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Background: Messenger ribonucleic acid (mRNA)-based gene therapy has great potential in cancer treatment. However, the
application of mRNA-based cancer treatment could be further developed. Elevated delivery ability and enhanced immune response
are advantages for expanding the application of mRNA-based cancer therapy. It is crucial that the prepared carrier can cause an
immune reaction based on the efficient delivery of mRNA.

Methods: We reported DMP nanoparticle previously, which was obtained by the self-assembly of 1,2-dioleoyl-3-trimethylammonium
propane (DOTAP) and (ethylene glycol)-b-poly (e-caprolactone) (mPEG-PCL). Research demonstrated that DMP can deliver mRNA,
siRNA, and plasmid. And it is applied to various tumor types. In our work, the tumor cell lysate was introduced to the internal DMP
chain, fusing cell-penetrating peptides (CPPs) modification on the surface forming the CLSV system. And then mixed encoded IL-
22BP (interleukin-22 binding protein) mRNA and CLSV to form CLSV/IL-22BP complex.

Results: The size of the CLSV system was 213.2 nm, and the potential was 45.7 mV. The transfection efficiency of the CLSV system
is up to 76.45% in C26 cells via the micropinocytosis pathway. The CLSV system also could induce an immune response and
significantly elevate the expression of CD80, CD86, and MHC-II in vivo. Then, by binding with IL-22BP (Interleukin-22 binding
protein) mRNA, the CLSV/IL-22BP complex inhibited tumor cell growth, with an inhibition rate of up to 82.3% in vitro. The CLSV/
IL-22BP complex also inhibited tumor growth in vivo, the tumor cell growth inhibition up to 75.0% in the subcutaneous tumor model,
and 84.9% in the abdominal cavity metastasis tumor model.

Conclusion: Our work demonstrates that the CLSV system represents a potent potential for mRNA delivery.
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Introduction

One of the main causes of death worldwide is cancer, with more than 9 million cancer-related deaths annually." The third
most common cancer is colon cancer which accounts for 10.2% of all cancer-related deaths worldwide.” Currently,
conventional treatment methods for tumor disease include surgery, radiation therapy, and chemotherapy, each with
unique limitations.>* Gene therapy, defined as the introduction of therapeutic genes into cancer cells or tissues to cause
cell death or slow cancer growth, has become a novel and effective method for cancer treatment.’
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It has several advantages of mRNA-based gene therapy for cancer therapy.® For example, because of mRNA’s lack of
redundant gene sequence, it has increased transmission ability.” Moreover, the mRNA product was greatly increased due
to it can translate into protein and does not need to enter into the nucleus.® At the same time, many mRNAs have entered
clinical such as CV9202 and BNT162b1, demonstrating good therapeutic.’'® However, because the transfection rate and
degradability limited the application. Therefore, it is crucial for the vector that not only further elevate the mRNA
therapy potential but also confirm the mRNA integrality and deliver efficiency.

Peptide modification is one way to enhance mRNA delivery efficiency. CPPs peptide was known for its great
penetrative abilities.'' Research has reported that CPPs can deliver nucleic acid, protein, and compounds. However, the
co-delivery of CPPs with vectors is a great challenge.'? Importantly, The binding efficiency between carrier and CPPs
should be ensured. Therefore, needs the carrier to have an appropriate site for modification. Moreover, CPPs binding with
the vector will form steric hindrance, whether the steric hindrance influences the mRNA transfection ability hinges on the
vector itself. This indicated that although CPPs modification further increases delivery efficiency, higher carrier require-
ments are needed.

Enhancing immune response-ability is another way to broaden the application of mRNA-based gene therapy called
immunogene therapy. Immunogene therapy can efficiently elevate the anti-tumor immune response to inhibit cancer
growth by introducing tumor antigens and cytokines.'> The antigens expression on tumor cells can specifically arouse
tumor immunoreaction.'*'> Therefore, the tumor cell is ideal immune stimulators because they contain multitudinous
antigens needed for immune activation.'® Compared to tumor cells, lysate has more kinds of antigens such as membrane
biomarkers, polysaccharides, and cytoplasmic proteins.'” Tumor cell lysate has a great capacity for cancer immune
therapy due to easy to obtain and short preparation time. However, it is inapposite for use alone in vivo because of the
lysate’s different solubilities, various charges, and heterogeneity. Due to the current mRNA delivery vector limited
interspace. It is difficult to realize co-delivery lysate. Therefore, the carrier must possess enough interspace to encapsulate
lysate based on high-efficiency delivery mRNA.

We previously reported DMP cationic nanoparticles, which were prepared by the DOTAP and mPEG-PCL self-
assembly.'® DMP nanoparticles are an ideal gene vector due to their simple structure and biodegradability.'® And it can
deliver different nucleic acids. Previous studies demonstrated that DMP was successfully applied in various tumor
models."®'? IL-22BP, a soluble receptor of interleukin-22 (IL-22), is a member of the type II cytokine receptor family.
Previous research has reported that IL-22 can bind to the IL-22R1 receptor to promote tumor cell proliferation.”’*' As
shown previously, IL-22BP binds with IL-22 to block the signal pathway of IL-22/IL-22R1, which indicated that IL-
22BP is a potential tumor therapeutic target.'” In this study, we sought to encapsulate tumor cell lysate onto the internal
DMP nanoparticles and then modify it by fusing CPPs to form a CLSV system. Due to the CLSV system possessing
CPPs and tumor cell lysate, it can realize the double purpose of mRNA delivery efficiency and elevate immune
stimulation. We also characterize the CLSV system properties and mRNA delivery capacity in detail. By loading
encoded IL-22BP mRNA to CLSV system to form CLSV/IL-22BP complex. We examined the ability to induce tumor
apoptosis in vitro, before extending the research to investigate the tumor cell growth inhibition ability of the CLSV/IL-
22BP complex in vivo.

Methods

Animals

All experiments on female Balb/C mice (6—8 weeks) were conducted under the guidance of the Animal Ethics Committee
of the General Administration of Health of Sichuan University and the Standard Operating Procedures and Guidelines
(SOP) for Experimental Animals of Sichuan University.

Cells
The C26 cells and 293T cells were purchased from ATCC, and cultured with Dulbecco Modified Eagle (DMEM)
containing 10% fetal bovine serum (FBS, Cell Box, Chengdu).
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Preparation and Characterization of Nanoparticles
The tumor cell lysate was prepared. Briefly, the C26 cells were digested with trypsin and used dulbecco’s phosphate-
buffered saline (DPBS) washed. Then oxidatively by hypochlorous acid for 30 min at 37°C. The sample was frozen and
thawed 14-16 times before sonicating. Finally, use BCA method (Thermo, USA) detected the lysate concentration.
The CLSV system was synthesized based on the DMP nanoparticles. Briefly, DOTAP and mPEG-PCL were dissolved
in dichloromethane at a mass ratio of 1:9. Rotary evaporation for 45 min to wipe out methylene dichloride followed by
maleimide-PEG-PCL mixed with the sample. Then, the tumor cell lysate was added forming DMP-lysate nanoparticles.
DMP-lysate and fused TAT-iRGD were dissolved in HEPES (50 mM) buffer at a mass ratio of 1:30 at 4°C overnight to
form CLSV system, the amino acid sequence of TAT-IRGD is CRGDKGPDC-GRKKRRQRRRC. Using dynamic light
scattering (Nano ZS, Malvern) measure the size and zeta potential of the DMP and CLSV system. Using transmission
electron microscopy (TEM) observe the morphology of DMP and CLSV system.

mRNA Transcription in vitro

The IL-22BP mRNA was synthesized in vitro. Firstly, the PVAX1-IL-22BP plasmid DNA (pIL-22BP) as a template to
generate the IL-22BP  template. The pIL-22BP  primer sequence was 5-TAATACGACTCACTAT
AGGGATGATGCCTAAGCATTGCCTTCTA GGTCTC-3', and 5'-TTATCATGGAATGTGCACACATCTCTCCTTGCT
-3'. Secondly, the T7 transcription kit (Thermo, USA) synthesizes mouse IL-22BP mRNA and then purifies it with a Clean-
Up Kit (Thermo). The integrity of the obtained IL-22BP mRNA was analyzed using agarose gel.

RNase Protection Assay

The protective capacity of the CLSV on mRNA was analyzed. Free IL-22BP mRNA and CLSV/IL-22BP complex were
treated with RNase A (0.25 mg/mL, Solarbio, Beijing) for 0 min, 15 min, 1 h, 2 h, and 4 h. Sodium dodecyl sulfate
(0.24 mg/mL, SDS) were treated before samples subjected to electrophoresis.

Quantitative Real-Time PCR

CLSV/IL-22BP complex were transfected into C26 cells. After 72 h, total RNA was extracted and converted to cDNA
using SuperScript II (Vazyme). Then, the cDNA was analyzed using the SYBR Green SuperMix kit (Vazyme). The IL-
22BP and B-actin primer sequences are as follows: IL-22BP forward, 5-ATTTTGCACTGGCAA
GCAGG; reverse, 5’CCCTCCCGTAATACAGCTCG; and B-actin forward, 5'-CCCAGGCATTGCTGACA GG; reverse,
5'-TGGAAGGTGGCAG TGAGGC.

Cytotoxicity Assay

Using CCK-8 assay analysis the cytotoxicity of CLSV system in 293T cells. Series concentrations of CLSV and PEI25K
were incubated with 293T cells for 24 h. The cytotoxicity of the treated cells was detected using a CCK-8 agent at
450 nm.

In vitro Transfection of the CLSV System

Using flow cytometer analysis the transfection ability of CLSV system. 293T and C26 were transfected EGFP mRNA by
CLSV system (1:25, w/w) for 48 h. As transfection control, PEI25K/EGFP, DMP/EGFP, and DMP-CPPs/EGFP were
used 1:1, 25:1, and 25:1 (w/w), respectively. The transfected C26 cells were detected.

Anti-Proliferation Assay

The growth inhibition ability of CLSV/IL-22BP was analyzed. The C26 cells were transfected with CLSV/IL-22BP
complex for 96 h. The cells were imaged followed by CCK-8 agent treatment. Additionally, using 96-well plate seed C26
cells (100 cells/well). Subsequently, using 10 ng/mL IL-22 recombinant protein stimulation C26 cells every day for 5
days. After stimulation with IL-22 protein for 72 h, the CLSV/IL-22BP complex was transfected into C26 cells, the wells
were imaged before the CCK-8 assay was added every day for 5 days.
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Clonogenic Assay
Using clonogenic assay analysis the tumor cell growth inhibition capacity of CLSV/IL-22BP complex. Briefly, using
6-well plate seed C26 cells and treatment with the CLSV/IL-22BP complex. The transfected cells were cultured for 1-2
weeks to form colonies.

In vitro Apoptosis Assay

Using flow cytometry detect the apoptosis effect of CLSV/IL-22BP complex. Briefly, using 6-well plate seed C26 cells.
The prepared cells were transfected with CLSV/IL-22BP complex for one day. The cells were dyed with apoptotic
staining solution (Genechem, Shanghai, China) (Propidium Iodide and Annexin V).

Cellular Uptake Mechanism of the CLSV/mRNA Complex

Using flow cytometry and fluorescence microscopy detect the cellular uptake mechanism of the CLSV/IL-22BP
complex. Briefly, using 6-well plate seed C26 cells for flow cytometry and chamber slides (Millicell) seed C26
cells for fluorescence microscopy. After 24 h, the cells were treated with serial inhibitors, including chlorproma-
zine (1 pg/mL), filipin III (1 mg/mL), amiloride (100 mM), wortmannin (10 mM), genistein (30 mM), and methyl-
B-cyclodextrin (10 mM) for 0.5 h and then transfection by CLSV/IL-22BP complex for one day. The flow
cytometry analyzed the cellular uptake efficiency. Additionally, the cells were stained with Hoechst (1 pg/pL,
Solarbio) for nuclei acid and Dil (10 mg/mL, Beyotime) for the cell membrane. Fluorescence microscopy analysis.

In vitro Immunostimulation Experiments

The in vitro immunostimulation effect of the CLSV system was analyzed. Briefly, using BALB/c mice hindlimb bones
extract BMDCs (bone marrow derived cells). The cells were cultured in RPMI 1640 medium for 5-7 days containing GM-
CSF (20 ng/mL). To clarify whether the CLSV can be uptake by BMDCs, the Cy5.5-1abeled CLSV (200 pg) was added to it
for 24 h. Then, the cells were dyed with Hoechst for nuclei acid and Dio for cell membrane. Fluorescence microscopy
analysis. Then, the immune response effect of the prepared CLSV was analyzed using flow cytometry. Briefly, lysate, DMP-
CPPs, and CLSV were incubated with immature BMDCs on day 7. After 24 h, CD11¢, CD80, CD86, and MHCII antibodies
(BioLegend, USA) were used to stain the collected cells for 20 min before being analyzed by flow cytometry.

In vivo Immunostimulation Experiments

The in vivo immunostimulation effect of the CLSV system was analyzed. Briefly, lysate, DMP-CPPs, and CLSV system
were intramuscularly injected in BALB/c for 24 h, 48 h, and 72 h, respectively. The lymph nodes (LN) and spleen were
collected to extract single lymphocytes. The prepared cells were stained with CDI11c, CD80, CD86, and MHCII
antibodies (BioLegend, USA) for 20 min before being analyzed by flow cytometry.

Tumor Inhibition Assay in vivo

The tumor inhibition ability of the CLSV/IL-22BP was analyzed in BALB/c female mice. To establish an abdominal
cavity metastatic model, the C26 tumor cells were intraperitoneal injection at a concentration of 2x10° cells per mouse.
The model mice received intraperitoneal injections of normal saline (NS), CLSV system, and CLSV/IL-22BP (10 ug)
complex for 10 treatments every day. On day 13, the tumors, kidney, spleen, liver, heart, and lung were collected and
soaked in paraformaldehyde.

The subcutaneous model was established by subcutaneous injection of C26 tumor cells at a concentration of 2.5%10°
cells per mouse. The model mice received subcutaneous injections of normal saline (NS), CLSV system, and CLSV/IL-
22BP (10 pg) complex for 13 treatments every day. On day 16, the tumors, kidney, spleen, liver, heart, and lung were
collected and soaked in paraformaldehyde.

Immunohistochemical Analysis
The protein expression in tumor tissue was analyzed using immunological reactions. The hematoxylin-eosin (HE) stain
assay to visualize cellular structures. The TUNEL (Madison, WI, USA) assay for apoptosis was detected. The
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immunohistochemical assay for the specific antibodies against IL-22BP, CD8, IFN-y, mannose receptor, TNF-a, CDS8O0,
and CD31 (Abcam) at 4°C overnight.

Blood Tests

CLSV systems were intravenously injected into female BALB/c mice for 24 h. Peripheral blood was collected and using
diverse indices detected. Moreover, serum was collected using a series of components analyzed.

Statistical Analysis
Using GraphPad statistically analyze the data by #-tests or one-way ANOVA. The data are shown as the mean + standard

deviation (SD). The statistical significance was defined when P < 0.05.

Results

Preparation and Characterization of the CLSV/mRNA Complex

In our research, the DMP nano-backbone is the skeleton of the CLSV system. The CLSV system was constructed by
tumor cell lysate encapsulated into the internal DMP chain, and the fused CPPs (TAT-iRGD) were modified on the
surface. Then the CLSV system binds with IL-22BP mRNA forming the CLSV/ IL-22BP complex (Figure 1A).

We then measured the diameter and potential of the DMP and CLSV system. The average diameter of prepared DMP
and CLSV system were 28.8 nm and 213.2 nm (Figure 1B), respectively. According to our results, the average {-potential
of DMP and CLSV system were 44.6 mV and 45.7 mV, respectively (Figure 1E). Then, we used TEM to further observe
the morphologies of prepared DMP and CLSV systems. (Figure 1C and D). We used 293T cells to analyze the
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Figure | Preparation and characterization of the CLSV system. (A) CLSV/IL-22BP complex synthesis. (B) Size of DMP and CLSV system. (C) TEM of DMP (scale bar: 200
nm). (D) TEM of CLSV system (scale bar: 200 nm). (E) Zeta potential of DMP and CLSV system. (F) Cell toxicity of PEI25K, DMP, and CLSV system in 293T cells (***P <
0.001). (G) Electrophoresis analysis IL-22BP mRNA. (H) Electrophoresis analysis gel retarding effect of CLSV system to mRNA. () Electrophoresis analysis RNase protects
the effect of the CLSV system on mRNA.

International Journal of Nanomedicine 2023:18 hetps: 8063
Dove:


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

Huang et al Dove

cytotoxicity of the DMP and CLSV system. According to our results, the IC50 of the DMP and CLSV system
was>1.2 mg/mL, which was much higher than PEI25K (< 0.2 mg/mL) (Figure 1F). These results indicated that the
CLSV had far lower toxicity than PEI25K. Then, the integrality of synthesized IL-22BP mRNA was confirmed using
agarose gel electrophoresis. According to our result, the result demonstrated a band close to 690 nucleotides, the length in
accord with the expected IL-22BP mRNA (Figure 1G). Then, the CLSV/IL-22BP complex was prepared by incubation
of mRNA and positive charge CLSV. The binding capacity of the CLSV was investigated. According to our results, the
mRNA band was almost invisible when the mass ratio of CLSV to mRNA was 25:1 (Figure 1H). These results indicated
that mRNA was completely bound to CLSV. Moreover, as shown in Figure 11, the protected mRNA by the CLSV system
against RNase up to 4 h. Compared to the CLSV/IL-22BP complex, the naked mRNA was entirely invisible within 15
min, indicating it was degraded fully. These results suggested that the CLSV system could efficiently bind with mRNA.

In vitro Transfection Study

The delivery ability of mRNA by CLSV was analyzed in vitro. The DMP-CPPs and CLSV system efficiency deliver
EGFP-encoded mRNA into 293T cells (Figure 2A). Additionally, after treatment with PEI25K, the 293T cells were
rounded and a dirty background was observed, demonstrating PEI25K cytotoxicity. Compared to PEI25K, although
a larger mass ratio was used in the CLSV system, more normal cell morphology was performed. Then, we detected the
transfection rate of the CLSV/mRNA complex and DMP-CPPs. As shown in Figures 2B and S1A, after the CLSV/
mRNA complex and DMP-CPPs were treated, the transfection efficiency was up to 87.43% + 1.1% and 83.01% + 0.3%,
while the DMP and PEI25K were decreased to 78.84% + 1.0% (P < 0.001) and 70.88% =+ 1.7% (P < 0.001). Our result
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Figure 2 In vitro transfection study. (A) Fluorescence images analysis of the transfection rate of CLSV/IL-22BP complex in 293T cells (scale bar: 100 um). (B) Flow cytometry
analysis of the transfection rate of CLSV/IL-22BP complex in 293T cells (*P < 0.05, ***P < 0.001). (C) Fluorescence images analysis of the transfection rate of CLSV/IL-22BP complex
in C26 cells (scale bar: 100 um). (D) Flow cytometry analysis of the transfection rate of CLSV/IL-22BP complex in C26 cells (***P < 0.001). (E) Fluorescent images analyze the
uptake rate of different inhibitors (scale bar: 100 um). (F) Flow cytometry analysis of the uptake rate of different inhibitors (*P < 0.05, ***P < 0.001).
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demonstrated that the delivery ability was elevated after CPPs modification, and there is no significant difference
between CLSV and DMP-CPPs, indicating that there is no effect of transfection efficiency after encapsulated lysate
into the DMP chain. Additionally, the CLSV system delivery ability was also analyzed in C26 cells. According to our
result, observed cell damage and shrinking after PEI25K stimulation (Figure 2C). This result demonstrates stronger
toxicity of PEI25K in C26 cells. The transfection rate was detected. As shown in Figures 2D and S1B, the transfection
rate was up to 76.45 + 0.4% and 75.75% £ 0.4% in the CLSV group and DMP-CPPs group, while the transfection of
DMP and PEI25K was 65.30% + 1.2% (P < 0.01) and 52.8% + 2.7% (P < 0.01). These results suggested that mRNA can
be high-efficiency and lower toxicity delivered by the CLSV system in vitro.

The uptake mechanism of the CLSV/IL-22BP complex was further investigated. Research demonstrated that
caveolin-mediated endocytosis, micropinocytosis, lipid raft-mediated endocytosis, and clathrin-mediated endocytosis
the currently endocytosis internalization mechanisms.”?** Before transfection, the cells were stimulated by series
inhibitors, including genistein (GT) and filipin III (Fil) for caveolin-mediated endocytosis, wortmannin (WM) for
micropinocytosis, methyl-p-cyclodextrin (M-B-CD) for lipid raft-mediated endocytosis, and chlorpromazine (CPZ) for
clathrin-mediated endocytosis.

As shown in Figure 2E, after WM treatment, the efficiency was significantly reduced. Moreover, the transfection rate
was detected. As shown in Figure 2F, after WM treatment, the transfection rate reduced to 40.25% (P < 0.001)
(Figure 2F), indicating micropinocytosis played a main role in the intake of the CLSV/IL-22BP complex in C26 cells.

CLSV System Efficiently Activated the Immune Response in vitro and in vivo

The immune stimulation capacity of the CLSV was investigated. Previous research demonstrated that DCs play a key
role in antigen presentation.”* The intake effect of the CLSV system by BMDCs was analyzed first. We incubated the
Cy5.5-labeled CLSV system with BMDCs for 24 h. As shown in Figure 3A, the Cy5.5-labeled CLSV system had
obvious uptake into BMDCs. Then, the effect of DC maturation was investigated after CLSV system stimulation, and the
expression of matured BMDCs was investigated. In the NS group, the percentage of CD11c¢” CD80" CD86" was 8.0% =+
0.4%. While in the DMP group, lysate group, and CLSV group, the expression respectively was 36.8% + 0.6%, P <
0.001, 37.6% = 0.8%, P <0.001, and 57.6% + 1.8%, P < 0.001 (Figure 3B). These results demonstrated that CLSV could
highest efficiency induce BMDC maturation. In the process of antigen presentation, it is important for MHC
expression.”” Therefore, we studied the expression of MHC. As shown in Figure 3C, in the NS group, the percentage
of CD11c” MHC-II" was 25.4% + 1.4%, while in the DMP group, lysate group, and CLSV group, the expression
respectively was 34.6% = 2.5%, 42.1% + 1.0% (P < 0.01), and 62.5% + 1.7% (P < 0.001). These results showed that the
empty DMP nanoparticles could lead to the maturation of DCs. Additionally, although the expression of DCs was
elevated by lysate alone, it was ulteriorly enhanced after CLSV system treatment. And the immune response of the CLSV
system ulteriorly increases, indicating an adjuvant-like ability of DMP. In a word, these results demonstrated that the DCs
can be efficiently activated and maturation by the CLSV system in vitro.

Then, we analyzed the immune response effect of the CLSV nanoparticles in vivo. DMP, lysate, and CLSV system
were intramuscular injection, and relative expression in LNs and spleen were monitored at 24 h, 48 h, and 72 h. The LNs
were monitored first. As shown in Figure 3D, the expression of CD11c", CD11¢" CD80", CD11¢" CD86, and CD11c"
MHC-II" in the CLSV system group were 52.8% = 0.4% (48 h), 74.5% (48 h), 68.4% (48 h), and 79.4% (72 h),
respectively. In the spleen, we monitor similar biomarker expression. As shown in Figure 3E, the expression of CD11c",
CDl11c" CD80", CD11c" CD86", and CD11c" MHC-II" in the CLSV system group were 55.2% = 1.5% (48 h), 52.2% +
0.8% (48 h), 37.8% = 1.6% (48 h), and 29.0% + 2.0% (48 h), respectively. Consistent with the in vitro results, empty
DMP nanoparticles also led immune stimulation response in vivo. These results further demonstrated the limited immune
response of lysate injection alone. Additionally, the effect of immune response was elevated after lysate was introduced
into the DMP skeleton. Which indicates an adjuvant-like ability of DMP. In summary, these results demonstrated that the
DCs can be efficiently maturation and activation by the CLSV system, suggesting the potent immune therapeutic ability

in vivo.
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Figure 3 CLSV system efficiently activated the systemic immune response in vitro and in vivo. (A) Fluorescent image analysis of the CLSV system uptake by BMDCs (scale
bar: 20 um). (B) Flow cytometry analysis of the expression of CDIlc* CD80" CD86" in BMDCs (**P < 0.001). (C) Flow cytometry analysis of the expression of CDIlc"
MHC-II" in BMDCs (**P < 0.01, ***P < 0.001). (D) Flow cytometry analysis the expression of CD|lc" CD80*, CD86", and MHC-II" in LNs (*P < 0.05, **P < 0.01, **P <
0.001). (E) Flow cytometry analysis the expression of CDIIc™ CD80*, CD86", and MHC-II* in LNs (*P < 0.05, *P < 0.01, **P < 0.001).

CLSV/IL-22BP mRNA Complex Suppressed C26 Cell Proliferation in vitro
IL-22BP, a member of the type II cytokine receptor family, can block the IL-22/IL-22R1 signaling pathway via

competitively binding to IL-22, inhibiting cancer cell growth (Figure 4A). Firstly, we detected the delivery ability of
IL-22BP mRNA by the CLSV system in C26 cells. The RNA expression of IL-22BP was 2.5 x 10*-fold higher than the
NS group after the CLSV/IL-22BP complex was transfected (Figure 4B). As shown in Figure 4C, the protein
concentration of IL-22BP was 310 pg/mL in the C26 supernatant after CLSV/IL-22BP complex transfection. These
results indicated that the CLSV system can highly efficiently transfected IL-22BP mRNA into cells and can further
translate it into IL-22BP protein.

Then, the proliferation inhibitory effect of the CLSV/IL-22BP complex in C26 cells was studied in vitro. Previous
studies reported that IL-22 can promote cancer cell proliferation via binding with IL-22R 1, which can be blocked by IL-
22BP. We then investigated the tumor inhibition effect of IL-22BP. The growth was restrained after transfection by the
CLSV/IL-22BP complex (Figure 4D), resulting in a 95.3% + 0.9% (P < 0.001) inhibition rate (Figure 4E). Moreover, we
studied the proliferation effect of IL-22 cytokines. As shown in Figure S2A, the C26 cells showed obvious proliferation
after IL-22 cytokines treatment. As shown in the CCK-8 assay, compared to the NS group, on days 2, 3, 4, and 5, the
confluency of C26 cells increased by 152.7% =+ 32.3% (P < 0.05), 193% + 18.6% (P < 0.001), 223.5% + 3.4% (P <
0.001), and 317.7% + 6.2% (P < 0.001), respectively, in a time-dependent manner (Figure S2B). Importantly, the uptrend
was inhibited after transfection with the CLSV/IL-22BP complex (Figure 4F), and the confluence decreased from 317.7%
t0 29.8% (P < 0.001) on day 5 (Figure 4G), these results indicated that the proliferation effect of IL-22 can be neutrally
by IL-22BP. At the same time, the inhibition ability of tumor cell proliferation of CLSV/IL-22BP complex was further
confirmed via clonogenic assay. After being transfected by the CLSV/IL-22BP complex, the growth clones were
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Figure 4 CLSV/IL-22BP complex inhibited C26 cell proliferation in vitro. (A) The experimental design of CLSV/IL-22BP complex in C26 cells. (B) Q-PCR analysis of the
expression of IL-22BP mRNA in C26 cells (***P < 0.001). (C) ELISA analysis of the expression of IL-22BP protein in C26 cells supernatant (***P < 0.001). (D) Images analysis
of the proliferation-inhibition effect of CLSV/IL-22BP complex (scale bar: 200 um). (E) MTT analysis of the proliferation-inhibition effect of CLSV/IL-22BP complex (***P <
0.001). (F) Images analysis of the proliferation-promoting effect of IL-22 and neutralized by CLSV/IL-22BP complex (scale bar: 100 um). (G) MTT analysis of the proliferation-
promoting effect of IL-22 and neutralized by CLSV/IL-22BP complex (*P < 0.05, **P < 0.01, ***P < 0.001). (H and I) Clonogenic assay analysis of the proliferation-inhibition
effect of CLSV/IL-22BP complex (***P < 0.001). (J and K) Flow cytometry analysis of the apoptosis effect of CLSV/IL-22BP complex (***P < 0.001).

significantly decreased (Figure 4H). As shown in Figure 41, the clone numbers were decreased to 28 + 7 after CLSV/IL-
22BP complex treatment. According to our result, the inhibition rate was 82.3% + 7.1% (P < 0.001) in the CLSV/IL-
22BP complex group (Figure S2C). However, in comparison with the CLSV/IL-22BP group, the clone number of the NS
group was 119 £ 27, and the DMP group was 149 + 11 (Figure 4I), indicating IL-22BP can highly inhibit the
proliferation of C26 cells.

Additionally, the apoptosis effect of CLSV/IL-22BP was further studied in C26 cells. According to our result, the
apoptotic rate of C26 cells was obviously increased after CLSV/IL-22BP transfected, with an apoptotic cell rate of up to
47.1% £ 1.5% (Figure 4J), while the rates in the DMP and CLSV system groups were 20.8% + 1.9% (P < 0.001) and
10.7% + 1.8% (P < 0.001), respectively (Figure 4K). In summary, our results indicated that IL-22BP exerts an anti-cancer
effect through preventing the IL-22/IL-22R1 signaling axis and inducing apoptosis to inhibit cell growth.

CLSV/IL-22BP Complex Efficiently Inhibited Tumor Growth in vivo

The CLSV/IL-22BP complex tumor growth inhibition effect was further investigated in vivo. First, we use the abdominal
cavity metastatic model to confirm the therapeutic efficacy (Figure 5A). According to our results, compared to the NS
group, the CLSV/IL-22BP complex group showed fewer metastatic tumor nodules (yellow arrows) (Figure 5B).
Additionally, obvious blood-like ascites developed in the NS group, indicating serious tumor infiltration. Meanwhile,
CLSV/IL-22BP complex-treated mice showed an obvious decrease in ascites volume. The volume decreased to 0.25 +
0.63 mL in the CLSV/IL-22BP complex group (Figure 5C). Compared to the CLSV/IL-22BP complex group, the ascites
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Figure 5 The CLSV/IL-22BP complex inhibited abdominal cavity metastatic tumor growth in vivo. (A) The experimental plan of CLSV/IL-22BP complex in abdominal cavity
metastatic tumor model. (B) Images of representative mice from each group. (C) Average ascitic volume from each group (***P < 0.001). (D) Image of collected tumor
nodules from each group. (E) Average tumor weight of collected tumor nodules from each group (**P < 0.0, ***P < 0.001). (F) Inhibition rate of tumor weight from each
group (¥**P < 0.001). (G) Average tumor nodules of collected tumor nodules from each group (***P < 0.001). (H) Inhibition rate of tumor nodules from each group (**P <
0.001). (I) Immunohistochemical analysis relative protein expression in tumor tissue (scale bars: 50 um).

volume in the CLSV group was 0.35 + 0.59 mL, in the DMP group was 0.49 + 0.43 mL (P < 0.001), and in the NS group
was 0.72 + 0.14 (Figure 5C). Then, we extract the tumor nodules. As shown in Figure 5D, after CLSV/IL-22BP complex
treatment, the average number of nodules was less than in other groups, and the tumor weight was 0.25 £+ 0.35 g. Lighter
than other groups such as the CLSV group, DMP group, and NS group were 0.83 +0.53 g, 1.32 +0.35 g, and 1.64 + 0.52
g, respectively. (Figure 5E). Resulting 84.9% =+ 21.6% inhibition rate in the CLSV/IL-22BP complex group (Figure 5F).
Similarly, after CLSV/IL-22BP complex treatment, the number of tumor nodules decreased to 22 + 43, while the CLSYV,
DMP, and NS groups were 86 + 21, 138 £ 15, and 141 + 25, respectively (Figure 5G). Resulted in an 83.9% + 30.8%
inhibition effect in the CLSV/IL-22BP group (Figure 5H). In a word, these results indicated that the CLSV/IL-22BP
complex can effectively suppress tumor cell proliferation in abdominal cavity metastases.
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Then, the CLSV/IL-22BP complex therapy mechanism was further analyzed by immunohistochemical analyses.
According to our results, compared to the NS groups, there was a significantly elevated expression of IL-22BP after
CLSV/IL-22BP complex treatment (Figure 5I). According to the results of the TUNEL assay, after CLSV/IL-22BP
complex treatment, the apoptosis effect was significantly increased (Figure 51). Additionally, compared to other groups,
staining with CD31 revealed that the microvessel density was significantly decreased following treatment with the
CLSV/IL-22BP complex, indicating an anti-angiogenesis effect of the CLSV/IL-22BP complex (Figure 51). The CLSV/
IL-22BP complex was also found to enhance immune cell infiltration, with increased levels of CD8, CD80, TNF-a, IFN-
v, and mannose receptor markers following treatment with the CLSV/IL-22BP complex, demonstrating the ability to
activate and recruit T cells, macrophages, and monocytes (Figure 5I). These results further indicate that the immune
response was initiated following CLSV/IL-22BP complex treatment. Moreover, as shown in Figure 6A, there are no
obvious pathological injuries in main organs via HE analysis, which suggestion that the high safety of the CLSV/IL-
22BP complex in vivo. In summary, our results indicated that the CLSV/IL-22BP complex could induce anti-apoptosis,
angiogenesis, and immune response to inhibit the tumor cell growth in vivo.

Additionally, the CLSV/IL-22BP complex tumor growth inhibition effect in the subcutaneous tumor model was also
studied (Figure 7A). According to our results, the tumor volume was measured every day, and the tumors were extracted
at the endpoint, the results showed that the CLSV/IL-22BP complex exerted an antitumor effect (Figure 7B and C). After
CLSV/IL-22BP complex treatment, the average tumor volume decreased to 176.4 + 46.7 mm? (Figure 7D). Compared to
the CLSV/IL-22BP complex group, the tumor volume in the CLSV group, DMP group, and NS group were 382.8 +
161.9 mm® (P < 0.05), 515.1 + 150.6 mm® (P < 0.001), and 705.3 £ 132.4 mm® (P < 0.001), respectively. As shown in
Figure 7E, after CLSV/IL-22BP complex treatment, there was a lighter tumor weight of 0.15 + 0.07 g. Compared to the
CLSV/IL-22BP complex group, the tumor weight in the CLSV group was 0.36 = 0.16 g, in the DMP group was 0.49 +
0.23 g, and NS group was 0.57 + 0.30 g, with a 75.0% + 5.9 inhibition rate after CLSV/IL-22BP complex treatment
(Figure 7F). In summary, our results demonstrated the high inhibition effect of the CLSV/IL-22BP complex in vivo.

Then, the therapy mechanism of the CLSV/IL-22BP complex was further analyzed by immunohistochemical
analyses. According to our results, compared to the NS groups, the expression of IL-22BP was increased after CLSV/
IL-22BP complex treatment (Figure 7G). According to the results of the TUNEL assay, after CLSV/IL-22BP complex
treatment, the apoptosis effect was significantly increased (Figure 7G). Moreover, compared to the other groups, the
microvessel density was significantly decreased in the CLSV/IL-22BP complex group, as determined by CD31 staining,
indicating that the CLSV/IL-22BP complex induced anti-angiogenesis effects (Figure 7G).

A Heart Liver Lung Liver  Spleen Kidney
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Figure 6 HE analysis in vivo. (A) HE analysis of the main organ morphology in the C26 abdominal cavity metastatic model (scale bars: 50 pm). (B) HE analyzed the main
organ morphology in the C26 subcutaneous model (scale bars: 50 pm).
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Figure 7 CLSV/IL-22BP complex suppressed the C26 subcutaneous xenograft model in vivo. (A) The experimental plan of CLSV/IL-22BP complex in subcutaneous model.
(B) Tumor growth curve from each group (**P < 0.01, ***P < 0.001). (C) Image of collected tumors from each group. (D) Average tumor volume from each treatment group
in the endpoint (**P < 0.01, **P < 0.001). (E) Average tumor weight from each group (**P < 0.01, ***P < 0.001). (F) Inhibition rate of tumor weight from each group (**P <
0.01, **P < 0.001). (G) Immunohistochemical analysis relative protein expression in tumor tissue (scale bars: 50 um).

The CLSV/IL-22BP complex was also shown to enhance immune cell infiltration, as demonstrated by increased
levels of CD8, CD80, TNF-a, IFN-y, and mannose receptor markers following treatment with the CLSV/IL-22BP
complex, demonstrating the recruit T cells ability, macrophages, and monocytes (Figure 7G). These results further
indicate that the immune response was initiated during CLSV/IL-22BP complex treatment. Moreover, as shown in
Figure 6B, there are no obvious pathological injuries in main organs via HE analysis, which suggestion that the high
safety of the CLSV/IL-22BP complex in vivo. Additionally, the blood analysis demonstrated that there is no obvious
toxicity, and the CLSV system intravenously injection has no influence on the liver and kidney (Figure 8). In summary,
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Figure 8 Blood biochemistry analysis and routine blood analysis of the toxicity of CLSV/IL-22BP complex by intravenous injection.

our results indicated that the CLSV/IL-22BP complex could induce anti-apoptosis, angiogenesis, and immune response
to inhibit tumor cell growth in vivo with high safety.

Discussion

In our research, the IL-22BP encoded mRNA could be highly delivered by prepared CLSV system for colorectal cancer
treatment. By encapsulating lysate into the internal DMP and surface modification of CPPs, the CLSV system reaches the
dual purpose of activating immune response and enhancing mRNA delivery (Figure 9). According to our results, after the
CLSV/IL-22BP complex treatment, the subcutaneous and intraperitoneal metastasis tumor models were significantly
inhibited. Demonstrating that CLSV is a potential candidate vector for mRNA delivery, exhibiting great potential for
cancer treatment.

Efficiency delivery of mRNA is critical to mRNA-based cancer treatment. Due to the liner and irregularly elongated
mRNA, it is difficult to deliver. Currently, to development an ideal mRNA delivery vector, efforts have been made.”®
Such as Mai et al demonstrated that the mRNA is concentrated by protamine before encapsulation by DOTAP/Chol/
DSPE-PEG cationic liposomes.?” Palmiero et al showed the synthesis of PBAE terpolymer-based diacrylates and dodecyl
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amine to deliver mRNA to accumulate in the spleen.28 Moreover, Miao et al used synthesized ionizable lipids, DOPE,
cholesterol, and C14-PEG-2000 to construct the multi-component to deliver mRNA.* Currently, effort has been made in
mRNA delivery, but some limitation needs to be solved. For example, the delivery efficiency of mRNA needs to be
further enhanced and the “multi-vector system” needs to be simplified. In our study, we prepared a CLSV system that
could deliver mRNA. When incubated with IL-22BP mRNA, the CLSV/IL-22BP complex exhibits highly tumor cell
growth inhibition of 82.3% on clone formation. Our studies further show that the modification of CPPs can promote the
uptake of mRNA via the micropinocytosis pathway. Moreover, the CLSV/IL-22BP complex exhibits a high tumor growth
inhibition effect in subcutaneous (75.0%) and abdominal (84.9%). The advantages of the DMP skeleton may result in the
highly efficient delivery of the CLSV system. Moreover, the modification of CPPs on the surface of DMP promotes the
absorption of CLSV/IL-22BP complex by micropinocytosis pathway. Rapoport et al demonstrated that the mitochondrial
enzymes can be delivered into mitochondria by TAT-LAD fusing protein, and it can effectively deliver in vivo.*
Moreover, Saifi et al demonstrated that NPs coupled with iRGD exhibit highly effective anti-angiogenic ability by
increasing cell uptake.’' Research demonstrated that TAT-IRGD has strong cell absorption ability. Suggesting iRGD
peptide could lead CLSV/IL-22BP complex into deeper tumor locations and inhibit tumor growth fundamentally.
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Additionally, the steric hindrance form by CPPs modification. Which seems to reduce the likelihood of mRNA
degradation from RNase A.

Immunogene therapy is one of the methods of cancer treatment.”* However, the difficulty of the development of
immunogene therapy is the lack of immune stimulation. Currently, researchers have been studies to deliver immune
stimulation such as immune-stimulation gene and polysaccharides.’® Indeed, Mendiratta et al reported that the
expression of various immune cells including NK cells and T cells increased by delivery IL-22 gene, resulting in
the inhibition of tumor cell growth.** Denda-Nagai et al demonstrated that the antigens galactose and
N-acetylgalactosamine (mMGL) were presented to bone marrow-derived immature DCs through C-type lectin in -
vitro.>> Wang et al demonstrated that TCL@PDA NPs were prepared by encapsulated tumor cell lysate into PDA NPs.
Which can promote DC cell maturation and enhance the expression of Thl-related cytokines.*® Currently, effort has
been made in mRNA delivery, some limitation needs to be solved. There was too little nanomaterial-tumor cell lysate
therapy to studies. In our paper, we study the immune stimulation effect of CLSV in vitro and in vivo. Firstly, the
CLSV system increased DC maturation by up to 57.6% and the MHC II expression rate to 62.5% in vitro. Moreover,
the CLSV system could enhance the maturation of DC and the expression of MHC II in vivo. According to our results,
CLSV exhibits tumor growth inhibition effects in subcutaneous (45.7%) and abdominal (38.1%). Which indicated the
high-efficiency inhibition of tumor cell growth potential of the CLSV system. The advantages of the DMP skeleton
may result in the immune response ability and anticancer capacity of the CLSV system. Firstly, the abundant functional
groups make it easy to introduce lysate into the DMP chain. Resulting in the slow release of lysate in vivo. Although
there is no intact cell morphology in the tumor cell lysate of the CLSV system, the biomarkers remain. Currently,
marketed multiple chemical inhibitors can downregulate PD-L1 expression in cells, direct regulatory signaling path-
ways associated with inducible PD-L1, and improve immunotherapy.’’ Moreover, the combination and immunosup-
pressants of PD-1 or PD-L1 inhibitors with cytotoxic chemotherapy or CTLA-4 antibodies is a potential cancer
treatment manner.”® Which gives us a lot of inspiration. The components of lysate such as intracellular protein and
polysaccharide abundant in the biomarkers of lysate. Resulting in more stronger immune response and decreased
immune escape. Moreover, the DMP skeleton has an abundant positive charge and specific epitope structure activation
complement system, demonstrating a certain degree of immune response capacity. According to our results, compared
to the DMP group and lysate group, the immune response effect of the CLSV system group was further increased.
Which indicated that the adjuvant-like ability of DMP. However, which is the specific biomarkers recognized by DCs
remain to be determined. In a word, the prepared CLSV system has potential value as an mRNA gene vector due to its

low toxicity.

Conclusion

In our paper, we prepared a mRNA delivery vector named CLSV system. Which encapsulated tumor cell lysate on the
DMP chain before modification of CPPs on the surface. The constructed CLSV reaches the double purpose of activation
immunoreaction and enhance mRNA delivery. CLSV system, through binding IL-22BP mRNA forming CLSV/IL-22BP
complex. Which exhibits potent tumor cell growth ability in vitro and in vivo. Our work indicated that CLSV represents
a potential vector for mRNA delivery.
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