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ABSTRACT: Activation of the STING pathway is crucial for antitumor immunity, but
targeting the STING receptor therapeutically remains a challenge due to inefficient intracellular
delivery of its agonists. Here, we explore the potential of FDA-approved lipid nanoparticles 23
(LNPs), used in Spikevax COVID-19 vaccine, to increase the uptake of a cGAMP analog 1

(cG'A*MP) to dendritic cells (DCs) and induce cell activation. These LNPs are highly =~
reproducible, effectively encapsulate cG°*A°MP, and are easily scalable. We show that cG'A*MP
LNPs are efficiently internalized by DCs in vitro, and the cargo is released into the cytoplasm,
which strongly enhances STING activation and DC maturation. Furthermore, we introduce an
in vitro model of tumor-associated human DCs that mimics the DC phenotype observed in
cancer patients. When applied to this model, cG*A*MP LNPs successfully reprogram tumor-
associated DCs toward an active state, thus emphasizing their potential for cancer
immunotherapy. Overall, this work presents a novel and scalable approach utilizing LNPs to
deliver cyclic dinucleotide-based STING agonists to counteract immune suppression in cancer.
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1. INTRODUCTION

Current immunotherapy strategies concentrate on harnessing
the host immune system to destroy tumor cells through robust
adaptive antitumor responses, with notable success in the

In human blood, two major subsets of conventional
dendritic cells (¢DCs) are recognized: CD141* ¢DC1 and
CDIc* ¢cDC2."" While cDC 1s are established as key mediators
of antitumor immunity through eflicient cross-priming of
CD8* T cells,"* recent evidence highlights an equally

treatment of both solid and hematological malignancies tied to
the deployment of immune checkpoint blockade and chimeric
antigen receptor T cells (CAR-T), respectively.”” Nonetheless,
the progress in activating tumor-specific T-cell responses alone
has been slow because that activity depends on each patient’s
immune context and, in particular, on signals received from
innate immune cells, such as dendritic cells (DCs).>™® DCs are
specialized antigen-presenting cells (APCs) that, by surveilling
and sampling all tissues, can recognize molecular patterns
associated with pathogens (PAMPs) or cellular damage
(DAMPs), thus prompting appropriate immune responses
and playing a key role in fighting diseases such as cancer. In
the tumor context, DCs can sustain speciﬁc antitumor immune
responses by activating cytotoxic CD8" T cells and by priming
CD4* T cells.”>” However, in the case of solid tumors, an
immunosuppressive tumor microenvironment (TME) often
develops, which contributes to immune evasion by severely
compromising the functions of various immune cells, including
DCs.*” Specifically at the DC level, there is evidence that the
TME promotes the upregulation of immune checkpoint
molecules, coinhibitory markers and immunosuppressive
factors in cancer patients, resulting in regulatory T-cell
polarization that prevents potent antitumor immunity.g’10
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important role for ¢cDC 2s. Beyond presenting antigens to
both CD4* and CD8* T cells,"* ¢cDC 2s can transfer tumor-
derived antigens to resident DCs in lymphoid tissues, thereby
amplifying antitumor T cell responses.'*

A critical signaling pathway in antitumor immunity involves
the activation of the STimulator of InterferoN Genes
(STING) receptor. Upon binding to viral or free cellular
DNA, cyclic guanosine monophosphate-adenosine mono-
phosphate synthase (cGAS) catalyzes the synthesis of cyclic
guanosine monophosphate-adenosine monophosphate
cGAMP or GMP-AMP, which is the natural ligand for
STING receptor in mammals." Upon cGAMP binding,
STING is activated and mediates subsequent signaling through
phosphorylation of tank-binding kinase 1 (TBK1) and
interferon (IFN)-regulatory factors,which prompts a type I
IEN-dependent inflammatory response.’™'® Type 1 IFN
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production by DCs through STING activation has been shown
to support effective cross-priming of CD8" T cells toward
antitumor-%peciﬁc immunogenicity in several in vivo tumor
models.'”?® Furthermore, preclinical studies have shown that
activation of this pathway through endogenous or exogenous
agonists is an essential trigger of antitumor immunity.1 21
However, targeting STING by endogenous delivery of
c¢GAMP or other natural cyclic dinucleotides (CDNs) remains
problematic. cGAMP is unable to passively diffuse through the
plasma membrane due to its negative charge and highly
hydrophilic nature. Moreover, although the organic anionic
transporter SLC19A1 was recently identified as the first
c¢GAMP transporter, this protein is not known to be part of the
dominant cGAMP import mechanism for any primary cell
type.'¥*>*? In addition, cGAMP is highly susceptibile to rapid
hydrolysis by enzymes that are prevalent in plasma.”*~** In
consideration of the aforementioned factors, the natural ligand
of STING, cGAMP, is not an appropriate choice for
therapeutic purposes when used in its free state. Yet,
intratumoral administration of the free form of a synthetic
nonhydrolyzable analog of cGAMP, ADU-S100, also did not
yield satisfactory clinical results. Thus, exploration of novel
drug delivery platforms enhancing therapeutic efficacy and
overcome pharmacological barriers is urgently needed.”
Nanoparticle delivery platforms hold significant promise in
enhancing the effectiveness of loaded antigens and adjuvants
by adjusting the pharmacokinetic and distribution profiles
while improving cargo delivery to site of action.”””” Because
appropriate uptake of STING ligands is of critical importance
for enhancing effective vaccine responses, in recent years,
several efforts to improve cGAMP delivery have focused on
different nanoparticle-based systems.”®*” Often these ap-
proaches have yielded promising results in vitro and in vivo
but stymied by nonreproducible synthesis or limited clinical
translational potential of the delivery system, for example in
the case of using permanently cationic lipids for encapsulation
of (:21rg0.3’0_35 Ionizable lipid nanoparticles (LNPs) are the
most clinically advanced nonviral platform for delivery of
nucleic acids such as siRNA or mRNA and have been
successfully employed as a vaccine against COVID-19.°%%’
However, their ability to deliver CDNs, such as the STING
ligand, to immune cells has not been reported. In fact,
formulation of CDNs in LNPs poses additional challenges
compared to nucleic acids because CDNs are much smaller
molecules than the mRNA used in Spikevax vaccines and have
only two negative charges, potentially resulting in weaker
interactions of the CDNs with the ionizable lipids of LNPs.** A
recent study on LNPs containing adamantyl-based ionizable
lipidoids revealed minimal encapsulation of CDNs and yet
showed potent activation of immortalized STING reporter
cells,” suggesting LNPs may be used to formulate CDNs.*
In this study, we demonstrate the capability of the LNP
formulation employed in the Spikevax vaccine as a carrier for
cyclic dinucleotides. We successfully encapsulate and deliver
the cGAMP analog 2’3’-cGAM(PS)2 (Rp/Sp) (cG°A°MP) to
dendritic cells, which induces a STING-dependent adjuvant
function. Furthermore, since tumor-infiltrated DCs exhibit an
phenotype altered by the immunosuppressive tumor micro-
environment (TME), we introduce a novel in vitro platform of
tumor-associated human DCs to validate the adjuvant
potential of the encapsulated STING agonist. We demonstrate
that the phenotype displayed by in vitro-conditioned DCs
closely mirrors that of DCs found in lung cancer tumors,

emphasizing the physiological relevance of this model for the
screening of therapeutic agents.41 Unlike murine models,
which often fail to fully replicate human immune responses
due to interspecies differences, the use of primary human
dendritic cells (DCs) and in vitro-conditioned DCs offers a
complementary, but clinically relevant model system that
directly reflects human biology. This is particularly critical in
evaluating the therapeutic potential of STING agonists, that
displays different polymorphisms among species, limiting the
translation potential of murine studies to human applications.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Characterization of LNPs. Lipid
nanoparticles were formulated as previously described with
minor variations as follows.*” Briefly, the aqueous solution
containing 1 mg/mL cG°A°MP (Invivogen) was prepared in 10
mM citrate buffer, pH 4, and the organic solution containing a
total lipid concentration of 15.5 mg/mL corresponding to SM-
102 (TargetMol Chemicals Inc.), DSPC (Echelon Bioscien-
ces), cholesterol (TargetMol Chemicals Inc.) and DMG-PEG
(Echelon Biosciences); molar distribution 50:10:38.5:1.5 was
prepared in absolute ethanol. Subsequently, 56 uL of the
aqueous solution was rapidly mixed into 18.6 uL of the organic
solution by manual pipetting for 30 s, resulting in a final
aqueous to organic ratio of 3:1. For the synthesis of the empty
LNPs, 10 mM citrate buffer pH = 4 was used as an aqueous
solution. The ratio of cG’A°MP to lipid was 1:6 (w/w). LNPs
were then transferred to a 4 mL 50 kDa Amicon ultrafiltration
device (Sigma-Aldrich) and washed twice with 0.22 ym filtered
Phosphate Buffered Saline (PBS) for (10 min, 2700Xg, 4 °C).
LNPs were resuspended in PBS and were ready for use. Fluo-
cGAMP LNPs were prepared by the same strategy using cyclic
(adenosine monophosphate-8-(2-[fluoresceinyl]-
aminoethylthio)guanosine monophosphate) (c-(Ap-8-Fluo-
AET-Gp), BIOLOG Life Science Institute). LNP size
distribution was measured at 25 °C by dynamic light scattering
(DLS) using a Litesizer 500 instrument (Anton Paar) in PBS
at a final lipid concentration of 4 pg/mL using the backscatter
measurement angle (173°), S repeated measurements. Zeta
potential was measured in 0.1X PBS using the same dilution as
for the size measurement. For stability studies in biological
media, LNPs were dispersed in RPMI 1640 or RPMI 1640
supplemented with 10% fetal bovine serum (FBS) at a final
lipid concentration of 20 ug/mL and the solutions were stored
at room temperature (RT) until measurement. Nanoparticle
tracking analysis (NTA) was performed using a NanoSight
NS300 (Malvern Panalytical Ltd.) at a final lipid concentration
of 40 pug/mL in PBS, RPMI 1640, and RPMI 1640
supplemented with 10% FBS.

The loading efficiency of cG’A°MP LNPs was determined by
measuring the absorbance of cG°A°MP at 1=254 nm after
disruption of LNPs in 75% isopropanol and comparing to a
calibration curve at various cG°’A°MP concentrations in a
matched matrix containing a fixed amount of LNPs to remove
the contribution of the lipid mixture. The percentage loading
efficiency was calculated as the ratio between the amount of
c¢G°A°MP in the LNPs and the total amount of cG°A*MP in the
LNP formulation. Loading efficiency of Fluo-cGAMP LNPs
was determined by measuring the fluorescence intensity at
490/530 nm and comparing to a calibration curve at various
Fluo-cGAMP concentrations using a microplate reader (Tecan
Infinite 200).
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2.2. NfxB-luc TLR4 Reporter Gene Assay. Potential
endotoxin contamination in cG°ASMP-loaded LNPs and
respective controls was assessed through an NF-xB-luc TLR4
reporter gene assay, as described by Schwarz et al.*’ Briefly,
after seeding HEK293 cells (mycoplasma negative, culture
passage 5—15) at a density of 1.5 X 10° in 500 uL per well in
DMEM medium (SigmaAldrich, Austria) supplemented with
10% fetal calf serum (FCS), 1% L-glutamine and 1% MEM
nonessential amino acids, 100 U/mL penicillin and 100 mg/
mL streptomycin, cells were allowed to rest overnight at 37 °C.
Cells were then transfected using Lipofectamine 2000 reagent
(Fisher Scientific, Germany) as per the manufacturer’s
instructions. 500 ng of DNA and 1.5 uL of Lipofectamine
2000 reagent were diluted in 25 uL of Opti-MEM (Gibco,
Germany) and pooled with a suspension of Opti-MEM
containing the plasmids of interest: NFkB luciferase reporter
(kindly provided by Min Li-Weber and cloned into pGL3Neo)
and a TLR4 receptor mix in a 4:1 ratio. The TLR4 receptor
mix contains the expression plasmids for TLR4 (in pCDNA3),
CD14 (in pCDNA3) and MD2 (in pEFBOS) (kindly provided
by Medvedev and Douglas Golenbock) in a ratio of 3:1:1.
After pooling the solutions, the tube was incubated at RT for
10 min before the transfection mix was added dropwise to the
wells. After 24h, the cells were treated with defined
concentrations of LPS or with 15 pg/mL of empty LNPs,
cG°ASMP LNPs or respective free cG’ASMP content, and
incubated overnight. After 22h of exposure to the formulations,
supernatants were removed and cells were lysed in 100 yL of
lysis buffer (100 mM potassium phosphate, 0.1% Triton X-100,
1 mM DTT). The lysates were then transferred in duplicates
to white polystyrene flat-bottomed 96-well plates. Luciferase
activity was measured in a Tecan Infinite 200 Pro microplate
reader (Tecan, Austria), after injection of S0 uL of luciferase
substrate by an automated dispenser.

2.3. Isolation of DCs. This study was conducted following
the guidelines of the World Medical Association’s Declaration
of Helsinki. National regulations do not require informed
consent in the case of anonymous blood cells that are
discarded after plasmapheresis (buffy coats), thus no additional
approval by the local ethics committee was required.

DCs were isolated from peripheral blood mononuclear cells
(PBMCs) of buffy coats of healthy anonymous donors,
provided by the Blood Bank Salzburg as reported previously.**
PBMCs were obtained by gradient density separation with
Histopaque-1077 (SigmaAldrich, Austria) and washed three
times with PBS before proceeding to subset isolation by
magnetic cell separation. Conventional type 2 DCs (cDC 2s)
were isolated by applying negative selection followed by
positive selection using a CD1c (BDCA-1)* DC isolation kit
from Miltenyi Biotec, Germany. After isolation, cDC 2s which
are hereafter referred to simply as dendritic cells (DCs)
throughout the manuscript were cultured in RPMI-1640
medium (Sigma-Aldrich) supplemented with 10% heat-
inactivated FCS; Biowest, France) and 1% L-glutamine
(ThermoFisher Scientific, Germany).

2.4. Culture of Immune Cells and LNPs. After isolating
DCs or PBMCs, cells were seeded at a density of 4 X 10°/mL
in 500 pL and rested for 1h at 37 °C. Subsequently, S00 L of
medium were added for uninduced controls or cells were
treated with 500 L of medium containing 30 yg/mL of empty
LNPs, cGSASMP LNPs, or the respective amounts of cGSASMP
to a final concentration of 15 ug/mL of LNPs, which is
reported to be a well-tolerated dose by myeloid cells in vitro.*

For a 15 ug/mL of LNPs, the cGAMP concentration is equal
to 1.5 & 0.30 pug/mL of cGAMP. After 22 h of stimulation,
cells and supernatants were harvested for downstream
phenotypical characterization.

2.5. Development of Tumor-Associated Regulatory
DCs (mregDCs). H1437 cells were seeded in 24-well plates at
an optimal cell density of 3 X 10* in RPMI medium
supplemented with 10% heat-inactivated FCS and with 1% L-
glutamine for 96 h. The supernatants were harvested and
centrifuged for 10 min at 300Xg before being added to freshly
isolated cDC2 cultures. cDC 2s were seeded at 2 X 10° cells
per well in 500 pL in 24 well plates and cDC 1s were seeded at
5 x 10* cells per well in 100 L in 96 well V-bottom plates and
then conditioned with cancer cell line supernatant at a 1:1 ratio
to a final volume of 1 mL or 200 uL, respectively. After 24 h of
incubation, cells and supernatants were collected for analysis of
DC phenotypes.

2.6. Coculture Systems. To assess the impact of
cG°A’MP LNP-loaded DCs on polarization of T cells
cocultures of ¢cDC 2s and CD4" T cells were established.
Briefly, DCs were seeded at 1 X 10° cells per well in 250 4L in
48-well plates and incubated for 22h with cG’ASMP LNPs or
respective controls in an equal volume, normalized to 15 ug/
mL of LNPs. On the following day, CD4" T cells were isolated
through negative selection using the Microbeads Cocktail II kit
according to manufacturer’s instructions (Miltenyi Biotech,
Germany) and added in a ratio of 10:1 to unconditioned DCs
or to mregDCs to a final volume of 1 mL. Cocultures were
kept at 37 °C for 6 days before cells and supernatants were
harvested to assess CD4'T cell polarization via flow cytometry,
and additional analysis of supernatants through multiplex-
based detection of secreted soluble factors.

2.7. Immunophenotyping by Flow Cytometry. Anal-
ysis of differential expression of cell-surface markers was
performed by flow cytometry and analysis of median
fluorescence intensity (MFI) on a Cytoflex S (Beckman
Coulter). Briefly, cells were washed in PBS before being
stained in 30 L of staining mix for 30 min in the dark at 4 °C
to avoid photobleaching. After staining, the cells were washed
and fixed with 4% paraformaldehyde (PFA) for 10 min at 4 °C,
then washed once in PBS and resuspended in PBS + 2 mM
EDTA for analysis. For characterization of T-cell polarization
in the six-day coculture setting, samples were permeabilized
when necessary, according to the manufacturer’s instructions.
Data analysis was performed using FlowJo 10.9 software and
induction ratios (IR) were calculated for the mean of MFI
between treated and the respective control group. The
following antibody-fluorophore conjugates were used: CD86
AF488 (IT2.2, Cat#: 305414), ILT4 PE (42D1, Cat#:
338706), ILT3 PerCP-CyS.5 (ZM4.1, Cati#: 333014), PD-L2
PE-Dazzle (24F.10C12, Cat#: 329617), CD40 AF700 (5C3,
Cat#: 334327), CD1c BV421 (L161, Cat#: 331526), CDSO
BV60S (2D10, Cat#: 305225) from Biolegend, ILT2 APC
(HP-F1, Cat#: 17—5129 eBiosciences)) HLA-DR BVS510
(G46—6, Cat#: 563083) and PD-L1 PE-Cy7 (MIH1, Cati:
558017) from BD-BioSciences and Fixable Viability Dye
eFluor F780 (Cat#: 65—0865—18, ThermoFisher).

2.8. Cytometry by Time-of-Flight (CyTOF). In-depth
characterization of exhaustion markers expression of the
regulatory T-cell population was performed on three-day
cocultures set up with 3 X 10° cDC 2s and 3 X 10° CD4" naive
T cells by single-cell mass cytometry). For each sample, 10
million cells were prepared following the manufacturer’s
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suggestions for the Maxpar Complete Human T Cell Immuno-
oncology Panel Set (Standard BioTools, USA). For live/dead
discrimination, cisplatin staining was performed using 500 xL
of a 1:3000 diluted solution. Three million cisplatin-labeled
cells were further processed and incubated with 34 antibodies
from the T cell panel kit for 30 min at RT. After washing the
cells, the samples were fixed using 1 mL of a 2% PFA solution
(freshly diluted from 16% stock solution; Pierce, Thermo
Fisher Scientific, USA) for 10 min at RT. All subsequent
washing steps were performed with centrifugation at 800Xg.
For cell identification, the DNA intercalator iridium was used.
The cells were incubated in a 1:4000 diluted iridium
intercalator solution (Standard BioTools, USA) overnight at
4 °C. The samples were then resuspended in cell acquisition
solution (CAS; Standard BioTools, USA) with spiked-in EQ
beads (1/10 in CAS) to achieve a final cell concentration of
500 000 cells/mL. The suspension was filtered with a 30 ym
cell strainer (Sysmex, Austria) and measured on a Helios mass
cytometer (Standard BioTools, USA) equipped with a WB
injector. Data analysis was performed using R. The mass
cytometry data were cleaned up according to the cleanup
strategy outlined in the technical note “Approach to Bivariate
Analysis of Data Acquired Using the Maxpar Direct Immune
Profiling Assay (Technical Note 400248 Rev 06, Standard
BioTools) using R (Version 4.3.1), RStudio (2023.06.0 Build
421, Posit Software, PBC) and the R package “CytoExplor-
eR”.* All viable CD3*/CD4" T cells were further analyzed
using the R package Spectre.”’ Data were arcsin h transformed
using a cofactor of 3. The data were clustered using the
FlowSOM algorithm embedded in the Spectre package with
metacluster size set to 6. For dimensionality reduction, the data
were subsampled to 200,000 cells per sample and the t-SNE
algorithm (included in the Spectre package) was used with
perplexity set to 20 and theta set to 0.5. The following markers
were used for clustering and dimensionality reduction: CD2,
CD2S, CD44, CDS7, CD69, CD127, CD134, CD152, CD161,
CD278, HLA-DR. The expression of exhaustion markers was
normalized per cluster prevalence according to the following
formula:

X_norm = (1 — 0) X (X — min)/(max — min)

2.9. Immunofluorescence and Confocal Microscopy.
For intracellular uptake analysis of cGAMP in human DCs,
cells were seeded as described above (5 X 10° cells/mL per
well) and stimulated with LNPs, free Fluo-cGAMP or the
above formulated Fluo-cGAMP LNPs for the indicated times.
Thereafter, half of the supernatant was discarded and the
resuspended cells were directly spun onto objective slides at
600 rpm for 3 min using a Cytospin 4 centrifuge (Epredia,
Dreieich, Germany). Sample regions were marked with a
Hydrophobic Barrier Pap Pen (Thermo Fisher Scientific) after
drying and the cells were immediately fixed with 4% PFA for
15 min at RT. Samples were then transferred to a wet staining
chamber and washed three times with PBS. Cells were
incubated for 15 min at RT in the dark with the fluorescence-
labeled cell membrane dye WGA-CF640R (Wheat Germ
Agglutinin, Biotium #29026). Afterward cells were washed
with PBS and incubated for 1 h at RT in the dark with the
nucleus counterstain 4',6-diamidino-2-phenyl-indol-dihydro-
chlorid (DAPI 1:2000, MBDO001S, Sigma-Aldrich). Cells
were subsequently washed 3 times with PBS and semidry
mounted with glass coverslips in Pro-Long Gold Antifade
Mountant (Invitrogen #P36934). For analysis of intracellular

p-STING expression, cells were seeded (2.5 X 10° cells/mL
per well) and stimulated with LNP particles, cG’A'MP LNPs
(1S pg/mL of lipids) or free cG’AMP, normalized to the
respective batch encapsulation efficiency. After 18 h, most of
the supernatant was carefully removed and cells were infused
and fixed with PFA for 15 min at RT, using a final
concentration of 3%. The fixed cells were harvested from the
wells and centrifuged for 5 min at 2000 rpm. Supernatants
were discarded and cell pellets were resuspended in PBS.
Then, cells were spun onto object slides using the Cytospin
centrifuge at 600 rpm for 5 min. After a short drying, sample
regions were marked with a Hydrophobic Barrier Pap Pen,
samples were transferred to a wet staining chamber and
washed 2 times with PBS. Cells were permeabilized with 0.1%
Triton X-100 (Sigma-Aldrich, #93443) for 10 min, followed by
two washes with PBS. Unspecific binding sites were blocked
with 2% bovine serum albumin (BSA) and 5% donkey serum
(Sigma-Aldrich, #D9663) for 1 h at RT. Samples were
incubated with primary rabbit antihuman p(Ser366)-STING
(Cell Signaling Technology, #50907, 1:300) overnight at 4 °C.
Thereafter, samples were washed extensively in PBS and
incubated for 2 h at RT in the dark with secondary donkey
antirabbit AFS68 (Invitrogen, 1:1000) and nucleus counter-
stain DAPI (1:2000). Cells were subsequently washed 3 times
with PBS and semidry mounted with glass coverslips in Pro-
Long Gold Antifade Mountant. DCs were analyzed using a
Zeiss Observer Z1 fluorescence microscope equipped with an
Abberior Instruments STEDYCON unit for confocal and
super-resolution STED microscopy. Representative confocal
images were taken with a 100X oil objective (ROI: 50 X SO ym
or 30 X 30 pm) from single focal z-planes to visualize
Fluorescein-labeled ¢cGAMP signals and the intracellular
expression of p-STING. All images were postprocessed with
Fiji (ImageJ1.54f) and Microsoft PowerPoint.

2.10. ELISA. TNF-q, IL-10 and IL-6 ELISAs (Peprotech,
United Kingdom) were performed on supernatants harvested
from induced and uninduced DCs, according to the
manufacturer’s instructions.

2.11. Western Blot. Cells were lysed in 2x LaemmLi
sample buffer (Bio-Rad, Vienna, Austria) supplemented with
5% beta-mercaptoethanol, and diluted 1:1 in 1X PBS. Samples
were then submitted to size separation on a 4—12% NuPAGE
Bis-Tris gel (Invitrogen, Vienna, Austria) and thereafter
transferred onto a nitrocellulose membrane (0.45 um).
Following blocking of nonspecific binding sites with 5% skim
milk for 1 h at RT under gentle agitation and washing, the
membrane was incubated with the primary antibody, prepared
in 5% BSA diluted in Tris-buffered saline containing 0.1%
TWEEN20 (TBS-T) overnight at 4 °C under gentle agitation.
After another round of washing, the membrane was further
incubated with the appropriate secondary antibody conjugated
with horseradish peroxidase (HRP) for 1 h at RT under gentle
agitation. After washing, the membrane was incubated with
West Pico PLUS chemiluminescent substrate (Thermo Fisher
Scientific), and detection was performed with a ChemiDoc
Imager (Bio-Rad). The following primary and secondary
antibodies were used according to the manufacturer’s
instructions; p-STING (Cell Signaling, #19781, 1:1000)
STING: 13647 (Cell Signaling, #13647 1:1000), B-actin:
4970 (Cell Signaling, #4970, 1:50 000) in BSA and secondary
antibody anti rabbit (Cell Signaling, #7074, 1:2000) in milk.

2.12. mRNA Expression Analysis. TRI Reagent (Sig-
maAldrich, Austria) was used according to the manufacturer’s
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Figure 1. Synthesis and characterization of LNPs loaded with STING agonist cG’ASMP. (A) Schematic of the composition of cG’ASMP LNPs
created with Biorender.com. (B) Chemical structure of the used cGAMP analog 2’3’-cGAM(PS), (Rp/Sp) (cG°A*MP). (C) Physicochemical
properties of LNP formulations from independent batches (empty LNPs n = 7 and cGSASMP LNPs n = 8). Reported sizes are means + s.d. from
intensity distributions. Z-potential and loading efficiency values are means + s.d. (D) Average size distribution based on dynamic light scattering of
different batches of empty LNPs (1 = 8) and cG°ASMP-loaded LNPs (n = 9). (E) Release studies of cG’ASMP from LNPs stored in PBS at 4 °C.
Plotted values represent the average of 3 different batches, performed in 3 independent experiments. (F) Analysis of NF-xB activity using a
luciferase-based assay in transfected HEK293 cells 24h after treatment with LPS, LNPs, or cG°ASMP LNPs, with the concentration normalized to
15 pg/mL of lipids and cGSASMP normalized to respective batch loading efficiently (RLU = relative luminescence units). Plotted bars represent
mean = s.d. of four independent experiments (indicated by dots) containing two technical replicates each. For statistical analysis RM-ANOVA with

a Tukey’s post hoc test was performed.

instructions to extract total RNA content from cell pellets.
mRNA was then reverse transcribed with RevertAid H Minus
M-MuLV reverse transcriptase (ThermoFisher Scientific,
Germany). Expression levels of genes of interest were
determined by quantitative real-time PCR on a Rotor Gene
3000 instrument (Corbett Research, UK), using Luna
Universal QPCR Master Mix (New England BioLabs, USA).
mRNA expression was normalized to the expression of a
housekeeping gene (RPLPO). Relative mRNA expression was
calculated as 272, where the ACt value represents the
difference between the threshold cycle (Ct) of the gene of
interest minus the threshold cycle of the housekeeping gene.
Specificity of primers was monitored via analysis of product
melting curves. The following primer pairs were used: RPLPO
fwd 5’- GGC-ACC-ATT-GAA-ATC-CTG-AGT-GAT-GTG
—3’, RPLPO rev 5'- TTG-CGG-ACA-CCC-TCC-AGG-AAG-
3’, IFNB fwd: 5'-CTG-CAA-CCT-TTC-GAA-GCC-TT-3/,
rev: 5-AAG-CCT-CCC-ATT-CAA-TTG-CC-3’, ISG15 fwd:
S'-CAT-CTT-TGC-CAG-TAC-AGG-AG-3', rev: §5'-TGC-
ATC-TGC-GCC-TTC-AGC-TCT-3’, CXCL10 fwd: 5'-GAA-
TCC-AGA-ATC-GAA-GGC-CAT-CAA-GA-3/, rev: 5'-ATG-
TAG-GGA-AGT-GAT-GGG-AGA-GGC-A3’, IFNA2 fwd: §'-
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TCA-GCT-GCA-AGT-CAA-G-3, rev: §5'-TCT-GCT-GGA-
TCA-TCT-CAT-GG-3'

2.13. Endosomal Release through Metabolic Activity
Assays. To investigate if endosomal escape was induced,
freshly isolated DCs were seeded at a density of 1 X 10° cells
per well in 250 pL in 48 well plates and coadministered with
15 pg/mL of LNPs and 1 pg/mL of gelonin (Enzo Life
Sciences, Switzerland) for 22 h in a final volume of 500 L. On
the next day, cell pellets were transferred to 96-well V-bottom
plates for metabolic activity assessment. Supernatants were
discarded following S min of centrifugation at 300 g, the pellet
was resuspended in 0.25 mg/mL of MTT working solution
dissolved in serum-free medium before incubating the plate for
2 h at 37 °C. Thereafter, the plate was spun as described before
and cells were resuspended in 8 mM ammonia in DMSO, after
discarding the supernatants. After dissolution of MTT
formazan crystals, the suspension was transferred to a
transparent flat bottom plate and absorbance was measured
at 570 and 650 nm using a Tecan Infinite 200 microplate
reader.
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Figure 2. cG°A°MP-LNPs are efficiently taken up by human DCs and activate STING signaling following endosomal release. (A)
Immunofluorescence staining of DCs stimulated with 15 yg/mL of empty LNPs and LNPs formulated with fluorescently labeled cGAMP (c-(Ap-8-
Fluo-AET-Gp)) and corresponding dose of free fluo-cGAMP (1.04 yg/mL) after 1 and 18 h of incubation. Scale bar = 20 ym. (B) Zoomed-in
images from panel A showing location of fluo-cGAMP LNPs in DCs after 1 and 18 h of incubation. DAPI was used to stain cell nuclei and WGA-
CF640R to visualize cell membranes. Scale bar = S ym. (C) Immunofluorescence staining for phosphorylated STING (p-STING) in DCs treated
with free cG'A'MP or cG°A*MP LNPs for 18 h. DAPI was used to stain cell nuclei. Scale bar = 5 ym. (D) Western blot analysis of STING
phosphorylation and protein expression in DCs treated with 15 yg/mL of LNPs corresponding to 1.24 ug/mL of cGSASMP for 1 and 22 h. (E)
IFNB and CXCL10 mRNA expression in DCs incubated with cG'A*MP LNPs and respective controls after 22 h of incubation. (F) CD86, HLA-
DR and PD-L1 expression, expressed as mean fluorescence intensity (MFI), in DCs incubated with cG’ASMP LNPs and respective controls after 22
h of incubation. Western blot and confocal images in panel A are representative of data obtained for two donors. Plotted values represent mean +
s.d. of two independent experiments using two different LNP batches for a total of 4 individual donors. Statistical analysis was performed using RM-
ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01, ¥**%p < 0.0001).

3. RESULTS

3.1. Synthesis and Characterization of LNPs Loaded
with STING Agonist cG’A*MP. We prepared LNPs loaded

promote the formation of a complex between -cationic
ionizable lipid and c¢G*A*MP through ionic interactions.*®
Several batches were produced, and the average values of size,
zeta potential, and loading efficiency for all formulations are

with ¢G’A’MP, a validated analog of mammalian cGAMP that
is highly resistant to hydrolysis, by one-step nanoprecipitation
(Figure 1A and 1B)." Similar to the production of mRNA-
loaded LNPs, the LNPs were formulated in an acidic buffer to
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shown in Figure 1C. Dynamic light scattering revealed a highly
reproducible average hydrodynamic diameter of approximately
140 nm for ¢cG°AMP LNPs in phosphate-buffered saline
(PBS), comparable to the size of unloaded LNPs (Figure 1D),
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and visible in cryo-transmission electron microscopy (Supple-
mentary Figure 1E). Zeta potential measurements indicate that
the LNPs have a neutral charge at physiological pH, with no
differences upon cG°A°MP loading. Moreover, LNPs success-
fully encapsulated the CDN analog while preserving the
original nanoparticle composition of Spikevax vaccine. We
obtained a loading of 97.1 + 20.1 ug of cG°A°MP/mg lipid,
corresponding to a loading efficiency of 56 + 12%. This is a
higher encapsulation efficiency than reported for comparable
cationic liposome formulations.*® Furthermore, the LNPs were
stable upon storage (in PBS at 4 °C for 16 days) and showed
no significant changes in nanoparticle size, with 64 + 12% of
the cGSASMP still encapsulated after 2 weeks (Figure 1E
andSupplementary Figure 1B). In addition, cG’A'MP LNPs
were not significantly changing in size when incubating them
for 22h in cell culture medium (Supplementary Figure 1C).
Furthermore, when incubating ¢G°AMP LNPs cell culture
medium containing 10% FBS for up to 22h no significant
increase in hydrodynamic diameter was observed indicating
excellent resistance to protein adsorption (Supplementary
Figure 1C and 1D). These physicochemical properties suggest
that our LNPs may have limited clearance by phagocytic
immune cells and could result in an increased half-life of the
CDN cargo. Screening for lipopolysaccharide (LPS) content in
novel formulations is particularly important when working with
primary immune cells, such as the human blood-derived DCs
we used in this study, because DCs can be activated by even a
minute amount of endotoxin (e.g, LPS) contamination, often
present in commercially available recombinant proteins.*” To
assess whether LNPs are contaminated with endotoxin, we
transfected HEK293 cells with plasmids encoding the LPS
receptor complex (TLR4, CD14 and MD2) and an Nf-xB-
dependent luciferase reporter, and stimulated them with
defined concentrations of LPS or with cG’ASMP LNPs or
respective controls. Neither our formulated cG’ASMP LNPs
nor empty LNPs or cG®ASMP alone induced Nf-kB activation,
indicating that these constituents are not contaminated with
LPS and therefore are well suited to evaluate STING-specific
effects on primary human immune cells (Figure 1F).

3.2. Loading into LNPs Increases cG’ASMP Uptake
and STING Activation. Since STING is an intracellular
pattern recognition receptor (PRR), the efficiency of trans-
location of cGAMP or analog agonists from the endosome to
the cytoplasm is highly relevant for the induction of
subsequent immune signaling. Thus, to assess the immuno-
genic capacity of STING agonists, we examined LNP uptake,
endosomal release and STING activation in human primary
DCs, which are key players in the orchestration of potent
adaptive immune responses. It is known that the cellular
uptake of LNPs is essentially driven by the endocytic pathway,
leading to accumulation of entrapped nanoparticles in early
endosomes.”® Consistent with this, we observed that
stimulation of DCs with fluorescently labeled cGAMP (fluo-
cGAMP) encapsulated in LNPs resulted in the accumulation
of this adjuvant in the cells, while no signal was observed in
cells incubated with free fluo-cGAMP (Figure 2A). Interest-
ingly, after 1 h of incubation, the signal was mostly detected at
the borders of the cell membrane or in the cellular dendrites,
whereas at later time points the accumulation of fluo-cGAMP
was clearly observed intracellularly (Figure 2B). Since the
natural endocytic pathway leads to fusion of endosomes with
acidic lysosomes, which contain several enzymes capable of
disrupting the LNP structure and degrading the cargo, it is

important that the majority of the functional molecules reach
the cytosol before this degradation cascade is initiated.”">> We
have therefore investigated wether the LNP formulation would
improve translocation of the STING agonist to the cytosol by
coadministering DCs with gelonin and the different LNP
formulations or free cGSASMP. In fact, gelonin is a highly
potent polypeptide toxin that is taken up via the classical
endocytic pathway and that is inert when trapped within
endocytic vesicles, but toxic if released into the cytosol.”> We
observed that in the presence of gelonin, treatment of DCs
with both LNPs and cGSASMP LNPs led to impaired cellular
metabolic activity, suggesting that LNPs promoted increased
endosomal release of endosomal-entrapped gelonin (Figure
2A). Thus, LNPs are expected to promote cytosolic release of
coformulated cG°ASMP as well.

Given that fluo-cGAMP LNPs are taken up by DCs and the
cargo is released into the cytosol, we next analyzed the
efficiency of c¢G°A®MP-loaded LNPs in activating STING
signaling. Upon activation, STING becomes phosphorylated,
enabling the initiation of inflammatory downstream signal-
ing.m_18 Western blot analysis revealed that p-STING is
already detected after 4 h of incubation of DCs with cG°AMP
LNPs (Supplementary Figure 2B) and further accumulates up
to 22 h. On the other hand, stimulation of DCs with free
cG°AMP results in very weak STING phosphorylation even
after 22 h (Figure 2D), highlighting the effectiveness of the
LNP formulation. Through immunofluorescence staining we
confirmed that p-STING strongly accumulates in DCs exposed
to cG°ASMP LNPs for 18 h (Figure 2C) but not in cGASMP-
treated DCs. Consistent with these results, expression of the
STING signaling-related target type I interferon IFN/ (IFNB)
and the downstream target CXCL10, known to facilitate
recruitment of CD8* T cells to tumor sites, was also
significantly upregulated in cells treated with cG’ASMP LNPs
for 22 h (Figure 2E) compared to free cGSASMP.>*>> Overall,
these data indicate that cG’ASMP LNPs enable robust STING
signaling in human DCs, whereas the same concentration of
free cG*ASMP in solution fails to elicit any significant response.

3.3. ¢cG°A*MP Loading Enhances STING-Mediated DC
Activation. To assess whether loading of the STING agonist
into LNPs enhances its capacity to activate DCs, surface
marker expression of and cytokine secretion by cGAMP LNP
treated DCs was analyzed. We first performed dose titration
studies and found that incubating cells with cGSASMP LNPs at
a concentration corresponding to 15 pg/mL of lipids induced
the highest secretion of the pro-inflammatory cytokines IL-6
and IL-12, while also increasing the expression of the
costimulatory and maturation markers CD40, CD86 and
HLA-DR (Supplementary Figure 3A and 3B). As a control, we
assessed how free LNPs and free cG°A’MP (1.5 + 0.3 ug/mL,
calculated from a concentration of 15 ug/mL of lipids and the
respective LNP loading efficiency) performed in activating
DCs, at the highest tested dose of LNPs. Notably, the
increased secretion of classical pro-inflammatory cytokines IL-
6 and TNFa observed upon stimulation with cGSASMP LNPs,
was neither matched upon treatment with empty LNPs nor by
cG°ASMP alone (Supplementary Figure 4A). A synergetic
activating effect of cG’A’MP-loaded LNPs in DCs was further
observed in the prominent increase of expression of CD86,
HLA-DR and PD-L1 (Figure 2F). This effect was observed in
an extended panel of markers to allow a thorough character-
ization of DCs incubated with cGSASMP LNPs (Supplemen-
tary Figure 4C). Overall, both the free form of the STING
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Figure 3. cG°A°MP LNPs trigger cellular responses in an in vitro model that mimics the phenotype of tumor-associated regulatory DCs (mregDC).
Supernatants from human lung cancer cell lines modulate the DC phenotype and induce a clear regulatory T cell phenotype. (A) Differential
surface marker expression and (B) IL10 and IDO gene expression of DCs after 24 h of treatment with cancer cell SNs (-: control, H: H1437 SN).
(C) Representative gating strategy for identification of regulatory T cell (FoxP3*CD25") population induced by six-day coculture of DCs treated
with H1437 supernatant and with CD4* naive T cells. (D) Percentages of Tregs, proliferating Tregs and IL-10 cytokine secretion of six-day
cocultures. Additionally, (E) percentages of CTLA4*, PD1* and ICOS"* Tregs were analyzed in the pool of CD4* T-cells. (F) Multidimensional
analysis of T cell subsets and respective cluster prevalence based on normalized expression of classical immuno-onco exhaustion T cell markers for
three-day cocultures of DCs conditioned with H1437 supernatants and with CD4" naive T cells. (G) Upregulation of STING activation target
IFNA2 and downstream target ISG1S. (H) Effects of free cG'A°MP and cG’A*MP LNPs in modulating expression of costimulatory and maturation
markers of mregDCs. In panels (a), (b), (d), and (e), the values plotted represent the mean + s.d. of individual donors. For statistical analysis, a
two-tailed paired t test was performed. In g and h, values plotted of two independent experiments using two different LNP batches for a total of 3
individual donors. Statistical analysis was performed using RM-ANOVA with Tukey post hoc test. *p < 0.05, **p < 0.01, *** p < 0.001).

activator and the empty LNPs failed to induce significant
effects on the modulation of cytokine secretion and surface
marker expression in DCs, indicating that the potent effect of
cG°ASMP LNPs is indeed due to efficient STING activation
likely mediated by endosomal escape of cGSAMP. Interest-
ingly, whereas free cG*ASMP significantly lowered cell viability,
encapsulation of the STING agonist in LNPs appears to
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mitigate the intrinsic toxicity of free cG°’ASMP to DCs
(Supplementary Figure 4B). The absence of a negative impact
of these LNPs on cell viability is possibly related to the overall
neutral charge of the nanoparticles, as the ionizable lipid does
not impart a positive charge at physiological pH, which is often

associated with cytotoxicity.*®
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3.4. cG°’A°MP LNPs Trigger Cell Activation in an In
Vitro Model of Cancer-Associated DCs. 3.4.1. In Vitro
Model of Tumor-Associated Regulatory DCs (mregDCs). To
evaluate the potential of cG’ASMP LNPs in cancer
immunotherapy, we developed an in vitro model that
recapitulates an immunosuppressive DC phenotype observed
in cancer patients. The immunosuppressive cues produced by
the TME of solid tumors, such as in nonsmall cell lung cancer
(NSCLC), have long been known to modulate immune cells
and bring a halt to antitumor immune res.ponses..6 Accordingly,
a subtype of mature but regulatory (mreg) DCs, which can
differentiate from cDC1 as well as cDC2, have been
described.”’ mreg DCs express both maturation and inhibitory
molecules and have been identified in NSCLC patients, and
later in patients afflicted with other cancers.”*" To mimic this
mreg DC phenotype, we cultured DCs isolated from healthy
donors with supernatants of the H1437 lung cancer cell line.
DCs conditioned with cancer cell supernatants showed
increased expression of costimulatory markers such as CD40
and CD86, with no change in HLA-DR (MHC II) (Figure
3A). Additionally, the coinhibitory markers PD-L2 and ILT4
were significantly elevated compared to untreated counterparts
(Figure 3A).”" At the gene-expression level, the supernatants
induced upregulation of the anti-inflammatory cytokine IL-10
and indoleamine 2,3-dioxygenase (IDO), an enzyme that
metabolizes tryptophan to kynurenine, and DCs expressing
IDO are well-known to suppress potent T cell responses
(Figure 3B).>® Accordingly, mregDCs induced increased
polarization and proliferation of CD4"FoxP3'CD25" regu-
latory T (Treg) cells (Figure 3C and D) and enhanced
secretion of the immunosuppressive cytokine IL-10 in
allogeneic DC/T cell cocultures (Figure 3D). Moreover,
CD4" T cells displayed increased expression of the typical
exhaustion T cell markers CTLA4, PD1 and ICOS, further
confirming the increased presence of immunosuppressive
Tregs in cultures with mregDCs (Figure 3E). These findings
were corroborated by using cytometry by time-of-flight
(CyTOF) analysis. Multidimensional clustering analysis
revealed that T cells cocultured with mregDCs had a higher
prevalence of CD4™T cells with low expression of IL-7 receptor
(CD127) and upregulated expression of the aforementioned
traditional exhaustion markers, including CTLA-4, PD-I,
ICOS and also OX40 (Figure 3F). Overall, these data suggest
that DCs conditioned with supernatants from NSCLC cancer
cells mimic the mregDC phenotype potentially driving Treg
cell polarization analogously to that observed in cancer
patients.g’z‘l’s‘)%2

3.4.2. cG*A*MP LNPs Activate mregDCs. The development
of an in vitro model that recapitulates the phenotype of
mregDCs in NSCLC provides a valuable platform to
investigate the application of cG’ASMP LNPs as an adjuvant
for future cancer immunotherapies. Notably, we found that
cG°A’MP LNPs are highly efficient at activating STING-
induced signaling in mregDCs, as evidenced by the significant
increase of ISGI1S and IFNA2 gene expression (Figure
3G).°*** The increase in STING-induced inflammatory
responses occurs in concert with increased CD86 and HLA-
DR levels on the DC surface after stimulation with cGSASMP
LNPs, suggesting that cG’ASMP LNPs can restore an active
DC state (Figure 3H). Collectively, these data highlight the
promising potential of cG°ASMP LNPs to activate DC-
mediated inflammatory processes even in the face of an
immunosuppressive TME.

4. DISCUSSION

In recent years, cGAS-STING signaling has emerged as a
promising target for novel cancer immunotherapies, since
STING activation is vital for potent antitumor immune
responses.”> Modulation of immune responses via activation
of the STING pathway is carried out by different tissues and
cell types.”® In cancer cells, recent studies have reported that
this pathway can directly trigger cell apoptosis and prompt the
release of tumor antigens.m In addition to cancer cells, STING
activation also induces type I IFN production by endothelial
cells, facilitating the entrance of T cells into the bloodstream
and their infiltration into the TME.®’ At the T-cell level, it has
been reported that T-cell priming is severely impaired in
STING-deficient mice compared to wild-type mice.”**’
However, it is at the APC level that STING signaling appears
to be critical in directing antitumor T-cell responses. Following
uptake of tumor-derived DNA or native cGAMP by DCs, these
cells express type I IFN and initiate adaptive antitumor
immunity through DC-mediated T-cell cross—priming.ﬁg'69
Consistent with this view, analysis of the transcriptional profile
of intratumoral DCs in regressing tumors in mice revealed an
activated state in conventional type 2 DCs that is marked by
the expression of IFN-stimulated genes (ISG). These ISG'DCs
play a pivotal role in promoting antitumor immunity.'’
Nevertheless, despite the highly potent effect of CDNs as
STING agonists in antitumor immunity, their efficacy and
success strongly rely on a suitable drug delivery method. In
fact, the administration of CDN-based STING agonist ADU-
S100 in its free form resulted in low tumoricidal activity,
thereby resulting in its exclusion from clinical trials
(NCT03937141, NCT02675439, NCT03172936).”" To tackle
this setback, several nanocarriers have been tested for delivery
of cGAMP or analogs to APCs in various in vitro or in vivo
models, but to our knowledge, the potential of ionizable LNPs
employed in COVID-19 vaccine as CDN carriers for STING
agonism in human DCs has not yet been explored.”””" It is
known that LNPs can complex with polyanionic cargos such as
nucleic acids by electrostatic interactions with the positive
charge provided by the ionizable lipid while achieving high
yields in encapsulation.*® Surprisingly, despite the small size
and the only two negative charges of cG’A’MP, we obtained
highly reproducible LNP batches with high encapsulation
efficiency, which also outcompeted other nanobased CDN
formulations in terms of shelf-stability (Figure 1.>>”*~”> Owing
to the low-cost, well-documented safety profile across a large
population, and easily accessible synthesis process, these LNPs
have great potential for scalability throu§h the use of
commercially available microfluidic systems.>>”>’® We show
here that the STING agonist cGSASMP has a potent effect in
activating DCs and that LNPs act as an effective delivery
vehicle and promote the release of the cargo into the
cytoplasm, thereby potentiating the adjuvant effect of
cG°A’MP (Figure 2. LNPs overcome the bottleneck of low
endosomal release to some extent because of the ionizable
nature of their constituent lipids, which can respond to the pH
of the environment.’®’” As a result of acidification during the
endosomal maturation process, the ionizable lipid imparts a
positive charge to the LNP which enables its binding to the
negative lipids on the endosomal membrane, disrupting the
membrane’s structure.”® Choice of helper lipids, ionizable
lipids and sterol derivatives was further explored to enhance
the performance of c¢G°A’MP showing that the LNPs

https://doi.org/10.1021/acsomega.5c06105
ACS Omega 2025, 10, 58465—-58479


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c06105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

formulated as described in this work are possibly the most
effective formulation (Supplementary Figure 6).

During the clinical development of LNPs for the COVID-19
vaccine, these nanoparticles were found to have adjuvant
properties.””*" Yet, the mechanisms, or the exact cell type, that
cause this effect are not known in detail. In this work, we
observed that DCs treated with LNPs in the absence of any
STING activator remained in a state comparable to that of
control cells (Supplementary Figure 4), suggesting that other
immune cells or specific interactions of certain immune cell
types may be required to promote the adjuvant effect of LNPs.
On the other hand, treatment of DCs with the free STING
agonist led to moderate activation of these cells, while
encapsulation of this CDN in LNPs strongly promoted an
activated and mature phenotype, with high expression levels of
CD40, CD80, CD86 and HLA-DR (Figure 2F andSupple-
mentary Figure 4A and 4C).*”**®' Although the human
primary DCs herein used closely mimic physiological DCs and
are thereby useful for high-throughput screening of novel
molecules, single-culture in vitro systems are associated with
limited biological relevance, particularly in the case of
disease.** ™" To address this obstacle, we established a novel
system based on human primary DCs that can be tweaked to
mimic the phenotype of TME-associated DCs, to test potential
novel antitumor drug targets. Within the cancer context, the
TME of solid tumors such as NSCLC modulates surrounding
immune cells toward an unresponsive state and subdues the
antitumor activity of DCs, further supporting tumor pro-
gression. Commonly, this TME-associated DC population is
identified as being tolerogenic due to upregulation of
coinhibitory molecules such as PD-L1, IDO, or ILT4 and
IL10 and concomitant downregulation of classical pro-
inflammatory and maturation markers such as TNFa and
MHC 1I, respectively.””*>*° However, as identified by Maier et
al. in single-cell RNA-sequenced samples of immune cells from
tumors of NSCLC patients, tumor-associated DCs differ from
traditional tolerogenic DCs in that they express both PD-L2
and CDA40, conferring them a mature regulatory phenotype.*!
This is clearly in line with the phenotype we observed for
mregDCs generated in vitro, where both traditional tolerogenic
molecules and the maturation markers CD40 an CD86 are
upregulated (Figure 3.A). mregDCs also showed upregulation
of immunoregulatory molecules, including PD-L2, which binds
to PD1 on T cell lymphocytes with a 3-fold stronger affinity
than PD-L1, and ILT4, which is known to be upregulated in
DCs exposed to immunosuppressive factors and to exert its
inhibitory function upon binding MHC I molecules,
competing with CD8 during CD8* T cell priming.*>*” The
altered phenotype of TME-associated mregDCs has been
reported to impact functional outcomes of the T-cell response
in antitumor immunit}7.4l’88'89 In fact, in 2001, Woo et al.
reported for the first time that CD4"CD25" Treg populations
are highly represented in tumor-infiltrating lymphocytes of
NSCLC patients and this was linked with antitumor immune
anergy.” Consistent with clinical data, the findings we present
here show increased polarization into Tregs in coculture with
mregDCs, with increased expression of classical exhaustion
markers such as ICOS, PD-1 and CTLA4, which are druggable
targets in cancer immunotherapies and linked to poor
prognosis in lung cancer patients (Figure 3.C—F).”"”” As
CTLA4 has a much higher affinity to CD80/86, the higher
expression of CD86 observed in mregDCs may actually
prompt an inhibitory pathway, since upregulation of CTLA4 in

cocultures with CD4"T cells was also observed.” Consistent
with the immune-evasive phenotype, we observed higher
secretion of IL-10 by T cells upon coculture with mregDCs,
which is a mechanism used by Tregs to induce peripheral
tolerance and actively suppress other lymphocyte populations
as well as inhibit the function of DCs.”*” Since mregDCs
present in the TME may contain tumor antigens, reprogram-
ming these cells into a pro-inflammatory state emerges as a
compelling strategy, particularly in poorly immunogenic
tumors. One current strategy to engage DCs in antitumor
responses is to induce immunogenic cancer cell death by
chemotherapy and radiotherapy, with subsequent release of
danger signals such as ATP or HMGB1.”*” Another approach
is the use of adjuvants that trigger different PRRs in DCs (such
as TLR3 and TLRS) or the use of CD40-activating antibodies
that also facilitate maturation of mregDCs.gg’99 However, given
its multifaceted role in antitumor immunity, STING is deemed
a pivotal receptor to target for reprogramming of
mregDCs.””'*>'%" Accordingly, our results show that stim-
ulation of human mregDCs in vitro with cG’A°MP LNPs
rescues an active and mature phenotype of DCs, giving
encouraging results in engaging immune cells suppressed by
the TME (Figure 3.G-H). By using primary human DCs and in
vitro-conditioned DCs as a clinically relevant and translational
model, this study presents an advanced test system that
accurately reflects human biology and closely mimics the
tumor microenvironment of lung cancer, providing comple-
mentary data to mouse systems that often fail to capture
human-specific immune dynamics. Nevertheless, for additional
in vivo studies or even clinical testing of novel carriers
containing CDN-based STING agonists it is also essential to
explore different routes of administration. Currently, most
studies use intratumoral delivery, which limits the application
to accessible solid tumors and thus does not unlock the full
therapeutic potential of STING activation in immune cells.

5. CONCLUSIONS

This study highlights the potential of clinically approved LNPs
as a promising nanocarriers for cytosolic delivery of CDN-
based STING agonists into DCs. Compared to other types of
nanoparticles, LNPs have the great advantage that they are
highly reproducible and cost-effective, have already been tested
across a large population, and are well suited for large-scale
production. We showed that encapsulation of the STING
agonist cG'AMP in LNPs boosts its adjuvant effects in DCs
and potentiates the activation of STING signaling, which is
critical for potent antitumor responses. In addition, we
presented a novel in vitro platform of human tumor-associated
mregDCs that mirrors the phenotype of DCs isolated from
tumors of cancer patients. The application of cG’A°MP LNPs
to this model successfully reprograms mregDCs toward an
active state, underscoring the potential of these nanocarriers
for cancer immunotherapy. Collectively, these findings lay the
groundwork for future research aimed at optimizing LNP-
based approaches to enhance antitumor immune responses
and to overcome hurdles associated with immune suppression.
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