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Introduction: Soft tissue sarcomas (STS) are highly metastatic, connective-

tissue lineage solid cancers. Immunologically, sarcomas are frequently

characterized by a paucity of tumor infiltrating lymphocytes and an immune

suppressive microenvironment. Activation of the STING pathway can induce

potent immune-driven anti-tumor responses within immunogenic solid

tumors; however, this strategy has not been evaluated in immunologically

cold sarcomas. Herein, we assessed the therapeutic response of intratumoral

STING activation in an immunologically cold murine model of undifferentiated

pleomorphic sarcoma (UPS).

Materials and Results: A single intratumoral injection of the murine STING

agonist, DMXAA resulted in durable cure in up to 60% of UPS-bearing mice. In

mice with synchronous lung metastases, STING activation within hindlimb

tumors resulted in 50% cure in both anatomic sites. Surviving mice all

rejected UPS re-challenge in the hindlimb and lung. Therapeutic efficacy of

STING was inhibited by lymphocyte deficiency but unaffected by macrophage

deficiency. Immune phenotyping demonstrated enrichment of lymphocytic

responses in tumors at multiple timepoints following treatment. Immune

checkpoint blockade enhanced survival following STING activation.

Discussion: These data suggest intratumoral activation of the STING pathway

elicits local and systemic anti-tumor immune responses in a lymphocyte poor

sarcoma model and deserves further evaluation as an adjunctive local and

systemic treatment for sarcomas.

KEYWORDS

cancer immunotherapy, cGAS/STING, undifferentiated pleomorphic sarcoma, KP
sarcoma model, soft tissue sarcoma
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Introduction

Soft tissue sarcomas (STS) are rare malignancies derived from

mesenchymal lineage tissues such as muscle, adipose, fibrous

tissue, vessels, and skin (1). Sarcomas are rare, representing <1%

of all cancer diagnoses, yet disproportionately account for 15-20%

of solid cancers in children, adolescents, and young adults (2–4).

There are over 50 unique histologic subtypes of STS (1), with

undifferentiated pleomorphic sarcoma (UPS) being the most

common subtype in adults (4). High-grade soft tissue sarcomas

are considered a high-fatality disease characterized by frequent

metastases, resistance to systemic therapies, and a five-year

survival rate of under 60% (1, 5). Unresectable metastatic

disease is rapidly fatal (1, 6–8) and there is a pressing need for

new systemic therapies for STS patients (9).

Immunotherapies are revolutionizing cancer care (10–13),

yet unfortunately, sarcoma remains recalcitrant to multiple

clinically approved immune-based therapies (14–18). Relative

to other solid cancers, most sarcomas are deficient in tumor

infiltrating lymphocytes (TILs) (19–21), which, like other solid

cancers, predicts poor therapeutic responses to immune

checkpoint inhibition (ICI) (22). The immunosuppressive

landscape of STS is multifactorial and can be attributed to a

combination of low tumor mutational burden, dense infiltration

of immune suppressive macrophages (“M2-like” macrophages),

and the expression of immune suppressive connective tissue

cytokines and growth factors within mesenchymal-derived

sarcomas (23–25).

The stimulator of interferon genes (STING) receptor is a

highly conserved intracellular protein involved in the dsDNA

sensing apparatus of eukaryotic cells and is responsible for Type

I IFN and cytokine production in response to cytosolic DNA

derived from pathogens and corrupt host cells (26, 27). The

STING pathway provides a critical link between the innate and

adaptive compartments of the immune system and is a vital

component of cancer immunity (19, 21, 28). When STING is

activated, the potent liberation of Type I IFNs and other

inflammatory mediators results in tumor necrosis (19, 28),

activation of antigen presenting cells (APCs) (25, 28),

enhanced cross-priming of CD8+ lymphocytes and

recruitment of anti-tumor lymphocytes into the tumor

immune microenvironment (TIME) (19, 21, 28). In pre-

clinical models of classically inflamed solid tumors,

intratumoral (i.t.) small molecule STING agonists can induce

dramatic local tumor regression and systemic immunity against

distant disease and this strategy has now entered early phase

clinical trials.

STING immunotherapy has not been evaluated in

immunogenically cold models of STS. As poorly inflamed

sarcomas are recalcitrant to immune-based therapies such as

immune checkpoint inhibitors (14, 17–19, 21), we hypothesized
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that i.t. STING therapy would be an effective strategy to

dismantle the immune suppressive sarcoma microenvironment

and sensitize murine STSs to ICI. Herein, we evaluated the

therapeutic anti-tumor effects of STING activation in a

lymphocyte poor murine model of UPS that is resistant to ICI

(29–31). We demonstrate that that a single i.t. dose of a small

molecule STING agonist resulted in rapid immune-mediated

tumor clearance locally and systemically and therapeutic synergy

with immune checkpoint blockade.
Materials and methods

Mice

All in vivo murine studies were performed animal use

protocols approved by the University of Calgary Health

Sciences Animal Care Committee (#AC19-0072). Mice were

housed in a biohazard level 2 containment facility in

individual cages (Techniplast) equipped with HEPA filters and

filtered air. The mouse housing room was maintained at 22 +/-

1°C, 30-35% humidity, and was on a 12-hour light/dark cycle.

The mice were allowed standard food and water ad libitum. All

in vivo murine experiments were performed in 6–8-week-old

male and female mice. All mice were purchased from Jackson

Laboratories and then bred in house. Rag2 KO mice (B6(Cg)-

Rag2tm1.1Cgn/J Rag2 knockout mice; stock #008449) are deficient

in mature T-cells and B-cells (32). CCR2 KO mice (B6.129S4-

Ccr2tm1Ifc/J CCR2 knockout mice; stock #027619) show a

monocyte recruitment deficiency to sites of inflammation and

were used to test tumor macrophage deficiency (33).
Tumor model

The development of the syngeneic KP UPS cell line used in

these experiments is described and characterized by Hildebrand

et al. (2021) (29), and also previously by DuPage et al. (2012)

(31) and Kirsch et al. (2007) (30). Briefly, spontaneous UPS

tumors were generated in conditional Trp53fl/fl and KrasG12D/+

mice via lenti-Cre (University of Iowa Viral Vector Core;

FIVCMVCre VSVG) mediated Trp53 deficiency and activation

of the KrasG12D oncogene subperiosteally in the hindlimb of

female C57Bl/6 mice which results in establishment of primary

UPS tumors exclusively in the proximal tibia of the hindlimb.

Following a latency of 8-10 weeks, hindlimb tumors were

harvested and cultured in vitro for 6-8 weeks for cell line

development. Only cell line derived tumors were used as the

model for this project. Cultured UPS tumor cells were

engineered to express mCherry and firefly luciferase via
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transduction with pLV430G oFL T2A mCherry vector. This cell

line is referred to as “TAO1+”. Aliquots of UPS cell not

transduced with mCherry and luciferase are referred to as

“TAO1-”. All UPS tumors evaluated in in vivo experiments

reported in this study utilized engrafted TAO1+ UPS tumors in

which UPS cells were resuspended in serum free RPMI-1640

media and injected intramuscularly into the right hindlimb. The

quantity of UPS cells injected were as follows: 100,000 for

primary injection, 10,000 for contralateral limb injection, and

100,000 for tail vein injection.
Tumor volume assessment and
bioluminescent imaging

Tumors were monitored by caliper measurements and

bioluminescent imaging (BLI). For BLI, mice were injected

with D-luciferin (Goldbio Technology; cat. #LUCK-1G)

intraperitoneally and imaged using a Xenogen IVIS Lumina

system (Caliper Life Sciences, Hopkinton, MA, USA) ten

minutes following injection. Living Image Software

(PerkinElmer) to collect and analyze the BLI images. The

image exposure was set to “Auto.”

Caliper measurements were used to measure tumor length,

width, and depth. Length is defined as proximal to distal, width

is defined as lateral to medial, and depth is defined as anterior to

posterior measurements. Tumor volumes were calculated with

the formula (L+X)*L*X*0.2618, where L is the length of the

tumor and X is (width of tumor + depth of tumor)/2 (29, 34).

The humane endpoint for any mouse experiment was defined as

a leg tumor exceeding 15 mm in the length, width, or depth

dimensions. For the tail vein injection experiments and any mice

with lung tumors, the humane endpoint was defined as any rapid

deterioration of overall health including rapid weight loss, loss of

grooming, hunched posture, and lethargic behavior.

Experimental endpoint for any murine long-term survival

experiment was defined as three months after primary cell line

injection, one month after contralateral limb re-challenge, and

two months after tail vein re-challenge. All mice alive beyond

these experimental timelines are regarded as “survivors.” We

have not observed any evidence of UPS relapse after these

experimental endpoints.
5’6-dimethylxanthenone-4-acetic
acid experiments

In this study, DMXAA was used to investigate STING

immunotherapy in murine UPS tumors. In all experimental

groups, 100,000 UPS cells were injected into the right hindlimb

muscle of C57Bl/6 mice. Intra-tumoral (i.t.) injection(s) of

DMXAA (Sigma; cat. #D5817-25MG) or sodium bicarbonate
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(Gibco; cat. #25080094) were administered when UPS tumors

reached ~100 mm3 (7 days after cell line engraftment). The

experimental groups were: (i) one DMXAA (18 mg/kg) injection

(n=10), (ii) one DMXAA (25 mg/kg) injection (n=14), (iii) two

DMXAA (18 mg/kg) injections (n=10), (iv) three DMXAA (18

mg/kg) injections (n=10), and (v) sodium bicarbonate vehicle

controls (n=9). For (i), (ii), and (v) the treatment was delivered 7

days post UPS injection. For experiment (iii) DMXAA was

administered 7- and 14-days post UPS injection. For

experiment (iv) DMXAA was administered 7-, 11-, and 14-

days post UPS injection. An additional cohort was utilized in

which 100,000 UPS cells were injected into the tail vein for lung

engraftment on day 0, followed by concurrent leg tumor

engraftment of 100,000 UPS cells on day 7. On day 14, 18 mg/

kg of DMXAA was administered i.t. in the hindlimb. Single and

double DMXAA doses were chosen based on previous studies

(24, 28, 35). The triple DMXAA dosing was modified from this

same study. For the Rag2 and CCR2 KO mice experiments,

100,000 UPS cells were injected into the right hindlimb muscle.

DMXAA (18 mg/kg) or sodium bicarbonate vehicle control were

injected i.t. when tumors reached ~100 mm3 (7 days after cell

line engraftment).
In vivo re-challenge experiments

Mice from the cohort that were engrafted with 100,000 UPS

cells in the right hindlimb, subsequently received an i.t. dose of

DMXAA (18 mg/kg) and survived were re-challenged with UPS

cells. Survival was characterized as mice that are tumor free with

no evidence of tumor after three months. For the re-challenge

experiments in the primary site, 10,000 UPS cells were injected

into the muscle of the contralateral hind limb of “survivors” and

naïve C57Bl/6 mice. For the tail vein re-challenge experiments,

100,000 UPS cells administered through a tail vein injection in

“survivors” and naïve C57Bl/6 mice. Tail vein injections of

murine UPS cells into C57Bl/6 mice had been previously

determined by our laboratory to result in UPS tumors

exclusively in the lung within 3-4 weeks using this model.

Weekly BLI and overall mouse health were used to assess

tumor growth.
Immune checkpoint inhibitor therapy

Mice bearing syngeneic UPS hindlimb tumors were treated

with a mouse anti-CTLA4 monoclonal antibody (BioXcell,

CD152, clone 9D9, 250 mg) or a mouse anti-PD1 monoclonal

antibody (BioXcell, CD279, clone RMP1-14, 250 mg)
intraperitoneally, on days 7, 10, and 13 following UPS

injection. For anti-PD-1 + anti-CTLA4 dual therapy, UPS-

bearing mice were treated with mouse anti-CTLA4 (BioXcell,

CD152, clone 9D9, 250 mg) and mouse anti-PD1 (BioXcell,
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CD279, clone RMP1-14, 250 mg) intraperitoneally, on days 9, 11,

15, 18, 22, 25, 29, and 32 following UPS injection. For DMXAA

+ anti-PD-1 + anti-CTLA4 combination therapy, UPS-bearing

mice were treated with i.t. DMXAA (18 mg/kg) on day 7 and

mouse anti-CTLA4 (BioXcell, CD152, clone 9D9, 250 mg) and
mouse anti-PD1 (BioXcell, CD279, clone RMP1-14, 250 mg)
intraperitoneally, on days 9, 11, 15, 18, 22, 25, 29, and 32

following UPS injection.
Flow cytometry

100,000 UPS cells were engrafted into the hind limb muscle

of C57Bl/6 mice and 7 days later when the tumors reached a

tumor volume of ~100 mm3, i.t. injections of DMXAA (18 mg/

kg) or sodium bicarbonate were given. Tumors were processed

for flow cytometry 3- and 7-days post DMXAA or sodium

bicarbonate treatment. UPS tumors were excised and

homogenized using a gentleMACS Dissociator (Miltenyi).

Tumors were digested with RPMI-1640 media (Gibco; cat.

#22400089) containing 0.5 mg/mL DNAse I (Roche

Diagnostics; cat. #10104159001), 20 mg/mL Collagenase II

(Gibco; cat. #17101-015), and 0.5 mL/10 mL fetal bovine

serum (Gibco; cat. #12483-020). Tumors were then strained

with a 70 mm strainer (Falcon™; cat. #08-771-2), treated with

RBC lysis buffer (Biolegend; cat. #420301), and washed with 40%

Percoll™ (cat. #17-0891-02).

Single cell suspensions were stained with LIVE/DEAD

Zombie Aqua (cat. #423102) before antibody staining for 15-

30 minutes. Antibody staining was completed using the

following fluorophore-conjugated antibodies: CD3ϵ (cat.

#155609), CD4 (cat. #100512), CD8a (cat. #100733), CD45

(cat. #103154), CD11b (cat. #101207), Ly6C (cat. #128005),

and Ly6G (cat. #127615). Data was acquired using a

FACSCanto II (BD Biosciences) with FACSDiva software (BD

Biosciences). The data was analyzed with FlowJo (TreeStar). T-

cells were defined as CD3ϵ+/CD4+ (CD4 T-cells) and CD3ϵ+/
CD8+ (CD8 T-cells). Monocytes were defined as CD45+/CD11b

+/Ly6C+/Ly6G-, neutrophils as CD45+/CD11b+/Ly6C+/Ly6G+

and macrophages as CD45+/CD11b+/Ly6C-/Ly6G-. Controls

included a dead cell sample, achieved by heating the tumor cells

to 80°C for 15 minutes, unstained tumor cells, and single colour

controls. Single colour controls were made using compensation

beads (Invitrogen) (cat. #501129040).
mRNA quantification and analysis

NanoString® technology was used to compare the mRNA

expression levels of ~750 genes in the following four treatment
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groups: control UPS tumors (n=4), UPS tumors 24 hours post

DMXAA treatment (18 mg/kg; n=4), and UPS tumors 72 hours

post DMXAA treatment (18 mg/kg; n=7). Total RNA was

extracted from TAO1+ UPS tumors using standard protocols.

100 mg of unamplified total RNA input was used for codeset

hybridization using the mouse-specific nCounter® PanCancer

Immune Profiling panel (NanoString® Technologies, Seattle,

WA) (36). Codeset/RNA complexes were immobilized on

nCounter® cartridges for data collection. nSolver Analysis

Software 4.0 and Advanced Analysis were used for analysis

and figure generation.
Histopathology

UPS tumors were fixed in 10% neutral buffered formalin

(Research Products International Corp) for 24 hours and

embedded into paraffin using a tissue processor (Leica). The

tissues were sectioned to 5 microns (Leica RM2255) and stained

with hematoxylin and eosin (H&E) following the same protocol

as Foothills Medical Centre Calgary Laboratory Services.
Statistical analysis

For survival plots, the log-rank Mantel-Cox test was used.

For categorical variables, a two-way ANOVA with Bonferroni’s

multiple comparisons test was used. The development of all

graphs as well as statistical analysis was performed using

GraphPad Prism version 8.2.1.
Results

Intratumoral STING activation induces
durable survival in UPS-bearing mice

DMXAA is an established murine-specific STING agonist

with known dosing parameters and minimal toxicities below 30

mg/kg (28, 37). We first sought to determine if different dosing

schedules of DMXAA would result in therapeutic anti-tumor

effects. Single, double (3 days apart) or triple (every three days)

i.t. doses of DMXAA resulted in complete tumor eradication

beyond 3 months in 50-60% of mice (Figure 1A). I.t. dosing of

DMXAA was chosen over intra-peritoneal administration to

maximize local induction of i.t. immune responses. Additionally,

there are reports that i.t. DMXAA is more effective at activating

STING responsiveness in tumors than i.p. administration (28).

We observed greatest tumor eradication in the triple dosed

cohort but did observe overlying skin necrosis in over 50% of

these mice. There we no observed toxicities in the 18 mg/kg
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group. Using a 25 mg/kg single i.t. dose we observed increased

complete tumor eradication (70%) compared to the 18mg/kg

dose (50%), although one mouse died from presumed treatment

toxicity within 24hrs of injection (Figure 1B).

All DMXAA treated tumors showed immediate tumor

volume and BLI reductions compared to control. A more

detailed examination of tumor volumes and tumor BLI data in

the single 18 mg/kg treated mice shows three distinct patterns of

response to DMXAA treatment: long-term survivors, partial

responders, and late relapse (Figures 1C, D). In the partial

responder group, the mean tumor volumes steadily increased

after a transient reduction (Figures 1C, D). In the relapsed group,

mean tumor volume and BLI signal steadily decreased, and the

tumors were no longer palpable, however around day 28, tumors

became palpable again with associated increased BLI signal

(Figures 1C, D).
UPS re-challenge is rejected in STING-
treated surviving mice

We next sought to determine if successful clearance of UPS

tumors following STING therapy would result in systemic

protection against UPS recurrence. To mimic the clinical

scenario of sarcoma recurrence in the extremity (local) or lung

(metastatic), we performed UPS re-challenge experiments on

previous UPS-bearing mice that completed eradicated their
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tumors after STING therapy. “Survivor” mice were re-

challenged with UPS cells in either the contralateral limb or

lung resulted and 100% of these mice rejected the UPS re-

challenge as defined by no BLI signal or palpable tumor for up to

60 days of observation (Figure 2). All control mice in these

experiments developed hindlimb and lung tumors that rapidly

progressed to humane endpoint (Figure 2). There were no

differences in UPS tumor clearance between males and females

(Figure S1).
STING activation in extremity UPS
tumors results in systemic clearance of
limb tumors and synchronous
lung lesions

The lung is the most common site of metastases in STS. To

evaluate if STING treatment of extremity UPS tumors could also

induce therapeutic responses in sites of distant disease, we tested

STING activation in a model of synchronous hindlimb and lung

tumors. Naïve mice were engrafted with UPS cells in the lung via

tail vein injections (Day 0), followed by UPS engraftment in the

right hindlimb (Day 7), and then given DMXAA (Day 14; 18

mg/kg) i.t. (Figure 3A). All mice developed engrafted UPS

tumors in the lung and hindlimb as detected by BLI imaging.

Mice bearing simultaneous hindlimb and lung UPS tumors that

received i.t. STING therapy all survived longer than control
B

C D

A

FIGURE 1

Intratumoral STING activation results in long-term survival in UPS-bearing C57Bl/6 mice. (A-D) 100,000 UPS + mCherry and luciferase cells
were injected intramuscularly on day 0. (A) DMXAA (18 mg/kg) was injected i.t. according to varying dose schedules: single dose = injected on
day 7, double dose = injected on days 7 and 14, and triple dose = injected on days 7, 11, and 14. (B) DMXAA (18 mg/kg or 25 mg/kg) or NaHCO3

was injected i.t. on day 7. Mean tumor volume (C) and mean BLI (D) of UPS-bearing C57Bl/6 mice treated with DMXAA. (C, D) 18 mg/kg DMXAA
or NaHCO3 was injected i.t. on day 7.
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mice, with 30% of STING treated mice completely eradicating

UPS tumors in both anatomic sites (Figure 3B). By day 49, all

surviving mice had complete and durable tumor remission in

both sites (Figures 3C, D). Examining individual BLI data, 50%

of mice that did not survive STING therapy developed severe

tumor burden in the lung, and similar to isolated hindlimb

DMXAA experiments, some mice transiently cleared the lung

tumors only to relapse around 3 weeks post-therapy (Figure 3E).
Intratumoral STING activation results in
tumor necrosis, lymphocyte infiltration,
and upregulation cytotoxic adaptive
immune pathways

To elucidate the changes within the UPS TIME following

STING therapy, ex-vivo analyses of DMXAA treated UPS

tumors were evaluated at multiple time points after treatment.

Mid-tumor H&E sections showed >50% necrosis in all DMXAA

treated tumors at 72hrs, with minimal spontaneous necrosis in

control tumors (Figures 4A, B). Transcriptomic analyses also

demonstrated higher apoptotic pathway scores was at 72hrs post

STING treatment compared to control (Figure 4C).

Using FACS and Nanostring® transcriptome analyses, we

sought to evaluate changes in immune populations within UPS

tumors following STING treatment at various timepoints.

Overall leukocyte infiltration and general inflammation scores

were increased within 72hrs of STING treatment (Figures 4D,
Frontiers in Immunology 06
E). Additionally, there was elevated mRNA expression of

downstream markers associated with the STING pathway or

effectors of STING activation (Figure 4F), such as Tbk1, Irf3, as

well as interferons alpha-1, 2, and 4 (Ifna1, 2, and 4), beta-1

(Ifnb1), and gamma receptor (Ifngr), thus further confirming

evidence of persistent upregulation of STING pathway and

effectors up to 72hrs following DMXAA treatment.

Assessing the myeloid immune compartment, gene

expression levels of most macrophage markers were decreased

at early time points post STING therapy but rebounded and

were elevated relative to control by 72hrs (Figure 4G). Mean

macrophage function scores were also increased 72hrs post

STING treatment compared to control UPS tumors

(Figure 4H). Using FACS we observed a rapid increase in

neutrophils at early timepoints following STING treatment,

which like the mRNA analyses, was associated with a

reciprocal reduction in macrophages as well. This trend,

however, was reversed by 7 days, where macrophage numbers

steadily increased and neutrophil numbers declined (Figure 4I).

Examining the adaptive immune compartment, STING

treated tumors demonstrated an elevation in adaptive immune

scoring of mRNA expression profiles 72hrs after treatment

(Figure 5A). T cell function scores and cytotoxic scores of

mRNA analytes were also elevated in the 72hrs post DMXAA

treatment group (Figures 5B, C). Direct mRNA expression levels

of common lymphocyte markers were most upregulated in the

72hrs post DMXAA treatment in UPS tumors when compared

to the control UPS tumors and 24hrs post DMXAA treatment
B

C DA

FIGURE 2

Intratumoral STING activation provides protective immunity against UPS re-challenge. (A, C) C57Bl/6 DMXAA survivors and naïve C57Bl/6 mice
were given 100,000 UPS TAO1+ mCherry and luciferase cells injected via tail vein on day 0. (B, D) “Survivors” and naïve C57Bl/6 mice were
re-challenged with 10,000 UPS TAO1+ cells injected intramuscularly into the contralateral limb on day 0. BLI images of tail vein re-challenge
(C) and contralateral limb re-challenge (D) in naïve C57Bl/6 mice (control) and DMXAA survivors (DMXAA). **p-value=0.0046. ****p-
value<0.0001.
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(Figure 5D). There was a higher expression of Cd3ϵ, Cd4, and

Cd8 in control and tumors 72hrs after DMXAA treatment

compared to 24hrs after treatment. However, there was an

elevated expression of cytotoxic markers (Granzymes A and B;

Gzma and Gzmb, Figure D) in tumors 72hrs after DMXAA

treatment. Using FACS, compared to control, increased ratios of

CD8+ T-cells were also observed in the STING treated UPS
Frontiers in Immunology 07
tumors seven days after treatment, while the quantity of CD4+

T-cells remained stable across all time points (Figure 5E).

Collectively, these investigations of the UPS TIME

demonstrate that i.t. STING activation results in tumor necrosis,

liberation of STING effector chemokines and cytokines, early

neutrophil influx, followed by increases in adaptive immunity

gene expression and CD8+ lymphocyte infiltration.
B

C D

E F

A

FIGURE 3

STING treatment of extremity UPS results in systemic eradication of synchronous lung metastases. (A) A schematic outlining the establishment
of UPS tumors in the lung on day 0. 100,000 UPS TAO1+ mCherry and luciferase cells were injected in the tail vein, subsequently followed by
leg tumor engraftment on day 7, and treatment of the hindlimb tumors with 18 mg/kg of DMXAA or vehicle control sodium bicarbonate i.t. on
day 14. (B) Kaplan Meier plot comparing the survival of DMXAA, and vehicle control treated mice. (C, D) BLI intensity of leg and lung tumors in
DMXAA and vehicle control groups. (E, F) BLI intensity of leg and lung tumors in DMXAA and vehicle control tumors individually.
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Lymphocyte deficiency, but not
macrophage deficiency, attenuates
anti-tumor benefits of intratumoral
STING immunotherapy

To determine if STING-mediated tumor clearance is

dependent on an adaptive immune response, we tested

DMXAA treatment in Rag2 Knockout (KO) mice (Figure 6).
Frontiers in Immunology 08
UPS engraftment, growth kinetics and time to humane endpoint

were unaffected by lymphocyte deficiency (Figures 6A, B). There

was also no significant difference between the overall survival time

(p-value = 0.1728) of UPS bearing Rag2 KO mice and C57Bl/6

mice (Figure 6C). These findings suggest negligible engagement of

the adaptive immune compartment in the progression of tumor

growth or engraftment in this UPS model. The anti-tumor effects

of STING therapy, however, were lost when UPS engrafted Rag 2
frontiersin.org
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FIGURE 4

Intratumoral STING activation results in necrosis and upregulation of apoptotic and myeloid markers. (A, B) Low magnification microscopy of
hematoxylin and eosin (H&E) stained tumor mid-sections shows substantial tumor necrosis 72hrs post STING therapy in UPS tumors. Nanostring
nSolver® analyses of immune mRNA transcripts demonstrating increased apoptosis (C), leukocyte infiltration (D), and tumor inflammation (E) within
72hrs of STING therapy. nSolver® generated heatmaps show increased mRNA expression profiles of common STING pathway and effectors markers
(F), macrophage markers (G), and macrophage functional scores (H) 72hrs after STING therapy. (I) FACS analyses of tumor cell suspensions for
myeloid cells (CD45+, CD11b+), which includes macrophages (Ly6G-, Ly6C-), monocytes (Ly6G-, Ly6C+), and neutrophils (Ly6G+, Ly6C+).
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KO mice were treated with intra-tumoral DMXAA (Figures 6C-

E). A marked decrease in UPS tumor volume was observed in

DMXAA treated Rag2 KO mice (days 7-14; Figure 6C), with

tumor volumes sharply rebounding afterwards. These

observations would suggest early tumor clearance following

STING therapy via lymphocyte independent mechanisms,

although UPS tumors could not be cleared beyond 14 days

without an intact lymphocyte compartment.

As STS are highly enriched in macrophages and given that

macrophages are highly responsive to STING agonists (37–39),

we sought to determine if reductions in UPS macrophages would

mitigate the early or innate immune response to DMXAA. The

CCR2/CCL2 is a known recruitment axis for tumor associated

macrophages and highly expressed by TAO1 cells in culture

(Figure 7A) we utilized a CCR2 KO model, which leads to

deficiencies in monocyte recruitment into tumors (33) and has

been shown reduced tumor macrophages in previous work (40).

Engrafted UPS tumors in CCR2 KOmice showed 75% reduction

of macrophages in UPS tumors (Figure 7B), but no differences in

tumor growth kinetics and time to humane endpoints

(Figures 7C, D). Following i.t. DMXAA, both control and

CCR2 KO mice showed reduction in UPS tumor volumes

(Figures 7E), tumor bioluminescence (Figure 7F), and tumor
Frontiers in Immunology 09
free survival 90-days post-UPS engraftment (Figure 7G).

However, UPS tumors in the CCR2 KO group demonstrated

quicker tumor volume and BLI response to treatment

(Figures 7E, F). These results would suggest that tumor

macrophage reductions via the CCR2/CCL2 axis did not

impair responsiveness to STING agonist therapy and may

have promoted a more rapid early/innate response.
STING therapy is synergistic with
immune checkpoint blockade
in murine UPS

This murine model of UPS is resistant to anti-CTLA4 and

anti-PD-1 monotherapy (Figures 8A, B) and documented by

others (29). We have observed late UPS tumor relapses in mice

treated with DMXAA after near complete tumor eradication

(relapses, Figures 1C, D). As we have also observed increased

CD8+ T cell infiltration and cytotoxic lymphocyte scores

following STING treatment of UPS tumors, we sought to

determine genes associated with negative immune regulation

were upregulated in UPS tumors after i.t. DMXAA.We observed

upregulation of Ido1, Lag3, Pd-1, Ctla4, Pdcd1lg2, and Tigit
frontiersin.org
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FIGURE 5

Intratumoral STING activation results in upregulation of lymphocytic markers and infiltration of cytotoxic T-lymphocytes. nSolver® advanced
analysis of STING treated of UPS tumors demonstrates increased (A) adaptive immune pathway scores, (B) T-cell function scores, and (C)
cytotoxic T-lymphocyte scores. Heat maps illustrate the (D) increased adaptive and cytotoxic mRNA expression profiles observed in UPS tumors
following STING treatment. (E) FACS analyses of tumor cell suspensions assessing CD8 T cells (CD3ϵ+, CD8+) and CD4 T cells (CD3ϵ+, CD4+).
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transcripts 72hrs post DMXAA treatment compared to control

UPS tumors (Figure 8C). Mean exhausted CD8 scores were also

at this timepoint (Figure 8D), collectively implying an

opportunity to increase therapeutic outcomes in STING

treated UPS tumors by the addition of immune checkpoint

inhibition (ICI) therapy.

The additional of both anti-PD1 and anti-CTLA4 therapy

improved STING-mediated tumor clearance from 50% to 80%.

We also observed 30% tumor clearance using combination ICI

therapy without STING therapy in this UPS model (Figure 8E).

These results suggest (i) there is baseline negative immune

checkpoint regulation in this model that can be therapeutically

targeted using combination ICI therapy, but not monotherapy

and (ii) STING activation results in further upregulation of
Frontiers in Immunology 10
negative T cell co-stimulatory pathways that can be targeted to

improve tumor clearance.
Discussion

Soft tissue sarcomas (STS) are rare, high-fatality cancers that

are poorly responsive to systemic therapies (6, 41–44). Recent

clinical trials have persistently failed to show significant clinical

benefit for patients with advanced STS treated with immune

checkpoint inhibitors (6, 12, 45), and other immune-based

therapies (7, 9, 46–50). While considerable heterogeneity exists

within the complex karyotypes of STS, the TIME of most STS is

immunologically cold, which predicts poor sensitivity to immune
frontiersin.org
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FIGURE 6

Intratumoral STING activation and subsequent anti-UPS tumor effects are mediated by adaptive immune responses. (A-E) 100,000 UPS +
mCherry and luciferase cells were injected intramuscularly on day 0. (A) Mean tumor volume and (B)–mean BLI ROI of UPS growth in Rag2
KO mice (purple) and C57Bl/6 mice (grey). (C) Survival of untreated Rag2 KO (solid purple) and C57Bl/6 mice (solid grey), as well as Rag2
KO (dashed purple) and C57Bl/6 mice (dashed grey) treated i.t. with DMXAA (18 mg/kg) on day 7. (D) Mean tumor volume and (E) mean BLI ROI
of Rag2 KO mice (purple) and C57Bl/6 mice (grey) treated i.t. with DMXAA (18 mg/kg) on day 7.
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therapies (22). Using a transplantable, immune competent,

orthotopic murine model of UPS that recapitulates the

lymphocyte poor TIME of most STS, we sought to determine if

STING immunotherapy could dismantle the immunosuppressive

features of this model and promote immunogenic tumor

eradication. Here, we demonstrate that i.t. STING activation can

promote tumor necrosis, lymphocyte mediated tumor clearance

and durable tumor eradication in up to 60% of UPS-bearing mice

following a single injection of a small molecule STING agonist.

Additionally, i.t. STING therapy was also effective on systemic

sites of disease in the lung, and in mice that cleared tumor

following therapy, durable immunity against UPS re-challenge

was present.
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While there have been numerous studies examining the

therapeutic potential of STING agonism in solid tumor models

(19, 28, 51–53), this is the first detailed examination of STING

therapy in an immunologically cold model of sarcoma. Recently,

Wolf et al., did test a STING agonist, ADU-S100, in combination

with an IL-2 superkine (H9-MSA) using the methylcholanthrene

carcinogen model of sarcoma (51). This model of UPS has a high

mutational burden (2000 non-synonymous mutations/tumor)

compared to the KP UPS model (18 non-synonymous

mutations/tumor) and is more representative of the mutational

burden observed in human cancers that are sensitive to

immunotherapies (54, 55). Conversely, the TIME of the KP

model of UPS contains a paucity of lymphocytes, is enriched in
frontiersin.org
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FIGURE 7

Impairing monocyte recruitment with CCR2 deficiency showed similar UPS response to intratumoral STING activation. (A) Concentration of
monocyte chemoattractants (CCL2, CX3CL1, M-CSF) in the supernatant of UPS cell culture. (B-G) 100,000 UPS + mCherry and luciferase
cells were injected intramuscularly on day 0. (B) UPS tumor macrophages (CD45+, CD11b+, F4/80+) in CCR2 KO mice are reduced by 75%
compared to control C57Bl/6 mice 9-days after UPS engraftment. (C) Mean tumor volume and (D) mean BLI ROI of UPS tumor growth curves
in CCR2 KO mice and C57Bl/6 mice. (E) Tumor volume and (F) mean BLI ROI of UPS-bearing CCR2 KO or C57Bl/6 mice treated with 18 mg/kg
DMXAA i.t. on day 7. (G) Longitudinal in vivo survival of UPS bearing mice following STING therapy showing similar overall survival in CCR2 KO
and control C57Bl/6 mice. ns, non-significant. **p-value=0.043. ****p-value<0.0001

https://doi.org/10.3389/fimmu.2022.1087991
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Marritt et al. 10.3389/fimmu.2022.1087991
CD206 immunosuppressive macrophages, and is resistant to

immune checkpoint blockade (29, 56), thus recapitulating the

immunotherapy resistant phenotype common to most

sarcomas. We do recognize that our UPS model used here is

driven by Kras and p53 mutations, which are also used to induce

lung and pancreatic carcinomas in mice. Indeed, there is also

evidence that STING activation can induce therapeutic

responses in these models (37, 57), suggesting that these

mutations or associated downstream effector pathways may

support sensitivity to STING therapy.
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Similar to other studies, we have shown that STING-mediated

clearance of tumor cells in this UPS model is dependent on

functional lymphocytes (28, 52, 53). Additionally, our data

importantly shows the resultant systemic treatment effect

following i.t. STING activation as we observed durable survival

in mice with synchronous extremity and lung tumors following

treatment of the extremity tumor. This, coupled to the rejection of

UPS re-challenge in the leg or lung highlights the persistent anti-

sarcoma systemic adaptive immunity following a single treatment

of STING activation. This is clinically important as the lung is the
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FIGURE 8

Therapeutic synergy of STING activation and immune checkpoint blockade in murine UPS tumors. (A, B) 100,000 UPS + mCherry and luciferase
cells were injected intramuscularly on day 0. (A) 250 mg mouse anti-CTLA4 monoclonal antibody or (B) 250 mg mouse anti-PD1 monoclonal
antibody were injected intraperitoneally, on days 7, 10, and 13 following UPS engraftment. (C) NanoString mRNA expression profile of common
immune checkpoint markers. Upregulated expression is shown in purple and downregulated expression is shown in grey. Control UPS tumors
(n=4), 24 hours post DMXAA UPS tumors (n=4), 72 hours post DMXAA UPS tumors (n=7). (D) Exhausted CD8 pathway score using Nanostring
Technologies.(E) Anti-PD-1 (250 mg) + anti-CTLA4 (250 mg) were injected intraperitoneally on days 9, 11, 15, 18, 22, 25, 29, and 32 following UPS
injection (black and green), DMXAA (18 mg/kg) was injected i.t. on day 7 (purple).
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principal visceral site of STS metastases or systemic relapse (58,

59). These data justify further study into how STING-based

immunotherapy for primary sarcomas could be used to

systemically eradicate micro-metastases or prevent relapses

following local control procedures.

A central process of STING immunotherapy is the induced

cooperation of rapid innate immune responses with persistent

adaptive immune-based elimination of cancer cells. Numerous

studies have demonstrated impaired STING signaling or

downregulation of STING in cancer cells, suggesting the

stromal constituents of the TIME are the critical targets of

STING activation (60–63). As macrophages are highly

sensitive to STING agonists (64–66) and are abundant in both

human and pre-clinical sarcoma models (29, 39, 56, 67–69), we

hypothesized that a reduction in tumor associated macrophages

(TAMs) would mitigate the therapeutic response to STING

agonism. Monocytes are known to contribute to the TAM

populations, and the CCR2/CCL2 signaling is critical for TAM

recruitment from monocyte lineages (55). We did observe a 75%

reduction in UPS TAMs in the CCR2 KO line but did not

observe any change in long-term survival and instead observed

earlier onset of tumor volume and BLI reductions following

treatment. It is possible TAMs are not the dominant effector cell

of small molecule STING agonists in this model and STING

signaling occurs via other cell populations such as tumor

resident DCs (21), endothelial cells (19) or remaining

macrophage pools. Alternatively, inhibition of the CCL2/CCR2

axis is associated a decrease in CD206 immunosuppressive

macrophage populations (38) and thus a reduction in CD206

TAMs in CCR2 KO mice may provide a more inflamed and

sensitive environment for STING responsiveness.

An interesting observation in these experiments were the late

tumor relapses following STING therapy. In these mice (30%),

tumors substantially regressed and were not palpable, but

quickly rebounded 2-3 weeks after treatment. Transcriptomic

data of STING treated tumors did show increased expression of

markers associated with T-cell inhibition and T-cell exhaustion

which could explain late treatment resistance. Supporting this,

we observed improved tumor clearance from 50% to 80% when

STING therapy was combined with immune checkpoint

inhibition (anti-CTLA4 and anti-PD1). These observations are

consistent with pre-clinical studies in other cancer models

showing STING-dependent upregulation of negative immune

checkpoints and improved therapeutic responses when STING

agonism is combined with immune checkpoint blockade (37, 52,

70). As there is considerable clinical enthusiasm to understand

which clinical STS will benefit from immune checkpoint

blockade, the addition of intra-tumoral STING therapy may

provide an opportunity to improve response rates across more

STS subtypes.

We acknowledge that there are limitations within the

present study. Firstly, it has been well characterized that
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DMXAA is murine-specific STING agonist and does not

activate human STING (71). We elected to use DMXAA in

this study as proof of concept given the documented efficacy,

known toxicities and well-defined dosing parameters of this

small molecule STING agonist. Over the past decade, numerous

small molecule STING agonists capable of activating human

STING have been developed (51, 52, 72) and while some of these

agents are now being tested in clinical trials, there remains much

to learn regarding how these new agents should be administered

and dosed locally, systemically, and in concert with other

therapies. Future studies are ongoing evaluating these new

agents in different genetic models of STS. Another limitation

pertains to the cell-line derived UPS tumors used in this study.

We and others have shown that engrafted KP UPS tumors

demonstrate increased spontaneous lymphocytic infiltrated

compared to spontaneous KP UPS tumors (56). Therefore,

these engrafted tumors may be more sensitive to STING

therapy and future studies evaluating spontaneous tumors will

be required. Engraftable tumors enabled a more consistent,

reproducible, and feasible experiments as we could predictably

induce tumors and begin therapy using consistent timelines.

Further work will be completed to delineate the tumor antigens

involved in this UPS model following STING activation.
Conclusion

To our knowledge, this is the first study to evaluate STING

immunotherapy in the KP model of UPS. Like most human STS,

the KP sarcoma model has an immune-suppressed TIME and is

resistant to immune checkpoint blockade. We have shown that a

single treatment of intra-tumoral STING activation can induce

immune-mediated sarcoma clearance locally and systemically.

These results justify further study into the clinical translation of

STING immunotherapy for sarcomas.
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38. Sierra-Filardi E, Nieto C, Domıńguez-Soto A, Barroso R, Sánchez-Mateos P,
Puig-Kroger A, et al. CCL2 shapes macrophage polarization by GM-CSF and m-
CSF: identification of CCL2/CCR2-dependent gene expression profile. J Immunol
(2014) 192(8):3858–67. doi: 10.4049/jimmunol.1302821

39. Tsagozis P, Augsten M, Zhang Y, Li T, Hesla A, Bergh J, et al. An
immunosuppressive macrophage profile attenuates the prognostic impact of
CD20-positive b cells in human soft tissue sarcoma. Cancer Immunol
Immunother (2019) 68(6):927–36. doi: 10.1007/s00262-019-02322-y

40. Sanford DE, Belt BA, Panni RZ, Mayer A, Deshpande AD, Carpenter D, et al.
Inflammatory monocyte mobilization decreases patient survival in pancreatic cancer: A
role for targeting the CCL2/CCR2 AxisRole of inflammatory monocytes in pancreatic
cancer. Clin Cancer Res (2013) 19(13):3404–15. doi: 10.1158/1078-0432.CCR-13-0525
Frontiers in Immunology 15
41. D'Angelo SP, Mahoney MR, Van Tine BA, Atkins J, Milhem MM,
Jahagirdar BN, et al. Nivolumab with or without ipilimumab treatment for
metastatic sarcoma (Alliance A091401): two open-label, non-comparative,
randomised, phase 2 trials. Lancet Oncol (2018) 19(3):416–26. doi: 10.1016/
S1470-2045(18)30006-8

42. Keung EZ, Lazar AJ, Torres KE, Wang WL, Cormier JN, Ashleigh
Guadagnolo B, et al. Phase II study of neoadjuvant checkpoint blockade in
patients with surgically resectable undifferentiated pleomorphic sarcoma and
dedifferentiated liposarcoma. BMC Cancer (2018) 18(1):1–7. doi: 10.1186/
s12885-018-4829-0

43. Nathenson MJ, Conley AP, Sausville E. Immunotherapy: a new (and old)
approach to treatment of soft tissue and bone sarcomas. oncol (2018) 23(1):71. doi:
10.1634/theoncologist.2016-0025

44. Paoluzzi L, Cacavio A, Ghesani M, Karambelkar A, Rapkiewicz A, Weber J,
et al. Response to anti-PD1 therapy with nivolumab in metastatic sarcomas. Clin
sarcoma Res (2016) 6(1):1–7. doi: 10.1186/s13569-016-0064-0

45. Ben-Ami E, Barysauskas CM, Solomon S, Tahlil K, Malley R, Hohos M, et al.
Immunotherapy with single agent nivolumab for advanced leiomyosarcoma of the
uterus: Results of a phase 2 study. Cancer (2017) 123(17):3285–90. doi: 10.1002/
cncr.30738

46. Edmonson JH, Long HJ, Frytak S, Smithson WA, Itri LM. Phase II study of
recombinant alfa-2a interferon in patients with advanced bone sarcomas. Cancer
Treat Rep (1987) 71(7-8):747–8.

47. Winkler K, Beron G, Kotz R, Salzer-Kuntschik M, Beck J, Beck W, et al.
Neoadjuvant chemotherapy for osteogenic sarcoma: results of a cooperative
German/Austrian study. J Clin Oncol (1984) 2(6):617–24. doi: 10.1200/
JCO.1984.2.6.617

48. Mackall CL, Rhee EH, Read EJ, Khuu HM, Leitman SF, Bernstein D, et al. A
pilot study of consolidative immunotherapy in patients with high-risk pediatric
sarcomas. Clin Cancer Res (2008) 14(15):4850–8. doi: 10.1158/1078-0432.CCR-07-
4065

49. Pritchard-Jones K, Spendlove I, Wilton C, Whelan J, Weeden S, Lewis I,
et al. Immune responses to the 105AD7 human anti-idiotypic vaccine after
intensive chemotherapy, for osteosarcoma. Br J Cancer (2005) 92(8):1358–65.
doi: 10.1038/sj.bjc.6602500

50. Robbins PF, Morgan RA, Feldman SA, Yang JC, Sherry RM, Dudley ME,
et al. Tumor regression in patients with metastatic synovial cell sarcoma and
melanoma using genetically engineered lymphocytes reactive with NY-ESO-1.
J Clin Oncol (2011) 29(7):917–24. doi: 10.1200/JCO.2010.32.2537

51. Pan B-S, Perera SA, Piesvaux JA, Presland JP, Schroeder GK, Cumming JN,
et al. An orally available non-nucleotide STING agonist with antitumor activity.
Science (2020) 369(6506):eaba6098. doi: 10.1126/science.aba6098

52. Sivick KE, Desbien AL, Glickman LH, Reiner GL, Corrales L, Surh NH, et al.
Magnitude of therapeutic STING activation determines CD8+ T cell-mediated
anti-tumor immunity. Cell Rep (2018) 25(11):3074–3085. e5. doi: 10.1016/
j.celrep.2018.11.047

53. Wolf NK, Blaj C, Picton LK, Snyder G, Zhang L, Nicolai CJ, et al. Synergy of
a STING agonist and an IL-2 superkine in cancer immunotherapy against MHC I–
deficient and MHC i+ tumors. Proc Natl Acad Sci (2022) 119(22):e2200568119. doi:
10.1073/pnas.2200568119

54. Samstein RM, Lee CH, Shoushtari AN, Hellmann MD, Shen R, Janjigian
YY, et al. Tumor mutational load predicts survival after immunotherapy across
multiple cancer types. Nat Genet (2019) 51(2):202–6. doi: 10.1038/s41588-018-
0312-8

55. Lee CL, Mowery YM, Daniel AR, Zhang D, Sibley AB, Delaney JR, et al.
Mutational landscape in genetically engineered, carcinogen-induced, and
radiation-induced mouse sarcoma. JCI Insight (2019) 4(13):e128698. doi:
10.1172/jci.insight.128698

56. Gutierrez WR, Scherer A, McGivney GR, Brockman QR, Knepper-Adrian
V, Laverty EA, et al. Divergent immune landscapes of primary and syngeneic kras-
driven mouse tumor models. Sci Rep (2021) 11(1):1098. doi: 10.1038/s41598-020-
80216-1

57. Downey CM, Aghaei M, Schwendener RA, Jirik FR. DMXAA causes tumor
site-specific vascular disruption in murine non-small cell lung cancer, and like the
endogenous non-canonical cyclic dinucleotide STING agonist, 2′ 3′-cGAMP,
induces M2 macrophage repolarization. PloS One (2014) 9(6):e99988. doi:
10.1371/journal.pone.0099988

58. Gilbert NF, Cannon CP, Lin PP, Lewis VO. Soft-tissue sarcoma. J Am Acad
Orthop Surg (2009) 17(1):40–7. doi: 10.5435/00124635-200901000-00006

59. Tap WD, Papai Z, Van Tine BA, Attia S, Ganjoo KN, Jones RL, et al.
Doxorubicin plus evofosfamide versus doxorubicin alone in locally advanced,
unresectable or metastatic soft-tissue sarcoma (TH CR-406/SARC021): an
international, multicentre, open-label, randomised phase 3 trial. Lancet Oncol
(2017) 18(8):1089–103. doi: 10.1016/S1470-2045(17)30381-9
frontiersin.org

https://doi.org/10.1016/j.immuni.2014.10.017
https://doi.org/10.1016/j.immuni.2014.10.017
https://doi.org/10.1038/s41586-019-1906-8
https://doi.org/10.1172/JCI86892
https://doi.org/10.1158/0008-5472.CAN-05-1658
https://doi.org/10.1158/0008-5472.CAN-05-1658
https://doi.org/10.1593/neo.09506
https://doi.org/10.1016/j.ccell.2018.03.027
https://doi.org/10.1186/s12943-020-01250-1
https://doi.org/10.1016/j.celrep.2015.04.031
https://doi.org/10.1371/journal.pone.0253864
https://doi.org/10.1371/journal.pone.0253864
https://doi.org/10.1038/nm1602
https://doi.org/10.1038/nature10803
https://doi.org/10.1084/jem.194.8.1151
https://doi.org/10.1084/jem.194.8.1151
https://doi.org/10.1172/JCI119798
https://doi.org/10.1097/CORR.0000000000001422
https://doi.org/10.1038/bjc.2013.93
https://doi.org/10.1186/s40425-015-0088-7
https://doi.org/10.1158/2326-6066.CIR-17-0049
https://doi.org/10.4049/jimmunol.1302821
https://doi.org/10.1007/s00262-019-02322-y
https://doi.org/10.1158/1078-0432.CCR-13-0525
https://doi.org/10.1016/S1470-2045(18)30006-8
https://doi.org/10.1016/S1470-2045(18)30006-8
https://doi.org/10.1186/s12885-018-4829-0
https://doi.org/10.1186/s12885-018-4829-0
https://doi.org/10.1634/theoncologist.2016-0025
https://doi.org/10.1186/s13569-016-0064-0
https://doi.org/10.1002/cncr.30738
https://doi.org/10.1002/cncr.30738
https://doi.org/10.1200/JCO.1984.2.6.617
https://doi.org/10.1200/JCO.1984.2.6.617
https://doi.org/10.1158/1078-0432.CCR-07-4065
https://doi.org/10.1158/1078-0432.CCR-07-4065
https://doi.org/10.1038/sj.bjc.6602500
https://doi.org/10.1200/JCO.2010.32.2537
https://doi.org/10.1126/science.aba6098
https://doi.org/10.1016/j.celrep.2018.11.047
https://doi.org/10.1016/j.celrep.2018.11.047
https://doi.org/10.1073/pnas.2200568119
https://doi.org/10.1038/s41588-018-0312-8
https://doi.org/10.1038/s41588-018-0312-8
https://doi.org/10.1172/jci.insight.128698
https://doi.org/10.1038/s41598-020-80216-1
https://doi.org/10.1038/s41598-020-80216-1
https://doi.org/10.1371/journal.pone.0099988
https://doi.org/10.5435/00124635-200901000-00006
https://doi.org/10.1016/S1470-2045(17)30381-9
https://doi.org/10.3389/fimmu.2022.1087991
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Marritt et al. 10.3389/fimmu.2022.1087991
60. de Queiroz N, Xia T, Konno H, Barber GN. Ovarian cancer cells commonly
exhibit defective STING signaling which affects sensitivity to viral oncolysis. Mol
Cancer Res (2019) 17(4):974–86. doi: 10.1158/1541-7786.MCR-18-0504

61. Xia T, Konno H, Ahn J, Barber GN. Deregulation of STING signaling in
colorectal carcinoma constrains DNA damage responses and correlates with
tumorigenesis. Cell Rep (2016) 14(2):282–97. doi: 10.1016/j.celrep.2015.12.029

62. Xia T, Konno H, Barber GN. Recurrent loss of STING signaling in
melanoma correlates with susceptibility to viral oncolysis. Cancer Res (2016) 76
(22):6747–59. doi: 10.1158/0008-5472.CAN-16-1404

63. Sokolowska O, Nowis D. STING signaling in cancer cells: Important or not?
Arch Immunol Ther Exp (Warsz) (2018) 66(2):125–32. doi: 10.1007/s00005-017-
0481-7

64. Klarquist J, Hennies CM, Lehn MA, Reboulet RA, Feau S, Janssen EM, et al.
STING-mediated DNA sensing promotes antitumor and autoimmune responses to
dying cells. J Immunol (2014) 193(12):6124–34. doi: 10.4049/jimmunol.1401869

65. Ohkuri T, Ghosh A, Kosaka A, Zhu J, Ikeura M, David M, et al. STING
contributes to antiglioma immunity via triggering type I IFN signals in the tumor
microenvironment. Cancer Immunol Res (2014) 2(12):1199–208. doi: 10.1158/
2326-6066.CIR-14-0099

66. Ohkuri T, Kosaka A, Nagato T, Kobayashi H. Effects of STING stimulation
on macrophages: STING agonists polarize into "classically" or "alternatively"
activated macrophages? Hum Vaccin Immunother (2018) 14(2):285–7. doi:
10.1080/21645515.2017.1395995
Frontiers in Immunology 16
67. Dancsok AR, Gao D, Lee AF, Steigen SE, Blay JY, Thomas DM, et al.
Tumor-associated macrophages and macrophage-related immune checkpoint
expression in sarcomas. Oncoimmunology (2020) 9(1):1747340. doi: 10.1080/
2162402X.2020.1747340

68. Goff PH, Riolobos L, LaFleur BJ, Spraker MB, Seo YD, Smythe KS, et al.
Neoadjuvant therapy induces a potent immune response to sarcoma, dominated by
myeloid and b cells. Clin Cancer Res (2022) 28(8):1701–11. doi: 10.1158/1078-
0432.CCR-21-4239

69. Wisdom AJ, Mowery YM, Hong CS, Himes JE, Nabet BY, Qin X, et al. Single
cell analysis reveals distinct immune landscapes in transplant and primary
sarcomas that determine response or resistance to immunotherapy. Nat
Commun (2020) 11(1):1–14. doi: 10.1038/s41467-020-19917-0

70. Chin EN, Yu C, Vartabedian VF, Jia Y, Kumar M, Gamo AM, et al.
Antitumor activity of a systemic STING-activating non-nucleotide cGAMP
mimetic. Science (2020) 369(6506):993–9. doi: 10.1126/science.abb4255

71. Conlon J, Burdette DL, Sharma S, Bhat N, Thompson M, Jiang Z, et al.
Mouse, but not human STING, binds and signals in response to the vascular
disrupting agent 5,6-dimethylxanthenone-4-acetic acid. J Immunol (2013) 190
(10):5216–25. doi: 10.4049/jimmunol.1300097

72. Kim DS, Endo A, Fang FG, Huang KC, Bao X, Choi HW, et al. E7766, a
macrocycle-bridged stimulator of interferon genes (STING) agonist with potent
pan-genotypic activity. ChemMedChem (2021) 16(11):1741–4. doi: 10.1002/
cmdc.202100068
frontiersin.org

https://doi.org/10.1158/1541-7786.MCR-18-0504
https://doi.org/10.1016/j.celrep.2015.12.029
https://doi.org/10.1158/0008-5472.CAN-16-1404
https://doi.org/10.1007/s00005-017-0481-7
https://doi.org/10.1007/s00005-017-0481-7
https://doi.org/10.4049/jimmunol.1401869
https://doi.org/10.1158/2326-6066.CIR-14-0099
https://doi.org/10.1158/2326-6066.CIR-14-0099
https://doi.org/10.1080/21645515.2017.1395995
https://doi.org/10.1080/2162402X.2020.1747340
https://doi.org/10.1080/2162402X.2020.1747340
https://doi.org/10.1158/1078-0432.CCR-21-4239
https://doi.org/10.1158/1078-0432.CCR-21-4239
https://doi.org/10.1038/s41467-020-19917-0
https://doi.org/10.1126/science.abb4255
https://doi.org/10.4049/jimmunol.1300097
https://doi.org/10.1002/cmdc.202100068
https://doi.org/10.1002/cmdc.202100068
https://doi.org/10.3389/fimmu.2022.1087991
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Intratumoral STING activation causes durable immunogenic tumor eradication in the KP soft tissue sarcoma model
	Introduction
	Materials and methods
	Mice
	Tumor model
	Tumor volume assessment and bioluminescent imaging
	5’6-dimethylxanthenone-4-acetic acid experiments
	In vivo re-challenge experiments
	Immune checkpoint inhibitor therapy
	Flow cytometry
	mRNA quantification and analysis
	Histopathology
	Statistical analysis

	Results
	Intratumoral STING activation induces durable survival in UPS-bearing mice
	UPS re-challenge is rejected in STING-treated surviving mice
	STING activation in extremity UPS tumors results in systemic clearance of limb tumors and synchronous lung lesions
	Intratumoral STING activation results in tumor necrosis, lymphocyte infiltration, and upregulation cytotoxic adaptive immune pathways
	Lymphocyte deficiency, but not macrophage deficiency, attenuates anti-tumor benefits of intratumoral STING immunotherapy
	STING therapy is synergistic with immune checkpoint blockade in murine UPS

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


