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A B S T R A C T   

Glioblastoma (GBM) is an aggressive brain tumor, with a highly immunosuppressive tumor immune microen-
vironment (TIME). In this work, we investigated the use of the STimulator of INterferon Genes (STING) pathway 
as an effective means to remodel the GBM TIME through the recruitment of both innate and adaptive immune 
cell populations. Using hyaluronic acid (HA), we developed a novel polymer-drug conjugate of a non-nucleotide 
STING agonist (MSA2), called HA-MSA2 for the in situ treatment of GBM. In JAWSII cells, HA-MSA2 exerted a 
greater increase of STING signaling and upregulation of STING-related downstream cyto-/chemokines in immune 
cells than the free drug. HA-MSA2 also elicited cancer cell-intrinsic immunostimulatory gene expression and 
promoted immunogenic cell death of GBM cells. In the SB28 GBM model, local delivery of HA-MSA2 induced a 
delay in tumor growth and a significant extension of survival. The analysis of the TIME showed a profound shift 
in the GBM immune landscape after HA-MSA2 treatment, with higher infiltration by innate and adaptive immune 
cells including dendritic, natural killer (NK) and CD8 T cell populations. The therapeutic potential of this novel 
polymer conjugate warrants further investigation, particularly with other chemo-immunotherapeutics or cancer 
vaccines as a promising combinatorial therapeutic approach.   

1. Introduction 

Glioblastoma (GBM) is the most common and aggressive brain can-
cer, associated with poor prognosis [1,2]. The World Health Organiza-
tion (WHO) established GBM as a grade 4 glioma, comprising up to 50 % 
of all gliomas [3]. GBM is currently an unmet clinical need due to its 
high recurrence after standard treatment (Stupp protocol), including 
surgery to remove the main tumor followed by concomitant radiation 
and adjuvant temozolomide chemotherapy to target residual tumor cells 
[4–6]. The 35–40 % of GBM patients who cannot be treated by surgery 
have an even worse prognosis. The median overall survival of patients 
with GBM is still low (8–15 months), and the current multimodal 
treatment strategy has only slightly improved median survival [7]. The 
failure of clinical and experimental therapeutic approaches is attribut-
able to GBM cells that are endowed with numerous mechanisms of 
resistance related to location (e.g., the presence of the Blood Brain 

Barrier, BBB) [8], downregulation in the expression of potential thera-
peutic targets [9], and intra/inter-patient heterogeneity [10]. The 
number of therapeutics approved for GBM is very limited [11], and a 
combination of advances in drug discovery and drug delivery will be 
necessary to properly address these challenges. 

Immunotherapies hold great promise for cancer treatment. However, 
current immunotherapeutic agents administered in monotherapy have 
failed to provide clinical benefits to patients with GBM [12,13]. Indeed, 
despite the success of immune checkpoint inhibitors (ICIs, e.g. 
anti-PD-1, anti-CTLA-4) in several tumors such as melanoma or lung 
cancers, these antibodies have not provided positive clinical outcomes in 
GBM as evidenced by the failure of recent phase III clinical trials with 
anti-PD-1 therapy [14,15]. The negligible immune response of GBM 
could be attributed to its “cold” immunological profile and immuno-
suppressive Tumor Immune Microenvironment (TIME): a low muta-
tional burden and significant lack of tumor antigen-specific CD8 T cells, 
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with myriad immune-suppressive cells such as Regulatory T cells 
(Tregs), Myeloid-Derived Suppressor Cells (MDSC) and M2-like 
tumor-associated macrophages and microglia (TAMs) in the highly 
immune-resistant TIME [12,16]. Therefore, new therapeutic targets are 
required to overcome the current limitations of GBM immunotherapy. 

Recently, STimulator of INterferon Genes (STING) has been identi-
fied as a potential “druggable” immunotherapeutic target for cancer 
treatment [17–19]. STING is an endoplasmic reticulum-associated 
homodimer protein and the receptor for 2′,3′-cyclic guanosine mono-
phosphate–adenosine monophosphate (cGAMP) [20]. Unlike other tar-
gets, STING is constitutively expressed in both cancer and immune cells 
at variable levels [21]. Activation of STING signaling induces the 
expression of type I interferon (IFN I) and pro-inflammatory cytokines, 
promoting the mobilization of antigen-presenting cells (APCs, e.g., 
dendritic cells (DCs) [22], macrophages [23] and microglia [24], critical 
responders to STING agonists), to prime CD8 T cells and in turn, to in-
crease the tumor immunogenicity and to modulate the TIME [25,26]. It 
has been demonstrated that hyper-activation of STING signaling can 
induce cell death in cancer cells [27–29]; this increases the interest of 
harnessing this class of drugs that may not only re-shape the TIME but 
also exert a direct cytotoxic effect on cancer cells. Despite their poten-
tial, there has been little progress in the use of STING agonists for the 
immunotherapy of GBM [30,31]. Indeed, commonly used STING ago-
nists, e.g., cyclic dinucleotides (CDNs) such as ADU-S100, suffer from 
low cell uptake and poor pharmacokinetic properties that limit their 
therapeutic use [32–34]. Current strategies exploited to trigger the 
STING pathway include the encapsulation of STING agonists into drug 
delivery systems [35,36], repurposing chemotherapeutics (e.g., plat-
inum complexes [37,38]), or using metal-organic frameworks nano-
particles [39]. 

Recently, a novel non-cyclic nucleotide STING agonist called MSA2 
has been developed, showing to stimulate innate immunity markers 
such as IFNβ. This STING agonist triggered a potent anticancer response 
in several “hot” preclinical tumor-bearing mouse models; however, the 
effects of MSA2 on the GBM TIME have not been explored in depth 
[40–43]. 

In this work, we hypothesized that in situ delivery of MSA2 could 
convert the immune-poor GBM TIME to a more immunogenic and 
inflamed (“hot”) phenotype. To overcome its poor water solubility and 
enhance its delivery into the tumor, we designed a hyaluronic acid (HA)- 
drug conjugate optimized for the intracellular delivery of MSA2. We 
hypothesized that the conjugation of MSA2 to HA could trigger the effect 
of MSA2 thanks to i) the enhanced delivery via CD44 expressed on both 
GBM- and immune cells, ii) tunable linking chemistry that allows drug 
release into the cells [44], and iii) drainage into the brain lymphatic 
system (through binding of Lymphatic Vessel Endothelial hyaluronan 
receptor 1, LYVE-1, on lymphatic endothelial cells), modulating immune 
surveillance and response [45–49]. In addition, HA displays interesting 
immunomodulatory properties related to its interaction with Toll-Like 
Receptors (TLR)-2 and − 4 on immune cells, activating a signaling 
cascade that promotes the release of immunostimulatory cytokines [50, 
51]. 

Previously, our group developed the first polymer-drug combination 
conjugates conceived for local chemo-immunotherapy of GBM: HA- 
conjugates carrying CpG and Doxorubicin, which combine an adjuvant 
that can activate innate immunity with an immunogenic cell death 
(ICD)-inducer that promotes adaptive immunity [52,53]. In vivo 
proof-of-concept of anti-GBM synergism has been achieved in the 
orthotopic GL261 model, with superior infiltration of CD8 T cells. 
Leveraging our experience in the use of HA for local treatment of GBM, 
we hypothesized that the conjugation of MSA2 to HA could provide an 
“all-in-one” immunotherapeutic agent, capable to impact the GBM im-
munity cycle by eliciting both innate and adaptive immune responses. 
Consequent to this design, we observed a superior activation of the 
STING pathway and an upregulation of type I IFN signaling in both 
immune and GBM cells mediated by HA-MSA2 over the free drug 

counterpart. Moreover, we showed that HA-MSA2 conjugate acts 
directly on GBM cells by inducing immunogenic cell death. Finally, the 
activity of the novel HA-MSA2 has been evaluated in a highly immu-
nosuppressive orthotopic SB28 GBM model [54] demonstrating an 
extension of the survival and capacity to revert the “cold” GBM into 
“hot” showing a simultaneous activation of both innate and adaptative 
immune responses. To the best of our knowledge, our results provide the 
first evidence that in situ administration of STING-activating HA conju-
gate may be an effective immunotherapeutic modality for GBM, sup-
porting further development of this approach. 

2. Materials and methods 

2.1. Materials and reagents 

Hyaluronic acid (HA, 100 kDa) was purchased from Lifecore Biomed-
ical, LLC (Chaska, MN, USA); 5,6-Dimethoxy-γ-oxobenzo [b]thiophene-2- 
butanoic acid (here referred as MSA-2) was purchased from MedChe-
mExpress (HY-136927, South Brunswick, NJ, USA); 4-(4,6-dimethoxy- 
1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM Cl) was 
purchased from Sigma‒Aldrich (St. Louis, MO, USA); ethyl-
enediaminetetraacetic acid (EDTA) and TRIzol™ reagents were purchased 
from Thermo Fisher Scientific (Waltham, MA, USA); bovine serum albumin 
(BSA) were purchased from VWR International Srl (Leuven, Belgium); 
endotoxin-free TE buffer was purchased from Qiagen (Hilden, Germany). 
GoScript™ Reverse Transcription Mix and Oligo (dT) GoTaq® qPCR 
Master Mix were purchased from Promega (Madison, WI, USA). Oligonu-
cleotide primers were purchased from Integrated DNA Technologies (IDT) 
(Leuven, Belgium) and are listed in supplementary information (SI) (table 
S1). The antibodies used and the relevant provider and dilutions are listed 
in SI. Unless otherwise specified, all reagents were purchased from Sigma‒ 
Aldrich (St. Louis, MO, USA). 

2.2. Cell lines 

Murine dendritic JAWSII cells (ATCC, Manassas, VA, USA) were 
maintained in MEM α, nucleosides, with no ascorbic acid, 1 mM sodium 
pyruvate and 5 ng/ml GM-CSF Recombinant Mouse Protein cultured at 
37 ◦C in a 5 % CO2 atmosphere. Murine macrophages J774 cells (ATCC, 
Manassas, VA, USA) were cultured in Dulbecco’s modified Eagle’s me-
dium GlutaMAX with 4.5 g/L D-glucose without sodium pyruvate at 
37 ◦C in a 5 % CO2 atmosphere. Murine microglial BV-2 cells (American 
Type Culture Collection (ATCC), Manassas, VA, USA) were grown in 
Dulbecco’s modified Eagle’s medium GlutaMAX with 4.5 g/L D-glucose 
without sodium pyruvate at 37 ◦C in a 5 % CO2 atmosphere. Murine 
glioma SB28 cells and murine GL261 cells (DSMZ, German Collection of 
Microorganisms and Cell Cultures GmbH, Leibniz Institute, Braunsch-
weig, Germany) were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) with L-glutamine, 4.5 g/L D-glucose, and 1 mM sodium pyru-
vate at 37 ◦C in a 10 % CO2 atmosphere. All the mediums were sup-
plemented with 10 % fetal bovine serum (FBS) and 1.0 % antibiotics 
(penicillin/streptomycin). 

2.3. Synthesis and characterization of hyaluronic acid (HA)-MSA2 
conjugate 

2.3.1. Synthesis of HA-MSA2 
HA (200 mg, 0.496 mmol, 1 eq.) was dissolved in 20 mL of ultrapure 

water. After HA dissolution, DMTMM Cl (10.93 mg, 0.039 mmol, 0.08 
eq.) was added to the solution, and the mixture was stirred at RT for 2 h. 
Next, the hydrazine derivative linker (0.06 eq.) was added to the 
mixture. The reaction was stirred at RT for 96 h and poured into 200 mL 
of cold ethanol (99 %) to obtain the HA-hydrazide (HA-Hz) derivative. 
The final product was collected and desiccated under a vacuum without 
further purification. HA-Hz (140 mg, 1 eq.) was dissolved in 20 mL of 
MilliQ water. After total conjugate dissolution, MSA2 (0.14 eq. in 1 mL 
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DMSO) was added to the mixture and the pH of the solution was 
decreased to 5 by adding acetic acid. The mixture was stirred for 72 h at 
50 ◦C and poured into 200 mL of cold ethanol (99 %) to obtain the HA- 
MSA2 derivative. The final product was collected and desiccated under a 
vacuum. The conjugate has been characterized by 1H NMR and UV–Vis 
analysis. Yield: 92 mg (%w/w: 65 %). 

1H NMR (D2O): δ ppm 7.54-7.40 (2H, b), 7.19-7.04 (1H, b), 4.53- 
4.30 (1H, bm), 4.02-2.97 (18H, bm), 2.08-1.74 (3H, s). 

2.3.2. MSA2 loading 
The drug loading of HA-MSA2 conjugate was determined by UV–VIS. 

The conjugate was dissolved in PBS, pH 7.4, and the absorbance of 
MSA2 was quantified at 324 nm. The absorbance of free HA was used as 
a blank. The drug content was calculated using MSA2 calibration curve 
(λ = 324 nm, 1–30 μg/mL, R2 = 0.99). 

2.3.3. Size and zeta potential 
Dynamic light scattering (DLS) and zeta potential analyses were 

performed at 25 ◦C using a Malvern Zetasizer NanoZS system (Malvern 
Instruments Ltd., UK.). HA-MSA2 was dissolved in PBS, pH 7.4 (2 mg/ 
mL), and was analyzed at a fixed angle of 173◦ at 25 ◦C with a red laser 
(λ = 633 nm). The zeta potential was measured by dissolving HA-MSA2 
(2 mg/mL) in KCl (1 mM). All measurements were performed in 
triplicate. 

2.4. In vitro studies 

2.4.1. Western Blot analysis 
JAWSII (murine dendritic) or SB28 (murine GBM) cells (106 cells/ 

well) were seeded in 6-well plates and treated with 20 μM MSA2, HA or 
HA-MSA2 (drug equivalent concentration) for 0.5, 5 and 24 h. Untreated 
cells were used as controls. Cells were detached with TrypLE Express 
(Gibco, 12605-10) and lysed in 200 μL of lysis buffer (50 μM Tris-HCl, 
150 μM NaCl, 2 μM EDTA, Nonidet P40 Substitute 0.01x (Thermo-
Fisher, J19628), phosSTOP (Roche, 04906837001) and cOmplete 
(Roche, 11873580001)). 20 μL of each lysate was loaded onto 4–15 % 
gradient 10-well acrylamide gels (BioRad, 4561084), migrated by 
electrophoresis, transferred onto PVDF membranes, blocked 1h in 2 % 
milk (or 5 % BSA for pIRF3) in 1X TBS-Tween 0.1 % and then incubated 
overnight at 4 ◦C in primary antibody. Membranes were washed 3 ×
5min in 1X TBS-Tween 0.1 %, incubated 1h in secondary antibody (HRP- 
coupled mouse anti-rabbit IgG; Cell Signaling, 7074) diluted 1/10 000 in 
2 % milk in 1X TBS-Tween 0.1 %, washed 3 × 5min in 1X TBS-Tween 
0.1 %, 1 × 5min in 1X TBS, and revealed using SuperSignal West Pico 
PLUS (Thermo, 3480) or SuperSignal West Femto (Thermo, 34095). 
Blots were visualized on a Fusion Solo S (Vilber Lourmat). 

The following primary antibodies were used: Alpha-actinin at 1/ 
1000 (Cell Signaling, 6487); GAPDH at 1/1000 (Cell Signaling, 2118); 
STING at 1/1000 (Cell Signaling, 13647); pSTING at 1/500 (Cell 
Signaling, 72971); TBK1 at 1/500 (Cell Signaling, 3504); pTBK1 at 1/ 
500 (Cell Signaling, 5483); IRF3 at 1/500 (Cell Signaling, 4302); pIRF3 
at 1/500 (Cell Signaling, 4947). 

2.4.2. Quantitative real-time PCR (qPCR) 
Immune cells (JAWSII J774 or BV-2) or GBM cells (SB28 or GL261) 

(2 × 105 cell/well) were seeded in 24-well plates. Cells were treated 
with 20 μM MSA2, HA or HA-MSA2 (drug equivalent concentration) for 
5 and 24 h. Cells without any treatment were used as control. mRNA 
isolation was performed as follows: 200 μL of TRIzol™ and 40 μL of 
chloroform were added to each sample. Cells were centrifuged at 12 000 
g × 15 min at 4 ◦C. mRNA was isolated by precipitation in a mixture of 
isopropanol and 75 % ethanol and re-dissolved in 10 μL of endotoxin- 
free TE buffer; the total mRNA concentration (ng/mL) and purity were 
assessed using a Nanodrop 2000 spectrophotometer (Thermo Scientific, 
USA). mRNA (0.33 μg/μL in TE buffer) was reverse transcribed using 
GoScript™ Reverse Transcription Mix, Oligo (dT) (Promega, USA). 

qPCR was performed using GoTaq® qPCR Master Mix (primer sequences 
are reported in table S1). Relative expression analysis was normalized 
against RPL19 or Actinβ as reference genes, and the relative level of 
expression was calculated using the comparative (2− ΔΔCT) method. 

2.4.3. Cell viability assay 
SB28 cells (5 × 103 cells/well), were seeded in 96-well plates. After 

24 h, the cells were treated with free MSA2 or HA-MSA2 conjugate, in 
the range of 0.0001–20 μM MSA2 equivalent concentration. After 24 or 
72 h, cells were fixed with paraformaldehyde (PFA, 4 % v/v in water) for 
20 min and then were treated with 50 μL of crystal violet stain and 
incubated at room temperature for 30 min. The stain was washed three 
times with water and the plates were left to dry overnight. Finally, cells 
were treated with a solubilization solution of methanol, and the crystal 
violet absorbance (λ: 560 nm) was read with the SpectraMax ID5 
microplate reader (Molecular Devices; San Jose, CA, USA). Data were 
normalized with the untreated group (100 % viability). IC50 values 
were calculated using a non-linear regression (curve-fit) mode. 

2.5. Immunogenic cell death studies 

2.5.1. Extracellular ATP detection assay 
SB28 cells (2 × 105 cells/well) were seeded in a 12-well plate and 

maintained in a complete growth medium. The cells were treated with 
MSA2 or HA-MSA2 conjugate at 20 μM, equivalent MSA2 concentra-
tions. After 24 h of incubation, the supernatant was collected, and the 
secreted level of extracellular ATP was measured with the real-time Glo 
ATP marker (Promega, Madison, WI, USA) according to the manufac-
turer’s instructions using a Spectramax iD5 reader. 

2.5.2. Calreticulin cell-surface flow cytometry 
SB28 cells (2 × 105 cells/well) were seeded in 12-well plates and 

incubated for 24 h. Cells were treated with 20 μM, free MSA2 or an 
equivalent drug concentration of HA-MSA2. Following 24 h, cells were 
harvested with trypsin, washed three times with PBS and re-suspended 
in PBS supplemented with 5 mg/mL BSA and 100 μL of EDTA (0.5 M). 
Cells were transferred to a FACS 96-V-well plate for flow cytometry 
analysis and stained with the cell viability dye zombie aqua (Biolegend, 
San Diego, CA, USA) (dilution of 1:100) for 15 min at RT. Next, cells 
were stained with a primary anti-CLR antibody (rabbit anti-calreticulin 
monoclonal antibody; Invitrogen, Cambridge, UK) for 30 min at 4 ◦C 
protected from the light and then with a secondary APC-coupled anti-
body (goat anti-rabbit IgG H&L (APC); Abcam, Cambridge, UK) for 30 
min at 4 ◦C in the dark and analyzed via flow cytometry using FACS-
Verse system (BD Bioscience, Franklin Lakes, NJ, USA) and analyzed 
using FlowJo software (FlowJo, Ashland, OR, USA). 

2.5.3. Immune cells maturation assay 
SB28 were seeded in a T25 plate (2 × 106 cells/plate) and main-

tained in a complete growth medium for 24 h. Next, cells were treated 
with 20 μM of free MSA2 or an equivalent drug concentration of HA- 
MSA2 for 72 h. In parallel, immune cells (JAWSII, J774 and BV-2, 1 
× 105 cells/well) were seeded in a 24-well plate and cultured for 24 h at 
37 ◦C. The conditioned media of pre-treated SB28 cells was incubated 
with the immune cells for 24 h. Following the time, cells were harvested 
and the maturation markers were obtained by staining immune cells 
with a primary APC/Cy7 anti-CD86 antibody (Biolegend, San Diego, CA, 
USA) for 30 min at 4 ◦C protected from the light, washed and analyzed 
through flow cytometry as discussed above. 

2.6. In vivo studies 

All experiments were performed following the Belgian national 
regulation guidelines and following EU Directive 2010/63/EU and were 
approved by the ethical committee for animal care of the Faculty of 
Medicine of the Université catholique de Louvain (2019/UCL/MD/004). 
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2.6.1. SB28 orthotopic GBM model 
Immunocompetent six-week-old female C57BL/6J mice (Charles 

River Laboratories, Wilmington, MA, USA) were anesthetized by intra-
peritoneal injection of ketamine/xylazine (100 and 13 mg/kg, respec-
tively). Next, mice were orthotopically grafted with 5 × 103 cells/mouse 
by convection-enhanced delivery (CED) using a Hamilton syringe (26S 
gauge needle) mounted on an infusion syringe pump on a stereotaxic 
frame (Harvard Apparatus, Holliston, MA, USA) at a rate of 0.5 μL/min. 
The following injection coordinates were used: i) 2.1 mm lateral, 0.5 mm 
posterior from the bregma, and ii) 2.6 mm deep from the outer border of 
the cranium [13]. 

2.6.2. In vivo imaging 
Mice grafted with SB28 tumors were monitored by IVIS Spectrum In 

Vivo Imaging System on Days 7, 11, and 14. Mice were injected with 
Luciferin (i.p. injection of 50 μg/mL, 100 μL) 15 min before each anal-
ysis and the bioluminescence signal associated to the tumor growth has 
been registered. 

2.6.3. In vivo anticancer activity of HA-MSA2 conjugate in orthotopic 
SB28 GBM model 

Six-week-old female C57BL/6J mice (Charles River Laboratories, 
Wilmington, MA, USA) were orthotopically grafted with 5 × 103 cells/ 
mouse by CED. Tumor growth was monitored by IVIS as discussed 
above. On Day 10, mice were randomized into 3 groups (7 mice/group) 

and locally treated via CED with MSA2 or HA-MSA2 (5 μg/mouse). Mice 
without treatment were used as control. Survival study was performed 
and mice with free access to water and food were monitored daily and 
were euthanized when reached the following endpoints: (i) 20 % body 
weight loss or (ii) 10 % body weight loss plus clinical signs of morbidity 
(e.g., arched back, lack of movement, paralysis). Animal body weight 
was constantly monitored throughout the experiments. 

2.7. Analysis of the local GBM immune microenvironment 

Brains were isolated from the animals directly after euthanasia 
(endpoints). Single-cell suspensions were obtained via mechanical 
disruption by smashing tissues through a 70 μm cell strainer (Greiner 
Bio-One, Vilvoord, Belgium), and the cells were counted, washed with 
PBS and processed. The single-cell suspensions were first incubated for 
10 min on ice with TruStain FcX™ blocking solution and then stained 
with fluorochrome-labeled antibodies and analyzed using an LSR For-
tessa flow cytometer (BD Biosciences) and FlowJo software (TreeStar). 
Intracellular staining was performed by incubating the cells for 30 min 
at RT in a permeabilization/fixation solution (eBioscience™ Foxp3/ 
Transcription Factor Staining Buffer Set; Thermo Fisher Scientific, 
Waltham, MA, USA) followed by staining with the remaining labeled 
antibodies. Details of the antibodies used and the gating strategy are 
given in the SI (table S2 and figs. S4–S7). 

Fig. 1. Synthesis and characterization of HA-MSA2 conjugate. A. Synthetic pathway to obtain HA-MSA2; (i) DMTMM Cl, water, room temperature, 96 h and (ii) 
MSA2 in DMF (5 mg/mL) in water supplemented of 1 % of acetic acid, pH = 5. B. 1HNMR of HA-MSA2 and relative peaks; C. Size of HA-MSA2 conjugate expressed in 
number; D. Summary table of HA-MSA2 conjugate characterization. 

T. Chellen et al.                                                                                                                                                                                                                                 



Materials Today Bio 26 (2024) 101057

5

2.8. Statistical analyses 

Statistical analyses were performed using the statistical software 
GraphPad Prism (GraphPad Software Version 9.1.2, San Diego, CA, 
USA). P values < 0.05 were considered significant. For all analyses and 
each group, any exclusions were supported by the use of the Grubbs test 
for outlier detection. 

3. Results 

3.1. Chemical and Structural characterization of STING-activating HA- 
MSA2 conjugate 

MSA2 was conjugated to HA to obtain HA-MSA2 following the 
strategy depicted in Fig. 1A [52]. In the first step, HA was derivatized 
with hydrazine; next, taking advantage of the ketone group in the MSA-2 
structure, the drug was conjugated to HA through hydrazone as a 
pH-sensitive linker. The 1H NMR of HA-MSA2 confirmed the chemical 
identity of the conjugate. The signature peaks of MSA2 are visible in the 
aromatic region (7.1–7.8 ppm, letters e and f, respectively in Fig. 1B) 
indicating the effective incorporation of the drug into the HA backbone. 
As its quantification by NMR is not possible because of its low peak 
signal, the amount of drug incorporated in HA-MSA2 was quantified by 
UV–Vis, and corresponds to 1.37 % w/w. Next, we evaluated the size 
and the zeta potential of the conjugate. Native HA is a linear poly-
saccharide and exists in an extended conformation in an aqueous solu-
tion; the conjugation with MSA2 induced shrinkage of the polymer 
backbone and lead to the formation of nano-aggregates with a size of 
approx. 13 nm (Fig. 1C). This is in agreement with previous reports [55]. 
The zeta potential values of the HA-MSA2 conjugate were negative 
(− 25.8 mV) which could be ascribed to the negative charge of the sur-
rounding HA corona. The full characterization of HA-MSA2 is reported 
in Fig. 1D. 

3.2. HA-MSA2 conjugate increases STING activation and downstream 
gene expression in innate immune cells in vitro 

In vitro treatment of JAWSII murine dendritic cells (DCs) for 30 min 
resulted in significantly greater stimulation of STING signaling (phos-
phorylation of STING, TBK1 and IRF3) by the HA-MSA2 conjugate than 
by the free drug (Fig. 2A and B; 20 μM MSA2 equivalent concentration); 
this was followed by activation-associated degradation of STING by 5h 
and 24h (fig. S1A). To assess the efficacy of HA-MSA2 in activating the 
innate immune response, we tested the novel conjugate on JAWSII 
murine DCs, J774 murine macrophages and BV-2 murine microglial 
cells for 5 h and 24 h, followed by qPCR for the expression of type I 
Interferon (IFNβ), the immunostimulatory cytokines TNFα and IL6, and 
the T cell chemokine CXCL10 [30,56]. These markers serve as quanti-
tative read-outs of STING pathway activation and confirmed the stron-
ger effect of HA-MSA2 at 5 h, an effect that is less pronounced after 24 h 
treatment (Fig. 2C–E). To note, we incubated cells with HA and the 
levels of cytokines remained similar to the untreated in all the time 
points studied and for all the immune cells used in the study. This 
behavior highlights the role of HA as a nanocarrier that boosts the ef-
ficacy of MSA2. 

3.3. HA-MSA2 induces immunostimulatory gene expression in GBM cells, 
without upregulating the T cell inhibitor PD-L1 

As GBM cells express STING, we hypothesized that HA-MSA2 could 
also trigger its signaling in SB28 murine GBM cells [30]. While stimu-
lation with HA-MSA2 did not result in significantly higher phosphory-
lation of STING, TBK1 and IRF3 as compared to stimulation by MSA2 
(fig. S1B), qPCR showed a significant difference in downstream (IFNβ, 
TNFα, IL-6, CXCL10) gene expression by 24 h (Fig. 3). Indeed, the drug 
alone showed negligible induction of these genes, highlighting the 

pivotal effect of HA-conjugation in boosting its efficiency. In SB28, the 
expression of immunostimulatory markers was lower at the early time 
point analyzed (5h), while the levels were increased at 24 h (Fig. 3A). 
This trend is the opposite as observed in GL261 (Fig. 3B). We speculate 
that the last expression of downstream antitumor effectors on SB28 can 
be ascribed to a superior immune resistance of these cells compared to 
GL261 which is recognized to be more immunogenic [54]. Although the 
expression of innate immunity markers is lower for SB28 at 5 h, in cells 
treated with HA-MSA2, the levels of IFNβ, TNFα, IL-6 and CXCL10 are 
approximately 2-fold higher compared to other treatments. As in the 
case of the innate immune cells tested, the results of GBM cells treated 
with only HA were similar to untreated cells. 

Since it has been demonstrated that the STING pathway increases 
expression of PD-L1 on several cancers (e.g. melanoma, lung cancer), 
thereby attenuating the activity of cytotoxic T cells [30], we investigated 
PD-L1 expression on GBM cells upon treatment with the conjugate. 
Interestingly, the conjugate did not elicit expression of PD-L1 in SB28 
GBM cells at 5 h or 24 h, while MSA2 alone slightly increased PD-L1 at 
24 h (Fig. 3). Concerning GL261, HA-MSA2 elicited a superior expres-
sion of PDL-1 at 5 h while no difference with the controls was observed 
at 24 h (Fig. 3B). This would suggest that HA-MSA2 can enable a potent 
activation of innate immune cytokines/chemokines, without inducing 
negative regulators of T-cell immune function (such as PD-L1) in the 
GBM cells studied [57]. 

3.4. STING-activating HA-MSA2 conjugate triggers GBM immunogenic 
cell death and immune cell maturation 

Having shown the improved STING pathway-activating effect of HA- 
MSA2 in both innate immune and cancer cells, we next explored its 
impact on cell viability. The median inhibitory concentration (IC50) dose 
of HA-MSA2 was approximately 10-fold lower than the IC50 dose of 
unconjugated MSA2 (Fig. 4A and B). However, HA-MSA2 did not impact 
the cell viability of BV-2 cells (fig. S2). Then, we evaluated whether the 
new conjugate can promote ICD with ‘eat me’ signals such as the surface 
expression of calreticulin (CRT) and adenosine triphosphate (ATP) 
release [57] on GBM cells. HA-MSA2, but not free MSA2, promoted 
superior translocation of CRT to cell membranes of treated SB28 cells 
(Fig. 4C). This was consistent with enhanced ATP release from SB28 
cells after 24 h of incubation with HA-MSA2 (Fig. 4D). These in vitro data 
suggest that the conjugation of MSA2 to HA elicits stronger STING 
activation and ICD in GBM cells. 

We further explored if SB28 cells pretreated with HA-MSA2 could 
induce the maturation of innate immune cells (increased levels of 
CD86). We induced ICD of SB28 by treating them with HA, MSA2 and 
HA-MSA2, and incubated immune cells with supernatants from these 
treated cells for 24 h (Fig. 4E). JAWSII, J774 and BV-2 cells incubated 
with supernatants from HA-MSA2-treated SB28 showed higher expres-
sion of CD86 compared to those incubated with supernatant from un-
treated SB28 cells (Fig. 4F–H). Compared to the free drug, HA-MSA2- 
treated SB28 cell supernatants induced higher activation not only of 
dendritic cells but also of macrophages and microglial cells. No signifi-
cant differences between untreated cells and HA-treated cells were 
observed. These results suggest that HA-MSA2 can exert both direct (cis) 
and indirect (trans) effects to boost innate immunity, by inducing the 
expression of cytokines/chemokines, as well as promoting ICD. 

3.5. Local treatment with HA-MSA2 inhibits GBM growth and extends 
survival in the SB28 GBM mouse model 

To assess whether the novel polymer-drug conjugate could delay 
tumor growth, increase survival and impact the TIME, we selected the 
aggressive and notably cold, non-immunogenic SB28 model as a more 
challenging syngeneic GBM mouse model [54,58]. Mice were ortho-
topically grafted with SB28 cells and at Day 10, were treated with free 
MSA2, HA-MSA2 (drug equivalent dose: 5 μg/mouse) using 
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convection-enhanced delivery (CED), or left untreated as reported in 
Fig. 5A. Mice that received HA-MSA2 showed a delay in tumor growth 
compared to the other groups (Fig. 5B and C). The dose has been selected 
considering a) toxicity and b) solubility issues of free MSA2 (soluble only 
in DMSO). A slight increase in the bioluminescent tumor-associated 
signal was observed in the group treated with HA-MSA2 between Days 
11 and 14, whereas mice treated with MSA2 showed a luminescence 
comparable to the untreated group. On Day 14, the HA-MSA2 group 
showed a reduction of 2.8 times compared to the untreated group. 
Analysis of tumor size at Day 14 revealed greater uniformity for the 
group treated with HA-MSA2 compared to the free drug and untreated 
groups (Fig. 5D). In response to treatment, mice showed a loss in body 
weight that was transient in the group treated with HA-MSA2 conjugate, 
but progressive in the MSA2 and untreated groups (Fig. 5E). 

The survival analysis reflected the trend observed in the tumor 
growth curve (Fig. 5F): mice treated with HA-MSA2 (median survival of 

25 days) showed a significantly higher median survival compared to the 
untreated group (19 days). No difference was observed in the median 
survival of mice treated with the free drug (20 days) compared to the 
untreated group. These results support the hypothesis that HA is an 
effective nanocarrier for the in situ delivery of therapeutic agents in the 
context of GBM. 

3.6. In situ administration of HA-MSA2 Drives innate and adaptive 
immune Cell infiltration and Re-educate GBM TIME 

To obtain a global picture of immune activation following HA-MSA2 
treatment of GBM in vivo, we performed endpoint analysis of infiltrating 
innate and adaptive immune cells and the TIME, using a panel of 11 
immunological markers in flow cytometry analysis of brain tissue. Our 
data show that HA-MSA2 induced a complete remodeling of the TIME 
and its immune composition. Indeed, we observed a significant 

Fig. 2. HA-MSA2 activates STING signaling and expression of downstream genes in innate immune cells. A. JAWSII cells were treated with HA, MSA2 or HA- 
MSA2 (20 μM MSA2 equivalent concentration) for 0.5h; untreated cells were used as controls. Cells were lysed and analyzed by Western blot, using anti- 
phosphoSTING (p-STING), anti-STING, anti-phospho-TBK1 (p-TBK1), anti-TBK1, anti-phopshoIRF3 (pIRF3) and anti-IRF3 antibodies. Anti-GAPDH or anti-alpha 
actinin were used as loading controls. Representative blots from three replicates; B. Blots were quantified, and phospho-protein signal (normalized to GAPDH or 
alpha actinin on the same blot) was normalized to the corresponding total protein (normalized to GAPDH or alpha actinin on the same blot). Relative quantifications 
are shown. **p < 0.01, ****p < 0.0001 (One-way ANOVA with Tukey’s post-hoc). C-E. qPCR gene expression of immune-stimulatory markers (IFNβ, TNFα, IL-6 and 
CXCL10) after treatment with HA alone, MSA2 or HA-MSA2 of C. JAWSII, D. J774 and E. BV-2 cells for 5 and 24 h. Cells were treated with an equivalent con-
centration of MSA2 of 20 μM. Untreated cells were used as a reference. Data were normalized to results from untreated cells using RLP19 as a housekeeping gene. 
Mean, error bar = SD, n = 3, statistical analysis performed via two-way ANOVA followed by Dunnet’s multiple comparison test with a single pooled variance (*p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

Fig. 3. HA-MSA2 enabled the expression of immunostimulatory gene in GBM cells without the expression of the T cell inhibitor PD-L1. Analysis of immune- 
stimulatory markers (IFNβ, TNFα, IL-6 and CXCL10) and negative regulators of T cell immune function (PD-L1) by qPCR after treatment with HA alone, MSA2 or HA- 
MSA2 of A. SB28 and B. GL261 cells for 5 and 24 h. Cells were treated with an equivalent concentration of MSA2 of 20 μM. Untreated cells were used as a reference. 
Data were normalized to results from untreated cells using Actin β as a housekeeping gene. Mean, error bar = SD, n = 3, statistical analysis performed via two-way 
ANOVA followed by Dunnet’s multiple comparison test with a single pooled variance (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 
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activation of the innate immune system, with higher levels of dendritic 
cells and activated dendritic cells, in mice treated with HA-MSA2 as 
compared to the MSA2 and untreated groups (Fig. 6A and B). FACS 
analysis also showed higher frequency of NK cells following treatment 
with HA-MSA2 (Fig. 6C); no difference in frequency of NK T cells was 
observed (Fig. 6D). These results highlight the capacity of HA-MSA2 to 
recruit cells involved in innate immunity in a cold tumor like GBM. Next, 
we investigated the effect of HA-MSA2 on the frequency of T cells. Brains 
from HA-MSA2 treated mice had a higher frequency of CD8 T cells and 
IFNγ-secreting CD8 T cells as compared to the untreated group (Fig. 6E 
and F). No significant differences were observed for CD4 T cells and 
IFNγ-secreting CD4 T cells (p = 0.0786) compared to the untreated 
group (Fig. 6G and H). Moreover, we observed significantly higher levels 
of expression of perforin, involved in the cytolytic activity of NK and T 
cells, in the HA-MSA2 group by qPCR (fig. S3). The increase in IL-6 and 
CCL2 expression, assessed by qPCR, was not significant (fig. S3). Since 
the efficacy of current immunotherapies is hampered by the presence of 
Tregs that suppress effector T cells through complex cellular and mo-
lecular mechanisms, we analyzed the impact of the conjugate on these 

immune suppressive cells (Fig. 6I). Although no differences in the fre-
quency of Tregs was observed, the CD8 T cell/Treg ratio increased by 
2.17-fold in HA-MSA2-treated versus untreated mice (Fig. 6J). Together, 
these data suggest that local intratumoral delivery of HA-MSA2 induces 
more effective remodeling of the TIME and its immune profile, than 
MSA2 alone. 

4. Discussion 

The recent discoveries on the role of the STING pathway in cancer 
immune surveillance, with the possibility of eliciting both innate and 
adaptive immune responses using the same therapeutic agent, have 
motivated the study of STING agonists in the context of GBM. Here, we 
show the efficacy of a novel HA-based conjugate for the local delivery of 
the STING agonist MSA2, in promoting a potent immune response 
against GBM. Given the complexity of the GBM TIME, we hypothesized 
that modulating the activity of the innate and adaptive arms using a 
polymer-drug conjugate would provide greater therapeutic effects than 
targeting either arm alone (Fig. 7) [12,33]. We sought to address this 

Fig. 4. HA-MSA2 induces cell toxicity in SB28 cells associated with hallmarks of immunogenic cell death and favors the maturation of immune cells. A, B. 
SB28 cells were treated with MSA2 (blue line) and HA-MSA2 (green line) for 72 h and cell viability was measured; IC50 values were obtained by non-linear regression 
curve fitting; Mean, error bar = SD, n = 3, statistical analysis performed via unpaired t-test (**p < 0.01); C. Membrane translocation of calreticulin (CRT, calculated 
as MFI ratio) and D. ATP release induced by HA, MSA2 and HA-MSA2. Mean, error bar = SD, n = 3, statistical analysis performed via Kruskal-Wallis test followed by 
Dunn’s multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). E. Schematic representation of immune-cell maturation assay. Percentage of 
CD86+ F. JAWSII, G. J774, and H. BV-2 cells after incubation with SB28 medium pretreated with HA, MSA2, and HA-MSA2. Mean, error bar = SD, n = 3, statistical 
analysis performed via One-way ANOVA test followed by Tukey’s multiple comparisons test, with a single pooled variance. (*p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001). 
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challenge by conjugating MSA2 to HA, ameliorating its solubility profile 
and cell uptake as previously demonstrated with other drugs [59,60]. 
Compared to our previous approaches [53,61], the advantages reside in 
a simultaneous trigger of both innate and adaptive immunity with a 
single immunotherapeutic agent after an intracranial injection. 

Leveraging the experience from previously synthesized HA-drug 
conjugates, we employed a pH-sensitive linker targeting release in 
endo-lysosomes [52,53]. This approach should ensure effective MSA2 
release both in GBM cells and in APCs due to the CD44-mediated cell 
uptake as demonstrated previously on GBM and microglial cells [52,53]. 
Importantly, this approach is even more relevant for MSA2, which 

becomes active after dimerization that occurs at a pH lower than 6.5 
[41]. Other conjugation strategies have been explored using the car-
boxylic acid on MSA2; however, intramolecular cyclization of the drug 
resulted in conjugation failure (data not shown). Our approach avoids 
harsh conditions (e.g., high temperature, ultrasound, extreme pH), 
increasing the feasibility of production in GMP conditions and therefore, 
clinical translation. We succeeded in conjugating a 1.37 % w/w loading; 
superior drug loading led to a decrease in water solubility of the con-
jugate, precluding its use for local treatment of GBM. The process of 
conjugation also allowed the small MSA2 drug to be converted into a 
macromolecule with a size of ≈12 nm and a negative zeta potential 

Fig. 5. In situ administration of HA-MSA2 exhibits control of tumor growth and extended survival of SB28-GBM-bearing mice. A. Timeline of the experiment 
with exact time points for SB28 orthotopically grafting and local treatment. C57BL/6 mice were challenged at Day 0 with 3 × 103 SB28 cells and treated with MSA2 
or HA-MSA2 at Day 10 (5 μg MSA2 equivalent dose). Untreated mice did not receive any treatment. Tumor growth was monitored on days 7, 11, and 14 via IVIS 
imaging. B, C Bioluminescent signal associated with GBM growth; D. Bioluminescent signal associated with GBM volume at Day 14 post-SB28 tumor induction. 
Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple comparison test; E. Bodyweight analysis of mice untreated or treated with MSA2 or 
HA-MSA2 or left untreated. F. Kaplan‒Meier survival curves of GBM bearing mice. The error bars represent the mean ± SEM; n = 6–8. Survival curves were analyzed 
using the Mantel-Cox test (*p < 0.05). 
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(− 25 mV). The formation of nanoparticles is in line with previous works 
[52,53,62]; indeed, the conjugation of hydrophobic drugs such as 
MSA-2 (computed Log P = 2.3) allows the shrinks of the polymer. GBM 
possesses a complex architecture with a range of pH, volume of cere-
brospinal cord fluid, hypoxia, and mechanical properties (the presence 
of the extracellular matrix) that vary according to the characteristic and 
stage of the disease (e.g., dimensions, injuries, anatomical location, 
etc.). Therefore, it is hard to recapitulate in vitro the conditions to 
evaluate the drug release of MSA-2 from the conjugate, although it is 
clear that the linking chemistry strongly influences the efficacy, as we 
previously demonstrated [52]. 

In vitro studies performed on GBM and immune cells show the ca-
pacity of HA-MSA2 to effectively trigger the STING pathway after only 
30 min of incubation, and increase downstream gene expression. 
Conjugating MSA2 to HA increased expression of IFNβ by 8, 16 and 111- 
fold in vitro in DCs, macrophages and microglia cells, respectively, after 
5 h of incubation. A similar trend was observed for the other cytokines 
(TNFα, IL6) and the T cell chemokine (CXCL10) analyzed. While 
expression of STING-responsive genes was lower in GBM cells as 
compared to innate immune cells, the HA-conjugate was nevertheless 
able to induce their expression in the SB28 and GL261 cell lines, in 
contrast to the unconjugated molecule. We speculate that the efficient 
triggering of the STING pathway of HA-MSA2 might be ascribed to the 
structure of the conjugate; indeed, HA-MSA2 can be considered as a 
“multiple MSA2-prodrug” rather than a conventional drug delivery 
system. After the cell uptake, HA-MSA2 would provide a superior MSA2 
concentration compared to the free drug promoting a faster dimeriza-
tion and efficacy. Moreover, our data support the hypothesis that HA- 

Fig. 6. In vivo immunological effects of local administered HA-MSA2 induce a shift of GBM TIME towards a “hot” phenotype. A. Percent of dendritic cells; B. 
Percent of activated dendritic cells; C. Percent of NK cells; D. Percent of NK T cells; E. Percent of CD8 T cells; F. Percent of IFNγ+ CD8 T cells; G. Percent of CD4 T 
cells; H. Percent of IFNγ+ CD4 T cells; I. Percent of FOXp3+ C T cells (Tregs) and J. Ratio between CD8 T cells/Tregs. The error bars represent the mean ± SEM; n =
6–8. Statistical analysis: one-way ANOVA multiple comparison (*p < 0.05, **p < 0.01, ***p < 0.001). 

Fig. 7. Graphical schematic of the HA-MSA2 proposed mechanism for 
anticancer activity. The efficacy of HA-MSA2 lies in its combined stimulation 
of innate and adaptive immune systems, targeting multiple arms of GBM im-
munity. HA-MSA2 enables innate immune cell recruitment followed by an in-
crease of CD8 T cells in immunologically “cold” GBM, eliciting a shift in the 
tumor immune landscape. 
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MSA2 can promote an innate immune response via tumor-intrinsic 
STING activation as well. This corroborates a study that used different 
polymeric nanoparticles for the delivery of cGAMP to neuroblastoma 
cells [29,63]. To our knowledge, however, this is the first demonstration 
of a polymer-STING agonist conjugate eliciting the expression of 
immunostimulatory genes in “cold” GBM cells themselves. 

We observed that HA-MSA2 affects the viability of GBM cells (but not 
the BV-2 cells), with conjugation reducing the IC50 of MSA2 by 10-fold. 
These results are in agreement with recent findings that demonstrate 
that the activation of STING can induce cancer cell death [33,53]. 
HA-MSA2 seems to enable ICD in SB28 cells, which could trigger anti-
tumor innate and adaptive immunity by diverse mechanisms [57]. These 
results are particularly interesting in the context of GBM, which pos-
sesses a low mutational burden and high inter- and intra-patient het-
erogeneity, hampering the recognition of tumor antigens of anticancer 
vaccines [12]. These results are even more relevant for SB28 cells where 
so far only a few hundred antigens have been recognized [54,58]. Our 
work offers a new strategy to release tumor antigens from cells that are 
poorly immunogenic but responsive to STING activation. Other groups 
have shown that delivering STING agonists to cancer cells enhances the 
efficacy of chemotherapy [64]; Wang-Bishop et al., showed ICD in 
neuroblastoma cells using cGAMP [33]. However, to the best of our 
knowledge, this is the first report in which MSA2 has been shown to 
elicit ICD in GBM. 

The promising data from our in vitro experiments encouraged us to 
explore the use of HA-MSA2 in a mouse orthotopic model of GBM. We 
selected SB28 since it has several characteristics that make it an 
attractive experimental model to recapitulate human GBM [54]. 
HA-MSA2 was able to reduce tumor growth over time and improve mice 
survival compared to the MSA2-treated and untreated groups. Notably, 
this was achieved using only a single administration of HA-MSA2, with a 
lower dose compared to other reports for the free drug MSA2 [41]. This 
highlights the efficacy of our polymer-drug conjugate for stimulating 
antitumor immunity in GBM. 

To understand the effects of HA-MSA2 on the GBM TIME, we char-
acterized the local immune and observed a significant increment of in-
flammatory cell populations like NK cells, DCs, and T cells. Interestingly, 
NK cells have been recently highlighted as a major player in STING 
therapy [65]; although the delay of tumor growth and the extension of 
survival should be attributed to the cytotoxic effect exerted by CD8 T 
cells, recent literature suggests the role of NK cells in supporting these 
cells through direct and indirect pathways [66,67]. This suggests that 
HA-MSA2 mitigates immunosuppression in the GBM TIME, engaging 
immunostimulatory mechanisms to enhance T cell infiltration and ac-
tivity. These results are consistent with a study by Berger et al. showing 
an increased frequency of pro-inflammatory innate cells post 
intra-tumoral STING agonist treatment of GBM [30]. 

Our results support the hypothesis that HA-MSA2 can re-educate the 
traditional “cold” behavior of GBM by increasing the CD8 T cell/Tregs 
ratio generating a more inflamed TIME. Overall, these findings 
demonstrate that HA-MSA2 can trigger a potent immune response 
against GBM cells, supporting the use of HA as a platform to trigger the 
immune response of drugs. HA, generally considered a safe biomaterial, 
may be suitable for clinical translation and quickly locally applied by 
neurosurgeons. We believe that our approach could be implemented in 
the future through encapsulation into hydrogels adaptable to fill a 
tumor-resected cavity, in addition to the standard of care, or in combi-
nation with photothermal therapy [68]. 

5. Conclusions 

We introduced a state-of-the-art biodegradable polymer platform to 
deliver a potent STING agonist MSA2, to simultaneously induce both 
innate and adaptive immunity for the local treatment of GBM. We 
demonstrated that the conjugation of MSA2 to HA efficiently triggers the 
STING pathway and consequently upregulates type I IFN and other 

cytokines in both immune and GBM cells. Moreover, the novel conjugate 
induces cytotoxicity in GBM cells via the induction of ICD that can be 
leveraged to generate anti-GBM immunity. Additionally, STING activa-
tion switches highly immunosuppressive GBM to immunogenic TIME, 
leading to increased DC, NK and CD8 T cell infiltration with an overall 
induction of antitumor immunity, and extended survival. Our findings 
support the future exploration of HA-MSA2 as a versatile immunother-
apeutic for improving clinical outcomes of other aggressive tumors in 
combination with various chemo-immunotherapeutics or cancer 
vaccines. 
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