
A microparticle platform for STING-targeted immunotherapy 
enhances natural killer cell and CD8+ T cell-mediated anti-tumor 
immunity.

Rebekah Watkins-Schulza,b, Pamela Tietc, Matthew D. Gallovicc, Robert D. Junkinsb, Cole 
Battyc, Eric M. Bachelderc, Kristy M. Ainsliec,d, and Jenny P.-Y. Tinga,b,d,e,f,*

aDepartment of Genetics, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599, USA

bLineberger Comprehensive Cancer Center, University of North Carolina at Chapel Hill, Chapel 
Hill, NC 27599, USA

cEshelman School of Pharmacy, Division of Pharmacoengineering and Molecular Pharmaceutics, 
University of North Carolina, Chapel Hill, NC 27599, USA

dDepartment of Microbiology and Immunology, University of North Carolina at Chapel Hill, Chapel 
Hill, NC 27599, USA

eInstitute for Inflammatory Diseases, University of North Carolina at Chapel Hill, Chapel Hill, NC 
27599, USA

fCenter for Translational Immunology, University of North Carolina at Chapel Hill, Chapel Hill, NC 
27599, USA

Abstract

Immunotherapies have significantly improved cancer patient survival, but response rates are still 

limited. Thus, novel formulations are needed to expand the breadth of immunotherapies. Pathogen 

associated molecular patterns (PAMPs) can be used to stimulate an immune response, but several 

pathogen recognition receptors are located within the cell, making delivery challenging. We have 

employed the biodegradable polymer acetalated dextran (Ace-DEX) to formulate PAMP 

microparticles (MPs) in order to enhance intracellular delivery. While treatment with four different 

PAMP MPs resulted in tumor growth inhibition, cyclic GMP-AMP (cGAMP) MPs were most 

effective. cGAMP MPs showed anti-tumor efficacy at doses 100–1,000 fold lower than published 

doses of soluble cGAMP in two murine tumor models. Treatment with cGAMP MPs resulted in 

increased natural killer cell numbers in the tumor environment. Immune cell depletion studies 

confirmed that NK cells were responsible for the anti-tumor efficacy in an aggressive mouse 

melanoma model. NK cell and CD8+ T cells were both required for early anti-tumor function in a 
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triple negative breast cancer model. In summary, cGAMP MP treatment results in NK and T cell-

dependent anti-tumor immune response.
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Introduction

Cancer growth is enhanced through uncontrolled proliferation and an immunosuppressive 

environment1. Cancer cells often produce immune suppressive factors, such as interleukin 

(IL)-10 and TGF-β, as well as upregulate immunosuppressive receptors, such as 

programmed deathligand 1 (PD-L1). This can allow the cancer cells to escape immune 

surveillance and proliferate uncontrollably. An anti-tumor immune response can be activated 

through delivering immune stimulating molecules to overcome these immunosuppressive 

signals2. Recently, recombinant cytokines, such as, granulocyte-macrophage colony-

stimulating factor (GM-CSF), multiple interleukins, type I interferons (IFN-I), and tumor 

necrosis factor (TNF) have all shown promise as cancer immunotherapies3–5. Indeed, 

recombinant IFNa and IL-2 have both received FDA approval as cancer immunotherapies, 

with IFNa being the only therapy approved for patients with high risk stage II and III 

melanoma3. However, there are many challenges associated with clinical application of 

recombinant cytokines, including short half-lives and high patient noncompliance due to 

negative side effects after systemic delivery6,7. To overcome some of the shortcomings of 

recombinant cytokines, pathogen associated molecular patterns (PAMPs) have been used to 

generate robust immune cell activation and endogenous cytokine production through binding 

and activating pathogen recognition receptors (PRRs)8. PAMPs have been shown to induce 

strong immune responses with vaccines9,10, as well as, generate robust immune responses 

against tumors11.

In order for production of downstream cytokines and activation of immune cells to occur, 

PAMPs must be delivered to their respective PRRs. Poly (I:C) and imiquimod bind and 

activate endosomal toll-like receptors (TLRs) 3 and 7, respectively12,13. Murabutide, poly 

(I:C), and the STING agonist 3’3’-cyclic GMP-AMP (cGAMP) bind and activate cytosolic 
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nucleotide-binding oligomerization domain-containing protein 2 (NOD2), retinoic acid-

inducible gene I (RIG-I), and STING, respectively7,14. These PAMPs have been used to 

activate sentinel cells leading to the production of pro-inflammatory cytokines and have 

been investigated in clinical trials12–15. However, due to the localization of these PRRs 

within the cell, large doses of soluble drug are often required. However, large quantities of 

STING agonists have been associated with toxicity, such as T cell apoptosis16–18. We, and 

many others, have shown encapsulation of PAMPs into a particle delivery system leads to 

improved activity19,20, however, not all encapsulation systems are equal. Liposomes are a 

common particle delivery system and a number of liposome formulations are FDA approved. 

However, liposomes can have large batch-to-batch variation and poor stability during 

storage21. Furthermore, common liposomal manufacturing methods are difficult to scale up 

to produce amounts needed clinically22. Alternatively, poly (lactic-coglycolic acid) (PLGA) 

polymeric microparticles (MPs), which are used in many FDA-approved products, can be 

made by various methods. However, these often result in low encapsulation efficiencies 

(EEs) for hydrophilic drugs23 and have potentially detrimental acidic byproducts that can 

damage both the cargo and the host cell19.

To overcome the shortcomings of these common formulations, we, and other groups have 

investigated other PAMP delivery systems9,24–26. We have utilized a previously published 

on, acetalated dextran (Ace-DEX) polymeric MP platform. Ace-DEX MPs are acid-

sensitive, biodegradable, and have tunable degradation kinetics as well as pH-neutral, 

hydrolytic byproducts27–29. We have previously shown that various PAMPs can be 

encapsulated within Ace-DEX MPs by several formulation methods30–37. In particular, we 

have used an electrospray (ES) formulation process to formulate PAMPs into Ace-DEX MPs 

to improve their efficacy as an anti-infective therapy38 or as vaccine adjuvants30–32. 

However, the Ace-DEX cGAMP MPs have not been investigated as a cancer 

immunotherapy. Utilizing Ace-DEX MPs, we are able to achieve the following benefits: (a) 

passive targeting to antigen presenting cells (APCs) due to the micron size (~0.5–2 μm) of 

Ace-DEX MPs30; (b) rapid release of cargo in acidic endosomes (pH=5.0) and slower 

release at a neutral pH30,39; (c) cargo stability for long-term storage outside of cold chain40; 

(d) terminally sterilizable formulation30. In addition, the ES technique results in higher 

encapsulation efficiencies than other formulation methods,30 is scalable32,38,41, and results 

in more monodispersed particles30,32,38,41,42. We have shown previously that encapsulating 

PAMPs in ES Ace-DEX MPs results in higher pro-inflammatory cytokine production and 

immune system activation30,31.

Robust pro-inflammatory cytokine production can activate both the innate and adaptive 

immune responses against a tumor. With this manuscript, we will investigate the, previously 

unknown, anti-tumor mechanism of the Ace-DEX cGAMP MPs. CD8+ T cells and natural 

killer (NK) cells are the primary immune cells responsible for direct tumor killing. CD8+ T 

cells are a member of the adaptive immune system and recognize tumor neoantigen 

presentation on the major histocompatibility complex (MHC) I, leading to tumor death. NK 

cells are the innate counterpart to CD8+ T cells. NK cells recognize and kill cells that 

downregulate MHC I to evade a CD8+ response, a common phenomenon in tumors43. Both 

CD8+ T cells and NK cells kill target cells through the release of perforin and granzymes. 

Perforin creates pro-apoptotic pores in the cell membrane and granzymes triggers caspase-
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dependent apoptosis44. Both molecules are upregulated in the presence of pro-inflammatory 

cytokines45,46. Thus, we hypothesize that delivering PAMPs that promote immune activation 

will increase the killing potential of CD8+ T cells and/or NK cells, resulting in significantly 

decreased tumor size.

Here we investigated Ace-DEX MPs encapsulated PAMPs as a cancer immunotherapy. We 

compared the PAMP MPs to determine the optimal PAMP Ace-DEX combination. Route of 

administration and dose studies were also performed. Finally, we determined the cellular 

mechanism of the optimal PAMP MPs.

Materials and Methods

Microparticle Formulation Materials

The materials used for polymer synthesis and microparticle production were purchased from 

Sigma Aldrich (St. Louis, MO) unless otherwise stated. 2-ethoxy propene was purchased 

from Matrix Scientific (Elgin, SC). Imiquimod, 3’3’-cGAMP, murabutide, and poly(I:C) 

were purchased from Invivogen (San Diego, CA).

Fabrication and Quantification of Electrosprayed PAMP Microparticles

Ace-DEX was synthesized and characterized according to Kauffman et al. using dextran 

with a 70 kDa average molecular weight39. After synthesis, Ace-DEX was rapidly 

hydrolyzed in deuterium oxide with the addition of 10% v/v deuterium chloride and 

analyzed by 1H NMR spectroscopy (Inova 400 MHz spectrometer; Varian Medical Systems, 

Palo Alto, CA). The relative cyclic acetal coverage was determined to be 40 ± 3%. Ace-

DEX MPs loaded with cGAMP, imiquimod, murabutide, or poly(I:C) were fabricated by 

using an electrohydrodynamic spraying (ES) method. Ace-DEX was dissolved in ethanol at 

either 20 or 30 mg/mL. cGAMP, imiquimod, murabutide, or poly(I:C) were dissolved in 

molecular grade water. Ace-DEX (20 mg/mL) and cGAMP or poly(I:C) (1% w/w) mixtures 

were dissolved within a 90:10 ethanol:water (% v/v) solvent. Ace-DEX (30 mg/mL) and 

imiquimod or murabutide (1% w/w) mixtures were dissolved within a 95:5 ethanol:water (% 

v/v) solvent. Blank MPs were fabricated by the same process using just pure molecular 

grade water (20 mg/mL Ace-DEX, 90:10 ethanol:water).

cGAMP loading was quantified by high performance liquid chromatography (HPLC, 

Agilent 1100 series, Santan Clara, CA) using a water/methanol gradient method through an 

Aquasil C18 column (150 mm length, 4.6 mm inner diameter, 5μm pore size, Thermo 

Fisher, Waltham, MA).

Imiquimod, murabutide, and poly (I:C) were quantified by dissolving MPs in dimethyl 

sulfoxide (DMSO). Imiquimod loading was quantified using its autofluorescence 

(excitation: 325 nm, emission: 365 nm)36. Murabutide loading was quantified using a 

fluorescamine assay (excitation: 390 nm, emission: 460 nm)32. Poly(I:C) loading was 

quantified using a Quant-iT OliGreen kit (Thermo Fisher Scientific, Waltham, MA) 

according to the manufacturer’s specifications. All three assays used a standard curve treated 

under the same conditions and analyzed using a microplate reader (SpectraMax M2, 

Molecular Devices, San Jose, CA).
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Loading capacity and encapsulation efficiency of PAMPs in MPs were calculated as shown:

Loading capacity % = Mass PAMP
Mass MPs × 100

Encapsulation E f f iciency % = Experimental PAMP loading
Theoretical PAMP loading × 100

Physical Characterization of Electrosprayed PAMP Microparticles

The hydrodynamic diameter, polydispersity index (PDI), and zeta potential of all MPs (n=3) 

were measured using a Brookhaven NanoBrook 90Plus Zeta Particle Size Analyzer 

(Holtsville, NY).

For scanning electron microscopy (SEM) imaging, Ace-DEX MPs were resuspended in 

water and pipetted onto the surface of an aluminum pin stub (Ted Pella, Inc., Redding, CA). 

This was incubated at 100°C for 20 minutes before sputter-coating with 6 nm of AuPd. SEM 

images were acquired using an S-4700 scanning electron microscope. SEM images were 

taken of all MPs to determine morphology using an S-4700 scanning electron microscope 

(Hitachi High Technologies America, Schaumburg, IL).

In Vitro Studies

Bone marrow-derived dendric cells (BMDCs) were prepared as previously described30. 

Cells were then treated with 1 μg/mL of the respective PAMP, either soluble of encapsulated. 

After 24 hours, supernatants were taken and run on either TNF (BD Bioscience cat. 

558534), IL-6 (BD Bioscience cat. 555240), or IFN-b (described previously30) ELISAs.

Murine Tumor Experiments

All studies were conducted in accordance with National Institutes of Health’s guidelines for 

the care and use of laboratory animals and approved by the Institutional Animal Care and 

Use Committee (IACUC) at the University of North Carolina-Chapel Hill. C57BL/6J and 

B6(Cg)-Tmem173tm1.2Camb/J (Tmem173−/−) mice were purchased from Jackson 

Laboratories (Sacramento, California). Mice were inoculated with tumors between 8–12 

weeks of age. The B16F10 cell line was obtained from ATCC (Manassas, VA cat. 

CRL-6475) and cultured in DMEM medium with 10% fetal bovine serum, 100 U/mL 

penicillin, and 100 μg/mL streptomycin. Male and female mice were inoculated 

subcutaneously with 200,000 B16F10 cells in 50% matrigel (Corning, Corning, NY, cat. 

354234) on the flank. The E0771 cell line was obtained from CH3 Biosystems (Buffalo, NY 

cat. 940001) and cultured in RPMI 1640 medium with 10% fetal bovine serum, 10 mM 

HEPES, 100 U/mL penicillin, and 100 μg/mL streptomycin. Female mice were inoculated 

with 750,000 E0771 cells in 50% matrigel into the mammary fat pad. Tumors were allowed 

to grow for six days before the first treatment, resulting in tumor volumes around 100 mm3. 

All MPs were injected using 1 mg/mL egg phosphatidylcholine (Avanti Polar Lipids, 

Alabaster, AL) in phosphate-buffered saline (PBS) to aid in MPs suspension. Mice were 

injected every three days, for a total of three (B16F10) or seven (E0771) injections. 
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Treatments were delivered by either intraperitoneal (i.p), intramuscular (i.m.), intravenous 

(i.v.), or intratumoral (i.t) route of administration. Tumor volume was measured every three 

days and was calculated using the formula V=½W2*L47. Survival was reported when the 

tumor reached the humane endpoint, 20 mm in diameter, in accordance with the IACUC 

protocol.

Biodistribution

Dextran was mixed at a 1:3 ratio of 70kDa Texas-red labeled dextran to 70 kDa dextran 

(ThermoFisher cat. D1830). The mixture of dextran was reacted with 2-ethoxypropene 

overnight. Mice were inoculated with 200,000 B16F10 tumor cells on day 0. On day 10, 

mice were treated with 10 μg of cGAMP encapsulated in Texas-red labeled Ace-DEX 

polymer. Texas-red Axe-DEX was made as described above with Texas-red labeled dextran 

obtained from Thermo Fisher (Waltham, MA cat. D1830). Twenty-four hours after 

treatment, mice were sacrificed the following organs were harvested: brain, lung, liver, 

kidney, spleen, lymph nodes, and tumor. The organs were then imaged using the IVIS 

Kinetic (PerkinElmer Waltham, MA). Samples were excited for 1 second at an excitation 

wavelength of 570 nm and detected using the Cy5.5 emission filter. The spleen was then 

taken and made into a single cell suspension. The splenocytes were stained (CD45 

(BV-421), CD3 (PE-Cy7), CD4 (PerCP-cy5.5), CD8 (AF700), CD11b (APC), and CD11c 

(Pac-Blue); Biolegend, San Diego, CA), analyzed on a LSR II (BD Biosciences, San Jose, 

CA) and analyzed by FlowJo software (Tree Star, Ashland, OR).

Tumor Cytokines

Mice were inoculated with 200,000 B16F10 tumor cells on day 0. On day 10, mice were 

treated with 10 μg of cGAMP encapsulated in Ace-DEX polymer. Three hours later, mice 

were sacrificed and tumors were harvested. The cOmplete EDTA-free protease inhibitor 

cocktail (Sigma cat. COEDTAF-RO) in PBS was added to tumor (at 4 μL/mg of tissue) to 

normalize volume. Tissues were homogenized and supernatants were used to run IFN-b 

(described previously30) and IL-6 ELISAs (BD Bioscience cat. 558534).

Flow Cytometry

Tumors were harvested from treated mice and prepared into single cell suspensions. 

Intracellular cytokines were stained using the intracellular staining kit (Biolegend cat. 

420201) and re-stimulated using 1x PMA/ionomycin with brefeldin A (Biolegend cat. 

423303). Immune cell populations were identified by flow cytometry using either an LSRII 

or LSRFortessa (BD Biosciences) and analyzed by FlowJo software.

T cell and NK cell Depletion

Cellular subsets were depleted as described previously48. One day before tumor inoculation, 

the following cell types were depleted with 400 μg of the following antibodies: NK cells 

with anti-NK1.1 antibody (BioXcell, West Lebanon, NH, clone PK136, cat. BE0036), CD8+ 

T cells with anti-CD8alpha antibody (BioXcell, clone 2.43 cat. BE0061), and CD4+ T cells 

with anti-CD4 antibody (BioXcell, clone GK1.5 cat. BE0003). Mice were then inoculated 

with either 200,000 B16F10 cells or 750,000 E0771 cells and received three or five cGAMP 
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MP treatments, respectively. To confirm depletion, blood was collected on day 15 and 

prepared for flow cytometry using a red blood cell lysis/fixation buffer kit (Biolegend, cat. 

422401).

Statistics

All tumor volume experiments were analyzed with a two-way ANOVA with post-hoc 

Tukey’s multiple comparisons. Survival studies were analyzed using survival statistics, and 

p-values adjusted for multiple comparisons. Comparisons between flow cytometry data were 

analyzed with one-way ANOVA with Post-doc Tukey’s multiple comparison test. Outliers 

were identified with ROUT outlier test.

For additional methods see supplementary information.

Results

Electrohydrodynamic spraying of Ace-DEX MPs results in high drug encapsulation for four 
different PAMPs.

Immune PAMPs cGAMP, imiquimod, murabutide, or poly(I:C) were encapsulated at ~1% 

w/w in the previously published Ace-DEX MPs by electrohydrodynamic spraying (ES)30,37. 

Scanning electron microscopy images demonstrate the formation of MPs (Fig. 1A–E). All of 

the encapsulated PAMP MPs were semi-spherical in shape and had a hydrodynamic 

diameter ranging between 0.687 and 1.12 μm (Fig. 1F). All PAMP MPs had a negative 

surface charge and had similar final loading (Fig. 1F). Batch-to-batch variability was 

assessed (Fig. 1G), as well as, storage stability (Fig. S1). Polydispersity index was measured 

over a 60-minute period after particles were resuspended in injection solution to assess 

particle stability before injections (Fig. 1G). There was very little batch-to-batch variability 

between the four batches both in size and encapsulation efficiency.

cGAMP improves anti-tumor efficacy over other PAMPs in Ace-DEX MPs

To assess the anti-tumor activity of PAMP MPs, mice were inoculated with B16F10 

melanoma cells. At day six, when tumors were palpable and around 100 mm3, mice were 

treated intratumorally (i.t.) with PAMPs loaded into Ace-DEX MPs (10 μg PAMP/dose). 

Mice were then treated every three days for a total of three injections. Once the last injection 

was complete, mice were continually monitored until they reached the study endpoint. 

Treatment with one of each of the four PAMP MPs showed significant tumor inhibition 

compared to PBS and Blank MP-treated mice (Fig. 2A). Mean survival was also increased in 

mice treated with cGAMP MPs, imiquimod MPs, and poly IC MPs (Fig. 2B). Although all 

compounds resulted in a decrease in tumor size, mice treated with the cGAMP MPs resulted 

in significantly smaller tumors compared to other PAMP MPs (p<0.05) (Fig. 2A). Based on 

these data, cGAMP MPs were selected as the optimal anti-tumor formulation and were used 

for all subsequent studies.

Anti-tumor activity of cGAMP is enhanced by Ace-DEX MP delivery in vitro

STING agonists, such as cyclic dinucleotides (CDNs) have recently gathered a great deal of 

interest as a cancer immunotherapy and are currently in clinical trials for treatment of solid 
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tumors7,49–51[NCT02675439, NCT03010176]. However, due to the hydrophilic, charged 

nature of STING agonists and STING’s localization in the cytosol, large quantities are 

needed to achieve biological effects7,52. Large quantities of STING agonists have caused T 

cell apoptosis16–18. Thus, there is interest in improving the delivery of STING agonists. In 

this study, we tested three doses of both encapsulated and soluble cGAMP in vitro. In 

agreement with previous literature, cGAMP Ace-DEX MPs enhance the pro-inflammatory 

cytokine secretion over soluble cGAMP at two doses in BMDCs (Fig. 2C–E).

cGAMP MP treatment inhibits tumor burden using four different routes of administration.

Cyclic dinucleotides have been delivered as anti-tumor therapeutics via several routes of 

administration7,49–51. However, the optimal route of administration for an immunotherapy 

has not been extensively investigated. To determine the optimal route of cGAMP MPs 

delivery, biodistribution experiments were performed on mice bearing B16F10 melanoma 

tumors. Texas-red labeled Ace-DEX cGAMP MPs were administered by i.p., i.m., i.v., or i.t. 

route. Mice were harvested 24 hours later and organs were imaged. Averaged radiance was 

measured and compared to other routes of administration (Fig. 3A, S2). As expected, i.m. 

resulted in the highest concentration of particles in the injection leg and i.t. resulted in the 

highest concentration of particles in the tumor (Fig. 3A, S2). The two systemic routes (i.p. 

and i.v.) resulted in significantly higher particles in the spleen. Only the i.v. route resulted in 

particles in the lung and liver (Fig. 3A, S2). After all four routes, particles were taken up 

preferentially by CD3−CD11b+ and CD3−CD11c+ cells, which are APCs (Fig. S3). To 

assess the tumor immune environment after the four routes of administration, mice were 

treated with 10 μg of MPs-encapsulated cGAMP administered by an i.p., i.m., i.v., or i.t. 

route. Three hours later, tumors and serum were harvested and an IFN-β ELISA was run on 

either tumor homogenate or serum. IFN-β levels were only increased in the tumor after i.t. 

administration and only increased in the serum after i.v. administration (Fig. 3B). Next, 

biological efficacy was determined by treating tumor bearing mice with 10 μg of 

encapsulated cGAMP administered by the four routes a total of three times. All routes of 

administration resulted in significant tumor inhibition compared to untreated mice (Fig. 3C). 

Moreover, the i.t. route of cGAMP MP administration resulted in significantly smaller tumor 

volume compared to both the i.p. or i.m. routes (Fig. 3C). However, tumor growth inhibition 

between the i.v. and i.t. treated mice was not significantly different (Fig. 3C). As systemic 

administration of STING agonists may be associated with deleterious effects16–18, further 

studies were conducted using an i.t. route of administration.

Anti-tumor activity of cGAMP is enhanced by Ace-DEX MP delivery in vivo

We next compared the biological activity of encapsulated and soluble cGAMP in the 

B16F10 tumor model. In vivo dose studies illustrate that encapsulated cGAMP significantly 

inhibited tumor growth at the 0.1 μg cGAMP dose compared to soluble drug (Fig. 4). There 

was not a significant difference in tumor size between the soluble and encapsulated cGAMP 

at the 1 and 10 μg doses (Fig. 4) and there was not a significant difference between the 

tumor growth in three cGAMP MP treated groups.
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The anti-tumor immune response produced by cGAMP MPs is dependent on host cell 
STING expression

To determine whether the effect of cGAMP MPs are on the host immune cells or directly on 

the tumor cells, treatment was performed in Tmem173−/− mice, which lack functional 

STING. Both wild-type (WT) and Tmem173−/− mice were inoculated with B16F10 

melanoma cells and then treated with either PBS or cGAMP MPs. Wild-type mice treated 

with cGAMP MPs had significant tumor growth inhibition compared to mice receiving PBS 

treatment, irrespective of genotype (Fig. 5). Importantly, cGAMP MPs treated Tmem173−/− 

mice did not demonstrate impairment of tumor growth (Fig. 5)50. These data demonstrate 

that the cGAMP MPs anti-tumor efficacy was dependent on STING expression.

Natural killer cells are responsible for the anti-melanoma immune response generated by 
cGAMP MPs in the B16F10 melanoma model

In agreement with previous literature, we have shown that cGAMP MPs are primarily taken 

up by the passive targeting of phagocytes53,54 (Fig. S3). We next investigated the changes in 

tumor infiltrating leukocyte populations after cGAMP MP treatment. Mice were inoculated 

with the B16F10 tumor cells and treated every three days for three total injections. Mice 

were then sacrificed on day 15 and tumors were harvested. Tumor infiltrating leukocytes 

were analyzed by flow cytometry. T cells were defined as CD3+, NK cells were defined as 

CD3-NK1.1+, and APCs were defined as CD3−CD11b+/CD11c+. Mice treated with cGAMP 

MPs had a significant increase in tumor infiltrating leukocytes (Fig. 6, Fig. S4 A–B). As 

expected, tumor infiltrating APCs marked by CD11b and CD11c were increased while 

increases in CD4+ and CD8+ T cells did not reach statistical significance (Fig. S4 A–D). 

Additionally, the percentage of tumor infiltrating NK cells was significantly increased after 

cGAMP MP treatment (Fig. 6A). Interestingly, the percentage of granzyme B+ NK cells was 

also increased (Fig. 6B), suggesting that the cGAMP MP treatment resulted in an increased 

recruitment of cytotoxic NK cells to the tumor environment. When treated with 0.1 μg of 

cGAMP encapsulated in Ace-DEX MPs, the number of NK cells was not significantly 

increased, however, the percentage of activated NK cells was significantly higher compared 

to PBS, blank MP, and an equivalent amount of soluble cGAMP (Fig. 6C, D). There was a 

negative correlation between NK cell number and tumor volume (Fig. S5) that was only 

significant for the mice treated with cGAMP MPs (Fig. S5).

To determine if NK cells, CD4+ T cells, or CD8+ T cells were functionally necessary for the 

anti-tumor response after cGAMP MP treatment, cell specific depletion antibodies were 

used. Mice were treated with either an isotype control IgG antibody, anti-NK1.1, anti-CD4, 

or anti-CD8 depletion antibodies. The efficiency of depletion was empirically confirmed by 

flow cytometry (Fig. S6). Consistent with the increased percentages of total NK cells (Fig. 

6A) and cytotoxic NK cells (Fig. 6B) in the tumor microenvironment, only the NK cell 

depletion with anti-NK1.1 antibody reduced cGAMP MP-mediated tumor growth inhibition 

(Fig. 6E–G). The 30-day survival curves support the tumor volume data where anti-NK1.1 

negated the benefit of cGAMP MPs and animals in this group showed significantly lower 

mean survival (Fig. 6H–J). Mice treated with cGAMP MPs after CD4+ or CD8+ T cell 

depletion did not have significantly altered mean survival times compared to the mice treated 

with cGAMP MPs with the isotype control (Fig. 6H–J). These data demonstrate that NK 
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cells are responsible for direct tumor killing after cGAMP MP treatment in the B16F10 

melanoma model.

A mixture of natural killer cells and T cells are responsible for the anti-tumor immune 
response generated by cGAMP MPs in a triple negative breast cancer (TNBC) model

The above experiments demonstrate that tumor growth inhibition in B16F10 inoculated mice 

treated with cGAMP MPs was mediated by NK cells. However, the B16F10 melanoma 

model is an aggressive and fast-growing cancer model. When no treatment was 

administered, only 50% survival remained at around day 15. The rapid kinetics of the 

B16F10 model may not be optimal for the assessment of a T cell role after cGAMP MP 

treatment. To determine if T cells played a role in the anti-tumor efficacy of cGAMP MPs, 

we treated mice with 0.1 μg of encapsulated cGAMP in a second murine tumor model with 

slower growth kinetics. We selected the E0771 TNBC model, where 50% survival occurs 

around day 28. This allowed for seven injections of the cGAMP MPs compared to three in 

the B16F10 model. It gave more time for a T cell response to develop, as an antigen specific 

T cell response takes days to weeks55,56. We also selected a TNBC model because this 

subtype is the most aggressive form of breast cancer and no effective targeted therapies have 

been developed57. Thus, TNBC is a good candidate for intervention with novel 

immunotherapies. The anti-tumor effect was recapitulated in the E0771 mouse model (Fig. 

7A, B). Tumor growth was inhibited after cGAMP MP treatment comparedto PBS, blank 

MP, and soluble cGAMP treatments (Fig. 7A), and cGAMP MP treatment resulted in a 

significantly increased mean survival time (Fig. 7B). These data confirm that the tumor 

growth inhibition by cGAMP MP was not a model dependent phenomenon.

We next performed antibody depletion studies in the E0771 TNBC mouse model to define 

the immune cell types that conferred anti-tumor immunity upon cGAMP MPs treatment. 

During the first 12 days of tumor growth assessment, mice treated with cGAMP MPs + 

αNK1.1 depletion antibody resulted in significantly smaller tumors than those treated with 

PBS + αNK1.1, but significantly larger tumors then mice treated with cGAMP MPs + 

Isotype antibody (Fig. S7A). A similar outcome was seen with the mice treated with 

cGAMP MPs + αCD8 depletion antibody during the first 12 days of tumor assessment (Fig. 

S7B). This indicates that the reduction of tumor size in the presence of cGAMP MPs was 

mediated by both NK cells and CD8+ T cells. In contrast to NK or CD8 depletion, CD4 

depletion resulted in better tumor control, perhaps due to the removal of CD4+ T regulatory 

cells (Fig. S7C). By day 18, the size of the tumors from the cGAMP MPs + αNK1.1 

depletion was similar to those from the cGAMP MPs + isotype group, indicating that NK 

cells were no longer contributing to anti-tumor immunity at this later timepoint (Fig. 7C). 

By contrast, the cGAMP MPs + αCD8 depletion group had significantly larger tumor 

volume than mice treated with cGAMP MPs + Isotype antibody, indicating the importance 

of CD8 T cells at this point for tumor control (Fig. 7D). Thus, both NK cells and CD8+ T 

cells were important in the early cGAMP MP anti-tumor efficacy but at later treatment 

times, CD8+ T cells dominated the antitumor activity. The mice given the cGAMP MPs + 

αCD4 depletion antibody had significantly smaller tumors compared to mice given PBS + 

αCD4 depletion antibody at early timepoints, however, as the depletion continued, both 

groups resulted in decreasing tumor volume (Fig. 7E). When tumor infiltrating leukocytes 
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were analyzed, tumors from the cGAMP MPs + αNK1.1 depletion had significantly higher 

CD8+ T cell numbers compared to the cGAMP MPs + isotype control (Fig. 7F). A similar 

compensation was seen after CD8+ T cell depletion with the activated NK cells, however, 

this phenomenon was not dependent on cGAMP MP treatment (Fig. 7G).

Discussion

While PAMPs represent attractive adjuvants for cancer immunotherapy, many PRRs reside 

within the cell and present a challenge for efficient loading and delivery. To determine if 

delivery with Ace-DEX MPs enhances the biological activity of immune compounds, we 

tested four encapsulated PAMPs. The four PAMPs were selected because each utilizes a 

different pathway and each has been used in clinical trials as potential cancer 

treatments12–15[NCT02276300, NCT02423863, NCT02675439]. In agreement with 

previously published literature, all PAMPs tested resulted in inhibited tumor 

growth12–14,31,58. However, cGAMP MP treated mice had significantly smaller tumors than 

all other treatments.

CDNs have been successfully delivered as immunotherapies using i.t., s.c., i.m., and i.v. 

routes of administration7,49–51. Route of administration has also been shown to affect 

cGAMP activity59. When testing cGAMP as a flu vaccine adjuvant, an intradermal injection 

in combination with a flu antigen resulted in enhanced protection compared to i.m. 

delivery59. However, the route of administration of cGAMP has not been directly compared 

within the context of tumor immunotherapy. Here we have shown that route of 

administration significantly changes the biodistribution and cytokine profile of the cGAMP 

MPs. We then demonstrated that cGAMP MPs significantly reduce tumor growth via 

multiple routes of administration, of which i.t. injections resulted in the most significant 

tumor growth inhibition. CDNs have been given by i.t. injection for the treatment of 

melanoma previously and it is currently being investigated in clinical trials7,50,51,60,61 

[NCT02675439]. Thus, for accessible tumors, i.t. injections are a translationally relevant 

route of administration for the cGAMP MPs. For inaccessible tumors, our results indicate 

that cGAMP MPs delivered by an i.v., i.p., or an i.m route of administration also retain 

significant anti-tumor efficacy.

Previously reported i.t. delivery of soluble STING agonists has resulted in tumor growth 

inhibition7,50,51,60,61. Although anti-tumor efficacy has been achieved through this local 

delivery of soluble cGAMP, high soluble concentrations (100–400 μg) are required for in 
vivo efficacy7,52. The high concentrations of STING agonists are required due to the 

cytosolic localization of the PRR. CDNs, such as cGAMP, are hydrophilic/charged 

molecules that cannot easily transverse the cell membrane to activate STING. The low 

molecular weight of cGAMP may also results in rapid diffusion from the injection site, 

decreasing potency22. For example, i.t. injections of STING agonists in clinical trials has 

begun at 50 μg per human dose [NCT02675439]. Other groups have previously shown that 

incorporation of cGAMP into liposomes reduced the cGAMP dose required to inhibit tumor 

growth to 10 μg cGAMP, a 10-fold dose reduction compared to soluble CDN51,61. However, 

Ace-DEX MPs have several advantages over other formulations. Electrospraying cGAMP 

into Ace-DEX MPs results in high (>90%) encapsulation efficiency of the molecule, 
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resulting in less wasted adjuvant (Fig. 1). The particles are stable over months of storage and 

are consistent across batches. Here, we achieve tumor growth inhibition in two challenging 

murine tumor models and increase mean survival time in a TNBC murine model at 0.1 μg 

dose of cGAMP delivered using Ace-DEX MPs, resulting in a 100-fold dose sparing over 

published cGAMP liposomes51,61 and up to 1,000-fold dose sparing compared to literature 

reports for soluble cGAMP7,52. The 0.1 μg cGAMP dose is the lowest reported amount that 

results in significant tumor inhibition62. A reduced amount of drug necessary to obtain a 

biological effect is desirable for translational application as high doses of STING agonists 

has been reported to cause T cell apoptosis.16–18. Encapsulation also achieves targeted 

delivery, mitigating effects on off target cells.

STING agonists have been shown to depend on M1 macrophage polarization, as well as, T 

cell and NK cell activation for anti-tumor efficacy63–65. The effect of cGAMP on 

macrophages has been investigated elsewhere63 and was not addressed in this paper. CD8+ T 

cells and NK cells are the two primary immune cell types responsible for direct tumor 

killing. We have shown that tumor infiltrating NK cells play a significant role in the anti-

tumor immune response generated by cGAMP MPs. Although the cGAMP MPs may be 

mechanistically similar to soluble cGAMP, our cGAMP MPs have enhanced the biological 

efficacy of cGAMP and thus, we achieved NK cell activation at low doses cGAMP (Fig. 

6D). The MPs alone have no effect on the anti-tumor immunity (Fig. 1), illustrating that the 

Ace-DEX MPs are inert and it is the encapsulation of cGAMP enhances the biological 

activity. After treatment with cGAMP MPs, the tumor infiltrating NK cells appeared to have 

enhanced killing function, as evidenced by an increase in NK cell granzyme B expression. 

Furthermore, depletion of NK cells significantly reduced the efficacy of cGAMP MPs 

directly implicating NK cells in the mechanism of action.

The cGAMP MP anti-tumor efficacy was completely NK cell-dependent in the B16F10 

melanoma model, but dependent on both NK cells and CD8+ T cells in the E0771 TNBC 

model, which had a slower tumor growth kinetics. Both NK cells and CD8+ T cells have 

previously been partially implicated in the anti-tumor immune response after CDN 

delivery,44,45,64. For example, i.t. injection of soluble cGAMP in a B16F10 melanoma 

model resulted in tumor growth inhibition. Depletion of CD8+ T cells during cGAMP 

treatment resulted in increased tumor size. However, tumor growth inhibition was still 

observed when compared to untreated tumors45. A partial dependence upon CD8+ T cells 

after cGAMP treatment was also observed in the 4T1 TNBC model and a B16F10 metastasis 

model as well50,61. We have shown that, depending on the model, STING-dependent anti-

tumor function can be dependent on NK cells alone or a combination of NK cells and CD8+ 

T cells. The discrepancies between the different tumor models can be explained by the CDN 

formulation and/or timing of the mouse model. In two of the studies, soluble or micellar 

cGAMP formulations were delivered by i.t. injections. Due to the smaller size of the 

particles, they have less selectivity then the MPs. We have shown that cGAMP Ace-DEX 

MPs are preferentially taken up by APCs, allowing for a more targeted delivery to APCs. 

Targeted delivery can mitigate the effects on off target cells, thus adding an advantage to the 

cGAMP MPs16–18. The mechanistic differences could also be due to a model dependent 

phenomenon. The B16F10 melanoma model used in our study was fast growing and highly 

necrotic, whereas, the E0771 TNBC was a slower growing, and more solid tumor. It can take 
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days to weeks to mount a full, robust adaptive immune response55,56. Therefore, the B16F10 

model may suggest the importance for NK cells in early tumor development before CD8+ T 

cells can begin to respond. This was also observed in the two-phase response to the E0771 

TNBC model. At early stages, depletion of NK cells with cGAMP MP treatment results in 

significantly larger tumors compared to isotype control mice treated with cGAMP MPs (Fig. 

S6). However, as the model progresses, NK cell depletion plays a less significant role as 

CD8+ T cells take over (Fig 7C–E). The T cell dependence of the E0771 model was also 

observed in the CD4 depletion groups. In the later stage tumor development, both PBS and 

cGAMP MPs treated mice given CD4 depletion resulted in shrinking tumors. We 

hypothesize that this was due to the importance of regulatory T cells in the E0771 model, as 

previously reported66. Interestingly, when mice were treated with cGAMP MPs and depleted 

of NK cells, the number of CD8+ T cells increased within the tumor compared to mice 

treated with cGAMP MPs and the isotype control. This suggests that when NK cells are 

absent, the CD8+ T cells compensate for the NK cells absence after cGAMP MP treatment. 

The same was seen with activated NK cells after CD8+ T cells depletion, however, this 

occurs regardless of the cGAMP MP treatment. All of these data indicate the importance of 

NK cells involvement in early stages of tumor immunotherapy after cGAMP MP treatment.

Until recently, NK cells have been overlooked in regard to cancer immunotherapy. The past 

few years has seen increased interest in NK cells targeted therapies, many of which have 

entered clinical trials. One such therapy is NK cell adoptive transfer [UMIN000007527, 

NCT00187096]. However, NK cell adoptive transfer has low efficacy and can result in graft 

versus host disease if T cells are not properly suppressed67. Recombinant cytokine therapies, 

such as IL-2 and IL-15, are currently either approved for clinical use or undergoing clinical 

trials. IL-2 treatment is an FDA approved therapy that effects both T cells and NK cells. 

IL-15 therapy, which more specifically targets NK cells, is currently in clinical trials 

[NCT01385423, NCT01875601]. Both IL-2 and IL-15 therapies have toxicity issues and 

severe side effects that lead to patient noncompliance67. Checkpoint inhibition has also been 

used to improve NK cell anti-tumor efficacy. This includes monoclonal antibodies against 

killer-cell immunoglobulin-like receptor (KLR), a family of receptors highly expressed in 

NK cells, and NK2GA, a receptor expressed predominantly on NK cells67. However, these 

checkpoint inhibitors have low efficacy67. In this study, cGAMP MP treatment resulted in a 

robust NK cell mediated cancer immunotherapy. This NK cell dependent therapy has several 

advantages over solely NK targeted therapies. We achieved significant tumor growth 

inhibition and increased mean survival time after cGAMP MP delivery alone. Moreover, the 

ability to locally deliver cGAMP MPs decreases the likelihood for off target effects often 

seen with recombinant cytokines (e.g. IL-2, IL-15, and IFN-α).

These data demonstrate that treatment with cGAMP MPs leads to generation of a robust 

innate and adaptive immune-mediated anti-cancer response. The innate and adaptive 

immune response are both important when responding to cancer. The majority of cancer 

immunotherapies have focused on the adaptive immune response because of the ability to 

generate a memory response. Innate immune cells, such as NK cells, respond faster than the 

adaptive response. This was illustrated by the significant NK cell reliance in the fast growing 

B16F10 model and in the early stages of the E0771 TNBC model. This robust innate 

immune activation in combination with cGAMP’s ability to activate CD8+ T cells creates a 
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balanced anti-tumor immune response, combining a rapid anti-tumor innate immune 

response, along with the memory and longevity of an adaptive immune response.

Conclusions

In summary, we demonstrated that Ace-DEX MPs encapsulating cGAMP resulted in the 

most efficacious tumor growth inhibition compared to three clinically relevant PAMP MPs. 

The cGAMP MPs also enhanced tumor growth inhibition in four routes of administration, 

but the intratumoral route was the most effective. Ace-DEX MPs enhanced the biological 

activity of cGAMP both in vitro and in vivo in two, difficult to treat, murine tumor models. 

We showed that a 0.1 μg dose of cGAMP was needed to obtain this tumor growth inhibition. 

This was the lowest dose of cyclic dinucleotides reported that results in an anti-tumor 

immune response. The resulting anti-tumor efficacy was NK cell dependent in the fast 

growing B16F10 melanoma model while the anti-tumor efficacy of the slower growing 

TNBC model was dependent on both NK cells and CD8+ T cells. This works shows that NK 

cells are important in the initial stages of the STING-dependent, anti-tumor immune 

response. Overall, these data provide new insights into patient treatment options and the 

mechanism of STING dependent anti-tumor immune response.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ace-DEX MPs characteristics.
(A-E) Scanning electron microscopic images of PAMP microparticles (MPs). (F) Table of 

MPs characteristics. (G) Batch-to-batch size, loading, and encapsulation efficiency data for 

cGAMP loaded MPs. Data are displayed as mean ± S.D.
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Figure 2. cGAMP MPs enhance anti-tumor immune response over other PAMPs and increase 
biological activity in vitro
(A-B) Mice were inoculated with B16F10 cells on day 0. Tumors were treated with either 

PBS, Blank MPs, or 10 μg of encapsulated PAMPs by i.t. administration on day 6, 9, and 12. 

Tumors were measured until diameter >20mm. (C-E) BMDCs were treated with either 0.1 

or 1 μg/mL of cGAMP (either as free drug or encapsulated in Ace-DEX MPs) for 24 hours. 

Supernatants were then collected and run on ELISA. (A-B. n=10 over 2 experiments, (C-E) 

n=6 over 3 experiments ± SEM). A. Two-way ANOVA, B. Mantel Cox test, C-E. One-way 

ANOVA. * p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Figure 3. Intratumoral (i.t.) delivery is the optimal route for cGAMP MPs.
Mice were inoculated with B16F10 cells on day 0. (A) On day 10, mice were injected by 

four routes of administration with 1 mg of Texas-red labeled cGAMP Ace-DEX MPs. 

Twenty-four hours later, mice were sacrificed and brain, liver, kidneys, spleen, inguinal 

lymph nodes, lung, and tumors were removed. Average radiance was detected by the IVIS 

Kinetic at an excitation wavelength of 570nm. (B) On day 10, mice were treated with 10 μg 

of encapsulated cGAMP. Three hours later, mice were sacrificed and tumor was removed. 

And homogenized. Supernatants were taken and measured for IFN-β or IL-6 ELISA. (C) On 

day 6, 9, and 12, mice were injected i.p., i.m., i.v., or i.t. with 10 μg of encapsulated cGAMP. 

Tumor were monitored every 3 days. (A. n=7–8 mice over 2 experiments, B. n=8 mice over 

2 experiments, C. n=10–12 mice over 3 experiments ± SEM). A, B. One-way ANOVA, C. 

Two-way ANOVA. **p < 0.01, ***p < 0.001, ****p < 0.0001
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Figure 4. Ace-DEX MPs enhance cGAMPs biological activity at lower doses.
Mice were inoculated with B16F10 cells on day 0. On day 6, 9, and 12 mice were treated 

with either PBS, blank Ace-DEX MPs, and 0.1 μg, 1 μg, or 10 μg of either soluble (Sol) or 

encapsulated cGAMP. Tumor volume was monitored every 3 days (n = 10–12 mice, mean ± 

SEM over 3 experiments). Two-way ANOVA ***p < 0.001, ****p < 0.0001
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Figure 5. cGAMP MPs anti-tumor efficacy is STING dependent.
(A-B) C57BL6/J mice or B6(Cg)-Tmem173tm1.2Camb/J (Tmem173−/−) were inoculated 

with B16F10 tumors on day 0. Starting on day 6, 9, and 12 mice were treated with either 

PBS or 10 μg cGAMP encapsulated in Ace-DEX MPs by i.t. administration. Tumor volume 

was monitored every 3 days and mice were sacrificed when tumors reached 20 mm in 

diameter (n = 8–10 mice ± mean SEM over 2 experiments). A. Two-way ANOVA, B. 

Mantel Cox test (B) ***p < 0.001, ****p < 0.0001
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Figure 6. cGAMP MP anti-tumor efficacy is NK cell dependent in melanoma model.
(A-J) Mice were inoculated with B16F10 cells on day 0. (A-D) On day 6, 9, and 12 mice 

were treated with cGAMP (A-B 10 μg, C-D 0.1 μg) encapsulated in Ace-DEX 

microparticles (MPs) by i.t. administration. On day 15, mice were sacrificed and tumors 

were processed and stained for the presence of tumor infiltrating leukocytes by flow 

cytometry (n=9–10 mice, mean ± SEM over 2 experiments). (E-J) On day 5, mice received 

their first i.p. injection of 400 μg of either an isotype control, or an αCD4, αCD8, or 

αNK1.1 depletion antibody. Mice continued to receive this dose twice a week for the 

reminder of the study. On day 6, 9, and 12 mice were treated with either PBS or 10 μg 

cGAMP encapsulated in Ace-DEX MPs. Tumor volume was monitored every 3 days for 30 

days. The isotype control groups are repeated in panels E-G. (n=10 mice, mean ± SEM over 

2 experiments). A-D. One-way ANOVA, E-G. Two-way ANOVA, *p < 0.05, **p < 0.01, 

****p < 0.0001, #p< 0.05, ##p < 0.01, ###p<0.001, †p< 0.05
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Figure 7. cGAMP MP anti-tumor efficacy is NK and CD8+ T cell dependent in a TNBC model.
(A-E) Mice were inoculated with E0771 cells on day 0. Starting on day 6, mice were treated 

with either PBS or 0.1 μg cGAMP encapsulated in Ace-DEX microparticles (MPs) by i.t. 

administration for a total of 5 (C-E) or 7 injections (A-B). Tumor volume was monitored 

every 3 days. The isotype control groups are repeated in panels C-E. On day 21 mice were 

sacrificed and tumor infiltrated leukocytes were analyzed by flow cytometry (F-G) (A-B. n = 

9–10 mice, C-E. n=8–10 mice, F-G. n=3–5 mice mean ± SEM over 2 experiments). A,C-E. 

Two-way ANOVA, B. Mantel Cox test, F-G. One-way ANOVA. *p < 0.05, **p < 0.01, 

****p < 0.0001, ####p<0.0001.
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