC); 2 =focal infiltrates (15-30 cells); 3 = multifocal extensive
infiltrates with necrosis; 4 = multifocal or diffuse and extensive with necrosis. The lung pathology was evaluated
as diffuse pulmonary hemorrhage and interstitial inflammation®"*2. In short, interstitial inflammatory infiltrates
were graded on a scale of 0-3 (none, mild, moderate, severe), and the percentage of lungs with hemorrhage was
estimated and assigned the following scores: 0, no hemorrhage; 1, 0-25%; 3, 25-50%; 3, 50-75%; and 4, 75-100%.

Serum creatinine

We detected the creatinine level from the mouse sera using the QuantiChromTM Creatinine Assay Kit (Cat.
No. DICT-500, BioAssay Systems, Hayward, CA, USA). The standard creatinine was diluted to a concentration
of 2 mg/dL according to the manufacturer’s protocol for blood samples. 30 pL of serum from each sample was
duplicated into a 96-well plate. Then, prepare the working reagent by mixing 100 uL each of reagents A and B,
quickly adding 200 pL of working reagent into each well, and briefly tap to mix. The absorbance (OD) was read
out immediately as OD, and at 5 min as OD; at 510 nm. The ODs were calculated using the equation below to
obtain the serum creatinine concentration.

OD — OD
Serum creatinine concentration = SAMPLE 5 SAMPLEO [STD]mg/dL.

ODs1p s — ODstp o

Statistical analysis

The descriptive statistics of the study characteristics were expressed as mean + standard deviation (SD) for con-
tinuous variables and frequencies (percentages) for categorical variables. To compare two independent sample
means from the same population where the data did not meet the assumptions of normality, the Mann-Whitney
U-test, a non-parametric statistical test, was employed. A two-way Analysis of Variance (ANOVA) was utilized
for the analysis, which involved multiple comparisons across different groups. Subsequent post hoc analyses
were conducted using Tukey’s multiple comparisons test to explore specific differences between the wild-type
(WT) and Sting® genotypes and between the control and pristane-induced lupus (PIL) treatment groups. The
statistical analyses were performed using GraphPad Prism software (version 7, San Diego, CA, USA). The results
for all experiments are presented as mean + standard deviation (SD). Statistical significance was established at p
values < 0.05, with significance levels: *p <0.05, **p<0.01, and ***p <0.001.

Results

STING mediated autoantibody production in pristane-induced lupus

Autoreactive B cells produced the antinuclear antibody (ANA), the autoantibody commonly found in lupus
disease. Pristane induces the production of autoantibodies, including those targeting anti-Sm, RNP, dsDNA,
chromatin, and ribosomal P?*3, We tested for ANA from the sera collected six months after pristane injection
to demonstrate whether STING affects autoantibody production. The pattern of ANA showed similarity in both
C57/BL6-WT and Sting®* mice. However, the intensity of ANA staining identified by immunofluorescence was
significantly reduced in Sting® mice compared to C57/BL6-WT mice (Fig. 1A,B). Also, the level of anti-dsDNA
titers was not increased by pristane injection in the Sting® mice (Fig. 1C).

Sting/Tmem173 is involved in spontaneous germinal center B cell development and plasma cell differentiation,
requiring autoantibody production in Fcgr2b-deficient mice?*. The germinal center B cells were characterized by
B220*GL-7"FASh (Fig. 1D-G), and plasma cells were identified by B220*CD138* (Fig. 1H-K). The expansion
of germinal center B cells (Fig. 1L,M) and plasma cells (Fig. 1N,O) was absent in the Sting® mice, whereas the
WT mice exhibited an increase following pristane injection. However, Pristane increased the mean fluorescence
intensity of MHC (IAb) on B cells, representing the antigen-presenting ability in both WT and Sting™ mice B cells
(Fig. 1P). Furthermore, the spleen weight increased in WT and Sting® mice after PIL. However, spleens from
Sting®* mice were significantly smaller than those from WT mice (Fig. 1Q). We also observed that PIL-injected
WT mice exhibited a smaller size and consumed less food than their PIL-injected Sting® counterparts. The data

Scientific Reports |

(2024) 14:13968 | https://doi.org/10.1038/s41598-024-64495-6 nature portfolio



www.nature.com/scientificreports/

A

Control

Antinuclear antibody (ANA)

(@)

Anti-dsDNA autoantibody

ax ox 20 wonn ax
— .
15
. . £
3 1.0
oepre -
>}
i = % 0.5
sisse 0.0
WT Sting®
D . E . F . G N
A B220 B220 B220 B220
‘05 E| GL-7 hi FAS hi 105 k| GL-7 hi FAS hi "35 E| GL-7 hi FAS hi mﬁ 3 GL-7 hi FAS hi
0.56 297 019 032
4] 4 4] 4
w 1w w W
w| 10° 10° 10° 4 10°
! E E E
|
) 10
2 E
[T
"Jﬂ m‘ 102 ﬂ:l3 H:IA 105 10 ‘05 m2 104 105 ma 1\7d 10 »
GL-7 - FITC g
WT control WT PIL Sting®t control Sting®t PIL
H B220* I B220* J B220* K B220*
4. 4 4 4
10*] 0] 10*] 10t ]
IgM, CD138+4 IgM, CD138+] IgM, CD138+] IgM, CD138+]
u?> msj 0.8 mst m:ct w:ct 0.80
Q
5 0?4 0 aE
Q)
5 ]
o
| o'
5|
= ]
ﬂ:l‘7
i i " 7 7 7 7 7
3 o f PR B 3 4 3
W 0w o 1o W o w0 W o w0 R
CD138 - APC i
WT control WT PIL Sting® control Sting®t PIL
B220" GL-7" FAS™ B220* 6L-7" FAsh B220* CD138* B220° CD138"
10 ** i 1x106 FRAK Fkk 5 ok - 5%105: [k *x
4 4x105:
° 5 o ] -
g £ g3 £ 3x105 : .
g H g 3 .
° = o = 5. L]
5 = g2 . - § 20 - s
K] 8 & .. % :. o 1x106 '.. u
1 9 ] ofe® x H
IR k3 do. F %
o - . 0-—= Gt
WT Sting® WT Sting

B220" 1Ab* Spleen weight
* *% *kk ok
600 250 Sk **
500 200 TR
2 400 e T ]
: . . w150 3= .
6 300 e N g . 5
£ ¥ S 100] * . =
= 200] _{ ) % : % 3
: . L = 50
100] S,
N .
: wT Sting®! WT Sting®

Figure 1. STING mediated autoantibody production in pristane-induced lupus. (A) Confocal microscopy shows staining of an
antinuclear antibody (ANA) of WT (Sting"""") and Sting-deficient (Sting®") mouse sera at 1:2000 dilution. The ANA patterns show

cytoplasmic homogenous (yellow arrow), mitotic (blue arrow), rim (white arrow), and nucleolar (red arrow). Scale bar =50 um at 40X
magnification and 25 pum at 80X magnification. (B) The fluorescence intensity of ANA from the serum of the WT and Sting® mice was
scored at the dilution 1:2000. (C) Detection of anti-double-stranded DNA (dsDNA) (1:100) using ELISA, read out at the wavelength of
450 nm. (D-K) Flow cytometry analysis of splenocytes shows gating strategy of (D-G) B220*GL7"FASh (germinal center B cells) and
(H-K) B220*CD138* (Plasma cells) from WT and Sting® mice. The splenocytes of WT and Sting® mice show the percentage of (L)
germinal center B cells (B220*GL-7"FAS™) and (N) plasma cells (B220*CD138") out of B cells, and cell number of (M) germinal center
B cells and (O) plasma cells. (P) The mean fluorescence intensity (MFI) of the IAb expression in the B220* cell population. (Q) Spleen
weight of WT and Sting® mice were measured. Cell numbers are shown per spleen. Data are shown as mean * SD; p-values were
indicated as *p <0.05, **p<0.01, ***p <0.001. Dot @ indicates control, and square B indicates PIL (N =16-18 mice/group).
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suggest that Sting® mice exhibited reduced levels of anti-dsDNA, decreased germinal center formation, and
limited plasma cell expansion after pristane injection.

STING facilitated the activation of innate immunity in pristane-induced lupus

Dendritic cell (DC) expansion did not occur in Sting® mice following pristane injection (Figs. 2A,B). While
the percentages of neutrophils increased in WT and Sting® mice after pristane injection (Fig. 2C), the absolute
number of neutrophils in PIL-treated Sting®" mice was significantly lower than in WT mice (Fig. 2D). Classical
DCs (cDC) were gated based on CD11¢*CD11b*TAb*mPDCA" markers (Fig. 2E). While WT mice exhibited an
expansion of classical DCs following PIL, Sting”' mice did not show this increase (Fig. 2E,G). Next, we analyzed
plasmacytoid dendritic cells (pDCs) based on gating with CD11¢*CD11b-mPDCA* markers (Fig. 2H). Once
again, WT mice increased pDCs following PIL, while Sting® mice did not exhibit this change (Fig. 21,]). Addi-
tionally, pristane increased macrophage (CD11c'F480*) expansion in WT mice but not in Sting® mice (Fig. 2L]).
However, neither WT nor Sting mice showed a rise in MHC expression in CD11c" cells and macrophages after
pristane injection (Fig. 2K,L). The data suggested STING participated in cDCs, pDCs, and macrophage expan-
sion in pristane-induced lupus.

STING is involved in double-negative T-cell expansion and IL-17A production

Activated DC primed naive T cells to become effector memory cells. The expansion of effector memory T cells
in the Fcgr2b-deficient mice declined without STING signaling**. However, the populations of effector memory
T cells (Fig. 3A,B) and IFN-y-producing T helper cells (Fig. 3C,D) did not increase in WT and Sting“ mice fol-
lowing PIL. While pristane induced IL-17A-producing T helper cells in WT mice, this effect was not observed
in Sting® mice (Fig. 3E,F). We examined DN-T cells in PIL-treated mice and did not observe an increase in this
population in either WT or Sting® mice (Fig. 3G,H). However, a comparison between PIL-treated mice revealed a
significantly lower abundance of DN-T cells in Sting®' mice than in WT mice (Fig. 3G,H). Double-negative (DN)
T cells are known to produce both IFN-y and IL-17A in Fcgr2b-deficient lupus mice®. The STING antagonist
has been shown to reduce double-negative (DN) T cells in Fcgr2b-deficient mice®. Subsequently, we analyzed
cytokine-producing DN T cells following PIL and observed a reduction specifically in IL-17A* DN-T cells
(Fig. 3K,L) rather than IFN- y* DN-T cells (Fig. 31,]) in Sting® mice. The data suggest that STING participates
in IL-17A production from both T helper and DN T cells.

STING facilitates glomerulonephritis in pristane-induced lupus

The kidney sections were stained using Hematoxylin and Eosin (H&E). Microscopic examinations revealed that
WT and Sting“ mice exhibited increased cellularity and mesangial expansion in the glomeruli (Fig. 4A). However,
a notable difference was observed in the WT mice, which presented more severity with fibrocellular crescents
(Fig. 4A). While WT mice exhibited increased serum creatinine following PIL, Sting® mice maintained stable
serum creatinine levels (Fig. 4B). Furthermore, the Sting® mice demonstrated lower glomerular and interstitial
scores upon pristane injection than the WT mice (Fig. 4C,D). These findings suggest that Sting® mice were more
resistant to develop chronic glomerulonephritis.

STING mediates enhanced pulmonary hemorrhage in response to pristane-induced lupus
Our study revealed that PIL notably induced more severe pulmonary hemorrhage in WT mice than interstitial
infiltration (Fig. 5A). In contrast, lungs from Sting® mice exhibited a significantly reduced inflammatory response
compared to their WT counterparts (Fig. 5A). Pathological examination highlighted PIL-induced diffuse pul-
monary hemorrhage in WT mice, which was markedly less pronounced in Sting® mice (Fig. 5A,B). Interestingly,
PIL did not significantly affect interstitial inflammation scores between WT and Sting® mice (Fig. 5C). These
findings suggest a pivotal role of STING in mediating pulmonary hemorrhage in response to PIL.

Discussion

The diversity in lupus mouse models points to distinct mechanisms driving disease progression®!—for instance,
the MRL.Fas ?" mice lack interferon (IFN) signatures but rely on STING-mediated signaling. Interestingly, the
disease exacerbates when STING is absent?**!. On the other hand, TrexI-deficient mice, which require type I
IFN-mediated signaling, benefit from the lack of STING signaling, showing improved conditions®!>'2. The 129/
B6.Fcgr2b-deficient mice, carrying autoimmune susceptibility genes from the 129 loci, exhibit an increased IFN
signature but can survive without the STING-mediated pathway®*. This variation suggests that the role of STING
in disease development may be highly model-specific, with the presence of a type I IFN signature in lupus mice
potentially indicating the significance of STING in specific models.

Our study showed a decrease of antinuclear antibodies (ANA), anti-dsDNA, germinal center B cells, and
plasma cells in the Sting mutant or Goldenticket (Sting®) mice, which are findings that align with those reported
in the 129/B6.Fcgr2b-deficient mice®’. However, the observed cytoplasmic staining pattern on Hep-2 cells in
the Gt mice may indicate the persistence of other antigen specificities. Additionally, the Sting™ mice exhibited
a decrease in the expansion of pDCs, cDCs, neutrophils, and macrophages following pristane injection, high-
lighting the STING-dependent nature of pDC differentiation?. Interestingly, despite these reductions, the mean
fluorescence intensity of IAb on CD11c* cells and macrophages was not different between WT and Sting® mice
following PIL. This suggests that PIL did not increase the MHC-II expression in the macrophages.

In 129/B6.Fcgr2b-deficient mice, activated conventional dendritic cells (cDC) were found to promote T effec-
tor memory cell (Tem) differentiation®*. While in 129/B6.Fcgr2b-deficient mice, the absence of STING reduced
Tem expansion; the pristane-induced lupus model similarly elicited Tem induction in both Sting® and WT
mice. This discrepancy in Tem phenotypes between the two models may be linked to activated cDC’s ability to
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Figure 2. STING facilitated plasmacytoid dendritic cells and macrophage expansion in pristane-induced lupus.
The isolated splenocytes from WT and Sting® mice were stained and analyzed by flow cytometry. Data show
the proportion and the cell number of (A,B) DC (CD11c*), (C,D) CD11b* Ly6g* cells (neutrophils) out of
splenocytes. The gating strategy of (E) CD11b* CD11c* mPDCA" IAb* (conventional dendritic cells or cDCs)
population and (H) CD11c* CD11b- mPDCA* (plasmacytoid dendritic cells or pDCs). The proportion and
cell number of the (F,G) cDCs out of CD11¢*CD11b"), (LJ) pDCs out of CD11¢*CD11b, and (K,L) CD11c¢
F4/80" (macrophages) out of splenocytes. (M,N) The mean fluorescence intensity (MFI) of the IAb expression
in the (M) CD11c* cell and (N) CD11c F4/80* population. Cell numbers are shown per spleen. Data are shown
as mean + SD; p-values were indicated *p <0.05, **p <0.01, **p <0.001, and ***p <0.0001. Dot @ indicates
control, and square M indicates PIL (N =16-18 mice/group).
prime T cells effectively. Lupus mouse models and studies in human Systemic Lupus Erythematosus (SLE) have
demonstrated an increase in double-negative T cells (DN-T) capable of producing both IFN-y and IL-17A%7%,
Inhibition of the IL-17 signaling pathway has been shown to alleviate glomerulonephritis*>**. Notably, following
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Figure 3. STING involved in double-negative T cell expansion and IL-17A production. The isolated
splenocytes from WT and Sting” mice were stained and analyzed by flow cytometry. Data show the proportion
and the absolute number of cells (A,B) effector memory T cells (CD3*CD4"CD62L CD44") out of CD4" T cells,
(C,D) IEN-y producing T helper cells (CD3* CD4*CD8IFNy") out of CD4" T cells, (E,F) IL-17A producing
T helper cells (CD3*CD4*CD8IL-17A%) out of CD4* T cells, (G,H) double-negative T cells (CD3*CD4 CD8")
out of CD3* T cells, and (I,J) IFN-y producing double-negative T cells (CD3*CD4 CD8TFNy"*) out of double-
negative T cells, and (K,L) IL-17A producing double-negative T cells (CD3*CD4 CD8IL-17A*) out of double-
negative T cells. Cell numbers are shown per spleen. Data are shown as mean + SD; p-values were indicated
*p<0.05, *p<0.01, **p<0.001, and ***p <0.0001. Dot @ indicates control, and square B indicates PIL
(N'=10-18 mice/group).
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Figure 4. STING facilitates glomerulonephritis in pristane-induced lupus. The tissues (kidney and lung)
were sectioned and stained with Hematoxylin and eosin stain (H&E). (A) The section of kidneys from
pristane-induced mice showed glomerulonephritis (scale bar 100 um). (B) Serum creatinine (mg/dL). The
kidney histopathology was graded for (C) glomerulonephritis (glomerular score) and (D) interstitial nephritis
(interstitial score). Data are shown as mean * SD. p-values were indicated *p <0.05, **p <0.01, and ***p <0.001.
(N'=16-18 mice/group).

pristane injection in Sting® mice, there was a reduction in IL-17A-producing T cells but not IFN-y* T cells. The
decrease of IL-17A may contribute to the reduced severity of lupus nephritis observed.

In this study, PIL led to lupus-related symptoms, including glomerulonephritis and diffuse pulmonary hem-
orrhage, in WT mice. This allowed for a comparative analysis of Sting loss-of-function in Goldenticket mutant
mice (Sting®") concerning lupus progression. The severity of lupus nephritis and diffuse pulmonary hemorrhage
in Sting“' mice was significantly reduced compared to WT mice following pristane injection, indicating that
Sting“ was involved in PIL pathogenesis. In contrast, a prior study using Sting knockout mice revealed increased
antinuclear antibodies, peritoneal macrophages, and CD11b* Ly6C" inflammatory monocytes in the spleen.
However, Pristane failed to induce lupus nephritis in their WT counterparts?'. Sting deletion accelerates auto-
immunity and inflammatory monocytes through endosomal Toll-like receptors*'. Additionally, mice deficient
in cGAS developed PIL through non-canonical inflammasome activation in macrophages*’ and were reliant on
DNA-mediated signaling®'. These findings highlight multiple redundant pathways of DNA activating nucleic
acid sensors in PIL pathogenesis.

The discrepancies observed in a previous study and this study could be attributed to different genetic disrup-
tion approaches of STING. In Sting-deficient mice, targeting different genetic regions can influence functionality,
necessitating a specific STING sequence for signaling or interaction with downstream molecules. Sting knockout
mice in a previous study were created by removing exons 2 to 5, which include the cyclic dinucleotide binding
(CBD) domain?. Conversely, NLRC3 inhibits STING trafficking and its association with TBK1 by interacting
with STINGs ligand-binding domain (amino acids 139-344) and NLRC3’s nucleotide-binding domain?. This
loss may weaken the NLRC3’s inhibitory interaction. The Goldenticket mutant mice (Sting®") were generated by
the N-Ethyl-N-Nitrosourea-induced mutagenesis feature a mutation (T596A) leading to a change in the amino
acid I199N?2, which located in the CBD domain*’. While STING GT (null) and STING S365A mice do not induce
type I IFN, only STING S365A mice retain intact autophagy*!. The single nucleotide mutation in Sting® mice
is critical for the type I interferon response to c-di-GMP and c-di-AMP?? but may not affect NLRC3 binding.
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Figure 5. STING mediates enhanced pulmonary hemorrhage in response to pristane-induced lupus. (A) The

lung sections showed diffuse pulmonary hemorrhage from pristane-induced mice (scale bar 100 pm). (B,C) The
lung histopathology was graded for (B) diffuse pulmonary hemorrhage and (C) interstitial inflammation scores.
Data are shown as mean * SD. p-values were indicated *p <0.05, **p <0.01, **p <0.001. (N = 16-18 mice/group).

Their genetic backgrounds may influence the variability in disease severity observed in lupus models. Mod-
els exhibiting high type I interferon (IFN) activity have demonstrated a dependency on the STING signaling
pathway?**?, whereas MRL. Fas?" mice, influenced by endosomal Toll-like receptors (TLRs), display contrasting
results’*. Furthermore, a previous study showed that pristane injection did not induce typical lupus phenotypes,
such as glomerulonephritis and diffuse pulmonary hemorrhage?, possibly indicating a lower expression of type
I IFN in that context and impacting STING signaling dynamics. Consequently, it remains challenging to con-
clusively determine whether disrupting STING signaling is an appropriate therapeutic target for SLE treatment.

The intricate nature of lupus mouse models reflects the varied mechanisms underlying systemic lupus ery-
thematosus (SLE). Mutations in the STING gene have been linked to human autoinflammatory diseases and
interferonopathies'>!®. While SLE patients may exhibit abnormalities in type I IFN signaling, it is essential to
note that not all conditions characterized by interferonopathies manifest as SLE. Notably, the targeted STING
inhibitor ISD017 has shown effectiveness in reducing glomerulonephritis in Fcgr2b-deficient mice, as well as
diminishing ISG responses in peripheral blood mononuclear cells (PBMC) from SLE patients®. This evidence
underscores the potential role of intrinsic STING function in the pathogenesis of human SLE.

Our research indicates that targeting STING-mediated signaling could be a promising intervention approach.
While specific mouse models displayed lackluster outcomes in STING inhibition for lupus treatment, these
variations could stem from the genetic backgrounds of the mice and the intrinsic processes driving type I IFN
production. Given the intricate interplay between STING and other molecular adaptors, strategies to inhibit
STING in systemic lupus erythematosus (SLE) treatment must be meticulously crafted to optimize efficacy and
minimize adverse effects.
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All relevant data have been presented in the manuscript. Requests for or questions about the data can be
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