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Effective T-cell activation requires both antigen recognition and
co-stimulatory signaling. However, tumor cells typically lack the
necessary co-stimulatory molecules, rendering T-cell receptor
engagement with tumor antigens insufficient to induce potent
anti-tumor immune responses. To overcome this limitation, we
converted tumor cells into professional antigen-presenting cell
(APC)-like cells by equipping them with the co-stimulatory mole-
cule CD8O. Electroporation of melanoma and lung cancer cell lines
with CD80-encoding mRNA significantly increased their ability to
stimulate tumor-antigen-specific T cells, as indicated by increased
activation markers and cytokine secretion. Most importantly, CD80
expression converted melanoma cells into APC-like cells capable of
priming and expanding naive T cells that recognize endogenous
tumor antigens. To enable clinical application, we subsequently
used poly-(beta aminoester) (pBAE) polymers, which efficiently
encapsulate mRNA into nanometric polyplexes. As previously
reported, pBAE nanoparticles (NPs) efficiently penetrate plasma
membranes and escape endosomal degradation both in vitro and
in vivo. Here, we evaluated pBAE NPs encapsulating GFP-encoding
mRNA in human cell lines derived from melanoma, lung cancer,
leukemia, adenocarcinoma, uveal melanoma, and Merkel cell car-
cinoma. The pBAE NPs effectively transfected adherent tumor cells,
and tumor spheroids in vitro and in ovo. When delivering CD80
mMRNA, NPs achieved expression rates of more than 50% in most cell
lines, which lasted for at least 72 h. Here as well, nanoparticle-
mediated CD80 expression enabled melanoma cells to prime and
expand naive T cells recognizing endogenous tumor antigens.
Importantly, T cells primed by CD80-expressing tumor cells were
also capable of killing tumor cells that had not been transfected.
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New concepts

In this proof-of-concept-study, we show that CD80-mRNA transfected
tumor cells can prime and expand human ex vivo-isolated T cells, and
that these cells gained the ability to lyse the tumor cells. Importantly, the
T cells primed with the CD80-expressing tumor cells were also capable of
lysing untransfected tumor cells with similar efficiency. While the origi-
nal idea dates back two decades, it has never been exploited with human
material, and the use of the newly developed poly(B-amino ester) nano-
particles allows clinical implementation. In addition, the concerns about
a possible stimulation of the immune checkpoint receptor CTLA-4 on the
T cells, which represent an unwanted but natural alternative receptor for
CD80 was addressed and appeased, since CTLA-4 expression was indeed
reduced by stimulation with the CD80-expressing tumor cells. In sharp
contrast, the CD80-untransfected tumor cells induced the expression of
this and other checkpoint receptors. Hence, our study shows that a
nanoscience-based approach is suitable to implement a new tumor
treatment strategy involving nanoparticle-encapsulated mRNA.

In line with these findings, T cells stimulated with untransfected
tumor cells showed high levels of checkpoint receptors CTLA-4 and
PD-1, whereas the expression was significantly lower when using
This
indicates that conversion of tumor cells into professional APC-like
cells with CD80 mRNA is feasible and results in potent anti-tumor
CD8"* T-cell responses. With the use of mRNA-loaded pBAEs, the
prerequisites for a future application in vivo are given. Therefore,

CD80-transfected tumor cells. proof-of-concept study

the application of pBAE NPs encapsulating CD80 mRNA to speci-
fically transfect tumor cells presents a new promising strategy for
the in vivo treatment of various cancers.
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Introduction

Insufficient activation of cytotoxic T cells is considered a major
factor underlying ineffective anti-tumor immune responses.
Although tumor cells express tumor-associated antigens, they
are generally poor inducers of antigen-specific T-cell responses
and lack the capacity to prime naive T cells. Moreover, tumors
establish an immunosuppressive microenvironment that
actively limits anti-tumor immunity. Within this environment,
inhibitory molecules not only impair cytotoxic T-cell effector
functions but also suppress the activity of professional antigen-
presenting cells (APCs), thereby further reducing effective T-cell
activation."™” This results in impaired tumor cell recognition,
antigen presentation, and cytotoxic T-cell activation, thus lead-
ing to tumor cell growth and metastasis formation.*° Conse-
quently, restoring the priming of cytotoxic T cells within the
tumor microenvironment can be a promising strategy in the
development of anti-tumoral immunotherapies.

Effective T-cell priming is typically restricted to professional
APCs, which provide both essential signals required for activa-
tion: recognition of antigens presented on MHC complexes and
a co-stimulatory signal. One important co-stimulatory molecule
is CD80 (B7-1), a transmembrane glycoprotein and a member of
the B7 family as well as the Ig superfamily.'® CD80 is primarily
expressed on professional APCs, such as dendritic cells and
macrophages, and provides the essential co-stimulatory signal
for full T-cell activation in addition to the antigen presented on
MHC complexes.'* Both signals are delivered in close spatial
proximity within the immunological synapse formed between
APC and the T cell."” The respective stimulatory receptor for
CD80, which is primarily expressed on naive and memory
T cells is CD28. Both T-cell types require a CD28-activating
co-stimulatory signal to function effectively.”> In addition,
activated T cells express the inhibitory receptor CTLA-4 (cyto-
toxic T lymphocyte-associated protein 4), which induces oppo-
site effects on T cells in a negative feedback loop.**"

Upon MHC:TCR engagement, the CD80:CD28 interaction
promotes T-cell activation accompanied by a broad transcrip-
tional change in the T cells."* Intracellular signaling pathways
of CD28 activation induce, among others, the nuclear factor-xB
(NF-xB), activator protein 1 (AP-1), and nuclear factor of acti-
vated T cells (NFAT).'®*® Following transcriptional changes
include the expression of the anti-apoptotic protein B-cell
lymphoma-extra large (Bcl-XL) and enhanced T-cell effector
cytokine expression especially of IL-2."°7*" Thus, T-cell survival
is maintained as well as proliferation and activation are
induced. The absence of CD80:CD28 interaction in the
presence of MHC:TCR recognition leads to clonal anergy of T
cells.”>?

Due to the importance of CD80 in the process of activating T
cells efficiently, multiple studies have investigated the potential
use of CD80 in an immunotherapeutic strategy. In a pioneering
in vitro experiment, Kaufmann et al. transfected human cervical
cancer cell lines with a CD80 expression plasmid and showed
their increased ability to stimulate allogenic CD4" and CD8"
T cells, which were in turn able to lyse parental tumor cells.>*
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Already in the same year, CD80-expressing tumor cells were
used successfully as a therapeutic vaccination in early stages of
an acute myelogenous leukemia mouse model.>® The induced
anti-tumor immunity was long-lasting and was depended on
CD8" T-cell activation.

The clinical studies that exploited the immunostimulatory
effect of CD80 generally consisted of allogenic tumor cells,
which were genetically modified to express CD80. In breast
cancer, this was applied in two phase I clinical trials,
NCT01127074%° and NCT00003184, the latter with a minority
of patients showing an immune response.?” Another phase I/II
clinical trial (NCT01265368) tested a cancer cell vaccine
(MGN1601) consisting of genetically modified allogenic tumor
cells expressing IL-7, GM-CSF, CD80, and CD154 in advanced
renal cell carcinoma patients. Here, one patient showed remis-
sion, and seven patients developed a stable disease.*®*°
In summary, artificially induced high CD80 expression by
tumor cells showed therapeutic potential. Nevertheless, the
antigen repertoire of the allogenic tumor cells might not match
with the patient’s tumor cells, which induces a misguided T-cell
response and albeit being allogenic, the injection of living
tumor cells brings additional safety concerns. To avoid these
risks and the high costs of the generation of such cellular
therapeutics, recent developments in mRNA technology could
represent an innovative treatment strategy to deliver CD80-
encoding mRNA specifically to the tumor cells in situ.

Cancer treatment strategies based on mRNA have several
advantages. Treated patients usually experience tolerable
adverse events and low toxicity due to the fast and easy
degradation of the mRNA.*° The mRNA can encode for tumor
antigens, cytokines, tumor suppressors, Cas9 for genome
editing, chimeric antigen receptors, and T-cell receptors while
excluding an irreversible genome integration.’®*' Originally,
such vaccines had to be administered as naked mRNA, which
faces the problem of too fast degradation,**** or the mRNA was
to be delivered as cellular vaccine within dendritic cells, which
were transfected ex vivo. Recent developments have created new
delivery methods by conjugating the nucleic acid with prota-
mine or encapsulating the mRNA in biodegradable lipoplexes
and lipid nanoparticles (NPs).>* These have shown high
capabilities in inducing efficient and profound anti-tumor
immune responses, with some of them already tested in clinical
trials.?*>"*° However, all these formulations included a com-
ponent modified with poly(ethylene glycol) (PEG). Although
traditionally referred to as safe, lately, some studies reporting
the generation of anti-PEG antibodies as a rejection response in
repeated administration therapies have aroused controversy
on the use of PEG-derived products.”’ Additionally, neither
of these lipid-based nanoformulations contains a targeting
moiety, in fact very difficult due to the limited availability of
lipid macromolecules required for the formation of the nano-
particles. In this context, we developed some years ago alter-
native polymeric carriers, based on poly-(beta aminoester)
(pBAE) biocompatible and biodegradable polymers. Adding
cationic peptides at their end-terminus, we demonstrated the
capacity of pBAE polymers to electrostatically complex mRNA,
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42744 we demonstrated

forming small nanometric particles.
their superior capacity to penetrate plasmatic cell membranes
and boost endosomal escape, thus resulting in high transfec-
tion efficacies in vitro and in vivo, namely for tumor cells. Being
these polymers synthesized from a bottom up strategy, exten-
sive libraries of pBAE variants exist, making it possible to
modulate properties such as hydrophobicity, MW, and target-
ing moieties inclusion. Additionally, PEG is not a must for
the functioning of the polymer. We also demonstrated their use
for immune modulatory applications in oncology, among
others.*>*°

Therefore, mRNA-based cancer therapeutics, composed of
PBAE NPs, offer a new approach to an off-the-shelf therapeutic
agent for the delivery of CD80-encoding mRNA into tumor cells
of patients in situ where T cells can be efficiently and specifi-
cally activated.

Here we investigate the effect of CD80 expression on differ-
ent tumor cell lines on their ability to stimulate tumor antigen-
specific T cells and to prime and expand naive human CD8" T
cells. We then examine the ability of mRNA encapsulated in
PBAE NPs to transfect the various tumor cell lines. Finally, we
showed that pBAE NP-based transfection of tumor cells with
CD80 also resulted in their ability to prime and expand naive
human CD8" T cells against the endogenously expressed
melanoma antigen MelanA.

Material and methods
Materials

The supplements for cell culture media were purchased from
Lonza (Verviers, Belgium; RPMI1640, 1-glutamine. Gentamycin,
sodium pyruvate, MEM nonessential aa), Merck KGaA (Darm-
stadt, Germany; fetal bovine serum/FBS), PAA Labortechnik
and GE Healthcare Life Sciences (Pasching/Linz, Austria;
HEPES), Gibco (USA; beta-mercaptoethanol), Sigma-Aldrich
(St. Louis, MO, USA; human AB serum). EDTA was purchased
from Lonza (Verviers, Belgium) and the cytokines IL-2 and IL-7
were used from Miltenyi (Bergisch Gladbach, Germany). For
CD8" T-cell isolation, Lymphoprep from Axis-Shield PoC AS
(Oslo, Norway) and CD8 MACS beads from Miltenyi (Bergisch
Gladbach, Germany) were used.

mRNA encoding CD80 and the TCRs was generated using
the in-vitro transcription kit with T7 RNA polymerase (mMES-
SAGE mMACHINE kit; Ambion, ThermoFisher Scientific, Darm-
stadt, Germany), according to the manufacturer’s instructions.
Opti-MEM™ was purchased from Gibco (USA). Reagents and
solvents used for synthesis were purchased from Sigma Aldrich
and Panreac and used as received unless otherwise stated. CK3
(NH2-Cys-Lys-Lys-Lys-COOH) and CH3 (NH2-Cys-His-His-His-
COOH) peptides was obtained from GL Biochem (Shangai)
Ltd with a purity of at least 98%. MelanA and MAGE-A3
peptides were obtained from GenScript Biotech (Rijswijk,
Netherlands). HLA-A*02 : 01-PE ELAGIGILTV tetramer was syn-
thesized by Biozol (Hamburg, Germany), and the dextramer by
Immudex (Virum, Denmark).
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The antibodies used in FACS, anti-CD27-APC, anti-CD45RA-
BV421, anti-CD8-PE-Cy7, anti-CCR7-FITC, anti-CD25-BV421,
anti-CD3-APC-H7, anti-CTLA-4-APC, anti-PD-1-PE, and anti-
CD80-PE were all purchased from BD Bioscience (Heidelberg,
Germany). The anti-CD69-APC was from BioLegend (San Diego,
USA). The Th1/Th2 Cytometric Bead Array Kit was from BD
Bioscience (Heidelberg, Germany).

Cell culture

The following cell lines were used: The Merkel Cell Carcinoma
cell lines WaGa (Houben et al., 2010), MKL-1 (Rosen et al.,
1987), and MKL-2 (Martin et al., 1991) were kindly provided by
Jurgen Becker (DKTK, Essen, Germany); the cutaneous mela-
noma cell lines Mel526 was kindly provided by Hinrich Abken
(Leibnitz Institute, Regensburg, Germany) and A375M"” was
kindly provided by Corlien Aarnoudse (Universiteit Leiden, The
Netherlands); the uveal melanoma cell lines Mel270 and
OMM2.5 were kindly provided by Martine Jager (University of
Leiden, The Netherlands); the acute monocytic leukemia cell
line THP1 was kindly provided by Markus Biburger (Erlangen,
Germany); the lung cancer cell lines PC9, H1975, A549, and 11—
18 were kindly provided by Rafael Rosell (University Hospital
Sagrat Cor, Barcelona, Spain).

All cell lines were cultured in R10 medium consisting of
RPMI1640 supplemented with 10% FBS, 2 mM r-glutamine,
gentamycin (20 mg L"), 10 mM HEPES, and 20 mM beta-
mercaptoethanol. All cell lines were kept at 37 °C in 5% CO2,
and split according to their density. Adherent cell lines were
detached with PBS-EDTA. All cell lines were regularly tested for
mycoplasma.

Generation of T cells from whole human blood

The blood of healthy donors was obtained following informed
consent and approval of the institutional review board (ethics
committee of the Friedrich-Alexander-Universitdt Erlangen-
Nirnberg, Erlangen, Germany: Ref. no. 4158). After mono-
nuclear cells were isolated using density centrifugation with
Lymphoprep, CD8 MACS beads were used to isolate the CD8" T
cells. For TCR-transfection, T cells were rested overnight in
T-cell medium consisting of RPMI 1640, 10% human AB serum,
2 mM r-glutamine, 20 mg L~" gentamycin, 10 mM HEPES,
1 mM sodium pyruvate, and 1% MEM nonessential aa, supple-
mented with 1000 U mL " IL-7 at a concentration of 2-3 x
10° cells per mL. For MelanA-specific priming, the CD8" T cells
were used immediately after MACS.

mRNA electroporation of tumor cells and T cells

mRNA encoding CD80 and TCRs were generated using the
in vitro transcription kit with T7 RNA polymerase according
to the manufacturer’s instructions. Template plasmids were
generated as described previously.*® The transfection with RNA
was performed as described by Sauerer et al*® Cells were
harvested and washed in Opti-MEM™. The maximum concen-
tration for electroporation of tumor cells was 6 x 107 cells per mL
Opti-MEM™ and of isolated T-cells it was 12 x 107 cells per mL
Opti-MEM™. Depending on size, the cells were electroporated

Nanoscale Horiz.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nh00667h

Open Access Article. Published on 01 April 2026. Downloaded on 4/27/2026 9:11:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

between 1 and 5 ms (square-wave pulse, 1250 V. em ™) and rapidly
transferred to their respective medium. T cells were electroporated
with 15 pg of each the alpha and beta chains of the respective
T-cell receptors gp100,°° MAGE-A3, and MelanA.*® Fifteen ug of
CD80 RNA or 5 pg of GFP RNA were used to electroporate the
tumor cells.

Transfection of tumor cells via nanoparticles

Poly(B-amino ester)s (pBAEs) were synthesized as described in
Dosta et al.”" Briefly, addition reaction of primary amines to
an excess of diacrylates was used to synthesize an acrylate-
terminated polymer. Then, this polymer was end-capped
with oligopeptide composed of Cys + 3 Lys (CKKK or CK3) or
Cys + 3His (CHHH or CH3), in DMSO, obtaining the K or
H polymer respectively. Synthesized structures were confirmed
by 1H NMR, recorded in a 400 MHz Varian (NMR Instruments,
Claredon Hills, IL) and methanol-d4 used as a solvent.
Molecular weight (MW) relative to polystyrene standard was
determined by HPLC (HPLC Elite LaChrom system of VWR-
Hitech equipped with a GPC Shodex KF-603 column and THF as
mobile phase).

To formulate the NPs, K and H polymers were mixed in a
ratio of 60 : 40 in sterile filtered 12.5 mM sodium acetate buffer.
To generate fluorescent NPs, H polymers were spiked with 10%
Cy5-tagged H polymers. The mRNA was diluted in sterile
filtered 12.5 mM sodium acetate buffer. For the NP formation,
the mRNA was added to the polymer mix by vigorous pipetting.
Then the formulation rested for 10 min at RT. Afterwards, the
volume was doubled by adding ddH,O and the solution was
stored at 4 °C until use, never longer than 6 hours. The quality
of each batch of NPs was confirmed using a Zetasizer Advance
Pro (Malvern Panalytical). Therefore, 10 pL of the NP suspen-
sion were added into 990 uL ddH,O and given into a 10 mm
polystyrene cuvette. The characteristics of the NPs were deter-
mined by three repetitions of 14 single measurements with
sterile water at 25 °C. The NPs were defined as good and
useable for experiments when their Z-average (intensity-
weighted mean hydrodynamic size) was between 100 and 160
and had a size distribution measured by the polydispersity
index (PdI) below 0.2. NPs were applied in concentrations that
delivered 0.625 pg mRNA (5 pL NP solution) per well in 96-well
plates and 1.25 pg (10 uL NP solution) in 24-well plates. The
transfection was conducted in the presence of full supplemen-
ted media for at least 16 hours. For visualization of transfec-
tion, Cy5-tagged NPs were used, and cells were transfected on a
cellstar pclear black 96 well plate (Greiner Bio-one, Frickenhau-
sen, Germany) using 2.5 pL NP solution, and imaged using an
ImageXpress Pico (Molecular Devices, San Jose, CA, USA).
Image analysis and processing were performed using Image].

Transfection of tumor spheroids and CAM assay

For imaging of tumor spheroids, 2000 Mel526 cells were seeded
into ultra-low attachment Nunclon™ Sphera™" 96-well U-bottom
plates (Thermo Fisher Scientific) and cultured for 7 days to allow
spheroid formation. Spheroids were transfected with 5 pL. NP
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solution and imaged using an AMG microscope 24 h post-
transfection.

For time-course analysis of transfection efficiency, 10 000
Mel526 cells were seeded into ultra-low attachment Nunclon™
Sphera™ 96-well U-bottom plates and cultured for 14 days to
allow organically spheroid formation and generate sufficient
numbers for flow cytometric analysis. The culture medium was
replaced regularly. On day 14, 5 uL of GFP mRNA or CD80
mRNA NP solution was added to each well. After 24, 48, or 72 h
of incubation, spheroids were washed with PBS and dissociated
using PBS-EDTA for 20 min at 37 °C. Single-cell suspensions
were generated by gentle pipetting for subsequent analysis.

The chorioallantoic membrane (CAM) assay was performed
as generally described before.*? Briefly, fertilized chicken eggs
(Lohmann, Ankum, Germany) were incubated in a humidified
egg incubator (Wiltec Wildanger Technik GmbH, Eschweiler,
Germany) at 37 °C temperature and approximately 55% humid-
ity until embryonic development day (EDD) 3. On EDD3, a
window was cut into the eggshell and resealed with adhesive
tape to monitor successful fertilization.

For tumor transplantation, Mel526 spheroids were gener-
ated in vitro by seeding 250 000 cells into ultra-low attachment
Nunclon™ Sphera™ 96-well U-bottom plates and culturing
them for 48 h with regular medium changes. On EDDS, a silicone
ring was placed onto the CAM, and one tumor spheroid was
transferred into the ring in 70 pL R10 medium. The window was
resealed, and eggs were further incubated until EDD14.

On EDD13, freshly prepared GFP mRNA nanoparticles were
administered by pipetting 40 uL of NP solution directly into the
silicone ring containing the tumor spheroid. After 32 h of
incubation, the tumor-bearing CAM area including the silicone
ring was excised and analyzed immediately using the fluores-
cence microscope EVOS AMG (Advanced microscopy group
INC, Mill Creek, USA). Embryos were decapitated and discarded
to terminate the experiment on day 14 of embryo development.
According to EU jurisdiction, experiments on chicken embryos
terminated until day 18 of development are not considered
animal experiments and need not to be declared.””

Co-culture of TCR-transfected CD8" T cells and tumor cells

Tumor cells were harvested and either transfected with CD80
RNA via NPs or electroporation and left to rest overnight. Then,
the tumor cells were washed and loaded with 10 pug mL™*
peptide in R10 medium for 1 h at 37 °C in 5% CO,. Peptide
sequences were: EAAGIGILTV for MelanA, YLEPGPVTA for
¢p100, and EVDPIGHLY for MAGE-A3. Unbound peptides were
washed off and fresh R10 medium was added to the cells.
Having isolated the CD8" T cells via MACS beads the day before,
the T cells were electroporated with the indicated TCRs and
incubated with the respective tumor cells (100 000 tumor cells:
100000 T cells) in 200 pL in a 96-well plate overnight. Then T
cells were harvested and analyzed for expression of CD25 and
CD69 by flow cytometry and cytokine concentrations in
the supernatants were measured using a Th1/Th2 cytometric
bead array kit following the manufacturer’s instructions
(BD Bioscience).

This journal is © The Royal Society of Chemistry 2026
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Flow cytometry readout for the CD80, GFP expression, and T-
cell activation

The cells from the co-culture of CD8" T cells and tumor cells
were harvested, washed in FACS buffer, and incubated for
30 min at 4 °C with anti-CD80-PE, anti-CD3-APC-H7, anti-CD25-
BVv421, and anti-CD69-APC. Intrinsic expression of GFP was
measured without additional staining. Then all washed and re-
suspended cells were analyzed with a FACSCanto II flow cytometer
and Flow]Jo10 software. The gating strategy for activated T cells
and tumor cells is provided in the SI (Fig. S1 and S2).

Priming of MelanA-specific CD8" T cells by electroporated
tumor cells

Mel526 cells were CD80 electroporated one day before the cell
culture (d0) and rested for 24 h in their respective medium at
37 °C, 95% humidity and 5% CO,. On d1, CD80" Mel526 and
non-electroporated Mel526 were harvested, counted and seeded
with 100000 cells per well in a 24-well plate. The tumor cells
rested for 2-3 hours and then loaded with MelanA peptide. At
the same day, CD8" T cells were isolated from human whole
blood of HLA-A*02:01 donors. Directly after the MACS isolation,
10° CD8" T cells were given into to the prepared wells with
tumor cells and respective control wells, each with a total
volume of 2 mL. On day 2 and day 4, IL-2 and IL-7 were added
to wells with T cells. The media was exchanged every other day
by carefully discarding 1.5 mL supernatant and adding 1.5 mL
fresh media. On day 6, fresh Mel526 cells were prepared for re-
stimulation. The Mel526 cells were electroporated with CD80
and rested for 24 h in their respective medium at 37 °C, 95%
humidity and 5% CO,. On day 7, the CD80-transfected Mel526
cells and non-electroporated Mel526 cells were harvested,
counted and seeded with 10° cells per well in a 24-well plate.
After resting for 2-3 hours, the tumor cells were loaded with
MelanA peptide. Afterwards IL-2 and IL-7 were added to the
wells. The medium was exchanged every day by carefully
discarding 1.5 mL supernatant and adding 1.5mL fresh media.
If needed, the wells were split on day 9. On day 14 the
stimulation was terminated and flow cytometry analysis was
conducted.

Priming of MelanA-specific CD8" T cells by nanoparticle
transfected tumor cells

One day before co-culture (day 0), Mel526 cells were harvested,
counted and seeded with 10> cells per well in 1 mL of their
respective medium. Cells rested for 5 hours at 37 °C, 95%
humidity and 5% CO,. CD80 and GFP NPs were freshly pre-
pared and directly added into the wells, afterwards carefully
mixed with the medium by pipetting. As controls served
untreated Mel526 cells and T cells only. The transfection was
conducted over night, at least for 16 hours. On day 1, CD8" T
cells were isolated from human whole blood of HLA-A*02:01
donors. Shortly before the addition of the T cells to the tumor
cells, the medium was exchanged. The T cells were added
directly after the MACS isolation, 10° CD8" T cells were given
into to the prepared wells with tumor cells and respective
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control wells each with a total volume of 2 mL. The co-culture
was stored at 37 °C, 95% humidity and 5% CO,. On day 2, day 4,
day 7, and day 9, IL-2 and IL-7 were added to wells with T cells.
The media was exchanged every other day by carefully discard-
ing 1.5 mL supernatant and adding 1.5 mL fresh media.
As restimulation, the CD80 or GFP NPs were added at day 6,
day 8, and day 10. If needed, the wells were split on day 7.
On day 14 the stimulation was terminated and flow cytometry
analysis was conducted.

HLA multimer and immune checkpoint staining of primed
CDS8" T cells

The primed and re-stimulated CD8" T cells were harvested and
T cells specific for the MelanA peptide were detected by
incubation with HLA-A*02:01-PE ELAGIGILTV tetramer or dex-
tramer for 30 min at room temperature. Afterwards, anti-CD27-
APC, anti-CD45RA-BV421, anti-CD8-PE-Cy7, anti-CCR7-FITC,
anti-CTLA-4-APC, and anti-PD-1-PE were added directly and
incubated for another 30 min at 4 °C. The cells were washed
and analyzed with a FACSCanto II flow cytometer and the
Flow]Jo10 software. The gating strategy for identification of
MelanA-specific T cells can be found in the SI (Fig. S4).

Cytotoxic potential of primed CD8" T cells against tumor cells

Mel526 cells were electroporated with CD80 mRNA or without
RNA and used as target cells on the next day in a chromium
release assay. Tumor cells were labelled with 20 uL *'Cr at
1 mCi/200 pL in per 100 pL 20% FCS (1 pCi Na2 51CrO,4/uL of
cells) for one hour and co-cultured with primed CD8" T cells in
R10 at ratios of target to effector cells of 1:60, 1:20, 1:6, and
1:2. Tumor cells without T cells were used to determine the
background release whereas the lysis of target cells by 0.5%
Nonidet P40 was used as maximum release. After 4 hours at
37 °C, supernatant of the co-culture was mixed with scintilla-
tion fluid and analyzed for the released radioactivity with the
PerkinEkmer 2450 MicroBeta Scintillation Counter. Raw counts
were normalized to the percentage of cytolysis with the follow-
ing formula: [(measured release - background release)]/[(max-
imum release - background release)] x 100%.

Statistics

Statistical analysis and data visualization were performed using
GraphPad Prism software, version 10.2.0 (La Jolla, CA, USA).
Details of the statistical methods used in the individual experi-
ments are given in the figure legends. Statistical significance
and p-values were calculated by a paired student’s t-test,
assuming normal Gaussian distribution and equal standard
deviation, based on our experience in similar experiments. For
p-values above 0.05, differences between groups were consid-
ered not significant (ns). If p was smaller than 0.05, differences
between groups were considered significant (* p < 0.05, ** p <
0.01, **** p < 0.0001). Please note that not all formal require-
ments for the paired student’s ¢-test are achieved in our setting:
Gaussian distribution could not be tested due to our limited
sample size. Nevertheless, it can be assumed that the ¢test is
quite robust.>*>*
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Results

CD80 expression by tumor cells increases antigen-specific CD8"
T-cell activation

Initially, we hypothesized that CD80 expression on tumor cells
as a secondary co-stimulatory signal would increase their
capacity of antigen-specific activation of T cells. Therefore, we
evaluated T-cell activation in an in vitro co-culture experiment
with CD80-transfected tumor cell lines, which presented differ-
ent tumor antigens, and CD8" T cells, which expressed the
matching T-cell receptor (TCR). The tumor cell lines Mel526
and A375M cells (both melanoma) and H1975 cells (non-small
cell lung cancer) were electroporated with CD80-encoding
mRNA, the transfection was confirmed by flow cytometry
(Fig. 1A). Further, the cells were loaded with tumor antigen-
derived peptides. An HLA-A*02:01-restricted epitope from the
melanoma antigen MelanA was used for Mel526. An HLA-
A*01:01-restricted epitope from the cancer-testis antigen
MAGE-A3 was used for A375M and H1975. Both melanoma

A
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lines expressed the respective antigens also endogenously.
CD8" T cells from healthy donors were transfected with mRNA
encoding the respective TCRs and both cell types were co-
incubated overnight. T cells without a TCR were used as
negative control for the cell lines that expressed the tumor
antigen endogenously. The antigen-specific activation of CD8"
T cells was evaluated by measuring the expression of the
activation markers CD25 and CD69 by flow cytometry, and by
quantifying the secretion of the cytokines IL-2, TNF, and IFNy.

Mel526 cells which expressed CD80 induced a significantly
higher proportion of CD25", CD69" and CD25/CD69 double-
positive T cells compared to the non-transfected Mel526 cells
(Fig. 1B). The endogenous expression of MelanA was enough to
trigger an efficient activation of TCR-expressing T cells. Also, for
A375M cells, which express the MAGE-A3 antigen, a signifi-
cantly higher proportion of T cells were induced to express
CD25" and CD69" when the tumor cells were expressing
CD80. This was significantly measurable when the activation
depended on the endogenous expression of the MAGE-A3
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ma ||\ I A
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Fig. 1 CD80-expressing tumor cells activate CD8* T cells. Tumor cells (Mel526, A375M, and H1975) were electroporated with CD80 mRNA and co-
cultured with CD8™ T cells that express the T-cell receptor for MelanA or MAGE-A3 at a ratio of 1: 1. Peptide-loaded tumor cells were used to increase
the endogenous expression of the tumor antigens. (A) The CD80 expression on the tumor cell surface was evaluated after 24 h via flow cytometry. Here,
histograms of one representative experiment is shown. (B) T-cell activation in the co-culture was measured by the number of CD3* cells that express the
surface markers CD25 and CD69 through flow cytometry. The bar graphs depict mean values of 5 different donors for Mel526 (MelanA), 4 donors for
A375M (MAGE-A3), and 3 donors for H1975 (MAGE-A3) +SD. Statistical analysis was performed with a paired t-test, *: p < 0.05. (C) The supernatants of
the co-cultures were analyzed for the secreted cytokines. Mean values £SD of the concentrations of IL-2, TNF, and IFNy after co-culture with Mel526
(5 donors), A375M (4 donors), and H1975 (3 donors) are depicted. Statistical analysis was performed with a paired t-test, *: p < 0.05.
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antigen. Tumor cells additionally loaded with the MAGE-A3
peptide further increased T-cell activation. But even here, the
additional co-stimulatory effect of the CD80 expression remained,
although only formally significant for the CD25/CD69 double-
positive T-cell population (Fig. 1B). T-cell activation in the co-
cultures with peptide-loaded H1975 cells was less efficient com-
pared to the other co-cultures. Nevertheless, the expression of CD80
on H1975 cells still increased the number of CD25" and CD25/
CD69 double-positive T cells significantly (Fig. 1B). The expression
of CD80 on A375M cells that were loaded with an epitope from the
melanoma antigen gp100 also increased the activation of T cells
expressing the corresponding TCR (data not shown).

The secretion of IL-2, TNF, and IFNYy by the activated T cells
in these co-cultures was analyzed simultaneously (Fig. 1C). In
all tested conditions, the expression of CD80 resulted in higher
concentrations of all three cytokines. This effect was significant
for all cytokines in the co-cultures with MelanA peptide-loaded
Mel526 cells, and for IL-2 and IFNY in co-cultures with A375M
cells, presenting both endogenous antigen and exogenous
peptide (Fig. 1C). Despite not reaching formal significance,
all other conditions displayed a similar pattern, always result-
ing in higher cytokine secretion when CD80 was present
(Fig. 1C). Other cytokines, such as IL-4, IL-10, and IL-6 were
also slightly increased, however with high donor variance and
at much lower levels (data not shown).

These results show that different tumor cell lines indeed
gain a higher capacity to activate CD8" T cells in an antigen-
specific manner when co-expressing CD80. This indicates that
transient transfection with CD80-encoding mRNA provides a
possibility to equip tumor cells with functional co-stimulatory
signaling molecules.

Tumor cells co-expressing CD80 and MelanA prime naive CD8"
T cells

Next, we examined whether CD80-transfected tumor cells gained
the capability to prime and expand naive tumor-specific CD8" T
cells, which is usually an exclusive ability of professional
APCs. To test this hypothesis, we performed a T-cell priming
experiment. We used MelanA as a model antigen due to its high
immunogenicity, its endogenous expression in Mel526 cells
(see Fig. S3), and the abundance of naive MelanA-specific T
cells in most HLA-A*02:01-positive healthy donors.>®> Mel526
cells were electroporated with RNA encoding CD80, and CD8" T
cells were stimulated twice, each time for one week, with these
Mel526 cells. Furthermore, we tested the effect of an increased
antigen presentation by pulsing the Mel526 cells additionally
with exogenous MelanA peptide. T cells without tumor cells
served as additional control. After the 14 days of co-culture, the
proportions of MelanA-specific CD8" T cells were evaluated by
staining with an HLA-multimer, that consisted of the immu-
nodominant MelanA epitope bound to HLA-A*0201. Addition-
ally, to determine the phenotype of the MelanA-specific CD8" T
cells, the surface markers CD8, CCR7, and CD45RA were
evaluated by flow cytometric analysis.

The results showed that MelanA-specific CD8" T cells
expanded to a percentage of 0.44% in average when stimulated

This journal is © The Royal Society of Chemistry 2026
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with untreated Mel526 cells that endogenously express MelanA
(Fig. 2A). The expression of CD80 significantly enhanced T-cell
priming with up to 2.8% MelanA-specific T cells in average
(Fig. 2A). This percentage of MelanA-specific T cells is similar to
that induced with MelanA-transfected professional APCs such
as dendritic cells generated for application in clinical trials
(NCT00074230).>°° Pulsing with exogenous MelanA peptide
did not increase the capacity of non-transfected Mel526 cells,
and the high priming capacity of the CD80-transfected cells did
not further increase, indicating that the endogenous MelanA
expression of Mel526 is sufficient (Fig. 2A). Unstimulated CD8"
T cells, which had not been in contact with Mel526 cells,
contained only 0.14% MelanA-specific T cells (Fig. 2A).

Closer examination of the MelanA-specific T cells revealed a
strong shift from naive T cells towards effector T cells for all five
donors analyzed,*® as indicated by their CD45RA and CCR7
expression profile (Fig. 2B and Fig. S4). In particular, an
increase in CD45RA™, CCR7" T cells (indicating central mem-
ory) and a strong increase in CD45RA/CCR7 double-negative T
cells (indicating effector memory) with CD80 expressing tumor
cells was observed in all donors (Fig. 2B). For donor B and E a
strong increase in CD45RA", CCR7~ T cells (lytic effector) was
observed, while donor A, C, and D showed only a small increase
in this subtype with CD80 co-stimulation (Fig. 2B). The low
numbers of MelanA-specific T cells stimulated with untreated
Mel526 cells were mostly naive T cells and effector memory T cells,
while those left without tumor cells showed an almost completely
naive CD45RA/CCR7 double-positive phenotype (Fig. 2B).

Consequently, CD80 expression by tumor cells was sufficient
to induce a tumor antigen-specific CD8" T-cell priming of naive
T cells that shift towards central memory, effector memory and
Iytic effector T cells.

Nanoparticles encapsulating GFP-encoding mRNA transfect
tumor cells

Despite the encouraging results presented above, the in vivo
application of mRNA electroporation is challenging, if not
virtually impossible. Recent advances in nanoparticle-based
delivery systems, however, now provide feasible strategies for
in vivo mRNA administration. We hypothesized that pBAE-
based NPs could deliver CD80 mRNA to the tumor cells. Here
we used NPs that were functionalized by adding lysine and
histidine oligopeptides to the pBAE polymers to facilitate cell
surface binding and endosomal escape. The resulting pBAE-
based NPs were previously characterized to have a cationic
surface charge of 25 to 27 mV and a hydrodynamic diameter
of 140 to 160 nm, and displayed an encapsulation efficiency of
80%.°" A detailed analysis of the physiochemical features of the
NPs can be found in Navalon-Lopez et al. and Fornaguera
et al.**®' To visualize nanoparticle binding and distribution
in tumor cells, the human cell line Mel526 was transfected with
Cy5-tagged nanoparticles and analyzed over a 24-hour time
course by fluorescence microscopy (Fig. 3A). We observed a
rapid attachment of the NPs to the cell surface. Over time,
the number of bright spots decreased and the signal became
slightly more diffuse.
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Fig. 2 Priming assay with electroporated tumor cells. Per condition, 10° CD8" T cells of HLA-A*02:01 donors were co-cultured with 10> Mel526 cells
either untreated or loaded with MelanA peptide (+ peptide) and either not electroporated or electroporated with CD80 mRNA (+ CD80). T cells without
tumor cells served as control. At day 7, the T cells were re-stimulated with Mel526 + peptide and = CD80 as in the initial setup. At day 14 of
co-incubation, the cells were harvested and a MelanA MHC-dextramer staining combined with an antibody staining for CD8, CCR7, and CD45RA was
conducted. (A) Depicted is the percentage of MelanA-specific T cells in the different Mel526 conditions described above for 5 donors. Statistical analysis
was performed with a paired t-test, *: p < 0.05. Analyzed conditions were not significantly different if not stated differently. (B) Depicted are the
subpopulations of MelanA-specific T cells in relation to the actual percentage of MelanA-specific T cells for each donor separately. T-cell subtypes are
divided into naive T cells (CD45RA/CCR7 double-positive), central memory T cells (CD45RA ™, CCR7Y), effector memory T cells (CD45RA/CCR7 double-

negative), and lytic effector T cells (CD45%, CCR7).

Aiming for mRNA delivery that results in functional protein
expression, we investigated the ability of pBAE-based NPs,
encapsulating GFP-encoding mRNA to transfect a range human
tumor cell lines, including melanoma (A375M and Mel526),
uveal melanoma (Mel270 and OMM2.5), non-small cell lung
cancer (PC9, A549, 11-18, and H1975), Merkel cell carcinoma
(MKL-1, MKL-2, and WaGa), and acute myeloid leukemia (THP-
1). We compared the efficiency of mRNA electroporation with
PBAE-NP transfection, the GFP expression was evaluated by
flow cytometry after 24 h.

The cell lines A375M, Mel526, Mel270, PC9, A549, 11-18,
and H1975 were transfected with an efficiency of more than
80% by the NPs, which was only slightly lower compared to the
electroporation control (Fig. 3B and D). In contrast, the NPs
only inefficiently transfected the cell lines OMM2.5, MKL-1,
MKL2, WaGa, and THP-1. Here, it has to be noted that four of
these cell lines (MKL-1, MKL-2, WaGa, and THP-1) are growing
in suspension, while all others are adherent cell lines. Further-
more, it was observed that the NPs showed a higher variance in
their transfection ability compared to the very stable transfec-
tion rates by electroporation.

In the cell lines for which the proportions of cells trans-
fected with NPs was similar to the electroporation control, the
mean fluorescence intensity (MFI) was either similar to that of
electroporated cells (Mel526 and 11-18) or appeared even
higher (A375M, Mel270, PC9, A549, and H1975) (Fig. 3C and
D). The cell lines that were poorly transfected all showed low
MFI when they were transfected with the NPs. Especially

Nanoscale Horiz.

the Merkel cell carcinoma cell lines were transfected with lower
efficiency, both by electroporation and with NPs (Fig. 3C and D).

In general, most adherent tumor cell lines were transfected
by RNA-loaded pBAE-NPs with high efficiency and expressed
high levels of the mRNA-encoded GFP.

Nanoparticles as tool to deliver CD80 to tumor cells for
transient expression

The promising results with GFP-encoding mRNA encouraged
us to transfect a selection of the cell lines with CD80-encoding
mRNA, delivered by pBAE-based NPs. We hypothesized that the
duration and intensity of the CD80 expression in tumor cells
might differ from that observed after electroporation (Fig. 1A),
as the uptake and unpacking of the NPs clearly differs in its
kinetics from the electroporation. Hence, we conducted a time
course experiment with measurement at 6 h, 24 h, 48 h, and
72 h post transfection for the tumor cell lines A375M, Mel526,
H1975, and WaGa and compared CD80 expression in NP-
transfected cells with electroporated cells. Non-transfected
and non-electroporated tumor cells served as negative control.
The CD80 expression was evaluated by antibody surface stain-
ing and flow cytometry for all given time points.

In general, the transfection with NPs resulted in lower
proportions of CD80-positive cells and a lower MFI compared
to the CD80 mRNA-electroporated cells for all tested tumor
cells lines at all time points (Fig. 4A and B). Regarding the
temporal progression, the electroporation led to a fast and even
expression of CD80, with nearly 100% CD80-positive cells for all

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Nanoparticles transfect cell lines of different tumor entities with high efficiency. For the Cy5-labeled nanoparticle (Cy5 NP) transfection assay,
Mel526 cells were seeded prior to transfection. Cy5 NPs were then added and imaging was initiated immediately. (A) Representative images from a
selected region of interest are shown for the Cy5 fluorescence channel (top), brightfield channel (middle), and the corresponding overlays (bottom) at the
indicated time points (0 h, 2 h, 4 h, and 24 h). The tumor cell lines A375M, Mel526, Mel270, OMM2.5, PC9, A549, 11-18, H1975, MKL-1, MKL-2, WaGa, and
THP1 were transfected with RNA coding for GFP either by electroporation (EP) or by nanoparticles (NP). The (B) proportion of GFP-positive cells and the
(C) mean fluorescence intensity (MFI) was determined by flow cytometry 24 h after transfection. The mean +SD of 3 independent experiments is
depicted. (D) Histograms of GFP expression after transfection with NP and electroporation of the cell lines listed above for one representative
experiment. Unstained controls are depicted by the black line and colorless filling.

measured time points in all tumor cell lines (Fig. 4A left side). The transfection with NPs showed different temporal beha-
Here, the MFI was initially already high, peaked at 24 h and vior (Fig. 4A right side). Initially, the percentage of CD80-
then decreased until 72 h for most cell lines (Fig. 4B left side). positive cells was low with levels between 20% and 50% at
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Fig. 4 CDB8O0 expression in different tumor cell lines over 72 hours. CD80 mRNA was delivered via electroporation or nanoparticles (NP) transfection to
the tumor cell lines A375M (purple), H1975 (green), Mel526 (blue), and WaGa (red). (A) Depicted is the percentage of CD80 positive (CD80™) tumor cells of
the referring cell line after 6 h, 24 h, 48 h, and 72 h as mean +SD conducted in 3 independent experiments. (B) shows the delta mean fluorescence
intensity (AMFI) of CD80 positive (CD80%) single cells for the experiment (A).

6 h and sharply increased reaching 40% to 80% at 24 h. In
Mel526 and WaGa cells, the percentage decreased again at 48 h
and further at 72 h, whereas percentages in H1975 and A375M
cells further increased at 48 h (Fig. 4A right side). H1975 cells
stayed at a stable proportion of 80% CD80-positive cells at 72 h,
while A375M cells decreased at 72 h (Fig. 4A right side). The
cellular expression levels of CD80 showed the same kinetics as
the percentage of CD80-positive cells for all tumor cell lines
(Fig. 4B right side). Of note, the suspension cell line WaGa
showed in this experiment a very low proportion of CD80-
positive cells and MFI also at later time points.

We concluded from this data, that the pBAE-based NPs
are a feasible tool to transiently express CD80 on adherent
tumor cells.

Nanoparticles induce sufficient CD80 expression in tumor cells
to prime and expand T cells

Finally, we examined, whether the pBAE-NPs that contained
CD80-encoding mRNA could indeed render tumor cells capable
of priming and expanding naive CD8" T cells recognizing an
endogenously expressed tumor antigen. Therefore, we con-
ducted a stimulation experiment with Mel526 cells that endo-
genously express MelanA together with CD8" T cells and again
made use of the fact that MelanA-specific T cells are in general
naive in healthy donors. NPs were added to the tumor cells at
day 0, day 6, day 8, and day 10. At day 14, the priming and
expansion of the MelanA-specific CD8" T cells was measured by
HLA-multimer staining followed by flow cytometric analysis.
Cultures treated with GFP mRNA-loaded NPs, tumor cells

Nanoscale Horiz.

without any treatment, and T cells without tumor cells served
as controls. The GFP mRNA-loaded NPs were included to
distinguish any immune stimulatory effects of the NPs apart
from the expression of CD80, as they are similar in chemical
composition, but only encode an inert protein.

The tumor cells transfected with CD80 NPs significantly
induced MelanA-specific priming of CD8" T cells with 1.4%
MelanA-specific T cells in average, compared to tumor cells
without treatment that induced only a very weak T-cell expan-
sion with 0.29% MelanA-specific T cells in average (Fig. 5A).
GFP NPs did not significantly enhance T cell priming with
0.39% MelanA-specific T cells, confirming that the priming
effect is specific for CD80 and is not induced by the transfection
with pBAE NPs themselves (Fig. 5A). In parallel to this experi-
ment, the cytotoxicity of the CD80 NPs and GFP NPs on tumor
cells was determined over a time course of 72 h. The NPs did
not induce tumor cell death (Fig. S6).

Again, the CD45RA/CCR?7 staining of the MelanA-specific
T cells indicated a strong shift of naive T cells towards effector
T cells upon stimulation with CD80-transfected tumor cells for
all five donors (Fig. 5B and Fig. S6). In all repetitions of the
experiment, the strongest increase was observed for CD45RA/
CCR7 double-negative T cells, indicating an effector memory
phenotype. For donor A, C, D, and F, a clear increase in
CD45RA™, CCR7" T cells (central memory), as well as a small
increase in CD45RA’, CCR7™ T cells (Iytic effector) was
observed with the CD80-transfected tumor cells (Fig. 5B).
For Donor B, a strong increase in CD45RA", CCR7™ T cells
was observed with the tumor cells transfected with CD80. The

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nh00667h

Open Access Article. Published on 01 April 2026. Downloaded on 4/27/2026 9:11:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Horizons

View Article Online

Communication

A B Donor A O Donor B A
2.0 2.0
2
ns £ 1.5 1.5 =3 T naive
— 2 £ T central memory
>k 8 1.0 1.0 T off
.20 — - = T effector memory
i A S 0.54 = T lytic effectors
£ o) G O 0.5 H
0
3 1.5 o v% 0.0 E E — 0.0 ﬁ o |
3] —_— < 00 .0
[ [] <
2 ]
£ 1.04 ° Donor C Donor D © Donor F A
= 1.0 2
8 w5 157 0.5 2.0
[ A ®
< 0.5 u ] 0.4 ]
ks 08 . ¢ o 2 10 8
% A.o.n [e] n _g . 0.34
o 7] 1.0+
0.0 ._# % 0.2
Mel526 +  +  + - 8 % H 0.5
NPCD80 -  + - - H 0.1
NPGFP - - 4+ - 00 A ., Bllmm 0ol 1 B -
Mel526 + + + - + + + - + + o+ -
NPCD8O - + - - -+ - - -+ - -
NPGFP - - + - - -+ - - -+ -

Fig. 5 Priming assay with nanoparticle treated tumor cells. Per condition, 106 CD8* T cells of HLA-A*02:01 donors were co-cultured with 10° Mel526
cells either untreated (—), treated with CD80 RNA-encapsulating nanoparticles (NP CD80) or GFP mRNA-encapsulating nanoparticles (NP GFP). NPs
were added at day 0, day 6, day 8, and day 10 to the co-culture. T cells without tumor cells served as control. At day 14 of the co-incubation, the cells
were harvested and a MelanA MHC-tetramer staining, as well as an antibody staining for CD8, CCR7, and CD45RA was conducted. (A) Depicted is
the percentage of MelanA-specific T cells in the different Mel526 conditions described above for 5 donors. Statistical analysis was performed with a
paired t-test, ** = p < 0.01, ns = not significant. (B) Depicted are the subpopulations of MelanA-specific T cells in relation to the actual percentage of
MelanA-specific T cells for each donor separately. T-cell subtypes are divided into naive T cells (CD45RA/CCRY7 double-positive), central memory T cells
(CD45RA~, CCR7Y), effector memory T cells (CD45RA/CCR7 double-negative) and lytic effector T cells (CD45%, CCR77).

GFP NPs induced in Donor B and C a small increase of effector
T cells.

These results show that mRNA-based transfection of tumor
cells with pBAE NPs enables them to efficiently prime naive
CD8" T cells, specific for an endogenous tumor-antigen.

CD80 expression on tumor cells during priming endows T cells
with the capacity to lyse tumor cells

In a therapeutic setting, the intended function of the primed
T cells would be the lysis of the tumor cells; both CD80-
transfected, and CD80-negative. To determine whether priming
with CD80-expressing tumor cells confers enhanced cytolytic
function to T cells, we performed a chromium-based cytotoxicity
assay. Therefore, Mel526 cells, either expressing CD80 or not,
were labeled with chromium and co-cultured with T cells har-
vested on day 14 of stimulation with the tumor cells, either
electroporated with CD80 RNA, or transfected with NPs contain-
ing CD80 or GFP RNA, or left untreated. The tumor cells and the
T cells (effectors) were co-cultured at tumor-to-effector (T:E)
ratios of 1:60, 1:20, 1:6 and 1:2. After 4 h, released chromium
levels in the supernatant were subsequently measured (Fig. 6A).

The results show that only the T cells primed with tumor
cells expressing CD80, either delivered via EP or NP, were able
to lyse Mel526 cells. Remarkably, these T cells demonstrated
cytolytic activity against both CD80-expressing and untreated
Mel526 with similar efficiency (Fig. 6A). No tumor cell lysis was
observed at any T:E ratio when T cells had before been
stimulated with untreated Mel526 or Mel526 treated with
GFP-encapsulating NPs.

This journal is © The Royal Society of Chemistry 2026

These results demonstrate not only that priming of T cells
with CD80-expressing tumor cells provided a cytolytic capability
against the exact cell type they were stimulated with, but
also that tumor cells without CD80 are targeted by the CD80-
primed T cells, allowing also the eradication of untransfected
tumor cells.

T cells primed with CD80 expressing tumor cells express less
checkpoint inhibitors

Tumor cells can induce the expression of checkpoint receptors
on T cells upon stimulation. To address this issue, we evaluated
the expression of the checkpoint molecules PD-1 and CTLA-4
on the MelanA-specific T cells. We harvested the T cells on
day 14 after stimulation and performed MelanA tetramer
staining along with antibody staining for PD-1 and CTLA-4
for flow cytometric analysis (Fig. 6B). Our results demonstrate
that MelanA-specific T cells primed with CD80-expressing
tumor cells exhibited significantly lower levels of PD-1 and
CTLA-4 compared to those primed with untreated or GFP-
transfected tumor cells (Fig. 6B). After priming with untreated
Mel526, 30-90% of the MelanA-specific T cells expressed PD-1.
Similar levels were observed when tumor cells had been treated
with GFP NPs, resulting in 20-80% PD-1 expression. In con-
trast, electroporation with CD80 RNA reduced PD-1 expression
to 2-20% by MelanA-specific T cells. Similarly, CD80 nanopar-
ticle treatment led to a reduction of PD-1 expression, with an
average of approximately 20%. A similar expression pattern was
observed for CTLA-4. After priming with untreated Mel526 cells
or GFP-treated Mel526 cells an average of 34% or 29% of
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Fig. 6 Cytotoxic potential and checkpoint expression of primed T cells. Per condition, 10° CD8" T cells of HLA-A*02:01 donors were co-cultured with
10° Mel526 cells either untreated (Mel526 only), electroporated with CD80 RNA (EP CD80), treated with CD80 RNA-encapsulating nanoparticles (CD80
NP) or GFP mRNA-encapsulating nanoparticles (GFP NP). NPs were added at day 0, day 6, day 8, and day 10 to the co-culture. T cells without tumor cells
served as control. At day 14 of the co-incubation, the cells were harvested and analyzed for their cytotoxic potential and expression of immune
checkpoints. (A) In a chromium-based cytotoxicity release assay, the primed T cells (Mel526 only, EP CD80, GFP NP, CD80 NP) as effector cells were
incubated with Cr51-labelled Mel526 that were either untreated or electroporated with CD80 RNA at decreasing tumor-to-effector cell ratio of 1: 60,
1:20,1:6 and 1: 2. After 4 h, the released Cr51 in the supernatant indicated the lysis of the tumor cells. Here, the relative lysis in % is depicted for three
individual experiments. (B) The primed T cells were also stained with a MelanA MHC-tetramer staining and antibodies for PD-1 and CTLA-4 to determine
the immune checkpoint expression on the antigen-specific T cells. The number of MelanA+ T cells expressing PD-1 or CTLA-4 are displayed for six

individual donors. Statistical analysis was performed with a paired t-test, ** = p < 0.01, * = p < 0.05, ns = not significant.

MelanA-specific T cells expressed CTLA-4, respectively. In con-
trast, CD80 electroporation of the tumor cells reduced CTLA-4
expression to nearly undetectable levels in all six donors. Like-
wise, CD80 nanoparticle treatment showed a similar effect,
resulting in an average of approximately 5% CTLA-4 expression
in MelanA-specific T cells. (Fig. 6B).

These results indicate that the functional differences
observed earlier in the cytolytic activity of the CD80-primed
T cells can be expanded to the expression of checkpoint
molecules. Priming of T cells with CD80-expressing tumor
cells induced a functionally more active T-cell phenotype
indicated by a low expression of inhibitory checkpoint
molecules.

Transfection of Mel526 tumor spheroids in vitro and in ovo

Since we observed that tumoral CD80 expression would be
beneficial, we next assessed whether the pBAE NPs also could
efficiently transfect Mel526 tumor spheroids, which resemble
tumors in a 3D setting. To this end, tumor spheroids were
generated and transfected with GFP mRNA pBAE nanoparticles
for different time periods (24 h, 48 h, and 72 h). After transfec-
tion, spheroids were either directly analyzed by fluorescence
microscopy or dissociated into single-cell suspensions for flow
cytometric analysis. We observed penetration and transfection
with GFP by fluorescence microscopy (Fig. 7A). The quantitative
analysis by flow cytometry further demonstrated efficient

Nanoscale Horiz.

transfection of tumor spheroids and the expression remained
stable over 72 hours for GFP and CD80 (Fig. 7B). Interestingly,
GFP and CD80 expression exhibited different kinetics. GFP
expression was initially low but increased over time, whereas
CD80 expression was high at early time points and decreased
over time. Nevertheless, these results demonstrate that tumor
spheroids can also be successfully transfected to express the
surface molecule CD80.

Safety and biodistribution of pBAE NPs in general have
already been demonstrated in mice previously.** To further
confirm the transfection efficacy of these pBAE NPs in human
tumor cells we utilized an in ovo tumor model by implanting
Mel526 tumor spheroids into the chorioallantoic membrane of
fertilized chicken eggs. After five days of growth the spheroids
were vascularized (Fig. S8). The tumors were treated with GFP
mRNA-loaded pBAE nanoparticles for 32 hours, while control
spheroids remained untreated. The tumors were then excised
and directly analyzed by fluorescence microscopy. The results
demonstrate that pBAE nanoparticles can transfect vascular-
ized Mel526 tumor spheroids in ovo (Fig. 7C).

This proof-of-principle opens the avenue to bring CD80-
based therapies to clinical application, where a tumor might
be repetitively inoculated with the CD80-encapsulating NPs.
The tumor cells induce involuntarily a robust and specific T-cell
activation thus turning themselves into a therapeutic anti-
tumor vaccine.

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Transfection of Mel526 tumor spheroids in vitro and in ovo. (A) Mel526 tumor spheroids were transfected with GFP nanoparticles (NPs). Images
were acquired 24 h post-transfection and non-transfected spheroids served as negative control. (B) Time course of transfection efficiency in Mel526
tumor spheroids treated with GFP mRNA pBAE NPs or CD80 mRNA pBAE NPs for 24, 48, and 72 h. Following treatment with mRNA NPs for the indicated
time points, single-cell suspensions were generated by dissociated the spheroids using PBS-EDTA. Cells were subsequently analyzed for CD80 and GFP
expression by flow cytometry. Spheroids incubated for similar time periods without NPs served as controls. The experiment was performed three
independent times with 2—-3 technical replicates each. Statistical analysis was performed with an unpaired t-test, **** = p < 0.0001. (C) Mel526 tumor
spheroids transplanted onto the CAM and transfected with GFP NPs in ovo. Spheroids were grafted onto the chorioallantoic membrane and allowed to
grow for 5 days before nanoparticle treatment; control tumors remained untreated. After 32 h, tumors were excised and imaged immediately by
fluorescence microscopy. Top left: untreated tumor spheroid (brightfield). Top right: untreated tumor spheroid (GFP channel). Bottom left: GFP mRNA
NP-treated tumor spheroid (brightfield). Bottom right: GFP mRNA NP-treated tumor spheroid (GFP channel).

Discussion again in an enhanced capacity to prime and expand naive
T cells, capable of lysing parental tumor cells. Moreover, T cells
primed with CD80-expressing tumor cells displayed reduced
levels of checkpoint inhibitors compared to those primed in
absence of CD80.

Stimulation assays with TCR-transfected T cells showed that
the tumor-intrinsic expression of the respective antigens was

enough to observe this effect, and exogenous peptide loading

In this study, we show that equipping tumor cells with CD80
increases their ability to stimulate CD8" T cells in an antigen-
specific manner. Especially the tumor cells’ capacity to prime
and expand naive T cells was clearly enhanced. This demon-
strates the potency of CD80 expression in tumor immunother-
apy. To allow for in vivo transfection with CD80, we showed that

PBAE-NPs containing CD80-encoding mRNA are capable of
transfecting tumor cells and equip them with CD80, resulting

This journal is © The Royal Society of Chemistry 2026

only marginally increased T-cell activation. Only when the
target cell lines did not express the antigen, exogenous peptide
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loading was required. However, the use of bulk CD8" T cells in
our in vitro experiments may underestimate the effect of CD80,
because these T cells represent a mixture of different T-cell
subtypes, including many which cannot respond to CD80
because they do not express CD28. In fact, expression of
CD28 is restricted to naive T cells®*®® and parts of the memory
compartment, where its expression is gradually lost.** Never-
theless, the expression of the pro-inflammatory cytokines IL-2,
TNF, and IFNy was highly dependent on the presence of CD80.
The immunodominant HLA-A*02:01-restricted epitope from
the melanoma antigen MelanA has the extraordinary feature
to be recognized by a high number of naive T cells in healthy
donors.® This allows to analyze the efficiency of APCs to prime
and expand naive T cells. In respective priming experiments,
the naive T cells that were exposed to CD80-expressing tumor
cells were indeed effectively activated. These antigen-specific
naive T cells strongly proliferated to numbers which are within
the same range or even higher than those observed in stimula-
tion experiments with dendritic cells, intended for the use in
tumor vaccination trials.**° The expanded T cells differen-
tiated towards a memory and effector phenotype only upon
receiving the CD28-activating signal. This emphasizes the
potential of a CD80-based therapeutic approach to induce an
efficient differentiation of the patient’s reservoir of naive T cells
into tumor-specific T cells expressing a memory marker profile
and capable of lysing tumor cells.

The intended application of this strategy in vivo depends on
a successful delivery of CD80 mRNA to the tumor cells to
activate anti-tumor T cells specifically. Using a biocompatible
and biodegradable non-viral delivery system could be advanta-
geous in terms of safety, if efficient. In this context, and as
demonstrated previously, pBAE NPs accomplish these required
attributes. Thus, a possible mode of delivery could be a
transfection with pBAE NPs that contain CD80 mRNA. When
comparing the transfection with GFP-RNA using these NPs or
electroporation, the transfection rate was slightly lower with
NPs than with electroporation and the amount of protein per
cell was higher compared to electroporation for most cell types.
In contrast to that, the percentage of positive cells and the
intensity of expression for CD80 was considerably lower than
with GFP. The NPs of CD80 and GFP were equal in quality
control measurements (size and PDI), so we assume that the
transfection itself works equally well for both. However, the
differences of mRNA expression might be caused by the different
kinetics of the transfection. The electroporation allows entry of a
large amount of mRNA in a period of time in millisecond range,
while the uptake of the NPs can protract over the whole incubation
time (here 24 h). While the GFP mRNA is a very stable protein in
the cytosol, CD80 needs to be shuttled to the surface of the cell and
may underlie intracellular degradation mechanisms, preventing its
accumulation. In general, the NPs show sustained transfection
kinetics, as compared to electroporation and offer the advantage of
a therapeutic tool that is able to exert an effect over several days
after in vivo administration. Nevertheless, the question remained
whether the expression levels of CD80 were enough to trigger the
intended effect.
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The potential of using pBAE NPs as a therapeutic strategy to
deliver CD80 mRNA to tumor was demonstrated in the stimula-
tion of T cells with NP-transfected tumor cells. The mRNA
amount shuttled by the pBAE NPs as well as the transfection
rate was indeed sufficient to prime naive T cells. The transfec-
tion of the pBAE polymers itself did not alter the tumor cells in
a way that they appear more immunogenic, since GFP mRNA
encapsulating NPs did not enhance the priming of T cells.
Accordingly, the pBAE polymers were confirmed as safe and
immune-inert. Therefore, our study shows that a NP-mediated
delivery of CD80 mRNA to tumor cells is a suitable therapeutic
strategy to activate T cells tumor-specifically and to induce a
differentiation of naive T cells towards effector T cells and lytic
T cells. Repetitive applications of the NPs may even further
increase the number of tumor-specific T cells, as long as there
are tumor cells left. Notably, the measured T-cell reactivity was
only analyzed for the one model epitope from the antigen
MelanA, which represents only a very small fraction of the
whole ligandome of tumor cells. This implies that T cells could
react towards multiple antigens simultaneously in patients and
the co-expression of CD80 on the tumor cells could facilitate a
more potent T-cell activation for all of these antigens creating a
multi-faceted anti-tumor immune response. The advantage
here would be that all relevant tumor-associated antigens,
i.e., those efficiently presented by the tumor cells, become
vaccination antigens, thus possibly inducing a broad and
relevant anti-tumor reaction. Additionally, more than one of
these antigens can be co-encapsulated together in a single
PBAE NP formulation, making the therapeutic strategy robust,
versatile and clinically feasible.

Even though we could show the benefit of CD80 expression
in cell culture models, the benefit of CD80-expression in real
tumors in vivo is a controversial topic. While a large body of
research indicates a clear benefit of CD80-expression within
tumors and on tumor cells, others observed that some tumors
benefit from CD80 expression (reviewed by Li et al.®°). As solid
tumors are usually not of hematopoietic origin, one would not
expect endogenous CD80 expression on the tumor cells, how-
ever infiltrating immune cells may express CD80 at high levels.
This must be kept in mind, when expression levels are deter-
mined by bulk RNA sequencing. Immune histology showed
CD80 expression on the tumor cells in renal cancer®” and
melanoma®® but expression levels did not correlate with clinical
outcome. In contrast, in nasopharyngeal carcinoma,*® gastric
adenocarcinoma,’® and thymic epithelial tumors,”* expression
on the tumor cells was clearly correlated with a better outcome
and with beneficial tumor features such as T-cell infiltration
and immune activity. Work relying only on RNA sequencing
data from large cohorts of patients also showed a clear association
with better outcome and survival for lung adenocarcinoma.””
In breast cancer, CD80 expression on bulk RNA level was
associated with immune infiltration and inflammation, but
thus also correlated with immune checkpoint expression.”®
In pancreatic ductal adenocarcinoma, CD80 was clearly
co-expressed with immune checkpoint markers in high-risk
patients.”* These conflicting results may be associated with

This journal is © The Royal Society of Chemistry 2026
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CD80 expression levels. Low level expression seems to help
tumors escape immune responses in contrast to the complete
absence of expression, while high levels of CD80 seem to be
associated with better immune-related tumor rejection. Tirapu
et al. showed that the expression of CD80 at low levels could act
as immune escape mechanism in a murine colon cancer
model.”®> Marchiori et al. showed in contrast that knockdown
of CD80 increased tumor development of colorectal cancer in
mice.”® Ikeda et al. showed that high CD80 expression not
only correlated with better survival and T-cell infiltration in
thymic epithelial tumor patients, but also showed that CD80-
transgenic tumor cells improved the response to immune
checkpoint blockade in mice and induced formation of an
effective anti-tumor T-cell response much in line with our
observations.”' However, specific tumors may gain other
aggressive features from CD80-mediated inflammation. For
example, Kang et al. showed that CD80 drives migration and
epithelial-mesenchymal transition, traits clearly associated
with poor outcome. In summary, high CD80 expression
on tumor cells usually mediates better outcome by improving
T-cell infiltration and formation of anti-tumor immune
responses, but low level of CD80 or special characteristics of
certain tumor entities may result in worsening of the clinical
outcome.

In our study, none of the CD80-transfected human tumor
cell lines endogenously expressed CD80 shown by antibody
staining and we confirmed that the induction of a high expres-
sion of CD80 by tumor cells enhanced anti-tumoral immune
responses.

In a seminal publication, Habeeth et al. showed the feasi-
bility of in vivo transfection with CD80 in the murine system.
They employed charge-altering releasable transporters (CART)
functionalized with difluoroboron-beta-diketonate fluorophore
(BDK).”” This BDK-CART-mRNA delivery platform was utilized
to deliver immunomodulatory molecules - including CD70,
OX40L, CD80, CD86, IL-12, and IFNY - in various combinations.
Using a two-tumor model, they demonstrated that local admin-
istration of mRNA coding these immunomodulatory molecules
can induce a systemic immune response capable of eradicating
both the treated (local) tumor and untreated (distal) tumors.
The observed abscopal effect is attributed to the migration of
locally activated immune cells from the tumor site to the lymph
nodes. Nonetheless, the study primarily focused on tumor
growth monitoring. Although one T cell and one NK cell
activation marker as well as cytokine concentrations within
the TME were evaluated, the mechanistic basis of the observed
effects remained largely unaddressed. By contrast, using a
human model, we show the direct impact of CD80 expression
of tumor cells on the functionality of CD8" T cells and offer a
mechanistic rationale for the therapeutic efficacy observed.

Importantly, when it comes to CD80 co-stimulation a valid
concern is its binding to the checkpoint molecule CTLA-4
(cytotoxic T-lymphocyte-associated Protein 4). CTLA-4 is only
expressed on activated T cells and functions as inhibitory
molecule to attenuate T-cell responses.”®’® The intracellular
signaling of CTLA-4 induces inhibition of TCR/CD3,*® NF-xB

This journal is © The Royal Society of Chemistry 2026
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and AP-1 signaling,®™®* as well as IL-2 production.®® Further-
more, CTLA-4 has a higher affinity to CD80 than CD28.
Therefore, it is assumed that CTLA-4/CD80 binding out-
competes CD80/CD28 binding which oppresses its activating
effects.®® Additionally, CTLA-4 can remove CD80 from the
expressing cell by trans-endocytosis.”®®® Tumor cells take
advantage of CTLA-4 signaling to inhibit T-cell activation which
paved the way for checkpoint inhibitor therapy.®® However, in
our experiments, we could not observe an inhibitory effect;
quite the opposite, CD80 stimulation highly induced T-cell
activity while maintaining low expression of both CTLA-4 and
PD-1 over a time period of 14 days. Although this was unex-
pected at first site, Zhao et al. provided compelling evidence
elucidating a possible underlying mechanism using complex
in vitro experiments.®” Specifically, the interaction of PD-L1 and
CDS80 in cis, that is, on the same cell, exerts distinct effects on
the signaling pathways of CD80, CD28, CTLA-4, PD-L1, and PD-
1. Firstly, PD-L1:CD80 interaction prevents PD-L1 from signal-
ing via PD-1: when CD80 was co-expressed with PD-L1 on the
same cell, PD-1 clustering on T cells was not observed, whereas
TCR clustering remains intact. In contrast, the PD-L1:CD80
heterodimer was fully capable of activating CD28 signaling.
Moreover, the authors were able to show that PD-L1:CD80 cis
interaction inhibited CD80:CTLA-4 interaction. This finding is
particularly notable because CTLA-4 and CD28 bind to the
same conserved motif of CD80, yet CD28 binding remained
unaffected. The underlaying explanation was that CD80:CTLA-4
interactions are largely driven by an avidity effect, requiring
clustering of CD80 molecules to engage clustered CTLA-4
molecules. However, interaction with PD-L1 in cis was shown
to prevent CD80 clustering. Overall, these findings indicate that
CD80 does not solely function as activating ligand via CD28
engagement; but in addition, the PD-L1:CD80 heterodimer
simultaneously neutralizes inhibitory signaling mediated by
both the PD-L1:PD-1 axis and CD80:CTLA-4 axis. This mecha-
nism is exploited through the artificial expression of CD80 in
combination with the endogenous expression of PD-L1 on
tumor cells (Fig. S3B). This, however, demands further investi-
gation, especially with PD-L1-negative tumor cells. Moreover,
we are aware of the fact that within the tumor microenviron-
ment, T cells face multiple inhibitory signals and might be
exhausted already. Hence, the combination of the CD80 vaccine
with checkpoint inhibitors might be a feasible option for
activating anti-tumoral T cells in cancer patients.

Conclusions

Although the CD80-based treatment idea has been proposed
decades ago and was pursued since then,>**>”” only recent
developments in in vivo delivery systems have opened up the
possibility for a safe delivery of CD80 mRNA to tumor cells.
Effective mRNA delivery remains a major technical barrier, only
successfully overcome by a few approaches, including lipid
nanoparticles (LNPs), charge-altering releasable transporters
(CARTs), and a few other systems. Additionally, it is worth
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remarking that although in the current article, no in vivo
experiments could be performed, our previous studies vali-
dated the transference of pBAE NPs results from in vitro to
in vivo. These NPs could even be administered intra-tumorally
and induce effective anti-tumor immune responses right at the
location of action. This proof-of-concept study shows that the
exploration of the combination of relatively old ideas with
new technologies enables new therapeutic strategies to find
new off-the-shelf treatment options that are effective, afford-
able, and safe.
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