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Abstract

Overcoming the immunosuppressive tumor microenvironment (TME) is critical to realizing the
potential of cancer immunotherapy strategies. Agonists of stimulator of interferon genes (STING),
a cytosolic immune adaptor protein, have been shown to induce potent anti-tumor activity when
delivered into the TME. However, the anionic properties of STING agonists make them poorly
membrane permeable, and limit their ability to engage STING in the cytosol of responding cells.
In this study, cationic liposomes with varying surface polyethylene glycol (PEG) levels were used
to encapsulate cGAMP to facilitate its cytosolic delivery. In vitro studies with antigen-presenting
cells (APCs) revealed that liposomal formulations substantially improved the cellular uptake of
cGAMP and pro-inflammatory gene induction relative to free drug. Liposomal encapsulation
allowed cGAMP delivery to metastatic melanoma tumors in the lung, leading to anti-tumor
activity, whereas free drug produced no effect at the same dose. Injection of liposomal cGAMP
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into orthotopic melanoma tumors showed retention of cGAMP at the tumor site and co-
localization with tumor-associated APCs. Liposomal delivery induced regression of injected
tumors and produced immunological memory that protected previously treated mice from
rechallenge with tumor cells. These results show that liposomal delivery improves STING agonist
activity, and could improve their utility in clinical oncology.
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Immune activation isenhanced by STING agonist delivery via liposomes. Cationic liposomes
show an improved ability to stimulate the STING pathway in immune cells in vitro relative to free
drug. Liposomes allow increased activity of the drug in metastatic melanoma in the lungs, and
enhance immune memory formation when injected into skin melanoma tumors.
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1. Introduction

Cancer immunotherapy strategies have shown striking activity against a variety of tumor
types. Immuno-oncology regimens involve leveraging immune cells, primarily cytotoxic T
cells, to recognize and destroy tumor cells.[*] Current strategies such as checkpoint inhibitor
antibodies,[2] adoptive T cell therapy,[3] chimeric antigen receptor T cell therapy,[4l and
therapeutic cancer vaccinesl®] have shown anti-tumor effects in the clinic. However, the
majority of patients fail to achieve long-term disease control, making the development of
complementary approaches to improve treatment efficacy a priority in oncology research.

Recently, interventions that act on the tumor microenvironment (TME) have gained
increasing attention. The TME hinders the function of T cells as well as antigen-presenting
cells (APCs) such as dendritic cells (DCs),[] believed to be the primary APC that initiates
anti-tumor T cell responses.[”] Tumor-resident DCs continuously collect tumor antigens and
their subsequent exposure to immune danger signals can trigger their phenotypic maturation
into potent T cell stimulators.[X] The stimulator of interferon genes (STING) pathway has
emerged as critical for DC maturation in the TME.[8] STING is a cytosolic adaptor protein
that is activated in certain microbial infections, autoimmunity, and cancer.[®] When cytosolic
DNA is present in these settings, it is sensed by cyclic GMP-AMP synthase (cGAS) leading
to production of the secondary messenger 2’3’-cyclic GMP-AMP (cGAMP), which binds to
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STING.[10.11] DNA shed by dying tumor cells triggers STING pathway activation in DCs
leading to their phenotypic maturation, and the production of type | interferon and other
cytokines.[12] Type I interferons, such as interferon B (IFN-B), are critical to the generation
of anti-tumor T cell responses, and their intratumoral gene expression levels correlate with
cytotoxic T cell infiltration into human melanoma metastases.[13] However, endogenous
STING activation does not lead to tumor control and strategies to amplify STING signaling
are being developed. It has been found that activating the STING pathway in the TME
through exogenous delivery of STING agonists, like cGAMP, can augment anti-tumor
immune responses. STING agonists applied to the TME produce innate and adaptive
immune stimulation, leading to tumor control in mouse models of cancer.[14-16] Innate
immune activation by STING agonists in the TME leads to vascular disruption and rapid
tumor collapse, which is followed by T cell-mediated adaptive immunity against residual
disease.[16] Intratumoral injection of an optimized STING agonist is currently being tested
clinically in a phase 1 clinical trial in advanced cancer patients (NCT02675439). However,
STING agonists such as cGAMP are hydrophilic and negatively charged, limiting their entry
into the cytosol, a requirement for activation of the STING pathway. Additionally, systemic
delivery of STING agonists for cancer therapy is currently not feasible, since they do not
preferentially localize to tumor tissue and can induce off-target inflammation or
autoimmunity. Ideally, STING agonists would be delivered efficiently into the cytosol of
APCs in the target tissue to maximize drug efficacy. The development of delivery strategies
that achieve this function may allow the full potential of these promising oncology drug
candidates to be realized.

Biomaterials-based delivery strategies can be leveraged to improve the activity of
immunologically active molecules by controlling their tissue and cell localization.[17]
Liposomes, spherical lipid vesicle structures enclosing an aqueous core, are a class of
nanomaterials that have been used extensively for nucleic acid delivery into cells.[18-20]
Liposomes can be used to deliver immunomodulatory agents to immune cells and tumors,
[21-24] and STING ligands have been delivered as vaccine adjuvants to the lymph nodes
using liposomes.[25] Recent studies have explored STING agonist delivery via liposomes for
anti-cancer therapy.[26:27] However, these studies did not compare the anti-tumor activity of
the liposomal cGAMP formulation against free cGAMP, leaving the merit of liposomal
delivery undefined. Additionally, these studies were performed with tumor models that were
genetically modified to express proteins from foreign species, thus the efficacy of liposomal
delivery of cGAMP into more clinically relevant, unmodified tumor models is still untested.

This study tests the hypothesis that cationic liposomes can enhance STING activation by
cGAMP and treat melanoma tumors after systemic or intratumoral delivery. Cationic
liposomes have been used extensively for delivering encapsulated molecules into cells. Their
positive surface charge allows binding to the negatively charged cell membrane,
internalization, and release of their cargo into the cytosol. In this study, cGAMP was
encapsulated in cationic liposomes with varying levels of polyethylene glycol (PEG) content
and their stability, in vitro interactions with DCs, and in vitro gene expression were
evaluated and compared to free cGAMP. The ability of liposomal cGAMP to induce pro-
inflammatory gene expression and provide anti-tumor activity in vivo was assessed in
aggressive lung metastatic and orthotopic melanoma tumor models.
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cGAMP was encapsulated in cationic liposomes as a delivery vehicle to promote cellular
internalization and STING pathway activation (Figure 1-A). 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP)/cholesterol liposomes were chosen since they have
been utilized extensively for in vivo gene delivery!28] and vaccine[?%] applications, and have
been shown to be safe in patients with advanced cancer.[31 cGAMP containing
phosphorothioate bonds was utilized since it shows increased resistance to esterase
degradation and provides improved biological activity compared to native cGAMP.[31] The
effect of incorporating PEG-containing lipids in the liposome formulation was explored
since PEGylation can improve particle stability in the presence of serum, and enhance in
vivo persistence.[32] Liposome formulations were tested that contained 5 and 10 mol% 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]
(DSPE-PEG(2000)) content, at which surface PEG primarily exhibits a brush-like
conformation providing high liposome stability.[33] It was hypothesized that cationic
liposome delivery of cGAMP to the TME would enhance STING pathway activation in
tumor-resident APCs relative to cGAMP delivered in the free form (Figure 1-B). cGAMP
contains two negative charges, which results in low permeability through the negatively
charged cell membrane and hydrophobic membrane interior. Cationic liposome-formulated
cGAMP can bind the net anionic cell membrane, leading to enhanced cell-association,
uptake into endosomes, and cytosolic delivery of cGAMP, and potentially providing
enhanced stimulation of the STING pathway and increased type | interferon production in
the TME.

2. Results and Discussion

2.1 Synthesis and characterization of liposomal cGAMP

Liposomes encapsulating cGAMP were formed using the thin film rehydration method,
freeze thawing, and membrane extrusion. This loading strategy encapsulated ~20% of the
input cGAMP in all liposome formulations tested (Table S1) and led to controlled cGAMP
release over several days after entrapment (Figure S1). All liposome formulations contained
particles of ~160 nm z-average diameter in phosphate-buffered saline (PBS), as measured by
dynamic light scattering (DLS) measurements and observed by cryo-electron microscopy
(cryoEM) (Figure 2 A,B), similar to unloaded liposomes (Figure S2). To assess particle
stability in biological media, particle size measurements were performed in complete cell
culture medium containing 10% fetal calf serum (FCS). Non-PEGylated liposomes (PEGO-
cGAMP) showed a large diameter increase in complete cell culture medium, likely due to
anionic serum protein binding on the cationic liposome surface causing liposome
aggregation. Liposomes with 5 mol% DSPE-PEG(2000) (PEG5-cGAMP) and 10 mol%
DSPE-PEG(2000) (PEG10-cGAMP) showed only a slight increase in liposome size
suggesting PEGylation reduced protein binding and largely prevented aggregation of the
liposomes in serum-containing media. Next, the zeta potential of all formulations was
measured. More positive liposome zeta potential increases cellular binding and uptake of
cationic liposomes.[34] PEGylation reduced the zeta potential of liposomal cGAMP
formulations (Figure 2-C), as has been demonstrated in other DOTAP-containing liposome
systems.[34] These results show that cationic liposomes encapsulating cGAMP could be
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formed with varying degrees of PEGylation, leading to differing serum stability and surface
charge properties.

2.2 Cationic liposomes enhance cell-association of cGAMP

Since stimulation of APCs in the TME is critical to cGAMP activity, the association of
cGAMP in free or liposomal form with bone marrow-derived dendritic cells (BMDC) was
studied. Fluorescein-conjugated cGAMP was used to allow monitoring of total cell-
associated cGAMP by flow cytometry, and its cellular localization by confocal microscopy
over a 12-hour period. Treatment of BMDCs with free cGAMP showed only a low
magnitude cell-associated signal that remained unchanged over time (Figure 3-A,B).
However, cells treated with liposomal cGAMP showed an order of magnitude higher amount
of cell-associated cGAMP signal at all time points studied. PEGO-cGAMP produced a
higher total cell-associated cGAMP signal after 1 hour and 6 hour incubation relative to
PEGylated formulations. This difference waned over time with all liposomal formulations
showing a similar amount of signal after 12 hours. Confocal microscopy confirmed that
liposomal cGAMP had a higher magnitude of total cell-associated fluorescent signal than
free cGAMP at all time points tested (Figure 3-C). Interestingly, the cellular localization
differed between PEG0O-cGAMP and the PEGylated formulations after 12 hours of
incubation (Figure 3-D). Whereas PEG0-cGAMP showed a punctate pattern of fluorescence
throughout the cell, a large fraction of the cGAMP fluorescence in the PEGylated liposome
formulations appeared to be membrane localized.

To further explore cellular localization of cGAMP, mild detergent treatment and phalloidin
staining of the cytoskeleton were used to visualize cell morphology simultaneously with
cGAMP signal (Figure 4-A). This staining protocol is expected to lead to disruption of
extracellular liposomes and removal of cell membrane-bound cGAMP signal, allowing the
assessment of internalized cGAMP. A higher internalized cGAMP signal was present in
PEGO-cGAMP relative to the PEGylated formulations. Strong punctate cGAMP signal was
present within BMDC after 1-hour incubation with PEG0-cGAMP, indicating rapid uptake
into cells compared to PEGylated formulations. Z-stack confocal imaging at 12 hours
showed punctate fluorescence signal throughout the cytoplasm in all liposome formulations,
with PEG0-cGAMP showing the brightest signal intensity (Figure 4-B). Thus, even though
all liposomal formulations showed a similar magnitude of total cell-associated signal (Figure
3A,B), PEGylation negatively affected internalization, which may hinder downstream
STING pathway activation. This observation is consistent with reports showing that non-
PEGylated cationic liposomes have a higher internalized to membrane-bound liposome
ratio, whereas high amounts of PEGylation leads to a reversal of this ratio.[34] PEG-
containing cationic liposomes are also known to have slower kinetics of uptake from the cell
membrane.[35] Altogether, these data show that liposomal formulations enhance cell-
association of cGAMP relative to free cGAMP, and that non-PEGylated liposomes provide
faster cell-association kinetics and a higher level of internalization of cGAMP in vitro.

2.3 Liposomal formulation increases STING pathway stimulation by cGAMP

Next, the in vitro bioactivity of the various formulations was explored. To explore changes in
potency of the liposomal formulations relative to free cGAMP in stimulating type |
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interferon production, the RAW-Blue ISG macrophage reporter cell line was used, since
macrophages are a critical cell type for the anti-tumor activity of cGAMP in the TME.[16]
These cells secrete a reporter enzyme in response to interferon regulatory factor (IRF)
pathway activation by cGAMP directly stimulating the STING pathway. In addition, type |
interferons produced as a result of STING pathway activation may induce further IRF
pathway activation, increasing reporter enzyme secretion. Liposomal cGAMP induced IRF
pathway reporter activity at an order of magnitude lower concentration of cGAMP compared
to free form, indicating an increased overall potency of cGAMP when delivered in liposomal
form (Figure 5-A). Unloaded liposomes did not produce a similar magnitude response in
these reporter cells compared to cGAMP-loaded liposomes (Figure S3). Indeed, all cGAMP-
loaded liposome formulations showed lower half maximal effective concentration (ECsg)
values relative to free cGAMP in this assay (Table S2). The maximal reporter induction
decreased with increased PEGylation, with PEG10-cGAMP producing similar magnitude
reporter cell responses as empty PEGO liposomes at high levels. This may be due to slower
kinetics and lower magnitude of internalization or cytosolic delivery of liposome contents
with increased PEGylation of liposomes,[3%] leading to reduced overall IRF pathway
activation in these reporter cells over the culture period. The ECsg values were not increased
with PEGylation as would be expected if internalization and cytosolic delivery were
inhibited by PEGylation, leading to reduced STING pathway activation. This may be
because this reporter cell assay is not simply a measure of direct activation of STING by
cGAMP alone, as stated above. Further studies of the intracellular dynamics of cGAMP
delivery with cationic liposomes are warranted.

The enhancement of cGAMP potency by liposomes in stimulating BMDC maturation was
tested next. STING pathway activation and IFN-B production in DCs are thought to be
critical to generating endogenous anti-tumor immune responses.[12] In these studies,
BMDCs from STING9Y9t mice, which lack STING, were used as a control to verify STING-
dependent DC maturation by the various cGAMP formulations. Upregulation of CD86, an
important co-stimulatory receptor for induction of anti-tumor T cell responses, was assessed
as a proxy for BMDC activation by the various cGAMP formulations. Liposomal cGAMP
induced higher levels of CD86 expression on wild-type BMDCs compared to free cGAMP
(Figure 5-B). This effect was STING pathway-dependent, since STING9Y8t BMDCs failed
to upregulate CD86 in response to cGAMP-containing formulations, but did upregulate
CD86 expression in response to CpG oligonucleotide, which signals through the toll-like
receptor 9 pathway. These results show that liposomal cGAMP formulations enhance DC
maturation through the STING pathway relative to free cGAMP.

Next, the impact of cGAMP formulation on induction of pro-inflammatory gene expression
in BMDC was tested. In addition to IFN-pB, we assessed expression of (C-X-C motif) ligand
9 (CXCLY9) and (C-X-C motif) ligand 10 (CXCL10), two critical chemokines for
recruitment of effector T cells to tumors,[3¢] and tumor necrosis factor (TNF), a cytokine
that induces rapid tumor vascular destruction after STING agonist delivery into tumors.[6]
Liposomal formulation induced significantly higher expression of all of the pro-
inflammatory genes tested in wild-type BMDCs relative to free cGAMP (Figure 5-C).
Induction of these genes was not observed in STINGIY9t BMDC, verifying STING pathway
specificity. PEGO-cGAMP induced significantly higher levels of /fnb1, Cxcl9, and TNF
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expression relative to the PEGylated formulations. Empty liposomes did not induce /fnb1
expression, and free cGAMP in the presence of empty liposomes did not show similar
enhancement of /fnbZ induction (Figure S4), suggesting that cGAMP must be encapsulated
in liposomes to produce the observed potentiation of inflammatory gene expression. These
data indicate that liposome-encapsulated cGAMP induces superior pro-inflammatory gene
induction via the STING pathway compared to free cGAMP.

2.4 Liposomal cGAMP has anti-tumor activity against metastatic melanoma

The potency of cGAMP delivered as a systemic therapy was next tested against metastatic
lung tumors in the B16-F10 melanoma model. DOTAP/cholesterol liposomes passively
target the lungs when delivered systemically and have been used for gene delivery to lung
tumors.[33:37:38] We utilized PEG5-cGAMP in these studies to provide serum stability while
maintaining suitable delivery efficiency, since DOTAP/cholesterol liposomes with 4 mol%
PEG have been shown to have higher proportional delivery to the lung over other tissues
relative to liposomes with 10 mol% PEG.[33] After intravenous injection of free cGAMP,
gene expression analysis in the lungs of tumor-bearing mice revealed no significant increase
in inflammatory gene expression relative to PBS injection (Figure 6-A). Strikingly,
intravenously injected PEG5-cGAMP induced ~200x and ~1400x% increases in /fnb1 and
Cxcl9expression in the lung. Empty liposomes alone did not produce significant increases
in the expression of these genes in the lungs of mice, indicating this inflammatory response
was cGAMP-dependent (Figure S5). Next, the treatment efficacy of free cGAMP and PEG5-
cGAMP against established lung tumors were compared (Figure 6-B). In this study, mice
bearing B16-F10 tumors in the lung were concurrently treated with anti-CTLA-4 and anti-
PD-1, since this regimen has recently been approved to treat BRAF V600 wild-type
unresectable or metastatic melanoma in humans.[39] When lungs were assessed after
treatment, neither free nor PEG5-cGAMP formulations reduced the number of tumor
nodules in the lung relative to PBS-treated controls (Figure 6-C). The length of the longest
axis of single metastatic foci was measured as an estimate of the size of individual tumor
nodules in this multifocal tumor model. PEG5-cGAMP treated mice showed a significantly
reduced median nodule length in the lung when compared to PBS-treated controls, whereas
free drug-treated mice showed no significant reduction in individual tumor length (Figure 6-
D, Figure S6, Table S3). This reduction in the size of individual tumor nodules on the lung is
likely due to improved immune activity of cGAMP in the lung using liposomal delivery
compared to free drug. Further optimization of particle characteristics, treatment regimen, or
combination with complementary therapies such as radiation, may improve efficacy. These
data show that liposomal cGAMP induces superior pro-inflammatory gene expression in the
lung after systemic delivery and provides anti-tumor activity against metastatic melanoma in
the lung, whereas free cGAMP does not.

2.5 Liposomal cGAMP stimulates immune memory against melanoma

Based on the anti-tumor activity of liposomal cGAMP in the metastatic B16-F10 model, an
orthotopic skin B16-F10 melanoma model was used to study the direct effect of the
liposomal cGAMP formulations in the TME. In previous studies, STING agonists have been
intratumorally injected at doses of 10-100 g to treat established orthotopic B16-F10
tumors.[14.15] To assess enhancement of cGAMP anti-tumor activity by liposomes, a lower
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dose of 1 ug was used in this study. Gene expression analysis from tumors injected with free
or liposomal cGAMP showed increased mean pro-inflammatory gene expression with
liposomal formulations relative to free cGAMP (Figure 7-A). Surprisingly, PEG10-cGAMP
induced the highest mean increase in inflammatory gene expression and produced
significantly increased Cxc/9expression compared to free cGAMP. The anti-tumor efficacy
of these formulations in treating established orthotopic melanoma tumors was then tested
(Figure 7-B). Empty liposomes were also tested as DOTAP itself has been shown to have
adjuvant activity,[4041] which may result in anti-tumor effects in the TME. Control tumors
treated with PBS injection or empty liposomes grew rapidly, whereas tumors treated with
cGAMP-containing formulations showed delayed growth (Figure 7-C). Free cGAMP, PEG5-
cGAMP and PEG10-cGAMP treatment led to complete regression of tumors in half of the
mice. PEGO-cGAMP showed delayed tumor growth but incomplete tumor control as these
tumors eventually grew out. Next, to assess the induction of immunological memory after
regression of tumors by local cGAMP treatment, surviving mice from the free cGAMP,
PEG5-cGAMP, and PEG10-cGAMP treatment groups were rechallenged with B16-F10 cells
in the opposite flank 60 days after primary challenge. Naive mice succumbed to disease
within 25 days, whereas surviving mice previously treated with free cGAMP showed 50%
survival, PEG5-cGAMP showed 75% survival, and PEG10-cGAMP showed 100% survival
at 60 days. Resistance to secondary tumor cell inoculation confirms the induction of an
adaptive immune response against tumor antigens after treatment of the primary tumor.
Taken together, these results suggest that PEGylated liposomal cGAMP formulations
provide improved direct tumor control compared to non-PEGylated cGAMP and may
improve the induction of adaptive immune memory responses against tumor antigens
compared to free cGAMP.

Next, the tissue distribution of cGAMP and changes in immune cell localization after
cGAMP treatment were studied as a means to assess differences in the performance of the
various cCGAMP formulations. Free cGAMP was compared to the relatively poor-performing
PO-cGAMP, and the higher performing PEG-10 cGAMP formulation. Since PEG5- and
PEG10-cGAMP showed similar behavior in anti-tumor efficacy, but PEG10-cGAMP
provided higher inflammatory gene expression and protection against rechallenge, we tested
only the higher performing PEG10-cGAMP formulation to reduce animal usage. Tumors
injected with fluorescein-cGAMP formulations were harvested 24 hours after injection,
sectioned, and imaged to visualize cGAMP distribution (Figure 8-A). cGAMP signal was
not seen at the tumor site 24 hours after free cGAMP was delivered, whereas PEG0O-cGAMP
and PEG10-cGAMP conditions both showed regions of cGAMP accumulation within and
adjacent to the tumor. PEG0-cGAMP seemed to be largely deposited in a small volume in
the tumor, whereas PEG10-cGAMP showed a more uniform distribution within the tumor
mass. This limited permeation of PEGO-cGAMP in the tumor may account for its inferior
anti-tumor activity compared to the PEGylated formulations tested. Immune cell infiltration,
composed primarily of myeloid cells, increased dramatically with all cGAMP-containing
treatments compared to PBS-injected tumors (Figure S7), indicating a potent innate immune
recruitment effect with cGAMP treatment at tumor sites. Infiltration of NK cells, which may
play a role in the anti-tumor efficacy of liposomal STING agonists,[27] did not change
substantially after intratumoral cGAMP treatment (Figure S8). Staining for major
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histocompatibility complex Il (MHC I1)-positive APCs showed MHC Il-expressing cells co-
localized with cGAMP signal in the PEG10-cGAMP condition (Figure 8-B). This
association with APCs, which are known to be highly responsive to STING pathway
activation,[*4] may account for the increased type I interferon gene signature induction and
more potent immune memory response generation after intratumoral injection of PEG10-
cGAMP relative to the other formulations tested. Further studies of APC activation in the
TME in response to the various cGAMP formulations are warranted. Together, these data
show that liposomal cGAMP formulations allow cGAMP retention at the tumor site for at
least 24 hours after injection, and that PEG10-cGAMP more broadly distributes within the
tumor mass relative to PEG0-cGAMP, and associates with APCs at the tumor site.

3. Conclusion

In this report, the utility of cationic liposomes for enhancing the activity of cGAMP for
cancer immunotherapy was tested. Three DOTAP/cholesterol liposome formulations with 0,
5, and 10 mol% PEG were used to encapsulate cGAMP. Liposomal cGAMP showed
increased cell-association and uptake relative to cGAMP in its free form, with non-
PEGylated liposomes providing faster initial cell-association and internalization. Liposomal
formulation enhanced the potency of cGAMP in an IRF pathway macrophage reporter cell
assay by an order of magnitude compared to free cGAMP. Induction of IFN-B gene
expression in BMDC by cGAMP treatment was enhanced by two orders of magnitude by
using cationic liposomes as a delivery vehicle. Cationic liposomes showed anti-tumor
activity against metastatic melanoma in the lung, whereas free drug produced no effect.
PEGylated liposomal cGAMP was capable of clearing established orthotopic melanoma
tumors and inducing adaptive immunity that resisted a second challenge with the same
tumor cells. Increased retention within the TME and co-localization with tumor-associated
APCs may underly the superior type I interferon induction and adaptive immune response
generation of PEGylated cGAMP. These results position cationic liposomes as a promising
delivery strategy for systemic and local STING agonist delivery to tumors.

4. Experimental Section

Mice

Cell culture

All work with C57BL/6J and C57BL/6J-Tmem173gt/J (STING3Y9t) mice (The Jackson
Laboratory) was performed in compliance with the National Institutes of Health and
institutional guidelines.

Primary BMDC cultures were established from female C57BI/6J or C57BL/6J-
Tmem173gt/J (STING9Y3Y) mice as previously described.[42] Briefly, bone marrow was
flushed from isolated femurs using PBS. The marrow was seeded in petri dishes in Roswell
Park Memorial Institute (RPMI) 1640 medium with 10% heat inactivated FCS, 1%
penicillin-streptomycin, 50 UM beta-mercaptoethanol, and 40 ng mI~1 murine GM-CSF
(Peprotech). One third of the volume of fresh medium was added on day 3, and one third of
the volume of medium was exchanged for fresh medium on day 6. The non-adherent cell
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fraction of these cultures, which are typically >75% CD11c* by flow cytometry, were used
for experiments between days 7-9 of culture.

B16-F10 murine melanoma cells (ATCC) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) with 10% FCS in an incubator maintained at 37 °C and 5% CO2
atmosphere. Cells were passaged every 2 days and used before passage 10 after acquisition
from the vendor.

RAW-Blue ISG cells (Invivogen) were cultured according to the manufacturer’s instructions.

Liposome synthesis

DOTAP, cholesterol, and DSPE-PEG(2000) were purchased from Avanti Polar Lipids.
Lipids were mixed at a ratio of 1:1:X DOTAP:cholesterol: DSPE-PEG(2000) where X is 0,
0.1, and 0.2 for PEGO, PEG5, and PEG10 conditions, respectively. Lipid mixtures were
dried under a nitrogen stream in glass test tubes. The resulting lipid films were placed in a
desiccation system overnight. Dry films were hydrated in a solution of 250 pg ml~1 of 273’-
cGAM(PS), (Rp/Sp) (Invivogen) in PBS with 6 cycles of vortexing for 30 seconds every 5
minutes. Samples were then freeze-thawed 6 times between liquid nitrogen and a 37 °C
water bath and extruded using 21 passes in a mini-extruder (Avanti) through a 0.2 um pore
size polycarbonate filter (Whatman). Samples were placed in 10K MWCO dialysis
cartridges (Thermo Scientific) and dialyzed against PBS for 6 hours before use. The cGAMP
content of the liposomes was determined by measuring the absorbance peak of the
liposomes at 254 nm, corresponding to the maximum absorbance of cGAMP, subtracting the
lipid contribution to absorbance at this wavelength, and comparing to a standard curve of
various cGAMP concentrations. For studies with fluorescent cGAMP-loaded liposomes,
fluorescein-conjugated 2’3’-cGAMP (BIOLOG L.ife Science Institute) was used for
rehydration of lipid films and further processed as described above.

Liposome characterization

The hydrodynamic diameter and zeta potential of liposomes were evaluated using a Malvern
Zetasizer Nano ZS. Measurements were taken in PBS or DMEM with 10% FCS. For
cryoEM of liposomes, samples were deposited on plasma-treated holey carbon Quantifoil
grids and plunge frozen in liquid ethane using a Cryoplunge 3 System (Gatan). Frozen
samples were kept under liquid nitrogen, and imaged on an FEI Tecnai Arctica CryoTEM
system operating at 200kV. For release studies, purified liposomes containing fluorescein-
cGAMP were placed in D-Tube Dialyzer Midi, MWCO 6-8 kDa (Millipore) and dialyzed at
37 °C against PBS. Liposome samples were collected over time, lysed with 0.5% Triton
X-100, and total fluorescence was measured using a plate reader. These values were
compared to the original fluorescent signal at the start of the release study to determine
percentage release.

Flow cytometry

For BMDC liposome association experiments by flow cytometry, BMDCs were plated
overnight at 5x10° cells/well of a 6-well tissue culture plates and treated with various
formulations of fluorescein-cGAMP at 1 ug ml~1 for the indicated time. Cells were
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recovered with a cell scraper and stained for viability with Fixable Viability Dye eFluor 780
(eBioscience) and nucleated cells with Hoescht 33342 (Life Technologies). Cells were
analyzed for fluorescein signal on a BD LSRFortessa flow cytometer. For BMDC activation
studies, cells were stimulated for 4 hours with 1 pg ml~1 equivalent cGAMP, collected and
stained for viability and nucleated cells as above, and further stained with CD86-PE (clone:
GL1; eBioscience) before flow cytometry analysis. Data analysis was performed in Flowjo
10.0.8.

Confocal microscopy

For confocal microscopy, BMDCs were seeded overnight on round 10 mm coverslips in a 12
well plate at 1x10° cells/well. Cells were treated with fluorescein-cGAMP in various
formulations at 1 pg mi~1 for the indicated time. Coverslips were fixed with 4%
paraformaldehyde (PFA) in PBS at room temperature for 10 minutes. For unpermeabilized
samples, coverslips were stained with Hoechst 33342 for 20 minutes and mounted on
microscope slides using ProLong Diamond Antifade Mountant (Life Technologies). For
phalloidin staining, samples were permeabilized for 5 minutes in 0.1% Triton X-100, and
further stained with Alexa-647 phalloidin (Life Technologies) and Hoechst 33342 for 20
minutes prior to mounting. Samples were imaged using an LSM 710 confocal microscope
(Zeiss) with a 63x 1.46 NA oil immersion objective.

In vitro dose-response studies

RAW-Blue ISG cells were used to determine IRF pathway activation by the various
liposome formulations. RAW-Blue ISG cells were plated with various cGAMP formulations
in 96 well plates for 18 hours to allow production of secreted embryonic alkaline
phosphatase (SEAP). 50 pl of cell supernatant was removed and added to 150 pl of
QUANTI-Blue SEAP detection medium (Invivogen) and incubated for 2 hours at 37 °C.
SEAP activity was assessed using absorbance at 630 nm on a plate reader.

Gene expression analysis

For in vitro gene expression studies, BMDCs were plated overnight at 5x10° cells/well of a
6-well tissue culture plates and treated with various formulations of cGAMP for 4 hours.
Cells were lysed, and RNA was purified using an RNeasy Mini Kit (Qiagen), quantified
using a Nanodrop (Thermo Scientific), and transcribed into cDNA using the iScript Reverse
Transcription Supermix (Bio-Rad) according to the manufacturer’s instructions. Quantitative
real-time PCR (gPCR) was performed in duplicate using validated PrimePCR primers and
SsoAdvanced Universal SYBR green Supermix on a CFX96 Real-Time PCR detection
system (Bio-Rad). Expression levels were analyzed using the delta-delta-C; method with
normalization to Gapadhand statistical analysis was performed on log, transformed relative
expression values as previously described.[43] Primer unique assay identifiers are listed
below: Gapah (QMmuCEDO0027497), /fnb1 (QMmuCEDO0002606), Cxc/10
(QMmuCEDO0001068), Cxc/9 (qMmuCID0023784), and 7NVF (qMmuCED0004141).

For in vivo gene expression studies, samples were collected and placed immediately into
RNAIlater solution (Thermo Scientific) and stored at 4 °C overnight. The following day,
samples were homogenized using 3.0 mm zirconium beads on a BeadBug Homogenizer
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(Benchmark Scientific). Samples were centrifuged to remove debris and RNA was purified
and analyzed as above.

Tumor models, treatment, and analysis

For lung tumor metastasis studies, 200 pl of Hank’s Balanced Salt Solution (HBSS)
containing 2x10° B16-F10 cells was injected through the lateral tail vein of 7-8 week old
female C57BI6/J mice. Mice were randomized and treated with 100 pl of freshly prepared
cGAMP formulations at a concentration of 3.5 pug ml~1 (0.35 pg dose) via retro-orbital
injection. Anti-CTLA-4 (clone 9H10; Bio X Cell) and anti-PD-1 (clone RMP1-14; Bio X
Cell) were given at 100 ug and 250 ug doses, respectively, diluted in 200 ul of PBS by
intraperitoneal injection. Mice were sacrificed and lungs were collected into Fekete’s
solution to preserve and bleach the tissue as previously described.[44] The entire lung surface
of blinded samples were digitally photographed using a Zeiss AxioZoom V16 microscope.
Lung nodules were counted in a blinded manner and the length of the longest axis of each
nodule was measured using NIH ImageJ version 2.00.

For the orthotopic melanoma model, 100 pl of HBSS containing 2.5x10° B16-F10 cells was
injected intradermally into the shaved lateral flank of 6-8 week old female C57BI6/J mice.
On day 7 of tumor growth, tumors were measured and mice were randomized into groups
having similar average tumor areas. For each treatment, freshly prepared cGAMP
formulations were diluted to 20 pg mI~1 in PBS and 50 pl (1 pg dose) was injected using a
29G needle directly into the tumor mass. The length and width of the tumors were measured
approximately three times per week and the tumor area was calculated as Area = 1t/4 x
length x width. Animals surviving the primary challenge were rechallenged with 2.5x10°
B16-F10 cells intradermally in the opposite flank and monitored for survival.

Sectioning and immunofluorescence staining

Seven days after injection with 2.5x10° B16-F10 cells intradermally, mice were injected
with formulations containing 1 ug of fluorescein-cGAMP directly into the tumor mass.
Tumors were harvested 24 hours later and fixed for two hours at room temperature in 4%
PFA in PBS, equilibrated in a 30% sucrose in PBS solution overnight at 4 °C, placed in
optimum cutting temperature formulation (O.C.T.; Sakura Finetek), and frozen in a cup of
isopentane immersed in liquid nitrogen. Cryosectioning was performed to generate 10 pm
frozen sections. To assess distribution of cGAMP, samples were briefly rehydrated in PBS,
mounted using ProLong Diamond Antifade Mountant and tiled imaging was performed on a
Zeiss Axio Observer Z1 epifluorescence microscope. For immune cell infiltration
assessment, samples were cryosectioned and stained with allophycocyanin-conjugated
antibodies (MHC |1, CD45, CD11b, F4/80 (eBioscience) and NK-1.1 (Biolegend)) and
Hoescht 33342 (Life Technologies). Slides were imaged using a Zeiss LSM 710 confocal
microscope.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic of liposomal cGAMP structure and therapeutic strategy. a) 2°3’-cGAMP is
encapsulated in cationic liposomes formed from 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP) and cholesterol using thin film rehydration, freeze thawing, and
membrane extrusion. A polyethylene glycol(PEG)-containing lipid (1,2-distearoyl-sr-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]; DSPE-
PEG(2000)) is optionally included in the liposome preparation to create a PEG coating that
improves liposome stability. b) In a therapeutic setting, melanoma tumor-bearing hosts are
injected with free or liposomal cGAMP, where cells, for example antigen-presenting cells
(APCs), in the tumor microenvironment take up liposomal cGAMP concurrent with
melanoma cell antigens. (Inset) Free cGAMP has limited transport into the cytosol due to
the presence of two negative charges that limit its permeability through the negatively
charged cell membrane. cGAMP encapsulated in cationic liposomes shows improved cell
membrane binding and uptake. Once internalized into the endosomal compartment, cationic
liposomes facilitate the release of cGAMP into the cytosol, where cGAMP binds to the
stimulator of interferon genes (STING) adaptor molecule, leading to type I interferon
production by the APC.
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Physical characterization of liposomal cGAMP formulations. a) Representative Gaussian-
smoothed size intensity DLS histograms of liposomal cGAMP formulations containing 0
mol% (PEG0-cGAMP), 5 mol% PEG (PEG5-cGAMP), and 10 mol% PEG (PEG10-
cGAMP) measured in PBS (solid lines) or cell culture medium containing 10% FCS
(hatched lines). Inset shows a representative cryoEM micrograph of each formulation (scale
bars: 50 nm) b) Z-average diameter of the same liposomal cGAMP formulations in PBS or
cell culture media. c) Zeta potential measurements of liposomal cGAMP formulations. Data
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are shown as mean and standard error of three repeated measurements, and are
representative of three independent particle preparations.
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Figure 3.
In vitro association of various cGAMP formulations with BMDC. a) Representative flow

cytometry histograms showing timecourse of BMDC association with fluorescein-cGAMP
delivered in free or liposomal form at 1 pg ml~1. b) Quantitative flow cytometry timecourse
of cell-associated fluorescein-cGAMP signal. Triplicate sampels were used in (a) and (b). ¢)
Confocal microscopy timecourse of BMDC association with fluorescein-cGAMP at 1 ug ml
~1 (representative images from 3 slides/condition, scale bar: 20 um). d) Magnified images of
BMDC association with liposomal fluorescein-cGAMP (scale bar: 10 um). Arrows indicate
representative areas of membrane association. Data are shown as mean and standard
deviation.
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Figure 4.
In vitro uptake of various cGAMP formulations by BMDC. a) Confocal microscopy

timecourse of BMDC uptake of fluorescein-cGAMP in free or liposomal form at 1 ug ml=1
(representative image from 3 slides/condition, scale bar: 20 pm). b) Z-stack maximum
intensity projection image of BMDC uptake of liposomal fluorescein-cGAMP (scale bar: 20
um). Main image shows view in z-plane and orthogonal side views are shown on top and
right.
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Figure5.

Comparison of biological activity of various cGAMP formulations. a) Dose-response curves
in response to various cGAMP formulations by RAW-Blue ISG cells, which produce a
reporter enzyme in response to stimulation of the interferon regulatory factor (IRF) pathway
by cGAMP (3 wells/condition). Connecting lines are variable-slope dose-response curve fits.
b) Representative flow cytometry histograms of BMDC CD86 expression after stimulation
with various cGAMP formulations, and CpG as a positive control, at 1 pg mi~1 for 8 hours
(3 wells/condition). Results with BMDCs isolated from both wild-type (WT) and STINGIY9t
mice, which lack STING, are shown. ¢) Gene expression analysis for interferon-p (/fnbI),
(C-X-C motif) ligand 9 (Cxc/9), (C-X-C motif) ligand 10 (Cxc/10), and tumor necrosis
factor (777f. WT and STING9Y9t mice treated with various cGAMP formulations at 1 pg ml
=1 for 4 hours. PBS treatment was used as a negative control, while CpG treatment at 1 pg
ml~1 for 2 hours was used as a positive control (4 wells/condition). Data are shown as mean
and standard deviation.
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Impact of systemic delivery of cGAMP in a therapeutic lung metastatic melanoma model. a)
Gene expression analysis for interferon-g (/fnb), and (C-X-C motif) ligand 9 (Cxc/9) in
tumor-bearing lung tissue after intravenous injection of 0.35 g of free or liposomal cGAMP,
or PBS as a control (1-way ANOVA with Tukey’s post hoc test, n=4 mice/condition, ****p
< 0.0001, n.s. = not significant). Mice were injected intravenously with B16-F10 cells to

establish lung metastases three days prior to treatment. Lungs were harvested for gene

expression analysis four hours after treatment. b) Treatment scheme for therapeutic B16-F10
melanoma lung metastatic model. Mice were injected in the tail vein with B16-F10
melanoma cells and treated twice with PBS, free cGAMP or PEG5-cGAMP intravenously
on the indicated days. Anti-CTLA-4 and anti-PD-1 antibodies were given by intraperitoneal
injection three times as indicated. c) Quantitation of total tumor nodules present on lung
surface after study conclusion. Kruskal-Wallis analysis with Dunn’s multiple comparison
test was performed and showed no significant differences. d) Quantitation of median tumor
nodule length on the lung surface (Kruskal-Wallis analysis with Dunn’s multiple comparison

test, **p < 0.01). Data are shown as mean and standard deviation.
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Local therapeutic delivery of cGAMP in an orthotopic melanoma model. a) Gene expression
analysis for interferon-p (/fnbI), and (C-X-C motif) ligand 9 (Cxc/9) in orthotopic B16-F10
melanoma tumors treated with various cGAMP formulations at a dose of 1 pg administered
intratumorally (1-way ANOVA with Tukey’s post hoc test, n=3 mice/condition, ****p <
0.0001, ***p < 0.001, **p < 0.01, *p < 0.05). Mice were injected intradermally with B16-
F10 cells to establish an orthotopic tumor seven days prior to treatment and gene expression
analysis. b) Treatment scheme for orthotopic therapeutic B16-F10 melanoma model. B16-
F10 cells were injected intradermally in the lateral flank of mice. Four doses of PBS, empty
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liposomes, free cGAMP, or liposomal cGAMP were injected directly into the tumors at the
indicated days, and the tumor size and mouse survival were monitored. Mice that cleared
their tumors were injected intradermally in the opposite side of the flank on day 60 with
B16-F10 cells and monitored for survival. ¢) Individual tumor growth curves of mice in
various treatment groups. Black arrows indicate the times of intratumoral cGAMP injection.
Number of surviving mice in each group are indicated at the bottom right of the graph. d)
Overall survival Kaplan-Meier curves for mice treated with the indicated formulations
during primary challenge (n=4-8 mice/condition; p values of treatments compared to PBS
control by Mantel Cox test shown in legend) e) Overall survival curves for mice previously
treated with the indicated formulations during rechallenge (n=3-4 mice/condition; p values
of treatments compared to naive control by Mantel Cox test shown in legend). Data in (a) are
shown as mean and standard deviation.
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Figure 8.
Distribution of cGAMP delivered into tumor sites. a) Fluorescence images of 10 um tissue

sections showing distribution of various cGAMP formulations 24 hours after injection into
melanoma tumors. Mice were injected intradermally with B16-F10 cells to establish an
orthotopic tumor seven days prior to treatment (representative image from n=3 mice/
condition, scale bar = 500 um, white dashed line indicated tumor margin). b)
Immunofluorescence on tissue section from PEG10-cGAMP-treated tumor showing cGAMP
signal co-localizing with major histocompatibility complex class Il (MHC I1)-expressing
cells (representative image from n=3 mice/condition, scale bar = 50 um). Arrows show
examples of MHC Il-expressing cells highly associated with cGAMP signal.
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