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Introduction: Immunotherapy has revolutionized cancer treatment by harnessing the immune system to enhance antitumor responses
while minimizing off-target effects. Among the promising cancer-specific therapies, tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) has attracted significant attention.

Methods: Here, we developed an ionizable lipid nanoparticle (LNP) platform to deliver TRAIL mRNA (LNP-TRAIL) directly to the
tumor microenvironment (TME) to induce tumor cell death. Our LNP-TRAIL was formulated via microfluidic mixing and the
induction of tumor cell death was assessed in vitro. Next, we investigated the ability of LNP-TRAIL to inhibit colon cancer
progression in vivo in combination with a TME normalization approach using Losartan (Los) or angiotensin 1-7 (Ang(1-7)) to
reduce vascular compression and deposition of extracellular matrix in mice.

Results: Our results demonstrated that LNP-TRAIL induced tumor cell death in vitro and effectively inhibited colon cancer
progression in vivo, particularly when combined with TME normalization induced by treatment Los or Ang(1-7). In addition, potent
tumor cell death as well as enhanced apoptosis and necrosis was found in the tumor tissue of a group treated with LNP-TRAIL
combined with TME normalization.

Discussion: Together, our data demonstrate the potential of the LNP to deliver TRAIL mRNA to the TME and to induce tumor cell
death, especially when combined with TME normalization. Therefore, these findings provide important insights for the development of
novel therapeutic strategies for the immunotherapy of solid tumors.
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Introduction
Cancer therapy has undergone a remarkable transformation with the introduction of immunotherapy. This groundbreak-
ing approach utilizes specialized therapies to enhance antitumor immune responses against cancerous cells with reduced

effects on healthy tissues, ensuring more focused and safer treatments.' Despite significant advances in treatments,
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cancer remains a significant public health issue globally, ranking as the second leading cause of death worldwide.
According to projections for 2023, almost 2 million new cancer cases and over half a million cancer-related deaths are
expected in the United States.’

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) has garnered significant interest as a potential targeted
therapy for cancer, given its ability to induce apoptosis specifically in a variety of tumor cells by stimulating the immune
system.' TRAIL is an innate immune cytokine that is widely expressed in immune cells, including lymphocytes, natural killer
cells, and neutrophils,'* and exhibits the ability to suppress tumor initiation and metastasis, playing an important role in the
clearance of diseased cells.' " TRAIL binds to death receptors 4 and 5 (DR4 and DR5) overexpressed on the surface of
a range of cancer cells to trigger apoptosis.' While significant efforts have focused on administering TRAIL in protein form,
clinical translation of such approaches is limited by the failure to deliver sufficient protein into the tumor to generate
a therapeutic effect."’”® As an alternative approach, gene therapy can potentially overcome these barriers by delivering
plasmid DNA or messenger RNA (mRNA) coding for TRAIL in the tumor microenvironment (TME).

Numerous therapeutic approaches have been employed in the battle against cancer, aiming to improve patient outcomes
and quality of life.”'" Among these approaches, mRNA only requires delivery to the cytoplasm, bypassing the need to reach
the nucleus for protein translation.'? This streamlined process improves efficiency and enhances safety, without risk of
insertional mutagenesis, making mRNA an attractive option in cancer therapeutics.'® This makes mRNA therapeutics an
attractive option in cancer immunotherapy as well as in vaccines, genome editing, and allergy tolerization.'>'*

Although viral delivery systems have been extensively employed for gene delivery, their clinical application is hindered by
immune responses, such as neutralizing antibodies and T-cell responses, which can compromise the efficacy and safety of the
therapy.ls’16 Therefore, non-viral delivery approaches, such as lipid nanoparticles (LNPs), are being actively explored to
overcome these limitations and enhance mRNA delivery and immunogenicity control.!” Encapsulating nucleic acids, such as
mRNA, in lipid nanoparticles is a promising strategy for safe and effective delivery, offering protection from degradation,
longer circulation, and avoidance of renal clearance. Microfluidic devices have been employed to produce LNPs in
a controlled and reproducible manner.'® ?° These devices play a crucial role in advancing high-throughput in vivo screening
methods, facilitating the development of optimized LNP formulations for various biomedical applications.'>!%2!

Blood and lymphatic vasculature, fibroblasts, and immune cells are considered abnormal in the TME as well as the
excessive extracellular matrix (ECM).****> This combination generates delivery barriers for therapeutics, even for
delivery systems such as LNPs.?* Therefore, TME normalization is a promising strategy to improve delivery. The use
of agents to induce normalization of TME can significantly enhance treatment outcomes.***> Various strategies have
been explored to normalize the TME, including the vasculature, lymphatic system, and ECM, to improve cancer therapy
delivery and slow tumor progression.'’*> Antiangiogenic therapies, such as anti-VEGF, have demonstrated vascular
normalization effects and prolonged survival in clinical trials for diverse types of tumors,”® including breast cancer,?’

2829 and glioblastoma.*® Additionally, antagonists of angiotensin II, such as

non-small-cell lung cancer (NSCLC)
losartan, have been shown to reduce profibrotic stromal activity, decompress tumor blood vessels, enhance drug and
oxygen delivery, and increase the effectiveness of chemotherapy.®' > Furthermore, angiotensin 1-7 (Ang (1-7)),
a vasoactive peptide, exhibits anticancer effects, including inhibiting angiogenesis, reducing tumor growth, and targeting
cancer-associated fibroblasts and tumor fibrosis.***> Therefore, these approaches have been used in cancer therapy as
promising tools to improve the delivery of bioactive molecules to the TME.

Here, we developed an LNP platform through microfluidic mixing to deliver TRAIL mRNA in the TME to induce
tumor cell death (Figure 1). Rather than targeting a specific mutation in the tumor, our unique therapeutic strategy
focuses on physically normalizing the TME via the administration of losartan (Los) or Ang (1-7) to specifically improve

the delivery of TRAIL mRNA to the TME, inducing TRAIL secretion for the targeted induction of tumor cell apoptosis.

Materials and Methods
Cell Culture and Cell Line

Colon cancer cells (Colo 205) expressing both luciferase and green fluorescent protein (GFP) were obtained from
GeneCopoeia (Rockville, MD, USA) and cultured in RPMI-1640 medium (Gibco) supplemented with 10% (v/v) fetal
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Figure | Schematic workflow for the development of an ionizable lipid nanoparticle (LNP) platform to deliver TRAIL mRNA to the tumor microenvironment to induce
tumor cell death. (A) Schematic representation of the components used for LNP synthesis. (B) Synthesis of LNP-TRAIL via microfluidic mixing. LNPs were characterized by
dynamic light scattering (DLS), and their efficacy was assessed in vitro against Colo 205 cells. (C) Schematic representation of in vivo treatment of humanized NSG mice
transplanted with human colon cancer cells. Mice were orally treated with Los or Ang (1-7) and intratumorally treated with LNP-TRAIL. Tumor volume was assessed during
treatment, and tumor analysis of cell death and immune cell infiltration were carried out at the end of the experiment.

bovine serum (Gibco) and 1% (v/v) Penicillin-Streptomycin solution (100 U/mL penicillin, and 100 pg/mL streptomycin;
Gibco). Cells were grown at 37 °C with 5% CO, in a humidified incubator.

Cell Viability and Apoptosis Assays

To investigate cell apoptosis mediated by delivery of TRAIL mRNA, Colo 205 cells were seeded into 96-well plates
(ThermoFisher) at a density of 107 cells per well. After 24 h, cells were treated with 50 uM of the pan-caspase inhibitor
Z-VAD-FMK (R&D Systems) for 4 h at 37 °C prior to treatment with LNP-TRAIL.*® Following the treatment, cells were
incubated with 0.15 mg/well of D-luciferin (Invitrogen) for 10 min and luminescence was measured using the Cytation 5 Cell
Imaging equipment from Biotek at the Center for Acquisition and Processing of Images (CAPI-UFMG).

In vitro Evaluation of TRAIL Production

To assess the TRAIL production induced by LNP-TRAIL, HS-5 stromal cells and Colo 205 tumor cells were seeded in
96-well plates (ThermoFisher) at a density of 10° cells per well. Following 24 h, cells were treated with 0.5 pg/well of
LNP-TRAIL for 24 h. TRAIL monoclonal antibody (CD253) was utilized to assess TRAIL frequency via flow
cytometry. Cell acquisition was conducted on an LSR Fortessa instrument, and data analysis was carried out using
GraphPad Prism V7.0 and FlowJo V10.4.11. Combinations of fluorochromes and forward scatter area (FSC-A) versus
forward scatter height (FSC-H) were employed to exclude debris and doublets, respectively (Table S1).

Preparation of 2-Hydroxypropyl-f-Cyclodextrin (HPBCD): Ang (1-7) Inclusion Complex
A freeze-drying technique was used to obtain inclusion complexes between HPBCD (Sigma-Aldrich) and Ang (1-7)
(Bachem). A molar ratio of 1:1 was used as previously described.” The required amounts of Ang (1-7) and HPBCD
were accurately weighed and dispersed in Milli-Q water and the solution was magnetically stirred at room temperature
for 48 h before freeze-drying.’
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lonizable Lipid Synthesis
The synthesis of ionizable lipid C12-200 was performed as previously described by reacting polyamine core 200
(Enamine Inc.) with 1,2-epoxydodecane (Sigma-Aldrich).lz’38 This reaction was carried out in 100% ethanol at
a temperature of 90 °C for 48 h. The final product was then purified using flash chromatography as previously described
before use in LNP formulation.'?

Preparation of LNPs

Ionizable lipid nanoparticles were prepared using a weight ratio of 10:1 of C12-200 to mRNA, following a previously
described method.*® Briefly, an ethanol phase consisting of ionizable lipid, cholesterol (Avanti Polar Lipids), C14-
PEG2000 (Avanti Polar Lipids), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, Avanti Polar Lipids), was
combined with an aqueous phase containing mRNA in 10 mM citrate buffer pH 5, using microfluidic mixing at a volume
ratio of 3:1 to formulate LNPs. The LNPs were then dialyzed against 1x PBS for 2 h using dialysis cassettes with
a molecular weight cut-off of 20 kDa (ThermoFisher), sterile filtered using a 0.22 pm filter, and stored at 4 °C.

LNP Characterization

LNP hydrodynamic diameter (HD), polydispersity index (PDI), and zeta potential were measured using a Zetasizer Nano
ZS machine (DLS, Malvern Panalytical) at Laboratory of Biophysics of Nanostructured Systems at the UFMG. For the
analysis of LNP structure, cryogenic-transmission electron microscopy (cryo-TEM) was employed. LNP samples were
prepared at a temperature of 25 °C and approximately 100% humidity in a vitrification system. Vitrified samples were
then examined using the Tecnai G2-20 - FEI Super Twin 200 kV microscope at the Microscopy Center of UFMG. The
encapsulation efficiency and concentration of mRNA in LNPs for in vitro and in vivo applications were determined using
a Ribogreen assay (ThermoFisher) and NanoDrop-OneC-UV-Vis.** To determine the pKa of each LNP, the 2-(p-tolui-
dine) naphthalene-6-sulfonic acid (TNS) assay was used. The experiment involved preparing a buffer solution by
combining 150 mM sodium chloride, 20 mM sodium phosphate, 25 mM sodium citrate, and 20 mM sodium acetate,
and then adjusting the pH from 2 to 12 in 0.5 increments. 140 pL of each pH-adjusted solution and 5 uL of each LNP
were added in triplicate to a 96-well plate, followed by the addition of TNS to each well to achieve a final concentration
of 6 uM. Fluorescence was measured on a Cytation 5 Cell Imaging (Biotek) with excitation and emission wavelengths of
325/435 nm. A sigmoidal curve fit was generated from the fluorescence emitted to determine the pH at which 50%
protonation occurred, which was taken as the apparent pKa.

Human Samples

The human samples used in the study were approved by the Institutional Review Board of the Federal University of
Minas Gerais (COEP: 51,183,421.3.0000.5149). Healthy adult donors provided blood samples and completed
a comprehensive questionnaire. All donors provided their consent to participate in the study.

Ethics Statement

In vivo experiments were conducted following the regulations outlined in the National Institute of Health (NIH) Guide
for the Care and Use of Laboratory Animals and authorized by the Ethical Committee for Animal Experimentation of the
UFMG (CEUA 269/2022). The use of Human clinical samples complies with the Declaration of Helsinki and was
performed with approval from the ethics committee.

Animal Models

For this study, we utilized 6-8-week-old transgenic mice NOD-SCID IL-2R™!" (NSG) strain of both genders. These
mice were bred at the Immunopharmacology Laboratory of the Institute of Biological Sciences (ICB) at the Federal
University of Minas Gerais (UFMG). They were kept in ventilated cages in an animal biosafety level-2 facility (ICB,
UFMG) and maintained under a 12 h light/12 h dark cycle at 24 °C + 2 °C. They were provided with access to food and
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water ad libitum. We closely monitored the mice for any indications of illness, such as ruffled fur, arching of the back,
loss of weight, and decreased activity.

Mouse Humanization Using Human Peripheral Blood Mononuclear Cells (PBMCs)
PBMCs were isolated from blood using Ficoll-Hypaque (GE-Healthcare; GE17-1440-02) gradient separation. PBMCs
were rested overnight in RPMI medium (RPMI 1640 (Gibco; 31,870,074) with 10% human serum (Sigma Aldrich;
H5667 or H4522), 1% penicillin/streptomycin (Sigma-Aldrich; P0781) at 37 °C and 5% CO, before adoptive cell
transfer. Cells were washed with PBS and 10’ PBMCs were intravenously injected into each mouse. Peripheral blood
from the humanized mice was examined using a plot of mCD45 versus human CD3. Different immune cell subpopula-
tions, including CD4+ T cells (CD4+/CD3+) and CD8+ T cells (CD8+/CD3+), were assessed based on molecular
markers specific to each cell subset. Antibodies listed in Table S1 were used for labeling, which was performed at room
temperature for 20 min while protecting from light. Subsequently, the blood samples were lysed using an ammonium
chloride solution, centrifuged at 400g for 5 min, and finally resuspended in 2% paraformaldehyde (PFA). Cell acquisition
was performed using an LSR Fortessa (BD Biosciences), and data analysis was conducted using GraphPad Prism V7.0
and FlowJo V10.4.11.

In vivo Colo 205 Tumor Cell Study

Colo 205 tumor cells were injected subcutaneously (SC) on the flank (3 x 10° cells in 100 pL) of humanized and non-
humanized NSG mice of both genders aged 1620 weeks, weighing 25-30 g using a 30-gauge needle (Becton Dickson,
Rutherford, NJ, USA). Tumor-bearing mice were weighed and randomly divided into six different groups when the
tumor volume reached 100 mm?: (1) PBS; (2) Los; (3) Ang (1-7); (4) LNP-TRAIL; (5) Los + LNP-TRAIL; and (6) Ang
(1-7) + LNP-TRAIL. The mice were treated with LNP-TRAIL intratumorally every 48 h at a dose of 5 pg of mRNA.
Tumor growth was monitored over time using a caliper and IVIS bioluminescence image, as previously reported.*’
Tumors were removed 18 and 24 days after transplantation and weighed. The length (L) and width (W) of the tumors

were measured and used to calculate tumor volume (V) using the formula V = 0.5 x (L x w2).H

Oral Treatments for Normalization of TME
Non-humanized and humanized mice were orally treated with 121.2 mg/kg Losartan (Los) or 60 pg/kg CD-Ang (1-7), and
the control mice received an equivalent volume of PBS. The treatment was initiated seven days (non-humanized mice) or

fourteen days (humanized mice) after tumor induction and continued until the mice reached the endpoint of euthanasia.

Liver and Renal Function Assays

Alanine Transaminase (ALT) and Aspartate Aminotransferase (AST) were assessed in EDTA-treated plasma using the
ALT Activity Assay Kit (Bioclin K049-6) and the AST Activity Assay Kit (Bioclin K048-6), respectively. Urea levels
were determined using the Urea UV Kit (K056-1) from Bioclin. All assays were conducted in accordance with the
manufacturer’s instructions. Duplicate wells per mouse sample were analyzed, and the mean value of these technical

replicates was utilized for subsequent analysis.

Blood Flow Evaluation

To assess the blood flow measures in tumors, Laser-Doppler perfusion imaging (LDPI) was used (Moor Instruments,
Devon, UK). LDPI was conducted in anesthetized mice at a minimal level of ambient light to avoid any influence on the
laser light and recorded signals. The animals were maintained at a constant temperature of 37 °C for 5 min before and
during the imaging procedure. Hot colors indicate higher blood flow.**** The MoorLDI V5.3 software (Moor
Instruments, Axminster, UK) was used to calculate the mean pixel value of each scanned image, and the mean flux
was expressed as relative units, representing the average blood flow of the tumor area.
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Bioluminescence Imaging of Tumor Cell Burden in Mice
To assess tumor burden, mice were treated with 100mg/kg D-Luciferin via intraperitoneal administration (Perkin Elmer),
and tumor burden was quantified by luminescence using whole-animal imaging with an In Vivo Imaging System (IVIS,
Perkin Elmer) 25 days following transplantation at the René Rachou Institute, Fiocruz Minas. The acquired images were
analyzed with the Living Image Acquisition and analysis software (Xenogen).

Immunofluorescence and Confocal Microscopy

To investigate cell death, vessel morphology, and collagen content, tumors were fixed in 4% buffered paraformaldehyde
overnight at 4 °C after dissection. Samples were then incubated overnight at 4 °C in a solution of 30% sucrose diluted in
PBS, embedded in optimal cutting temperature compound (OCT, Tissue-Tek), and frozen at —80 °C. Cryosections of 20
um were prepared, blocked in PBS with 4% BSA and 0.5% Triton x-100 for 2 h, and then immunostained with CD31-PE
(1:200; BioLegend), Collagen I (1:100; ThermoFisher), Caspase-3 (1:500; Cell Signaling Technology), and anti-Guinea
pig-AlexaFluor-647 as a secondary antibody (1:1000; Life Technologies). The sections were subsequently washed with
PBS containing 5 pg/mL DAPI (Invitrogen) and mounted using Dako fluorescence mounting medium (Dako, Santa
Clara, CA). Confocal microscopy was used to image and analyze the stained tumor sections with an inverted Zeiss LSM
880 confocal microscope (Oberkochen, Germany), carried out at the Center for Acquisition and Processing of Images
(CAPI-UFMG). Fiji software®, version 1.53 (National Institute of Health),** was used to quantify the CD31, Caspase-3,
and Collagen I area, with multiple random fields from each section used for quantification.

Histopathological and Immunohistochemical Analysis

To investigate the histopathological features associated with treatments, collected tumors were fixed using a 4%
formaldehyde solution and then dehydrated and embedded in paraffin. Tissue sections, 5 pm in thick, were prepared
and stained with hematoxylin and eosin (H&E) for microphotograph analysis. To determine tissue morphological
alterations in the tumors, an inflammatory and necrosis score system was used. Chronic inflammatory reactions in all
samples were based on the presence or absence of plasma cells, epithelioid and giant macrophages, and lymphocytes.
Some parameters as vessels number, cellular atypia, hemorrhage, fibrosis, necrosis, mitosis figures, pyknosis, caryor-
rhexis and inflammatory infiltrate, were evaluated in stained slides using a 40X microscope objective. H&E staining was
used to characterize the semi-quantitative analyses. The scoring system was performed using 10 images as follow: 0 = no
injury (based on histological control tissue); 1 = discrete and slight, when the lesion occupies less than 25% of the tissue;
2 = moderate, when the lesion occupies 25 to 50% of the tissue; 3 = intense, when the lesion occupies 50 to 75%; 4 =
intense, when the lesion occupies more than 75% of the tissue.

Tumor-Infiltrating Leukocyte Immunophenotyping

Mouse tumors and spleens were harvested, minced, and filtered through cell strainers of 40 um (BD FALCON) to isolate
the cells used for immunophenotyping. The isolated cells were washed in PBS and treated with Live/Dead solution to
exclude dead cells. Monoclonal antibodies were used for staining, and the cells were fixed and permeabilized according
to the manufacturer’s instructions (ThermoFisher). LSR Fortessa instrument was used for cell acquisition, and data
analysis was performed using GraphPad Prism V7.0 and FlowJo V10.4.11. To ensure the accuracy of our analyses, we
utilized a combination of fluorochromes to exclude debris from the samples. A gate based on forward scatter area (FSC-
A) versus forward scatter height (FSC-H) was implemented to eliminate doublets. Only live cells were considered in our
study, identified using a Live/Dead Kit (Invitrogen) designed for 405 nm excitation. In particular, nonviable tumor cells
were identified through a Live/Dead Fixable Acqua gate against FSC-A. Subpopulations of tumor cells were then gated
within mCD45-hCD45+Colo205GFP+ cells. Various T-cell subpopulations were distinguished based on molecular
markers such as CD3, CD4, CDS8 (Table S1). Within each T-cell subset, the frequencies of cells expressing checkpoint
inhibitors CTLA-4 and PD1 were assessed. Tumor-infiltrating leukocytes were stimulated with autologous tumor cells in
the presence of Brefeldin A (ThermoFisher) and Monensin (ThermoFisher) for 4 h. Subsequently, the tumor-infiltrating
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leukocytes were treated with monoclonal antibodies (mAbs) targeting specific surface proteins, followed by fixation and
permeabilization.

Statistical Analysis

Data are presented as the mean value with error bars representing standard deviation (SD). Statistical analyses such as the
student’s ¢ test and one-way or two-way analysis of variance (ANOVA) were performed, followed by post hoc tests using
Tukey’s or Dunnett’s method to compare two groups or among multiple groups. These analyses were conducted using
GraphPad Prism 7.0. p < 0.05 was considered statistically significant. Each experiment was repeated at least three times
independently with similar results and a representative dataset is presented.

Data Availability

The data that support the findings of this study are available within the paper and its Supplementary Information. All data

generated in this study are available from the corresponding author on request.

Results

Characterization and in vitro Testing of mRNA-LNPs

Ionizable lipid nanoparticles encapsulating mRNA coding for TRAIL protein (LNP-TRAIL) were synthesized using the
ionizable lipid C12-200, a PEG-lipid conjugate (C14-PEG2000), a phospholipid (DOPE), and cholesterol via controlled
microfluidic mixing (Figure 2A). The LNP-TRAILs were characterized based on their size, polydispersity, zeta potential
and apparent pKa. The LNP-TRAILs exhibited an average hydrodynamic diameter of 121.1 + 0.56 nm and
a polydispersity index of 0.146 + 0.04 (Figure 2B). The cryo-TEM data revealed that LNPs exhibited a homogeneous
distribution and well-defined structure, as indicated by the presence of an electron-dense nucleus (Figure 2C). The LNP-
TRAILSs exhibited a slightly negative zeta potential of —2.82 £+ 0.60 mV (Figure 2D). Encapsulation efficiency measure-
ments, determined through a RiboGreen assay, revealed that LNPs produced using microfluidic mixing exhibited an
encapsulation efficiency of TRAIL at around 84%. We also measured the apparent pKa of LNP-TRAILs via TNS assay,
which demonstrated a pKa value of 7.96, suggesting strong ionizability at endosomal pH (Figure 2E). For the in vitro
assessment of TRAIL production, HS-5 stromal cells and Colo 205 tumor cells were treated with LNP-TRAIL. Our
results indicate that LNP-TRAIL effectively induced TRAIL production in both cellular lineages. (Figure 2F-H). To
investigate the ability of LNPs to induce tumor cell death, we performed an in vitro viability assay. Colo 205 cells were
treated with LNP-TRAIL with or without the apoptosis inhibitor Z-VAD-FMK. Our results revealed a decrease in the cell
viability of Colo 205 cells treated with LNP-TRAIL by approximately 38% compared to control, indicating an increase
in cell death (Figure 2I-J). Additionally, we found that caspase inhibitor Z-VAD-FMK reduced TRAIL-mediated tumor
cell death in the presence of LNP-TRAIL. These findings suggested that LNP-TRAIL has the potential to trigger TRAIL-
mediated tumor cell death.

LNP-TRAIL Combined with TME Normalization Inhibited Tumor Progression

To investigate the normalization of TME, NSG mice were treated with Los or Ang (1-7) (Figure 3A). Our study revealed
significantly increased vessel perfusion within the tumors after administration of Los or Ang (1-7) (Figure 3B, and C).
Furthermore, we found decreased area occupied by collagen I (Figure 3D, and E) and increased intratumoral vasculature
(Figure 3F, and G) after treatment with Los or Ang (1-7). We then questioned whether the reduction of solid stress and
increased vasculature in TME would favor the delivery of intratumoral LNP-TRAIL. LNP-TRAIL was administered
every two days starting from day 11 following tumor cell injection (Figure 4A). Our results indicated that the normal-
ization of TME improved the intratumoral delivery of LNP-TRAIL, resulting in reduced volume, weight, and tumor area
in NSG mice treated with Los or Ang (1-7) in combination with LNP-TRAIL (Figure 4B—E) compared to the other
groups. Specifically, at the 18-day time point, there was a substantial decrease of approximately 75% and 80% in tumor
volume in the groups treated with LNP-TRAIL combined with Los or Ang (1-7), respectively. These results were in
comparison to the control group treated with LNP-TRAIL alone (Figure 4C). Together, these findings suggested that
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Figure 2 Synthesis, characterization, and in vitro testing of LNP-TRAIL. (A) Schematic illustrating the synthesis process for LNPs encapsulating mMRNA-TRAIL. LNPs were
synthesized via microfluidic mixing, which involved the combination of an aqueous phase containing mMRNA coding for TRAIL protein and an ethanol phase comprising lipids.
(B) Representative cryo-TEM image of LNPs. (C) Hydrodynamic diameter measurements of LNPs with the corresponding polydispersity index (PDI), measured by dynamic
light scattering (DLS). (D) Zeta potential of LNP-TRAIL. (E) Apparent pKa measurement of LNP-TRAIL. (F) Gating strategy to determine the frequency of HS-5 stromal
cells and live Luct+ Colo 205 tumor releasing TRAIL. (G) Quantification of live HS-5 stromal cells expressing TRAIL after 24 h of in vitro treatment with LNP-TRAIL. (H)
Percentage of live Luct+ Colo 205 tumor cells expressing TRAIL after 24 h of in vitro treatment with LNP-TRAIL. (I) Brightfield micrographs of Colo 205 tumor cells treated
with 0.5 pg/well of LNP-TRAIL in the presence or absence of 50 UM pan-caspase inhibitor Z-VAD-FMK. Black arrows represent apoptotic bodies. (J) Cell viability of Colo
205 tumor cells following treatment with 0.5 uyg mRNA/well of LNP-TRAIL in the presence or absence of 50 1M pan-caspase inhibitor Z-VAD-FMK. Data are presented as
mean = SD. One-way ANOVA followed by Tukey’s multiple comparison test (ns not significant; **p < 0.01; ***p < 0.00| and **¥p < 0.0001).

TEM normalization may have facilitated the intratumoral delivery of LNP-TRAIL, resulting in asubstantial inhibition of
tumor growth. Additionally, to assess the potential hepatic or renal toxicity induced by the treatments, we measured the
levels of Alanine ALT, AST, and urea in the serum of mice from each group. Our findings reveal no toxicity in groups
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Figure 3 LNP-TRAIL combined with TME normalization enhanced blood perfusion and reduced collagen | deposition in tumor tissue. (A) Schematic representation of
subcutaneous transplantation of Colo 205 cells and treatments with Los, Ang (1-7), and LNP-TRAIL in NSG mice. (B) Representative tumor blood flow images in grayscale
and visual intensity scale 18 days post-treatment. Warmer colors represent higher perfusion levels, while the dashed area denotes the tumor region. (C) Quantification of
blood flow perfusion within tumor tissue |18 days post-treatment (n = 7-8/group). (D) Representative fluorescence images of the tumor marked with anti-collagen | antibody
(magenta) and DAPI (blue), acquired using a 20X objective. (E) Quantification of collagen | area within tumor tissue (n = 3 samples/group). (F) Representative
immunofluorescence images of tumors labeled for endothelial cells (CD31; red) to identify blood vessels and nuclei (DAPI; blue), acquired using a 20X objective. (G)
Quantification of the vasculature area in tumor tissue (n = 3—4 samples/group). Data are presented as mean = SD. One-way ANOVA followed by Tukey’s multiple
comparison test (*p < 0.05; **p < 0.01; **p < 0.001 and ****p < 0.0001).

treated with LNP-TRAIL, Los, Ang(1-7), whether administered individually or in combination, in comparison to the
control group (Figure S5).

Establishment of Humanized Mice Using Human Peripheral Blood Mononuclear Cells
To assess whether the treatment with LNP-TRAIL combined with TME normalization would enhance immune cell
infiltration, we developed a humanized mouse model by transplanting PBMCs from healthy donors in NSG mice
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Figure 4 LNP-TRAIL combined with TME normalization inhibits tumor progression. (A) Schematic representation of subcutaneous transplantation of Colo 205 cells and
treatments with Los, Ang (1-7), and LNP-TRAIL in NSG mice. (B) Macroscopic image of tumor growth 18 days after Colo 205 injection. (C) Quantitative analysis of tumor
volume over time (n = 7-8/group). Treatment with LNP-TRAIL combined with Los or Ang (1-7) reduced tumor volume compared to Control and LNP-TRAIL groups. (D)
Tumor weight and (E) tumor area after treatment with LNP-TRAIL combined with Los or Ang (1-7) (n = 7-8/group). Data are presented as mean * SD. One-way ANOVA
followed by Tukey’s multiple comparison test (*p < 0.05; **p < 0.01; **p < 0.001 and ****p < 0.0001).

(Figure S1A). The frequency of CD3+ cells exhibited around 90% increase on the fourteenth day following
humanization compared to the seventh day (Figure SIB and C). Our findings indicated the presence of human
CD8+ and CD4+ T cells in the peripheral blood of transplanted NSG mice. Furthermore, there was a surge in the
frequency of circulating lymphocytes after 14 days, which suggests the proliferation of these cells (Figure S1 D— F).
These results serve as confirmation of the successful establishment of a humanized model.

LNP-TRAIL Combined with TME Normalization Induced Potent Tumor Cell Death in
Humanized Mouse Model

To validate the inhibition of tumor progression in humanized mice, we injected Colo 205 tumor cells into the flank region
of humanized NSG mice. After 14 days of humanization, we began daily treatment with Los or Ang (1-7). LNP-TRAIL
treatment was administered every two days, starting on the day 18 after tumor cell injection (Figure SA). Our results
demonstrated that the administration of Los or Ang (1-7) effectively increased the perfusion of blood vessels within Colo
205 tumors (Figure S2A—C). Again, we observed reduced tumor progression in NSG mice treated with Los or Ang (1-7)
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Figure 5 LNP-TRAIL therapy in a humanized mouse model results in a potent reduction of tumor growth. (A) Schematic representation of NSG mice humanization and
subcutaneous Colo 205 tumor cells transplantation following treatments with Los, Ang (1-7), and LNP-TRAIL. (B) Representative images of bioluminescence detection of
tumor growth in NSG mice 24 days after treatment with Los, Ang (I-7), and LNP-TRAIL. Color scale represents the luminescence signal emitted by Luct+ Colo 205 cells.
(€) Macroscopic image of tumor growth 24 days after Colo 205 injection. (D) Tumor burden quantification by total flux from bioluminescence imaging (n = 3—6/group). (E)
Quantitative analysis of the tumor volume over time. Treatment with LNP-TRAIL combined with Los or Ang (1-7) reduced tumor volume compared to Control and LNP-
TRAIL groups (F) Tumor weight and (G) area after LNP-TRAIL treatment combined with Los or Ang (I-7) (n = 3—7/group). Data are presented as mean + SD. One-way
ANOVA followed by Tukey’s multiple comparison test (*p < 0.05; **p < 0.01; and ****p < 0.0001).

in combination with LNP-TRAIL (Figure 5B—G). Specifically, in the humanized mice, we observed a remarkable
decrease in tumor volume, achieving reductions of 83% and 85% (Figure 5E) in the groups treated with LNP-TRAIL
combined with Los or Ang (1-7), respectively. These outcomes were notably different compared to the control group
treated with LNP-TRAIL alone. In addition, we evaluated the frequency of dead cells within the tumor after treatment
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Figure 6 LNP-TRAIL combined with TME normalization induced potent tumor cell death. (A) Gating strategy to determine the frequency of dead tumor cells identified
through a Live/Dead Fixable Acqua gate against FSC-A (mCD45-, hCD45-, Colo 205 GFP+ cells) (B) Frequency quantification of dead tumor cells after LNP-TRAIL
treatment combined with TME normalization (n = 3—7 samples/group). (C) Representative fluorescence images of the tumor marked with anti-caspase-3 antibody (yellow)
and DAPI (blue) were acquired using a 40x objective. (D) Quantification of normalized caspase-3 area in tumor tissues (n = 3 samples/group). Data are presented as mean +
SD. One-way ANOVA followed by Tukey’s multiple comparison test (*p < 0.05; **p < 0.001 and ***p < 0.0001).

using flow cytometry (Figure 6A). Our findings demonstrated that the combination of LNP-TRAIL treatment with Los or
Ang (1-7), significantly increased the frequency of dead tumor cells (mCD45-, hCD45-, Colo 205 GFP+ cells) in
humanized mice by approximately 26% and 39%, respectively (Figure 6A—B). These results were in comparison to the
control group treated with LNP-TRAIL alone. Given the importance of caspase-3 in the apoptotic signaling pathways
triggered by TRAIL,*>**® we evaluate the marked area of caspase-3 intratumorally (Figure 6C). Our findings revealed
a substantial increase in caspase-3 staining, with approximately 15- and 12-fold increments in the groups treated with
LNP-TRAIL combined with Los or Ang, respectively, compared to the control group treated solely with LNP-TRAIL
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(Figure 6D). Furthermore, an increased area of necrosis was observed in the group treated with the combination of LNP-
TRAIL and Los or Ang (1-7) (Figure S3A—C). Collectively, our results demonstrated that the combination of LNP-
TRAIL treatment and normalization of the TME in humanized mice significantly contributed to the inhibition of tumor
progression.

LNP-TRAIL Combined with TME Normalization Increases Cytotoxic T Lymphocyte
(CTL) Response and Inhibited Tumor Progression

The process of tumor rejection initiates with the infiltration of immune cells, particularly T cells, into the tumor site following
the initial CTL response.*”*® Therefore, we used humanized mice to assess the infiltration of immune cells into the tumor
following treatment with LNP-TRAIL combined with Los or Ang (1-7). Our data indicate that normalization of the TME not
only enhanced the efficiency and delivery of LNP-TRAIL in the TME but also stimulated the infiltration of cytotoxic CD8+
T cells (Figure 7A—C) and inflammatory infiltrate (Figure S4A—C), which could be associated with enhanced death of tumor
cells. We then assessed the co-expression of immune checkpoint molecules CTLA-4 and PD-1 (Figure 7D-G) as elevated
levels of these molecules in cytotoxic T cells can lead to dysfunction and hinder their effector function.**>' We observed
increased CTLA-4 expression in infiltrating CD8+ and CD4+ T cells (Figure 7E and H) in mice treated with LNP-TRAIL
combined with Los or Ang (1-7). There were no significant differences detected in the co-expression of CTLA-4 and PD-1
molecules on infiltrating CD8+ and CD4+ T cells within the tumor (Figure 7D, F, G, 1, and J).

In addition, we evaluated Ki67 expression, a marker used to assess the rate of cell proliferation.”** Previously
reported results demonstrated the antitumor activity of CD8" T cells Ki67".>* We found increased proliferation rate of
infiltrating CD8+ and CD4+ T cells within the tumor after treatment with LNP-TRAIL combined with Los or Ang (1-7)
Figure 8A-D). Collectively, our findings suggest that TME normalization is a promising strategy to improve the delivery
of LNP-encapsulated mRNA to the TME. Additionally, TME normalization enhanced not only the delivery efficacy of
LNP-TRAIL in the TME but also the infiltration of cytotoxic CD8+ T cells. From a clinical perspective, this approach
can be utilized to deliver mRNA to the TME to inhibit tumor growth.

Discussion

The development of targeted therapies for cancer remains a significant challenge due to the complexity of cancer biology,
heterogeneity among tumor types, and the acquisition of resistance mechanisms.’> TRAIL therapy has gained substantial
interest as a selective cancer therapeutic, owing to its ability to induce programmed cell death selectively in cancer cells.'
Nevertheless, the use of soluble protein TRAIL in most studies is limited by its short half-life, off-target effects, inability
to provide enough protein to the tumor, and acquired resistance.! Consequently, there is a rising interest in exploring
mRNA-based strategies to generate TRAIL in situ for cancer therapy.'> However, mRNA is unstable in vivo and requires
a carrier to cross cell membranes.’®>” The encapsulation of mRNA-TRAIL in lipid nanoparticles offers the potential for
protection and efficient delivery to induce tumor cell death through TRAIL-mediated mechanisms, highlighting the
therapeutic capabilities of this approach.” Here, we have developed LNPs comprising ionizable lipids commonly
employed for mRNA delivery” in combination with helper lipids, cholesterol, and a lipid-PEG (Figure 2A). LNPs
maintain a neutral charge at physiological pH, minimizing toxicity in comparison to cationic lipids.*® The presence of
ionizable lipid is essential for LNPs to effectively escape the acidic endosomal environment after endocytosis.>® Within
the endosome, protonation occurs, leading to the fusion of LNP membrane lipids with the anionic lipids of the
endosome.® This process facilitates the release of the mRNA cargo into the cytosol. The LNP formulated with mRNA-
TRAIL was characterized by monodisperse size, exhibiting a dense core and a spherical morphology, with an average
hydrodynamic diameter of approximately 120.5 nm and similar pKa to our previous studies.'*?° Our in vitro findings
illustrate the effective induction of TRAIL production in both stromal and tumor cells by the formulated LNP-TRAIL,
highlighting the therapeutic potential of these LNPs (Figure 2F—H). Furthermore, our in vitro findings indicated that
LNP-TRAIL has the potential to induce tumor cell death through TRAIL-mediated mechanisms (Figure 2I and J). These
data have shown the promising therapeutic capability of LNPs as a delivery system for mRNA-based treatment of cancer.
Likewise, utilizing mRNA makes it possible to achieve sustained expression of TRAIL within tumors, enhancing efficacy
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Figure 7 LNP-TRAIL combined with TME normalization enhances cytotoxic T lymphocyte response and reduces tumor progression. (A) Gating strategy for identification
of CD8+ T cells within CD3+ live cells. Frequency quantification of live tumor-infiltrating (B) CD4+ T and (C) CD8+ T cells (n = 3—7 samples/group). (D) Representative
dot plots of the relative levels of CTLA-4 and PD-1 in tumor-infiltrating CD4+ and CD8+ T cells of the Los + LNP-TRAIL group. Frequency quantification of (E) CTLA-4 and
(F) PD-1 in tumor-infiltrating CD4+ human T cells (n = 3—7 samples/group). (G) Co-expression of CTLA-4 and PD-| in tumor-infiltrating CD4+ T cells (n = 3—7 samples/
group). Frequency quantification of (H) CTLA-4 and (I) PD-1 in tumor-infiltrating CD8+ human T cells (J) Co-expression of CTLA-4 and PD-I in tumor-infiltrating CD8+
T cells (n = 3—7 samples/group). Data are presented as mean + SD. One-way ANOVA followed by Tukey’s multiple comparison test (*p < 0.05; **p < 0.01; **p < 0.001).

2668 e International Journal of Nanomedicine 2024:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove da Silva et al

A
Control Los Ang (1-7) LNP-TRAIL Los + LNP-TRAIL Ang (1-7) + LNP-TRAIL
10 10°3 10°3 10°3 103 101
5.10% 4.81% 21.8% 13.4% 73.9% 73.7%
|04' 103 103 104‘ 103 104‘

o8

e 3,
-
o3
> >
Ll
o3
> o
P
o3
(5} ™
P
3,23,
P

CDh4
B
Control Los LNP-TRAIL Los + LNP-TRAIL Ang (1-7) + LNP-TRAIL
107 5.53% | |13 103 107 103 59,5.9% 104 51,6%
4 4 4] 4] 4] 4] ﬁ
10 10 10 10 10 m 10
10’ 107 10° 103 °4 ¥ o

Ki67

CD8
[J Control ] Los E Ang (1-7) mm LNP-TRAIL l Los + LNP-TRAIL @ Ang (1-7) + LNP-TRAIL
*
% %k Kk |
c — D .
%k %k 1
%%k
_ *ok ok ok _ 1
150 100 o
%k %k k
0 1 2 °1°
8 & 1007 ° RS ofo
< oo T ~ o o
Tk o oo % 504 ‘I
58 : R |-
o < 907 : O ]
0_

Figure 8 LNP-TRAIL combined with TME normalization increases the proliferation rate of tumor-infiltrating CD4+ and CD8+ T cells. Gating strategy for identifying (A)
Ki67+/CD4+ and (B) Ki67+/CD8+ T cells. Frequency of tumor-infiltrating (C) CD4+ T and (D) CD8+ T cells expressing Kié7 cell proliferation marker (n = 3—7 samples/
group). Data are presented as mean + SD. One-way ANOVA followed by Tukey’s multiple comparison test (*p < 0.05; **p < 0.01; and **p < 0.001 and ****p < 0.0001).

while minimizing systemic side effects. mRNA-based approaches allow for customization of expression levels and
timing, as well as co-delivery of therapeutics and modulation of target gene expression to overcome resistance
mechanisms?.

Emerging immunotherapies face a significant challenge known as extracellular matrix confinement (EMC), which
impedes their delivery efficacy.’®*’ The presence of aberrant blood and lymphatic vessels contributes to the development
of a hostile tumor microenvironment, marked by conditions such as hypoxia, low pH, and elevated interstitial fluid
pressure. Furthermore, the presence of collagen within the matrix can hinder the delivery of macromolecules like nucleic
acids, peptides, and nanomedicines, primarily due to steric interactions. In addition, the matrix indirectly delays
therapeutic delivery by compressing the vasculature®> These abnormalities play a crucial role in driving tumor progres-
sion, fostering immunosuppression, and promoting resistance to treatment. One proposed strategy to address these
challenges involves the transient normalization of the TME, creating a favorable window during which the administration

of immunotherapy can yield improved outcomes. To address these issues, here we administered Los or Ang (1-7) to mice
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aiming to reduce solid stress and increase vascular perfusion as previously described.?®>**° We observed that Los and
Ang (1-7) rapidly reduced established tumor matrix levels (Figure 3D and E). Nonetheless, the mechanisms by which
these drugs degrade/destabilize the matrix and inhibit collagen I deposition are poorly understood.>**>° Our findings
reveal that treatment with Los and Ang (1-7) reduced collagen I deposition and increased blood perfusion within the
tumor, improving the functional delivery and antitumor effect of LNP-TRAIL.

To investigate immune response in the TME, we treated humanized mice with LNP-TRAIL via intratumoral injection.
This approach provides the advantage of attaining in situ therapeutic effects through localized delivery of high
concentrations of mRNA, minimizing systemic exposure.®” The intratumoral delivery of mRNA, as demonstrated by
OX40L in current clinical trials (NCT03739931), has resulted in complete responses in tumors that exhibit only partial
responsiveness to systemic checkpoint inhibitor.®!

The successful implementation of a humanized model was confirmed by the levels of CD8+ and CD4+ T cells in the
peripheral blood of NSG mice transplanted with PBMCs (Figure S1D-F). Our study revealed that normalization of the
TME resulted in enhanced frequency of CD4+ and CDS8+ T cell infiltration in human colon cancer (Figure 7A—C), and
this T cell infiltration is a significant prognostic factor in this type of cancer.*”*>** Combining LNP-TRAIL treatment
with normalization of the TME reduced tumor volume (Figure SC-E) and increased frequency of tumor cell death in
humanized mice (Figure 6A and B). Furthermore, our results demonstrated that treatment with LNP-TRAIL combined
with TME normalization increased caspase-3 (Figure 6C and D). Previous studies'®*®° have demonstrated that caspase-3
activation cleaves many targets intracellular proteins, resulting in the morphological and biochemical characteristics of
apoptosis, which was observed in our results (Figure 6A and B).

The co-expression of immune checkpoint molecules CTLA-4 and PD-1 is critical in regulating the immune response
by preventing the immune system from attacking healthy cells. These molecules act as a “brake” on the immune system,
and their role is to prevent an excessive or uncontrolled immune response that could damage healthy tissues.”® However,
cancer cells can exploit this mechanism to evade immune detection by expressing ligands for checkpoint molecules,
which leads to T-cell exhaustion and dysfunction.’® Studies have shown that the combination of anti-CTLA-4 plus anti-
PD-1 therapy led to a more effective tumor immune response, generating proliferation and activation of CD4+ and CD8+
CD45RO+/EOMES+/CD69+ T cells within the tumor.**>' Here we found that combining LNP-TRAIL treatment with
TME normalization prevented the co-expression of immune checkpoint markers by tumor-infiltrating CD4+ and CD8+
T cells. Finally, our results revealed that treatment with LNP-TRAIL combined with TME normalization also stimulated
the expression of Ki67, a marker of activation and proliferation of tumor-infiltrating cytotoxic CD8+ and CD4+ T cells
(Figure 8A-D). This intensification of the effect of LNP-TRAIL immunotherapy resulted in the notable death of tumor
cells.

Conclusion

In this work, we developed an LNP platform to deliver TRAIL mRNA directly to the tumor microenvironment, aiming to
induce tumor cell death. Additionally, this study highlights the importance of normalizing the TME to optimize the
delivery and efficacy of LNP-TRAIL, promoting increased infiltration of immune cells. Specifically, the combination of
LNP-TRAIL immunotherapy with TME normalization resulted in notable reduction in tumor volume and the induction
of tumor cell death. While our focus revolves around the intratumoral injection of LNP-TRAIL, further investigations are
crucial to explore its delivery and efficacy in systemic treatment. This includes assessing long-term effects, identifying
potential resistance mechanisms, and optimizing the dosage and schedule of combination therapy. Collectively, our study
demonstrates the potential of integrated therapeutic approaches to enhance immune response against tumors, offering
crucial insights for the development of innovative strategies in cancer therapy.
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