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Abstract

Cancer vaccines targeting patient-specific neoantigens have emerged as a promising strategy for 

improving responses to immune checkpoint blockade. However, neoantigenic peptides are poorly 

immunogenic and inept at stimulating CD8+ T cell responses, motivating a need for new vaccine 

technologies that enhance their immunogenicity. The stimulator of interferon genes (STING) 

pathway is an endogenous mechanism by which the innate immune system generates an 

immunological context for priming and mobilizing neoantigen-specific T cells. Owing to this 

critical role in tumor immune surveillance, a synthetic cancer nanovaccine platform (nanoSTING-

vax) was developed that mimics immunogenic cancer cells in its capacity to efficiently promote 

co-delivery of peptide antigens and the STING agonist, cGAMP. The co-loading of cGAMP and 
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peptides into pH-responsive, endosomolytic polymersomes promoted the coordinated delivery of 

both cGAMP and peptide antigens to the cytosol, thereby eliciting inflammatory cytokine 

production, costimulatory marker expression, and antigen cross-presentation. Consequently, 

nanoSTING-vax significantly enhanced CD8+ T cell responses to a range of peptide antigens. 

Therapeutic immunization with nanoSTING-vax, in combination with immune checkpoint 

blockade, inhibited tumor growth in multiple murine tumor models, even leading to complete 

tumor rejection and generation of durable antitumor immune memory. Collectively, this work 

establishes nanoSTING-vax as a versatile platform for enhancing immune responses to 

neoantigen-targeted cancer vaccines.
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Immune checkpoint inhibitors are transforming the treatment of an expanding number of 

tumor types, yet immune checkpoint blockade still benefits only a minority of cancer 

patients.1, 2 While resistance to immune checkpoint blockade is complex and multifaceted,3 

poor clinical responses can, in part, be ascribed to an insufficient number and/or poor 

function of endogenously-generated, pre-existing T cells that recognize tumor antigens.4–6 

This challenge has created an urgent need for new strategies to bolster the magnitude, 

breadth, and quality of the antitumor T cell response, including a revitalized interest in 

therapeutic cancer vaccines.7–10 While the clinical impact of cancer vaccines over the past 

several decades has been largely disappointing,11 the discovery that neoantigens—peptides 

derived from cancer-specific mutations—are the primary antigenic targets for antitumor T 

cells has fueled a revolution in the development of personalized cancer vaccines targeting 

patient-specific mutanomes.12 Mutations unique to an individual’s cancer are identified via 
whole exosome sequencing, advanced immunopeptidomic methods are employed to 

determine which mutations are most likely to generate neoepitopes, and neoantigenic 

peptides are then synthesized and administered to the patient as a personalized vaccine 

product. Peptide antigens, however, are typically weakly immunogenic and, consequently, 

many cancer vaccine formulations being explored clinically do not elicit robust tumor 
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antigen-specific CD8+ T cell responses, which are critical for effective antitumor immunity.
13, 14 This can be mostly attributed to several interrelated barriers, including inefficient 

accumulation in vaccine site draining lymph nodes (LNs), poor intracellular uptake by 

antigen presenting cells (APCs), low levels of antigen cross-presentation, and suboptimal 

choice and/or delivery of immunostimulatory adjuvants.7, 15 This long-standing challenge in 

synthetic vaccine design has motivated the development of a wide-range of materials-based 

strategies (e.g., nanoparticles, microparticles, scaffolds, hydrogels) to augment cellular 

immunity to protein and peptide antigens.16–18 However, despite these advances there has 

been relatively little investigation into the design of particle-based platforms for enhancing 

the performance of neoantigen-targeted cancer vaccines for personalized immunotherapy.
19–24

The stimulator of interferon genes (STING) pathway plays a critical role in initiating and 

propagating endogenous mechanisms of antitumor T cell immunity.25–27 Upon activation by 

2′,5′–3′5′ cyclic guanosine monophosphate–adenosine monophosphate (cGAMP), STING 

triggers a type-I interferon (IFN-I)-driven inflammatory response that stimulates dendritic 

cell (DC) cross-presentation of tumor antigens, leading to mobilization of tumor-specific 

CD8+ T cells. This indispensable role for STING in cancer immune surveillance has 

recently motivated the study of cGAMP and related cyclic dinucleotides (CDN) as cancer 

vaccine adjuvants to more closely replicate the natural inflammatory cues that underlie and 

drive generation of antitumor immunity.28–32 Notably, Fu et al. demonstrated the capacity of 

STING agonists to enhance immune responses to an autologous cancer cell vaccine,28 and 

Kinkead et al. have recently leveraged CDNs as an adjuvant in a pancreatic cancer vaccine.
29 While such pre-clinical studies highlight the potential of STING agonists as cancer 

vaccine adjuvants, they have co-delivered antigens and CDN adjuvants as a soluble mixture. 

This formulation strategy has been widely demonstrated to yield less potent and effective 

immune responses relative to the use of particle-based carriers that mimic pathogens through 

their capacity to promote the co-delivery of antigen and adjuvant.33, 34 This challenge is 

further exacerbated by the high water solubility, low molecular weight, and poor drug-like 

properties of CDNs, which results in their rapid clearance from the injection site with 

minimal accumulation in the draining LN and inefficient intracellular uptake by APCs,35–39 

critical processes that underlie effective antigen-specific T cell activation. To overcome these 

barriers, several groups have developed nanocarrier platforms to enhance the intracellular 

delivery of CDNs, including several liposomal carriers,40–44 polymeric systems,45, 46 and 

inorganic nanostructures.47 Our group has recently described the development of polymer 

vesicles (polymersomes) with pH-responsive, membrane-destabilizing activity that enhances 

intracellular uptake and cytosolic delivery of CDNs, resulting in a dramatic enhancement in 

their immunostimulatory activity.38 At physiologic pH, the membrane-destabilizing block is 

sequestered in the polymersome bilayer, shielded by a poly(ethylene glycol) corona. Upon 

endocytosis and endosomal acidification, the nanoparticles rapidly disassemble to reveal the 

membrane-interactive segments, resulting in the release of CDNs into the cytosol. Here, we 

leverage this technology for the development of nanoSTING-vax – a platform for 

neoantigen-targeted cancer vaccines based on endosomolytic nanoparticles designed to 

enhance and coordinate the intracellular delivery of neoantigenic peptides and CDN STING 

agonists (Figure 1). Using synthetic long peptide antigens containing neoepitopes, we 
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demonstrate that nanoSTING-vax can promote the dual-delivery of peptides and CDNs to 

the cytosol, resulting in enhanced antigen cross-presentation and dendritic cell maturation, 

while also promoting accumulation in the vaccine site draining lymph node. Consequently, 

nanoSTING-vax enhanced the CD8+ T cell responses to a diversity of peptide antigens, 

resulting in a dramatic improvement in the response to immune checkpoint blockade in two 

murine tumor models.

RESULTS AND DISCUSSION

Inspired by endogenous mechanisms of antitumor T cell immunity,26, 27, 48–50 we sought to 

develop a vaccine platform that mimicked an immunogenic cancer cell based on the 

reductionistic design concept of a vesicular particle encapsulating both peptide antigens and 

cGAMP (Figure 1a). To accomplish this, we leveraged pH-responsive, endosomolytic 

polymer vesicles (i.e., polymersomes) previously described by our group that enable the 

efficient cytosolic delivery of cGAMP.38 We hypothesized that this class of neoantigen-

targeted vaccine, referred to herein as nanoSTING-vax, could enhance tumor antigen-

specific T cell responses and, therefore, mitigate resistance to immune checkpoint inhibitors, 

via several mechanisms. First, nanoparticle co-delivery of cGAMP and peptide neoantigen 

increases the probability that both antigen and adjuvant are delivered to the same APC, 

allowing antigen processing and presentation to occur in an appropriate pro-inflammatory 

context, while minimizing the potential for T cell anergy or tolerance due to antigen 

presentation by immature APCs.51, 52 Second, polymersomes are designed to promote 

efficient endosomal escape of cargo to the cytosol, allowing cGAMP to access STING while 

also promoting cytosolic antigen delivery and processing via the classical MHC-I antigen 

presentation pathway (Figure 1b), which has been shown to enhance priming of antigen-

specific CD8+ T cells.53, 54 Finally, polymersomes have the potential to enhance LN 

accumulation and uptake by APCs due to their nanoscale properties.55

Co-loading of a bisphosphorothioate analog of cGAMP and six unique peptide sequences, 

ranging from 9 to 27 amino acids, into polymersomes had no or minimal impact on the size 

(Figure 2a; Figure S1a) or neutral zeta potential (Figure S1b) of self-assembled particles, 

which transmission electron microscopy revealed were predominantly of vesicular 

morphology, though micelles and filamentous structures were also observed (Figure 2b; 

Figure S2), species that we have previously demonstrated are inefficient at enhancing 

cGAMP delivery.38 Importantly, the potent STING activation that we have previously 

described can be achieved via loading of cGAMP into endosomolytic nanoparticles was 

maintained when both peptides and cGAMP were co-loaded into polymersomes (Figure 2c; 

Figure S1c). Notably, peptides of variable length, charge, and hydrophobicity could be 

loaded into polymersomes, albeit with variable encapsulation efficiency (Table S1). 

Interestingly, we observed a statistically significant correlation between peptide 

hydrophobicity and loading efficiency (Figure S3), potentially reflecting a preferential 

association of peptides with the vesicle membrane or aqueous core during the self-assembly 

process based on their relative water solubility. Hence, the biphasic structure inherent to 

polymersomes may offer an important advantage for the delivery of peptide neoantigens, 

which are inherently personalized and, therefore, span a wide range of properties.

Shae et al. Page 4

ACS Nano. Author manuscript; available in PMC 2021 August 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We next investigated the effect of co-delivery of peptide antigen and cGAMP on MHC-I 

antigen presentation using a model synthetic long peptide containing the immunodominant 

CD8+ T cell epitope from ovalbumin (Ova), SIINFEKL. We first evaluated the SIINFEKL-

specific CD8+ T cell response in a co-culture assay comprising DC2.4 dendritic cells and a 

B3Z CD8+ T cell hybridoma that produces β-galactosidase upon recognition of SIINFEKL 

in complex with the H-2Kb molecule (Figure 2d). Co-delivery of antigen and cGAMP in 

polymersomes (i.e., nanoSTING-vax) enhanced B3Z T cell activation to a greater extent 

than nanoparticles loaded only with peptide (NP-peptide), free peptide, or a mixture of 

soluble cGAMP and peptide. This is consistent with the ability of endosomolytic materials 

to promote cytosolic delivery of antigen, which enhances presentation on MHC-I,53, 54 a 

process that was further augmented via induction of STING signaling. Similar results were 

observed in bone marrow derived DCs (BMDCs) using an antibody against the H-2Kb/

SIINFEKL complex (Figure 2e). Interestingly, in these studies, a mixture of free peptide and 

nanoparticles loaded only with cGAMP (NP-cGAMP + peptide) enhanced SIINFEKL 

presentation to a similar extent as nanoSTING-vax. This may reflect the capacity of STING 

signaling and IFN-I to promote antigen cross-presentation and increase surface expression of 

MHC-I48, 56, 57 and/or a spontaneous physical association between the peptide and 

polymersomes post-assembly that resulted in enhanced intracellular uptake and antigen 

presentation. Consistent with their capacity to enhance cGAMP activity, we also found that 

all polymersomes loaded with cGAMP (i.e., nanoSTING-vax and NP-cGAMP) increased 

expression of the DC maturation marker MHC-II and the costimulatory molecules CD40 and 

CD86 to a greater extent than free cGAMP or nanoparticle formulations lacking cGAMP 

(Figure 2f), reflecting the relatively weak intrinsic adjuvant activity of the nanoparticle and 

the need for co-delivery of cGAMP. Collectively, these data demonstrate the capacity of 

endosomolytic polymersomes to mediate cytosolic dual-delivery of CDN STING agonists 

and peptide antigens, resulting in coordinated DC activation and antigen presentation, 

which, in turn, enhances CD8+ T cell activation.

An attractive feature of nanoparticle vaccines is their ability to promote the biodistribution 

of vaccine components to LNs, with attendant enhancement in antigen presentation, APC 

maturation, and T cell priming.55, 58 To evaluate the distribution of vaccine components to 

the LN in vivo, vaccine formulations containing fluorescently-labeled polymersomes (Cy5-

labeled) and peptide (Alexa Fluor 700-labeled SGLEQLESIINFEKL) were administered 

subcutaneously to allow for monitoring of carrier and cargo distribution to a vaccine site 

draining LN (inguinal) and uptake by leukocytes in the LN. Fluorescent imaging of inguinal 

LNs isolated 18 h following injection demonstrated that loading of peptide antigen into 

polymersomes significantly increased antigen accumulation in the LN (Figure 3a). 

Additionally, a significant increase in the expression of Ifnb1 in the inguinal LN was 

observed 4 h after administration (Figure 3b), demonstrating the ability of nanoSTING-vax 

to enhance cGAMP delivery to vaccine site draining LNs. Flow cytometric analysis of LNs 

24 h post-immunization revealed that both peptide and polymer accumulated primarily in 

CD11b+F4/80+ macrophages and CD11c+ DCs (Figure 3c,d; Figure S4b), which play direct 

roles in antigen presentation to T cells; minimal uptake of peptide or polymer was observed 

in NK cells, B cells, or T cells. Consistent with the data from in vitro experiments, 

nanoSTING-vax also resulted in increased expression of CD80 and CD86 costimulatory 
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molecules on CD11c+ DCs in the LN (Figure 3e; Figure S4c). Collectively, these data 

demonstrate the ability of the nanoSTING-vax platform to enhance peptide antigen and 

CDN delivery to APCs residing in draining LNs, a critical process in stimulation of cellular 

adaptive immunity.

We next evaluated the capacity of nanoSTING-vax to enhance CD8+ T cell responses in vivo 
using a synthetic long peptide (SGLEQLESIINFEKL) containing the H-2Kb-restricted Ova 

epitope, SIINFEKL. Mice were administered nanoSTING-vax, a soluble mixture of peptide 

and cGAMP, peptide only, or PBS (vehicle), and boosted on day 14 and 24 (Figure 4a). 

Additionally, based on the data from in vitro experiments demonstrating that mixing soluble 

peptide with cGAMP-loaded NPs (NP-cGAMP + peptide) could enhance antigen 

presentation, we also included this formulation as an additional control in these studies. On 

day 31, peptide/MHC-I tetramer staining was used to evaluate the magnitude of the 

SIINFEKL-specific CD8+ T cell response in peripheral blood. NanoSTING-vax generated 

the highest antigen-specific CD8+ T cell response of all of formulations tested, resulting in 

~8% SIINFEKL-specific CD8+ T cells in the blood, whereas free peptide and a soluble 

mixture of cGAMP and peptide elicited responses undetectable from baseline (Figure 4b). 

Similar to in vitro findings, a slight, but statistically insignificant, increase in the percentage 

of tetramer-positive CD8+ T cells was observed for free peptide mixed with cGAMP-loaded 

NPs. As a functional validation of the CD8+ T cell response, we challenged immunized mice 

on day 32 with a subcutaneous inoculation of Ova-expressing B16.F10 murine melanoma 

cells (B16-Ova) and evaluated tumor growth. Consistent with tetramer staining, only 

immunization with nanoSTING-vax resulted in significant inhibition of tumor growth 

(Figure 4c). Collectively, these experiments demonstrate that co-delivery of cGAMP and 

synthetic long peptides with endosomolytic polymersomes can significantly enhance the 

immunogenicity of peptide vaccines.

We next evaluated the capacity of nanoSTING-vax to enhance CD8+ T cell responses to two 

established tumor neoantigenic peptides arising from mutations in the proteins Reps1 

(AQLANDVVL) and Adpgk (ASMTNMELM) in the MC38 murine colon adenocarcinoma 

cell line.59 In these studies, polymersomes were co-loaded with cGAMP and a synthetic 

long peptides containing either the Reps1 or Adpgk neoepitope, and the two formulations 

were then mixed to generate a vaccine containing both neoantigenic targets at equal peptide 

doses, as was done in recent clinical trials of multi-epitope cancer vaccines.60 First, non-

tumor bearing mice were immunized with nanoSTING-vax or indicated control formulations 

and boosted on days 8 and 16 (Figure 4d). The magnitude and functionality of the 

neoantigen-specific T cell response was evaluated via peptide restimulation of peripheral 

blood mononuclear cells (PBMCs) followed by intracellular cytokine staining for IFNγ and 

TNFα. Consistent with findings using SIINFEKL as a model antigen, nanoSTING-vax 

enhanced the frequency of polyfunctional (IFNγ+TNFα+) antigen-specific CD8+ T cells 

relative to a mixture of synthetic long peptide and free cGAMP (Figure 4e). Interestingly, a 

mixture of free peptide and cGAMP-loaded NPs (NP-cGAMP + peptide) resulted in a 

statistically significant increase in the percentage of IFNγ+TNFα+ CD8+ T cells for the 

Adpgk antigen, but not for Reps1, potentially reflecting a differential capacity of different 

peptides to spontaneously associate with polymersomes post-assembly. To further 

investigate this, we used size exclusion chromatography to evaluate the extent to which the 
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peptides employed in this study spontaneously associated with pre-formed polymersomes 

(Figure S5). While variable levels of interaction were observed, SGLEQLESIINFEKL and 

Reps1 displayed the highest level of association, whereas the Adpgk peptide interacted only 

minimally. While stability or nature of such interactions remains to be elucidated, such data 

demonstrating that a mixture of free peptide and nanoparticles loaded with cGAMP (NP-

cGAMP + peptide) can enhance immune responses to some synthetic long peptides 

highlights a potential opportunity to design peptide antigens that can spontaneously and 

efficiently integrate with pre-assembled cGAMP-loaded NPs. Designing peptides that enable 

such a “mix-and-go” nanoSTING-vax formulation merits future investigation as a strategy to 

further streamline the just-in-time manufacturing of personalized cancer vaccine products.
9, 20, 54 Nonetheless, these studies validate the ability of the nanoSTING-vax platform to 

enhance CD8+ T cell responses to multiple neoantigenic peptides.

Based on the capacity of nanoSTING-vax to enhance neoantigen-specific CD8+ T cell 

responses, we next evaluated whether this could be leveraged to improve responses to 

immune checkpoint blockade in a therapeutic vaccine setting. Many cancers can evade 

immune recognition through the expression of PD-L1 in response to secretion of IFN-γ by 

infiltrating T cells, resulting in inhibition of cytotoxic T cell function via binding to PD-1 on 

T cells.2 Therefore, maximizing the efficacy of cancer vaccines often requires blockade of 

PD-1, PD-L1, or other immune checkpoint molecules (e.g., CTLA-4) to circumvent this 

resistance mechanism.10 We first used the MC38 murine colorectal adenocarcinoma model, 

which has known neoantigens and expresses PD-L1, but is largely resistant to PD-L1/PD-1 

blockade owing to a highly immunosuppressive microenvironment.61 Mice were inoculated 

subcutaneously with MC38 cells and vaccinated starting on day 8 with nanoSTING-vax or 

control formulations (Figure 5a). Additionally, nanoSTING-vax and selected controls were 

combined with systemic (i.p) administration of anti-PD-1 antibody (αPD-1) which has 

minimal therapeutic effect when delivered as monotherapy. While nanoSTING-vax 

conferred minimal therapeutic benefit alone in this model, we observed a dramatic 

improvement in the response to αPD-1, resulting in a ~70% (5/7 mice) complete response 

rate as indicated by the absence of any outward evidence of tumor growth up to 200 days 

post-vaccination (Figure 5b–d). Importantly, eliminating peptide antigens from the vaccine 

formulation (cGAMP-NP + αPD-1) nearly entirely abrogated therapeutic benefit, indicating 

that a vaccine-induced, antigen-specific T cell response was critical to the efficacy observed. 

To evaluate the capacity of nanoSTING-vax in combination with αPD-1 to generate 

immunological memory with potential to prevent disease recurrence, we re-challenged 

complete responders ~180 days following the last vaccine treatment. Several months after 

cessation of treatment and in mice of a more advanced age (~36 weeks), the combination of 

nanoSTING-vax and αPD-1 resulted in significant protection from tumor re-challenge, with 

4/5 mice remaining tumor free for at least 30 days (Figure 5e).

While including peptide neoantigens into the formulation was critical to achieving complete 

responses and long-term survival, it was notable that a slight, but statistically significant 

(P<0.01), decrease in tumor volume was observed in the nanoSTING-vax + αPD-1 group 

compared to and PBS on day 10, only two days after initial vaccination and too early for 

such effects to be mediated by vaccine-induced T cells. We have previously demonstrated 

that intravenous administration of cGAMP-NP could inhibit tumor growth and improve 
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response to immune checkpoint blockade,38 and it has also been shown that peripherally 

administered nanoparticles can access the circulation via lymphatic drainage.62 We therefore 

investigated the possibility that subcutaneous vaccination with nanoSTING-vax may induce 

systemic STING activation. Mice were administered cGAMP-NP subcutaneously and serum 

levels of several established STING-driven cytokines (IFN-α, TNFα, IL-6) were measured 

(Figure S6). We found that peripheral administration of cGAMP-NP resulted in a rapid and 

transient elevation of serum cytokines, consistent with systemic nanoparticle distribution. 

Therefore, it is possible that the observed tumor suppression at early time points, while 

modest, may result from a subset of nanoparticles that distribute systemically and exert 

direct effects on the tumor. This may be important for controlling tumor burden during 

priming and expansion of neoantigen-specific T cells as well as for inhibiting 

immunosuppression in the tumor microenvironment, both of which would be anticipated to 

enhance the efficacy of T cells elicited via vaccination.7 A similar concept was demonstrated 

by Zhang et al. who intravenously administered immunostimulatory nanoparticles to reduce 

tumor burden and inhibit immunosuppression to improve the ability of CAR T cells to 

infiltrate solid tumors.63 The possibility that nanoSTING-vax may act both via generation of 

neoantigen-specific T cells and by mediating direct effects on the tumor microenvironment 

that enhance vaccine efficacy merits future exploration. Additionally, while we have 

previously demonstrated that intravenous administration of cGAMP-NP is well-tolerated,38 

the stimulation of a systemic cytokine response nonetheless raises important questions 

regarding toxicity and safety that will need to be addressed. It is notable that an mRNA-

based cancer vaccine that was administered intravenously in humans also induced a similar 

type of systemic cytokine response, with patients experiencing only transient flu-like 

symptoms.64 Nonetheless, additional research is necessary to optimize nanoSTING-vax 

dose, to modulate the extent of systemic distribution, and to further understand and manage 

potential toxicities.

Finally, we evaluated the nanoSTING-vax platform in an aggressive and poorly 

immunogenic B16.F10 melanoma model, which is highly resistant to immune checkpoint 

inhibitors and is difficult to treat using conventional cancer vaccines.19 Again, we utilized a 

mixture of nanoparticles, each loaded with a synthetic long peptide containing an established 

B16.F10 T cell epitope; here, we used two neoantigens, the MHC class I epitope M27 and 

the MHC-II antigen M30, as well as the MHC-I restricted epitope Trp2180–188 from the 

melanoma-associated antigen tyrosinase-related protein 2 (TRP2).19, 65 This strategy of 

combining shared tumor-associated antigens (e.g. TRP2) with individualized neoantigens 

has recently been explored in a clinical trial for glioblastoma.66 Mice were vaccinated with 

nanoSTING-vax comprising a pool of all three peptides at an equal dose (Figure 5f). Similar 

to our results in the MC38 model, vaccination with nanoSTING-vax alone did not confer 

significant therapeutic benefit, likely a consequence of the highly immunosuppressive 

microenvironment that is rapidly established in these tumor models.61 Nonetheless, 

nanoSTING-vax in combination with αPD-1 + αCTLA-4, the most aggressive immune 

checkpoint inhibitor regimen used clinically, significantly inhibited tumor growth and 

extended mean survival time, leading to complete rejection in ~30% (2/6) of treated mice 

(Figure 5g,h). As in the MC38 model, minimal tumor suppression was observed in all other 

groups, including an analogous vaccine formulation lacking peptide antigens, further 
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indicating that the induced antigen-specific T cell response is critical to enhancing responses 

to immune checkpoint blockade.

CONCLUSION

Immune checkpoint blockade continues to expand the treatment of diverse cancer types. 

Nonetheless, a growing body of clinical evidence has demonstrated that complete and 

durable responses to immune checkpoint inhibitors are still the exception rather than the 

rule. This disappointing outcome is largely attributed to an insufficient antitumor T cell 

response that can be reinvigorated by immune checkpoint inhibitors, fueling the clinical 

exploration of neoantigen vaccines targeting patients’ tumor-specific mutations. Inspired by 

endogenous mechanisms of tumor immune surveillance, here we describe a platform for 

personalized cancer vaccines, nanoSTING-vax. NanoSTING-vax elicits robust antigen-

specific CD8+ T cell responses via dual-delivery of peptide antigens and CDN STING 

agonists to the cytosol. Owing to its nanoscale properties, ability to enhance antigen cross-

presentation, and potent immunostimulatory capacity, nanoSTING-vax is an enabling 

technology for increasing the immunogenicity of peptide antigens, resulting in the 

generation of antigen-specific T cell responses capable of rejecting pre-established, poorly 

immunogenic tumors when administered in combination with immune checkpoint blockade 

antibodies. Furthermore, nanoSTING-vax enables co-loading of CDNs and a wide range of 

peptide antigens of variable length and composition, offering a versatile vaccine delivery 

system that is well-suited for integration into current neoantigen vaccine production 

pipelines. Additionally, due to their vesicular structure, polymersomes are amenable to 

loading molecules of diverse physiochemical properties and, hence, may also provide a 

versatile template for coordinating the delivery of adjuvant combinations that can act in 

synergy with CDNs67–69 to augment or shape cellular immunity to personalized cancer 

vaccines. In summary, nanoSTING-vax – endosomolytic nanoparticles designed for dual-

delivery of cyclic dinucleotide STING agonists and peptide antigens – is a promising 

platform for improving responses to personalized cancer vaccines, particularly in 

combination with immune checkpoint inhibitors.

MATERIALS AND METHODS

NanoSTING-vax fabrication:

Poly[(ethylene glycol)-block-[(2-diethylaminoethyl methacrylate)-co-(butyl methacrylate)-

co-(pyridyl disulfide ethyl methacrylate)]] (PEG-DBP) was synthesized and characterized as 

previously described and detailed in the Supporting Information.38 A phosphorothioated 

cGAMP analog (RpRp dithio 2’3’cGAMP) was synthesized using a method adapted from 

Gaffney et. al. and described in detail in the Supporting Information.70 Synthetic long 

peptides containing established epitopes were purchased from Elim Biopharmaceuticals. 

Synthetic long peptides used in this study include: Ova (SGLEQLESIINFEKL), Reps1 

(RVLELFRAAQLANDDVVLQIMELC), Adpgk 

(GIPVHLELASMTNMELMSSIVHQQVF), TRP2 (SVYDFFVWL), M27 

(REGVELCPGNKYEMRRHGTTHSLVIHD), and M30 

(PSKPSFQEFVDWENVSPELNSTDQPFL). NanoSTING-vax were formulated using 
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polymersome self-assembly methods as previously described38 with minor modification to 

allow for cGAMP and peptide co-encapsulation. PEG-DBP was dissolved in a small 

quantity of ethanol to a concentration of 1,250 mg/ml followed by addition of a solution of 

25 mg/mL cGAMP in DI H2O and 50 mg/mL of water-soluble peptides (Ova) to drive 

polymer phase separation and cargo encapsulation. Less water-soluble peptides (Reps1, 

Adpgk, M27, M30, TRP2) were dissolved in DMSO (50 mg/ml) and directly incorporated 

into the organic ethanolic phase prior to addition of the aqueous cGAMP solution. The 

volume of cGAMP added to the polymer solution was varied based on average 

encapsulation efficiency of each peptide to ensure all formulations had the same peptide to 

cGAMP mass ratio of 4:1. Gradual dilution into DI H2O with sonication dispersed the 

polymer gel into colloidally stable nanoparticles, whereupon the formulation was 

crosslinked via addition of 0.5 equivalents of dithiothreitol (DTT) relative to PDSMA 

groups. Unencapsulated cargo was removed via ultracentrifugal filtration through a 50,000 

MWCO membrane to yield nanoSTING-vax nanoparticles. Control particles were 

formulated via the exact same method by simply omitting the addition of either the cGAMP 

or peptide solution. To quantify cGAMP and peptide loading, an aliquot was removed and 

diluted in pH 5.8 PBS to disassemble the vesicles, and then analyzed by high-performance 

liquid chromatography with a gradient mobile phase from 0.1% trifluoroacetic acid (TFA) in 

water to 0.1% TFA in acetonitrile over 10 minutes. cGAMP concentration was measured at 

260 nm and peptide concentration was measured at 214 nm. Nanoparticle size distribution 

and zeta potential were measured by diluting particles in PBS (pH 7.4) and characterized 

using a Malvern Nano ZS. For transmission electron microscopy, particles were drop cast 

onto carbon Type-B support grid (Ted Pella), stained with NANO-W negative stain 

(Nanoprobes) and imaged on a 200 kV Osiris Transmission Electron Microscope in high 

contrast mode with a 20 μm objective aperture.

Analysis of spontaneous association of peptides with nanoparticle:

In order to measure the ability of each peptide to spontaneously associate with the pre-

formulated polymersomes, each peptide was mixed with the polymersomes and then run 

down a Sephadex G-50 column equilibrated with PBS. The polymersomes were collected 

and any peptide that co-eluted with the polymersomes was measured using fluoraldehyde o-

phthaldiadlehyde reagent solution. Separately, the same volume and quantity of peptide 

alone was run down the column, the same fraction was collected, and the amount of peptide 

was again quantified. The amount of peptide in this control was subtracted from the amount 

of peptide associated with the polymersome, and the percent associated peptide was 

calculated.

In vitro evaluation of cGAMP activity:

cGAMP activity was measured using RAW-Blue ISG cells (InvivoGen) that were cultured in 

DMEM supplemented with 10% FBS, 4.5 g/L glucose, 2mM L-Glutamine, and 100 μg/mL 

Normacin. Zeocin (200 μg/mL) was added every other passage to maintain selection 

pressure. RAW-Blue ISG cells were seeded at a density of 50,000 cells/well in a 96 well 

plate and then treated with the indicated formulations and concentrations for 24 hours. 

Relative expression of IFN-I was measured using QUANTI-Blue reagent (InvivoGen).
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Evaluation of dendritic cell antigen presentation, activation, and cross-priming:

Bone marrow cells were harvested from the tibias of female C57BL/6J mice by flushing 

them with PBS and passing the cell suspension through a 70 μm cell strainer. Cells were 

then cultured on non-cell culture treated plates in RPMI 1640 medium supplemented with 2 

mM L-glutamine, 10% heat inactivated FBS, 0.4 mM sodium pyruvate, 50 μM β-

mercaptoethanol, and 20 ng/mL GM-CSF to induce differentiation into BMDCs. Fresh 

media was added on days 4 and 7, and on day 8 cells were re-plated in 12 well plates at 105 

cells per well. Cells were then treated with vaccine formulations containing 500 nM 

SGLEQLESIINFEKL peptide and/or 100 ng/mL cGAMP for 24 hours. Following 

incubation, cells were scraped, washed with cold PBS, and stained with antibodies against 

SIINFEKL/H-2Kb and markers of dendritic cell activation (MHC-II, CD40, CD86) followed 

by flow cytometric analysis (Amnis CellStream, Luminex). The following antibodies were 

used for these studies: αCD40: (30-F11, FITC, BioLegend), αCD86 (GL-1, PE/Cy7, 

BioLegend), αOva257–264-H-2Kb (PE, eBioscience), αI-A/I-E (M5/114.15.2, APC/Cy7, 

BioLegend).

To evaluate cross-priming of T cells, a co-culture model comprising DC2.4 dendritic cells 

and a B3Z T cell hybridoma that produces β-galactosidase upon recognition of SIINFEKL/

H-2Kb was used.71 The mouse dendritic cell line DC2.4 (H-2Kb-positive) was kindly 

provided by K. Rock (University of Massachusetts Medical School) and B3Z T cells were a 

generous gift from Nilabh Shastri (UC Berkeley). DC2.4 cells were cultured in RPMI 1640 

media supplemented with 10% FBS, 1% penicillin and streptomycin, 2 mM L-glutamine, 

10mM HEPES, 1x non-essential amino acids, and 55 μM β-mercaptoethanol in 96 well 

plates at a density of 10,000 cells/well. Cells were treated with vaccine formulations in a 

working concentration of 500 nM SGLEQLESIINFEKL peptide and/or 100 ng/mL cGAMP 

for 24 hours. Following incubation, media was aspirated, and 105 B3Z cells in RPMI 1640 

supplemented with 10% FBS, 100 U/mL penicillin/100 μg/mL streptomycin, 50 μM 2-

mercaptoethanol, and 1 mM sodium pyruvate were added to cell culture wells and cultured 

for 24h. Cells were then pelleted and media were aspirated and replaced with lysis buffer 

consisting of 0.1% Triton, 0.15 mM chlorophenol red-β-d-galactopyranoside (Sigma), 9 mM 

MgCl, and 100 μM β-mercaptoethanol. After incubation for 90 minutes at 37 °C, the 

magnitude of antigen recognition was evaluated through absorbance measurements (λ = 570 

nm).

In vivo analysis of lymph node accumulation, cellular uptake, and dendritic cell activation:

Female C57BL/6J mice (6–8 weeks old) were purchased from The Jackson Laboratory (Bar 

Harbor, ME) and maintained at the animal facilities of Vanderbilt University Medical Center 

under conventional conditions. All animal experiments were approved by the Vanderbilt 

University Institutional Animal Care and Use Committee (IACUC). To evaluate LN 

accumulation and cellular uptake, C57BL/6J mice were injected subcutaneously at the base 

of tail with formulations containing Alexa Fluor 700-labeled SGLEQLESIINFEKL (Elim 

Biopharmaceuticals) and Cy5-labeled polymersomes, which were generated by 

incorporating Cy5-labeled PEG-DBP that was synthesized via partial reduction of PDSMA 

groups followed by reaction with Cy5-maleimide (Abcam). After 18 h, inguinal LNs were 

harvested, and the Alexa Fluor 700 fluorescence signal was measured with IVIS optical 
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imaging system (Caliper Life Sciences). Following imaging of the LN, single cell 

suspensions were prepared and stained with a panel of the antibodies BV650-αCD45 (30-

F11), PE/Cy5-αCD11b (M1/70), PE/Cy5-αCD11c (N418), PE-αNK1.1 (PK136), PE/Cy7-

αF4/80 (BM8), PE/Cy7-αCD86 (GL-1), BV510-αCD3 (17A2) (BioLegend). Cells were 

then washed and analyzed on a BD LSR Fortessa flow cytometer. Representative flow 

cytometry data and gating strategies for defining cell populations and determining cellular 

uptake are shown in Figure S4.

Ifnb1 expression in the lymph node:

C57BL/6J mice were injected subcutaneously at the base of tail with PBS, a mixture of 

peptide and cGAMP, or nanoSTING-vax. After 4 h, the inguinal LNs were harvested, and 

placed in RLT lysis buffer (Qiagen) supplemented with 2% β-mercaptoethanol (Sigma) in a 

gentleMACS M tube with mechanical disruption using an OctoMACS tissue dissociator 

(Miltenyi). Tumor RNA was isolated with a RNeasy RNA isolation kit (Qiagen) with the 

RNase-free DNase Set (Qiagen), used according to manufacturer’s specifications. 

Complementary DNA (cDNA) was synthesized with the Bio-Rad iScript cDNA kit and 

analysed via qPCR using the appropriate TaqMan kits (Thermo Fisher Scientific). The 

TaqMan gene expression kits were: Mm00439552_s1 for mouse Ifnb1 and Mm00478295-

m1 for mouse Ppib.

In vivo immunization and analysis of T cell response:

To evaluate the CD8+ T cell response elicited by formulations containing 

SGLEQLESIINFEKL, mice (6–8 week) were immunized via subcutaneous injection at the 

base of the tail on days 0, 14, and 24 with formulations containing 50 μg peptide and 12 μg 

cGAMP in PBS. At day 31, whole blood was treated with ACK lysis buffer (Gibco), washed 

and resuspended in cold PBS supplemented with 2% FBS and 50 μM dasatinib, and stained 

with PE-labeled peptide-MHC tetramer (H-2Kb-restricted SIINFEKL, NIH Tetramer Core 

Facility, Atlanta, GA) and following antibodies: αCD45(30-F11, PE/Cy5, BioLegend), 

αCD3 (17A2, APC, BioLegend), αCD8 (KT15, FITC, ThermoFisher). After 1 h, cells were 

washed with PBS supplemented with 2% FBS and 50 μM dasatinib and stained with 

propidium iodide (BD Biosciences) to discriminate live from dead cells. Flow cytometry 

(BD LSRII) was used to determine the frequency of SIINFEKL-specific CD8+ T cells. 

Representative flow cytometry data and gating strategies for determining the frequency of 

tetramer+CD8+ T cells are shown in Figure S6.

To evaluate responses to vaccines containing Reps1and Adpgk, mice were immunized on 

days day 0, 8, and 16 via subcutaneous injection at the base of the tail. In all studies where 

multiple peptides were used, independent nanoSTING-vax preparations were prepared for 

each peptide and then pooled prior to administration. On day 23, blood was harvested, 

treated with ACK lysis buffer, and plated at a density of 2×106 cells per well in 12 well 

plates in RPMI 1640 supplemented with 10% FBS. Cells were treated for 6 hours with exact 

peptides for mutant Reps1 (AQLANDVVL) or Adpgk (ASMTNMELM) at a concentration 

of 10 μg/mL for 6 hrs. At the second hour, media was supplemented with brefeldin A 

(Biolegend) according to manufacturer specifications. Following incubation, cells were 

harvested and stained with αCD3 (17A2, APC, BioLegend), αCD8a (53.6.7, PE/Cy5, 
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BioLegend), and αCD4 (RM4–5, APC/Cy7, BioLegend). Cells were then washed and fixed 

using fixation buffer (BioLegend), permeabilized with intracellular staining permeabilization 

wash buffer (BioLegend), and stained with αIFNγ (XMG1.2, Alexafluor488, BioLegend) 

and αTNFα (MP6-XT22, PE, BioLegend) before flow cytometric quantification of the 

percentage of TNFα+ and IFNγ+ CD8+ T cells (BD LSR II). Representative flow cytometry 

data and gating strategies for determining the frequency of TNFα+ and IFNγ+ CD8+ T cells 

are shown in Figure S7.

Tumor studies:

For prophylactic tumor challenge studies, mice vaccinated with formulations containing 50 

µg SGLEQLESIINFEKL, as described above, were challenged 7 days following the final 

vaccination by subcutaneous flank injection of 5×105 B16-Ova cells, generously provided 

by Amanda Lund (Oregon Health Sciences University). Tumor volume was measured every 

other day via caliper measurements using the formula V=LxWxH/2. Mice were euthanized 

at a tumor burden endpoint of 1,500 mm.3 For the MC38 therapeutic model, mice were 

inoculated subcutaneously on the flank with 106 MC38 cells (generously provided by Daniel 

Beauchamp, Vanderbilt University) and vaccinated on day 8, 16, and 24 via subcutaneous 

injection at the base of the tail. Vaccines consisted of 12 μg cGAMP and 25 μg each of 

Reps1 and Adpgk synthetic long peptides. Mice were administered αPD-1 (Clone, 

BioXCell) on days 8, 12, 16, 20, and 24 intraperitoneally, and tumor growth was monitored 

as described above. For the B16.F10 therapeutic vaccination model, mice were inoculated 

via subcutaneous flank injection with 5×105 B16.F10 cells (generously provided by Ann 

Richmond, Vanderbilt University). Mice were then vaccinated as described above on days 3, 

10, and 17, with formulations containing 17 μg of the TRP2, M27, and M30 neoantigen 

peptides and 10 μg of cGAMP. αCTLA-4 and αPD-1 antibody (100 μg each) were 

administered intraperitoneally on days 7, 10, 13, 17, and 20. Tumor growth was monitored 

as indicated above.

Analysis of serum cytokines:

C57BL/6J mice were injected subcutaneously at the base of the tail with either PBS or 

nanoSTING-vax. At various time points (6, 24, 48, 72 h), blood was collected and allowed 

to clot. Serum was analyzed for amounts of TNF-α, IFN-α, and IL-6 via the LEGENDplex 

Multi-Analyte Flow Assay Kit (BioLegend) following manufacturer’s instructions for the 

assay using a V-bottom plate. A 1:4 dilution was used for 6 and 24 h timepoints while a 1:2 

dilution was used for 48 and 72 h timepoints. Data were collected on a CellStream Flow 

Cytometer (Luminex) equipped with 405, 488, 561, and 642 nm lasers and analyzed with 

LEGENDplex Data Analysis software v8.0 (VigeneTech).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NanoSTING-vax – a platform for dual-delivery of peptide antigens and cyclic 
dinucleotide STING agonists to enhance responses to neoantigen-targeted cancer vaccines.
(a) Schematic of nanoSTING-vax structure. Peptide antigens and cyclic dinucleotide STING 

agonists (e.g., cGAMP) are co-loaded into pH-responsive polymersomes comprised of 

endosomolytic diblock polymers. (b) NanoSTING-vax enables uptake of peptides and 

cGAMP by antigen presenting cells and facilitates cytosolic co-delivery of neoantigenic 

peptides and cGAMP via endosomal escape. Cytosolic delivery of antigen promotes MHC 

class I presentation while cytosolic cGAMP delivery enhances its immunostimulatory 

adjuvant capacity, collectively resulting in enhanced CD8+ T cell priming and activation. 

Credit: ©Fairman Studios, LLC, 2020.
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Figure 2. Endosomolytic nanoparticles enhance dual-delivery of cGAMP and peptide antigens to 
the cytosol.
(a) Dynamic light scattering analysis (intensity and number average size distributions) of 

cGAMP-loaded polymersomes (NP-cGAMP) and polymersomes loaded with both cGAMP 

and the Ova-derived peptide SGLEQLESIINFEKL (nanoSTING-vax). (b) Representative 

transmission electron micrograph of nanoSTING-vax, here loaded with cGAMP and the 

peptide SGLEQLESIINFEKL. (c) Dose–response curves of the IFN-I response elicited by 

indicated cGAMP-containing formulations in RAW 264.7 cells with an IFN regulatory 

factor (IRF)-inducible reporter construct (n = 3 biologically independent samples). (d) B3Z 

T cell response to DC2.4 dendritic cells treated with the indicated formulation (n = 4 

biologically independent samples). (e) Flow cytometric analysis of median fluorescent 

intensity (MFI) of BMDCs treated with the indicated formulation and stained with an 

antibody (25-D1.16) specific to the SIINFEKL/H-2Kb complex (n = 3 biologically 

independent samples). (f) Flow cytometric quantification (MFI) of MHC-II, CD86, and 

CD40 expression by BMDCs treated with indicated formulation (n=3 biologically 

independent samples). Statistical data are presented as mean ± s.d. Statistical significance 

between nanoSTING-vax and all other formulations are shown; **P<0.01, ***P<0.001, 

****P<0.0001 by one-way ANOVA with Tukey post-hoc test.
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Figure 3. NanoSTING-vax improves delivery of cGAMP and peptide antigens to vaccine site 
draining lymph nodes.
(a) Representative images (left) and IVIS quantification of fluorescence (right) of the 

vaccine site draining inguinal LN 18 h following subcutaneous administration of 

nanoSTING-vax containing an Alexa Fluor 700-labeled peptide or a soluble mixture of 

Alexa Fluor 700-peptide and cGAMP (mean +/− s.e.m; n = 8–10 mice/group; *P<0.05; one-

way ANOVA with Tukey post-hoc test). (b) Ifnb1 expression in the inguinal LN 4 h 

following administration of indicated vaccine formulation (mean +/− s.e.m; n = 4–5 mice/

group; ****P<0.001; one-way ANOVA with Tukey post-hoc test). (c) Percentage of NP-

Cy5+ cells among cell populations in the inguinal LN following administration of the 

labeled nanoparticle (n = 5 mice/group). MΦ, macrophage; DC, dendritic cell; NK, natural 

killer cell. (d) Percentage of Alexa Fluor 700-peptide+ cells among cell populations in the 

inguinal LN following administration of the indicated formulation (n = 5 mice/group; two-

tailed Student’s t-test; *P<0.05, **P<0.01). MΦ, macrophage; DC, dendritic cell; NK, 

natural killer cell. (e) Flow cytometric quantification (MFI) of CD86 and CD40 expression 

by CD11c+ dendritic cells in the inguinal LN in response to immunization with the indicated 

formulation (n = 5 mice/group; ***P<0.001, ****P<0.0001; one-way ANOVA with Tukey 

post-hoc test).
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Figure 4. NanoSTING-vax enhances CD8+ T cell responses to peptide antigens.
(a) Administration, analysis, and tumor challenge scheme for mice immunized with 

nanoSTING-vax or indicated control formulations containing Ova peptide. (b) 
Quantification of the frequency of SIINFEKL-specific CD8+ T cells in peripheral blood via 
peptide/MHC tetramer staining (n = 15 mice/group. Statistical significance between 

nanoSTING-vax and all other formulations are shown; ***P<0.001, ****P<0.0001; one-

way ANOVA with Tukey post-hoc test). (c) Average tumor volume following challenge of 

mice immunized with indicated vaccine formulations with B16-Ova cells (n = 8–15; mice/

group; **P<0.01, ****P<0.0001; one-way ANOVA with Tukey post-hoc test on day 20). (d) 
Administration scheme for mice immunized with nanoSTING-vax containing Reps1 and 

Adpgk neoantigenic peptides or indicated control formulations. (e) Percentage of IFN-γ
+TNF-α+ CD8α+ T cells in peripheral blood after ex vivo restimulation with Reps1 and 

Adpgk epitopes and intracellular cytokine staining following by flow cytometric analysis (n 
= 7–8 mice/group; *P<0.05, ***P<0.001, ****P<0.0001; one-way ANOVA with Tukey 

post-hoc test). Statistical data are presented as mean ± s.d unless otherwise indicated.
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Figure 5. NanoSTING-vax enhances response to immune checkpoint blockade.
(a) Tumor inoculation, therapeutic vaccination, immune checkpoint blockade regimen, and 

re-challenge scheme for mice with subcutaneous MC38 tumors. (b) Spider plots of 

individual tumor growth curves, with the numbers of complete responders denoted. (c) 
Average MC38 tumor volume in response to indicated treatment (n = 6–7 mice/group; 

*P<0.05; unpaired t-test of nanoSTING-vax + αPD-1 vs. NP-cGAMP + αPD-1 on day 27). 

(d) Kaplan–Meier survival curves of mice growing MC38 tumors treated with the indicated 

formulation using a 1,500 mm3 tumor volume as the endpoint criteria (n = 6–7 mice/group; 

**P<0.01; two-tailed Mantel–Cox test). (e) Kaplan–Meier survival curves for treatment-

naïve and mice demonstrating complete responses to nanoSTING-vax + αPD-1 after 

challenge with MC38 cells on the contralateral flank after 200 d without any further 

treatment (n = 5 mice; **P<0.01; two-tailed Mantel–Cox test). (f) Tumor inoculation, 

therapeutic vaccination, immune checkpoint blockade regimen for mice with subcutaneous 

B16.F10 tumors. (g) Average B16.F10 tumor volume in response to indicated treatment (n = 

6–7 mice/group; *P<0.05; unpaired t-test of nanoSTING-vax + αPD-1 + αCTLA-4. 
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cGAMP + peptides on day 21). (h) Kaplan–Meier survival curves of mice growing B16.F10 

tumors treated with the indicated formulation using a 1,500 mm3 tumor volume as the 

endpoint criteria (n = 6–7 mice/group; ***P<0.001; two-tailed Mantel–Cox test). All 

statistical data are presented as mean ± s.e.m.
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