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The cGAS-cyclic GMP-AMP (cGAMP)-stimulator of IFN genes (STING) pathway induces a
powerful type I IFN (IFN-I) response and is a prime candidate for augmenting immunity in

cancer immunotherapy and vaccines. IFN-1 also has immune-regulatory functions manifested in
several autoimmune diseases and is a first-line therapy for relapsing—remitting multiple sclerosis.
However, it is only moderately effective and can induce adverse effects and neutralizing Abs in
recipients. Targeting cGAMP in autoimmunity is unexplored and represents a challenge because
of the intracellular location of its receptor, STING. We used microparticle (MP)—encapsulated
cGAMP to increase cellular delivery, achieve dose sparing, and reduce potential toxicity. In the
C57BL/6 experimental allergic encephalomyelitis (EAE) model, cGAMP encapsulated in MPs
(cGAMP MPs) administered therapeutically protected mice from EAE in a STING-dependent
fashion, whereas soluble cGAMP was ineffective. Protection was also observed in a relapsing—
remitting model. Importantly, cGAMP MPs protected against EAE at the peak of disease and were
more effective than rIFN-p. Mechanistically, cGAMP MPs showed both IFN-I-dependent and —
independent immunosuppressive effects. Furthermore, it induced the immunosuppressive cytokine
IL-27 without requiring IFN-1. This augmented IL-10 expression through activated ERK and
CREB. IL-27 and subsequent IL-10 were the most important cytokines to mitigate autoreactivity.
Critically, cGAMP MPs promoted IFN-I as well as the immunoregulatory cytokines IL-27 and
IL-10 in PBMCs from relapsing—remitting multiple sclerosis patients. Collectively, this study
reveals a previously unappreciated immune-regulatory effect of cGAMP that can be harnessed to
restrain T cell autoreactivity.

A major discovery in innate immunity is that cyclic dinucleotides activate transcription
factors required for type I IFN (IFN-I) expression. Among cyclic dinucleotides, 2”,3" cyclic
GMP-AMP (cGAMP) is produced by mammalian cells as a result of cytosolic DNA that
binds and activates the enzyme cGAMP synthase (cGAS) (1). In addition to mammalian
cells, certain bacteria such as Vibrio cholerae produce the analogue 3°,3" cGAMP,

which acts as a bacterial secondary messenger that also serves as a cytosolic pathogen-
associated molecular pattern (2). Other bacteria also produce the cyclic dinucleotides cyclic-
di-GMP and cyclic-di-AMP. These cyclic dinucleotides bind to the innate immune receptor
stimulator of IFN genes (STING), which can activate the transcription factors, NF-xB and
IRF3, to activate IFN-I gene expression (1, 3). IFN-Is represent host cell responses to viral
or intracellular bacterial infections, but also play a critical role in the promotion of a Thl
and subsequent CTL response in adaptive immunity. This has rendered cGAMP and other
STING activators as prime candidates to enhance T cell responses in both vaccine adjuvants
and cancer immunotherapy and are currently explored for these purposes (4-7).

Despite its traditional role as a proinflammatory mediator, a critical role of IFN-1 is in
immune regulation (8). A prime example is the use of IFN-p for the treatment of multiple
sclerosis (MS) (9), although the precise mechanism of IFN-mediated protection in this
disease is unclear. MS remains a global health burden despite being one of the most
recognized and studied autoimmune disorders. Currently, there is no cure for MS; however,
many treatment options exist to slow the progression of the disease and alleviate the
symptoms. MS patients are typically stratified into several clinical variants of the disease,
the most frequent being relapsing—remitting MS (RRMS). Recombinant IFN-I therapy is
one of the first-line therapies for RRMS. Compared with some newer RRMS medications,
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riIFN-I has been shown to have an excellent safety profile but is only moderately effective in
comparison with newer disease modifying therapies (10). An alternative therapy that could
trigger the production of a natural IFN-1 and other related immunomodulatory factors may
improve efficacy without sacrificing safety.

Although cyclic dinucleotides are currently actively pursued to augment immune response to
cancer, their utility has not been tested clinically in the autoimmune diseases such as MS.
cGAMP represents an attractive alternative to rIFN because certain forms, such as 2",3’
cGAMP, is a self-molecule that is physiologically produced. However, moving cGAMP
forward as a clinical therapy remains a challenge because of its hydrophilic nature and
requirement for its delivery into the cytosol to bind to STING in innate immune cells. As

a result, relatively high concentrations of cGAMP are required, which could raise toxicity.
In many antitumor studies employing cGAMP, intratumoral delivery is required (6, 11).
Site-specific injection is not a feasible route for the treatment of a systemic disease such

as MS. To counter this problem, the encapsulation and delivery of cyclic dinucleotides in
nanoparticles and microparticles (MPs) represent an attractive alternative (12-14). However,
because of the limited linkages available for covalent binding to polymeric carriers, reliable
delivery of cGAMP by particle technology has remained a major challenge.

In this study, we explore the use cGAMP encapsulated in MPs (cCGAMP MPs) as a therapy
in experimental autoimmune encephalomyelitis (EAE), a murine model of MS. The MPs we
used efficiently encapsulate cGAMP, have a good safety profile, and result in much greater
efficacy than soluble cGAMP in reducing severity and delaying the onset of chronic EAE.
cGAMP MP therapy during peak of disease in the relapsing—remitting EAE model greatly
reduced disease severity and prevented relapses more effectively than IFN-p. To explore the
mechanism by which cGAMP attenuates EAE, we show that cGAMP MPs induce 1L-27 and
IL-10 secretion in a STING- and IFN-I-dependent fashion. Importantly, we extended the
study to patients with RRMS and showed that the treatment of PBMCs from MS patients
similarly caused an immunosuppressive phenotype marked by I1L-27 and 1L-10 induction.
These results show a previously unrecognized impact of cGAMP in immune regulation,
mediated by the induction of inhibitory cytokines, and provide the proof of principle that
encapsulated STING agonists could be an alternative therapy for RRMS.

Materials and Methods

Mice

C57B6/J, SILA, IfnarI™=, 11107, Tmem173979t (Goldenticket), and IL-27 receptor a
(1/27ra!~) knockout mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
All mice were housed in specific pathogen—free conditions. Mouse care and experiments
were subject to approved protocols under The University of North Carolina at Chapel Hill
Institutional Animal Care and Use Committee.

Induction of EAE

Nine-week-old female mice were induced to EAE by s.c. injection of an emulsion
containing CFA (Sigma-Aldrich, St. Louis, MO), 200-300 pg myelin oligodendrocyte
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glycopeptide (MOG)35_55 (Bio-Synthesis, Lewisville, TX), and 200 ug tuberculosis toxin
in the lower back. A total of 200-300 ng of pertussis toxin (List Biological Laboratories,
Campbell, CA) was injected i.p. at day 0 and day 2. In SJL/J relapsing—remitting EAE
experiments, 9-wk-old SJL/J female mice were induced to EAE as described above using
300 pg myelin proteolipid protein (PLP)139_151 (Bio-Synthesis). SJL/J mice showing EAE
symptoms at day 15 (=2.0) were stratified into groups with an equivalent average disease
score before administration of therapy or control MP.

EAE scores were based on the development of progressive muscle weakness ranging from
0.5 t0 5.0. This is described as the following: 0.5, tail weakness; 1.0, tail limp with no gait
change; 1.5, tail limp with mild gait change or tail weakness with moderate gait change; 2.0,
tail limp with moderate gait change and loss of balance; 2.5, tail limp and wobbly gait; 3.0,
partial hind limb paralysis; 3.5, complete hind limb paralysis; 4.0, partial or total forelimb
paralysis; 4.5, severe total body paralysis or rotational spinning; and 5.0, death. Mice were
monitored daily until study completion or until a humane end point was reached (=4.0).
Mice achieving a peak disease score of =1.0 were considered positive for disease incidence.
In the SJL/J model, mice achieving multiple-day increase of disease scores or increase above
0.5 after initial remission were considered positive for a relapse.

Mice received terminal doses of tribromoethanol prior to perfusion with PBS and
subsequent 4% paraformaldehyde. Spinal columns were collected and maintained in 4%
paraformaldehyde. Spinal cords were removed after 24 h and then embedded in paraffin.
Spinal sections were sectioned transversely in 8-um-thick sections using a microtome.

H&E was used to determine inflammatory cell infiltration, and Luxol fast blue was used

to determine degrees of demyelination in representative sections with periodic acid—Schiff
counterstaining. Histology scoring was performed in a double-blinded fashion on thoracic
and cervical sections. Increased histological scores were indicative of inflammatory cellular
infiltrate.

In vitro primary cell culture

Bone marrow dendritic cells (BMDCs) and bone marrow—derived macrophages (BMDMs)
were derived using established protocols (15, 16). Cells from both male and female mice
were used. In brief, progenitor cells were flushed from bone marrow of 8-12-wk-old

mice and made into a single-cell suspension, and RBCs were lysed with ammonium-
chloride—potassium. BMDCs were cultured for 8 d in 10% serum supplemented RPMI 1640
(Life Technologies) containing 40 ng/ml GM-CSF (PeproTech, Rocky Hill, NJ). BMDMs
were cultured for 7 d in DMEM (Life Technologies) containing 20% serum and 30%
conditioned L929 media supernatant. Cells were plated overnight in 10% serum media prior
to experimentation the next day. Cells were primed with 100 ng/ml LPS (MilliporeSigma)
unless otherwise noted. For mixed splenocytes studies, spleens were taken from 8-12-wk-
old mice, processed into a single-cell suspension, and depleted of CD8* cells by positive
selection using CD8a MACS beads (Miltenyi Biotec). For coculture experiments, BMDCs
were cultured as described, then treated with particles for 24 h before the addition of sex-
matched isolated naive CD4* cells (Miltenyi Biotec) at a 1:5 ratio in the presence of aCD3
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mADb for an additional 24 h. rIL-12p70, rIL-6, and rTGF-p were purchased from BioLegend.
ERK (1049738-54-6) and CREB (666-15) inhibitors were purchased from MilliporeSigma
(Burlington, MA).

Immunoblotting

Cells were treated as indicated, then washed with cold PBS prior to lysing with
radioimmunoprecipitation assay buffer containing phosphatase and protease inhibitors
(Roche Diagnostics). Equal amounts of protein were determined by BCA assay (Thermo
Fisher Scientific) and combined with SDS-PAGE loading dye. Samples were resolved on 4—
12% NUPAGE gels (Thermo Fisher Scientific) and transferred to nitrocellulose membranes.
Blots were blocked in 5% reconstituted powdered milk and incubated with a primary

Ab before washing and adding secondary Abs conjugated to HRP. Blots were washed of
excess secondary Ab, developed using Super-Signal substrate (Thermo Fisher Scientific) and
imaged by autoradiography. Primary Abs included the following: p-STAT1 (9167), STAT1
(9176), p-STING (72971), STING (50494), p-CREB (9198), CREB (9197), p-ERK (4370),
and ERK (9107). All primary Abs were from Cell Signaling Technology (Danvers, MA).
HRP-conjugated pB-actin (sc-47778) was from Santa Cruz Biotechnology (Dallas, TX).

Flow cytometry

Cells were stimulated with 50 ng/ml PMA and 1 pg/ml ionomycin or with 5 ug/ml aCD3
mADb as specified in figure legends in the presence of brefeldin A (BioLegend). Cells were
collected, washed twice in FACS buffer, and stained for surface markers on ice for 20

min. Cells were washed twice of excess Ab and fixed with FOXP3 Fix/Perm Solution
(BioLegend) at room temperature for 20 min. Cells were washed in FACS buffer prior

to washing and suspension in FOXP3 Perm Buffer for 15 min. Permeabilized cells were
incubated with intracellular Abs for 30 min. Excess Ab was washed off twice before
suspension in FACS buffer. Surface markers include mouse a-mouse CD3-PeCy7 (145-
2C11), a-mouse CD25-APC/Cy7 (PC61), a-mouse CD4-PerCP/Cy5.5 (GK1.5), a-mouse
CD11b—Brilliant Violet 510 (M1/70), a-mouse CD11c—Pacific Blue (N418), a-mouse
CD45.2- Brilliant Violet 605 (104), a-mouse F4/80-APC (BM8), a-mouse Ly-6C-Alexa
Fluor 700 (HK1.4), and a-mouse CD115-PerCP/Cy5.5 (AFS98). Intracellular marker
included mouse a-mouse IL-10-APC (JES5-16E3). All mouse Abs were purchased from
BioLegend. Mouse samples were run on a BD LSR Il or BD LSRFortessa (BD Biosciences,
Franklin Lakes, NJ) and analyzed using FlowJo (Ashland, OR).

In vivo biodistribution and local cytokine production

Nine-week-old female wild-type (WT) mice were induced to EAE as described. Texas
Red-conjugated acetalated dextran (Ace-DEX) MPs loaded with or without cGAMP

were injected i.m. at days 9, 11, and 13. WT mice without EAE were also injected

at corresponding timepoints. All mice were euthanized at day 16. Injected leg, lungs,

heart, brain, kidneys, liver, spleen, and inguinal lymph nodes (LNs) were evaluated by
fluorescence imaging using an 1VIS Lumina 111 (PerkinElmer, Waltham, MA). Spleens and
LNs were processed, stained for cell surface markers, and analyzed by flow cytometry.
Additional mice were induced to EAE and injected with PBS, soluble cGAMP, or cGAMP
MPs every other day for three injections. Mice were sacrificed at indicated time points after
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final injection. Muscle from injected leg was weighed and homogenized in PBS containing
protease inhibitor. Supernatants were collected and used for cytokine measurements.

Mouse ELISA

Supernatants were collected and assayed for quantitative cytokine measurements by ELISA.
For mouse samples, IL-10 and IL-17 ELISA Kits were purchased from BioLegend, IFN-y
from BD Biosciences, and IL-27 ELISA kit from Thermo Fisher Scientific. All assays

were run in accordance with the manufacturers’ protocols. Murine IFN-p ELISA was
developed in-house using primary Abs from Santa Cruz Biotechnology (sc-57201) and R&D
Systems (32400-1; Minneapolis, MN), rIFN-p standard from R&D Systems (12401-1), and
secondary a Rabbit IgG HRP-conjugate from Cell Signaling Technology (707). Human

cell supernatants were analyzed by ELISA for IFN- (PBL Assay Science), IL-27 (R&D
Systems), and IL-10 (BD Biosciences).

Patient samples and analysis

Peripheral blood samples were collected from seven RRMS patients not treated with
immunomodulatory therapies prior to blood sample collection. For these in vitro studies,
fresh PBMCs were separated using Ficoll-Paque (GE Healthcare). Isolated PBMCs were
suspended in complete RPMI 1640 and plated with cGAMP MPs, blank MPs, or soluble
cGAMP for 24 h. Surface markers were stained with CD14 PE-Cy5 (SK3; BD Biosciences).
Intracellular staining was performed after stimulation with LPS (L2654; Sigma-Aldrich)
and incubated at 37°C, 5% CO, for 1 h. Brefeldin A (eBioscience) was added for an
additional 3 h. Cells were fixed, permeabilized, and stained with fluorescein-conjugated
Abs against human IFN-B (MMHB-3, PBL Assay Science, Piscataway, NJ), alL-10-APC
(BD Biosciences), or alL-27-APC (BD Biosciences). The percentages of cells expressing
each cytokine in CD14*-gated monocytes were determined using a BD FACSCalibur and
CellQuest software (BD Biosciences).

Quantitative RT-PCR

CD14" monocytes were separated from the PBMCs of four RRMS patients using CD14
MicroBeads (Miltenyi Biotec). The purity of separated cells (>98%) was confirmed by
FACS. The monocytes were treated with MPs for 8 h. The total RNA was extracted, and
cDNA was synthesized using a High-Capacity cDNA Archive Kit (Applied Biosystems).
The primers for MX1, IFN-B, and 185 mRNA were purchased from Applied Biosystems,
and gene expression was measured by RT-PCR using TagMan Gene Expression Assays
(Applied Biosystems) in triplicates. The results are expressed as the average relative gene
expression, normalized against the 18S mRNA expression for each subject.

Human ELISA

The effect of cGAMP MPs on the monocyte and cocultured CD4 T cells cytokine secretion
was examined in five RRMS patients using ELISA for the cytokine measurements in the
supernatants. Separated CD14* monocytes (1 x 10° cells per condition) were cultured for
24 h with cGAMP MPs after LPS priming. In coculture conditions, CD14* monocytes were
primed with LPS then treated with cGAMP MPs for 12 h. The cells were washed with
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PBS after 12 h and were cocultured (1:2) with the CD4* T cells for another 24 h. CD14*
monocytes or CD4 T cells were separated from the peripheral blood of untreated RRMS
patients using negative magnetic bead separation (130-050-201,130-096-533; Miltenyi
Biotec). Supernatants were collected for cytokine secretion measurements using IFN-g (PBL
Assay Science), IL-27 (R&D Systems), and IL-10 (BD Pharmingen) ELISA kits. Assays
were performed using manufacturers’ protocol.

Study approval

Statistics

Results

Human samples were collected upon obtaining The University of North Carolina at

Chapel Hill Institutional Review Board—approved informed consent, protocol UNC-14—
0705. Mouse care and experiments were subject to approved protocols under The University
of North Carolina at Chapel Hill Institutional Animal Care and Use Committee.

All studies were evaluated for statistical significance by either two-tailed Student #test,
one-way ANOVA, or Mann-Whitney U'tests using GraphPad PRISM, as indicated in

the corresponding figure legend. All experiments were repeated at least twice and run

in biological replicates as indicated in the figure legends. Graphical results are shown as
mean + SEM. Significance was determined with a p value <0.05, as indicated in the figure
legends.

MPs target dendritic cells in mice with EAE

cGAMP is a small hydrophilic molecule that requires cytosolic delivery to stimulate STING.
Efficient delivery of this agonist has been challenging, hindering its therapeutic potential
because of the requirement for high concentrations that may cause vascular toxicity.

Our group and others have successfully encapsulated cGAMP into nanoparticles or MPs,
and a comparison of different particle compositions showed that particles composed of
biodegradable and acid-labile Ace-DEX are superior to others in the terms of encapsulation
efficiency of cGAMP (12, 13, 17). In the current study, we show that multiple batches

of cGAMP MPs showed highly reproducible characteristics, with small variations in size,
surface charge, and drug loading (Supplemental Fig. 1A, 1B), reflecting its consistency,
which is a major advantage of this fabrication process. We delivered fluorescently labeled
(Texas Red dye), empty Ace-DEX MPs (blank MPs), or labeled cGAMP MP by the
clinically feasible route of i.m. injection and examined their tissue distribution using in vivo
fluorescence imaging. The majority of particles were found at the injection site (Fig. 1A)
but also disseminate proximally to the inguinal LN (Fig. 1B) in healthy mice as well as in
mice with EAE. Interestingly, despite loss of muscle tissue, associated with the lower limb
weakness in EAE, particles readily trafficked to the proximal LN after injection (Fig. 1B).
Particles were not detected by in vivo imaging in any other peripheral nonimmune organs
(Supplemental Fig. 2A). LNs and spleens were evaluated for cell-specific uptake of MPs.
Flow cytometry analysis showed a significant increase in the percentage and total number of
CD11c* dendritic cells (DCs), CD11b*F4/80* macrophages, and CD11b*CD115*Ly-6CoW*
patrolling monocytes in MP-treated mice compared with controls. Texas Red MPs were
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detected in the LNs of both healthy and mice with EAE. The inclusion of cGAMP in

MP (indicated as a plus sign [+] for both cGAMP and MP) did not cause a difference

in MP uptake (Fig. 1C-E). An increase in MP-positive APCs was also detected in the
spleen (Supplemental Fig. 2B). More cGAMP particles were detected in DCs within the
spleen than blank MPs by both percentage and total number (Supplemental Fig. 2B), and
these differences were more significant in the EAE group. This suggests that cGAMP
and EAE might affect particle trafficking, retention, and/or processing in the spleen. The
active interest in STING stems from its capacity to induce the IFN-I. Fig. 1F indicates
that administration of cGAMP in mice with EAE can increase IFN-p production in a
time-dependent fashion at the injection site. However, only cGAMP MPs maintained this
significant increase compared with control-treated mice past 6 h.

cGAMP MPs mitigate acute EAE in a STING- and IFN-I-dependent manner

Given that cGAMP MPs can induce the production of IFN-f in mice with EAE, we
postulated that cGAMP MPs could induce a therapeutic effect in this disease model (18). To
test this, we immunized mice with the autoantigen MOG35_g5 With pertussis toxin to induce
EAE. After disease onset (day 9), soluble cGAMP or cGAMP MP (each at 5 ug cGAMP)
were delivered i.m. every other day for a total of five injections (Fig. 2A). cGAMP MPs
reduced the disease score and delayed disease onset, whereas an equivalent dose of soluble
cGAMP was ineffective, indicating the advantage of intracellular particle delivery (Fig. 2B).
cGAMP MPs effectively prevented disease in 50% of treated mice, whereas soluble cGAMP
prevented disease manifestation in only one mouse (10%) (Fig. 2B). Moreover, this i.m.
therapy was effective at a 20-fold lower dose than what has been reported for i.v. cyclic
di-GMP to reduce EAE scores (19). To explore the molecular pathways by which cGAMP
MPs mediate their effect, mice bearing a nonfunctional mutation in the gene encoding
STING (7mem173979") were tested, and the in vivo protective effect of cCGAMP MPs was
abolished (Fig. 2C), indicating that cGAMP MPs protect mice from EAE by targeting its
receptor STING. To determine if cGAMP MPs are effective during the peak of disease and
if this can be achieved in an relapsing—remitting model of MS, we treated SJL/J mice with
relapsing—remitting EAE at the peak of disease (day 15) (Fig. 2D). cGAMP MPs effectively
reduced disease scores and prevented relapses that were observed in this mouse model.
Furthermore, a comparative study indicated that cGAMP MPs were superior to rIFN-p in
reducing disease scores and relapse incidence during the treatment (Fig. 2D). This suggests
that cGAMP MP may attenuate relapsing—remitting EAE via mechanisms that are beyond
IFN-I induction. Representative histology of spinal cord showed less cellular infiltrate and
demyelination in the cGAMP MP-treated mice compared with PBS-treated controls (Fig.
2E, 2F).

Mice with EAE given chronic doses of cGAMP MP show no signs of in vivo toxicity

IFN-I therapy can induce proinflammatory cytokines (20), leading to side effects that may
cause its discontinued use (21). Thus, it is important to determine if cGAMP MPs cause
toxicity. We evaluated for toxicity EAE mice given three doses of cGAMP MPs (5, 7.5, and
10 pg) upon disease onset and every other day up to day 17 for a total of five doses. Mice
treated with cGAMP MPs did not exhibit weight loss, a measure of toxicity, but instead
mitigated some of the weight loss in untreated mice, indicating that the treatment was well
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tolerated (Supplemental Fig. 3A). Sera were screened for changes in liver enzymes (alanine
aminotransferase, hemoglobin, platelets, and WBC counts were all within normal limits)
(Supplemental Fig. 3B, 3C). Sera from cGAMP MP—treated mice did not have elevated
IL-6, TNF-a, or IL-1p (Supplemental Fig. 3D). Thus, cGAMP MPs did not cause detectable
toxicity.

CcGAMP MPs induce STING-dependent IL-27 and IL-10 production in cultured APCs

IFN-I directly or indirectly exert anti-inflammatory effects on several immune cell types
critical in EAE and MS (22-24), perhaps leading to its therapeutic efficacy. Based on

our in vivo results, we hypothesized cGAMP MPs may induce anti-inflammatory cytokine
production from APCs. Low to medium doses of cGAMP MPs induced increased IL-10 and
IL-27 compared with soluble cGAMP in WT LPS-primed BMDC:s (Fig. 3A, 3B). cGAMP
MP—induced increases of these cytokines were lost in 7/mem173979! cells, confirming that
cGAMP MP is working through STING activation (Fig. 3A, 3B). There was a partial
decrease in the magnitude of 1L-10 and IL-27 production in cGAMP MP—treated /fnar’~
BMDC:s relative to WT, indicating that IFN-1 induced IL-10 and IL-27 secretion. However,
significant amounts of 1L-10 and 1L-27 were still detectable in /fnar'~ cells above the
negative control, suggesting that an IFN-independent pathway also contributed to the
induction of these cytokines. A similar experiment was conducted with BMDM cells with
similar results (Fig. 3C, 3D). As described earlier, reproducibility of MP therapies is a
critical hurdle to overcome prior to clinical use. In addition to reproducible chemical

and physical properties, we demonstrate the biological reproducibility of IFN-, IL-27,

and IL-10 induction by three independent batches of cGAMP MPs (Supplemental Fig.

4). Taken together, these data suggest that cGAMP MPs activate STING to induce an
anti-inflammatory IL-27 and IL-10, which are dependent on STING and predominantly
mediated by IFN-I interaction with IFN-apR. However, an IFN-independent effect was also
detected.

cGAMP MPs require ERK and CREB to induce IL-10 in vitro

The signaling required for the production of IL-10 is complex, involving several signaling
pathways and autocrine feedback. We next examined the pathways by which cGAMP MP
induces IL-10 production in BMDC because this has not been investigated. cGAMP MPs
robustly promote STING phosphorylation by 1 h, whereas soluble cGAMP did not have a
significant effect (Fig. 4A, 4B). Soluble cGAMP induced a detectable but nonsignificant
increase in pSTAT1 compared with media control, indicative of IFN-1 signaling. In contrast,
cGAMP MPs significantly increased STAT1 signaling, reflecting a strong IFN induction
(Fig. 4A, 4B). ERK is an important mediator of cell proliferation and survival and an
upstream mediator of 1L-10 production through downstream CREB signaling (25, 26). We
observed an increase in the ratio of phosphorylated to total ERK as early as 30 min, which
increased over time after cGAMP MP treatment (Fig. 4A, 4B). CREB phosphorylation

was also increased in cGAMP MP-treated group (Fig. 4A, 4B). To test if these pathways
were critical for the induction of IL-10 by cGAMP MP, BMDCs were LPS-stimulated as
before but given either an ERK or CREB inhibitor prior to cGAMP MP treatment. Increased
IL-10 induced by cGAMP MPs was reduced to basal control levels with increasing ERK

or CREB inhibitor concentrations (Fig. 4C). These data support the link between ERK and

J Immunol. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Johnson et al.

Page 10

downstream CREB and IL-10 (27), suggesting that cGAMP MP promotes ERK and CREB
activation to generate IL-10 in BMDCs.

cGAMP MPs induce anti-inflammatory cytokines in splenocytes, even in the presence of
activated and polarized T cells

The acute phase of EAE and MS is driven by adaptive immune cells, whereas IFN-1 therapy
is an inhibitor of this response (28). Next, we determined if cGAMP MPs also inhibit
adaptive immunity through the induction of IL-10. cGAMP MPs treatment of splenocyte
cultures caused a significant increase in IFN-f over soluble cGAMP, but this waned over

3 d. IL-10 secretion lagged behind IFN-I and rose from days 1 to 3 (Fig. 5A). These

results demonstrate that cGAMP MPs induce a robust IFN-P response and I1L-10 production
in splenocytes. To assess the effect of cGAMP MPs when CD4 T cells are activated, as
during autoimmunity, we added soluble aCD3 mAb to activate T cells in the splenocyte
culture. IFN-P was induced by the highest dose of cGAMP MP in the presence of aCD3
mAb-activated T cells. IL-27 and IL-10 increased nearly 20-fold compared with untreated
cultures at this dose of cGAMP (Fig. 5B). These increases in IL-27 and IL-10 were
accompanied by a decrease in IL-17 and IFN-v, cytokines associated with Th17 and Thl
cells, respectively, which are pathogenic in the context of autoimmunity. As with BMDC and
BMDM monocultures, we observed that cGAMP MPs can induce STING-dependent, but
IFN-independent, IL-27 secretion (Fig. 5C). Additionally, we studied the effect of cGAMP
MPs under the Th1- and Th17-polarizing conditions, and cGAMP MPs remained effective in
the induction of IL-10 (Supplemental Fig. 5). These data suggest that cGAMP MP can cause
the induction of anti-inflammatory cytokines even in the presence of activated Thl and Th17
cells.

IL-27 signaling in CD4* T cells promote 1L-10 (29). To determine if IL-27 signaling in T
cells was critical for the induction of 1L-10 by cGAMP MPs, we cocultured BMDCs with
WT and //27ra"'~ CD4 T cells after pretreating the BMDCs with cGAMP MP. Cultures
with //27ra”~ T cells lost IL-10 induction from cGAMP MPs (Fig. 5D). Tmem173979¢
splenocytes also lacked this cGAMP MP-mediated IL-10 induction (Fig. 5E). However,
similar to experiments with BMDM and BMDC shown earlier in Fig. 3, splenocytes lacking
Ifnar continued to produce a significant amount of IL-10 under cGAMP MP stimulation,
although reduced in comparison with that produced by WT cells (Fig. 5E). Taken together,
these in vitro data indicate that cGAMP MPs engages the STING pathway to promote IL-27,
which is then required for downstream IL-10 induction, but induction of both IL-27 and
IL-10 occurs through IFNAR-dependent and -independent pathways.

cGAMP MPs mediate EAE protection by IL-27 and IL-10

Our in vitro data indicate that cGAMP MPs induce immunoregulatory cytokines 1L-27
(30) and IL-10 (31). We hypothesized that they are the key cytokines contributing to the
protection observed in cGAMP MP-treated mice with EAE. To assess if cCGAMP MP can
induce IL-27 and I1L-10 in vivo, we injected mice with cGAMP MPs or soluble cGAMP
i.m. and measured IL-27 and IL-10 levels at the injection site. cGAMP MPs significantly
increased I1L-27 6 and 12 h postinjection and increased IL-10 at the 12-h timepoint (Fig.
6A).
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We next analyzed the impact of cGAMP MP on cells that produced I1L-10 in mice with
EAE. Analysis of spleen at day 12 postimmunization indicated that cGAMP MP-treated
mice had a higher percentage of both IL-10¥*CD4 T cells and 1L-10*CD11c* DCs than
untreated, MP-treated, or soluble cGAMP-treated mice (Fig. 6B). Furthermore, increased
IL-10 production was observed in total splenocytes upon ex vivo stimulation with PMA/
ionomycin as measured by an ELISA (Fig. 6C). There seems to be two distinct populations
of CD11c*IL-10* cells in the cGAMP MP-treated splenocytes. We surmised that it may be
due to the limited percentage of splenic DCs that took up cGAMP MP compared with the
higher uptake in DCs in LNSs that are adjacent to the injection site. As a result, some splenic
DCs were unaffected by cGAMP MP. In the draining inguinal LNs of mice with EAE,
there was no difference in the total cell counts among untreated and blank MP-, soluble
cGAMP-, and cGAMP MP-treated groups, indicating that the overall immune cell numbers
were the same. However, cGAMP MP caused a significant increase in the percentage and
total number of IL-10*CD4* T cells and I1L-10*CD11c* cells in the draining LNs compared
with mice injected with soluble cGAMP or blank particles (Fig. 6D).

To determine if the anti-inflammatory cytokines IL-27 and IL-10 were essential for cGAMP
MP-mediated protection against EAE, //27ra”~ mice were treated with cGAMP MPs upon
disease onset. As before, cGAMP MPs protected WT mice from EAE when compared with
a PBS-treated control (Fig. 6E, left). cGAMP MPs also protected /f7ar”’~ mice from day
14 to 20 during peak of disease (Fig. 6E, left center). In contrast, cGAMP MPs did not
significantly protect //27ra~ (Fig. 6E, right center) and /107~ (Fig. 6E, right) mice except
at day 12 and days 14 to 16, respectively, indicating that the protective effect is primarily
mediated through IL-27 and subsequent IL-10 and that the protection occurs through both
IFN-I-dependent and —independent pathways. Taken together, these studies support the
conclusion that cGAMP MPs protect mice from EAE through 1L-10, which requires 1L-27
for its optimal induction.

cGAMP MPs promote anti-inflammatory cytokines in immune cells from RRMS patients

Our data indicate that cGAMP MPs induce IFN-I and related anti-inflammatory cytokines
to protect mice in the EAE model. To demonstrate clinical relevance, we next tested if this
effect can also be observed in cells from RRMS patients. We obtained PBMC and isolated
monocytes from recently diagnosed RRMS patients who had not yet begun treatment and
treated magnetic bead-separated human CD14* monocytes with cGAMP MPs (5 pg/ml
cGAMP) (Fig. 7A). cGAMP MP, but not soluble cGAMP, promoted the upregulation of
IFN-I-and IFN-induced MxZ gene expression as tested by quantitative RT-PCR. Flow
cytometry also showed a dramatic and significant increase in IFN-B and strong IL-27 and
IL-10 responses in monocytes treated with cGAMP MP, but not with soluble cGAMP (Fig.
7B). Human monocytes were highly sensitive to cGAMP MP stimulation compared with
mouse APCs and produced ample 1L-27 after this treatment and additionally produced IL-10
(Fig. 7C). Finally, we cocultured patients’ isolated monocytes with autologous CD4 T cells
and confirmed in a coculture that cGAMP MPs still induced IL-27 and IL-10 production
(Fig. 7D). These results show that cGAMP MP induced IFN- and the anti-inflammatory
IL-27 and IL-10 in monocytes isolated from RRMS patients.
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Discussion

The variety of applications for which IFN-1 is used highlights the complex function of

this cytokine family. In host immunity, IFN-I is an important factor in the initial antiviral
response (32) and is an inducer of Thl-biased immunity (33). This property has made it
useful for promoting balanced Th1/Th2 responses in vaccine design against pathogens. In
tumor immunity, IFN-I can cause DC cross-presentation of Ag (34), making it a robust
activator of cytotoxic CD8 T cells (35). Along with other antitumor properties, this has made
it an important cancer immunotherapeutic, particularly in melanoma (36). However, this
proinflammatory response is dampened with chronic IFN-I. In persistent viral infections,
continuous IFN-I signaling has been shown to stunt the generation of new Thl responses

to the virus (37). This ties with the use of IFN-I in RRMS, in which its immunoregulatory
properties has made it a mainstay of treatment for this condition for decades. However, use
of rIFN-1 has more recently been described as only a moderately effective therapy compared
with newer medications and faces challenges such as the elicitation of neutralizing Abs
against the recombinant protein that can further reduce efficacy.

The technology presented in this study was designed to build on the success of rIFN-

| technology by using cGAMP to induce endogenous IFN-1 and circumvent some of
drawbacks associated with rIFN therapy. Our findings suggest that cGAMP could be a
unique therapeutic, harnessing both IFN-dependent and -independent effects to support an
immunoregulatory environment. STING is one of several innate immune sensors, including
TLR3, TLR7, TLR9Y, MAVS, and RIG-I that are proficient in inducing IFN-1. Unlike IFN-
promoting TLRs, STING signaling is independent of TRIF and MyD88 (38). STING is
activated by cyclic dinucleotides as opposed to MAVS and RIG-I, which are activated by
RNA that is highly sensitive to RNase. The complication of using small cyclic dinucleotide
as a therapeutic agent arises when trying to target STING directly, as it is located in

the cytosol and can be endoplasmic reticulum associated (39). For this reason, delivery

of free STING agonists, such as cyclic dinucleotides, is often inefficient and requires

high concentrations that could cause toxicity. A solution to rectify this problem is by

using a particulate carrier to deliver STING agonists to appropriate cells. This has been
shown to be an improvement to soluble delivery in applications such as vaccines and
cancer (12-14). So far, this approach has not been used to elicit an immune-regulatory

and anti-inflammatory response, which may be beneficial for RRMS. This study uses an
encapsulation platform and showed superiority of cGAMP MP over soluble cGAMP in
IFN-B induction and reduction of clinical scores in mice with EAE, but also in the elicitation
of disease-attenuating cytokines IL-27 and IL-10, which are partially independent of IFN
signaling.

Our previous study suggests that the cGAMP MP are taken up by APCs in vitro (12). The
present study confirms in vivo uptake of particles by both macrophages and DCs. DCs and
macrophages are some of the most prolific producers of IFN-I (8). Furthermore, in EAE and
MS, they have crucial roles in priming autoreactive T cells but also can directly suppress
these cells and promote homeostasis (40, 41). The used particles are in the range of 1-2 um,
which are in an ideal size range for uptake by DCs (42).

J Immunol. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Johnson et al.

Page 13

Prior to this work, the effect of cGAMP on EAE was unknown, although DNA activation
of the STING pathway has been studied (19). For the use of IFN-I to treat RRMS, patient
compliance and robust safety profile have been continual selling points. However, IFN-I
in cancer immunotherapy was associated with severe side effects in patients (43). Given
that we have shown STING signaling is inherently different from direct IFN-I signaling,
it was important to determine if cGAMP MPs elicited systemic toxicity. Although high
concentrations of STING agonists have been reported to be toxic in vitro (44), a formal
evaluation of in vivo toxicity following administration has not been reported. The use of
MPs to deliver cGAMP allowed dose sparing, leading to the use of low doses of i.m.
cGAMP MPs as a clinically feasible way of alleviating disease. Safety testing showed
that chronic administration of cGAMP MPs does not have significant side effects in EAE
mice based on known indicators of systemic toxicity and actually improved some measured
outcomes, suggesting that this could be a safe treatment.

To explore the mechanism by which cGAMP MP might be mitigating EAE, we examined
several potential pathways. Of its immunomodulating properties, IL-10 induction has gained
attention as a critical downstream mediator of IFN-I protection because of its production
directly or indirectly in many MS-relevant cell types (22, 23). In contrast to IL-6, IL-10
causes sustained STAT3 signaling (45), which promotes SOCS3, causing inhibition of
cytokine production (46). This STAT3 signaling is impaired in some MS patients, resulting
in poor IL-10 response; thus, an exogenous agonist to activate this pathway may provide a
remedy for this dysfunction (46). In regard to IFN, IL-10 production is markedly reduced
with or without TLR agonists in primary /fnar'~ myeloid cells, showing the importance

of IFN-1 signaling to IL-10 production by innate immune cells (47). IFN-I can directly
signal IL-10 production in some cells (22) but appears to rely partially on IL-27 as an
intermediary. 1L-27 is a critical factor in the differentiation of 1L-10—producing Tr1 cells
(29) and promotes IL-10 in Th1, Th17, and regulatory T cells (30, 48). Regulatory T cell
subsets further benefit from 1L-27 by the suppression of FasL (49) and upregulation of
survival factors such as cFLIP, BcL-6, and ICOS (50, 51). Thus, IL-27 can promote their
survival through these different mechanisms. IL-27 has also been reported to directly inhibit
IL-2 production (52) and the differentiation of Th17 cells (53). Indeed, an inverse correlation
of low IL-27 and high Th17 and a direct correlation of IFN-P responsiveness with I1L-27
levels in MS patients support an underlying role of IL-27 in the IFN pathway and the disease
(54, 55). APCs are the primary producers of IL-27 and express the IL-27R. In our study,

we observe that cGAMP MPs induce STING-dependent IL-10 and IL-27 expression that

is enhanced by IFN-I signaling, which is not required. The link between the cGAMP and
IL-27 has not been previously appreciated. STING-associated IL-10 production is only a
recent finding; although the role of cGAS was not demonstrated in one study, the impact

of STING on IL-10 was paradoxically cGAS independent (56-58). In contrast, our study
clearly showed that STING was required for the induction of both IL-10 and IL-27 by
cGAMP MP and that IL-27 signaling was required for IL-10 induction. Importantly, we
further demonstrated that IL-10 and IL-27 can be produced during cGAMP MP stimulation
without IFN-I signaling. This observation has not been reported previously. Given the
interplay between IFN-I and these two anti-inflammatory cytokines and their roles in several
autoimmune disorders, cGAMP MP may provide a unique therapeutic benefit by targeting
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several immunoregulatory pathways that are IFN dependent and independent, but both
involve IL-27 and IL-10.

Several transcription factors have been associated with downstream IL-10 production in
innate cells. cGAMP MPs activated STING and greatly promoted STING phosphorylation
within an hour of exposure in BMDCs. IFN induces STAT1, so it was not surprising that
this signaling followed STING activation by cGAMP MPs. IL-10 signaling via STAT1 in
innate immune cells has been conflicting, with both induction and inhibition reported (59,
60). Direct addition of IFN- on BMDCs has been previously shown to increase CREB
phosphorylation and IL-10 production (22). We focused on the CREB pathway given that
cGAMP MPs induced high amounts of IFN-I in innate immune cells. ERK1/2 is involved
in numerous cellular responses involving innate cell survival (61) and has been linked to
IL-10 production in these cells (62, 63). Similarly, it has been reported that certain pathogen-
associated molecular patterns, such as zymosan, can induce IL-10 in DCs via CREB by
upstream ERK activation (26). ERK has also been reported to bolster IL-10 response (64).
In our study, we observed ERK phosphorylation early upon cGAMP MP addition, whereas
CREB signaling proceeds soon after. Both ERK and CREB are regulating increased IL-10
production by cGAMP MPs given that ERK or CREB specific inhibitors reduced IL-10 to a
basal level.

Our in vivo data indicate that cGAMP MP can increase IFN-f and IL-27 production at the
injection site and induce I1L-10* T cells and DCs during disease progression. This implies
that cGAMP MP can support immunoregulatory phenotypes, as we observed in vitro. It

is noteworthy that throughout the monitoring period in the C57BL/6J model, we did not
observe any relapses or EAE worsening after the final dose of cGAMP MPs was given. In
the SJL relapsing—remitting model, mice given cGAMP MP also had little disease activity
at least 5 d (day 38) after the last dose (day 33). Although our work focused on exogenous
cGAMP, dying cells can release self-DNA and induce endogenous 2”,3-cGAMP to trigger
STING activation in resident innate immune cells (65). Interrogating the muscle tissue
during active EAE revealed substantial baseline IL-10. It is possible that EAE may cause
STING activation, but the levels are insufficient to regulate the disease. Supplementing
endogenous response with cGAMP MPs showed protection against EAE. We also found
that cGAMP MPs were significantly protective in /f7ar~ mice and are more effective than
rIFN-p in the relapsing—remitting model, supporting our hypothesis of both IFN-dependent
and -independent mechanisms. However, both //27ra~ and //107'~ mice showed minor
response to cGAMP MP treatment, suggesting that these two cytokines were more critical
than IFN-I for protection. This would support the notion that the role of IFN-p, IL-27,

and IL-10 signaling is complex, relying on independence and interdependence to suppress
EAE (24). Moreover, a noteworthy report has shown STING in microglia to be protective
in the context of neuroinflammation (66). Thus cGAMP MP therapy likely induces multiple
factors that restrain MS and EAE, which may be superior to rIFN-f alone. Thus, our data
indicate that the suppression of EAE by cGAMP MP is multifactorial but is primarily
dependent on IL-27 and 1L-10.

In conclusion, this study demonstrates that cGAMP incorporated into MPs induces anti-
inflammatory cytokines that mitigate EAE at the peak of disease. Multiple injections of
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cGAMP MPs appear safe, and significantly improve disease outcome over soluble cGAMP
in a STING-dependent and both IFN-I-dependent and —independent manner. cGAMP MP
induces the immunosuppressive cytokine, 1L-10, in both APCs and CD4 T cells in a process
that is ERK- and CREB-dependent. IL-10 induction by cGAMP MPs is primarily I1L-27-
dependent, and cGAMP MP-induced IL-10 and IL-27 are crucial for protection against
EAE. Importantly, cGAMP MPs promote monocytes and cocultures of monocytes and T
cells from RRMS patients to produce IFN-I, IL-27 and I1L-10, associated with immune
regulation and disease control. This study links the cGAS-cGAMP-STING pathway to the
mitigation of EAE through the induction of immune-regulatory, anti-inflammatory cytokines
and indicates a potential for such use in RRMS therapy.
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FIGURE 1.

cGAMP MP biodistribution and local cytokine induction. (A-D) Fluorescently labeled
cGAMP MP (5 ug of cGAMP) or equivalent blank MPs were injected into the hind leg

of healthy or EAE-induced mice at days 9, 11, and 13 postimmunization (p.i.). Mice were
euthanized 3 d after final injection. (A and B) Representative fluorescent images of injected
leg muscle and LNs after MPs treatment, respectively. (C—E) LNs from mice were processed
and stained for DC, macrophage, and monocyte surface markers and evaluated for the
presence of fluorescent MPs by flow cytometry (7= 6-9). (F) Five micrograms of cGAMP
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were injected into mice at days 9, 11, and 13 after EAE induction. Mice were sacrificed

at 6, 12, 24, and 48 h after final injection and evaluated for IFN-f in the muscle (7=

6). Combined data of two experiments, all data between treatment groups were tested by
Mann-Whitney U'tests. Data are presented as mean + SEM. *p < 0.05, **p< 0.01, ***p<
0.001, ****p < 0.0001.
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FIGURE 2.

CGAMP MPs tamper EAE in WT mice. (A) Treatment schematic of acute EAE model by
soluble cGAMP or cGAMP MP. Mice received 5 g cGAMP in MPs or equivalent controls.
(B) Mice as indicated in (A) were monitored for disease severity and disease incidence for
28 d (n=10). (C) Trmem1739%9' mice were treated as indicated in (A) and monitored for
severity of disease (/7= 5-10). (D) SJL/J mice with EAE were treated with cGAMP MP

(5 pg cGAMP) or rIFN- (10,000 U/mouse) beginning at peak of disease (day 15) every
other day until day 33. Mice were monitored for disease severity and incidences of relapse
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after initial remission. (E) Representative histological images of the cervical spinal cord
(D) by H&E and Luxaol fast blue (LFB) + periodic acid—Schiff (PAS) stain and average
histological scores (F) at day 44. Area under the curve (AUC) was determined for mouse
disease scores and tested by Mann-Whitney Utest in (B) and (C). Two-way ANOVA was
used to determine significance in (D). Data are presented as mean = SEM. *p < 0.05, #p <
0.05, significance between cGAMP MP and rIFN-p.
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CGAMP MPs induce STING-dependent IL-10 and IL-27 production in APCs in vitro.
(A and B) BMDCs from WT, 7Tmem1739%9 or /fnar'~ mice were primed with LPS

for 3 h prior to the addition of increasing concentrations of MP-encapsulated cGAMP
(0.2-5 pg/ml), equivalent soluble cGAMP, or blank MP controls. IL-10 and I1L-27 were
measured in supernatants. (C and D) BMDMs from WT, 7Tmem1739%9 or Ifnar'~ mice
were conditioned as described above and assayed for IL-10 and IL-27. All supernatants
were collected after 24 h and assayed by ELISA. Combined data of two experiments, six
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biological replicates (n= 6). Student ¢test was used for cGAMP MP concentrations and
their equivalent soluble dose. Data are presented as mean + SEM. *p < 0.05, **p < 0.01,
***p<0.001, ****p< 0.0001.

J Immunol. Author manuscript; available in PMC 2021 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Johnson et al. Page 27

A Media  Blank MP Sol cGAMP cGAMP MP B EE Media WM BlankMP [l Sol cGAVP Ml cGAMP MP
(r) 00512 3051230512305123 4 M - # 8 N .
p-STIN - . g
2 3 * ok * :: 6
[ =
STING Q f
o 2 = 4
= g
% 1 % 2
p-STAT1 a o
0] 0-
NS
0.5hr 1hr  2hr  3hr 0.5hr 1hr  2hr  3hr
STAT1
6 &4 B & & 5 i A B
ns * ns _* ns ns  _®
p-ERK _ x 6 * - . . E 4- : s =
o - T o4
~ O 3
x 4 o
P 5
(02
CREB —43kD
a 0.5hr 1hr  2hr  3hr 0.5hr 1hr  2hr  3hr
NS
C
4000 400
£ 3000 £ 300
2 .2 *
é’ 2000 ‘é’ 200 o
= 1000 = 100
0 0
ERKi - ——m- — - — CREBi - —m - —- —
MP ————4++++++++  MP ————- 3
cGAMP - — — — — — — - o+ cGAMP - — —— — — —— —— T
LPS ++ +++++++ ++4+ LPS +++++++++++++++

FIGURE 4.
BMDC production of IL-10 induced by cGAMP MPs requires ERK/CREB signaling. (A

and B) BMDC were treated with 1 pg/ml cGAMP MPs or equivalent controls for up to

3 h. Cells were evaluated for phosphorylated and total protein expression by Western blot

at the indicated timepoints. (A) Representative Western blots of two experiments, four

total mice. Arrows indicate expected size for interrogated protein with nonspecific bands
indicated on blots. Increases in phosphorylated protein—to—total protein ratio was determined
by densitometry. (B). Samples were determined for significance by one-way ANOVA. (C)
BMDC were primed with LPS for 3 h and treated with increasing concentrations of ERK
inhibitor (ERKi; 10-25 pM) or CREB inhibitor (CREBI; 2.5-15 pM) for 30 min prior to the
addition of MPs for 24 h. All samples in (C) were evaluated for significance when compared
with their noninhibitor control by Student ¢test (7= 4-6). Data are presented as mean +
SEM. *p<0.05, **p< 0.01, ***p< 0.001, ****p < 0.0001.
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FIGURE 5.
cGAMP MPs induce anti-inflammatory signatures in splenocytes. (A) CD8-depleted

splenocytes were treated with increasing concentrations of cGAMP MPs (0.2-5 pg/ml) for
up to 3 d, and cytokines were measured supernatants. cGAMP concentrations in CGAMP
MP were compared with equivalent soluble cGAMP controls by Student #test. (B) CD8-
depleted splenocytes were stimulated by soluble aCD3 mAb and treated for 3 d with
increasing concentrations of cGAMP MPs. Groups were compared by one-way ANOVA.
(C) CD8-depleted splenocytes from WT, /fnar'=, and Tmem173979 mice were stimulated
with soluble aCD3 mAb and treated for 3 d with cGAMP MPs (5 pg/ml cGAMP) or
blank MPs. IL-27 was measured in supernatants and expressed as fold change over soluble
aCD3 mAb controls. Significance was determined by Student #test. (D) WT BMDC

were treated for 24 h with increasing concentrations of cGAMP MPs or controls. WT or
1127ra”'~ naive CD4* T cells were added to each condition for an additional 24 h with
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aCD3 mAb stimulation. Groups with each genotype were compared by one-way ANOVA.
cGAMP MP doses between genotype were compared by Student ¢test. (E) WT, /frar~, and
Tmem1 73979t CD8-depleted splenocytes were treated with cGAMP MPs (5 pg/ml cGAMP)
or equivalent control dose during 3 d of aCD3 mAb stimulation. Treatment groups were
compared between genotypes by one-way ANOVA. Data represent the combination of at
least two experiments (/7= 6-12). Data are presented as mean £ SEM. *p < 0.05, **p < 0.01,
***p<0.001, ****p<0.0001.
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FIGURE 6.
CGAMP MPs protect WT mice from EAE by IL-27-dependent IL-10 production. (A)

Soluble (5 pg) or equivalent cGAMP MPs were injected i.m. into mice at days 9, 11, and

13 after EAE induction. Samples from mice were obtained at 6, 12, 24, and 48 h after

final injection and evaluated for local cytokine production (7= 6). (B-D) WT mice were
induced to EAE and injected i.m. with 5 ug cGAMP in MPs or equivalent levels of blank
MP or cGAMP controls at days 9 and 11. Samples were collected on day 12. No EAE
represents healthy control mice. Percentage and total number flow cytometry analysis of
IL-10-producing CD4*T cells and CD11c* DCs after PMA/ionomycin stimulation. Data
from two experiments (7= 6-10). (E) WT, /fnar=, 1/27ra™!~, or 1/10”'~ mice were induced
to EAE and injected i.m. with 5 ug cGAMP MPs on days 9, 11, 13, 15, and 17 and sacrificed
at day 28. (E) Disease scores of two combined experiments per genotype (7= 7-10).
Significance between groups was determined by two-way ANOVA. All other statistics were
evaluated by Mann-Whitney U'tests. Data are presented as mean = SEM. *p < 0.05, **p <
0.01, ***p<0.001, ****p < 0.0001.
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FIGURE 7.

Human PBMCs express anti-inflammatory signatures in response to cGAMP MPs. (A)
Monocytes isolated from PBMCs from RRMS patients were treated with 5 ug/ml cGAMP
MPs for 8 h and evaluated for IFN-1 gene expression by quantitative RT-PCR (QRT-PCR).
(B) RRMS patient PBMCs were treated with cGAMP MPs for 24 h and stimulated with
LPS prior to monocyte staining for flow cytometry. (C) Monocytes from RRMS patients
were cultured with cGAMP MPs for 24 h, and supernatants were collected for ELISA.
(D) RRMS patient monocytes were stimulated with LPS and pretreated with cGAMP
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MPs for 12 h. Washed monocytes were cocultured with autologous CD4*T cells for 12

h. Treatment groups were compared by a one-way ANOVA. Data are combined of at least
two independent experiments (1= 4-7). Data are presented as mean = SEM. *p < 0.05, **p
<0.01, ***p<0.001, ****p< 0.0001.
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