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Abstract

Cytosolic DNA sensing is an important process during the innate immune response that activates 

the Stimulator of Interferon Genes (STING) adaptor and induce interferon type I (IFN-I). STING 

incites spontaneous immunity during immunogenic tumor growth and accordingly, STING 

agonists induce regression of therapy-resistant tumors. However DNA, STING agonists and 

apoptotic cells can also promote tolerogenic responses via STING by activating immunoregulatory 

mechanisms such as indoleamine 2,3 dioxygenase (IDO). Here, we show that IDO activity 

induced by STING activity in the tumor microenvironment (TME) promoted the growth of Lewis 

lung carcinoma (LLC). While STING also induced IDO in tumor-draining lymph nodes (TDLNs) 

during EL4 thymoma growth, this event was insufficient to promote tumorigenesis. In the LLC 

model, STING ablation enhanced CD8+ T cell infiltration and tumor cell killing while decreasing 

myeloid-derived suppressor cell infiltration and IL-10 production in the TME. Depletion of CD8+ 
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T cells also eliminated the growth disadvantage of LLC tumors in STING-deficient mice, 

indicating that STING signaling attenuated CD8+ T cell effector functions during tumorigenesis. 

In contrast to native LLC tumors, STING signaling did not promote growth of neoantigen-

expressing LLC, nor did it induce IDO in TDLN. Similarly, STING failed to promote growth of 

B16 melanoma or to induce IDO activity in TDLN in this setting. Thus, our results show how 

STING-dependent DNA sensing can enhance tolerogenic states in tumors characterized by low 

antigenicity, and how IDO inhibition can overcome this state by attenuating tumor tolerance. 

Further, our results reveal a greater complexity in the role of STING signaling in cancer, 

underscoring how innate immune pathways in the TME modify tumorigenesis in distinct tumor 

settings, with implications for designing effective immunotherapy trials.

Keywords

DNA sensing; STING; IDO

Introduction

Eukaryotic cells express cytosolic DNA sensors that activate the Stimulator of Interferon 

Genes (STING) adaptor to induce interferon type I (IFN-I) production (1). STING/IFN-I 

signaling incites host immunity to some pathogens but sustained DNA sensing in mice with 

defective DNA catabolizing enzymes incited spontaneous autoimmunity (2). Moreover, 

STING/IFN-I signaling in the tumor microenvironment (TME) incited therapeutic responses 

to some murine tumors, including B16 melanoma (3,4).

DNA, STING agonists and apoptotic cells also induce STING-dependent tolerogenic 

responses in mice (5–7). Immune regulation was the dominant response to these treatments 

because STING/IFN-I signaling induced the regulatory indoleamine 2,3 dioxygenase (IDO) 

activity. STING ablation also accelerated onset of autoimmune syndromes in susceptible 

mice (8). IDO is an immune checkpoint that attenuates tumor immunity and elevated IDO is 

a common TME feature in mice and cancer patients (9). Moreover, tumor-infiltrating 

lymphocytes (TILs) elicited counter-regulatory responses to reinforce immune checkpoints 

in melanomas, including IDO (10). Accordingly, cancer therapies must overcome tolerance 

established during tumorigenesis and reinforced by TILs.

How tumor-associated inflammation establishes immune checkpoints like IDO is unclear. 

We hypothesized that DNA from dying cells is sensed to induce IDO via STING during 

tumorigenesis. We used the Lewis lung carcinoma (LLC) model to test this hypothesis, as 

IDO promotes LLC tumorigenesis and T cell evasion in this model (11). We show that 

cytosolic DNA sensing promoted LLC tumorigenesis and induced IDO but only if tumors 

had low antigenicity.

Materials and Methods

Mice

C57BL/6 (B6) mice were purchased (Taconic) or bred in a barrier facility at GRU. IDO1 

knockout (KO), STING-KO, IFNAR-KO, and IFNγR-KO mice were described previously 
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(7). cGAS-KO mice were obtained From Dr. Skip Virgin (Washington University). All KO 

mice were fully backcrossed to B6 backgrounds. All procedures in mice were approved by 

the local IACUC at GRU.

Tumor growth

LLC, EL4 (ATCC) or LLC cells transfected to express RFP cells were injected intra-

dermally (i/d, 1.5 x 105/mouse) into the right flank of female mice and tumor growth 

monitored. Tumor sizes were calculated using the formula v=(d1×d2)3/2 × (π/6), where d1 

and d2 are perpendicular tumor diameters. Some mice were treated with rat anti-CD8 

(Clone: YTS 169.4, BioXcell) or IgG2a isotype-matched (clone 2A3, BioXcell) mAbs 0, 4, 

7, 12 days after LLC challenge (150μg/injection). LLC cells were transduced with lentiviral 

vectors (from Dr. Yukai He) encoding influenza A nucleoprotein (NP) or melanoma-specific 

gp100 antigen and selected using blasticidine (5μg/ml). For lung tumors, LLC cells were 

injected intravenously (i/v, 5x105/mouse) and mice were subjected to computer tomography 

(CT) scans 10 days later using a dedicated small animal imaging system (nanoScan 

SPECT/CT, Mediso, USA). Lung CT images were acquired using X-ray energy 50kvp, 

exposure time 270ms/projection, 480 projections/360 degree with medium zoom, acquisition 

time 2.14 minutes. Multiplanar reconstruction of projection images (spatial resolution 137 

micron/slice) was performed and images were converted from DICOM to Analyze format to 

analyze CT signal intensity.

IDO enzyme activity

IDO activity was measured in TDLNs or tumor lesions as described (6). In brief, tissues 

were homogenized in PBS, added to IDO enzyme cocktails and kynurenine generated after 

2hr. was measured by HPLC.

Flow cytometry

Tumors were disrupted using gentleMACSTM (Miltenyi Biotec) in PBS containing dispase I 

(2.5U/ml) and collagenase IV (200U/ml) and TDLNs were digested in PBS containing 

collagenase IV (400U/ml) at 370C, 30min. Digestion was stopped with PBS/10mM EDTA, 

2% serum, and debris removed on discontinuous Percoll gradients (40–80%). Cells were 

stained for CD45 (30F-11,), CD11b (M1/70), Ly6C (HK1.4), Ly6G (1A8, all Biolegend), 

CD11c (N418, Ebioscience), CCR2 (475301, R&D systems). TILs were analyzed to exclude 

circulating leukocytes as described with minor modifications (12). Briefly, anti-CD45.2 

PECy7 to mark circulating leukocytes was injected (2.5μg, i/v) 15mins before sacrificing 

mice. Tumors cell suspensions were then stained with anti-CD45-brilliant violet 605. 

CD45+CD45.2neg cells are tumor-infiltrating cells while CD45+CD45.2+ cells are 

circulating leukocytes. Data were acquired using a LSRII flow cytometer and analyzed using 

DIVA or FlowJo software.

Multiplex Analyses

TDLNs were homogenized in PBS, frozen and thawed, centrifuged (10,000g), and protein 

concentration adjusted to 200μg/ml before multiplexing (23-plex panel) to detect mouse 
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cytokines & chemokines (Bio-Rad, cat. No. M60-009RDPD). Data were acquired using a 

Luminex 200 reader.

Statistical analysis

Data were analyzed using GraphPad Prism. For tumor growth, two-way ANOVA with 

Bonferroni post-hoc tests were performed. Unpaired two-tailed Student’s t tests were 

performed for two group comparisons.

Results and Discussion

Cytosolic DNA sensing to activate STING promotes LLC growth

To test if cytosolic DNA sensing influences LLC growth, tumors were grown in B6 (WT) 

mice and STING-deficient (STING-KO) mice with B6 backgrounds. After 20 days LLC 

tumors were smaller (~50%) in STING-KO than WT mice (Fig. 1A). Consistent with a 

previous study using IDO inhibitors (11), LLC growth was attenuated in IDO1-KO mice and 

was comparable with growth in STING-KO mice (Fig. 1A). To test if DNA promoted LLC 

growth in other tissues, mice were challenged with LLC cells intravenously (5x105 cells/

mouse) and lung CT scans were performed after 10 days. Lung growth (Fig. 1B) and lung 

weights (Fig. 1C) were lower in STING-KO and IDO1-KO than in WT mice. Thus mice 

lacking STING or IDO1 genes were more resistant to LLC growth at distinct sites.

STING stimulates local IDO activity during LLC tumorigenesis

DNA incited tolerogenic responses to STING agonists or apoptotic cells in mice by 

stimulating IDO activity (5,7). We hypothesized that DNA sensing to activate STING 

induces IDO and tolerogenic processes that promote LLC growth. To test this hypothesis 

homogenates of tumor-draining lymph nodes (TDLNs) and tumor lesions (20 days) were 

incubated in IDO enzyme cocktail to assess production of kynurenine (Kyn), a tryptophan 

catabolite produced by IDO. IDO activity was elevated significantly in TDLNs from WT 

mice, relative to LNs from naïve WT mice (Fig. 2A). In contrast, TDLN IDO activity was 

not induced in mice lacking STING or IFN-I receptor (IFNAR) genes but was induced in 

mice lacking IFN-II receptors (IFNγR1) or the cytosolic DNA sensor cyclic GAMP synthase 

(cGAS, Fig. 2A). IDO1 (not IDO2 or TDO genes) encoded IDO activity in TDLNs since 

IDO activity was not detected in TDLNs from IDO1-KO mice. STING also induced IDO in 

TDLNs of mice with EL4 thymomas (Fig. 2A). Thus, STING/IFN-I signaling induces IDO 

in TDLNs, while cGAS DNA sensing and IFNγ signaling are not required for this response.

Similar requirements to induce IDO manifested in LLC tumor lesions. LLC tumors did not 

express IDO since no activity was detected in tumors from IDO1-KO mice (Fig. 2B). LLC 

tumors grew at comparable rates in IFNAR-KO, cGAS-KO and WT mice (Supplemental 

Fig. S1AB), suggesting that cGAS sensing and IFN-I signaling does not promote 

tumorigenesis, even though IFN-I induced IDO. EL4 growth induced tumor-associated cells 

to express IDO via a STING independent pathway (Fig. 2B), providing an explanation for 

IDO-dependent, STING-independent tumorigenesis in this model (Supplemental Fig. S2C). 

IDO activity was elevated significantly one day after LLC challenge and remained high 
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thereafter, relative to levels in LNs from naïve mice (Fig. 2C). Thus LLC growth induced 

rapid and sustained increase in IDO activity, which did not correlate with tumor size.

IDO-expressing TDLN dendritic cells (DCs) inhibited T cells and activated Foxp3+ 

regulatory CD4 T cells to suppress immunity to B16 melanomas (13). To assess if DCs 

expressed IDO during LLC growth TDLNs were fractionated to enrich DC (CD11c+) and 

non-DC (CD11c-) populations and IDO1 transcripts were detected by qRT-PCR. IDO 

transcription was elevated in TDLN DCs in WT mice (Fig. 2D) and was not elevated in 

TDLN cells from STING-KO mice. Thus DNA sensing induced selective IDO1 expression 

by TDLN DCs.

STING attenuates tumor cell killing and promotes tolerogenic responses during LLC 
growth

Elevated IDO is a TME hallmark in mice and cancer patients (14). We assessed if STING 

ablation impacted tumor-induced inflammation using transfected LLC cells expressing red 

fluorescent protein (LLC-RFP). As for LLC tumors, STING-KO mice were more resistant to 

LLC-RFP growth (Supplemental Fig. 2A). To detect tumor-infiltrating CD8 T cells (TILs) 

circulating CD45+ cells were pre-stained in vivo and were distinguished from tumor-

associated CD45+ cells (12) by staining excised tumors ex vivo with a different CD45 

(Supplemental Fig. S2B) and CD8 mAbs. More TILs and higher TIL:LLC ratios were 

detected in tumors from STING-KO mice (Fig. 3A). Higher proportions of CD45+ cells that 

ingested tumor RFP were detected in STING-KO mice (Fig. 3B and Supplemental Fig. 

S2C). Phenotypic analyses revealed increased proportions of CD45+RFP+ cells expressing 

CD11c and CD11b in STING-KO mice, suggesting that CD11b+ DCs were a major cell type 

that ingested LLC-RFP tumor cells. Infiltration of granulocytic (Ly6ChighGint) and 

monocytic (Ly6CnegGhigh) CD11b+CCR2+ myeloid-derived suppressor cells (MDSCs) into 

TDLNs decreased when STING was ablated, as did levels of the immunoregulatory cytokine 

IL-10 in TDLNs (Fig. 3C). STING ablation also attenuated expression of other cytokines, 

growth factors and chemokines linked to recruitment of regulatory cells such as MDSCs into 

the TME (Supplemental Fig. S3). Thus STING ablation led to increased TILs in tumor 

lesions, tumor cell ingestion by tumor-associated cells, and attenuated MDSC infiltration 

and IL-10 production in TDLNs during tumorigenesis.

We hypothesized that increased resistance to LLC growth in the absence of STING was due 

to enhanced CD8 T cell (TIL) functions. STING-KO mice were treated with anti-CD8 

depleting mAbs or irrelevant IgG2a (isotype-matched) mAbs. CD8 depletion accelerated 

LLC growth in STING-KO mice, which was comparable with tumor growth in WT mice. 

Thus CD8 cells mediated increased resistance to LLC growth in STING-KO mice.

Tumor antigenicity influences responses to DNA in the TME

Tumor cells expressing defined neo-antigens are used to monitor tumor-specific immunity. 

We generated LLC cells expressing influenza nucleoprotein (NP) or the dermal autoantigen 

gp100. Compared with native LLC tumors, LLC-NP and LLC-gp100 tumors grew at slower 

or comparable rates, respectively (Fig. 4AB). Unlike native tumors, STING ablation did not 

attenuate LLC-NP and LLC-gp100 growth and LLP-gp100 tumors grew faster (Fig. 4AB). 
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Consistent with previous reports (15), STING ablation did not slow B16 melanoma growth 

(Fig. 4C). As for native tumors, IDO1 ablation slowed LLC-NP growth but did not impact 

LLC-gp100 growth (Fig. 4AB). Moreover, enhanced LLC tumor antigenicity attenuated 

(LLC-NP) or abolished (LLC-gp100, B16) IDO induction in TDLNs in WT mice (Fig. 4D). 

Thus DNA was sensed to induce IDO and promote LLC growth only for native LLC tumors, 

while DNA did not promote growth of LLC tumors with increased antigenicity or B16 

melanoma. Collectively, our findings reveal that cytosolic DNA sensing activates STING/

IFN-I signaling to induce local IDO activity and other tolerogenic responses that promote 

LLC growth. Moreover tumor antigenicity was a pivotal factor influencing dependence on 

STING to induce IDO and promote LLC growth. These findings highlight tumor 

antigenicity as an underappreciated factor influencing immune responses to DNA in the 

TME.

We used the LLC model because IDO promoted LLC growth and T cell evasion (11), though 

how IDO was induced was unknown. We hypothesized that DNA sensing to activate STING/

IFN-I signaling induced IDO to promote tolerogenic responses and LLC growth. Our 

findings support this hypothesis since STING ablation attenuated LLC growth and abolished 

local IDO induction. STING-dependent tolerogenic responses to DNA were described in 

mice treated with STING agonists or apoptotic cells to suppress immunity and 

autoimmunity, and in mice prone to autoimmune syndromes (5–8). Our findings show that 

tolerogenic responses to DNA feature in some tumor settings.

LLC challenge induced rapid and sustained increase in local IDO activity. Moreover STING/

IFN-I signaling was essential to induce IDO in tumor-associated cells and TDLNs. Thus 

innate immune cells incited IDO, while IFNγ from activated lymphoid cells (NK cells, TILs) 

was not required. The cytosolic DNA sensor cGAS was not essential to induce IDO, 

suggesting that other DNA sensors induce IDO; alternatively, other DNA sensors may 

compensate for loss of cGAS.

TME analyses in mice lacking STING revealed profound changes in inflammatory 

responses to LLC growth, including more TILs, tumor cell ingestion, (especially by myeloid 

DCs) and attenuated MDSC infiltration and IL-10 production in TDLNs. Previously, we 

showed that splenic myeloid DCs ingested DNA nanoparticles and sensed cargo DNA to 

activate STING/IFN-I signaling, which induced tolerogenic responses via IDO (5). 

Moreover, apoptotic cells induced IDO via a STING-dependent pathway. Myeloid DCs may 

also mediate tolerogenic responses to DNA from dying cells in the TME. Consistent with 

these findings, CD8 cell depletion in STING-KO mice accelerated LLC growth, suggesting 

that STING-dependent tolerogenic responses impeded effector CD8 cell functions in the 

TME.

Our findings in the LLC model contrast with reports showing that STING/IFN-I signaling is 

a critical immunostimulatory pathway required for effective responses to chemotherapy and 

radiotherapy in the TME (3,4). These reports focused on immunogenic tumor models that 

underwent spontaneous regression or responded to chemotherapy or radiotherapy. However 

DNA sensing to activate STING had no effect on native B16 melanoma growth and did not 

induce IDO activity, suggesting that IDO expressed in TDLN DCs is not enzymatically 
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active (16). Unlike native LLC tumors, LLC-NP and LLC-gp100 tumors exhibited similar 

attributes to B16 melanoma, as STING did not promote tumorigenesis or induce robust 

TDLN IDO activity. Thus native LLC tumor growth incited inflammation favoring 

tolerogenic responses to DNA, while enhanced LLC antigenicity overcame tolerogenic 

responses to promote immunogenic responses. These findings help reconcile observations of 

diametric responses to DNA in distinct tumor settings and reflect dual roles of the immune 

system in killing malignant cells and creating inflammatory microenvironments that promote 

tumorigenesis (17). Further evidence of the complex role of STING in the developing TME 

emerged from a study showing that STING ablation enhanced resistance to papilloma 

formation following chronic exposure to the carcinogen DMBA, revealing a critical role for 

STING in promoting carcinogenesis (18). Like the current study, these findings identify 

DNA sensing to activate STING as a pivotal factor in inflammatory responses that promote 

tumorigenesis. Our findings also suggest that innate tumor antigenicity or interventions to 

enhance tumor antigenicity can override tolerogenic responses to DNA to promote 

immunogenic responses to DNA. Tumor neoantigens are key factors influencing clinical 

responses to immune checkpoint blockade (19). Thus tumors with high antigenicity are more 

responsive and tumor neoantigens may be useful biomarkers to stratify patients (19). 

Treatments with synthetic STING agonists also promoted robust anti-tumor responses when 

administered into tumors (15). Our findings suggest that STING agonists may not be 

effective in all tumor settings, particularly those where robust tolerogenic responses to DNA 

and low tumor antigenicity prevail. Indeed resistance to ipilimumab (anti-CTLA4 mAb) 

therapy in some melanoma patients and in mice with B16 melanomas was mediated by IDO 

(20). Thus targeting multiple pathways may be necessary to elicit effective therapeutic 

responses in some cancer patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cytosolic DNA sensing to activate STING promotes LLC growth in dermis and lungs
A. LLC cells were injected intradermally into B6 (WT), STING-KO or IDO1-KO mice and 

tumor growth was monitored. BC. LLC cells were injected intravenously and CT scans were 

performed to assess tumor growth in lungs after 10 days (B) and lung weights after 12 days 

(C). Statistical significance was determined by two-way ANOVA with Bonferroni post hoc 

test (A) and two tailed unpaired Student’s t test (B,C); *p<0.05, **p<0.01, ***p<0.001, 

except IDO1-KO vs. WT in panel A, ###p<0.001.
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Figure 2. STING/IFN-I signaling induces IDO during LLC tumor growth
A–C. LLC or EL4 cells were injected (i/d, day 0) into mice (7–10 mice/group). IDO activity 

was assessed after 20 days for LLC, 14 days for EL4 (AB) or over time (C) in TDLNs (A, 

C) or in tumor lesions (B). IDO activity is expressed as Kyn generated ex vivo in tissue 

homogenates. D. DCs (CD11c+) and non-DCs (CD11c-) were enriched from TDLNs 

(MACS) of mice with LLC tumors (5 mice/group, day 20). IDO1 transcripts in RNA from 

enriched DCs and non-DCs were analyzed by RT-PCR. Statistical significance was 

determined by two tailed unpaired Student’s t test; *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001; NS, not significant.
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Figure 3. STING attenuates tumor cell killing and promotes tolerogenic responses during LLC 
tumorigenesis
AB. Flow cytometric analyses of TILs (CD8+CD45+, A) and tumor-associated 

hematopoietic cells (CD45+RFP+, B) that ingested LLC-RFP cells in tumor lesions 13 and 

20 days post LLC challenge, respectively. C. Flow cytometric analyses of MDSCs and 

multiplex analyses of IL-10 levels in TDLNs 20 days post LLC challenge. For FACS gating 

strategies see Methods and Supplemental Fig. S2. D. Mice were pre-treated with anti-CD8 

depleting mAbs or isotype-matched IgG2a mAbs before LLC challenge. LLC growth in 

naïve WT mice was monitored in parallel until day 20. Statistical significance was 

determined by two tailed unpaired Student’s t test (A–C) or two-way ANOVA with 

Bonferroni post hoc test (D) and; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4. LLC tumor antigenicity is a pivotal factor influencing responses to DNA in the TME
AB. Growth of LLC tumors transfected to express NP (A) or gp100 (B) was monitored in 

the mice indicated. Due to higher incidence of ulceration, experiments were terminated on 

day 17 for LLC-gp100 tumors. C. B16F10 melanoma growth in WT and STING-KO mice. 

D. IDO activity in TDLNs was assessed after LLC-NP (day 31), LLC-gp100 (day 17) or 

B16F10 melanoma (day 16) challenge, when tumor sizes were comparable in WT mice. 

Statistical significance was determined by two-way ANOVA with Bonferroni post hoc test 

(A, B, D) or two tailed unpaired Student’s t test (C); *p<0.05, **p<0.01, ***p<0.001; NS, 

not significant; nd, not detected.
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