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A B S T R A C T

Background: Nucleic acids are potent stimulators of type I interferon (IFN-I) and antiviral defense, but may
also promote pathological inflammation. A range of diseases are characterized by elevated IFN-I, including
systemic lupus erythematosus (lupus). The DNA-activated cGAS-STING pathway is a major IFN-I-inducing
pathway, and activation of signaling is dependent on trafficking of STING from the ER to the Golgi.
Methods: Here we used cell culture systems, a mouse lupus model, and material from lupus patients, to
explore the mode of action of a STING antagonistic peptide, and its ability to modulate disease processes.
Findings: We report that the peptide ISD017 selectively inhibits all known down-stream activities of STING,
including IFN-I, inflammatory cytokines, autophagy, and apoptosis. ISD017 blocks the essential trafficking of
STING from the ER to Golgi through a mechanism dependent on the STING ER retention factor STIM1. Impor-
tantly, ISD017 blocks STING activity in vivo and ameliorates disease development in a mouse model for lupus.
Finally, ISD017 treatment blocks pathological cytokine responses in cells from lupus patients with elevated
IFN-I levels.
Interpretation: These data hold promise for beneficial use of STING-targeting therapy in lupus.
Funding: The Novo Nordisk Foundation, The European Research Council, The Lundbeck Foundation, European
Union under the Horizon 2020 Research, Deutsche Forschungsgemeinschaft, Chulalongkorn University.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Nucleic acids (NA) are potent inducers of innate immune
responses. There is substantial evidence for NA-activated responses
playing important roles in host defense against infections in mice
and humans [1-6]. In addition, NAs also contribute to evoking
protective responses against malignant cells, and defects in these
responses render mice susceptible to different experimental tumors
[7-9]. Several NA-based molecular structures are immunostimulatory
such as double-stranded RNA (dsRNA), 50triphosphorylated RNA, and
double-stranded DNA (dsDNA) [10]. The responses evoked by NAs
include induction of a broad range of antimicrobial and inflammatory
cytokines, including type I interferon (IFN-I, IFNa/b), tumor necrosis
factor a (TNFa), and interleukin 1b (IL-1). While the two former are
induced by transcriptional programs mainly driven by the transcrip-
tion factors IFN regulatory factor 3/7 and nuclear factor kB, IL1b is
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Research in Context

Evidence before this study

The innate immunological STING signaling pathway is activated
in response to cytoplasmic DNA and contrubites to host defense
and inflammatory disease. There is evidence suggesting that
STING hyper-activity is involved in disease processes in a sub-
group of lupus patients.

Added value of this study

This study demonstrates that the peptide ISD017 specifically
blocks STING signaling, and has the capacity to inhibit disease-
associated activities in lupus-prone mice and cells from lupus
patients.

Implications of all the available evidence

The data presented in this study support the idea of further
clinical testing of STING-targeting therapy in lupus. In addition,
given the specificity of ISD017 towards STING signaling, an
additional implication of the data is that the peptide may have
therapeutic potential against other diseases, where STING sig-
naling contributes to pathology.
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induced after activation of the protease complex called the inflamma-
some and cleavage of pro-IL1b [11]. However, in addition to the ben-
eficial roles of NA-induced immune responses in host defense and
anti-cancer immunity, there is accumulating knowledge on how
inappropriate activation or regulation of NA-driven immune
responses leads to immunopathology [12-14]. Interestingly, elevated
levels of IFN-I seem to be common to most if not all inflammatory
diseases with dysregulated signaling by NA-activated pathways and
appears to contribute to pathology [15,16]. Therefore, NA-activated
pathways are central players in inflammatory diseases and attractive
candidates for therapeutic targeting.

Four NA-sensing pathways are known to induce IFN-I expression.
First, the TLR7/9-MyD88 pathway senses RNA and DNA species in
endosomes and operates predominantly in plasmacytoid dendritic
cells to induce high amounts of IFNa [17,18]. Second, the TLR3-TRIF
pathway senses dsRNA in endosomes [19]. Third, the cytoplasmic pro-
teins RIG-I and MDA5 detect 50-triphosphorylated RNA and dsRNA in
the cytoplasm and signal via the mitochondria-associated adaptor pro-
tein MAVS to induce IFN-I expression [20,21]. Finally, the enzyme
cGAS detects cytoplasmic DNA and is activated to produce 203’ cGAMP,
which acts as a second messenger binding to the ER-resident protein
STING [4,22]. Following cGAMP-binding, STING traffics to the ERGIC
and Golgi for recruitment of the kinase TBK1 and downstream phos-
phorylation of STING and activation of the IFN-inducing transcription
factor IRF3 [23-26]. The mechanisms that govern STING trafficking are
currently being elucidated, and several proteins have been demon-
strated to be involved. For instance, STIM1 was reported to be impor-
tant for retaining STING in the ER [27], and we showed STEEP to be
essential for loading of STING into COPII bodies for trafficking to the
Golgi [28]. The effector functions downstream of STING are not limited
to gene expression but include apoptosis and autophagy [29-31].

Systemic lupus erythematosus (lupus) is a chronic inflammatory
disease that can involve all organ systems [32] including skin, muscu-
loskeletal system, blood vessels, and kidney. Notably, the involve-
ment of disease activity in the kidney (lupus nephritis) is a severe
manifestation [32]. The current lupus treatment is non-specific and
based on broadly acting immunosuppressive drugs [33]. This includes
steroids and cytotoxic compounds like cyclophosphamide. Therefore,
there is an urgent need for specific and less toxic treatment options
for lupus.
A key feature of lupus is antinuclear and anti-DNA antibodies,
which contribute to disease development [32]. However, lupus is a
heterogeneous disease, and seminal work from the last decade has
revealed that patients can be subdivided into at least three categories
[34,35]. Importantly, two of these categories are characterized by ele-
vated production of IFN-I, and IFN-stimulated genes (ISGs) [35]. lupus
is characterized by an overload of antigens and nucleic acid species.
This leads to maturation of dendritic cells (DCs) and downstream
development of antigen-specific T and B cell responses. In this
respect, the development of antinuclear and anti-DNA antibody
responses are pivotal [32]. Importantly, IFN-I promotes B cell
responses and has been demonstrated to contribute to the autoanti-
body response in lupus [36,37]. Second, there is also frequently ele-
vated neutrophil activity in lupus, and IFN-I contributes to activation
and prolongation of this response [38,39]. Collectively, IFN-I stimu-
lates two of the key drivers of lupus pathogenesis, thus promoting
anti-self antibodies and excess inflammation. Interestingly, it has
been reported that the levels of cGAMP are elevated in a subset of
lupus patient cells, and this correlates with the clinical disease score
SLEDAI [40]. This suggests that the cGAS-STING pathway is constitu-
tively activated in lupus patients and could be a key source of the
pathological IFN response.

Given the emerging knowledge on the importance of the cGAS-
STING pathway in inflammatory diseases, interest has grown in
developing antagonists. At present, a handful of inhibitors of the
pathway has been developed [41-46]. This includes both peptides
and small molecules and inhibitory activities based on covalent and
non-covalent actions. For instance, the nitrofuran derivative H-151
blocks STING palmitoylation and blocks IFN responses in Trex1�/�

mice [42]. In addition, the benzimidazol-isobenzofuran derivative
RU.521 binds to the active site of cGAS and prevents activation in
vitro and ex vivo [45].

In this work, we report that the STING antagonistic peptide
ISD017, previously reported to target murine STING [41], is also a
selective inhibitor of human STING working in a STIM1-dependent
manner to block STING trafficking from ER to Golgi. ISD017 inhibits
all known STING downstream activities and has no overt toxic effects
on cells. Importantly, ISD017 blocks STING activity in mice and
improves the clinical outcome of disease in a mouse model for lupus.
Finally, ISD017 blocks the pathological IFN and cytokine responses in
peripheral blood mononuclear cells (PBMCs) from lupus patients
with elevated IFN-I levels. Thus, ISD017 is a STING inhibitor with
potential for clinical use in a subpopulation of lupus patients with
elevated STING activity or other STING-driven diseases.
2. Methods

2.1. ISD017, ISD017-derivatives, H-151, RU.521, and treatment of cells

ISD017 and derived peptides were obtained from Schafer-N. H-
151 and RU.521 were obtained from InvivoGen. To dissolve ISD017 a
panel of solvents were tested, namely: H2O; 0.9% NaCl; TBS (pH 7.3);
PBS (pH 7.4); HEPES; PBS (pH7.4) + 1 M NaOH. For the latter, which
was most successful, 194 uL of PBS mixed with 6 uL 1 M NaOH was
added to 1 mg ISD017 or mutant peptides. H-151 was dissolved in
DMSO and diluted in PBS + 10% tween80, and RU.521 was dissolved
in DMSO. For in vitro experiments, primary cells and cell lines were
treated with cGAS/STING antagonists one h prior to stimulation
unless otherwise stated. The antagonists were administered by direct
addition to the culture medium. For stimulations, we used 60�mer
dsDNA (DNA technology) [47], 2030 cGAMP, and poly(I:C) (both from
InvivoGen). The agonists were delivered with Lipofectamine 2000
(ThermoFischer). Liposomes were prepared as described using lipid
blends containing DOTAP, DOPE and lissamine�rhodamine DOPE in
the w/w/w ratio 1/1/0.1 Avanti Polar Lipids [48].
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2.2. Cells

PBMCs, HEK293T and RAW264.1 cells were maintained in DMEM
supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml strepto-
mycin, and 2 mM L-glutamine. PBMCs for experiments not involving
patient material were obtained from the Aarhus University Hospital
Blood Bank and isolated using Ficoll-PaqueTM. THP1 (RRID:
CVCL_A1RT) cells and murine peritoneal cells were maintained in
RPMI 1640 supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/
ml streptomycin, and 2 mM L-glutamine. Media containing 150 nM
PMA was used for the initial 24 h to differentiate THP1 cells and later
was replaced with media containing no PMA. The converted macro-
phage-like cells were used for the experiments after 24 h. For in vitro
experiments, PBMCs, HEK293T cells, THP1, and murine peritoneal
cells were seeded at a density of 5 £ 105 cells/cm2, 2.5 £ 105 cells/
cm2, 2£ 105 cells/cm2, and 5£ 105 cells/cm2, respectively. For in vitro
stimulation experiments, cells were allowed to rest for 4�6 h follow-
ing seeding. For testing of inhibitory effect of ISD017 on SLE patient
PCMBs ex vivo, the peptide was added to the cell culture media
immediately following seeding. All cell lines used in the project were
documented Mycoplasma-free.

2.3. Isolation of human material from patients and healthy donors

Patient inclusion and blood sampling have previously been
described [49]. PBMCs were isolated using CPT tubes (BD Diagnos-
tics Vacutainers). Samples were centrifuged at room temperature in
a horizontal rotor for 30 min at 1800 g. Following centrifugation,
the mononuclear cell layer was collected and transferred to 15-ml
conical tubes. Following 2 washing steps with PBS, the cell pellets
were resuspended in 10% DMSO with fetal calf serum and stored at
�135 °C until use.

2.4. Isolation of extracellular vesicles from serum

Extracellular vesicles from serum of lupus patients and healthy
donors were isolated using the Total Exosome Isolation Reagent
(from serum) kit (InVitroGen). The isolated vesicles were enriched in
exosomal markers (CD81 and CD63, data not sho3wn) and did not
contain type I IFN activity (data not shown).

2.5. DbLUC mouse model

DbLUC mice have been described previously [50]. For ex-vivo
quantification of the Ifnb-luciferase reporter activity 6�12 week old
mice were injected i.p. with vehicle or 30 mg/kg ISD017 in PBS
(pH7.4) + 20 mM NaOH. At the indicated time points after dosing,
mice were challenged i.p. with 25 mg/kg DMXAA (Invivogen). Five
hours later, 107 splenocytes were lysed in 100 ml Passive Lysis Buffer
(Promega) to quantify luciferase activity using the Luciferase Assay
Reporter Kit (Promega) on a Clariostar Luminometer (BMG Labtech).
For in vivo imaging of Ifnb-luciferase reporter activity 6�12 week old
mice were injected i.p. with vehicle or 30 mg/kg ISD017 in PBS
(pH7.4) + 20 mM NaOH. At the indicated time points after dosing,
mice were challenged i.v. with 20 mg/kg 2�3�-cGAMP (Invivogen). Five
hours later, mice were injected with 150 mg/kg XenoLight D-luciferin
(Perkin Elmer) in isotonic sodium chloride. Photon flux was quanti-
fied one minute after injection on an In-vivo Xtreme II imaging device
(Bruker) with binning set to 8 £ 8 pixels and an integration time of
30 s.

2.6. Fcgr2b-deficient mouse model

The Fcgr2b�/� mice on C57BL/6 background were obtained from
Bolland S. (NIH, Maryland, USA). Wild type mice were purchased
from the Nomura Siam International, Thailand. All animal
experiments were approved by the Institutional Animal Care and Use
Committees (IACUC) of the Faculty of Medicine, Chulalongkorn Uni-
versity (013/2563). Six-week-old mice were injected intraperitone-
ally (i.p.) with 10 mg/kg of ISD017 (3 times per week) until eight
months of age. Handeling and evaluation of animals was done in a
blinded fashion.

2.7. Histopathology

Kidney tissues were fixed in 10% Neutral buffered formalin (NBF).
Tissue blocks were embedded in paraffin, 5 mm sections obtained,
and then stained with hematoxylin and eosin. The pathology scores
were blindly graded following the previous publication [51].

Frozen renal sections were fixed in acetone and blocked with 1%
BSA in PBS. The sections were stained with Alexa 488 conjugated
anti-mouse IgG antibody and Alexa 647 conjugated anti-CD45 (30-
F11) (Biolegend, San Diego, CA, USA). Samples were then stained
with DAPI (40,6-Diamidino-2-Phenylindole, Dihydrochloride)
(Thermo Fisher Scientific, MA USA) for 5 min in the dark at room tem-
perature. Slides were washed 3 times and mounted with ProLongTM
diamond antifade mountant (Invitrogen, CA, USA). The fluorescent
signaling was visualized by ZEISS LSM 800 with Airyscan (Carl Zeiss,
Germany).

2.8. Flow cytometry analysis

Splenocytes were isolated, passed through a 70-mm filter, lysed
red blood cells by lysis buffer (ACK buffer: NH4Cl, KHCO3, and EDTA),
and placed in staining buffer (PBS + 0.5% BSA). The splenocytes
(1 £ 106 cells) were stained with following antibody; anti-CD4
(GK1.5), CD8 (53�6.7), CD62l (MEL-14), CD44 (IM7), CD3e
(145�2C11), ICOS (C398.4A), CD11c (N418), B220 (RA3�6B2), CD11b
(M1/70), I-Ab (AF6�120.1), PDCA-1 (129c1), CD80 (16�10A1), GL7
(GL7), and CD138 (281�2) (Biolegend, San Diego, CA, USA). The flow
cytometry analysis was performed using BDTM LSR-II (BD Bioscien-
ces, USA) and FlowJo software (version 10, USA). The serum sample
was measured using the LEGENDplexTM Mouse Inflammation Panel
kit (IL-1a, IL-1b, IL-6, IL-10, IL-12p70, IL-17A, IL-23, IL-27, MCP-1,
IFN-b, IFN-g , TNF-a, and GM-CSF) (Biolegend, San Diego, CA, USA)
and followed the manufacture protocol. The beads were analyzed
using BDTM LSR-II (BD Biosciences, USA) and LEGENDplexTM Analysis
Software version 8.

2.9. IFNB luciferase reporter gene assay

HEK293T cells were plated on 96 well plates and transfected with
30 ng constructs harboring IFNB-promoter firefly luciferase reporter
genes and 10 ng b actin-promoter-driven Renilla luciferase together
with 50 ng constructs encoding either STEEP, cGAS, TRIF, or MAVS.
Eighteen h after transfection, the cells were stimulated with cGAMP
or left untreated. Six hours later, the cells were treated with ISD017
(200 mg/ml) left until 24 h post transfection. The cells were lysed,
and the firefly- and renilla luciferase signals were developed with
Dual Glo� luciferase assay (Promega) and read on Luminoscan Ascent
(Labsystems) according to manufactures instructions.

2.10. RT-qPCR

Gene expression was determined by real-time quantitative PCR,
using TaqMan detection systems (Applied Biosciences). RNA was
extracted using the High Pure RNA Isolation kit (Roche) and RNA
quality was assessed by Nanodrop spectrometry (Thermo Fisher).
RNA quantified using TaqMan assays and the RNA-to-Ct-1-Step kit
according to the manufacturer’s recommendations (Applied Bioscien-
ces). Taqman assays for qPCR were; ISG15 (Hs01921425_s1) and
ACTB (Hs01060665) (Applied Bioscience).
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2.11. ELISA

Levels of human cytokine TNFa and chemokines (CXCL10) and
CCL20 in serum and culture supernatants, or murine cytokines
IFN-b and IL-17A in serum, were measured by ELISA (R&D Sys-
tems), following the instructions of the manufacturer. For detec-
tion of anti-dsDNA antibodies, mitrotiter wells were coated with
dsDNA (10 mg/ml) overnight. After washing (1xTBS-Tween) and
blocking (PBS, 5% FBS, 3% BSA, 0.1% tween), mouse serum samples
were added to the wells at a dilution of 1:100 and incubated for
1 h at 37 °C. The wells were washed and HRP conjugated goat anti-
mouse antibody (Biolegend, 1:4000 in blocking solution) was
added for 1 h incubation af 37 °C. After extensive washing, the
ABTS Peroxidase Substrate Solution system (ThermoFisher) was
used for development, and the ABTS Peroxidase Stop Solution
(ThermoFisher) was use to stop the reaction. For measurements,
wavelength of 450 nm was used.
2.12. Type I IFN bioassay

Bioactive human type I IFN was measured on cell supernatants
using HEK�BlueTM IFN�a/b cells as reporter cells according to the
manufacturer instructions (InvivoGen) and as described by the man-
ufacturer.
2.13. AnnexinV staining

For assessment of cell death by flow cytometry, cells were stained
using Dead Cell Apoptosis Kit with Annexin V Alexa FluorTM 488 &
Propidium Iodide (Invitrogen) according to manufacturer’s protocol.
Briefly, cells were centrifuged and resuspended at 1 million cells/mL
in annexin binding buffer containing annexin V A488 (1:40) and PI
(1:40) and stained in the dark for 15 min. Cells were then centrifuged
and resuspended in annexin binding buffer and immediately ana-
lysed on a NovoCyte flow cytometer.
2.14. Peptide sequence analysis

Structural prediction of the primary sequence of ISD017 was ana-
lyzed using PEP-FOLD3.5 (https://mobyle.rpbs.univ-paris-diderot.fr/
cgi-bin/portal.py#forms::PEP-FOLD3). Alphahelical wheels were gen-
erated using NetWheels (http://lbqp.unb.br/NetWheels/).
2.15. Immunoblotting

Whole�cell extracts or immunoprecipitation samples were
diluted in XT sample buffer and XT reducing agent and loaded into
4�20% SDS�PAGE gel (Bio�Rad). The proteins were transferred from
gel to PVDF membranes through Trans�Blot TurboTM Transfer Sys-
tem� (Bio�Rad). The membrane was blocked in 5% nonfat skim milk
(Sigma) for 1 hour at room temperature. The following antibodies
and dilutions were used for immunoblotting anti�STING (Cell Signal-
ing, D2P2F/#13,647, 1:1000), sheep anti�STING (R&D Systems,
AF6516, 1:500), rabbit anti�phosphoSTING (S366) (Cell Signaling
Technology, #85,735, 1:1000), rabbit anti�TBK1 (Cell Signaling,
3504, 1:1000), rabbit anti�phospho-TBK1 (Ser172) (Cell Signaling,
D52C2/#5483, 1:1000), IRF3 (Cell signaling, 11,904, 1:1000), phos-
pho-IRF3 (S396) (Cell Signalling, 4947,1:1000, mouse anti�p62 (Cell
Signaling, # 88,588, 1:1000), anti-STEEP (Proteintech, 24,021�1-AP,
1:1000), anti-STIM1 (D88E10, Cell Signaling, #5668, 1:1000), rabbit
anti�LC3 (Cell Signaling, #3868, 1:1000), rabbit anti-cleaved cas-
pase3 (Cell Signaling, #9664,1:1000), and mouse anti�vinculin
(Sigma, #V9131, 1:10,000).
2.16. Precipitation of proteins with antibodies and peptide

Cells were lysed in IP lysis buffer with 1xProtease Inhibitor Cock-
tail (Sigma) and 10 mM NaF, and the cell lysates were centrifuged for
10 min, 2500 g at 4 °C. The cleared cell lysates were incubated with
primary antibody against sheep Anti-STING (R&D Systems, AF6516,
1:50) or with biotin-ISD017 overnight at 4 °C. DynabeadsTM Protein G
or DynabeadsTM Streptavidin (Invitrogen) were added into the mix-
tures for extra 2 h. After 4�6 times wash with IP lysis buffer (with
varying concentrations of NaCl), the precipitated complexes were
eluted by glycine buffer (200 mM glycine, pH 2.5) with Protease
Inhibitor Cocktail (Sigma) and 10 mMNaF, and the elutes were evalu-
ated by Immunoblotting blotting.

2.17. Confocal microscopy

PMA�differentiated THP1 cells were seeded on coverslips and
stimulated as indicated. The cells were fixed with methanol for 5 min
at�20 °C. Cells were blocked in 1xPBS with 1%BSA. Cells were stained
with primary antibodies for 1 h/overnight and then stained by sec-
ondary antibody (all 1:300, Alexa Fluor; Invitrogen) for 1 h. Images
were acquired on Zeiss LSM 780 confocal microscope and processed
with the Zen Blue software (Zeiss). The antibodies used were sheep
anti�STING (R&D Systems,AF6516, 1:25), rabbit anti�calreticulin
(Abcam,22,683,1:50), rabbit anti-Sec24 (1:100); mouse anti�GM130
(Cell signaling,12,238,1:1000).

2.18. Statistics and reproducibility

The data are shown as means of biological replicates§ s.d. The
statistical test used was dependent on whether the data exhibited a
normal distribution. Statistically significant differences between
groups were determined using two-tailed Student’s t-test when the
data exhibited a normal distribution; two-tailed Mann�Whitney
(one-way analysis of variance (ANOVA)) test when the dataset did
not pass the normal distribution test. The data shown are from single
experiments. The experiments were performed at least three times
with similar results.

2.19. Ethical aspects

All animal experiments were approved by the Landesdirektion
Sachsen (TVV 6/2019) and the Institutional Animal Care and Use
Committees (IACUC) of the Faculty of Medicine, Chulalongkorn Uni-
versity (013/2563), and conducted in compliance with the approvals.
Patient inclusion was approved by The Danish Data Protection
Agency and the Central Denmark Region Committees on Health
Research Ethics (#1�10�72�214�13). Patient inclusion was per-
formed according to the Helsinki Declaration. Informed consent from
all participants was obtained.

2.20. Role of funding source

The funders had no role in study design, data collection, data anal-
yses, interpretation, or writing of the manuscript.

3. Results

3.1. ISD017 is a STING antagonist in human cells

We previously reported that the fusion peptide of the influenza
haemagglutinin protein possesses STING antagonistic activity in
murine cells (Fig. 1a) [41]. In these studies, we found that the peptide,
now called ISD017, blocked murine STING activation by fusogenic lip-
osomes, but we did not observe any effect on cGAS-activated STING
[41,48]. Fusogenic liposomes activate STING independent of the
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Fig. 1. ISD017 is a STING antagonist in human cells. (a) Illustration of the origin of the core ISD017 peptide from the influenza A fusion peptide, and its dimeric nature. (b) PMA-dif-
ferentiated THP1 cells were treated with dsDNA (2 mg/ml) in the presence or absence of 1 h pre-treatment with ISD017 (200 mg/ml) or DI6 (mutant peptide where Isoleucine at
position 6 was deleted). Supernatants were harvested 16 h post-stimulation, and IFN-I activity was determined (n = 3). (c) HEK293T cells were transfected with IFNB-luciferase
reporter and the indicated expression plasmids. Six h later, the cells were treated with ISD017 (200 mg/ml), and luciferase activity was evaluated 24 h post transfection (n = 3). The
bands for Vinculin and STEEP in the input lane appear “light blue”, due to saturation of the signal. (d) PBMCs were treated with ISD017 (200mg/ml). One h later, the cells were trans-
fected with either dsDNA or polyIC (both 2 mg/ml). Supernatants were harvested 16 h post-stimulation, and IFN-I activity was determined (n = 3). (e) Graphical illustration of the
cGAS-STING pathway, and the four down-stream effector functions, IFN-I, TNFa, apoptosis, and autophagy. (f-g) PMA-differentiated macrophage-like THP1 cells were treated with
ISD017 (200 mg/ml). One h later, the cells were transfected with dsDNA (2 mg/ml) or empty liposomes (mock). Levels of IFN-I and TNFa in the supernatants 16 h post-stimulation
were determined by bioassay, and ELISA, respectively (n = 5). (h) PMA-differentiated macrophage-like THP1 cells were treated with ISD017 (200 mg/ml). One h later, the cells were
transfected with dsDNA (2 mg/ml) and lysed 4 and 6 h later for immunoblotting with anti-LC3, anti-cleaved caspase 3 (CC3), and anti-vinculin (n = 3). (i) Illustration of the alpha-
helical wheel of the ISD017 core sequence from residue 1�16. Polar residues are shown in green, hydrophobic residues in yellow, small flexible residues (Gly) are in blue, alanine
residues in white. (j) PMA-differentiated macrophage-like THP1 cells were treated with parental ISD017 or one of the mutated variants (200mg/ml). One h later, the cells were stim-
ulated with dsDNA (2 mg/ml). Supernatants were isolated after 16 h, and level of IFN-I bioactivity in the supernatant was determined (n = 3). The data in panels b, c, d, f, g, j are pre-
sented as means of biological triplicates +/- st.dev. [Statistical analysis of the data in b-d, f, g, jwere performed using two-tailed one-way ANOVA test].
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canonical cGAS pathway, but the mechanism remains unresolved
[41,48]. To explore the effect of the peptide on human STING, we first
improved the protocol for solubility of the peptide. A protocol using
PBS and NaOH significantly elevated solubility (Supplementary Fig.
1). Under these conditions, and using higher concentrations than pre-
viously [41], ISD017 blocked human cGAS-activated STING since
dsDNA-induced IFN-I expression very efficiently in PBMCs (Supple-
mentary Fig. 1). The peptide dissolved with this protocol exhibited
dose-dependent inhibition of both dsDNA-induced and liposome-
induced production of IFN-I and the ISG CXCL10 in PBMCs. However,
IC50 was higher in case of dsDNA induction (Supplementary Fig. 1).
Likewise, ISD017 did also block both dsDNA-induced and liposome-
induced production of CXCL10 in murine peritoneal cells (Supple-
mentary Fig. 1). The inhibitory activity of ISD017 was not due to
unspecific actions of the peptide since deletion of isoleucine at posi-
tion 6, which significantly altered the position of residues in the pre-
dicted alphahelical structure of the peptide (see below), abolished
the inhibitory activity in PMA-differentiated THP1 cells (THP1 macro-
phages) (Fig. 1b). To test whether ISD017 was specific for the STING
pathway, we overexpressed key activating molecules from three IFN-
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I-inducing pathways in HEK293T cells together with an IFNb-reporter
gene and treated with ISD017. As seen in Fig. 1c, ISD017 inhibited the
response in cGAS-STING-expressing cells, but not in cells expressing
MAVS or TRIF. Likewise, ISD017 inhibited production of IFN-I and
CXCL10 in PBMCs treated with dsDNA, but not in cells treated with the
dsRNA-mimic poly(I:C) (Fig. 1d, Supplementary Fig. 1). To test whether
ISD017 also inhibits non-IFN activities downstream of STING (Fig. 1e),
we treated THP1 macrophage cells with dsDNA and examined for
expression of TNFa, accumulation of LC3-II (a marker of autophagy),
and cleavage of caspase 3 (a marker of apoptosis). Interestingly, all
STING-activated functions were blocked by co-treatment with ISD017
(Fig. 1f-h, Supplementary Fig. 1).

ISD017 is a dimeric molecule, and we wanted to examine
whether this was essential for activity. Analysis of the effect of
monomeric versus dimeric ISD017 on dsDNA-induced IFN-1 expres-
sion in PBMCs showed that while both forms have antagonistic
properties, the dimeric form was more potent (Supplementary
Fig. 1). Next, we wanted to test the effect of timing of ISD017 treat-
ment relative to dsDNA stimulation. THP1 macrophages were pre-
treated with ISD017 for up to 6 h prior to dsDNA stimulation, and
IFN-I activity was measured. Pre-treatment with the peptide up to
6 h before stimulation led to a significant reduction of the IFN activ-
ity (Supplementary Fig. 1). In addition, we treated with ISD017 after
stimulation with dsDNA and found that the peptide was able to
block an already initiated response potently.

ISD017 is predicted to fold into an alpha helix with a polar side
and a hydrophobic surface (Fig. 1i). To test which physical-chemical
properties of ISD017 that were required for its activity, we made
three mutants where either the polar residues, the hydrophobic resi-
dues, or the flexible residues (glycine) were mutated to alanine. All
three mutants exhibited good solubility when using the protocol
used for ISD017. While all mutants showed reduced inhibitory activ-
ity, the peptide lacking polar residues had entirely lost the ability to
antagonize STING activities in THP1 macrophages (Fig. 1j). Thus,
ISD017 is an inhibitor of human and murine STING down-stream of
either fusogenic or dsDNA stimuli.

3.2. ISD017 inhibits STING ER-exit in a STIM1-dependent manner

To identify the step in the STING signaling pathway blocked by
ISD017, we examined for levels of phosphorylation of TBK1 at S172,
STING at S366, and IRF3 at S396 in THP1 macrophages treated with
dsDNA in the presence or absence of the peptide. Treatment with
ISD017 inhibited the accumulation of phosphorylated forms of both
STING and TBK1 (Fig. 2a), suggesting that the inhibition occurs at a
very upstream level in the pathway. Upon stimulation, STING traffics
from the ER to ERGIC/Golgi where signaling occurs [23,24]. Treat-
ment with ISD017 prevented this trafficking (Fig. 2b, Supplementary
Fig. 2), demonstrating that the inhibitor acts on STING at the ER level.
STING leaves the ER through COPII-mediated trafficking [28]. In
agreement with this, we observed that ISD017 treatment inhibited
DNA-induced elevation in Sec24 foci, a marker of COPII vesicles (Sup-
plementary Fig. 2). We and others have found several proteins to
associate with STING at the ER [27,28,52-56]. Upon precipitation of
biotinylated ISD017 from THP1 macrophage lysates, we observed
that STING and STIM1, but not p62 and STEEP, co-precipitated with
the peptide (Fig. 2c). STIM1 has been reported to act as a STING ER
retention factor [27]. Interestingly, when we compared the precipita-
tion of STING and STIM1 with ISD017 in Wt, STING KO, and STIM1 KO
THP1 macrophages, we observed that STIM1 deficiency led to an
apparent reduction in the amount of STING precipitating with the
peptide (Fig. 2d). By contrast, STING deficiency did not affect the
interaction between STIM1 and ISD017. These data suggest that
STIM1, or a STIM1-containing complex, rather than STING itself, is
the target for ISD017. Moreover, we observed that the stimulation-
induced dissociation of STING from STIM1, reported to enable STING
activation [27], was inhibited by ISD017 (Fig. 2e). If ISD017 targets
STIM1, the prediction would be that the peptide should lose STING
antagonist activity in STIM1-deficient cells. Indeed, ISD017 failed to
block dsDNA-induced expression of IFNB and TNFA mRNA in STIM1
deficient THP1 macrophages (Fig. 2f-g). Collectively, ISD017 blocks
STING at the ER level through a mechanism dependent on STIM1.

3.3. ISD017 inhibits STING activity in vivo

Next, we wanted to explore whether ISD017 exhibited STING
antagonistic activity in vivo. For this purpose, we treated IFN-
bDb-luc/Db-luc-reporter (DbLUC) mice with ISD017 followed by
treatment with cGAMP or DMXAA 1 h later. STING agonist treatment
lead to a strong induction of IFNb�luciferase expression in the
spleen. Importantly these responses were potently blocked by
ISD017 (Fig. 3a, Supplementary Fig. 3) [42]. This was associated with
parallel inhibition of expression of CXCL10 and TNFa (Fig. 3b-c).
Whole-body bioimaging of the mice demonstrated that ISD017 sys-
temically reduced IFNb expression (Fig. 3d). To address the effect of
timing of ISD017 treatment relative to the activation of the STING
pathway in vivo, we pretreated mice with the peptide 1 and 12 h
before cGAMP treatment. Even though we observed an apparent
effect of dosing timing, the IFNb response was still reduced by more
than 60% in mice receiving ISD017 12 h before cGAMP treatment
(Fig. 3d-e, Supplementary Fig. 3).

3.4. ISD017 shows no overt toxic effects on cells and mice

A series of cGAS and STING antagonists have now been described
[41-46], and we were interested in comparing ISD017 to some of
these compounds. These analyses revealed that ISD017 blocks
dsDNA-induced STING phosphorylation and IFN-I induction in THP1
macrophages with a potency comparable to the STING palmitoylation
inhibitor H-151 and the cGAS inhibitor RU-521 (Fig. 4a-b, Supple-
mentary Fig. 4). Although higher doses of ISD017 were required to
achieve inhibition, the approximately 20 times higher molecular
weight of ISD017 than, e.g., H-151 suggests comparable potency. To
examine for toxic effects of ISD017 on cells and mice, we treated
THP1 macrophages with the cGAS/STING inhibitors and evaluated
apoptosis by annexinV staining, necrosis by LDH release, and general
cell survival by microscopy. Under these experimental conditions, we
observed that ISD017 induced neither apoptosis nor necrosis and
was, in fact, less toxic than the compounds it was compared to
(Fig. 4c-e). At lower doses of H-151, where IFN induction was still
observed, this compound induced limited cell death (Supplementary
Fig. 4). Examination of the cytotoxic effects of ISD017 on PBMCs from
healthy donors reveated a picture simular to what was observed in
THP1 macrophages (Supplementary Fig. 4). To test whether ISD017
was also well tolerated by mice, we treated mice with two doses of
peptide, three times per week over seven weeks, and monitored
behavior and weight development. The mice receiving ISD017 treat-
ment exhibited no abnormalities in behavior and food intake and
gained weight to the same degree as the contro4l group (Supplemen-
tary Fig. 4). Collectively, these data demonstrate that ISD017 is not
toxic to cells and mice.

3.5. ISD017 treatment improves disease outcome in a mouse model for
STING-dependent lupus

Several human diseases are now known to be associated with
activation of the cGAS-STING pathway [13,40,57-61]. One of these is
lupus, and we recently reported that full development of lupus-like
disease in Fcgr2b�/� mice depends on STING [62]. Thus, we tested the
hypothesis that ISD017 treatment could ameliorate the lupus pheno-
types in the Fcgr2b-deficient mice by treating with ISD017 from 6
weeks until the age of eight months. ISD017 treatment did indeed



Fig. 2. ISD017 associates with STING and STIM1 and prevents ER-to-Golgi Trafficking. (a) PMA-differentiated THP1 cells were treated with ISD017 (200 mg/ml). One h later, the
cells were transfected with dsDNA (2mg/ml). Cells were lysed at the indicated time points post-stimulation and immunoblotted by antibodies against pTBKs (S172), pSTING (S366),
pIRF3 (S396), and Vinculin. (n = 3). (b) PMA-differentiated THP1 cells were pretreated with ISD017 (200 mg/ml) for 1 h. The cells were transfected with dsDNA (6 mg/ml) and fixed
2 h later for imaging analysis after staining with anti-STING, anti-Calreticulin (ER), and anti-GM130 (Golgi) (n = 3). Scale bar, 10 mm. (c) Lysates from PMA-differentiated THP1 cells
were incubated with biotinylated ISD017, washed, and precipitated with streptavidin beads. Precipitates were immunoblotted with antibodies binding the indicated proteins
(n = 3). The light blue color of the bands for STEEP and vinculin in the input lane illustrates saturation of the signal. (d) Lysates from PMA-differentiated Wt, STING KO, and STIM1
KO THP1 cells were incubated with biotinylated ISD017, washed, and precipitated with streptavidin beads. Precipitates were immunoblotted with antibodies against STIM1, STING,
and vinculin (n = 3). (e) PMA-differentiated THP1 cells were treated with ISD017 (200 mg/ml) for 1 h, followed by stimulation with dsDNA for 2 hs. Cell lysates were subjected to
immunoprecipitation with anti-STING and immunoblotting with anti-STIM1, anti-STING, and anti-vinculin (n = 3). (f,g) Wt and STIM1 KO THP1 macrophages were treated with
dsDNA in the presence or absence of ISD017 (200 mg/ml, pre-treatment). Supernatants were harvested 16 h post-stimulation, and IFN-I activity and TNFa levels were measured
(n = 3). The data in panel f and g are presented as means of biological triplicates +/- st.dev. [Statistical analysis of the data in f, g were performed using two-tailed one-way ANOVA
test].
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reduce the magnitude of anti-dsDNA production in Fcgr2b�/� mice
(Fig. 5a). Analysis of splenocytes from Fcgr2b�/� mice showed a
reduction of double-negative T cells (Fig. 5b) and plasma cells
(Fig. 5c) in the ISD017-treated group. Also, the levels of serum IFNb
was reduced in the ISD017-treated group (Fig. 5d), while the levels
of IL-17A showed a clear tendency towards being lower in the
ISD017-treated group (Fig. 5e). The hallmark lupus pathology of the
Fcgr2b�/� mice is glomerulonephritis [63]. Significantly, treatment
with ISD017 reduced kidney pathology (Fig. 5f) and the glomerular
scores (Fig. 5g). The interstitial scores showed a trend to decrease by
ISD017 treatment, although it did not reach statistical significance
(Supplementary Fig. 5). Immunofluorescence staining of the kidney
from the Fcgr2b�/� mice for IgG and CD45 showed evident IgG depo-
sition in the glomeruli (Fig. 5h, Supplementary Fig. 5), and this was
significantly lower for IgG deposition in the ISD017-treated mice
(Fig. 5i). The CD45 intensity in the ISD017-treated group showed a
reduction trend, but this did not reach a significant difference (Sup-
plementary Fig. 5).



Fig. 3. ISD017 has STING antagonistic activity in vivo. (a) IFNbDb-luc/Db-luc-reporter (DbLUC) mice were treated i.p. with ISD017 (30 mg/kg), and one h later injected with
cGAMP (20 mg/kg) through the same route. Five h after treatment with STING agonist, spleen cells were isolated, and luciferase activity measured (n = 6). (b, c) Serum and spleen
from mice treated as in a were analyzed for levels of CXCL10 and TNFa proteins by ELISA. (d) IFNbDb-luc/Db-luc-reporter (DbLUC) mice were treated i.p. with ISD017 (30 mg/kg),
and 1 or 12 h later injected i.v. with cGAMP (20 mg/kg). Five h after treatment with STING agonist, whole animals were subjected to bioimaging (n = 3). (e) Quantification of the pho-
ton flux from the ventral view of animals shown in panel d. The data in panel a-c, e are presented as means of measurements from individual mice +/- st.dev. [Statistical analysis of
the data in a, b, c, ewere performed using two-tailed one-way ANOVA test].
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3.6. ISD017 blocks pathological cytokine responses in cells from lupus
patients

To finally explore whether ISD017 can block pathological immune
activities in lupus patients, we examined a clinical cohort of 164
lupus patients (Supplementary Table 1). Evaluation of levels of IFN-I
and CXCL10 in patient serum revealed that between 15 and 20% of
the patients exhibited elevated levels of these cytokines (Fig. 6a, Sup-
plementary Fig. 6). In this cohort, IFN-I serum levels were higher in
the patient group with high SLEDAI disease score (Supplementary
Fig. 6). Moreover, when comparing the patients showing elevated
serum levels of both IFN-I and CXCL10 with those low in both cyto-
kines, we observed that high cytokine levels were associated with
high SLEDAI scores and high levels of anti-dsDNA (Supplementary
Fig. 6).

To test the effect of ISD017 treatment, we isolated and cultured
PBMCs from eleven IFN-high lupus patients in the presence or
absence of ISD017 (Fig. 6b) and evaluated the expression of IFN-I,
CXCL10, and also the chemokine CCL19, elevated in lupus patients
[64]. IFN-I could be detected in supernatants from two patient PBMCs
cultures (Supplementary Fig. 6), while CXCL10 and CCL19 could be
detected in all patient cell cultures (Fig. 6c-d). Importantly, the
detectable levels of IFN-I and CXCL10 were reduced by ISD017 in all
patient cell cultures, and CCL19 was reduced in 9 out of 11 patients
(Fig. 6c-d, Supplementary Fig. 6). Gene expression analysis revealed
that mRNA levels of the IFN-stimuated gene ISG15 were also reduced
by ISD017 treatment (Supplementary Fig. 6). To corroborate these
findings, we isolated extracellular vesicles (EV)s from serum from
seven IFN-high lupus patients (Fig. 6e), since it has been reported
that membrane vesicles from SLE sera has high ISG-inducing activity
through the cGAS-STING pathway [65]. The EVs induced STING-
dependent IFN-I expression in THP-1 macrophages (Supplementary
Fig. 6). PBMCs from a healthy donor were treated with the isolated
EVs in the presence or absence of ISD017, and levels of IFN-I, CXCL10,
and CCL19 were measured. The EVs from all donors induced potent
expression of CXCL10, while only three of the seven donors induced
clear expression of IFN-I (Fig. 6f, Supplementary Fig. 6). The EVs did
not induce expression of CCL19 (data not shown). All of the induced
IFN-I and CXCL10 responses were inhibited by ISD017 (Fig. 6f, Sup-
plementary Fig. 6). These data collectively suggest that ISD017 can
inhibit pathological cytokine responses in cells from lupus patients
with elevated IFN-I expression.

4. Discussion

Innate immune responses are important for rapid defense against
infections but can also contribute to inflammatory diseases [12-14].
The cGAS-STING pathway is activated in response to cytosolic DNA,
and there is now increasing evidence linking excess activation of
STING to pathological inflammation. Therefore, there is a strong
interest in understanding this pathway in detail and developing
means to inhibit the activity of the pathway pharmacologically. Lupus
is a chronic inflammatory disease, with patient groups being very
heterogeneous, likely reflecting a broad panel of mechanisms as
cause of the pathology. One set of patients have elevated IFN-I
responses [35], and there is evidence for cGAS activity correlating



Fig. 4. ISD017 shows no overt toxic effects on cells. (a, b) PMA-differentiated THP1 cells were treated with ISD017 (200 mg/ml), H-151 (4 mg/ml), or RU.521 (2 mg/ml) for 1 h fol-
lowed by stimulation with dsDNA (2 mg/ml) for 2 h. Levels of pSTING, total STING, and vinculin were evaluated by immunoblotting (n = 4). (c, d) PMA-differentiated THP1 cells
were treated with ISD017 (200mg/ml), H-151 (4mg/ml), or RU.521 (2mg/ml) for 24 h and apoptotic and necrotic cell death was evaluated by AnnexinV staining (c) and LDH release
(d), respectively (n = 3). (e) Microscopy images of cells 24 h after treatment with inhibitors of cGAS and STING. Scale bar, 100 mm. The data in panel a-d are presented as means of
biological triplicates +/- st.dev. [Statistical analysis of the data in c, dwere performed using two-tailed one-way ANOVA test].
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with disease severity [40]. Here we report a peptide, ISD017, which
effectively blocks STING signaling by specifically inhibiting STING
trafficking out of the ER through a mechanism dependent on the
STING ER retention factor STIM1. ISD017 displayed STING antagonis-
tic activity in vivo and alleviated lupus symptoms and pathology in a
lupus mouse model. Finally, ISD017 inhibited the expression of che-
mokines associated with disease in PBMCs from lupus patients.

ISD017 blocked IFNb promoter activity induced by cGAS-STING
expression, but not by TRIF or MAVS expression. In addition, the pep-
tide inhibited IFN-I induction by dsDNA but not by poly(I:C) in
PBMCs. This suggests that ISD017 specifically targets the cGAS-STING
pathway. When examining for proteins associating with ISD017, we
identified STING and STIM1. Interestingly, the interaction between
ISD017 and STING was dependent on STIM1, and depletion of STIM1
expression abrogated the inhibitory activity of ISD017. STIM1 is
reported to be a STING ER retention factor [27], and we found that
treatment with ISD017 impaired the release of STING from STIM1.
These data strongly suggest that ISD017 targets STIM1, or a STIM1-
containing complex, to prevent dissociation of STING from STIM1,
and in this way, blocks trafficking of STING from ER to Golgi. Several
inhibitors of cGAS and STING have been reported at the present stage
[41-46]. These include H-151 and RU.521. H-151 blocks STING palmi-
toylation through irreversible covalent binding to cysteine residue at
position 91, thus preventing STING oligomerization [42]. This occurs
after trafficking of STING from the ER [66], and therefore inhibits acti-
vation of IRF3 and NF-kB. The effect of H-151 on STING-induced
autophagy and apoptosis is not well characterized. RU.521 binds to
the active site of cGAS, thus preventing the synthesis of cGAMP in
response to the sensing of DNA [45]. RU.521 and other cGAS inhibi-
tors block all STING dependent functions activated by the DNA-cGAS-
cGAMP axis. Still, they will not affect STING activation by non-canoni-
cal pathways, such as ER stress and extracellular vesicles [48,67].
Thus, ISD017 is a unique STING trafficking inhibitor blocking all
downstream activities irrespective of upstream stimuli.

Inflammatory diseases are characterized by ongoing inflamma-
tory reactions, yet continuous medication is not possible. Therefore,
the duration of the inhibitory activity of an inhibitory compound is
important. In vitro experiments showed that the inhibitory activity of
ISD017 was retained even when added to cells several hours before
STING activation. Likewise, in vivo administration of ISD017 twelve
hours before treatment with cGAMP led to potent inhibition of
STING-mediated IFNb production. Peptides are generally relatively
unstable in free form in the extracellular environment in the body,
partly due to the presence of protease and clearance by the kidney
[68]. However, since ISD017 enters into cells where it exerts its activ-
ity, this may prolong half-life in the body. Also, the noticeable
absence of toxic effects of ISD017 treatment in vitro and in vivo sug-
gests that no significant secondary inflammation is induced by cellu-
lar debris from dead cells receiving ISD017. These observations may
explain why treatment three times per week was sufficient to obtain
a significant clinical effect in the Fcgr2b�/� lupus-like model.

In recent years it has emerged that lupus patients can be sub-cate-
gorized into different groups, with varying degrees of erythropoiesis,
IFN response, neutrophils, myeloid responses, plasmablasts, and lym-
phoid cells [35]. The subgroup of patients with elevated IFN
responses generally have severe disease, and a recent clinical trial
demonstrated a beneficial effect of anti-IFNAR treatment [15]. Impor-
tantly, cGAS activity is elevated in lupus patient cells, and this corre-
lates with disease severity [40]. Since the cGAS-STING pathway
induces not only IFN production but also other inflammatory activi-
ties associated with lupus, such as Th17 responses [69], the role of
the pathway in lupus may not be limited to the IFNhigh patient group.
In regard to ISD017 treatment of lupus, it is also worth mentioning
that STIM1-dependent calcium signaling in T cells has been reported



Fig. 5. ISD017 treatment improves disease outcomes in a mouse model for lupus. (a) Fcgr2b�/- mice were treated with PBS or ISD017 (10 mg/kg). Levels of anti-dsDNA in serum
(dilution 1:100) from the Fcgr2b�/� mice, harvested at age 4, 6, and 8 months, were evaluated by ELISA. (b, c) Flow cytometry analysis of splenocytes from 8-month-old Fcgr2b�/�

mice treated as in panel a. The data are shown as percentage of (b) CD3+CD4�CD8� (double negative T cell) and (c) CD138+ (plasma cells). (d, e) The concentrations of serum IFNb
and IL-17A were analyzed by ELISA. (a-d, n = 8�10 per group). (f) Kidney sections of Fcgr2b�/� mice (8 months old) treated with PBS or ISD017 (10 mg/kg, 3 times per week) were
stained with H&E. Data are representative of 8�10 mice per group (scale bar, 50mm). (g) Glomerular scores of kidney sections were blindly graded (n = 8�10 per group). (h) Immu-
nofluorescence staining of the kidneys from Fcgr2b�/� mice treated with PBS or ISD017 (10 mg/kg, 3 times per week). IgG (green), CD45 (red), and DAPI (blue). Data are representa-
tive of 8�10 mice per group (scale bar, 50 mm). (i) Quantification of immunofluorescence signals for IgG (n = 8�10 mice per group). Data in panel a-e, g, and i are shown as mean §
st.dev. [Statistical analysis of the data in a-e, g, iwere performed using two-tailed one-way ANOVA test].
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to be a driver of Th17 pathology, thus opening up for the possibility of
ISD017 dampening lupus pathology by two mechanisms. Future work
should mechanistically explore the potential link between STING,
STIM1 and Th17 immunity. These data suggest that the STING path-
way contributes to lupus disease in a subset of patients and that
ISD017 can block the associated response.

A large number of animal models have been developed to mimic
lupus pathogenesis [70]. While none of them fully reflect all aspects
of the disease, most are characterized by elevated levels of anti-
dsDNA antibodies and significant contribution of Th17 immune to
pathology [63]. The first study on the role of STING in mouse lupus
models suggested a regulatory role for STING in MRL.Faslpr mice
[71,72]. We recently reported that full disease development in the
Fcgr2b�/� model is dependent on STING, thus revealing differences
between the models, and providing a system to study the subgroup
of lupus patients where STING is important for disease. In the
Fcgr2b�/� model, STING mediates the activation of conventional den-
dritic cell maturation and plasmacytoid dendritic cell differentiation
[62]. The deficiency of STING in the Fcgr2b�/� mice improved the sur-
vival of the mice and reduced the level of anti-dsDNA and the devel-
opment of glomerulonephritis. Treatment of Fcgr2b�/� mice with
ISD017 reduced anti-dsDNA antibody levels, improved kidney
pathology, reduced serum IFNb, and the levels of double-negative T
cells. The latter is significantly associated with lupus pathology [73].
These data suggest that blocking of STING activation by ISD017 inhib-
its several pathological processes in lupus. Although treatment with
ISD017 did not fully reach the same effect as observed upon crossing
Sting-deficient and Fcgr2b�/� mice, the effect of ISD017 treatment



Fig. 6. ISD017 inhibits ISG responses in lupus patient cells. (a) Serum from 164 lupus patients and 21 healthy controls was analyzed for levels of IFN-I bioactivity. The data are pre-
sented as levels from individual donors. (b) Illustration of experimental set-up for the analysis of the effect of ISD017 on cytokine expression by PBMCs from lupus patients. (c)
PBMCs from eleven IFN-Ihigh lupus patients were cultured for 16 h in the presence or absence of ISD017 (200 mg/ml). Supernatants were isolated and analyzed for the levels of
CXCL10. (d) The same supernatants as in panel c were analyzed for CCL19. (e) Illustration of experimental set-up for analysis of the effect of ISD017 on Extracellular vesicle (EV)-
induced cytokine expression in PBMCs from healthy donors. (f) PBMCs from a healthy donor were treated for 16 h with EVs isolated from seven IFN-Ihigh lupus patients in the pres-
ence or absence of ISD017 (200 mg/ml). Supernatants were isolated and analyzed for the levels of CXCL10. The data in panel a are presented as mean levels from individual donors.
The data in panel c, d, and f are presented as matched values from cultures from individual patient PBMCs in the absence (blue) or presence (red) of ISD017. [Statistical analysis of
the data in c, d, f iwere performed using two-tailed one-way ANOVA test].
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was sufficient to reduce the pathology of glomerulonephritis. As a
weakness of our study, we did not measure proteinuria in treated
mice. One limitation of the current study is that we do not know how
well data from Fcgr2b�/� mice translate into the human system, and
which subgroups of lupus patients that this model reflect best. In
addition, we still remain to test whether ISD017 treatment of
Fcgr2b�/� mice has a clinical effect if initiated after on-set of symp-
toms. More research is needed to fully understand the mechanisms
underlying the role of STING in lupus pathogenesis.

Altogether, in this work, we report that the peptide ISD017 blocks
STING signaling by preventing dissociation from the ER retention fac-
tor STIM1, and thus inhibits STING signaling in vitro and in vivo.
Moreover, ISD017 inhibits disease development in a lupus mouse
model known to be STING dependent and also blocks pathological
inflammatory responses in cells from lupus patients with elevated
IFN production. Thus, ISD017 holds potential for treatment of lupus
and other diseases characterized by excess activation of STING signal-
ing.
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