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Abstract

The stimulator of interferon genes (STING) pathway plays an important role in the immune
surveillance of cancer and, accordingly, agonists of STING signaling have recently emerged

as promising therapeutics for remodeling of the immunosuppressive tumor microenvironment
(TME) and enhancing response rates to immune checkpoint inhibitors. 2”3’-cyclic guanosine
monophosphate—adenosine monophosphate (2°3’-cGAMP) is the endogenous ligand for STING,
but is rapidly metabolized and poorly membrane permeable, restricting its use to intratumoral
administration. Nanoencapsulation has been shown to allow for systemic administration of
cGAMP and other cyclic dinucleotides (CDN), but little is known about how nanocarriers affect
important pharmacological properties that impact the efficacy and safety of CDNs. Using STING-
activating nanoparticles (STING-NPs) — a polymersome platform designed to enhance cGAMP
delivery — we investigate the pharmacokinetic (PK)-pharmacodynamic (PD) relationships that
underlie the ability of intravenously (i.v.) administered STING-NPs to induce STING activation
and inhibit tumor growth. First, we demonstrate that nanoencapsulation improves the half-life

of encapsulated cGAMP by 40-fold, allowing for sufficient accumulation of cGAMP in tumors
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and activation of the STING pathway in the TME as assessed by western blot analysis and gene
expression profiling. Nanoparticle delivery also changes the biodistribution profile, resulting in
increased cGAMP accumulation and STING activation in the liver and spleen, which we identify
as dose limiting organs. As a consequence of STING activation in tumors, i.v. administered
STING-NPs reprogram the TME towards a more immunogenic antitumor milieu, characterized
by an influx of >20-fold more CD4* and CD8" T-cells. Consequently, STING-NPs increased
response rates to aPD-L1 antibodies, resulting in significant improvements in median survival
time in a B16-F10 melanoma model. Additionally, we confirmed STING-NP monotherapy in an
additional melanoma (YUMM1.7) and breast adenocarcinoma (E0771) model leading to >50%
and 80% reduction in tumor burden, respectively, and significant increases in median survival
time. Collectively, this work provides an examination of the PK-PD relationship governing STING
activation upon systemic delivery using STING-NPs, providing insight for future optimization for
nanoparticle-based STING agonists and other immunomodulating nanomedicines.
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Introduction:

Recent advances in immunotherapy have transformed cancer medicine. The success of
monoclonal antibody immune checkpoint inhibitors (IClIs) that enhance the function of
anti-tumor T lymphocytes has garnered significant attention due to their ability to generate
robust and durable responses in some patients [1-3]. Unfortunately, this is not ubiquitous
across tumors or cancer types; for example, in advanced metastatic melanoma, where ICls
have had the most dramatic clinical impact, only a minority (10-40%) of patients exhibit
durable responses to single-agent ICI [1, 4]. The most predictive biomarker for efficacy of
ICls is the immune contexture of the tumor microenvironment (TME) wherein tumors that
are phenotypically T-cell inflamed, or “hot”, tend to respond substantially better to ICIs
than those that are immunologically “cold” and lack significant T-cell infiltration [5-7]. One
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of the hallmarks of cancer is the establishment of an immunosuppressive environment that
allows for immune escape; therefore, it stands to reason that many tumors will be of a “cold”
phenotype, especially when diagnosed at later stages when an immunosuppressive network
has already been established [8].

The ability to shift the TME from an immunologically “cold” to “hot” phenotype has

been the focus of significant research as a strategy to improve responses to ICIs [9,

10]. Amongst a growing myriad of strategies, the use of molecularly-defined pattern
recognition receptor (PRR) agonists is being explored as a promising approach to
increasing the immunogenicity of the TME [11, 12]. Activation of PRR signaling stimulates
an innate immune response capable of initiating and propagating anti-tumor immunity
through multiple mechanisms, including repolarization of immunosuppressive myeloid cells,
generation of T cell chemokine gradients, and enhancing tumor antigen presentation and
subsequent T cell activation. Ligands for a number of different PRRs have been pursued
with variable degrees of clinical success. For example, the Toll-like Receptor (TLR) 9
agonist CpG-B oligonucleotide [13] and TLR3 agonist poly(IC) [14] have shown success

in phase I/11 clinical trials when administered intratumorally. More recently, activation

of the stimulator of interferon genes (STING) pathway has also shown great promise

for increasing tumor immunogenicity in pre-clinical tumor models. 2"3’-cyclic guanosine
monophosphate-adenosine monophosphate (2°3’-cGAMP) is the endogenous ligand for
STING but other natural and synthetic cyclic dinucleotides (CDN) are active and their
ability to stimulate antitumor innate immunity has been explored [15-17]. As a class of
therapeutics, CDNs require intracellular delivery to bind the STING protein localized on
the cytosolic face of the endoplasmic reticulum (ER). This challenge is exacerbated by

their poor membrane permeability, degradation by nucleases, and short half-life which
results in minimal accumulation in tumor sites or lymphoid organs [18-20]. These drug
delivery barriers have limited the use of CDNs to local intratumoral (i.t.) therapy. While this
administration route cannot be easily adapted for all patients or cancer types, it provides a
direct approach to investigate the safety and pharmacodynamics of CDNs and the effects

of STING activation on antitumor immunity. Importantly, in mouse tumor models, i.t.
delivery of STING agonists can elicit a systemic tumor antigen-specific T cell response
capable of inhibiting the growth of distal, untreated tumors (i.e., abscopal effect) [17, 21]
and generating immune memory to prevent disease recurrence [22, 23]. Aduro Biotech

and Merck have developed synthetic CDNs (ADU-S100 and MK-1454, respectively) with
chemical modifications that improve cell permeability and stability, and have advanced
these molecules into Phase I/11 clinical trials of i.t. administration into metastatic lesions
[24, 25]. However, many patients are ineligible due to poor accessibility of their tumors

for i.t. administration [25], and, while improving, clinical evidence of abscopal responses
still remains largely anecdotal [26, 27]. Unfortunately, while newer generations of CDNs
have improved stability and cell permeability, they have not been demonstrated to be
effective when administered systemically, which may be a necessity for cancer patients with
inaccessible tumors and/or advanced, metastatic disease. Thus, developing, understanding,
and optimizing strategies to enhance systemic CDN delivery is a priority of high clinical
significance.
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To address this challenge, nanotechnology is being leveraged to formulate CDNs

for systemic (i.v.) delivery. The use of liposomal carriers has been most commonly
employed, with several groups exploiting the charge-charge interaction between a cationic
lipid (e.g., DOTAP, YSKO05) and anionic CDN to improve encapsulation efficiencies

and enhance cytosolic delivery [22, 28-30]. Our group has recently described the
development of endosome-destabilizing polymer vesicles (polymersomes) that enhance the
cellular uptake and cytosolic delivery of cGAMP [31]. Referred to as STING-activating
nanoparticles (STING-NP), the particles have an aqueous core for CDN loading and a
vesicle membrane comprising amphiphilic diblock copolymer chains with pH-responsive,
endosomal membrane-destabilizing activity, a design that increases the biological potency of
cGAMP by 2-3 orders of magnitude. Importantly, particles are also surface charge neutral
with a dense 2kDa PEG corona, a design that enables i.v. administration and dramatically
enhances the therapeutic efficacy of cGAMP. Yet, in our previous work, and in other
reports that have deployed nanoparticle delivery of CDNs, the focus has been primarily

on demonstration of efficacy, with minimal investigation into how nanocarriers modulate
key pharmacological properties of CDNs. Thus, this work aims to determine how the
pharmacokinetics (PK) and biodistribution of STING-activating nanomedicines, which are
rapidly expanding in use, impact antitumor immunity, therapeutic efficacy, and toxicity.
Such mechanistic insight linking the pharmacological properties of CDNs to antitumor
efficacy will be critical to the rational development of next generation carrier technologies
for STING agonists with potential to also inform nanoparticle design criteria that are broadly
applicable to other types of innate immune agonists.

Materials and Methods:

Polymer Synthesis:

Poly[(ethylene glycol)-block-[(2-diethylaminoethyl methacrylate)-co-(butyl methacrylate)-
co-(pyridyl disulfide ethyl methacrylate)]] polymers were synthesized via reversible
addition-fragmentation chain transfer (RAFT) polymerization as previously described [31]
(Polymer Characterization Figure S1). Polymer was labelled through reduction of PDSMA
groups using TCEP and reaction with Cy5-PEG,4-maleimide (Click Chemistry Tools) at
259C for 2 hours. The polymer was then dialyzed using SnakeSkin™ dialysis tubing (3.5K
MWCO, Thermofisher) against water twice for 48 h and lyophilized. This was then mixed
with native polymer at a ratio of 1:5 (labelled:unlabelled), dissolved in a minimal volume of
acetone, and precipitated in cold (—20°C) pentane. The precipitated polymer was then dried
in a vacuum oven for 48 h.

STING-NP Formulation:

STING-NPs were formulated as previously described [31]. Briefly, the synthesized polymer
was dissolved in ethanol (1000 mg/mL) and heated to 37°C for 20 mins. To this solution

an equivalent volume, relative to the amount of ethanol used, of 50 mg/mL concentrated
2’,3’ cyclic GMP-AMP (cGAMP) or 3H-cGAMP (Moravek) solution in DI water was
added, mixed, and allowed to equilibrate at 37°C for 1 hr. cGAMP was synthesized in
house as described previously [31]. The resultant gel was diluted in DI water and sonicated
at 40°C for at least 2 hours to disperse the nanoparticles. Finally, 0.5 molar equivalents

J Control Release. Author manuscript; available in PMC 2022 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wehbe et al.

Page 5

of dithiothreitol (DTT), relative to the total number of pyridyl disulfide moieties in the
formulation, were added to crosslink polymer chains. Centrifugal filtration (Amicon, 3kDa
MW(CO) was used to remove any unencapsulated drug and byproducts of the crosslinking
reaction to yield STING-NPs. The resultant nanoparticles were analyzed by dynamic light
scattering (Malvern Zetasizer Nano ZS) and the amount of entrapped cGAMP was measured
using normal phase HPLC as previously described [32].

In vivo analysis of toxicity:

Cell Culture:

6-8 week old female C57BL/6 mice were treated intravenously with vehicle (PBS; n=3)

or STING-NPs (20 or 10 ug, n=5) for three injections three days apart. Body weight and
signs of toxicity were assessed daily for 10 days. On day 10 (24 h after final treatment),
mice were euthanized and organs (liver, lung, kidney, spleen, pancreas, heart, sternum and,
brain) were harvested and fixed in 10% formalin for pathology. Organs were embedded in
paraffin, sectioned at 5 um, and stained with hematoxylin and eosin (H&E). Sections were
evaluated by an experienced veterinary pathologist blinded to the composition of the groups.
For analysis of blood chemistry, blood was collected, allowed to clot at room temperature,
centrifuged at 1000xg for 15 mins, and serum was analyzed on an Alfa Wasserman ACE
Alera in the Vanderbilt University Medical Center Translational Pathology Shared Resource
(VUMC TPSR).

B16-F10 cells were obtained from American Type Culture Collection (ATCC) (Manassas,
Virginia). E0771 and YUMML.7 cells were gifted from Drs. Justin Balko (Vanderbilt
Univeristy) and Marcus Bosenberg (Yale University) respectively. B16-F10 cells were
maintained in Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 10% fetal
bovine serum (FBS; Invitrogen, Carlsbad, California), 100 U mI~1 penicillin (Gibco)

and, 100 pg ml~1 streptomycin (Gibco). E0771 cells were maintained in RPMI 1640
medium (Gibco) with 10 mM HEPES and supplemented with 10% FBS (Invitrogen,
Carlshad, California) 100 U mI~1 penicillin (Gibco) and, 100 pug mi~1 streptomycin (Gibco).
YUMML.7 cells were maintained in DMEM/F12 (1:1) (Gibco) supplemented with 2 mM
L-glutamine, 15 mM HEPES, 10% FBS (Invitrogen, Carlsbad, California), 100 U mI~1
penicillin (Gibco), 100 ug mi~1 streptomycin (Gibco), and, 1x non-gssential amino acids
(Cellgro). Cells were passaged when confluency reached 70-90% using 0.05% trypsin
(Gibco) for B16-F10 and E0771 cells or Accutase (Gibco) for YUMML.7.

Ethics Statement:

All studies using animals were completed under an Animal Care Protocol (M1800155)
approved by the Vanderbilt University Institutional Animal Care and Use Committee
(IACUC). Animal health assessments were completed using standard operating procedures
approved by Vanderbilt University IACUC.

Subcutaneous Tumor Models:

B16-F10 (5x10°) or E0771 (5%10°) cells were suspended in 100 pL PBS and
subcutaneously injected into the right flank region of 6—7-week-old female C57BL/6 mice
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(The Jackson Laboratory, Bar Harbor, ME). Similarly, YUMMZ1.7 (1x10%) cells were
inoculated in 7-week-old male C57BL/6 mice. Established B16-F10 (75 mm3) tumors

were treated with vehicle (PBS), STING-NP (10 ug, every 3 days for 3 injections)
intravenously and/or aPD-L1 (100 ug, every 3 days for 5 injections, BioXcell, West
Lebanon NH) intraperitoneally. For monotherapy studies, established YUMMZ1.7 (~50 mm3)
and E0771 (~75 mm3) tumors were treated with vehicle or STING-NP (10 ug, every 3

days for 3 injections) intravenously. Tumor volume was measured every 3 days via caliper
measurements, and volumes were calculated using (Viymor = L X W2 x 0.5, in which Viymor
is tumor volume, L is tumor length, and W is tumor width). Mice were euthanized by carbon
dioxide asphyxiation when tumor volume reached >1500 mm3.

Analysis of pharmacokinetics and biodistribution:

cGAMP Quantification: STING-NPs were formulated as described above using 3H-
cGAMP. 6-7-week-old female C57BL/6 mice were inoculated with B16-F10 melanoma
cells (5x10°) subcutaneously into the right flank region. When tumors reached a volume of
100-200 mm?3, mice were injected i.v. (100 uL per mouse) with free 3H-cGAMP (~20 ug, 1
HCi) or STING-NPs (~10 g, 1 uCi) containing H-cGAMP and euthanized at 0.25, 1, 4, and
8 hours post injection. Whole blood was collected in EDTA-coated microfuge tubes through
cardiac puncture and plasma was obtained by centrifugation for 20 mins at 2000 xg. Liver,
lung, kidney, spleen, and tumor were removed and placed in pre-weighed scintillation vials
at —80°C until processing. To obtain plasma concentrations at 0.083 h, mice were injected
via tail vein and blood was obtained through submandibular bleed.

Whole livers were made into 30% homogenates in a known amount of water using an

Ultra Turrax T25 tissue homogenizer (IKA, Wilmington NC). Aliquots (in triplicate) of 200
uL homogenate were transferred to scintillation vials. All organs and liver homogenates
were mixed with 500 pL Solvable (PerkinElmer, Waltham MA) and incubated overnight at
50°C. The dissolved tissues were allowed to cool for 1 h prior to the addition of 50 pL
EDTA (500 mM, pH 8) and 300 puL H,0, (added 100 pL at a time) before reheating to
50°C for 20 mins. This was cooled to RT, mixed with 5 mL Pico-Fluor Plus (PerkinElmer,
Waltham MA) scintillation cocktail, and was stored in the dark until analysis. Plasma was
mixed directly with scintillation cocktail and all samples were read on a Liquid Scintillation
Counter (Packard 1900TR Liquid Scintillation Analyzer).

Polymer Quantification: 6-7-week-old female C57BL/6 mice were inoculated with B16-
F10 tumor cells (5x10°) subcutaneously into the right flank region. When tumors reached

a volume of 100-200 mm?2 mice were injected i.v with empty Cy5-labelled STING-NPs.

At 0.5, 1, 4, and 24 h post-injection whole blood was collected in EDTA-coated microfuge
tubes and plasma was obtained by centrifugation for 20 mins at 2000 xg. Liver, lung, kidney,
spleen and tumor were removed and placed on ice for VIS imaging. To obtain plasma
concentrations at 0.5 hr, mice were injected and blood was obtained through submandibular
bleed. To quantify the amount of polymer in plasma, a standard curve was made using doped
(1:5) Cy5-labelled to unlabeled polymer in methanol. The plasma was mixed with methanol
and centrifuged at 1000 xg for 5 mins at 4°C. The supernatant was read on a Synergy H1
(Biotek, Winooski, VVT) plate reader.

J Control Release. Author manuscript; available in PMC 2022 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wehbe et al. Page 7

In vitro nanoparticle release assays:

cGAMP Leakage from Nanoparticle: 3H-cGAMP was loaded into polymerosomes as
described above and added to slide-a-lyzer 20 KDa cut-off dialysis filter (thermofisher).

The nanoparticles were dialyzed against PBS (pH 7.4) at 37°C for 24 hours. At indicated
timepoints a 50 uL aliquot of particle was added to a glass scintillation vial. The 3H-cGAMP
content in the nanoparticles was measured using scintillation counting and percent release
was calculated by comparing to the zero timepoint concentration.

Activity of STING-NPs in Raw-Blue ISG cells: STING-NPs were incubated with PBS
(pH 7.4) at 370C for 0, 3, 8 or 24 hours. The activity of these nanoparticles to induce
responses in a RAW-Blue I1SG cell line was evaluated as per manufactures instructions using
Synergy H1 (Biotek, Winooski, VT) plate reader.

Quantification of plasma interferon B:

Plasma concentration of mIFNP at 1, 4, 8, 24, and 48 h post-injection of cGAMP or
STING-NPs was quantified using the LumiKine™ Xpress mIFN-p 2.0 (Invivogen) as per
manufacturer’s instructions.

Quantification of plasma pro-inflammatory cytokines:

Plasma concentration of IFN-a, IFNy, IL-6 and TNFa at 4, and 24 h post-injection of
Vehicle, Empty Nanoparticle, cGAMP or STING-NPs was quantified using a Legendplex™
custom mouse cytokine panel (Biolegend) as per manufacturer’s instructions.

Western blot analysis of tumors:

Vehicle and STING-NP treated B16-F10 tumors were homogenized using a TissueLyser 11
(Qiagen) in RIPA lysis buffer (Santa Cruz). The protein concentration was determined using
a BCA assay (Thermo Scientific, Waltham, Massachusetts), samples were run on a SDS-
PAGE and transferred onto a nitrocellulose membrane using a semi-dry transfer protocol
(Bio-Rad laboratories, Hercules, California). Membranes were washed and incubated

with primary antibody (p-IRF3, IRF3, STING, and p-actin) at 4°C overnight, followed

by blotting with HRP-conjugated secondary antibodies (Promega). The protein bands
were obtained with the ChemiDoc XRS+system (Bio-Rad) using an immobile western
Chemiluminescent HRP Substrate Kit (Millipore Sigma, Billerica, Massachusetts). Protein
loading was normalized for equal amounts of actin; representative images from at least 3
independent experiments are shown.

Quantitative real-time PCR:

C57BL/6 mice bearing 100-200 mm3 B16-F10 tumors were treated with STING-NPs (10
ug, intravenously) and euthanized at 1, 4, and 8 h post-injection. Liver, lung, kidney, spleen,
tumor, and draining and contralateral lymph nodes were collected and snap frozen. Organs
were homogenized using TissueLyser Il (Qiagen) and total RNA was isolated using the
RNeasy Mini kit (Qiagen, Germantown, MD). Total RNA (1 pg) was reverse transcribed
by an iScript cDNA synthesis kit (Bio-Rad) and gPCR was performed using a TagMan
Mastermix kit (Thermo Fisher Scientific) as per manufacturer’s instructions. All organs
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were examined for /fnb1 gene expression. Lymph nodes and tumor expression of CXCI10
was examined. Additionally, tumor lysates were analyzed for 7nfaand //126 expression.
This was all compared to basal levels of Hmbs expression. The TagMan gene expression
primers were purchased from ThermoFisher Scientific (Waltham, Massachusetts): mouse
Tnfa (Mm00443258_m1); mouse /fnb1 (Mm00439552_s1); Cxc/10(Mm00445235_m 1);
mouse //12b(Mm00434174 _m1) and mouse Hmbs (Mm01143545_m1).

Flow Cytometric Analysis of Tumor Microenvironment:

C57BL/6 mice bearing 100-200 mm?3 B16-F10 tumors were treated with STING-NPs (10
ug, intravenously) or vehicle (PBS) every 3 days for three total injections. Mice were
euthanized 24 h after final treatment Tumors were harvested, weighed, and placed on

ice. The tumors were mechanically dissociated using an OctoMACS separator (Miltenyi)
and digested in RPMI 1640 containing 125 ug/mL deoxyribonuclease | and 500 pg/mL
collagenase 111 for 30 mins at 37°C. The cell suspension was strained through a cell strainer
(40 um), red blood cells were lysed using ACK lysis buffer (Gibco). Cells were then
resuspended in flow buffer (5% BSA in PBS), counted and stained with the following

flow panels (antibodies obtained from Biolegend). 7umor Microenvironment: Panel I: FITC-
aCD45 (30-F11), APC-a.CD3 (17A2), APC/Cy7a.CD4 (RM4-5), PE/Cy5-a.CD8a (53—
6.7) and DAPI. Panels Il: FITC-aCD45 (30/F11), PE/Cy5-aCD11b (M1/70), APC/Cy7-
aF4/80 (BM8), BV711-aMHC-11(M5/114.15.2),PE-aNK1.1(PK136), BV510-Ly6G (1A8),
APC-Ly6C (HK1.4) and DAPI (Millipore Sigma, Billerica, Massachusetts). Cells were then
washed twice, suspended in flow buffer containing Accu-chek counting beads and analyzed
on a BD LSR Il flow cytometer. All flow cytometry data were analyzed using FlowJo
software (version 10; Tree Star; https://www.flowjo.com/solutions/flowjo). Representative
flow cytometry plots and gating schemes are shown in Figures S2 and S3.

Flow Cytometric Analysis of Nanoparticle Uptake:

C57BL/6 mice bearing 100-200 mm3 B16-F10 tumors were treated once with Cy5-STING-
NPs. Mice were euthanized 24 h after final treatment, tumors were harvested, weighed, and
placed on ice. The tumors were mechanically dissociated, digested, and strained into single
cell suspension as described above. Cells were then resuspended in flow buffer (5% BSA

in PBS), counted, and stained with the following flow panels (antibodies obtained from
Biolegend). Panels I: FITC-aCD45 (30-F11), PE/Cy5-aCD11b (M1/70), APC/Cy7-aF4/80
(BM8), PE/Cy7- aNK1.1, BV510-Ly6C (HK1.4) and DAPI. Panel Il: APC/Cy7-aMHC-II
(M5/114.15.2), PE —aCD11c (N418), PE/Cy7-aCD3 (17A2), BV510-Ly6C (HK1.4) and
DAPI (Millipore Sigma, Billerica, Massachusetts). Cells were then washed twice, suspended
in flow buffer containing Accu-chek counting beads, and analyzed on a BD LSR 11 flow
cytometer. Representative flow cytometry plots and gating schemes are shown in Figure S4.

Statistical Analysis:

The data were plotted using Prism 8 (Graphpad) software as the mean + SD unless otherwise
stated in the figure legend. For pharmacokinetic experiments, the data were analyzed using
PK solutions software. Blood chemistry and immune cell infiltration were compared by
Student’s t-test. Biodistribution, gPCR, and tumor volume significance were examined
through a one-way ANOVA followed by Tukey’s adjustment for multiple comparisons.
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A log-rank test was used to compare Kaplan-Meyer survival data. A-values <0.05 were
considered significant in these studies. All flow cytometry data were analyzed using FlowJo
software (version 10; Tree Star; https://www.flowjo.com/solutions/flowjo).

Splenic and Hepatic Toxicities Limit the Therapeutic Window of STING-NPs:

The vast majority of studies evaluating CDN STING agonists for cancer therapy, including
in current clinical trials, have focused on i.t. administration due, in part, to the ability

to generate a sufficiently high i.t. dose while also increasing the safety profile [24, 25,

33]. Nanocarriers can significantly change the biological activity and distribution of drug
cargo with important effects on toxicity; therefore, we first sought to determine a maximum
tolerated dose (MTD) for i.v. administered STING-NPs and to establish correlates between
dose and markers of systemic toxicity. The MTD of STING-NPs was determined in non-
tumor bearing, female C57BL/6 mice using a dose of 10 or 20 ug cGAMP administered
every 3 days (Figure 1A), and mouse weight and survival was measured over 10 days
(Figure 1B,C). Administration of STING-NPs at 20 pg of cGAMP resulted in >15% weight
loss within the first 1-2 days following administration and 3/5 mice did not survive the full
course of treatment. In contrast, a dose of 10 pg resulted in only a transient weight loss of
<10% and all mice survived the three-injection treatment regimen. One day following the
last administration, organs (liver, spleen, lungs, heart, kidney, and brain) were isolated, fixed,
and paraffin embedded for pathology. For surviving mice treated with 20 pg of STING-NPs,
hepatic necrosis and marked apoptosis in the splenic white and red pulp was observed,

but all other organs (lung, kidney, heart and brain) were found to have unremarkable
changes when compared to healthy mouse tissue. By contrast, mice treated with 10 ug
STING-NP did not show any signs of toxicity at the organ level (Figure 1C). Blood
chemistry was evaluated 24 hours after the final dose; alanine aminotransferase (ALT),
aspartate transaminase (AST), creatinine, and glucose levels were not statistically different
from treatment naive control mice. Blood urea nitrogen (BUN) and total protein, while
largely in the normal range for mouse blood chemistry, were slightly elevated above vehicle
treatment (Figure 1D). Additionally, histopathology revealed no indication of damage to
the endothelium or vascular leakage as evidenced by a lack of edema and fibrin formation
around the vessel lumen and no signs of vasculitis or perivascultisis in any of the tissues.

In aggregate, these results suggest that the liver and spleen are dose limiting organs for
systemically administered STING-NPs and identify an MTD of 10 ug cGAMP when
administered using a therapeutic three injection regimen.

Nanoparticle Encapsulation of cGAMP Increases Circulation Lifetime:

Cyclic GMP-AMP synthase (cGAS) produces 2’3’-cGAMP cytosolically in response to
microbial and self-DNA which in turn binds to STING localized on the ER membrane.
Hence, endogenously produced cGAMP acts intracellularly and locally and is therefore not
limited by the physiochemical properties that hinder its translation and utility as a drug
product. By contrast, STING-NPs, and other nanoparticle delivery systems, enhance the
delivery and activity of extracellular, exogenous cGAMP to cells and organs upon systemic
administration. However, there has been no investigation into how delivery systems impact
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CDN pharmacokinetics and biodistribution, studies that are needed to better understand
mechanisms of action and toxicity that can also inform the development of optimized
systems. Thus, we assessed the circulation lifetime of cGAMP and polymer in C57BL/6
mice (Figure 2A/B). To measure the pharmacokinetic profile and organ accumulation

of cGAMP, mice were injected with STING-NPs loaded with 3H-cGAMP or soluble 3H-
cGAMP (20 pg free cGAMP or 10 pg STING-NP) prepared from a 50 mg/mL cGAMP
stock solution doped with 3H-cGAMP. When injected intravenously, cCGAMP has a half-life
of approximately 2 mins (Figure 2A), resulting in poor organ accumulation, which, in
addition to its poor cellular permeability, results in little to no STING activation /n vivo.
STING-NPs improve the elimination half-life of cGAMP to 1.3 h, a 40-fold increase, and
enhance the AUC.jns by 6.5-fold (Table 1). This increase in circulation time and exposure
results in increased organ and tumor tissue accumulation of cGAMP. Unsurprisingly, the
majority of the injected dose (~15%) was found to accumulate in the liver (Figure 2C)
between 0.25-4 h and was largely cleared by 8 h. While free cGAMP does not accumulate
in the tumor tissue, when it is administered using STING-NPs 1-3% of the injected dose
was found in B16-F10 tumors between 0.25-4 h. cGAMP administered with STING-NPs
also accumulates in organs besides the liver (e.g., spleen, kidney, and lung), only the spleen
was noted during pathologic analysis as an organ of interest. The maximum percent injected
dose for this tissue is only ~1.5%, but the spleen also has a high density of immune cells
that may be more sensitive (human protein atlas) [34] to STING agonists and this likely
contributes to the pathology observed in the spleen at higher cGAMP doses [35-37].

To obtain a more complete understanding of cGAMP distribution phenomena,
polymersomes were prepared using Cy5-labelled polymer chains and injected at a dose
corresponding to 0.75 mg polymer per mouse (~37.5 mg/kg polymer). The half-life of the
polymersome was estimated to be 6.4 h, longer than that observed for cGAMP, potentially
suggesting a burst release or leakage of cGAMP from the particle within 4 hours (Figure
2B), a common limitation of vesicular drug carriers [38—41]. The particle biodistribution
was also tracked by fluorescent imaging of organs using IVIS (Figure 2D). Particles
accumulated primarily in the liver and spleen (5-10 fold over baseline), whereas minimal
uptake was observed in the lung and kidneys. We offer the caveat that caution must be
taken in assigning quantitative relationships between cGAMP and polymer accumulation
when two different analytical methods (e.g., scintillation counting and 1VIS imaging) are
employed owing to differential sensitivity, quantitative accuracy, and inherent limitations
(e.g., tissue penetration).

STING-NPs stimulate a transient, systemic inflammatory response:

STING activation leads to the production of type I interferons (IFN-1), interferon stimulated
genes (ISGs), and pro-inflammatory cytokines [42]. However, levels of STING and
downstream signaling molecules (e.g., TBK1) vary considerably between tissues and,
therefore, organ-level pharmacodynamics, as measured by the magnitude of STING
activation, may not directly correlate with cGAMP biodistribution [34]. Therefore, B16-
F10 tumor-bearing mice were treated with cGAMP or STING-NPs, and blood and major
clearance organs were analyzed for IFN-1 and other STING-driven cytokines. Plasma was
analyzed for secreted IFNB by ELISA. STING-NP treated mice were found to have a IFNB
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Cmax 0f 15000 pg/mL at 4 hours post injection (Figure 3A) which returned to baseline levels
by 24 h. The serum concentration of cytokines (IFN-a., IFN-y, IL-6 and TNFa) were also
analyzed by cytokine bead array at 4 and 24 h post-injection (Figure S5), with similar trends
observed. Additionally, i.v. administration of empty polymersomes and free cGAMP did not
result in significant elevation of cytokine levels, further demonstrating that the response is
STING-dependent and that packaging of cGAMP into polymersomes is critical to achieving
in vivo activity. To determine the extent of STING activation in organs, qRT-PCR was

used to quantify transcript levels of /fnb1 as a downstream marker. As expected, the liver
and spleen showed the greatest increase in /fnb1 expression (Figure 3B), with the most
significant elevation observed in the spleen, consistent with a high density of immune cells.
The kidney showed a modest but statistically significant increase in /fnb1 over free cGAMP
at 4 hours. Levels of /fnb1 in the lung were below background for both groups. In summary,
these results further indicate that the liver and spleen are the organs limiting the MTD

for STING-NPs and likely for other STING-activating nanoparticle formulations that are
cleared by the reticuloendothelial system.

Systemic STING-NP Administration Remodels the Tumor Immune Microenvironment:

Systemic administration of STING agonists for cancer immunotherapy is suspected to
require sufficient activation of STING signaling at tumor sites and/or in lymphoid tissue at
well-tolerated doses. Therefore, we evaluated protein-level expression of STING, IRF3, and
phospho-IRF3 (pIRF3) in B16-F10 tumors following intravenous injection of STING-NP
or vehicle to confirm activation of the STING pathway (Figure 4A). The activation of the
STING pathway in the tumor was further supported by gRT-PCR examining downstream
genes (/fnbl, Cxcl10, Tnfa, and //12) at 1, 4, and 8 h (Figure 4B). All genes showed
significant increases in expression by 4 h when compared to free cGAMP. As the tumor-
draining lymph node (TDLN) is an important site of anti-tumor T cell priming and activation
that is often also immunosuppressed [43], we also evaluated expression of /fnband Cxcl10
in the inguinal LN (Figure 4C) and observed a significant increase in Cxc/10at 8 h, but no
change in /fnb levels, suggesting that i.v. administration of STING-NPs may also modestly
increase STING signaling in the TDLN.

We next sought to determine the primary cell populations in the tumor that were passively
targeted by STING-NPs, and, therefore, may be key cellular mediators of STING activation.
To assess the extent of particle uptake by immune cells, mice were injected with Cy5-labeled
polymersomes and the spleen, tumor, and TDLN were collected 24 hours post-injection, a
timepoint where both carrier and cGAMP had cleared the circulation. In B16-F10 tumors,
<5% of tumor-associated immune cells were found to have endocytosed i.v. administered
particles (Figure 4D). While this represents a relatively small population of immune cells,
this finding is also consistent with a number of previous reports investigating cellular
uptake of i.v. administered NPs in tumors, and suggests that therapeutic benefit can be
achieved through delivery to a relatively small subset of immune cells in the TME [44,

45]. Given their important role in priming of antitumor T cell responses, we also evaluated
immunocellular uptake of polymersomes in the spleen and TDLN. Not surprisingly, and
consistent with observed cGAMP distribution to the spleen, NPs were endocytosed by a
high percentage of splenic macrophages and DCs. While beyond the scope of the current

J Control Release. Author manuscript; available in PMC 2022 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wehbe et al.

Page 12

work, this raises the possibility that STING-mediated activation of APCs in the spleen may
support priming of antitumor T cells or that myeloid cells may potentially migrate from

the spleen into tumors to exert antitumor functions [46]. Interestingly, we also observed a
significant accumulation of NPs in dendritic cells in the tumor draining (inguinal) lymph
node. Whether these represent DCs that have endocytosed NPs and migrated from the
tumor into the LN or have captured NPs that distribute into LNs from the circulation or
tumor site was not explored, but nonetheless may also play an important role in enhancing
immune responses to tumor antigens. We note that this data pertains only to the cellular
uptake of fluorescently-labeled polymer chains and, therefore, may not reflect the pattern or
magnitude of cGAMP distribution amongst these same cell populations.

Finally, having demonstrated STING activation in the tumor, we then aimed to examine
changes to the immunocellular profile of the TME upon administration of a three dose,
therapeutic STING-NP regimen (Figure 4E/F). Most notably, a significant, >20-fold
increase, in the numbers of CD4* and CD8" T-cells was observed, consistent with

increased Cxc/10expression in tumors. Additionally, a slight increase in the number of
CD11c*MHCII* DCs was observed, while the number of CD11b*F4/80* Mg slightly
decreased. Other immune cells (CD11b*Ly6C* m-MDSCs and CD45*NK1.1* NKs) showed
no significant difference after treatment. Collectively, these data demonstrate that i.v.
administered STING-NPs can dramatically enhance tumor T cell infiltration, therefore
converting “cold” B16-F10 melanoma tumors to a T cell-inflamed TME.

Intravenous administration of STING-NPs reduces tumor burden in models of melanoma
and breast cancer:

We next investigated the ability of STING-NPs to synergize with aPD-L1 immune
checkpoint therapy in a B16-F10 melanoma model. In these studies, mice were treated with
vehicle, aPD-L1 (100 g, 5 treatments 3 days apart), STING-NP (10 ug, 3 treatments 3 days
apart), or aPD-L1 and STING-NP (Figure 5A-D). By day 15 post-inoculation, STING-NP
treated mice showed ~75% reduction in tumor burden in comparison to vehicle treated

mice (Figure 5B,C). Additionally, mice treated with STING-NPs alone or in combination
with aPD-L1 showed an increase in median survival time of 26 and 30 days, respectively
(Figure 5D). The combination of STING-NP and aPD-L1 resulted in a significant increase
in survival relative to either treatment alone (Figure 5D).

The work conducted to understand the PK-PD relationship for STING-NPs was performed
in B16-F10 melanoma, a well-established model of a “cold” tumor that is non-responsive to
ICI monotherapy. To validate that the efficacy of systemic STING-NP treatment translated
to other murine tumor models we also evaluated STING-NP monotherapy at the MTD

in YUMML.7 (melanoma) and E0771 (breast cancer) models (Figure 5). We selected
YUMML.7 as another melanoma model since, like B16-F10, it is largely resistant to

ICIs, but is BrafV600E, Pten™'~, Cdkn™~ and has a low mutational load. Mice bearing
YUMM1.7 (50 mm3) tumors were treated with STING-NP, resulting in a >50% reduction
in tumor volume on day 19 and a small, albeit significant, difference in survival. Finally,

to demonstrate the efficacy of i.v. administered STING-NPs outside of melanoma, we also
evaluated STING-NPs in a E0771 murine model of triple negative breast cancer. STING-NP
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monotherapy in established E0771 tumors (75 mm3) reduced tumor burden by 80% by day
20, and increased the median survival time from 22 to 33 days. Collectively, these studies
demonstrate the efficacy of STING-NP monotherapy in mouse models of melanoma and
breast cancer.
Discussion:

Identifying agents capable of remodeling the tumor microenvironment from “cold” (i.e.,
lacking T-cell infiltration) to “hot” (T-cell inflamed) phenotypes has rapidly emerged as

a promising strategy for reversing resistance to ICls [5, 6]. The cGAS-STING signaling
pathway is a major regulator of innate immune responses and has recently been identified
as a critical mediator of endogenous antitumor T cell immunity and response to ICls

[42]. This important role in cancer immune surveillance has motivated the clinical
development of cGAMP and other CDN STING agonists as therapeutics to increase tumor
immunogenicity [23, 25, 47-50]. Pharmaceutical companies (e.g., Aduro Biotech, Merck,
Takeda) have patented synthetic CDNs with improved membrane permeability and/or
improved stability relative to cGAMP and other naturally occurring CDNs, and several
clinical trials utilizing these molecules are ongoing in the setting of i.t. administration

[24, 25]. However, free CDNSs have a short systemic circulation half-life and even the

more clinically-advanced CDNss still suffer from suboptimal intracellular uptake and
bioavailability that strongly limits their drug activity. Nanocarrier systems composed of
lipids and polymers have recently been employed for delivery of cGAMP or other CDNs to
improve their efficacy as cancer immunotherapeutics. To date, five nanoparticle formulations
capable of encapsulating CDNs have been explored for systemic administration, including
several variants of liposomal carriers, and STING-NPs, the only polymeric platform
described to date for systemic delivery of STING agonists [22, 28-31, 51]. The design

of nanocarriers for STING agonists is a nascent area of investigation, and, hence, there
exists minimal knowledge of operative drug delivery mechanisms or carrier design criteria
for optimizing immunotherapeutic efficacy. Thus, this work provides, to our knowledge,
the first comprehensive pharmacological analysis aimed at understanding the fate of an
intravenously administered CDN nanocarrier, with potential implications for other nanoscale
STING agonists.

A major hurdle for systemic CDN therapy is the short half-life upon intravenous

injection that limits delivery to tumors and secondary lymphoid organs. We found that i.v
administered cGAMP has a serum half-life of less than 2 mins, which, along with its poor
cellular permeability, results in highly inefficient STING pathway activation. The STING-
NP platform increases the half-life of cGAMP by ~40-fold and the AUC by 6.5-fold, data
similar to that of many nanoparticle drug formulations, which have shown improvements in
drug circulation time and exposure [52, 53]. The difference between the pharmacokinetic
profile of the polymer and cGAMP may suggest that cGAMP releases from the carrier upon
injection, perhaps due to burst release or diffusion across the nanoparticle bilayer under
infinite sink conditions [54, 55]. This possibility is supported by data in Figure S6, which
demonstrates that cGAMP is completely released from STING-NPs by 4 h and that /n vitro
immunostimulatory activity is reduced in a time-dependent manner following incubation

in PBS. Since free cGAMP clears rapidly, it is also probable that cGAMP released from
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circulating particles is also cleared quickly, and, therefore, the increase in AUC observed
likely reflects the encapsulated drug. Nonetheless, strategies to minimize CDN diffusion or
leakage from nanocarriers may further improve pharmacokinetics.

STING-NPs also influence the biodistribution of cGAMP, which, as free drug, minimally
accumulated in tissues or tumors due to its short half-life and low AUC. This had a
significant impact on cGAMP pharmacodynamics and toxicity. As the largest secondary
lymphoid organ with a high density of immune cells, the expression of STING in the
spleen is high and, thus, sensitive to activation by cytosolically-delivered cGAMP [37].
Therefore, while the percent injected dose of cGAMP administered with STING-NPs is
<2% in the spleen, the relative degree of STING activation is high as reflected by a 50-fold
increase in /fnb1 expression an hour after administration. This is further supported by
studies examining immune cell-level polymer distribution in the spleen where we found
that ~40% of macrophages and ~30% of DCs have endocytosed NPs. By contrast, when
administered with STING-NPs, ~15% of the injected cGAMP dose accumulates in the
liver, which results in a disproportionally mild 10-15-fold increase in /fnb1 expression

4-8 h post-administration relative to vehicle controls. This represents approximately the
same order of magnitude change in /fnb1 expression in the tumor (i.e., 15-20-fold), despite
significantly less cGAMP accumulation at tumor sites. While not explicitly demonstrated
in our studies, we postulate that Kupffer cells, which have a well-established proclivity

for nanoparticle clearance [56], are the primary contributors to STING activation in the
liver as previous reports indicate that hepatocytes lack DNA sensing capabilities and have
low STING expression [37, 57]. This may allow for hepatic clearance of STING-NPs
without significant hepatotoxicity as evidenced by insignificant elevations in ALT and AST
following i.v. administration of STING-NPs at the MTD. This may also be reflective of

the role of cGAS/STING signaling in Kupffer cells in restraining viral infection, whereas
reduced STING levels in hepatocytes have been implicated as a vulnerability to hepatitis B
virus infection [58]. Nonetheless, at higher doses of STING-NPs any “buffering capacity”
the liver has for STING activation appears to be exceeded, resulting in hepatic necrosis that
limits the MTD. Recent work by Sivick et al. has demonstrated that high doses of CDN
administered locally to tumors is associated with an “ablative” phenotype driven by release
of high local levels of proinflammatory cytokines (e.g., TNF-a.) that promotes apoptosis of
tumor and immune cells [33]. We speculate that a similar response may be manifested in
the liver and spleen where the highest levels of STING activation are observed following i.v.
STING-NP administration.

STING-NPs, and other nanoparticle-based immunostimulants, have also been shown to
transiently increase serum cytokine levels, which may also limit the MTD via several
potential mechanisms [59]. It is notable that other systemically administered nanoparticle-
based innate immune agonists with a similar cytokine profile to that elicited by STING-
NPs have advanced into patients who experienced only transient flu-like symptoms [60].
Moreover, the clinical experience with cancer immunotherapies (e.g., CAR T cells) suggests
that some level of systemic cytokine response is well-tolerated and may even be beneficial
to outcomes, and strategies are emerging to manage immunotoxicity while maintaining
efficacy. Nonetheless, our analysis of the pharmacodynamics and toxicity of STING-NPs at
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the MTD implicate the liver and spleen as dose-limiting organs, a finding with important
considerations for the further development of STING-activating nanomedicines.

While there is increasing clinical evidence that nanoparticles can preferentially accumulate
in human metastatic tumors [61-65], albeit with inter- and intra-patient heterogeneity

and via debated mechanisms [61], it is well-established that a relatively low percentage
(typically <5%) of injected drug dose reaches the tumor, even in murine models [66,

67]. Consistent with this, we found that ~3% of injected cGAMP reached established (50—
100 mm3) B16-F10 tumors when administered using STING-NPs, which was sufficient

to activate the STING pathway as confirmed by western blot and qRT-PCR. Our study
also highlights a potentially key distinction between nanoparticle delivery of CDNs and
more conventional nanomedicines (e.g., chemotherapy, siRNA) that rely on the delivery

of high drug doses to the vast majority of tumor cells at all tumor sites. Our findings,

and that of other groups [68, 69], suggest that this may not be as much of a barrier

for nanoparticle-based immunostimulants, where passively targeting of a relatively small
subset of immune cells can initiate endogenous programs of antitumor immunity that lead
to therapeutic responses. Nonetheless, strategies to further improve the delivery of CDNs
to tumors must still be explored and driven by a deeper understanding of key cellular
targets and optimized STING activation kinetics. For example, chronic STING activation
and type I interferon production is associated with autoimmune and chronic inflammatory
states [70], and, therefore, prolonged drug accumulation, a goal of many nanomedicines,
may not be desirable for CDN delivery. Furthermore, Sivick et al. also showed that lower
“immunogenic” doses of CDNs can enhance T cell priming and systemic adaptive immunity
[33] and, therefore, maximizing STING activation in tumors or lymphoid organs may be
counterproductive to optimal immunity. Therefore, whether a slow and sustained or fast
“on/off” profile of STING activation is optimal for therapeutic efficacy is still unknown, but
should be a consideration for developing the next generation of carriers.

The data provided herein provide the first comprehensive PK-PD analysis of a nanoparticle
platform for CDN delivery. Together, the data provide insight into the circulation lifetime of
STING-NPs as they distribute, activate the STING pathway, and produce type | interferons
and other downstream effectors in tumors as well as major clearance organs. Consequently,
using a therapeutic three dose regimen, STING-NPs promoted a cellular remodeling of

the tumor immune microenvironment, most notably a >20-fold increase in the number of
CD4* and CD8* T cells in the tumor. This is consistent with elevated Cxc/10in tumors, a
key T cell chemokine, and suggests that i.v. administered STING-NPs generate a sufficient
chemokine gradient to promote T cell infiltration into established solid tumors, resulting in
strong inhibition of tumor growth in B16-F10 and EO771 tumor models as well as modest
therapeutic effects in mice bearing YUMML.7 tumors. While the mechanisms underlying
these differences remain to be elucidated, this reduced efficacy may reflect the relatively low
tumor mutational load, and therefore antigenicity, of the YUMML.7 cell line [71], limited
tumor distribution or penetration owing to differences in the stromal composition of the
TME, and/or differences in the immunocellular composition of the TME that may limit
responsiveness to STING agonists. Notably, the ability of i.v. administered STING-NPs to
generate a T cell-inflamed TME offers exciting possibilities for developing combination
immunoregimens to enhance overall survival. As proof-of-concept, we demonstrated that
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i.v. STING-NPs can enhance response to aPD-L1 ICI, which is upregulated in response
to STING activation and is therefore a putative resistance mechanism (Figure S7).
Intratumorally administered STING agonists have been combined with a number other
immunomodulators (e.g., CpG, OX-40, PD-L1), which should also be explored in the
context of i.v. STING agonists [72, 73]. Furthermore, the increased tumor infiltration of
endogenous T cells observed opens the possibility of using i.v. administered STING-NPs
to enhance responses to adoptive T cell transfer or CAR T cell therapy where poor tumor
infiltration is a major barrier to efficacy for solid tumors. Future studies will pursue such
opportunities.

Conclusion:

Pharmacological activation of the STING pathway is a promising approach for activating
anti-tumor innate immunity that results in a remodeling the tumor microenvironment to
improve responsiveness to immune checkpoint inhibitors. However, clinical investigation
of STING agonists has thus far been limited to i.t. administration to generate abscopal
responses, which, while promising, limits clinical utility. Thus, identifying and developing
strategies that enable safe and effective systemic administration of STING agonists holds
enormous potential for expanding the number of patients that may benefit from this
promising therapeutic target. The use of nanoparticle-based drug carriers has recently
emerged as a promising approach for enhancing the efficacy of systemically administered
CDNs, which suffer from poor drug-like properties and a short i.v. half-life. Using STING-
NPs — a polymer-based CDN delivery platform — this work aimed to understand how i.v.
administration of CDNs with nanocarriers impacts relationships between pharmacokinetics,
pharmacodynamics, toxicity, and therapeutic efficacy. Here, we demonstrate that STING-
NPs significantly extend the elimination half-life of cGAMP by 40-fold, resulting in a
modest, but significant, increase in tumor accumulation of cGAMP with an attendant
increase in STING activation in the TME. This also changed the biodistribution profile of
cGAMP, resulting in increased STING activation in the spleen and liver, which restricted
the MTD. Nonetheless, i.v. administration of STING-NPs dramatically increased the
number of tumor-infiltrating T cells in poorly immunogenic B16-F10 tumors, resulting

in enhanced therapeutic efficacy, a result validated in additional syngeneic murine tumor
models. Together, these data, which represent the first rigorous investigation into the
PK-PD relationship of a STING-activating nanomedicine, demonstrate that STING-NPs
open a therapeutic window for systemic administration of CDNs and provide new insight
into operative design criteria for engineering of optimized delivery platforms for systemic
delivery of STING agonists.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Determination of maximum tolerated dose for STING-NP.
C57BL/6 mice were treated with Vehicle or STING-NPs at 10 or 20 ug per mouse

intravenously every 3 days for a total of 3 injections. Mice were weighed and monitored
for 10 days; the percent initial body weight (A) and survival (B) were plotted. On day 10,
mice were euthanized and the organs were formalin fixed for gross pathology. (C) H&E
staining of liver and spleen images showing necrosis (A) in the liver and apoptosis (—)
in the spleen. (D) Blood chemistry of mice treated with STING-NPs at 24 hours after
final injection. */<0.05, ** /A<0.01, *** £<0.001, **** P<0.0001, indicate a statistically
significant difference relative to vehicle (PBS).
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Figure 2: STING-NPs improve cGAMP pharmacokinetics and alter thebiodistribution profile.
6-8-week-old C57BL/6 mice were inoculated with B16-F10 tumor cells. When tumors

reached 100-200 mm3, mice were treated with cGAMP (1 uCi per mouse, 20 pug of cGAMP)
or STING-NP (1 uCi per mouse, 10 ug cGAMP) and euthanized at indicated timepoints. (A)
Plasma cGAMP concentrations as a function of time obtained through scintillation counting.
(B) Plasma polymer concentration as a function of time measured through fluorescence of
Cy5-labelled polymer spiked at a 1:5 ratio used to make polymersomes. (C) Organ cGAMP

distribution as a function of time plotted as percent injected dose. (D) Organ polymer

distribution using IVIS imagine at indicated time points from whole organs. Data were
normalized to vehicle treated organs. */<0.05, ** £<0.01, *** £<0.001, **** £<0.0001
indicate a statistically significant difference relative to cGAMP. n=4-5 mice per group with
data plotted as mean £ SEM.
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Figure 3: STING-NPs activate a type-1 interferon response in blood and clearance organs.
6-8-week-old C57BL/6 mice were treated with vehicle, cGAMP (20 pg per mouse) or

STING-NP (10 pg cGAMP per mouse) and euthanized at indicated timepoints. (A) Plasma
mouse interferon beta was measured by ELISA. (B) gRT-PCR was used to measure

Ifnb1 transcript levels in liver, lung, kidney, and spleens. Data are plotted as fold change
over vehicle treated mice. */<0.05, ** /£<0.01, *** £<0.001, **** P<0.0001 indicate a
statistically significant difference relative to cGAMP. n=4 mice per group with data plotted
as mean + SEM, qPCR data are shown as fold change over vehicle treated mice.
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Figure 4: Systemic STING-NP treatment causes STING activation in tumors and remodeling of
the TME.

(A) 6-8-week-old C57BL/6 B16-F10 tumor bearing mice were treated with vehicle or
STING-NP (10 ug cGAMP per mouse). Western blot analysis of tumors 24 hours after
treatment examining STING and IRF3/p-IRF3 expression. (B) gRT-PCR was used to
measure /fnb1, Cxcl10, Tnfa, and //12transcript levels in Vehicle (PBS), cGAMP or
STING-NP treated tumor, data is shown as fold change over vehicle. (C) gRT-PCR was
used to measure lymph node /fnb1 and Cxc/10transcript levels in \ehicle (PBS), cGAMP
or STING-NP treated lymph node, data is shown as fold change over vehicle. (D) Mice
were treated with Cy5-labelled polymersomes and euthanized at 24 h post-injection. Data
are plotted as percentage of Cy5-positive cells in spleen, tumor, and draining lymph node.
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(E) Mouse treatment scheme for flow cytometry study, 100 mm3 tumors were treated thrice
and harvest 24 hrs after final injection for characterization. (F) Immune cell infiltration into
B16-F10 tumors obtained 24 hours after third vehicle/STING-NP treatment analyzed using
flow cytometry. *P<0.05, **/<0.01, ***F<0.001, ****/F<0.0001 indicate a statistically
significant difference relative to cGAMP (B/E) or vehicle (D). Data shown as mean £ SEM
(gPCR is fold change as compared to vehicle treated tumors/lymph node, n=4) and mean +
SD (flow cytometry, n= 6-10).
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Figure 5: STING-NP efficacy in melanoma and breast cancer models.
(A) Schematic summary of treatment for mice with B16-F10 tumors. (B) Average tumor

volume and (C) spider plots for treated and untreated tumors. (D) Kaplan-Meier survival
curves of mice treated with indicated formulation. (E) Schematic representation of study
design and treatment regimen for EQ771 breast cancer model. (F) Average tumor volume,
(G) spider plots, and (H) Kaplan-Meier survival curves for mice injected intravenously with
vehicle or STING-NP. (I) Schematic representation of study design and treatment regimen
for YUMML.7 tumor model. (J) Average tumor volume, (K) spider plots, and (L) Kaplan-
Meier survival curves for mice injected intravenously with vehicle or STING-NP. Mice
were treated with indicated formulation using a total tumor volume >1500 mm? as endpoint
criteria.* A<0.05, **£<0.01, ***P<0.001, ****/F<0.0001 indicate a statistically significant
difference relative to vehicle (PBS). Data plotted as mean + SD, n= 6-10 mice per group.
B16-F10 and EQ771 tumor volumes were compared on day 19 using a one-way ANOVA
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using Tukey’s post-hoc test. YUMML.7 tumor volumes were compared by Student’s t-test.
Kaplan—Meier survival analysis (two-tailed Mantel-Cox test).
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Table 1:

Pharmacokinetic parameters for cGAMP and STING-NP

Page 29

Treatment cGAMP Half-life (hr) | cGAMP AUC. iy (Mgehr/mL) | Polymer Half-life (hr) | Polymer AUCq. s (Mgehr/mL)
Free cGAMP 0.033 851.3 - -
STING-NP 13 5564.4 6.4 11453.9
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