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ABSTRACT 

The stimulator of interferon genes (STING) pathway presents tremendous promise in the 

realm of cancer treatment because of its essential role in promoting antitumor immune 

responses. Our lab has recently developed an immunotherapeutic nanoparticle (NP-

cGAMP) that is capable of STING pathway activation. NP-cGAMP has an ability to 

deliver STING agonist (cGAMP) to bind to STING in cytosol and induce the production 

of type I interferons (IFNs) and other proinflammatory cytokines. This study investigated 

the immunological effects of NP-cGAMP on macrophages and tested if NP-cGAMP could 

boost macrophages’ tumor killing ability.  

The STING activation was evaluated and confirmed by measuring type I IFNs and 

proinflammatory cytokines through real-time qPCR and ELISA assays. Expression of 

CD86 and MHC II on macrophages, the maturation and activation markers, was 

determined by flow cytometry. NP-cGAMP enhanced antitumor effects of bone marrow-

derived macrophage (BMDM) against non-small cell lung cancer (NSCLC) Lewis lung 

cancer (LLC) and CMT-167 cells, and mesothelioma AB1 cells were examined using the 

CytoTox 96 Non-radioactive Cytotoxicity Assay.  

Overall, our study demonstrated that NP-cGAMP effectively activated the STING pathway 

and stimulated BMDM maturation. Additionally, the treatment with NP-cGAMP enhanced 

the tumor killing ability of macrophages against all three tumor cell lines.  
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Introduction 

1.1 Lung cancer  

In 2020, around 19.3 million new cancer cases occurred around the world. The case number 

of cancers is expected to increase to 28.4 million in 2040, a 47% growth from 2020. Lung 

cancer (~2.24 million new cases) was the second most diagnosed cancer type in 2020 [1]. 

Among cancer patients in the United States, lung cancer ranks as the primary cause of 

mortality [2]. Above 80% of lung cancers are NSCLC [3]. Also, around 35% of NSCLC 

patients experience locally advanced nonmetastatic disease [4] and be diagnosed as Stage 

III NSCLC [5].  

Only half of the Stage III NSCLC are operable with surgery and up to 70% of post-

operative patients experience cancer recurrence or even death [6]. Arriagada et al.[7] 

published an analysis disclosing that pre-and post-operative chemotherapy could only 

increase the 5-year overall survival (OS) rate from 30% to 35% for patients diagnosed with 

Stage III NSCLC [7]. Radio-chemotherapy is the standard of care treatment because many 

patients are inoperable, and chemotherapy alone is insufficient as a treatment option. 

Aupe´rin et al. [4] demonstrated that concomitant radio-chemotherapy increased the 

survival rate of locally advanced NSCLC patients better than sequential radio-

chemotherapy. However, the improvement of survival benefit is still minimal as they found 

just a 5.7% improvement in the 3-year OS rate and 4.5% improvement in the 5-year OS 

rate [4]. As such, there is a great need for effective cancer therapeutics for NSCLC.   
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1.2 Immunotherapy  

Cancer immunotherapy is providing tremendous promise in cancer treatment by enhancing 

the human body’s antitumor immune functions. In recent years, the identification of 

stimulator of interferon (IFN) genes (STING) pathway has opened essential insights into 

the development of effective cancer therapies. Increasing evidence has indicated that the 

STING signal is critical for protecting cells from pathogen attacks and prohibiting cancer 

growth by promoting antitumor immune responses [8, 9].  

1.21 The cGAS-STING pathway 

Figure 1 describes a brief overview of the cyclic-GMP-AMP synthase (cGAS)-STING 

pathway. Deoxyribonucleic acid (DNA) is genetic material that can work as a pathogen 

signature to trigger potent immune responses. When damaged or dead cells release double-

strand DNA, the DNA gains access to the cytosol of antigen-presenting cells (APC), such 

as macrophages. cGAS is able to detect this cytosolic DNA that will then lead to the 

synthesis of cyclic guanosine monophosphate-adenosine monophosphate-adenosine 

monophosphate (cGAMP) through interactions with cGAS, adenosine triphosphate (ATP), 

and guanosine triphosphate (GTP) [10]. cGAMP, as a second messenger, will then bind to 

and further activate STING. Following this activation, STING sends signals to tank-

binding kinase 1 (TBK1) and recruits this kinase to the nucleus of APC. Binding with the 

transcription factor interferon regulatory factor 3 (IRF 3), TBK1 phosphorylates IRF3 

leading to the transcription of type I IFN and other proinflammatory genes[10, 11]. Instead 

of triggering the synthesis of cGAMP itself which will lead to STING activation, the 
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STING pathway can also be deliberately activated by exogenous STING agonist, cGAMP 

[10]. 

Figure 1| A schematic overview of the cGAS-STING pathway. In the tumor microenvironment, tumor-

derived DNA is released from tumor cells and then travels to the cytosol of APCs. Cytosolic DNA will be 

recognized by cGAS of macrophages. The synthesis of cGAMP is then achieved with ATP and GTP. This 

ligand binds with STING, which located on the endoplasmic reticulum (ER). Activated STING will recruit 

TBK1 and phosphorylates the transcriptional factor, IRF3, and stimulate the production of type I IFN and 

other proinflammatory cytokines. 
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1.2.2 Nanoparticle loaded with STING agonist 

Recently, our lab has developed an immunotherapeutic nanoparticle, nanoparticle-cGAMP 

(NP-cGAMP)[12]. Nanotechnology plays an increasingly important role in drug delivery 

vehicles because of its potential benefits of enhanced targeting, minimized toxicity, and 

controlled dose release. The NP-cGAMP included in this study is coated with 

phosphatidylserine (PS), loaded with STING agonist, cGAMP, and complexed with 

calcium phosphate (CaP). PS located on the surface of nanoparticle works on attracting 

macrophages and dendritic cells by their surface PS receptors[13, 14]. CaP is utilized to 

pack cGAMP in the core of NP-cGAMP securely. CaP also functions on facilitating an 

endosomal escape pathway for released cGAMP to bypass the degradation effects caused 

by lysosome [15, 16]. After the preferential uptake by APCs, NP-cGAMP will release 

cGAMP under acidic endosomal pH. cGAMP is then released to the cytosol and interacts 

with STING leading to activation of STING pathway.  

1.2.3 Macrophage  

Macrophage is one of the innate immune cells, which serves a critical role in protecting the 

human body against pathogen invasion. Many stimuli can activate macrophages during 

immune responses, such as cytokines secreted by T cells [17]. One primary function of 

activated macrophages is phagocytosis (Figure 2). Macrophages have special phagocytic 

receptors that can recognize specific motifs of pathogens [18]. After successfully detecting 

pathogens, apoptotic cells, or cancer cells, the internalization process is activated. A 

phagosome is formed to wrap around the targeted cells. This phagosome will eventually 

develop and transform into a phagolysosome, which is responsible for the intracellular 
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destruction of the targeted cells [19]. After phagocytizing target cells, macrophages will 

digest the target cells into many fragments of antigens. These antigens will be translocated 

to the surfaces of the macrophages by major histocompatibility complex class II (MHC II) 

molecules. Thereby, the antigen-presenting macrophage serves as an indicator for other 

immune cells.  In addition to phagocytosis, macrophages can be activated by type I IFN 

and then secrete reactive oxygen species (ROS), such as nitric oxide (NO). NO is well 

known for inhibiting the proliferation of surrounding cells and eventually preventing tumor 

growth [20]. Macrophages can also indirectly lead to tumor cell lysis by promoting the T 

cell function and recruiting T cells to attack tumor cells [21]. We have used BMDMs in 

this study because they are commonly used for macrophage studies, and they are non-

transformed macrophages that can fairly respond to activating and inhibiting stimuli. We 

aimed to demonstrate whether these macrophages would respond to stimuli induced by 

STING activation, which NP-cGAMP triggered.  
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Figure 2| Brief overview of macrophage-mediated tumor killing mechanisms. 1. Killing through 

phagocytosis and serving as antigen presenting cells. 2. Killing through the secretion of substances, which 

play a role in inhibition of tumor growth.  3. Killing through recruitment of other immune cells, such as T 

cells, which will then destroy the tumor cells. 

 

1.3 Research Design 

This study aimed to demonstrate that direct cytotoxic function of macrophages can be 

achieved and enhanced through STING activation with NP-cGAMP. We hypothesized that 

our NP-cGAMP could be preferentially detected and engulfed by BMDM cells. NP-

cGAMP could effectively trigger the STING pathway and stimulate BMDM maturation. 

Eventually, NP-cGAMP would significantly enhance macrophage’s tumor-killing activity. 
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Figure 3 briefly shows the research design. The first step was to prepare PS-coated NP-

cGAMP using the water-in-oil reverse microemulsion method [22] and determine the 

characterization of the nanoparticle. Then, we isolated and induced BMDMs from mouse 

bone. After treating BMDMs with PS-coated NP-cGAMP overnight, we collected the 

supernatant and activated BMDMs to determine the production of proinflammatory 

cytokines in both protein levels (by enzyme-linked immunosorbent assay (ELISA)) and 

messenger RNA (mRNA) levels (by real-time quantitative-polymerase chain reaction 

(real-time q-PCR)). After using flow cytometry to quantify BMDM activation, we utilized 

a non-radioactive cytotoxicity assay to detect BMDM cell’s tumor killing ability for two 

NSCLC cell lines: CMT-167-LUC and LLC-LUC-RFP, and one malignant mesothelioma 

cell line: AB1.  

 

Figure 3 |Research design flow chat. 
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Methods 

2.1 Preparation of PS-coated NP-cGAMP 

2.1.1 Step 1: preparation of CaP core with inner lipid coating: 

A microemulsion phase (oil phase 1) was prepared in a 50 mL flask by adding 150 µL of 

2.5 M CaCl2 (in double-distilled water, pH=7) to 5 mL mixed oil phase (cyclohexane: 

igepal co-520= 79:21, volume ratio) and was stirred at 600-800 rpm for 20 min. Oil phage 

2 was prepared by adding 50 µl of 20 mM lipid mixture (Bovine PS: 

Distearoylphosphatidylcholine (DSPC): cholesterol=5:4:1, molar ratio) to 5 mL oil phase 

(cyclohexane: igepal co-520 = 79:21, volume ratio) in another 50 mL flask. To achieve a 

ratio of 100:1 of the calcium (Ca) and phosphate (P), 150 µL 25 mM Na2HPO4 (in double-

distilled water, pH=9) was added to oil phase 2 and stirred at 700 rpm for 10 min. To load 

cGAMP (2’3’-cGAMP, cyclic [G(2’5’)pA(3’5’)p]) into the CaP core, half of the expected 

amount of cGAMP, 60 µg, was respectively mixed to each of the solutions of CaCl2 and 

Na2HPO4.  

Oil phase 1 was added to oil phase 2 and stirred at 800 rpm for 20 min to generate the CaP 

core with an inner anionic lipid coating. 10 mL ethanol was added to the flask, stirred at 

700 rpm for 10-20 min, and centrifuged at 12,000 g for 10 min. 

CaP cores precipitated following the centrifugation and the supernatant was discarded to 

remove excess reactants (cyclohexane, igepal co-520, and lipids). Excessive ethanol was 

added to resuspend the CaP cores and followed by centrifuging at 12,000 g, 10 min. After 

repeating this washing process three times, 1 mL chloroform was used to resuspend the 
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CaP cores and centrifuged at 2,000 g for 5 min to remove free CaP without lipid coating. 

1 mL chloroform was added to resuspend lipid-coating CaP and stored at -80 °C for Step 

2 [12]. 

2.1.2 Step 2: preparation of CaP core with biolayer lipid coating: 

1 mL CaP core with inner lipid coating, stored in chloroform, was added into a 50 mL flask. 

110 µL of 20 mM outer lipid mixture (Bovine PS: DSPC: cholesterol: 1, 2-Distearoyl-sn-

glycero-3-phosphoethanolamine-Polyethylene glycol (DSPE-PEG) = 5:4:1:1, molar ratio, 

in chloroform) was added to the flask. Rotary evaporation (at 70 °C) under decreased 

pressure was performed to remove chloroform from the mixture to slowly form a lipid film. 

The rehydration process was performed by adding 1 mL of deionized water to the mixture 

followed by water bath sonication for 5 min at 70 °C and sonic probe for 2 min at 30% 

power with 50 % pulse. 0.45 µM filter membrane was applied to remove excessive and 

free lipid from the finished nanoparticles. The PS-coated NP-cGAMPs were stored at 4 °C 

[12]. 

2.1.3 Labelling PS-coated NP-cGAMP with DiR 

DiR-labelled nanoparticles were prepared to monitor BMDM's uptake of PS-coated 

nanoparticles. DiR-labelled liposome was formed by adding DiR fluorescent dye into the 

lipid film during the standard particle preparation process. 5% DiR dye was incorporated 

in the outer lipid mixture (Bovine PS: DSPC: cholesterol: DSPE-PEG: DiR= 5:4:1:1:0.5, 

molar ratio, in chloroform).  
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2.2 Characterization of NP-cGAMP 

Malvern Zetasizer Nano ZS90 was used to measure the size, polydispersity index (PDI), 

and zeta potential of NP-cGAMP. High-performance liquid chromatography (HPLC) was 

used to detect the encapsulation rate and loading efficiency of cGAMP. In brief, 0.2 mL of 

NP-cGAMP solution was added to 0.2 mL 0.8 M HCl and incubated for 24 hours. The 

strong-acidic environment dissolved the CaP cores of the nanoparticle. Thus, the 

encapsulated cGAMP was released to the medium. After centrifuging the solution at 

14,000 g for 15 minutes, the supernatant was collected and analyzed by an Agilent 110 

HPLC system. The release kinetics of NP-cGAMP under different pH environments was 

also studied in this thesis project. Nanoparticles were added to release mediums at three 

various pH values: 7.4, 6.5, and 5.0. The releasing medium was collected at 0.5, 1, 2, 4, 8, 

12, 24, 36, 48, and 72 hours. Collected samples were then analyzed using HPLC to obtain 

the individual concentration of cGAMP present in each sample. Each condition was 

prepared and performed in triplicate.  

2.3 Cell lines 

This study included three different cell lines. Two of them were the mouse NSCLC cell 

line: LLC cells, and CMT-167 cells. The LLC cells were transfected with firefly luciferase 

and red fluorescent protein (LLC-LUC-RFP). The CMT-167 cells were transfected with 

firefly luciferase (CMT-167-LUC). Both LLC-LUC-RFP and CMT-167-LUC were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM), with 10% fetal bovine serum 

(FBS) and 1% penicillin-streptomycin (P/S; 100 U/mL penicillin and 100 µg/mL 

streptomycin). This study also included a murine mesothelioma cell line, AB1. AB1 was 
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cultured in Roswell Park Memorial Institute (RPMI) 1640 medium and supplemented with 

5% FBS and 1% P/S. All three cell lines were incubated in a carbon dioxide (CO2) 

incubator, which provided a humidified environment containing a 5% CO2 concentration 

and a stable temperature of 37 °C. 

2.4 Isolation and culture of BMDMs from mouse bone marrow 

Figure 4 | Schematic of bone marrow isolation from mice bone and the induction process of BMDMs. 

The processes included the dissection of mouse tibias and femurs, flushing bone marrows with medium, and 

cell incubation with growth factor (M-CSF).  

 

C57BL/6 mice were euthanized by inhalation of anesthesia and then cervical dislocation. 

After soaking the whole body in 70% ethanol for 5 minutes, the hind legs were dissected 

by sterile tweezers and scissors. Tibias and femurs were gently disjointed by hand. Bones 

were carefully scrubbed with sterile paper towels to remove all soft tissues, including 

muscles, ligaments, and tendons. Bones were transferred into a 100 mm Petri Plate and 

rinsed twice by 1X phosphate-buffered saline (PBS) with 1% P/S. 

In a biosafety cabinet, the bones were transferred into a 100 mm sterile culture plate with 

10 mL incomplete minimum essential medium Eagzle-alpha modification (α-MEM), 

supplemented with 1% P/S. The two ends of each bone were excised below the end of the 

marrow cavity by sterile forceps and scissors. Bone marrow cells were gently flushed from 

each open-ended bone by using a sterile 20-gauge needle and 5 mL syringe. The flushing 
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process was repeated until the bones became pale [23]. The isolated bone marrow cells 

were filtered by 70 µM cell strainers and lysed with a 2 mL ACK Lysis Buffer. After 

centrifuging at 400 g for 5 minutes, the cells were manually counted in a hemocytometer 

with trypan blue dye. For each mouse, around 33x106 to 40x106 cells were flushed out from 

bones. Cells were cultured in a sterile 100 mm culture plate with 20 mL completed α-MEM, 

containing 10% heat-inactivated FBS and 1% P/S, in a density of 2x106 cells/mL. The 

culture plate was stored at 37 °C in a 5% CO2 incubator for 18 hours. The floating cells 

were collected, centrifuged, and incubated in completed α-MEM containing 50 ng/mL M-

CSF, 10% heat-inactivated FBS, and 1% P/S. Four days later, all adherent cells in the 

culture plates were BMDMs [12]. BMDMs stopped growing and maintained their best 

status from day 5 to day 8. Flow cytometry and fluorophore-conjugated antibodies 

confirmed the formation of matured BMDMs by detecting the expression of surface 

antigens, including CD11b and F4/F80. The expression levels of CD11b and F4/80 reached 

70-85% (CD11b+F4/80+). 

2.5 Cellular uptake of PS-coated NP-cGAMP in vitro 

To determine whether the PS-coated nanoparticles are preferentially detected and engulfed 

by BMDMs rather than three tumor cells, the cellular uptakes of DiR labelled nanoparticles 

were observed by a Nikon Eclipse Ti fluorescence microscope. 5000/well BMDMs or 

tumor cells were incubated with poly-L-lysine-coated coverslips in a 24-well plate 

overnight. After replacing the culture medium in each well, DiR-labelled NP-cGAMP was 

added to each well and co-cultured with BMDMs or tumor cells for 30 minutes. The cells 

were fixed with ice-cold 4% paraformaldehyde (PFA) for 15 minutes at 4°C, then soaked 

and washed three times by 400 µL 1X PBS. 300 µL/well 1X PBS, containing 0.2 % Triton 
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X-200, was added to the plate and incubated for 15 minutes. The cells were incubated with 

phalloidin-iFlour 488 (staining actin filaments) for 20 minutes at room temperature, then 

incubated with DAPI (4’,6-diamidino-2-phenylindole, staining nuclei) for 5 minutes. After 

mounting the coverslips on fresh microscopy slides and sealing the coverslips with nail 

polish, the cells were ready for imaging with fluorescence microscopy. 

2.6 Toxicity study of NP-cGAMP 

The toxicity assessment of PS-coated NP-cGAMP was quantified by measuring the 

viabilities of BMDMs and LLC-LUC-RFP cells when co-cultured with NP-cGAMP. 2x106 

BMDM cells/ plate were seeded in two 60-mm plates with 3 mL/plate completed BMDM 

medium (completed α-MEM, supplemented with 50 ng/mL M-CSF). Similar to BMDMs, 

2x106 LLC-LUC-RFP cells/ plate were seeded in two 60-mm plates with 3 mL/plate 

completed DMEM (10% FBS and 1% P/S). 3.75 µL NP-cGAMP (167 nM cGAMP) was 

added to each nanoparticle treatment group and 3.75 µL 1X PBS was added to each control 

group. Four plates were incubated at a 5% CO2, 37 °C incubator overnight. After 18 hours, 

cells were harvested from the plates. The numbers of live cells and dead cells were counting 

with trypan blue (TB) and hemacytometer.  

2.7 Real-time qPCR of type I IFN and several inflammatory 

cytokine genes in BMDM 

Real time qPCR was performed to test whether BMDMs treated with NP-cGAMP increase 

type I IFN and proinflammatory cytokine levels than PBS-treated BMDMs. BMDM cells 

(2x106) were seeded in sterile 60-mm plates with 3 mL/plate completed BMDM medium. 

3.75 µL NP-cGAMP or 3.75 µL 1X PBS were added to plates. 60-mm plates were 
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incubated in a 37 °C, 5% CO2 incubator for 18 hours. The BMDM cells were harvested 

for real-time qPCR, flow cytometry, and cytotoxic assay. The supernatants were collected 

for ELISA assay. The cellular RNAs of NP-cGAMP-treated BMDMs and PBS-treated 

BMDMs were extracted by TRIzol reagent (Thermo Fisher). A high-capacity cDNA 

Reverse Transcription Kit (Thermo Fisher) was used to transcribe collected RNA to 

complementary DNA (cDNA). PowerUp SYBR Green Master Mix (Thermo Fisher) was 

used to perform real-time q-PCR, with gene primers: Ifnb1, Cxcl 10, Tnf, Il6, Il12b, Il1b, 

and Il15 (Table 1). Gene Gapdh (glyceraldehyde 3-phosphate dehydrogenase) was 

included as a housekeeping gene. Every individual gene level from NP-cGAMP treated 

BMDMs was normalized against the housekeeping gene and compared with the 

corresponding gene expression from PBS-treated BMDMs.  

Table 1| Primer list for real-time qPCR 

 

2.8 ELISA assay 

We used a mouse IL-15 uncoated ELISA assay (ThermoFisher) to determine whether NP-

cGAMP could significantly enhance BMDMs’ IL-15 protein expression. After treating 

BMDMs with 0.375 µL NP-cGAMP or 1X PBS in 60-mm plates overnight, we collected 

supernatants to perform the ELISA assay. In brief, a 96-well plate was coated with 

100µL/well IL-15’s capture antibody at 4°C overnight. 200 µL/well 1X PBS was then used 

Gene Forward (5’-3’) Reverse (5’-3’) 

Gapdh AAGGTCATCCCAGAGCTGAA CTGCTTCACCACCTTCTTGA 

Ifnb1 CAGCTCCAAGAAAGGACGAAC GGCAGTGTAACTCTTCTGCAT 

Cxcl10 CCTCATCCTGCTGGGTCTG CTCAACACGTGGGCAGGA 

Tnf CCAGTCTGTATCCTTCTAA TTGTGTTTCTGAGTAGTTG 

Il6 TGATGCACTTGCAGAAAACA ACCAGAGGAAATTTTCAATAGGC 

Il12b GATGACATGGTGAAGACGGC AGGCACAGGGTCATCATCAA 

Il1b GAAAGACGGCACACCCACC AGACAAACCGCTTTTCCATCTTC 

Il15 GTGACTTTCATCCCAGTTGC TTCCTTGCAGCCAGATTCTG 
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to block the plate for 1 hour at room temperature. The protein standards were prepared by 

performing 2-fold serial dilutions of the top standard (500 pg/mL) to make a standard curve 

with 5 points. 100 µL/well standard solutions or BMDM supernatants were added to the 

96-well plate and incubated overnight at 4°C to achieve maximum sensitivity. All cultures 

were carried out in triplicate. 100 µL/well IL-15’s detection antibody was added to wells 

and incubated at room temperature for 1 hour. 100 µL of diluted pre-titrated Avidin-HRP 

was added to each well and incubated at room temperature for 30 minutes. So far, the plate 

was aspirated and washed at least four times with 300 µL/well wash buffer (1X PBS, 0.05% 

Tween™ -20) before adding the next step’s solvents. 100 µL tetramethylbenzidine (TMB) 

substrate solution was added to each well and incubated at room temperature in a dark 

environment for 15 minutes. 100 µL/well stop solution (2N H2SO4) was directly added to 

the plate and mixed with 100 µL TMB substrate. Then optical densities were measured by 

a microplate reader (Bio-Rad) at a wavelength of 450 nm. 

2.9 Flow cytometry 

We used flow cytometry to confirm whether NP-cGAMP efficiently stimulates BMDM 

activation. We compared the expressions of MHC II and the cluster of differentiation 86 

(CD86) between the nanoparticle treated groups and the control groups. BMDM cells were 

separately treated with 167 nM NP-cGAMP and 1X PBS and were harvested for Flow 

Cytometry after 18 hours. All BMDMs were stained with Zombie Aqua fluorescent dye 

(BioLegend), which was commonly used to assess the mortality of mammalian cells. 

Subsequently, BMDMs were distributed into four groups and separately stained with 

antibodies of CD86, I-A/I-E (MHC II), CD86 isotope control, MHC II isotope control. BD 

Canto II Flow Cytometer was used to perform Flow Cytometry. The results of Flow 
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Cytometry were analyzed by FlowJo software (BD Biosciences). The software excluded 

the doublets and dead cells’ signals (false positive signals) to ensure the accuracy of desired 

fluorescence intensity. We set gates and quadrants based on isotype controls and subtracted 

the mean fluorescence intensity (MFI) of each isotype control from CD86’s and MHC II’s 

MFI values.  

2.10 In vitro BMDM cytotoxicity  

2.10.1 Optimization of target cell number for cytotoxicity assay 

LLC-LUC-RFP, CMT-167-LUC, and AB1 were used as target cells to test BMDM’s 

killing activity elicited by NP-cGAMP treatment. The killing effects of BMDMs against 

three tumor cells were determined by the CytoTox 96 Non-Radioactive Cytotoxicity Assay 

Kit (Promega). This assay kit could quantitatively measure the amount of lactate 

dehydrogenase (LDH), a cytosolic enzyme released during cell lysis. Because different 

target cells usually contain various expression levels of LDH enzyme, preliminary 

experiments were performed to determine the optimum number of each target tumor cell 

to work with the CytoTox 96 Assay Kit. Therefore, an efficient signal-to-noise ratio could 

result from this Assay Kit. 0, 1,000, 1,500, 2,000, 3,000 or 5,000/100 µL tumor cells were 

seeded in a sterile 96-well plate with DMEM medium and 5% FBS. All cultures were 

prepared in quadruplicate. 10 µL concentrated lysis solution (10X) was added to each well. 

After incubating the cells in a 5% CO2 incubator for 10 minutes, 50 µL supernatant was 

transferred from each well to a fresh 96-well plate. 50 µL/well CytoTox 96 reagent and the 

stop solution were subsequently added to this fresh 96-well plate. 490 nm wavelength 

absorbance data were measured using a microplate reader. According to the manufacturer’s 

instructions (Promega), this assay kit’s signal-to-noise ratio could be optimized if the target 
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cells yield at least two times higher absorbance values than the background absorbance of 

the medium control. The optimized amounts of LLC-LUC-RFP, CMT-167-LUC, and AB1 

were found to be 3,000/well, 1,500/well, and 1,500/well, respectively.  

2.10.2 Cytotoxicity assay 

Figure 5| Non-radioactive Cytotoxicity Assay flow diagram. BMDM cells were seeded in two culture 

plates and treated with the same amount of PBS or NP-cGAMP. After one night, the BMDMs were harvested 

and then co-cultured overnight with tumor cells in a 96-well plate. A CytoTox 96 Non-radioactive 

Cytotoxicity Assay was then performed on the cultured cells to measure BMDM cell-mediated cytotoxicity 

against tumor cells.  

 

A standard LDH assay was performed according to the manufacturer’s instructions. In brief, 

target tumor cells were diluted in their optimized concentrations (LLC-LUC-RFP: 

3,000/10 µL; CMT-167-LUC:1,500/10 µL; and AB1: 1500/10 µL), then added to the 96-

well plate. Each culture was performed in quadruplicate. 100 µL NP-cGAMP-treated 

BMDMs and PBS-treated BMDMs were added to the 96-well plate at the effect: target 

(E:T) ratios of 10:1, 20:1, and 30:1, in a final volume of 110 µL. Both target tumor cells 

and effect BMDMs were suspended with the complete α-MEM medium, containing 5% 

FBS. The plate was incubated overnight at 37°C in a 5% CO2 incubator. 11 µL of 10X 

concentrated lysis solution was added into Target Maximum Release wells and Culture 

Medium + Lysis Solution Background wells. The plate was put back in the incubator for 

45 minutes. After spinning down by a plate centrifuge, 50 µL of supernatant was collected 
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from each well and transferred into a new 96-well plate. 50 µL of CytoTox 96 reagent was 

added to each well. The plate was covered with foil paper to avoid light and incubated at 

room temperature for 30 minutes. After adding 50 µL/well of the stop solution, the plate 

was read at 490 nm by a microplate reader. The following formula was used to calculate 

cytotoxicity% for each condition:  

% 𝐂𝐲𝐭𝐨𝐭𝐨𝐱𝐢𝐜𝐢𝐭𝐲 =  
𝐄𝐱𝐩𝐞𝐫𝐢𝐦𝐞𝐧𝐭𝐚𝐥 𝐑𝐞𝐥𝐞𝐚𝐬𝐞 − 𝐄𝐟𝐟𝐞𝐜𝐭𝐨𝐫 𝐒𝐩𝐨𝐧𝐭𝐚𝐧𝐞𝐨𝐮𝐬 𝐑𝐞𝐥𝐞𝐚𝐬𝐞

𝐓𝐚𝐫𝐠𝐞𝐭 𝐌𝐚𝐱𝐢𝐦𝐮𝐦 𝐑𝐞𝐥𝐞𝐚𝐬𝐞 − 𝐓𝐚𝐫𝐠𝐞𝐭 𝐒𝐩𝐨𝐧𝐭𝐚𝐧𝐞𝐨𝐮𝐬 𝐑𝐞𝐥𝐞𝐚𝐬𝐞
∗ 𝟏𝟎𝟎 % 

We subtracted the average absorbance reading for Culture Medium Background from each 

absorbance reading for Experimental Release, Effect Spontaneous Release, and Target 

Spontaneous Release. We subtracted the average absorbance reading for Culture Medium 

+ Lysis Solution Background from each reading for Target Maximum Release.  

2.11 Statistical analysis 

Statistical analysis was performed by using GraphPad Prism 8.0 and Microsoft Excel. The 

student’s t-test was used to determine whether there are any significant differences between 

NP-cGAMP groups and PBS groups. All performed t-tests were two-tailed, unpaired, and 

unequal variances. The confidence interval was set at 95% and a p-value < 0.05 was 

considered as statistically significant (*); p-value <0.01 (**), p-value < 0.001 (***).   
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Results 

3.1 Characterization of NP-cGAMP   

Through dynamic light scattering techniques, Zetasizer Nano ZS90 indicated that the PS-

coated NP-cGAMPs have an average diameter of 120.2 nm ± 3.7 nm with 0.17 ± 0.04 

polydispersity index (PDI) (Figure 6a) and a negative surface charge of -15 ± 1.2 mV 

(Figure 6b).  Analyzed via HPLC, the encapsulation efficiency (EE = (total moles  

introduced for synthesis – free moles)/ total moles introduced for synthesis *100%) of 

STING agonist, cGAMP, is 71.9 ± 4.2% and the loading capacity of cGAMP is 31.6 µg/mg 

lipid. 

Figure 6| (a) Size distribution of PS-coated NP-cGAMP. (b) Surface charge of NP-cGAMP.  

 

Figure 7 shows the structure of the PS-coated NP-cGAMP. The nanoparticle was coated 

with PS on both outer and inner liposome membranes, complexed with CaP, and load with 

cGAMP.  PS is a significant cell surface marker on apoptotic cells that can be effectively 

recognized by macrophages’ PS receptors and therefore attract these killers to phagocytose 

apoptotic cells [13, 14] Therefore, PS exhibited on the surface layer of the particle can 

serve as the “eat me” signals and attract macrophages to engulf particle. Anionic PS in the 

liposome’s inner layer can bind with cationic Ca2+ of CaP and therefore tightly pack 
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cGAMP in the core of the nanoparticle [12]. CaP is utilized to improve the loading 

efficiency and stability of PS-coated NP-cGAMP. CaP additionally induces an osmotically 

driven process and facilitate an endosomal escape pathway for free cGAMP, thereby 

ensuring cytosolic delivery of cGAMP [15, 16]. 

Cholesterol was also added to the NP-cGAMP formulation to increase the stability of the 

liposome and reduce the permeability of the lipid membranes [24]. This liposome is also 

composed of PEG derivatives, which containing lipid molecules DSPE. These PEG 

conjectures can effectively improve the circulation time for the liposome and significantly 

decrease the leakage of internal drugs during circulation [25].  

Figure 7| Schematic illustrations of the structure of PS-coated NP-cGAMP loading cGAMP complexed 

with calcium phosphate (CaP). 

 

The endocytic pathway is the most prominent mechanism to uptake biological agents. As 

shown by Figure 8, an endocytic cargo is generated from the plasma membrane. It will 

develop into an early endosome and then a late endosome [26]. The internal pH of an early 

endosome and a late endosome is usually maintained in a range of 4.5 to 6.5 [27]. CaP will 

rapidly dissolve in these acidic environments. Thus, the liposome would be decomposed 
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from the core, and encapsulated cGAMP will be released inside the endosome vesicle. The 

rapid dissolving of CaP will result in a dramatic increase of osmotic pressure, which causes 

the rupture of endosomal vesicles [16]. Therefore, the released cGAMP will be effectively 

delivered to the cell cytoplasm and interact with STING transmembrane protein, located 

on the endoplasmic reticulum (ER) [28]. Overall, an important function of CaP is to 

facilitate endosomal escape. Otherwise, the late endosome vesicle will eventually merge 

with the lysosome where the lysosome’s hydrolytic enzymes would degrade encapsulated 

cGAMP leading to insufficient delivery of cGAMP to STING [29]. 
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Figure 8| Mode of action of NP-cGAMP; APC-targeted delivery, pH-responsive endosome escape, and 

cGAMP binding to STING in cytosol.  

 



- 23 - 
 

We anticipated the liposome could preserve the cGAMP and displayed minor cGAMP 

release until under an endosomal pH. After ingestion by macrophages, cGAMP would be 

released to the cytosol, interacted with STING, and activated the STING pathway. The pH 

of the extracellular physiological environment is usually regulated to ~7.42 [30], and the 

pH of the endosomal and lysosomal environment is maintained in a range of 4.5 to 6.5 [27]. 

Therefore, PBS at pH 7.4, 6.5, 5.0 were applied to mimic physiological, weakly acidic, and 

acidic environments. HPLC determined the in-vitro release profile of cGAMP. NP-

cGAMP exhibited slow cGAMP release under physiological condition (pH 7.4) but 

significantly rapid cGAMP release under acidic environments. After 12 hours, ~ 40% of 

cGAMP released at pH 6.5 and ~80% released at pH 5.0 (Figure 9). Overall, the PS-coated 

NP-cGAMP is stable under physiological pH but displays a pH-responsive release under 

acidic environments.  

Figure 9| HPLC analysis of cGAMP release from PS-coated nanoparticles under pH 7.4, 6.5, 5.0 at 

0.5, 1, 2, 4, 8, 12, 24, 36, 48, and 72h. Data are shown as mean ± standard deviation (SD) of n= 3 parallels.  
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3.2 Cellular uptake of NP-cGAMP by BMDMs and tumor cells  

DiR (a far-red fluorescent dye)-labelled NP was prepared to determine and compare the 

cellular uptake of PS-coated NP-cGAMP by BMDM, LLC-LUC-RFP, CMT-167-LUC, 

and AB1. These cells were incubated with DiR-NPs for 30 minutes, and then co-stained 

with DAPI (blue, nuclear DNA) and phalloidin (green, actin filament). The DiR signals 

(red signals, absorbance wavelength: 750 nm, emission wavelength: 782 nm) were 

acquired by channel Cy7 (absorbance wavelength: 743 nm, emission wavelength: 770 nm).  

Even though we only co-cultured the DiR labelled nanoparticle with BMDMs for 30 mins, 

DIR signals are clearly observed in BMDM cells, indicating that there is a robust uptake 

of DiR-NPs by BMDMs. However, DiR signals are barely detected in three tumor cells: 

LLC-LUC-RFP, CMT-167-LUC, and AB1 (Figure 10). Because of the lack of PS 

receptors on the cell surfaces of tumor cells, little uptake of DiR-NPs was observed in three 

tumor cell lines. Overall, Figure 10 clearly demonstrates that PS-coated NPs are 

preferentially detected and engulfed by BMDMs due to BMDMs’ PS receptors.  
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Figure 10| Cellular uptake of DiR-labelled nanoparticle. BMDM, LLC-LUC-RFP, CMT-167-LUC, and 

AB1 cells were co-cultured with DiR-labeled NP-cGAMP (red) for 30 min and co-stained with DAPI (blue, 

nucleus) and phalloidin (green, cytoskeleton). Fluorescence images were acquired using the Nikon Eclipse 

Ti instrument. Scale bar = 10 µm. 

 

3.3 Toxicity study of NP-cGAMP  

For any experimental therapeutics, it is critical to ensure their safety before investigations 

of therapeutic efficacy. Thus, we tested the potential toxicity of NP-cGAMP on BMDMs. 

TB dye was used to determine the viability of BMDMs after exposed to NP-cGAMP. TB 

dye is to be only permeable to membrane-compromised cells and would be excluded from 

membrane-intact live cells [31]. Thus, only dead cells would be stained blue and can be 

easily observed. Additionally, we also determined the toxicity of NP-cGAMP on a lung 

tumor cell: LLC-LUC-RFP, in order to learn whether our NP-cGAMP could kill the tumor 

cell directly.   
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Figure 11 shows the viabilities of nanoparticle-treated groups and PBS-treated groups. 

Student’s t-test was performed for both cell types, and the p-values of these two groups 

were found to be far larger than 0.05. Thus, there is not a statistically significant difference 

between the viabilities of PBS-treated cells and nanoparticle-treated cells. These data 

demonstrate that NP-cGAMP at the given dose will not negatively impact the viability of 

both BMDMs and tumor cells.  

Figure 11|Cell viability % resulted from NP-cGAMP treatment. (a) BMDMs were cocultured with 167 

nM NP-cGAMP or PBS overnight. (b) LLC-LUC-RFP tumor cells were cocultured with 167 nM NP-

cGAMP or PBS overnight. The viabilities of BMDMs and LLC-LUC-RFP were determined by the trypan 

blue viability test. Data are shown as mean ± SD of n=4 distinct cell counting fields.  p-value> 0.5 is 

regarded as non-significant (n.s.) by Student’s t-test. 

 

3.4 Real-time q-PCR: mRNA levels 

To confirm the activation of the STING pathway, we used real-time qPCR to measure the 

mRNA levels of seven proinflammatory cytokines: interferon beta-1 (Ifnb1), tumor 

necrosis factor (Tnf), interleukin 1 beta (Il1b), C-X-C motif chemokine ligand 10(Cxcl10), 

interleukin 6 (Il6), interleukin 15 (Il15), and interleukin 12 beta (Il12b). As shown in 
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Figure 12, the expressions of all seven proinflammatory genes are increased by NP-

cGAMP treatment. The data indicate that NP-cGAMP successfully activates the STING 

pathway, leading to type I IFN (such as Ifnb1) induction. Other researchers have 

demonstrated a similar trend when delivering DNA to the cytoplasm of mammalian cells 

rather than cGAMP itself. They found that the delivery of DNA in the cytoplasm of 

mammalian cells would trigger the second messenger, cGAMP, which would interact with 

STING and then induce the production of type I IFN [32].  

Overall, these real-time q-PCR results clearly demonstrate that NP-cGAMP activates the 

STING pathway and induces the production of type I IFN and inflammatory cytokines in 

BMDMs. Also, the elevated gene levels of Ifnb1, Tnf, IL6, IL12b, IL15, and Cxcl10 imply 

a potential function of NP-cGAMP in converting an immunosuppressive tumor 

microenvironment (TME) to proinflammatory TME [12]. 

 

Figure 12| Real-time q-PCR results of mRNA levels of inflammatory cytokine genes in BMDM cells. 

BMDMs were treated with NP-cGAMP (167 nM) or PBS overnight.  
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3.5. ELISA assay: protein level 

Given the amplified proinflammatory cytokine genes by NP-cGAMP, we further 

investigate their protein levels. We used ELISA assays to measure TNF-α and IL15. 

Macrophages and monocytes commonly secrete TNF-α under an inflammation 

environment.  TNF-α protein is responsible for a wide range of signaling events, which 

will eventually lead to necrosis or apoptosis. Thus, TNF-α plays a critical role in regulating 

inflammation and cancer prohibition [33, 34]. As shown in Figure 13a, the mouse TNF-α 

ELISA assay detected a statistically significant difference (p<0.05) in the protein level of 

TNF-α between the control groups and NP-cGAMP-treated groups. This result 

demonstrates that NP-cGAMP treatment can enhance BMDM’s secretion of TNF-

α protein, potentially promoting antitumor immune responses.  

IL15 cytokine also works as an essential factor in the development of protective immune 

responses and inflammation: (1) development and proliferation of NK cells [35]; (2) 

enhancement of the cytotoxicity of NK cells [36]; (3) function in potent autocrine regulator 

of other proinflammatory cytokines production in macrophages [37]; and (4) promotion of 

the generation and maintenance of memory CD8+ T cells [38]. As shown in Figure 13b, 

NP-cGAMP induced a drastic increase in the protein levels of IL15. Our two ELISA assays’ 

results are consistent with the real-time q-PCR both indicating increased levels of TNF-α 

protein and IL15. Overall, NP-cGAMP was found to significantly enhances the expressions 

of proinflammation cytokines in BMDMs.   
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Figure 13| TNF-α and IL-15 production from BMDM cells. BMDMs were treated with NP-cGAMP 

(167 nM) or PBS overnight. The concentration of TNF-α and IL-15 in supernatant was determined by 

ELISA assay. Data were shown as mean ±SD of n=3 independent experiments. p-value <0.05 was 

considered as statistically significant (*) by Student’s t-test.  

 

3.6 Flow cytometry: surface markers 

Besides real-time q-PCR and ELISA assays, we applied flow cytometry to assess the 

expression of the surface markers: CD86 and MHC II. CD86 is a protein located at the 

surface of APCs, including macrophages [39]. CD86 is one of the co-stimulatory molecules, 

which can send out signals to trigger and activate immune cells [40]. The expression of 

these co-stimulatory molecules is upregulated with the activation of APCs [41]. Besides 

CD86 molecules, MHC II molecules also play a crucial role in the development of the 

adaptive immune system. MHC II proteins are expressed on B cells, dendritic cells, thymic 
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epithelial cells, glial cells, and activated macrophages [42]. In short, the expressions of 

CD86 and MHC II are essential characteristics of an efficient APC, which will present 

antigens and activate adaptive immune responses. In Figure 14, the percentages of CD86 

and MHC II expression after NP-cGAMP treatment was upregulated from 4.12 % to 

37.3 %, and 10.2% to 44.6%, respectively. These data from real-time q-PCR, ELISA, and 

flow cytometry (Figure 12, 13, 14) demonstrate that NP-cGAMP treatment can efficiently 

stimulate macrophage activation, which can be detected by upregulated proinflammatory 

cytokines and increased expression of critical APC surface markers.   

Figure 14| Flow cytometry analysis results of BMDMs. The expressions of CD86 (a) and MHC II (b) 

between nanoparticle group and control group were determined by Flow Cytometry. Representative 

percentages of CD86 and MHC II were indicated.  
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3.7 Cytotoxicity assays:  

3.7.1 Metastatic lung carcinoma cell line: CMT-167 

The killing effect of BMDM cells against tumor cells was evaluated using the CytoTox 96 

non-radioactive cytotoxicity assay. This assay can quantitatively measure the release of 

LDH during cell lysis. This study includes three various tumor cells lines, two of them 

were the mouse NSCLC cell line. The first one is CMT-167-LUC, a metastatic lung 

carcinoma cell line that is stably transfected with firefly luciferase. We first normalized the 

results of all PBS groups to 100% and then normalized NP-cGAMP groups based on the 

results of their corresponding PBS groups. In Figure 15, comparing with PBS groups, we 

detected a statistically significant increase in tumor cell death after NP-cGAMP treatment 

when the E:T ratio is 20:1. Besides that, we observed a noticeable enhancement of 

BMDM’s tumor killing ability when we increase the E:T ratio from 10:1 to 20:1. However, 

the cytotoxicity performance under an E:T ratio of 30:1 slightly dropped in comparison 

with 20:1 ratio. This trend is reasonable and explicable. As the area of a single well in a 

96-well plate is very limited. Thus, the cell culture environment at a 30:1 ratio might be 

too overcrowded to co-culture 1500 CMT-167-LUC cells and 45,000 BMDMs overnight. 

Overall, the anti-tumor activity of NP-cGAMP treatment is shown to be most effective 

around an E:T ratio of 20:1.  
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Figure 15| NP-cGAMP enhanced killing activity of BMDM against CMT-167-LUC. 1500 CMT-167-

LUC cells were applied as target cells and co-cultured with BMDMs overnight (~18 hours) at the indicated 

E:T ratios (30:1, 20:1, and 10:1). Data are shown as mean value ± SD of n=3 or 4 parallels. ***p<0.001 by 

Student’s t-test. Error bars represent standard deviation of 3 or 4 replicates. 

 

3.7.2 Lewis lung carcinoma cell line: LLC 

The second tumor cell line applied in this study is LLC-LUC-RFP. It is also a murine lung 

carcinoma, which is transfected with luciferase and red fluorescent protein. We used this 

lung tumor cell line to confirm whether the antitumor effects caused by NP-cGAMP against 

CMT-167-LUC could be reproduced in other lung tumor cell lines. The result is very 

similar to that of CMT-167-LUC cells. We detected a statistically significant enhancement 

in BMDM’s tumor killing ability in two E:T ratios: 20:1 and 10:1. Although we did not 

notice a statistically significant difference by Student’s t-test between two E:T ratios, we 

still observed a higher average cytotoxicity effect in the 20:1 ratio (Figure 16). We 

additionally observed that the susceptibility of LLC-LUC-RFP cells to the cytotoxicity of 

BMDMs are lower than that of CMT-167-LUC. Overall, this data set demonstrates that 
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NP-cGAMP treated BMDMs kill LLC-LUC-RFP cells more efficiently than natural 

BMDMs. 

Figure 16| The killing ability of PBS or NP-cGAMP treated BMDMs against LLC-LUC-RFP. 3000 

LLC-LUC-RFP cells were seeded and co-cultured with BMDMs overnight at two E:T ratios (20:1 and 10:1). 

Data are shown as mean value ± SD, n=4 parallels. *p<0.05, ***p<0.001 by Student’s t-test. Error bars 

represent standard deviation of 4 replicates. 

 

3.7.3 Malignant mesothelioma cell line: AB1 

Another tumor cell line included in this study is AB1, which is murine malignant 

mesothelioma. We chose this cell line to test whether the antitumor effects can be observed 

in another tumor type. The results are closely similar to that of the above two cell lines. 

We found significant increases in both E:T ratios of 20:1 and 10:1 for the NP-cGAMP 

treatment group. The difference between the two ratio groups’ cytotoxicity % was also 

statistically significant (p<0.05). Basing on all these data, we have enough evidence to 

conclude that NP-cGAMP can significantly enhance the tumor killing ability of BMDMs. 

This trend can be observed in all three various tumor cell lines.  
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Figure 17| The killing ability of treated BMDMs against AB1. 1500 AB1 cells were prepared and co-

cultured with BMDMs overnight at two E:T ratios (20:1 and 10:1). Data are shown as mean value ± SD, n=4 

parallels. *p<0.05, ***p<0.001 by Student’s t-test. Error bars represent standard deviation of 4 replicates. 
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Discussion and Conclusion 

4.1 The efficiency of NP-cGAMP 

The primary concept of this study is to deliberately deliver exogenous cGAMP to APC 

cytosol leading to the binding of cGAMP to STING and further activate STING. Our in-

vitro study demonstrates the high efficiency of NP-cGAMP to activate STING signals and 

proinflammatory cytokines production in BMDM leading to the enhanced tumor killing 

effect of BMDM. Previous studies indicated that CXCL10 had several biological functions: 

(1) inhibition of tumor angiogenesis [43, 44]; (2) chemoattraction of lymphocytes, 

monocytes, activated T cells and natural killer (NK) cells [45, 46]; (3) recruitment of CD8+ 

T cells (killer T cells) and T helper type 1 (Th1) CD4+ T cells to infected tissues [47]. All 

these antitumor functions imply the potential benefits of enhanced expression of CXCL10 

following our NP-cGAMP treatment, such as converting an immunosuppressive tumor 

microenvironment (TME) to proinflammatory TME.  

Many studies delivered free-cGAMP to tumor sites through intra-tumoral injection. 

However, the in-situ injection of free-cGAMP has several drawbacks. First, cGAMP has a 

short biological half-life due to its phosphodiester bonds. These bonds can be broken by 

the extracellular phosphodiesterase easily [48]. Second, the two negative charges in 

cGAMP restrict its permeability through the negatively charged cell membrane, thus 

weakening cGAMP efficiency [49]. Therefore, the in-situ injection would require high 

doses of free-cGAMP for a prominent antitumor effect. However, excessive intra-tumoral 

cGAMP may cause T cell apoptosis [48] and make the tumor cells be resistant to 

immunotherapy. More importantly, previous studies indicated that the in-suit injection 



- 36 - 
 

could only induce local immune responses at the injected sites and caused very limited 

antitumor effects on distant and un-injected sites, indicating the lack of systemic antitumor 

immune response [50]. 

The nanoparticle developed by our group effectively overcame these limitations. The PS-

coated NP-cGAMP was explicitly targeted and engulfed by BMDM due to BMDM’s PS 

receptors. Meanwhile, the penetration of NP-cGAMP into tumor cells and normal cells was 

inefficient because of the lack of PS receptors on tumor cells and normal cells. Moreover, 

our group developed a new pharmacological approach to deliver NP-cGAMP via inhalation 

[12]. In one previous project, we demonstrated that NP-cGAMP could induce a potent anti-

tumoral immune response by utilizing less than one-hundredth of the dose used for free-

cGAMP injection. Furthermore, the efficacy of inhaled NP-cGAMP was confirmed in 4T1 

breast cancer lung metastases by inducing potent systemic antitumor responses and 

conferring long-term survival in lung metastases-bearing mice [12]. 

4.2 The immunotoxicity of NP-cGAMP 

This study indicated that NP-cGAMP could activate the STING pathway in BMDMs, 

thereby enhancing the production of type I IFN and several other essential proinflammatory 

cytokines, such as TNF-α and IL12. Previous research studies have reviewed that hyper-

induction of proinflammatory cytokines would cause acute inflammatory responses, such 

as cytokine storm [48], and chronic inflammation [49]. Therefore, it is reasonable to take 

the potential negative effects induced by NP-cGAMP into serious consideration. The 

systemic immune toxicity of NP-cGAMP has been evaluated in our group’s 2019 Nature 

Communications article [12] by monitoring animal body weight, evaluating cytokine levels 
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in blood, and performing organ histopathological examination. The results indicated no 

significant changes in body weight, no difference in cytokines and liver enzymes, and no 

signs of morphological change in the lung. All the results demonstrated that the NP-

cGAMP inhalation is safe.  

The lack of local and system toxicity can be explained in two major aspects. First, the dose 

of NP-cGAMP is minimal, less than one hundredth of the intra-tumoral injection dose. 

Second, the nanoparticle is specifically designed to target APCs instead of tumor cells and 

normal cells, thereby limiting the amount of cGAMP taken up by normal off-target cells 

leading to reduced systemic toxicity. 

4.3 Future work 

Increasing evidence has indicated that the immune checkpoint blockade (ICB) with anti-

PD-1/PD-L1 antibodies has remarkable effects on generating antitumor immunity. A new 

generation of anti-PD-L1 antibodies has been engineered to enhance its cytotoxicity by 

including an additional mechanism via antibody-dependent cell cytotoxicity (ADCC) [50]. 

ADCC is executed by effector cells such as NK cells. However, NK cells in many cancers 

present a low cytotoxic phenotype, plausibly resulted from the immunosuppressive TME 

[51]. Thus, developing an effective strategy to activate NK cells is imperative to enhance 

the ICB with an anti-PD-L1 antibody.  

Our group has previously demonstrated that NP-cGAMP elicited robust anticancer 

immunity via APC-mediated T cell cytotoxicity [12]. This study shows NP-cGAMP can 

enhance macrophage’s tumoricidal effects and promote a proinflammatory TME. Our 

results indicated that STING activation would increase the production of IL12, IL15, and 
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TNF-α. All these cytokines can promote the proliferation of NK cells and enhance the 

cytotoxic function of NK cells. Basing on these two studies, we recommend further 

exploring NP-cGAMP’s potential effects on improving NK cell killing of cancer cells. 

4.3 Conclusion 

In addition to its stimulation of proinflammatory cytokines, NP-cGAMP is able to enhance 

the tumoricidal effects of macrophages. Our study demonstrates the potential of PS-coated 

NP-cGAMP in promoting anticancer immunity. Future studies that test its in-vivo efficacy 

and its potential for combining with the standard of care cancer treatment or 

immunotherapy are warranted.  
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