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Background: Immune checkpoint blockade (ICB) is rapidly becoming a standard
of care in the treatment of many cancer types. However, the subset of patients
who respond to this type of therapy is limited. Another way to promote antitumoral
immunity is the use of immunostimulatory molecules, such as cytokines or T cell
co-stimulators. The systemic administration of immunotherapeutics leads to
significant immune-related adverse events (irAEs), therefore, the localized
antitumoral action is needed. One way to achieve this is intratumoral non-viral
gene-immune therapy, which allows for prolonged and localized gene expression,
and multiple drug administration. In this study, we combined the previously
described non-viral gene delivery system, PEG-PEI-TAT copolymer, PPT, with
murine OX40L-encoding plasmid DNA.

Methods: The resulting OX40L/PPT nanoparticles were characterized via gel
mobility assay, dynamic light scattering analysis and in vitro transfection
efficiency evaluation. The antitumoral efficacy of intratumorally (i.t.)
administered nanoparticles was estimated using subcutaneously (s.c.)
implanted CT26 (colon cancer), B16FO (melanoma) and 4T1 (breast cancer)
tumor models. The dynamics of stromal immune cell populations was
analyzed using flow cytometry. Weight loss and cachexia were used as irAE
indicators. The effect of combination of i.t. OX40L/PPT with intraperitoneal PD-1
ICB was estimated in s.c. CT26 tumor model.

Results: The obtained OX40L/PPT nanoparticles had properties applicable for
cell transfection and provided OX40L protein expression in vitro in all three
investigated cancer models. We observed that OX40L/PPT treatment
successfully inhibited tumor growth in B16F0 and CT26 tumor models and
showed a tendency to inhibit 4T1 tumor growth. In B16F0 tumor model,
OX40L/PPT treatment led to the increase in antitumoral effector NK and T
killer cells and to the decrease in pro-tumoral myeloid cells populations within
tumor stroma. No irAE signs were observed in all 3 tumor models, which
indicates good treatment tolerability in mice. Combining OX40L/PPT with PD-
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1 ICB significantly improved treatment efficacy in the CT26 subcutaneous colon
cancer model, providing protective immunity against CT26 colon cancer cells.

Conclusion: Overall, the anti-tumor efficacy observed with OX40L non-viral
gene therapy, whether administered alone or in combination with ICB, highlights
its potential to revolutionize cancer gene therapy, thus paving the way for
unprecedented advancements in the cancer therapy field.

KEYWORDS

gene-immune therapy, OX40L, non-viral gene therapy, gene therapy, cancer,
polyplexes, OX40 agonist

1 Introduction

Immune checkpoint blockade (ICB) has dramatically changed
the clinical paradigm of cancer treatment (1). The currently approved
(2) systemically administered checkpoint inhibitors have improved
metastatic disease survival by targeting the T cell co-inhibitory
pathways of CTLA-4 (cytotoxic T-lymphocyte associated protein 4;
ipilimumab (3, 4) tremelimumab (5, 6)), PD-1/PD-L1 (programmed
cell death protein 1/programmed death-ligand 1; nivolumab,
pembrolizumab, cemiplimab, atezolizumab, avelumab, durvalumab
(4), dostarlimab (7)) and LAG-3 (lymphocyte-activation gene 3;
relatlimab (8)). Besides, therapies targeting other immune
checkpoints are currently developed (extensively reviewed by
Marin-Acevedo et al. (4) and Meybodi et al. (9)). The currently
approved antibodies have provided durable responses in some patient
cohorts, but many tumors are ICB-resistant. The ability of different
tumors to respond to ICB in the case of anti-PD-1/PD-L1 checkpoint
immunotherapy is largely determined by the inflammatory state of
the tumor microenvironment (10) — while more-inflamed “hot”
tumors respond strongly, even in advanced cases, the less-inflamed
“cold” tumors respond poorly, or do not respond at all (11). One of
the approaches to increase ICB efficiency is to attempt to “heat up”
the “cold” tumors via combining ICB with immunostimulation. Such
immunostimulation can be achieved, in example, using
immunostimulatory cytokines (12, 13) and T cell co-stimulator
ligands (14, 15). One of the well-known T cell co-stimulators,
which is currently actively targeted in various preclinical and
clinical trials, is OX40. The targeting strategies vary from using
systemically injected OX40 agonists (i.e., anti-OX40 monoclonal
antibodies) to intratumorally injected gene therapies, i.e., lipid
nanoparticle-encapsulated OX40 ligand (OX40L)-encoding mRNA
or OX40L-expressing oncolytic adenoviruses (15). While being more
convenient, the systemically administered therapies have several
significant disadvantages, including the production cost, the off-
target effects and systemic toxicity leading to immune-related
adverse events (16) and, in some cases, therapy discontinuation
(17). In turn, the locally-administered gene therapies may
lack thereof.
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Gene therapy approaches can be divided into viral and non-
viral, based on the genetic material carrier. Whereas viral
approaches are most commonly used due to efficient cell
transduction and subsequent protein production, the use of viral-
based therapeutics can be limited by immunogenicity, cytotoxicity,
potential carcinogenicity and production cost (18, 19). Therefore,
the non-viral gene therapy approaches are being actively developed.

We have previously reported data on the antitumor efficacy of
nonviral PPT gene delivery system carrying plasmid DNA. The
plasmid DNA encoded a suicide gene, herpes virus thymidine
kinase, and a granulocyte-macrophage colony stimulating factor
(20). This system has proven itself effective and safe in preclinical
studies, and is currently undergoing Phase I clinical investigation,
NCT05578820 (21).

We supposed that combination of the PPT gene delivery system
with OX40L-encoding plasmid DNA will provide substantial
antitumor effect without causing serious adverse events. In this
study, we combined the previously described gene delivery system
with OX40L-encoding plasmid DNA, characterized the resulting
OX40L/PPT nanoparticles and evaluated their efficiency in several
in vivo murine tumor models. We also investigated the effect of
OX40L/PPT combination with anti-PD-1 ICB.

2 Materials and methods

2.1 Materials

Plasmid DNA encoding murine OX40L was previously
obtained (22). The cationic copolymer PPT was obtained as
described previously (23) using PEI (cat. no. 23966, Polysciences,
Warrington, PA), PEG (cat. no. 10314, Quanta BioDesign, Powell,
OH) and TAT peptide (GRKKKRRQRC, synthesized by
RusBiolink, Moscow, Russia). DMEM/F12 (cat. no. A4192001),
RPMI-1640 (cat. no. A4192301), Fetal Bovine Serum (FBS, cat.
no. A5256701), Antibiotic-Antimycotic (100x, cat. no. 15240062),
Trypsin-EDTA (cat. no. 25300054), TripLETM Express Enzyme (cat.
no. 12605028), and Opti-MEM (cat. no. 31985070) were obtained

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1410564
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Rakitina et al.

from Gibco (Carlsbad, CA, USA); Trypan Blue Stain (0.4%, cat. no.
T10282), and Lipofectamine® 2000 (cat. no. 11668500) were
obtained from Invitrogen, USA. All the oligonucleotide primers
were synthesized by Evrogen (Moscow, Russia). All other chemical
reagents were obtained commercially as reagent grade products.

2.2 Cell lines

We used the following cell lines: BI6FO murine melanoma
(obtained from ATCC, CRL—6322TM), CT26gfp murine
undifferentiated colon carcinoma, that is, CT26.WT, ATCC®
CRL-2638"™ modified for stable expression of EGFP, which was
kindly provided by E.O. Serebrovskaya (24). The 4T1 murine breast
cancer (obtained from ATCC, CRL-2539). B16F0 cell line was
cultured in DMEM/F12 medium (1:1) supplemented with 10%
FBS and antibiotic-antimycotic solution in a 5% CO, incubator at
37°C under 95% humidity. CT26gfp and 4T1 cell lines were
cultured in RPMI-1640 medium supplemented with 12.5% FBS
and antibiotic-antimycotic solution in a 5% CO, incubator at 37°C
under 95% humidity. All the cell lines were subcultured every 3-4
days using trypsin-EDTA. When necessary, the cells were collected
with trypsin-EDTA, stained with trypan blue stain, and counted
using the Countess II FL Automated Cell Counter (Invitrogen).

2.3 Polyplex preparation
and characterization

The PPT/pDNA complexes were prepared as described
previously (23) in HEPES-glucose buffer (5% glucose, 5MM
HEPES, pH 7,5). Briefly, PPT solution in borate buffer (0.1 M
borate, pH 7.5) was vigorously mixed with 1 volume of 4x HEPES-
glucose buffer and 2 volumes of 2x plasmid DNA solution (water,
160 ng/uL pDNA) and incubated for 40 min at room temperature
(RT, 18-25°C) before use. The resulting solutions had N/P ratio 0.5,
1, 5, 10, 20 or 30 depending on the initial PPT solution
concentration. For in vitro transfection efficiency and in vivo
studies, the N/P=30 was used, the resulting solution contained
12,5mkM PPT, 80 ng/uL plasmid DNA. The PEG/PEI ratio was
optimized according to Ulasov et al. (23)

The plasmid DNA charge neutralization was evaluated with
agarose gel mobility assay. The PPT/pDNA complexes were
prepared using murine OX40L-encoding pDNA (22) at N/P ratios
0.5, 1, 5, 10, 20 and 30 as described above. As a control, PPT-free
borate buffer was used instead of PPT solution (N/P=0). The resulting
complexes were subjected to agarose gel electrophoresis (1% agarose).

The particle size of the resulting complexes was measured by
dynamic light scattering using a Brookhaven 90plus particle size
analyzer (Brookhaven Instruments, Holtsville, NY, USA).
Measurements were performed in a plastic cuvette at 25°C in ten
runs of 20 s duration each and analyzed in MSD (multimodal size
distribution) analysis using 90Plus Particle sizing software. Zeta
potential of the particles was measured by electrophoretic light
scattering using a Brookhaven 90plus particle size analyzer with the
BI-PALS module (Brookhaven Instruments, Holtsville, NY, USA) in
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the same conditions and calculated using PALS Zeta Potential Analyzer
software (Ver, 5.78, Brookhaven Instruments, Holtsville, NY, USA).

2.4 In vitro evaluation of
transfection efficiency

The transfection efficiency was evaluated using flow cytometry.
For that, CT26gfp, BI6F0 and 4T1 cells were plated in 6-well plates (5
x 1015 cells/well) in full media and incubated in a 5% CO, incubator
at 37°C for 24 h. The next day, when the cells reached 40-60%
confluence, the transfection complexes containing 12,5 mkM PPT, 80
ng/uL pDNA (N/P=30) were prepared as described above. After the
preparation, the complexes were added into fresh full media (2 ug
PDNA per well) and the old growth media in the 6-well plates was
replaced with the resulting transfection mixture. Transfection with
Lipofectamine® 2000 according to manufacturer’s protocol was used
as a positive control (2 ug pDNA per well). Transfection with pDNA
alone (2 ug per well) was used as a negative control. The cells were
incubated with transfection mixtures for 48 h and processed for
further staining. Briefly, the cells were washed with 1 mL PBS,
detached from plastic with 0,5 mL TripLETM Express Enzyme,
pelleted at 500 rcf, + 4°C for 7 min and resuspended in 25 uL
FACS-buffer (2 mM EDTA in PBS). The resulting suspension was
counted and stained with PE-conjugated anti-OX40L antibody (cat.
no. ab95656, Abcam, Cambridge, MA, USA) or isotypical control
antibodies (ab136585, Abcam, Cambridge, MA, USA) for 30 min on
ice in the dark. After the staining, the cells were washed with FACS
buffer 2 times and used for flow cytometric analysis. Cell suspensions
were analyzed using BD FACSAria " III (BD Biosciences, Franklin
Lakes, NJ, USA). Twenty thousand events were collected for each
sample. The acquired data were analyzed using the Flowing Software
2.5.1. (Mr. Perttu Terho, Turku Centre for Biotechnology, Turku,
Finland). The debris and dead cells were excluded based on forward
scatter and side scatter coordinates. Fluorescence intensity
histograms for all the analyzed samples in PE channel (Aexcitation
= 561 nm, detection at 582/15 nm) were acquired.

2.5 Mice and animal studies

Female Balb/C (for CT26gfp and 4T1 cell lines) and C57BL/6
(for B16FO cell line) mice were supplied from the Laboratory of
Animal Breeding Facility (Branch of Shemyakin-Ovchinnikov
Institute of Bioorganic Chemistry, Puschino, Moscow Region,
Russia) and maintained in the animal facility of the IBCH RAS
(Moscow, Russia). Animals had access to food and water ad libitum.

All the investigated tumor models were subcutaneously
implanted to the corresponding mice strain. Briefly, cells were
harvested via trypsinization, washed with PBS, and 1 x 1015 (for
CT26gfp cell line) or 5 x 105 (for B16F0, 4T1 cell lines) viable cells
were injected s.c. into the right flank of the mice using a 1 ml insulin
syringe. The antitumor efficacy of the treatment was estimated
through tumor size measurement and animal survival monitoring.
The tumor volume was used as a measure of tumor size, it was
estimated according to the following equation: Tumor volume =
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tumor width x tumor length x tumor height x 0,52. Tumor width,
length and height were measured with a caliper.

The treatment was started when tumor size reached 20-60 mm3
(day 0), mice received OX40L/PPT, pDNA or PBS intratumorally, half
of the tumor volume (0,04 or 0,08 mcg/mm3 of tumor volume). The
intratumoral injection of the drug was repeated twice on days 2 and 6
after the treatment start in the case of CT26gfp and B16F0 tumor
models and on the days 2 and 4 in the case of 4T'1 tumor model due to
rapid tumor growth and generalization. Control group remained intact.
In the experiment with ICB, mice were given 200 mcg of anti-PD-1
antibody ip. (InVivoMAb anti-mouse PD-1 (CD279), Cat #BE0146,
BioXCell, US) or 200 mcg of isotype control IgG2a antibody i.p.
(InVivoMAD rat IgG2a isotype control, anti-trinitrophenol, Cat
#BE0089, BioXCell, US) four times once in four days.

To evaluate OX40 receptor expression in CT26gfp tumors, mice
were euthanized by cervical dislocation when the tumor size
reached 100 mm®. For immune cell population analysis by flow
cytometry, mice were euthanized by cervical dislocation, and the
tumors were harvested at predetermined time points (1 day prior to
treatment end, 4- and 7-days post-treatment). In all cases, excision
was carefully made to separate the tumor tissue from the
surrounding tissues.

Animals were euthanized when tumor size reached 2000 mm?®
or when they became moribund with severe weight loss, or any
other sign of critical condition.

All the animal experimental protocols were approved by the
Animal Committee at the IBCH RAS and performed in accordance
with all local guidelines and regulations.

2.6 Immune cell population analysis and
OX40 receptor staining

2.6.1 Tumor cell suspension preparation

Mouse tumor (100-200 mm3) was washed with PBS and placed into
5 ml of lysis solution (DMEM/F12 with 1% FCS, Antibiotic-Antimycotic
solution and 1 mg/ml Collagenase D from Clostridium histolyticum (cat.
no. 1088866001, Roche, Germany)) and chopped into 2-3 mm3 pieces

TABLE 1 Fluorescent antibodies used to identify immune cell populations.

10.3389/fimmu.2024.1410564

using scissors. The resulting pre-suspension was incubated at 37C in a
CO2 incubator for 2 hours, transferred into a 15 ml tube, and intensively
pipetted to obtain a homogeneous suspension.

The resulting suspension was filtered through a 40 um Cell
Strainer (cat. no. 93040, SPL LifeSciences) and centrifuged at 500 g
for 7 min at 4°C. The cell pellet was resuspended in 1 ml Red Blood
Cell Lysing Buffer Hybri-Max (cat. no. R7757, Sigma, United
Kingdom) and incubated for 1 min at room temperature (18-
25°C). Then, 14.5 ml of PBS were added to the cell suspension in
Hybri-Max buffer and the resulting suspension was centrifuged at
500 g for 7 min at 4°C. The cell pellet was resuspended in 3-5 ml of
PBS and the cell suspension was counted and stored on ice until
further antibody staining.

2.6.2 Tumor cell suspension staining

The tumor cell suspension was first incubated with blocking anti-
mouse CD16/CD32 antibodies (Mouse BD Fc BlockTM) for 10
minutes at room temperature in order to exclude non-specific cell
staining. After that, the suspension was divided into 1*1076 cell
aliquots and stained with corresponding antibody panel (for 30 min,
to identify immune cell populations) and DAPI (for 20 min, to
discriminate dead cells, Bio-Rad) on ice in the dark. All the panels
included conjugated antibodies against the pan-leukocyte marker
CD45. The T cell panel included antibodies against CD3, CD4 and
CD8, the NK cell panel - against CD3, CD11b, NK1.1 or CD49b
(depending on the tumor model) and the myeloid cell panel - against
F4/80, CD11b and CDllc. The panel for evaluation of the OX40
receptor, expression included antibodies against OX40 (cat. no.
350004, BioLegend, San Diego, CA, USA), CD3, and CD8. All the
specifics regarding antibodies, such as catalogue numbers, vendors
and dilutions, are listed in the Table 1. In addition, fluorescence
minus one (FMO) controls were prepared to accurately identify gates
with target cell populations. After the staining, cells were washed
twice with FACS buffer (PBS, 2mM EDTA, 4°C, 500g, 7 min) and
filtered through a 40 pum Cell Strainer. Cell population analysis was
performed using BD FACSAria III (BD Biosciences) and BD
FACSDiva (BD Biosciences) software. The parameters of the

Target Dye Dilution Vendor Catalogue number Antibody panel
CD45 PerCP/Cy5.5 1:50 BioLegend 103132 NK, T and myeloid
CD4 AlexaFluor488 1:50 BioLegend 100423 T

CD8a APC-Cy7 1:50 BioLegend 100713 T

CD3 APC 1:50 BioLegend 100236 NK, T

NKI1.1 PE 1:50 BioLegend 156504 NK

CD11b FITC 1:50 BioLegend 101217 NK, myeloid

CDllc APC-Cy7 1:50 BioLegend 117324 Myeloid

F4/80 PE 1:50 BioLegend 123110 Myeloid

CD49b FITC 1:50 BioLegend 108905 NK
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FACSAria III were first adjusted according to the sample staining and
FMO-controls. Twenty thousand events were collected for each
sample. The acquired data were analyzed using the Flowing
Software 2.5.1. (Mr. Perttu Terho, Turku Centre for Biotechnology,
Turku, Finland). The debris and dead cells were excluded based on
forward scatter, side scatter coordinates and DAPI staining.

2.7 Statistical analysis

In the case of immune cell population analysis, Student’s t-test
(two-sample assuming unequal variances) was used to compare the
number of corresponding cells between control and OX40L/PPT-
treated mice at each timepoint. Differences were considered
statistically significant at p (one-tail) < 0.05.

3 Results

3.1 The PEG-PEI-TAT copolymer
neutralizes the negative charge of plasmid
DNA and forms nano-sized complexes
with it

Here we combined the previously described gene delivery
system, PEG-PEI-TAT copolymer, PPT (23), with murine
OX40L-encoding plasmid DNA (22). We further characterized
the properties of OX40L/PPT complexes by performing DNA
neutralization assay and measurement of size and zeta potential
of the complexes. Since the negative charge of DNA prevents its free
entry through the cell membrane into cells, its charge neutralization
is crucial for effective gene delivery. We have previously shown the
ability of PPT to condense pDNA and neutralize its negative
charges at various N/P charge ratios. Here we confirmed the
ability of PPT to neutralize the negative charge of DNA
(Figure 1A). The effective diameter and polydispersity index of
OX40L/PPT complexes were determined for N/P = 30 (was
previously shown to be most effective in mice), and were 106.7
nm and 0.221, respectively, representing values applicable for cell
transfection. The zeta-potential of the complexes was close to 0,
which is consistent with the expected values, since PEG is used in
the composition of the nanoparticles to form the hydrophilic
corona around the PEI/DNA core, thereby providing close-to-
zero zeta-potential of the whole complexes (23).

3.2 OX40L/PPT complexes transfect
cancer cell lines of different origin
resulting in OX40L expression

In order to confirm that OX40L/PPT complexes are capable of
efficient cancer cell transfection, we have tested the in vitro
transfection efficiency of the complexes using three murine cancer
cell lines of different origin, CT26gfp (colon cancer), B16F0
(melanoma) and 4T1 (breast cancer). The cell lines were
transfected with murine OX40L-encoding plasmid DNA alone
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(pDNA) or in a complex with PPT (OX40L/PPT) in full media.
The transfection efficiency of each cell line was measured using flow
cytometry, the percentage of OX40L-positive cells and fluorescence
intensity were evaluated (Figures 1B, C).

The transfection of different cell lines with OX40L/PPT
complexes resulted in significantly increased OX40L expression
for all three used cell lines (Figure 1B) compared to transfection
with plasmid DNA alone. Such an increase was observed both for
percentage of OX40L-expressing cells (Figure 1B) and OX40L
expression (measured indirectly as PE fluorescence intensity,
Figure 1C). The transfection efficiency of OX40L/PPT in 4T1 cell
line was lower than that in CT26gfp and 4T1 cell lines. Since the in
vitro transfection efficiency does not necessarily correlate with the
efficiency of further grafted tumor treatment, we further tested the
efficiency of tumor treatment with OX40L/PPT in all three
tumor models.

We have additionally evaluated the percentage of dead cells
post-transfection with OX40L/PPT through staining of the cells
with DAPIL. We observed that OX40L/PPT complexes show modest
toxicity toward B16F0 (but not CT26gfp or 4T1) cells
(Supplementary Table 1), as in, the percentage of dead cells upon
transfection with OX40L/PPT was greater than that with pDNA
alone. However, the observed increase in cell death was moderate,
and we found OX40L/PPT to be applicable for further in
vivo experiments.

3.3 The effect of intratumoral OX40L/PPT
administration on tumor growth and
survival in multiple murine tumor models

We next evaluated the effect of intratumoral OX40L/PPT
administration on tumor growth and animal survival using the in
vitro tested cell lines, CT26gfp, B16F0 and 4T1 (Figure 2).

First, we compared the effect of murine OX40L-encoding
plasmid DNA alone (pDNA) or in a complex with PPT (OX40L/
PPT) on subcutaneous BI6F0 melanoma tumor growth. The
treatment scheme is presented in Figure 2A. While pDNA alone
barely affected tumor growth and animal survival (Supplementary
Figure 1) in BI6F0 tumor model, OX40L/PPT treatment resulted in
significant tumor growth reduction (Figure 2B). While median
survival did not differ between intact control and OX40L/PPT
(Figure 2B), 3 animals (37.5%) in the OX40L/PPT group lived 13
days longer than the last animal in the control group (34 vs 21 days,
respectively). Thus, OX40L/PPT treatment resulted in significant
tumor growth reduction in B16F0 subcutaneous melanoma model,
and showed a tendency to improve animal survival. Since we did
not observe substantial effect of pDNA alone on tumor growth and
animal survival compared to intact control, we have excluded this
group from further experiments on CT26gfp and BI16F0 to avoid
unnecessary animal sacrifice and comply with the 3R principle for
the conduct of research.

Then, we estimated the effect of OX40L/PPT on subcutaneous
CT26gfp colon cancer tumor growth (Figure 2C, Supplementary
Figure 2). OX40L/PPT was administered according to the same
treatment scheme as in B16F0 tumor model (Figure 2A). Like in
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PE fluorescence

In vitro characterization of OX40L/PPT complexes. (A) — Gel mobility assay showing the neutralization of the negative charge of plasmid DNA. A
total of 200 ng of plasmid DNA, Evrogen 1 Kb DNA Ladder (L), and complexes of PPT with OX40L-encoding plasmid DNA at various N/P charge
ratios (0, 0.5, 1, 5, 10, 20 and 30) are shown. Values 1000 and 3000 correspond to 1 kbp and 3 kbp fragments of the ladder, respectively. (B, C) —
Evaluation of OX40L/PPT transfection efficiency in several murine cancer cell lines via flow cytometry. CT26gfp, B16FO and 4T1 murine cell lines
were transfected with murine OX40L-encoding plasmid DNA alone (pDNA) or in a complex with PPT (OX40L/PPT and stained with PE-labeled anti-
mouse OX40L monoclonal antibodies. (B) — The percentage of OX40L-positive cells upon transfection, mean over 3 replicates, error bars represent

standard deviation (n
(grey) or OX40L/PPT (red).

B16F0, OX40L/PPT treatment resulted in tumor growth reduction.
Moreover, in CT26gfp tumor model OX40L/PPT treatment
significantly improved animal survival (median survival changed
from 28 to 49 days upon treatment) and resulted in 1 complete
response. The responded mouse was then rechallenged and
showed protective immunity against CT26gfp tumor growth
(Supplementary Figure 2). Thus, OX40L/PPT treatment resulted
in tumor growth reduction and significant survival enhancement in
CT26 subcutaneous colon cancer model, and led to protective
immunity against CT26gfp colon cancer cells.

Finally, we estimated the effect of OX40L/PPT on subcutaneous
4T1 breast cancer tumor growth (Figure 2D, Supplementary
Figure 3) compared to injection of phosphate-buffered saline
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= 3). (C) — Histograms representing the staining of CT26gfp, B16F0 and 4T1 cancer cell lines upon transfection with pDNA

(PBS). The treatment scheme was modified due to rapid tumor
growth (Figure 2A). While OX40L/PPT treatment initially showed a
tendency to suppress tumor growth, this effect was not enough to
enhance animal survival due to rapid tumor progression. This may
be explained by low in vitro transfection efficiency of this particular
cell line compared to CT26gfp or B16F0 (Figures 1B, C), or by the
use of non-optimal treatment scheme.

Overall, we observed that OX40L/PPT treatment successfully
inhibited tumor growth in B16F0 and CT26gfp tumor models and
showed a tendency to inhibit 4T1 tumor growth, though the extent
of this inhibition could be improved. No irAE signs, such as weight
loss and cachexia, were observed in all 3 tumor models, which
indicates good treatment tolerability in mice.
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FIGURE 2

Time after tumor implantation, days

The effect of OX40L/PPT administration on tumor growth and survival. The treatment schemes are shown (A) for CT26gfp, B16FO (top) or 4T1
(bottom) tumor models. Individual tumor growth (left) and Kaplan-Meier survival curves (right) are shown for mice inoculated with B16FO (B, n > 6),
CT264gfp (C, n >7) and 4T1 (D, n > 8) tumors. Mice were intratumorally treated with murine OX40L-encoding plasmid DNA in a complex with PPT
(OX40L/PPT). As a control, the tumors were left intact (Control(l)), or treated with phosphate-buffered saline (PBS). Vertical lines on individual tumor
growth plots indicate injection days. Horizontal line on survival plots indicates median survival. CR, complete response.

3.4 The effect of intratumoral OX40L/PPT
administration on immune stromal cells

To confirm our hypothesis on immune stromal cell activation
by OX40L/PPT, we have tested the immune response of B16F0
(Figure 3) and CT26gfp (Supplementary Figure 4) tumors at 3
different time points during the treatment course (days -1, 4 and 7

Frontiers in Immunology

post-treatment, Figure 3A) by analyzing immune cell populations
within the tumors. The analyzed populations included immune cells
overall (CD45+), T cells (CD4+, CD8+), NK cells (including NKT
cells, CD11b+/— NK cells), macrophages and dendritic cells.

In B16F0 tumor model, we have observed that overall tumor
immune cell infiltration upon treatment with OX40L/PPT is greater
than that in the control group on all the studied days (Figure 3B).
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FIGURE 3

@Control  OOX40L/PPT

@Control O OX40L/PPT

The effect of intratumoral nanoparticle administration on immune stromal cells in BI6FO tumor model. (A), scheme of i.t. OX40L/PPT administration
and immune cell population analysis timing; (B), overall tumor immune cell infiltration estimation; (C), stromal NK-cell populations analysis; (D),
stromal T-cell populations analysis; (E), stromal myeloid cell populations analysis. Histograms showing the mean population % in DAPI-negative
(alive, B) or CD45+ (C—E) cells are shown (n=3). Error bars represent SD. *, p < 0.05.

The percentage of CD45-positive cells tends to be stably elevated
during the treatment (day -1) and on day 4 post-treatment with
OX40L/PPT, while by the 7™ day post-treatment it tends to
decrease (Figure 3B). This elevation of the percentage of immune
cells may also be explained by the cancer cell death, which leads to
the change in cancer/immune cell ratio. Therefore, two effects -
tumor immune cell infiltration elevation and cancer cell death -
may co-occur during treatment.
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Looking closer into specific immune cell populations, we have
observed changes in percentage of both cells of innate and adaptive
immunity. NK cell staining (Figure 3C) revealed that the percentage
of NK cells (CD45 and NK1.1-positive) in BI6F0 tumors increased
upon treatment compared to control tumors (Figure 3C, top left).
Interestingly, the main contributors into this increase were
immature (25), that is, CD45 and NKI.1-positive, CD11b-
negative NK cells, while the percentage of mature (25), that is,
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CD45, NK1.1 and CD11b-positive, NK cells and NKT (CD45,
NKI.1 and CD3-positive) cells did not change in the treated
tumors compared to control (Figure 4C). T cell staining
(Figure 3D) also revealed that the percentage of T cells (CD45
and CD3-positive) in B16F0 tumors increased upon treatment
compared to control tumors (Figure 3D, left), with that
percentage slowly decreasing from day -1 to day 7 post-treatment.
In this case, the main contributors into this increase were CDS8-
positive T killer cells, indicating active antitumoral immune
response occurring upon treatment (Figure 3D, center). In turn,
the percentage of CD4-positive T helper cells did not change
compared to control (Figure 3D, right). Stromal myeloid cells
staining (Figure 3E) revealed, that CD11b-positive myeloid cells
comprise most of the immune cell population in control tumors,
and this percentage decreases upon treatment with OX40L/PPT
(Figure 3E, left, days -1 and 4). Also, the percentage of dendritic
cells (CD45 and CD11c-positive) decreased during the treatment
(day -1), but this decrease was not observed after the treatment end
(days 4 and 7, Figure 3E, middle). No difference in the percentage of
intratumoral macrophages (CD45 and F4/80-positive) was detected
(Figure 3E, right).

Overall, in B16F0 tumor model we observed significant changes
in intratumoral immune cell populations — while the percentage of
antitumoral effector NK and T killer cells increased, the percentage
of pro-tumoral myeloid cells decreased upon OX40L/
PPT treatment.

In the case of CT26gfp tumors, a significant difference in
intratumoral immune cell populations was detected only for
dendritic cells on days 4 and 7 post-treatment (Supplementary
Figure 4). Interestingly, the percentage of dendritic cells first
decreased at day 4, and then increased at day 7 post-treatment in
the tumors treated with OX40L/PPT compared to untreated
tumors. Though B16F0 showed more significant results in
immune cell population analysis, we might have not detected
significant changes in CT26gfp-treated tumors due to estimation
of percentages of immune cell population, not their activation state
or marker expression level.

We have additionally estimated the OX40 receptor expression
in CT26gfp tumors (Supplementary Figure 5). While cancer cells
showed no expression of OX40, the surface OX40 protein was
detected in 7.5% of immune cells, 19.4% of T cells, 9.3% of cytotoxic
T cells (CD8+), and 4.5% of non-T leukocytes. Overall, the receptor
was quite abundant in the immune cells of tumor stroma, indicating
the possibility of its activation with OX40L.

3.5 The therapeutic efficacy of OX40L/PPT
nanoparticles is significantly improved
upon combination with immune
checkpoint blockade

As mentioned above, we observed that OX40L/PPT treatment
successfully inhibited tumor growth, though the extent of this
inhibition could be improved. Moreover, the number of
intratumoral T-killer and NK cells increased upon OX40L/PPT
treatment. Therefore, an obvious improvement strategy would be to
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combine intratumoral OX40L/PPT with systemic checkpoint
inhibition, since OX40L/PPT-induced antitumoral T-cell-
mediated immune response might be enhanced by the checkpoint
blockade inhibition. Here, we chose to combine OX40L/PPT
treatment with systemic inhibition of PD-1 checkpoint.

We chose to evaluate the effect of OX40L/PPT combination
with ICB on CT26gfp tumor model for several reasons. First, the use
of OX40L/PPT on B16F0 cell line in vitro showed modest toxicity
toward the cancer cells (Supplementary Table 1), and we aimed to
evaluate the effect of OX40L expression itself, not the effect of
additional OX40L/PPT toxicity. Besides, the observed antitumoral
effect in CT26gfp model was more pronounced than that in B16F0,
therefore we chose to evaluate the combination therapy in CT26gfp
model. Though B16F0 tumors showed more significant immune
population changes, these results did not discourage us from
evaluating the combination efficiency in CT26gfp, since in
immune cell population analysis we evaluated only immune cell
population percentages, not their activation state or marker
expression level, therefore we might have not detected significant
changes in CT26gfp-treated tumors.

We estimated the effect of combination of OX40L/PPT with
anti-PD-1 monoclonal antibodies on subcutaneous CT26gfp colon
cancer tumor growth (Figure 4, Supplementary Figure 5). The
treatment scheme is shown in Figure 4A. Briefly, mice were
treated with OX40L/PPT i.t. as described above, anti-PD-1
antibodies i.p. (4 injections once every 4 days), combination of
OX40L/PPT with anti-PD-1, control IgG2a antibodies i.p. (4
injections once every 4 days), or untreated (Control (I)).

As predicted, the combination of OX40L/PPT with anti-PD-1
significantly improved the efficiency of OX40L/PPT therapy
(Figures 4B-D). While mean tumor growth did not differ between
experimental groups (OX40L/PPT, anti-PD-1, OX40L/PPT + anti-
PD-1, Figure 4B), individual tumor growth was improved
significantly upon combination compared to both OX40L/PPT
and anti-PD-1 (Figure 4D). We observed 0/11 (OX40L/PPT) and
1/11 (anti-PD-1) complete responses (CR) in single-agent
treatment groups, and 4/11 complete responses in OX40L/PPT +
anti-PD-1 group. Moreover, the animal survival was significantly
enhanced in the combination group compared to single agent
groups — while median survival in both OX40L/PPT and anti-
PD-1 was 43 days, it increased to 59 days in the OX40L/PPT + anti-
PD-1 group (Figure 4C). All the completely responded mice were
then rechallenged and showed protective immunity against
CT26gfp tumor growth (Supplementary Figure 6). No irAE signs,
such as weight loss and cachexia, were observed. Thus, the
combination of OX40L/PPT with PD-1 immune checkpoint
blockade resulted in significant treatment efficiency enhancement
in CT26gfp subcutaneous colon cancer model, and led to protective
immunity against CT26gfp colon cancer cells.

4 Discussion

Immunotherapy is one of the rapidly developing cancer therapy
fields, which has recently changed the paradigm of cancer treatment (1).
One of the immunotherapeutic approaches, the immune checkpoint
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FIGURE 4

Time after tumor implantation, days

The effect of OX40L/PPT combination with PD-1 checkpoint blockade on CT26gfp tumor model. (A) — treatment scheme; (B) — mean tumor
growth curves; (C) — Kaplan-Meier survival curves; (D) - individual tumor growth curves. The mice were untreated (Control (I), n = 11); treated with
intraperitoneal (i.p.) control IgG2a antibodies (IgG2a, n = 7); anti-PD-1 antibodies i.p. (@antiPD1, n = 11); intratumoral (i.t.) OX40L/PPT (OX40L/PPT, n =
11), or a combination of OX40L/PPT with anti-PD-1, (OX40L/PPT + antiPD1, n = 11). Vertical lines on individual tumor growth plots indicate OX40L/
PPT injection days. Horizontal line on survival plots indicates median survival. CR, complete response.

blockade (ICB), provides complete tumor regression even at advanced
metastatic stages. However, only about 30% of patients respond to this
type of therapy (26). Another immunotherapeutic approach is the use
of immunostimulatory proteins, such as recombinant cytokines (IL2,
IL12, IL15, CXCLY, etc. (12, 13)) or T cell co-stimulatory ligands
(OX40L, 4-1BBL, etc. (14)). A major disadvantage of currently
approved immunotherapeutics is the systemic administration, which
leads to severe (grade > 3) systemic immune-related adverse events
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(irAEs), such as colitis, endocrinopathy, nephritis, liver toxicity, rash,
pruritus or pneumonitis (16, 27). Meanwhile the local intratumoral
administration of immunotherapeutics as proteins (recombinant
proteins, monoclonal antibodies) does not usually lead to
pronounced antitumoral effects due to short protein half-life (hours)
(28). One way to overcome these disadvantages is intratumoral gene-
immune therapy, which allows for prolonged (days) and localized
protein expression (29). All the currently approved anticancer gene
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therapeutics (i.e. talimogene laheprovec, IMLYGIC (30)) are
administered intratumorally, which allows to increase the drug safety
through the drug action localization and reduction of off-target effects.
Gene therapeutics are particularly suitable for the expression
localization, since in this case the localization is double-step (step 1,
intratumoral injection; step 2, the need for protein to be synthesized via
cellular protein biosynthesis machinery).

Since nucleic acids (NA) alone are not usually capable of
intracellular entry due to the negative charge of phosphate
backbone, and may be unstable and degraded in the extracellular
matrix, a way to provide the stability and the ability to enter the cells
is necessary for gene therapy. The most common approaches to
provide these abilities are the use of viruses, liposomes and cationic
polymers to envelop the nucleic acids. Each of the listed nucleic acid
carrier types has its own advantages and disadvantages, which are
regularly and extensively reviewed (30-33). In this study, we use the
previously described PEG-PEI-TAT cationic copolymer, PPT (23),
as the nucleic acid carrier. Briefly, PEI is used as the main cationic
component, which allows for the negative charge neutralization;
PEG is used to reduce the unnecessary interaction of the complexes
with proteins by forming the hydrophilic corona around the PEI/
NA core, and TAT-peptide is used to enhance the cell- and nucleus-
penetrating abilities of the resulting complexes (23). Moreover, the
use of PPT in a complex with plasmid DNA bearing therapeutic
genes led to target protein expression and pronounced antitumoral
effect in several murine tumor models (20).

Several types of nucleic acids are used in non-viral gene
therapeutics, such as plasmid DNA, mRNA and siRNA (34). In
this study, we chose to use the plasmid DNA due to its higher
stability, higher capacity and lower production costs compared to
the other types of nucleic acids. As the immunotherapeutic
component, we chose to use the T cell co-stimulator ligand
OX40L, since T-cell co-stimulatory molecules can be used both
as monotherapy and in combination with ICB, and targeting the
OX40 receptor as antitumor treatment was demonstrated to be
effective in numerous preclinical and clinical trials (extensively
reviewed by Yadav and Redmond (15)). The OX40 receptor is
present on T, NK, NKT and several other types of cells, and the
antitumoral effect of its stimulation is mainly attributed to
activation, sustainment and proliferation of the effector immune
cells via NF-kB and PI3K-PKB (protein kinase B/Akt) signaling
(15). The use of natural OX40 ligand is particularly attractive due to
lower immunogenic potential compared to antibodies and other
similar types of proteins.

Various agonists of OX40 receptor are currently actively
investigated in clinical trials. The types of agonists include anti-
OX40 monoclonal antibodies (i.e, murine anti-human OX40
agonist MEDI6469 and its humanized version MEDI0562 (35)),
bispecific antibodies (i.e., a human IgG1 bispecific mAb ATOR-
1015 that targets both OX40 and CTLA-4 (36) or a bispecific
antibody FS120 targeting OX40 and 4-1BB (37)), adenoviruses
(i.e., OX40L-encoding oncolytic adenovirus DNX-2440 (38)), and
mRNA-based therapeutics (i.e., Moderna’s mRNA-2416 (39) or
mRNA-2752 (40)). Of these, only gene therapeutics, DNX-2440,
mRNA-2416, and mRNA-2752 are administered intratumorally,
while the systemically-administered therapeutics yield systemic
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toxicity. Moreover, DNX-2440 is adenovirus-based, which may
lead to limitations in the practical use, such as immunogenicity,
cytotoxicity, potential carcinogenicity and production cost.

The obtained OX40L/PPT complexes showed full neutralization
of the negative charge of plasmid DNA (Figure 1A). The effective
diameter of the complexes showed values applicable for in vitro cell
transfection. We further tested the in vitro transfection efficiency of
the complexes using 3 murine cancer cell lines of different origin,
CT26gfp (colon cancer), BI6F0 (melanoma) and 4T1 (breast
cancer). These cell lines were chosen due to ability to form
subcutaneous syngeneic tumors upon grafting to mice. We also
used CT26gfp cell line instead of CT26.WT to be able to further
estimate intratumoral immune cell population dynamics. The
transfection efficiency was estimated with help of fluorescent anti-
OX40L (PE) staining of the cells transfected with OX40L-encoding
plasmid DNA alone or OX40L/PPT complexes and further flow
cytometry. In all 3 cases, the percentage of OX40L-positive cells in
OX40L/PPT group was significantly greater than that of pDNA
group (Figure 1B), indicating that OX40L/PPT complexes are
capable of effective cancer cell transfection. Though the in vitro
transfection efficiency does not necessarily correlate with the
efficiency of further grafted tumor treatment, the obtained result
encouraged us to further test the efficiency of tumor treatment with
OX40L/PPT. We did not evaluate the in vivo OX40L expression
during the therapy course, since we used native murine OX40L
gene. This limitation doesn’t allow us to confidently attribute the
elevation in intratumoral OX40L protein to the administered
therapy due to possible endogenous expression of the protein in
the studied murine tumor models. In example, such elevation could
be due to the reaction of murine immune cells to therapy, not to the
administration of gene itself, or the natural growth of the tumor. It
is not possible to rule out these factors using controls, since the
background expression level of the protein would be different for
each mouse.

Due to the observed in vitro results, we have tested the efficiency
of the OX40L/PPT therapy in B16F0, CT26gfp and 4T1
subcutaneously grafted tumor models (Figure 2). OX40L/PPT was
injected three times (Figure 2A). As a control, we used either
untreated intact tumors (B16F0, CT26gfp), or tumors treated with
PBS (4T1). The treatment efficiency of OX40L-encoding plasmid
DNA alone was also tested in one of the 3 tumor models (B16F0,
Supplementary Figure 1). The treatment with OX40L/PPT had an
effect on tumors compared to controls in all 3 cases, though,
interestingly, the observed effect varied between the tumor
models. No irAE signs, such as weight loss and cachexia, were
observed in all 3 tumor models.

In case of B16F0, we observed a significant reduction in mean
tumor growth, however, the median animal survival did not differ
between treated with OX40L/PPT group and control groups (intact
control and OX40L-encoding plasmid DNA alone, Figure 2B,
Supplementary Figure 1). Despite this, we observed that for
several animals (37.5% of the group) the survival was prolonged
for almost 2 weeks upon treatment, indicating that a certain cohort
of animals responds better to OX40L/PPT treatment. Interestingly,
B16F0 tumors showed much more pronounced immune response
compared to CT26gfp (Figure 3, Supplementary Figure 4).
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Moreover, the immune response in these tumors was strongly
shifted towards effector phenotype (CD8+ T cell and NK cell
proportions among the immune cells of tumor microenvironment
increased significantly throughout the course of the treatment
compared to untreated control). Since no irAE signs were
observed upon treatment, apparently, the treatment regimen
should be modified for more effective response, or OX40L/PPT
treatment should be combined with other immunostimulators, or
systemic immune checkpoint blockade (ICB) in order to achieve
more pronounced effect in this tumor model. Moreover, we
compared only 3 animals per timepoint between control and
treated groups in the immune response analysis, therefore, the
observed result might not correctly represent the overall population
response to the drug.

In CT26gfp tumor model, we observed both the reduction in
mean tumor growth and the increase in animal survival. The effect
of OX40L/PPT treatment on animal survival was very pronounced
— the median survival increased almost twice compared to control,
and one complete response (CR) was observed (Figure 2C). The
completely responded mouse was further rechallenged with
CT26gfp tumor cells and showed protective immunity against
this type of tumor cells (Supplementary Figure 2). Despite the
great effect on animal survival, no differences were revealed between
treated with OX40L/PPT and untreated tumors during the analysis
of intratumoral immune cell populations (Supplementary Figure 4).
This may be due to individual tumor composition variability, small
sample size, and the fact that the effect of OX40L/PPT on the
growth of this type of tumors is caused by the change in activated
immune cell populations, and not the proportion of these immune
cell populations among all intratumoral immune cells (the
individual immune cell type activation was not evaluated in this
study due to the method limitations).

In 4T1 tumor model, we observed initial tumor growth
inhibition upon OX40L administration compared to control (PBS
administration), however, this inhibition stopped when the
treatment course was finished, and in the end both animal
survival and tumor growth did not differ compared to control
group due to rapid tumor generalization (Figure 2D).

Overall, we observed that OX40L/PPT treatment successfully
inhibited tumor growth in B16F0 and CT26gfp tumor models and
showed a tendency to inhibit 4T1 tumor growth, though the extent
of this inhibition could be improved. We find the observed
tendency for 4T1 tumor growth inhibition encouraging, since this
model is rapidly-growing and treatment-resistant, and had lower in
vitro transfection efficiency with PPT than that of B16F0 and
CT26gfp (Figures 1B, C), which might explain the observed
treatment efficiency limitation. The strategies for the
improvement of the efficiency of OX40L/PPT treatment include
the optimization of treatment scheme, the combination of OX40L/
PPT with other genetically-encoded immunostimulators (i.e., 4-
1BBL, CD80/86, cytokines), and the combination of OX40L/PPT
with ICB. Due to the observed increase in the number of
intratumoral T-killer and NK cells upon OX40L/PPT treatment,
the combination of OX40L/PPT with ICB seems to be the most
promising approach.

Frontiers in Immunology

12

10.3389/fimmu.2024.1410564

Finally, we estimated the effect of combination of OX40L/PPT
with anti-PD-1 ICB on CT26gfp tumor growth. We observed that
the effect on the tumor growth of OX40L/PPT alone, anti-PD-1
alone or their combination did not differ between the three groups,
though it was obviously pronounced compared to control groups
(control systemic antibody, IgG2a, and intact control), Figure 4.
However, the combination of anti-PD-1 therapy with OX40L/PPT
had a significant effect on animal survival enhancement — the
median survival in the combination group increased by 16 days
compared to the treatment with single OX40L/PPT or anti-PD-1.
Moreover, we have observed 4/11 complete responses in the
combination group, compared to 0/11 and 1/11 in single agent
groups (Figure 4). All the completely responded mice were then
rechallenged and showed protective immunity against CT26gfp
tumor growth (Supplementary Figure 6). No irAE signs, such as
weight loss and cachexia, were observed. Thus, the combination of
OX40L/PPT with PD-1 immune checkpoint blockade resulted in
significant treatment efficiency enhancement in CT26 subcutaneous
colon cancer model, and led to protective immunity against
CT26gfp colon cancer cells.

Initially we assumed that the use of CT26gfp cell line might
provide additional immunogenicity due to the presence of EGFP.
CT26.WT cell line is mostly considered moderately immunogenic
(41), though several studies mention it as poorly (42) or even highly
(43) immunogenic depending on the immunogenicity criteria. The
treatment of CT26gfp tumors with anti-PD1 antibody led to 1/11
CR, which is in accordance with experiments of other researchers
on CT26.WT tumors, i.e., Chaudhri et al. (44) observed 2/9 CRs
upon PD1 ICB in s.c. CT26.WT tumor model. Therefore, we
assume that the additional immunogenicity that could be
provided by the presence of EGFP was insignificant.

Thus, we observed that OX40L/PPT treatment had a significant
effect on tumor growth and animal survival in several murine tumor
models. This effect was also detected at the intratumoral immune
cell populations level in the case of BI6F0 tumor model. Moreover,
OX40L/PPT treatment conferred protective immunity against
CT26gfp tumor cells. However, the antitumoral effect of OX40L/
PPT was not enough to enhance animal survival in 4T1 breast
cancer tumor model. The strategies to enhance the antitumoral
effect of OX40L/PPT gene-immune therapy may include (1)
combination with ICB and (2) combination with other types of
anticancer immunostimulatory molecules, such as chemokines,
interleukins, or other T-cell co-stimulators.

5 Conclusion

In this study, we combined the previously described gene
delivery system with OX40L-encoding plasmid DNA. The
resulting OX40L/PPT combination led to self-assembly of
nanoparticles, which were able to provide effective OX40L
expression in several types of cancer cells. The in vivo
antitumoral OX40L/PPT efficiency against several murine tumor
models was also evaluated. Additionally, we investigated the effect
of OX40L/PPT combination with anti-PD-1 ICB. OX40L/PPT
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nanoparticles showed a promising antitumor efficiency both as
monotherapy and in combination with ICB. In B16F0 tumor model,
OX40L/PPT treatment led to the increase in antitumoral effector
NK and T killer cells and to the decrease in pro-tumoral myeloid
cells populations within tumor stroma. The observed antitumoral
effect of OX40L/PPT thus may be explained through intratumoral T
and NK cell stimulation via OX40L.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was approved by Animal Committee,
Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry RAS,
Moscow, Russia. The study was conducted in accordance with the
local legislation and institutional requirements.

Author contributions

OR: Investigation, Visualization, Writing - original draft,
Writing - review & editing, Validation. AK: Conceptualization,
Investigation, Project administration, Supervision, Visualization,
Writing - original draft, Writing - review & editing. OB:
Conceptualization, Investigation, Project administration,
Supervision, Writing — original draft, Writing - review & editing.
SK: Investigation, Visualization, Writing — original draft, Writing —
review & editing. VP: Conceptualization, Investigation, Project
administration, Supervision, Writing - original draft, Writing -
review & editing. MZ: Conceptualization, Investigation, Project
administration, Supervision, Writing - original draft, Writing -
review & editing. DD: Conceptualization, Investigation, Project
administration, Supervision, Writing - original draft, Writing -
review & editing. AS: Investigation, Writing - original draft,
Writing - review & editing. ES: Investigation, Writing - original
draft, Writing — review & editing. MBK: Investigation, Writing -
original draft, Writing - review & editing. MOK: Investigation,

References

1. Callahan MK, Postow MA, Wolchok JD. Targeting T cell co-receptors for cancer
therapy. Immunity. (2016) 44:1069-78. doi: 10.1016/j.immuni.2016.04.023

2. Cancer Research Institute. FDA approval timeline of active immunotherapies.
CRI. Available at: https://www.cancerresearch.org/regulatory-approval-timeline-of-
active-immunotherapies [Accessed May 25, 2024].

3. SChadendorf D, Hodi FS, Robert C, Weber JS, Margolin K, Hamid O, et al. Pooled
analysis of long-term survival data from phase II and phase III trials of ipilimumab in
unresectable or metastatic melanoma. J Clin Oncol. (2015) 33:1889-94. doi: 10.1200/
JCO.2014.56.2736

Frontiers in Immunology

13

10.3389/fimmu.2024.1410564

Writing - original draft, Writing - review & editing. IA:
Conceptualization, Investigation, Project administration,
Supervision, Writing — original draft, Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

This work was designed, performed and funded by Stagen LLC.
The authors would like to thank E. Sverdlov (Shemyakin-Ovchinnikov
Institute of Bioorganic Chemistry RAS) and S. Lukyanov (Shemyakin-
Ovchinnikov Institute of Bioorganic Chemistry RAS) for the project
initiation and S. Sizova (Shemyakin-Ovchinnikov Institute of
Bioorganic Chemistry RAS) for the measurement of size and zeta
potential of OX40L/PPT complexes.

Conflict of interest

Authors MOK and IA were employed by Stagen LLC.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.
1410564/full#supplementary-material

4. Marin-Acevedo JA, Kimbrough EMO, Lou Y. Next generation of immune
checkpoint inhibitors and beyond. J Hematol Oncol. (2021) 14:1-29. doi: 10.1186/
s13045-021-01056-8

5. Abou-Alfa GK, Lau G, Kudo M, Chan SL, Kelley RK, Furuse J, et al.
Tremelimumab plus durvalumab in unresectable hepatocellular carcinoma. NEJM
Evid. (2022) 1:1-12. doi: 10.1056/EVID0a2100070

6. Psyrri A, Fayette J, Harrington K, Gillison M, Ahn M]J, Takahashi S, et al.
Durvalumab with or without tremelimumab versus the EXTREME regimen as first-line
treatment for recurrent or metastatic squamous cell carcinoma of the head and neck:

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1410564/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1410564/full#supplementary-material
https://doi.org/10.1016/j.immuni.2016.04.023
https://www.cancerresearch.org/regulatory-approval-timeline-of-active-immunotherapies
https://www.cancerresearch.org/regulatory-approval-timeline-of-active-immunotherapies
https://doi.org/10.1200/JCO.2014.56.2736
https://doi.org/10.1200/JCO.2014.56.2736
https://doi.org/10.1186/s13045-021-01056-8
https://doi.org/10.1186/s13045-021-01056-8
https://doi.org/10.1056/EVIDoa2100070
https://doi.org/10.3389/fimmu.2024.1410564
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Rakitina et al.

KESTREL, a randomized, open-label, phase III study. Ann Oncol. (2023) 34:262-74.
doi: 10.1016/j.annonc.2022.12.008

7. Baz Y, Rassam M, Rhayem E, Zouein ], Gharios J, Kourie HR. The use of
dostarlimab, a safe and efficient monotherapy in MSI-H rectal cancer patients, an
alternative to surgery. Immunotherapy. (2023) 15:699-701. doi: 10.2217/imt-2022-0239

8. Tawbi HA, SChadendorf D, Lipson EJ, Ascierto PA, Matamala L, Castillo
Gutiérrez E, et al. Relatlimab and nivolumab versus nivolumab in untreated
advanced melanoma. N Engl ] Med. (2022) 386:24-34. doi: 10.1056/NEJM0a2109970

9. Meybodi SM, Farasati Far B, Pourmolaei A, Baradarbarjastehbaf F, Safaei M,
Mohammadkhani N, et al. Immune checkpoint inhibitors promising role in cancer
therapy: clinical evidence and immune-related adverse events. Med Oncol. (2023) 40:1-
19. doi: 10.1007/s12032-023-02114-6

10. Zou W, Wolchok JD, Chen L. PD-L1 (B7-H1) and PD-1 pathway blockade for
cancer therapy: Mechanisms, response biomarkers, and combinations. Sci Transl Med.
(2016) 8:328rv4-328rv4. doi: 10.1126/scitranslmed.aad7118

11. Duan Q, Zhang H, Zheng ], Zhang L. Turning Cold into Hot: Firing up the
Tumor Microenvironment. Trends Cancer. (2020) 6:605-18. doi: 10.1016/
jtrecan.2020.02.022

12. Tokunaga R, Zhang W, Naseem M, Puccini A, Berger MD, Soni S, et al.
CXCL9, CXCL10, CXCL11/CXCR3 axis for immune activation - A target for novel
cancer therapy. Cancer Treat Rev. (2018) 63:40-7. doi: 10.1016/j.ctrv.2017.11.007

13. Briukhovetska D, Dorr J, Endres S, Libby P, Dinarello CA, Kobold S. Interleukins
in cancer: from biology to therapy. Nat Rev Cancer. (2021) 21:481-99. doi: 10.1038/
541568-021-00363-2

14. Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and co-
inhibition. Nat Rev Immunol. (2013) 13:227-42. doi: 10.1038/nri3405

15. Yadav R, Redmond WL. Current clinical trial landscape of OX40 agonists. Curr
Oncol Rep. (2022) 24:951-60. doi: 10.1007/s11912-022-01265-5

16. Yang F, Shay C, Abousaud M, Tang C, Li Y, Qin Z, et al. Patterns of toxicity
burden for FDA-approved immune checkpoint inhibitors in the United States. J Exp
Clin Cancer Res. (2023) 42:1-21. doi: 10.1186/s13046-022-02568-y

17. Aggarwal S. Adverse effects of immuno-oncology drugs—Awareness, diagnosis,
and management: A literature review of immune-mediated adverse events. Indian |
Cancer. (2019) 56:10. doi: 10.4103/ijc.IJC_448_19

18. Glover DJ, Lipps HJ, Jans DA. Towards safe, non-viral therapeutic gene
expression in humans. Nat Rev Genet. (2005) 6:299-310. doi: 10.1038/nrg1577

19. Jones CH, Chen CK, Ravikrishnan A, Rane S, Pfeifer BA. Overcoming nonviral
gene delivery barriers: Perspective and future. Mol Pharm. (2013) 10:4082-98.
doi: 10.1021/mp400467x

20. Alekseenko IV, Snezhkov EV, Chernov IP, Pleshkan V'V, Potapov VK, Sass AV,
et al. Therapeutic properties of a vector carrying the HSV thymidine kinase and GM-
CSF genes and delivered as a complex with a cationic copolymer. ] Transl Med. (2015)
13:1-16. doi: 10.1186/s12967-015-0433-0

21. ClinicalTrials.gov. Safety, tolerability and pharmacokinetics investigation of
stimotimagene copolymerplasmid. ClinicalTrials.gov (2024). Available at: https://
clinicaltrials.gov/study/NCT05578820 [Accessed May 25, 2024].

22. Alekseenko IV, Kostina MB, Serebrovskaya EO, Potapov VK, Sverdlov ED.
Comparative analysis of gene therapy systems expressing two oncotherapeutic genes
under control of a single promotor. Mol Genet Microbiol Virol. (2018) 33:15-20.
doi: 10.3103/50891416818010020

23. Ulasov AV, Khramtsov YV, Trusov GA, Rosenkranz AA, Sverdlov ED, Sobolev
AS. Properties of PEI-based polyplex nanoparticles that correlate with their
transfection efficacy. Mol Ther. (2011) 19:103-12. doi: 10.1038/mt.2010.233

24. Serebrovskaya EO, Yuzhakova DV, Ryumina AP, Druzhkova IN, Sharonov GV,
Kotlobay AA, et al. Soluble OX40L favors tumor rejection in CT26 colon carcinoma
model. Cytokine. (2016) 84:10-6. doi: 10.1016/j.cyt0.2016.05.005

25. Chiossone L, Chaix J, Fuseri N, Roth C, Vivier E, Walzer T. Maturation of mouse
NK cells is a 4-stage developmental program. Blood. (2009) 113:5488-96. doi: 10.1182/
blood-2008-10-187179

26. Morad G, Helmink BA, Sharma P, Wargo JA. Hallmarks of response, resistance,
and toxicity to immune checkpoint blockade. Cell. (2021) 184:5309-37. doi: 10.1016/
j.cell.2021.09.020

27. Martins F, Sofiya L, Sykiotis GP, Lamine F, Maillard M, Fraga M, et al. Adverse
effects of immune-checkpoint inhibitors: epidemiology, management and surveillance.
Nat Rev Clin Oncol. (2019) 16:563-80. doi: 10.1038/s41571-019-0218-0

Frontiers in Immunology

14

10.3389/fimmu.2024.1410564

28. Berraondo P, Sanmamed MF, Ochoa MC, Etxeberria I, Aznar MA, Pérez-Gracia
JL, et al. Cytokines in clinical cancer immunotherapy. Br J Cancer. (2019) 120:6-15.
doi: 10.1038/s41416-018-0328-y

29. Alekseenko IV, Pleshkan VV, Kuzmich AI, Kondratieva SA, Sverdlov ED. Gene-
immune therapy of cancer: approaches and problems. Russ ] Genet. (2022) 58:491-506.
doi: 10.1134/S1022795422040020

30. Ferrucci PF, Pala L, Conforti F, Cocorocchio E. Talimogene laherparepvec (T-
VEC): an intralesional cancer immunotherapy for advanced melanoma. Cancers
(Basel). (2021) 13:1383. doi: 10.3390/cancers13061383

31. Salameh JW, Zhou L, Ward SM, Santa Chalarca CF, Emrick T, Figueiredo ML.
Polymer-mediated gene therapy: Recent advances and merging of delivery techniques.
Wiley Interdiscip Rev Nanomed Nanobiotechnol. (2020) 12:€1598. doi: 10.1002/
wnan.1598

32. Tseu GYW, Kamaruzaman KA. A review of different types of liposomes and
their advancements as a form of gene therapy treatment for breast cancer. Molecules.
(2023) 28(3):1498. doi: 10.3390/molecules28031498

33. Butt MH, Zaman M, Ahmad A, Khan R, Mallhi TH, Hasan MM, et al. Appraisal
for the potential of viral and nonviral vectors in gene therapy: A review. Genes (Basel).
(2022) 13(8):1370. doi: 10.3390/genes13081370

34. Torres-Vanegas JD, Cruz JC, Reyes LH. Delivery systems for nucleic acids and
proteins: barriers, cell capture pathways and nanocarriers. Pharmaceutics. (2021)
13:428. doi: 10.3390/pharmaceutics13030428

35. Goldman JW, Piha-Paul SA, Curti B, Pedersen KS, Bauer TM,
Groenland SL, et al. Safety and tolerability of MEDI0562, an OX40 agonist
mADb, in combination with durvalumab or tremelimumab in adult patients with
advanced solid tumors. Clin Cancer Res. (2022) 28:3709-19. doi: 10.1158/1078-
0432.CCR-21-3016

36. Kvarnhammar AM, Veitonméki N, Hagerbrand K, Dahlman A, Smith KE,
Fritzell S, et al. The CTLA-4 x OX40 bispecific antibody ATOR-1015 induces anti-
tumor effects through tumor-directed immune activation. J Immunother Cancer. (2019)
7:103. doi: 10.1186/s40425-019-0570-8

37. Lakins MA, Ghorani E, Munir H, Martins CP, Shields JD. Cancer-associated
fibroblasts induce antigen-specific deletion of CD8 + T Cells to protect tumor cells. Nat
Commun. (2018) 9:948. doi: 10.1038/s41467-018-03347-0

38. Gallego Perez-Larraya J, de la Nava D, Gonzalez-Huarriz M, Garcia-
Moure M, Labiano S, Zalacain M, et al. P17.15.A thank phase I trial of DNX-
2440 oncolytic adenovirus in patients with first or second recurrence of
glioblastoma: preliminary results. Neuro Oncol. (2023) 25:ii120-0. doi: 10.1093/
neuonc/noad137.405

39. Jimeno A, Gupta S, Sullivan R, Do KT, Akerley WL, Wang D, et al. Abstract
CT032: A phase 1/2, open-label, multicenter, dose escalation and efficacy study of
mRNA-2416, a lipid nanoparticle encapsulated mRNA encoding human OX40L, for
intratumoral injection alone or in combination with durvalumab for patients with
advanced Malignancies. Cancer Res. (2020) 80:CT032-2. doi: 10.1158/1538-
7445.AM2020-CT032

40. Patel M, Jimeno A, Wang D, Stemmer S, Bauer T, Sweis R, et al. 539 Phase 1
study of mRNA-2752, a lipid nanoparticle encapsulating mRNAs encoding human
OX40L/IL-23/IL-36, for intratumoral (ITu) injection +/- durvalumab in advanced
solid tumors and lymphoma. J Immunother Cancer. (2021) 9:A569-9. doi: 10.1136/jitc-
2021-SITC2021.539

41. Yu JW, Bhattacharya S, Yanamandra N, Kilian D, Shi H, Yadavilli S,
et al. Tumor-immune profiling of murine syngeneic tumor models as a framework
to guide mechanistic studies and predict therapy response in distinct
tumor microenvironments. PloS One. (2018) 13:€0206223. doi: 10.1371/
journal.pone.0206223

42. Fearon ER, Itaya T, Hunt B, Vogelstein B, Frost P. Induction in a murine tumor
of immunogenic tumor variants by transfection with a foreign gene. Cancer Res. (1988)
48:2975-80. doi: 10.1007/BF01744947

43. Lechner MG, Karimi SS, Barry-Holson K, Angell TE, Murphy KA, Church CH,
et al. Immunogenicity of murine solid tumor models as a defining feature of in vivo
behavior and response to immunotherapy. J Immunother. (2013) 36:477-89.
doi: 10.1097/01.¢ji.0000436722.46675.4a

44. Chaudhri A, Bu X, Wang Y, Gomez M, Torchia JA, Hua P, et al. The
CX3CL1-CX3CRI chemokine axis can contribute to tumor immune evasion
and blockade with a novel CX3CR1 monoclonal antibody enhances response to anti-
PD-1 immunotherapy. Front Immunol. (2023) 14:1237715. doi: 10.3389/
fimmu.2023.1237715

frontiersin.org


https://doi.org/10.1016/j.annonc.2022.12.008
https://doi.org/10.2217/imt-2022&ndash;0239
https://doi.org/10.1056/NEJMoa2109970
https://doi.org/10.1007/s12032&ndash;023-02114&ndash;6
https://doi.org/10.1126/scitranslmed.aad7118
https://doi.org/10.1016/j.trecan.2020.02.022
https://doi.org/10.1016/j.trecan.2020.02.022
https://doi.org/10.1016/j.ctrv.2017.11.007
https://doi.org/10.1038/s41568-021-00363-z
https://doi.org/10.1038/s41568-021-00363-z
https://doi.org/10.1038/nri3405
https://doi.org/10.1007/s11912&ndash;022-01265&ndash;5
https://doi.org/10.1186/s13046-022-02568-y
https://doi.org/10.4103/ijc.IJC_448_19
https://doi.org/10.1038/nrg1577
https://doi.org/10.1021/mp400467x
https://doi.org/10.1186/s12967-015-0433-0
https://clinicaltrials.gov/study/NCT05578820
https://clinicaltrials.gov/study/NCT05578820
https://doi.org/10.3103/S0891416818010020
https://doi.org/10.1038/mt.2010.233
https://doi.org/10.1016/j.cyto.2016.05.005
https://doi.org/10.1182/blood-2008-10-187179
https://doi.org/10.1182/blood-2008-10-187179
https://doi.org/10.1016/j.cell.2021.09.020
https://doi.org/10.1016/j.cell.2021.09.020
https://doi.org/10.1038/s41571-019-0218-0
https://doi.org/10.1038/s41416-018-0328-y
https://doi.org/10.1134/S1022795422040020
https://doi.org/10.3390/cancers13061383
https://doi.org/10.1002/wnan.1598
https://doi.org/10.1002/wnan.1598
https://doi.org/10.3390/molecules28031498
https://doi.org/10.3390/genes13081370
https://doi.org/10.3390/pharmaceutics13030428
https://doi.org/10.1158/1078-0432.CCR-21-3016
https://doi.org/10.1158/1078-0432.CCR-21-3016
https://doi.org/10.1186/s40425-019-0570-8
https://doi.org/10.1038/s41467-018-03347-0
https://doi.org/10.1093/neuonc/noad137.405
https://doi.org/10.1093/neuonc/noad137.405
https://doi.org/10.1158/1538&ndash;7445.AM2020-CT032
https://doi.org/10.1158/1538&ndash;7445.AM2020-CT032
https://doi.org/10.1136/jitc-2021-SITC2021.539
https://doi.org/10.1136/jitc-2021-SITC2021.539
https://doi.org/10.1371/journal.pone.0206223
https://doi.org/10.1371/journal.pone.0206223
https://doi.org/10.1007/BF01744947
https://doi.org/10.1097/01.cji.0000436722.46675.4a
https://doi.org/10.3389/fimmu.2023.1237715
https://doi.org/10.3389/fimmu.2023.1237715
https://doi.org/10.3389/fimmu.2024.1410564
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Non-viral-mediated gene transfer of OX40 ligand for tumor immunotherapy
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Cell lines
	2.3 Polyplex preparation and characterization
	2.4 In vitro evaluation of transfection efficiency
	2.5 Mice and animal studies
	2.6 Immune cell population analysis and OX40 receptor staining
	2.6.1 Tumor cell suspension preparation
	2.6.2 Tumor cell suspension staining

	2.7 Statistical analysis

	3 Results
	3.1 The PEG-PEI-TAT copolymer neutralizes the negative charge of plasmid DNA and forms nano-sized complexes with it
	3.2 OX40L/PPT complexes transfect cancer cell lines of different origin resulting in OX40L expression
	3.3 The effect of intratumoral OX40L/PPT administration on tumor growth and survival in multiple murine tumor models
	3.4 The effect of intratumoral OX40L/PPT administration on immune stromal cells
	3.5 The therapeutic efficacy of OX40L/PPT nanoparticles is significantly improved upon combination with immune checkpoint blockade

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


