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Abstract

Reagents that activate the signaling adaptor stimulator of interferon genes

(STING) suppress experimentally induced autoimmunity in murine mod-

els of multiple sclerosis and arthritis. In this study, we evaluated STING

agonists as potential reagents to inhibit spontaneous autoimmune type I

diabetes (T1D) onset in non-obese diabetic (NOD) female mice. Treat-

ments with DNA nanoparticles (DNPs), which activate STING when cargo

DNA is sensed, delayed T1D onset and reduced T1D incidence when

administered before T1D onset. DNP treatment elevated indoleamine 2,3

dioxygenase (IDO) activity, which regulates T-cell immunity, in spleen,

pancreatic lymph nodes and pancreas of NOD mice. Therapeutic

responses to DNPs were partially reversed by inhibiting IDO and DNP

treatment synergized with insulin therapy to further delay T1D onset and

reduce T1D incidence. Treating pre-diabetic NOD mice with cyclic gua-

nyl-adenyl dinucleotide (cGAMP) to activate STING directly delayed T1D

onset and stimulated interferon-ab (IFN-ab), while treatment with cyclic

diguanyl nucleotide (cdiGMP) did not delay T1D onset or induce IFN-ab

in NOD mice. DNA sequence analyses revealed that NOD mice possess a

STING polymorphism that may explain differential responses to cGAMP

and cdiGMP. In summary, STING agonists attenuate T1D progression

and DNPs enhance therapeutic responses to insulin therapy.

Keywords: indoleamine 2,3 dioxygenase; stimulator of interferon genes;

type I diabetes.

Introduction

The immunostimulatory properties of DNA are com-

monly exploited to enhance immune responses to vac-

cines.1 The discovery of an array of cytosolic DNA

sensors that activate the signaling adaptor stimulator of

interferon genes (STING) broadens the utility of using

DNA to improve vaccine efficacy, as these DNA sensors

are expressed by most mammalian cells and detect many

forms of DNA.2,3 In contrast, the microbial DNA sensor

Toll-like receptor 9 is expressed only by innate immune

cells specialized to sense microbial infections. Recent

studies linked some systemic autoimmune syndromes to

defective DNA degradation and gain-of-function STING

mutations.4–7 Moreover, mice with defective DNA-de-

grading enzymes succumbed to spontaneous, lethal,

hyper-inflammatory syndromes due to constitutive

STING activation and sustained type I interferon (IFN-I)

production that incited autoimmunity.8,9

Paradoxically, DNA also regulates immunity and

autoimmunity as Toll-like receptor 9 ablation in lupus-

prone mice accelerated autoantibody production.10 More-

over, immune regulatory responses to apoptotic cells were

abolished in mice lacking STING, and systemic adminis-

tration of DNA nanoparticles (DNPs) to mice suppressed

T-cell immunity via STING.11,12 Regulatory responses to

Abbreviations: 1-MT, 1-methyl-[D]-tryptophan; 2030-cGAMP, cyclic 20,30-cyclic guanosine monophosphate-adenosine monophos-
phate; cdiGMP, 30,50-cyclic dimeric guanosine monophosphate; CDNs, cyclic dinucleotides; DNPs, DNA nanoparticles; IDO, in-
doleamine 2,3 dioxygenase; NOD, non-obese diabetic mouse; STING, stimulator of interferon genes; Treg cells, Foxp3-lineage
regulatory CD4 T cells
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DNPs were dependent on STING/IFN-I signaling to

induce indoleamine 2,3 dioxygenase (IDO) enzyme activ-

ity in dendritic cells that activated Foxp3-lineage regula-

tory CD4 T (Treg) cells. Consistent with these findings,

DNPs also attenuated experimental autoimmune arthritis

(AIA) and encephalitis (EAE) in mice and therapeutic

responses were dependent on STING/IFN-I signaling to

induce IDO.12,13 Cyclic dinucleotides (CDNs) that bind

to STING directly to induce IFN-I production also atten-

uated EAE by inducing IDO.13 In the current study, we

evaluated DNPs and CDNs as potential reagents to inhi-

bit progression and onset of autoimmune type I diabetes

(T1D) in susceptible non-obese diabetic (NOD) female

mice.

Methods

Mice

NOD/LtJ female mice were purchased from Jackson Lab-

oratory (Bar Harbor, ME) and housed in a specific

pathogen-free (SPF) facility. The Institutional Animal

Care and Use Committee approved all procedures before

performing experiments.

Blood glucose level and T1D onset

Blood glucose levels (BGL) were monitored twice a week

with a Bayer Contour Next EZ Glucose Meter and strips

(Bayer, Whippany, NJ). Diabetes was defined as two con-

secutive blood glucose level readings of 250 mg/dl.

DNA nanoparticles

The DNPs were prepared as described previously.13 For

some experiments, insulin B chain from bovine pancreas

(Sigma, St Louis, MO; cat. no. I6383) was dissolved in

HCl 0.1 M, diluted to 100 lg/200 ll/injection and mixed

with DNPs (200 ll) before injection. Acidified glucose

solution (5%) was used as vehicle.

Cyclic dinucleotides

The CDNs with canonical [30,50-cyclic dimeric guanosine

monophosphate (30,30-cdiGMP)] or non-canonical [cyclic

20,30-cyclic guanosine monophosphate-adenosine

monophosphate (20,5-cGAMP)] linkages between saccha-

ride moieties were synthesized (YH), dissolved in saline

and injected into NOD mice (intravenously).

IDO inhibition

Mice were treated with IDO pathway inhibitor 1-methyl-

[D]-tryptophan (1MT; supplied by NewLink Genetics

Inc., Ames, IA) in drinking water (2 g/l) as described

previously.13 Oral 1MT treatment was started 1 day

before initial DNP treatments and was continued until

experiment end-points.

Type I IFN bioassay

Serum was collected to assess IFN-ab levels as described

elsewhere.14 In brief, serially diluted serum samples were

incubated overnight with NCTC929 cells and 2 mg/ml

anti-IFN-c monoclonal antibody (clone XMG1.2; BD Bio-

sciences, San Jose, CA), and then infected with vesicular

stomatitis virus. After 3 days, viable cells were stained

with crystal violet and quantified by light absorption at

595 nm using a plate reader.

IDO enzyme activity

IDO activity was estimated in tissues from NOD mice as

described previously.12 In brief, tissues were homogenized

in phosphate-buffered saline at a protein concentration of

50–100 mg/ml. Cell-free homogenates were added to IDO

enzyme cocktails and kynurenine generated after 2 hr was

measured by high-performance liquid chromatography.

Cytokine assays

Spleens from NOD female mice were snap-frozen and

homogenized in RIPA-1640 buffer (Sigma; cat. no. R0278)

containing EDTA/EGTA (5 mM/5 mM) and protease inhi-

bitors (ProblockTM, Goldbio, St Louis, MO; cat. no. GB-

334-20), then centrifuged (10 000 g) and the protein con-

centration was measured (Coomassie Protein Assay

Reagent, Thermo Scientific, Waltham, MA; cat. no.

1856209) and adjusted to 500 µg/ml before using a multi-

plex (26-plex) assay to detect mouse cytokines and

chemokines (Affymetrix, Santa Clara, CA; cat. no. EPX260-

26088-91). Data were acquired using Luminex 200 reader

and BIO-PLEX MANAGER software (Bio-Rad, Hercules, CA).

DNA sequencing

The STING cDNA (B6) sequence was obtained from the

Ensemble Genome Browser (www.ensemble.org). RNA

from NOD spleen was extracted using TRIzol (Invitrogen,

Carlsbad, CA) and cDNA was generated using Superscript

III Reverse Transcriptase (Invitrogen). The coding region

of STING cDNA with some flanking sequence was ampli-

fied using AccuPrime Taq DNA polymerase (Invitrogen)

and sequenced (GRU Genomics Core laboratory, Georgia

Cancer Center, Augusta University, Augusta, Georgia).

Statistical analyses

Data are expressed as means � SEM. Statistical signifi-

cance was evaluated using the Log-rank test (for T1D
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incidence) or two-tailed Student’s t-test (all other analy-

ses). Statistical tests were performed with PRISM software

(GraphPad, San Diego, CA), with significance defined as

*P < 0�05, **P < 0�01 and ***P < 0�001.

Results

DNPs delay T1D onset and reduce T1D incidence in
NOD mice

Pre-diabetic NOD female mice (age 4 weeks) were treated

with DNPs for 4 weeks as described in Methods. Previ-

ously, we showed that polyethylenimine or cargo DNA

alone had no impact on incidence or severity of EAE in

B6 mice.13 Blood glucose levels were monitored weekly to

detect T1D onset, defined as consecutive hyperglycemic

readings (>250 mg/dl). As expected, T1D began to mani-

fest from age 16 weeks in vehicle-treated NOD mice and

T1D incidence rose to 90% when mice were 35 weeks old

(Fig. 1a). DNP treatments delayed T1D progression sig-

nificantly, as all mice were disease-free until age 27 weeks

and T1D incidence at age 35 weeks was reduced (Fig. 1a).

Hence, treating NOD female mice in the early pre-dia-

betic period extended the T1D-free period and reduced

T1D incidence.

Therapeutic responses to DNPs are partially IDO-
dependent

To assess if IDO mediated therapeutic responses to DNPs,

female NOD mice were given drinking water containing

the IDO pathway inhibitor 1-MT15 from age 4 weeks.

Onset of T1D manifested from age 17 weeks in ~30% of

DNP-treated mice given 1-MT, an onset time comparable

with control NOD mice and earlier than in mice treated

with DNPs only (Fig. 1a). 1-MT treatment also abolished

reduced T1D incidence following DNP treatment. Some

NOD mice (~50%) given 1-MT alone developed T1D fas-

ter than mice given vehicle, though this effect was not

statistically significant (Fig. 1a). Hence, DNP therapeutic

responses were reversed partially by 1-MT, indicating that

optimal therapeutic responses to DNPs depended on IDO

activity.

DNPs inhibit T1D progression in older NOD female
mice

Next, we assessed the effects of administering DNPs to

older pre-diabetic NOD mice from age 8–12 weeks. Vehi-

cle-treated mice developed T1D from age 12 weeks

(Fig. 1b). In contrast, mice treated with DNPs (see Meth-

ods) remained T1D free until age 24 weeks (Fig. 1b).

However, T1D developed rapidly after 24 weeks and T1D

incidence was comparable with that in vehicle-treated

mice (>90%) 2 weeks later.

DNPs stimulate IFN-I and IDO expression in NOD
mice

Previously, we reported that DNPs stimulated STING-de-

pendent IFN-I production, which induced IDO-depen-

dent regulatory phenotypes in a subset of dendritic cells

from C57BL/6 (B6) mice.11,12 To assess if NOD female

mice responded similarly, pre-diabetic NOD female mice

age 8 weeks were treated once with DNPs or vehicle, and

levels of bioactive IFN-I in serum and IDO enzyme activ-

ity in tissues were evaluated after 3 hr and 24 hr, respec-

tively. DNP treatment stimulated rapid increase in serum

In
ci

de
nc

e 
of

 d
ia

be
te

s 
(%

)
In

ci
de

nc
e 

of
 d

ia
be

te
s 

(%
)

0 4 8 12 16 20 24 28 32 36

Age (weeks)

0 4 8 12 16 20 24 28 32 36

Age (weeks)

Vehicle

DNP

DNP (10×)
8–12 week

Vehicle

DNP

DNP + 1-MT

1-MT

DNP (10×)

4–8 week

vs

*

**

100(a)

(b)

90

8

70

60

50

40

30

20

10

0

100

90

80

70

60

50

40

30

20

10

0

Figure 1. DNA nanoparticle (DNP) treatment inhibits type 1 dia-

betes (T1D) progression in non-obese diabetic (NOD) mice. (a) Pre-

diabetic NOD female mice were given DNP treatment or vehicle

(open or closed circles) from age 4–8 weeks. Blood glucose levels

(BGL) were monitored until mice were age 35 weeks or at T1D

onset (BGL > 250 mg/dl) and T1D incidence was plotted. Other

mice were given oral 1-methyl-[D]-tryptophan (1-MT) only (closed

squares) or DNPs and 1-MT (open squares) and BGL was moni-

tored (n = 9 to n = 12/group). (b) Pre-diabetic NOD female mice

(age 8 weeks) were given DNPs or vehicle for 4 weeks. BGLs were

monitored until age 35 weeks or at T1D onset, and T1D incidence

was plotted. (n = 9 to n = 12/group). Data are representative of two

independent experiments in which comparable outcomes were

obtained. Statistical significance was evaluated by Log-rank test,

**P < 0�01, *P < 0�05.
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IFN-I (Fig. 2a) and levels of induced IFN-I were compa-

rable with levels observed in DNP-treated B6 mice.12

DNP treatment also stimulated IDO enzyme activity in

pancreas, spleen and pancreatic lymph nodes of NOD

mice (Fig. 2b–d), as IDO activity was threefold to sixfold

higher than basal levels in comparable tissues from vehi-

cle-treated mice. The DNPs stimulated IFN-I production

and increased IDO activity in lymphoid and pancreatic

tissues of NOD mice.

DNP and insulin therapy synergize to inhibit T1D
progression and reduce incidence

As previous studies have shown the adjuvant effects of

insulin B chain (InsB), and peptides derived from InsB, in

combination with immunomodulatory therapies to pro-

mote robust anti-diabetogenic responses,16–20 we next

tested if co-treatments with InsB and DNPs synergized in

late-stage, pre-diabetic NOD female mice relative to

monotherapies with InsB or DNPs. NOD mice (age

12 weeks) were treated with vehicle, DNPs, InsB or

DNPs + InsB, and monitored to assess T1D onset. DNP

treatment from age 12–20 weeks delayed T1D onset until

mice were 23 weeks old (Fig. 3a, open diamonds) and T1D

incidence was slightly (but not significantly) lower than in

vehicle-treated mice at experiment end-points (45 weeks).

Systemic InsB treatment alone did not delay T1D onset,

though T1D incidence was slightly (but not significantly)

lower relative to vehicle-treated control mice (Fig. 3a) at

experiment end-points. In contrast, combined treatment

with DNP + InsB delayed T1D onset by 4–6 weeks, and

50% of NOD mice in this group remained T1D free until

experiment end-points at age 45 weeks (Fig. 3a). Hence,

combined treatments with DNPs and InsB further

attenuate T1D progression and reduce T1D incidence rela-

tive to monotherapies using these reagents.

We also evaluated the effects of inhibiting IDO on

therapeutic responses to combined DNP + InsB treat-

ments. Oral 1-MT given from age 12 weeks partially

reversed the therapeutic effects of combined DNP + InsB

treatments on T1D progression, as T1D onset started to

manifest earlier (from age 23 weeks) relative to

DNP + InsB-treated mice (Fig. 3b). However, 1-MT

treatment did not increase T1D incidence in

DNP + InsB-treated mice, suggesting that therapeutic

responses to combined DNP + InsB treatment prevented

T1D progression through an IDO-independent mecha-

nism in some NOD mice.

CDNs that activate STING slow T1D progression in
NOD mice

Cyclic dinucleotides are bioactive molecules that bind to

the signaling adaptor STING in many mammalian cell

types to stimulate IFN-I production.21–24 Microorganisms

such as Listeria monocytogenes synthesize the canonical

CDN cdiGMP. The mammalian cytosolic DNA sensor

cyclic GAMP synthase (cGAS) generates a different (non-

canonical) CDN isoform, cGAMP, when DNA is sensed.24

Importantly, these archetypical microbial and mammalian

CDNs have distinct phosphodiester linkages, c[G(2050)pG
(2050)p for cdiGMP and c[G(2050)pA(3050)p] for

cGAMP.22 Like DNPs, systemic cdiGMP treatment atten-

uated EAE progression and severity in B6 mice by way of

an immune regulatory pathway dependent on STING/

IFN-I signaling to induce IDO in dendritic cells, which

activated Treg cells.11,13 To test if CDNs attenuated T1D

progression, pre-diabetic NOD female mice (age 8 weeks)
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Figure 2. DNA nanoparticle (DNP) treatment induces interferon type I (IFN-I) and indoleamine 2,3-dioxygenase (IDO) activity in non-obese

diabetic (NOD) mice. Pre-diabetic NOD female mice (age 8 weeks) were treated with DNP or vehicle and 24 hr later levels of serum IFN-I (a)

and IDO activity in pancreas (b), spleen (c) and pancreatic lymph nodes (d, PLN) were determined. (n = 3–6/group). Data are representative of

five independent experiments. Statistical significance was determined by two-tailed unpaired Student’s t-test; *P < 0�05, **P < 0�01,
***P < 0�001.
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were treated two or three times weekly with synthetic

cdiGMP or cGAMP (200 µg, intravenously) for 6 weeks

(16 treatments total) and T1D onset was monitored

thereafter. Unexpectedly, cdiGMP treatment had no effect

on onset or incidence of T1D in NOD mice relative to

vehicle-treated (saline) mice (Fig. 4a). In contrast,

cGAMP treatments delayed T1D progression and onset

by 4–6 weeks and T1D incidence remained lower in

cGAMP-treated mice than in vehicle-treated mice until

age >30 weeks (Fig. 4b); however, T1D incidence was

comparable in these groups at experiment end-points.

The short courses of cGAMP treatment slowed T1D pro-

gression but did not reduce T1D incidence. In contrast,

cdiGMP treatment did not impact T1D progression, onset

or incidence in NOD mice.

NOD female mice respond differently to distinct
CDN isoforms

To further investigate why NOD mice responded differ-

ently to cGAMP and cdiGMP, we evaluated innate

immune responses to CDN isoforms. Pre-diabetic NOD

female mice (age 8 weeks) were treated with cdiGMP or

cGAMP (200 lg, intravenously) and cytokine and chemo-

kine levels in serum or homogenized spleen were assessed

after 3 hr. As expected, copious amounts of IFN-I were

detected in serum from mice treated with cGAMP,

whereas no IFN-I was detected in serum from untreated

mice (Fig. 5a). In contrast, IFN-I was barely detectable in

serum from NOD mice treated with cdiGMP (Fig. 5a).

This profound defect in cdiGMP responsiveness did not

extend to other pro-inflammatory responses as levels of

tumor necrosis factor-a, interleukin-6 and some chemoki-

nes were all elevated in spleen, though levels of inter-

leukin-6 and CCL4 were ~50% lower than levels detected

in spleen from mice treated with cGAMP (Fig. 5b–d). As
for tumor necrosis factor-a, cGAMP and cdiGMP

induced expression of the pro-inflammatory chemokines

CCL2, CCL3, CCL5, CCL7, CXCL1 and CXCL10 to com-

parable levels in NOD spleen (see Supplementary mate-

rial, Fig. S1). Hence, non-canonical cGAMP elicited rapid

and robust innate immune responses in NOD mice,

whereas NOD mice exhibited a selective defect in rapid

IFN-I production, a signature downstream response to

STING activation, following treatment with the canonical

microbial CDN cdiGMP.

A STING polymorphism in NOD mice

To seek potential genetic explanations for defective func-

tional responses to cdiGMP, we sequenced the STING gene

(encoded by the TMEM173 gene) from NOD mice and

compared the DNA sequence obtained with the published

STING gene sequence from B6 mice (www.ensemble.org).

The entire coding region of the STING gene was identical

between B6 and NOD mice, except for two polymorphic

A?G (B6?NOD) transitions (Fig. 5e). One base transi-

tion at position 213 is silent and has no effect on the amino

acid coding sequence, but the other base transition at posi-

tion 210 encodes an amino acid change from asparagine

(N) to aspartic acid (D) in B6 and NOD mice, respectively.

This polymorphism represents a radical change in amino

acid side chains from basic (N) to acidic (D).
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Figure 3. DNA nanoparticle (DNP) and insulin treatments synergize

to restrain type 1 diabetes (T1D) progression and reduce incidence

in non-obese diabetic (NOD) mice. (a) Pre-diabetic NOD female

mice (age 12 weeks) were given vehicle (closed circles), DNP plus

insulin B chain (InsB) treatment (open circles), InsB (squares), or

DNPs only (diamonds) from age 12–20 weeks. (b) Other NOD mice

were given oral 1-methyl-[D]-tryptophan (1-MT) plus InsB plus

DNP (closed squares). Blood glucose levels (BGLs) were monitored

until mice were age 45 weeks or at T1D onset (BGL > 250 mg/dl)

and T1D incidence was plotted (n = 20/group). Two data sets from

panel (a) are replicated in panel (b) to facilitate comparison. Data

are representative of two independent experiments that generated

comparable outcomes. Statistical significance was evaluated using the

Log-rank test, **P < 0�01, NS, not significant.
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Discussion

Major goals of this study were to evaluate two distinct

reagent classes that activate the signaling adaptor STING as

potential treatments to inhibit T1D progression in suscep-

tible NOD female mice. The rationale for this approach

was based on our previous studies showing that DNP or

CDN treatments inhibited T-cell immunity, and attenuated

AIA and EAE in mice.11–13 Our findings reveal that DNP or

CDN treatments attenuated T1D progression and that

DNP treatments also reduced T1D incidence significantly

when administered to pre-diabetic NOD mice. Hence, as in

mouse models of AIA and EAE, STING agonists stimulate

immune regulatory pathways in NOD mice that delay, and

in some mice prevent, autoimmune-mediated destruction

of pancreatic islet cells leading to T1D onset.

STING promotes or regulates immunity contingent on

several key factors, including the type of cells responsive

to STING-activating signals, the downstream effects of

STING activation, and the route of administration of

reagents that activate STING. The innate immune adju-

vant effects of STING emerged from observations that

viral DNA and canonical CDNs from microbial sources

(e.g. cdiGMP from L. monocytogenes) were sensed in

infected cells to activate STING and incite host immunity

via IFN-I signaling and nuclear factor-jB activation.21,25

This paradigm is further reinforced by studies on mice

with defects in DNA catabolism, which succumbed to

lethal hyper-inflammatory and autoimmune syndromes

due to sustained STING activation, which incited consti-

tutive IFN-I production.8,9 Defective DNA catabolism and

gain-of-function STING mutations have also been linked

to higher risk of developing some clinical autoimmune

syndromes.4,5,26,27 These observations provide a strong

rationale for evaluating CDNs, which bind and activate

STING, as potential vaccine adjuvants.28,29 On the other

hand, T-cell regulatory responses mediated by STING

have been reported in several systems, including L. mono-

cytogenes-infected mice,30 MRLlpr mice susceptible to

SLE-like systemic autoimmunity,31 and systemic DNP

and CDN treatments that stimulated STING/IFN-I signal-

ing to induce IDO in dendritic cells, which in turn acti-

vated Treg cells to suppress T-cell immunity and

autoimmunity.11–13,32

Short (4 weeks) DNP treatment courses administered

to early- or late-stage pre-diabetic NOD female mice (age

4–8 weeks) delayed T1D onset for 11–12 weeks, about

three times longer than the period of DNP treatment.

These outcomes suggested that DNPs regulated autoim-

munity directed against islet antigens in all treated NOD

mice. DNPs prevented T1D onset in ~30% of NOD mice

treated early (from age 4 weeks), but DNPs did not pre-

vent T1D progression when administered later (from age

8 weeks). Hence, DNP treatments reinforced defective

tolerance to protect a subset of NOD mice from T1D

when mice were treated before disease onset.

Systemic administration of InsB, which did not modify

T1D progression per se, synergized with DNP treatment

to further impede T1D onset and reduce T1D incidence

when administered to late-stage pre-diabetic NOD mice,

relative to mice treated with DNPs only. Insulin therapy

and Treg cell activation using anti-CD3 monoclonal anti-

bodies are potential treatments for recent-onset T1D

patients to slow or prevent progression into full blown
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T1D, though outcomes from large clinical trials were

encouraging but not conclusive.33,34 In NOD mice, sub-

cutaneous treatment with InsB peptide (B9:23) plus

incomplete Freund’s adjuvant induced Treg cells and con-

trolled late-stage pre-diabetes via interleukin-10 and IFN-

c.17 However, the route of insulin administration is criti-

cal for therapeutic responses to manifest.35 This and other

patient-specific variables that may modify responses to

insulin therapy will complicate treatments for recent-on-

set T1D patients. Insulin administration combined with

DNP or CDN treatments offer alternative and versatile

approaches to suppress islet-specific autoimmunity, as

DNP cargo DNA can be engineered to encode diabeto-

genic peptide epitopes and CDNs can be conjugated with

such peptides to enhance antigen-specific responses to

control T1D progression.

Regarding the regulatory mechanism induced by DNPs,

systemic DNP treatment stimulated rapid IFN-I produc-

tion and elevated IDO enzyme activity in the spleens of

NOD mice and these responses were comparable with

those elicited by DNPs in B6 mice.12 These responses sug-

gest that IFN-I-stimulated IDO induction is not defective

in NOD mice, despite previous reports of transient

defects in endogenous IDO expression in young NOD

female mice age 3–4 weeks.36 DNPs also stimulated IDO

activity in pancreas and in lymph nodes draining the

pancreas of pre-diabetic NOD mice, suggesting that this

T-cell regulatory pathway may be an appropriate target to

regulate autoimmunity against islet autoantigens such as

insulin. In humans, IDO is constitutively expressed in b
cells, whereas IDO expression is reduced to absent as

T1D develops.37 This suggests that IDO may be an

important factor to maintain immune homeostasis in the

pancreas. As oral 1-MT dosing only partially reversed

therapeutic responses to DNPs in NOD mice, DNP-in-

duced IDO activity contributed to, but did not fully

account for, therapeutic responses to DNPs. Previously,

we reported that T-cell regulatory responses to DNPs and

CDNs depended on STING/IFN-I signaling to induce

IDO.11–13 Moreover, therapeutic responses mediated by

DNPs in two induced autoimmunity models (AIA and

EAE) were abolished in mice lacking intact IDO1 genes

or in B6 mice given the oral IDO inhibitor 1-MT. In

these models of autoimmune syndromes IDO activity was

essential for therapeutic responses to manifest in response

to DNP treatment.

STING signaling was essential for regulatory responses

to manifest in AIA and EAE models following DNP treat-

ments. As NOD mice with induced genetic defects in

STING were unavailable, we treated NOD mice with

CDNs to test if these STING-activating reagents also

induced therapeutic responses that delayed T1D onset. As

for DNPs, treatments with non-canonical cGAMP, pro-

duced by the mammalian DNA sensor cGAS,24 delayed

T1D onset significantly but did not reduce T1D
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Figure 5. Non-obese diabetic (NOD) mice exhibit distinct responses

to different cyclic dinucleotide (CDN) isoforms. (a–d). Pre-diabetic

NOD female mice (age 8 weeks) were treated with cdiGMP, cGAMP

or vehicle and 3 hr later levels of serum interferon type I (IFN-I)

(a), and tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6) and

CCL4 (b–d) in spleen were determined. Data are representative of

five independent experiments (n = 5/group). Statistical significance

was evaluated by one-way analysis of variance, followed by the Bon-

ferroni multiple comparison test; *P < 0�05, **P < 0�01,
***P < 0�001, ****P < 0�0001 NS, not significant. (e) Trace show-

ing part of the STING DNA sequence from NOD mice compared

with B6 mice. Polymorphisms are highlighted.
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incidence, suggesting that therapeutic responses that

attenuate T1D progression in NOD mice are mediated by

STING. However, we also uncovered a selective defect in

innate immune responsiveness of NOD mice to distinct

CDN isoforms because canonical cdiGMP, produced by

microorganisms such as L. monocytogenes, had no dis-

cernable effect on the course of T1D in NOD mice. Func-

tional responses to these two CDN isoforms revealed a

profound but selective defect in IFN-I production in

response to cdiGMP treatment in NOD mice. Moreover,

sequence analyses of the STING gene (encoded by the

TMEM173 gene) in NOD mice provide a potential expla-

nation for this selective functional defect, as a single base

transition encoding a radical amino acid change was

found in STING genes from NOD mice, This NOD-speci-

fic STING polymorphism may impact CDN binding to

STING or STING binding to downstream signaling mole-

cules such as TANK-binding kinase 1, IFN regulatory fac-

tor 3 and nuclear factor-jB.
In summary, the findings reported in this study show

that two distinct classes of reagents that activate STING

regulate T-cell immunity-attenuated autoimmune disease

progression in susceptible NOD female mice and thera-

peutic responses to STING agonists were in part mediated

by IDO. These findings provide further evidence that

STING signaling can regulate autoimmunity, and suggest

that DNPs and CDN treatments could be optimized to

improve therapies designed to slow, reverse or prevent

T1D progression and onset.
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Figure S1. Chemokine responses induced by cyclic din-

ucleotides in NOD mice. Eight-week-old pre-diabetic

NOD female mice were treated with cdiGMP, 2030-
cGAMP or vehicle (saline) and 3 hr later, levels of the

chemokines indicated were determined in spleen homoge-

nates. Experiments were repeated three times and data

are representative of comparable outcomes obtained,

n = 5/group. Data were analyzed by one-way analysis of

variance, followed by the Bonferroni multiple comparison

test; *P < 0�05, **P < 0�01, ***P < 0�001, NS, not signif-
icant.
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