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The Pegylated lipids in lipid nanoparticle (LNPs) vaccines have been found to cause acute hypersensitivity re-
actions in recipients, and generate anti-LNPs immunity after repeated administration, thereby reducing vaccine
effectiveness. To overcome these challenges, we developed a new type of LNPs vaccine (SAPC-LNPs) which was
co-modified with sialic acid (SA) - lipid derivative and cleavable PEG - lipid derivative. This kind of mRNA
vaccine can target dendritic cells (DCs) and rapidly escape from early endosomes (EE) and lysosomes with a total
endosomal escape rate up to 98 %. Additionally, the PEG component in SAPC-LNPs was designed to detach from
the LNPs under the catalysis of carboxylesterase in vivo, which reduced the probability of PEG being attached to
LNPs entering antigen-presenting cells. Compared with commercially formulated vaccines (1.5PD-LNPs), mice
treated with SAPC-LNPs generated a more robust immune memory to tumor antigens and a weaker immune
memory response to LNPs, and showed lower side effects and long-lasting protective efficiency. We also
discovered that the anti-tumor immune memory formed by SAPC-LNPs mRNA vaccine was directly involved in
the immune cycle to rattack tumor. This immune memory continued to strengthen with multiple cycles, sup-
porting that the immune memory should be incorporated into the theory of tumor immune cycle.

[6]. Recent data showed that anti-PEG IgG and IgM significantly boosted
13.1-fold and 68.5-fold, respectively, following mRNA-1273 vaccination

1. Introduction

The mRNA therapy is revolutionizing the field of medicine.
mRNA1273 and BNT162 have played vital roles in combating the rapid
spread of COVID-19. In addition to their success in COVID-19 treatment,
recent reports have shown that mRNA-4157 (NCT05933577) and
BNT1221 are achieving remarkable clinical results in cancer therapy.
Lipid nanoparticles (LNPs) have proved to be powerful tools for RNA
delivery, including mRNA [1-3]. However, the wide use of uncleavable
PEG lipids (such as 1,2-dimyristyl-RAC-glycerol-3-methoxy poly-
ethylene glycol, mPEG2p0o0DMG) has been proved to cause a series of
questions, including attenuate cellular uptake, hinder lysosomal escape
[4] and produce accelerated blood clearance (ABC) phenomenon [5],
which has negative impacts on RNA delivery platforms based on LNPs
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[71, and may cause more intense side effects when repeatedly injected
mRNA vaccines [8]. More importantly, the mRNA vaccines for cancer
therapy and prevention generally required more frequent repeated
administration than COVID-19 vaccines, which will induce a higher
level of anti-PEG antibody, leading to impaired protein expression and
therapeutic effects of followed administration, and even induce hyper-
sensitivity reactions (HSRs) that may endanger the life of patients
[9-11]. Therefore, it is necessary to further optimize the formulation of
LNPs to develop safer and more effective mRNA tumor vaccines.
Currently, the research of LNPs is focused on optimizing the structure
of ionizable lipids. However, this optimization often fails to achieve
simultaneous improvements in cellular uptake, endosome escape, organ
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targeting, and cell targeting. For example, the Lipid 5 designed by Sabnis
et al. [12] exhibit higher endosomal escape efficiency compared to MC3
lipid but has been found to reduce cell uptake efficiency. In addition,
SORT lipids with organ-targeting ability may experience decreased
endosomal escape efficiency when a large number of anionic lipids are
introduced during spleen targeting [13,14]. More importantly, it is
important to consider that immune memory plays a crucial role in the
protective immunity provided by vaccines [15]. Nevertheless, current
studies have overlooked the immunogenicity of LNPs and their potential
for being recognized by the immune system. LNPs are primarily
distributed in the liver [16-18], and incorporating uncleavable
mPEG2000DMG into LNPs may enhance Kupffer cells’ immune memory
towards LNPs in the liver while accelerating phagocytosis and elimi-
nation of PEGylation LNPs by Kupffer cells upon secondary adminis-
tration [19]. Therefore, finding ways to enhance antigen-specific
immune memory while reducing memory towards LNPs is essential for
mRNA cancer vaccines to provide long-lasting protection; however, re-
searchers have not yet addressed this point.

In this study, we replaced uncleavable PEG-lipid (mPEG2000DMG)
with cleavable PEG-lipid (mPEG2p0oCHS, PC) LNPs and co-modified
them with sialic acid (SA) lipid derivatives to target dendritic cells
(DCs). We found that lipid nanoparticles co-modified with SA and
cleavable PEG lipids (SAPC-LNPs) can effectively target DCs and
improve transfection efficiency in DCs. It was also unexpectedly found
that SA promoted the endosome escape of SAPC-LNPs, with a total
endosomal escape efficiency of up to 98 %, significantly better than
1.5PD-LNPs (only 70 %) formulated in commercially available formu-
lations. The mice vaccinated with the SAPC-LNPs vaccine achieved
nearly 90 % protection against multiple tumor cell attacks over a year,
which was significantly higher than that of the commercially formulated
mRNA vaccine (62.5 %). The SAPC-LNPs promote maturation and
migration of DCs, enhance antigen presentation to naive T cells, and
generate more central memory T cells (Tcy). The immunogenicity of
LNPs itself is weakened by using the cleavable PEG-lipid, resulting in a
weak immune memory response to LNPs but a robust immune memory
response to antigens. This ensures that the production of mRNA-encoded
proteins is not significantly reduced and alleviates side effects after
repeated injection of SAPC-LNPs. We found that the phenotype of
memory T cells formed after vaccination may be related to the long-
lasting protective efficacy of the SAPC-LNPs mRNA vaccine. An in-
crease in the proportion of TCM could serve as an indicator for assessing
the long-lasting efficacy of vaccine. The ratio of TCM to effector memory
T cells (TEM) can be used to assess the long-lasting efficacy of vaccines.
More importantly, we have improved upon the theory of tumor immune
cycle by incorporating immune memory as a new event into the tumor
immune cycle, dividing the tumor immune cycle into a large cycle and a
small cycle. We hypothesize that as the tumor immune cycle progresses
positively, enhanced immune memory will accompany tumor
regression.

2. Materials and method
2.1. Materials

The ionizable lipid DLin-MC3-DMA, 1,2-dioctadecanoyl-sn-glycero-
3-phosphocholine (DSPC), cholesterol (CH), 1,2-dimrystoyl-rac-glycero,
and methoxyethylene glycol 2000 ether (mPEGg2000-DMG) were pur-
chased from AVT Pharmaceutical Technology Co., LTD (Shanghai,
China). Ovalbumin (OVA) mRNA was obtained from TriLink Biotech-
nology, Inc. All the mRNA were modified with 5-methylcytidine.
Enhanced green fluorescent protein (EGFP) and firefly luciferase (Luc)
mRNA were purchased from APExBIO Technology LLC (Houston, Texas,
USA). SA-CH and mPEG3(00-CHS were synthesized in our laboratory
(Supplementary Information).
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2.2. Method

2.2.1. Preparation and characterization of mRNA LNPs

The mRNA-loaded LNPs were prepared by microfluidic mixing [20,
21]. The lipid mixture (13.5 mM) was dissolved in ethanol. The mRNA
was dissolved in RNase-free citrate buffer (50 mM, pH = 4.0). The
aqueous mRNA solution was rapidly mixed with the lipid mixture at 3:1 a
volume (total flow rate 2.4 mL/min) using a microfluidic mixing device
(LNP-B1, FluidicLab, Shanghai, China) with N/P = 8.0 (26.7/1, wt/wt,
lipid/RNA). The lipid solution of the SAPC-LNPs contain DLin-MC3-D-
MA/DSPC/CH/SA-CH/mPEG200oCHS = 40/10/39.8/10/0.2. The lipid
mixtures of PC-LNPs, 1.5PD-LNPs and SAPD-LNPs were DLin-MC3-D-
MA/DSPC/CH/mPEG200CHS (40/10/49.8/0.2), DLin-MC3-DMA/DSPC/
CH/mPEG2(00DMG (40/10/48.5/1.5), and DLin-MC3-DMA/DSPC/CH/-
SA-CH/mPEGy00oDMG = 40,/10/39.8/10/0.2, respectively. mPEGaogo
CHS was replaced with an equimolar amount of mPEG2p0oDMG in the
PC-LNPs formulation to obtain 0.2PD-LNPs. 1 % molar of cholesterol was
replaced with equimolar Dil or DiD to obtain Dil or DiD-labeled LNPs.
The initial LNPs were rapidly diluted 30-fold with RNase-free 1 x PBS and
then concentrated (75 pg mRNA/mL) by Amico Ultra-15 filters (30 kDa,
Millipore). For particle size (Nicomp 380) and zeta potential measure-
ments (Malvern Zetasizer Nano ZS), the LNPs were diluted with 10-fold 1
x PBS and 20-fold ddH»O, respectively. The LNPs were 5-fold concen-
trated for morphology observation by cryo-TEM (FEI Talos F200C). The
encapsulation efficiency was measured by a Quanti-it™ RiboGreen RNA
assay kit (Thermo Fisher Co., LTD). The RNA obtained in samples without
Triton X-100 was interpreted as unencapsulated mRNA (Cynencapsulated);
and the RNA in samples treated with 2 % TritonX-100 represented total
RNA (Ciotan)- The encapsulation Efficiency can be calculated by:

leal'C nencapsulated
lotal uneneapswiaied o 1 0)(0%
Clotal

Encapsulation Efficiency (EE%) =
2.2.2. Invitro EGFP mRNA transfection assay

DC2.4 cells or RAW264.7 cells (2 x 10°/well) were inoculated into 6-
well plates and cultured in RPMI-1640 complete medium (same as the
cellular uptake assay) for 12 h. The EGFP mRNA-loaded LNPs were
incubated with the cells for 4, 8, and 24 h (1 pg/mL EGFP mRNA) [22],
washed with 1 x PBS for three times, fresh culture medium was added,
and the cells were cultured for 20, 16, and 0 h, collected cells for flow
cytometry analysis. For analysis by confocal laser microscopy (CSLM,
ZEISS LSM880, Germany), DC2.4 cells were seeded on cell slides (NETSs)
and incubated with EGFP mRNA loaded LNPs (1 pg/mL EGFP mRNA) for
24 h, following fixed (4 % polyformaldehyde) and DAPI (50 pL) stained.

2.2.3. Early endosome and lysosomal escape assay

DC2.4 cells (4 x 10%) were seeded in a culture dish, and DiD-labeled
mRNA LNPs (250 ng/mL) were incubated with DC2.4 cells for 2 h. Ly-
sosomes were stained with Lysotracker Green® (50 nM) for 60 min at
37 °C, washed with 1 x PBS for three times, followed by DAPI staining.
For EE staining, DC2.4 cells (4 x 10%) were fixed with 4 % formaldehyde
(without methanol) for 15 min after 2 h incubation with DiD-labeled
mRNA LNPs (250 ng/mL). They were then incubated overnight at
dark conditions with anti-rabbit EEAl primary antibodies (Cell
Signaling, #3288S; diluted to a ratio of 1:100), washed three times using
PBS, followed by a 2-h incubation in the dark at RT with goat Anti-
Rabbit IgG(H + L)-Alexa Fluor488 secondary antibody(Cell Signaling,
#237695; diluted to a ratio of1:500). The cells were washed three times
using PBS and then subjected to DAPI staining. The images were ob-
tained using CSLM(ZEISS LSM880, Germany) under magnification
0f1000-fold. The total endosome escape efficiency (teE) = eEE+ (100%-
eEE) x eLyso (eLyso: escape efficiency of lysosomes; eEE: escape effi-
ciency of early endosome).

The eEE and eLyso of LNPs was calculated by the following calcu-
lation formula :


http://www.apexbio.cn/firefly-luciferase-mrna-arca-5-moutp.html
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eEE / eLyso = (Area of red fluorescence in a single cell — Area of yellow fluorescence in a single cell) / Area of red fluorescence in a single cell x 100%

2.2.4. Evaluation of DCs maturation and migration rate

DC2.4 cells (2 x 10° cells/well) were inoculated in a 6-well plate and
incubated with SAPC-LNPs/OVA mRNA or PC-LNPs/OVA mRNA (1 pg/
ml OVA mRNA) at 37 °C for 24 h. DC2.4 cells (2 x 10° cells/well) were
inoculated in a 6-well plate, and incubated with SAPC-LNPs/OVA mRNA
or PC-LNPs/OVA mRNA (1 pg/mL OVA mRNA) at 37 °C for 24 h washed
for three times with 1 x PBS, stained with APC anti-mouse CD86
(eBioscience, 2,389,535) and APC anti-mouse MHC-I (eBioscience,
2378047) at 4 °C for 30 min in the dark, washed for 3 times. Cells were
harvested for flow cytometric analysis. Cells incubated with an equal
volume of 1 x PBS were used as controls. Changes in cell morphology
were observed using an inverted microscope with a 40x objective lens.
The co-localization of LNPs with EE was measured using the ImageJ
(NIH, USA) software.

For the migration assay, DC2.4 cells (1 x 105), washed twice with
PBS two times each, were added to the upper chamber of a Transwell (8
pm pore size, PC membrane). FBS-free medium containing CCL19 and
CCL21 at a concentration of 250 ng/mL was added to the lower cham-
ber. SAPC-LNPs/OVA mRNA and PC-LNPs/OVA mRNA were co-
incubated with the cells at a concentration of 1 pg/mL each. After
incubating for 24 h, the liquid in the chambers was removed and the
cells were washed with PBS. Then they were fixed with PFA solution (4
%) for 20 min and stained using a crystal violet solution (0.1 %). The
cells above the PC membrane were removed while those at the bottom of
it were observed under a microscope (NIB-100, NOVEL, China). The
total stained cells were decolorized using acetic acid solution (10 %) and
their absorbance was measured at wavelength of 550 nm.

2.2.5. Hemolysis test

Red blood cells (RBC) are a model system for detecting membrane
fusion due to their similar lipid bilayer structure to the endosome [23].
The blood of C57BL/6 mice (20 + 2 g, male) was collected into the
anticoagulant tube, and centrifuged at 1000 rpm for 10 min. The upper
plasma was discarded, and the red blood cells were collected and
washed three times with an equal volume of PBS (centrifuge at 500 g for
10 min). A 4 % RBC suspension was prepared by adding 160 pL of RBCs
into 3840 pL of either a 1 x PBS or a citric acid buffer (including130 mM
NaCl, pH 5.5), respectively. Then, incubate with mRNA-loaded
SAPC-LNPs or PC-LNPs (100 pL each) along with the RBC suspension
at 37 °C for 80 min (n = 3). After centrifugation at4°Cand1000gfor5min,
transfer the supernatant to a 96-well plate with150 pL per well and
detect it using a multifunctional board reader at 540 nm. Positive and
negative controls were administered with 0.1 % Triton-X and 1 x PBS,
respectively.

2.2.6. In vivo targeting study

For the in vivo targeting study, male C57BL/6 mice (20 + 2 g) were
subcutaneously injected with Fluc mRNA-loaded 1.5PD-LNPs, PC-LNPs,
and SAPC-LNPs (10 pg/mouse, n = 3). D-fluorescein potassium (3 mg/
100 pL) was injected intraperitoneally at 24 h. The popliteal lymph
nodes of the mice were collected for bioluminescence imaging 10 min
later using a Xenogen IVIS Spectrum Imaging System (Perkin Elmer,
USA).

Another group of male C57BL/6 mice weighing 20 + 2 g were sub-
cutaneously injected with EGFP mRNA loaded into 1.5PD-LNPs, PC-
LNPs, SAPC-LNPs, or PBS at a dose of 10 pg/mouse. The popliteal
lymph nodes of the mice were collected to prepare single cell suspen-
sions. The lymph nodes were gently ground on 70 pm cell mesh strainers
and then centrifuged at 4 °C for 10 min at a speed of 500 g. The cells
were precipitated and resuspended in PBS. For each test, APC anti-

mouse MHC-II (eBioscience) and PE anti-mouse CD11c (eBioscience)
antibodies were added according to the protocol and incubated for 30
min at 4 °C. The cell precipitate was resuspended in PBS for flow
cytometry analysis. The sections were stained with primary antibodies
against CD169, followed by immunostaining using PE-conjugated sec-
ondary antibodies and DAPI staining to visualize the nuclei.

2.2.7. In vivo immunoprophylactic vaccination

C57BL/6 mice (20 + 2 g, male) were vaccinated with OVA mRNA-
loaded SAPC-LNPs, PC-LNPs, 1.5PD-LNPs, Naked OVA mRNA and
EGFP mRNA-loaded SAPC-LNPs at day 1 and 14 (10 pg/mouse, s.c).
Mice treated with PBS were used as controls. Seven days after the final
immunization, B16-OVA cells (3 x 10%) were inoculated into the right
flank of the mice. The tumor-inoculated sites were monitored daily and
the time of first appearance was recorded. Tumor size was calculated
using the formula: 1/2(length x width"2). Tumor cells were rechal-
lenged in tumor-free mice on days 7, 40, 125, and 180 after the last
immunization. All animal experiments complied with the National In-
stitutes of Health guide for the care and use of laboratory animals.

2.2.8. Serum antibody detection

C57BL/6 mice (20 + 2 g, male) were subcutaneously immunized
with two doses of OVA mRNA-loaded SAPC-LNPs, PC-LNPs, and 1.5PD-
LNPs (10 pg/mouse) at an interval of 14 days. Blood was collected from
the orbital vein on day 14, 47, and 132 after secondary immunization
and centrifuged at 4 °C for 10 min at a speed of 3000 rpm to obtain
serum. OVA-specific IgG levels were measured using a commercial
ELISA kit (Camillo Bioengineering Co., Ltd., Nanjing, China), following
the manufacturer’s instructions.

2.2.9. Serum cytokine and biochemical index detection

C57BL/6 male mice (20 + 2 g) were subcutaneously immunized with
two doses of OVA mRNA-loaded SAPC-LNPs, PC-LNPs, and 1.5PD-LNPs
(10 pg/mouse) at a 14-day interval. Blood was collected from the orbital
vein of mice 24 h after vaccination. To obtain mouse serum samples, the
collected blood was placed at 4 °C overnight and centrifuged at 1000 g
for 20 min. ELISA kits (Elabscience Biotechnology Co., Ltd) were used to
detect interleukin-1f (IL-1p), interleukin-2 (IL-2), interleukin-6 (IL-6),
and tumor necrosis factor-alpha (TNF-a) in mouse serum according to
the protocol. Mouse serum in the 1.5 PD-LNPs group, PC-LNPs group,
and SAPC-LNPs group was diluted by a factor of twenty for detection,
while the control group’s serum was diluted by a factor of two for
detection. The final cytokine concentration is obtained by multiplying
the measured value by the dilution factor. Glutamic oxaloacetic trans-
aminase (AST), glutamic-pyruvic transaminase (ALT), creatinine (CRE),
and blood urea nitrogen levels (BUN) were measured using test kits from
Nanjing Jiancheng Bioengineering Research Institute according to their
protocols.

2.2.10. Anti-PEG antibody detection

Serum levels of anti-PEG IgG and IgM were detected on day 7 after
the first and second dose of mRNA vaccine, while anti-PEG IgE was
detected 24 h after vaccination. 96-well plates were pre-coated with 1 pg
PEGfilgrastim and sealed with 1 % BSA solution for 1 h. After washing
the plates three times, diluted mouse serum was added to the wells and
incubated at 37 °C for 1.5 h. Mouse serum was diluted by factors of 100,
20, and 10 times for measuring anti-PEG IgM, anti-PEG IgG, and anti-
PEG IgE, respectively. After washing the plate 5 times, HRP-
conjugated goat anti-mouse IgM (Invitrogen™) at a dilution of 1/
2000, HRP-conjugated anti-mouse IgG (Invitrogen™) at a dilution of 1/
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appearance of B) 1.5PD-LNPs C) PC-LNPs D) SAPC-LNPs. E) Cryo-TEM images of SAPC-LNPs, Scale bare = 200 nm. Cryo-TEM image at local magnification, Scale

bare = 100 nm.

5000, and HRP-conjugated anti-mouse IgE (Invitrogen™) at a dilution of
1/1000 were added to the plates and incubated at 37 °C for 1 h each.
Following another round of washing five times, color development was
achieved using TMB for 15 min before being terminated with a solution
containing sulfuric acid at a concentration of 1 mol/L. OD values were
measured at wavelengths of both450 nm and630 nm using a multi-
functional plate reader.

2.2.11. Memory T cell detection

For examination of memory T cells, spleens were collected from mice
7 days, 6 months, and 12 months after booster immunization. B16-OVA
(3 x 10°) tumor cells were inoculated into the right flank of the mice at
these same time points, and spleens were also collected for T cell
isolation seven days after tumor cell rechallenge. Single-cell suspensions
were obtained by grinding the spleen and passing through 100-mesh
strainers. Lymphocytes were separated using a mouse splenic lympho-
cyte separation solution (Haoyang Biological Products Technology Co.,
LTD, Tianjin, China) and centrifuged (450xg, 20 min) at room tem-
perature to obtain the lymphocyte layer. Erythrocytes were lysed with 1
x RBC Lysis buffer (Invitrogen, 2376954), followed by termination with
1 x PBS and centrifugation (250xg, 10 min) at 4 °C. The cells were
resuspended in PBS (1 x 106 cells/100 pL) and stained with Percp
Cy5.5-anti-mouse CD3 (eBioscience™), FITC-anti-mouse CD8a (eBio-
science™), PE-anti-mouse-CD44 (eBioscience™), and APC-anti-mouse-
CD62L(eBioscienceTM) for 30 min at 4 °C in the dark. The stained cells
were washed twice with PBS before being resuspended in a final volume
of two hundred microliters of PBS for flow cytometry testing.

Table 1
Formulations  Particle PDI Zeta potential EE
size (mV)
PC-LNPs 161.4 + 0.019 + 0.20 £ 0.77 90.44 + 0.52
2.4 0.008 %
SAPC-LNPs 145.8 + 0.045 + 2.20 + 1.04 93.21 £ 0.90
1.3 0.024 %
1.5PD-LNPs 94.7 £ 2.2 0.165 + —4.20 + 0.80 98.61 + 0.18
0.031 %
SAPD-LNPs 153.4 + 0.019 + 0.30 + 1.30 91.25 + 0.53
1.8 0.011 %
0.2PD-LNPs 174.5 + 0.029 + —2.80 + 0.74 95.04 + 0.34
2.0 0.014 %

2.2.12. In vivo bioluminescence imaging

For single dose injection detection, BALB/c mice (20 + 2 g) were
intramuscular injection (i.m.) with Fluc mRNA-loaded 1.5PD-LNPs, PC-
LNPs, and SAPC-LNPs (10 pg/mouse, n = 3). For repeated injection
detection, The first dose of Fluc mRNA-loaded 1.5PD-LNPs, PC-LNPs,
and SAPC-LNPs (5 pg/mouse, n = 3). was pre-injected 5 days before,
followed by a second injection (10 pg/mouse, n = 3). The mice were
anesthetized with isoflurane. D-fluorescein potassium (3 mg/100 pL)
was injected (i.p.) at 4, 8, 12, 24, and 48 h. In vivo bioluminescence
imaging was performed 10 min later using a Xenogen IVIS Spectrum
Imaging System (Perkin Elmer, USA). The luminescence intensity at
each time point was calculated using Living Image (Perkin Elmer, USA)
software.
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Fig. 2. Cellular transfection efficiency of different LNPs. (A) Histogram of mean fluorescence intensity, and (B) Percentage of EGFP positive DC2.4 cells incubated
with 1.5PD-LNPs, PC-LNPs, SAPC-LNPs, SAPD-LNPs or 0.2PD-LNPs for 4 h, 8 h, and 24 h. (C) Histogram of mean fluorescence intensity, and (D) Percentage of EGFP
positive RAW264.7 cells incubated with 1.5PD-LNPs, PC-LNPs, SAPC-LNPs, SAPD-LNPs or 0.2PD-LNPs for 4 h, 8 h, and 24 h. Mean fluorescence intensity of EGFP
positive (E) DC2.4 cells, and (F) RAW264.7 cells determined by flow cytometry. Data were expressed as mean =+ s.d. LSD posttest and one-way ANOVA were used for
statistical analysis (*, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001). (G) Fluorescence imaging of DC2.4 cells after incubation with 1.5PD-LNPs, PC-LNPs,
SAPC-LNPs, SAPD-LNPs or 0.2PD-LNPs for 24 h. Scale bar, 50 pm.
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2.2.13. Statistical analysis

Statistical significance was determined by one-way ANOVA with LSD
posttest using IBM SPSS Statistics software. A significant difference was
defined as P < 0.05 with a 95 % confidence interval. Data are shown as
mean =+ s.d. Parallel experiments refer to multiple independent experi-
ments. Animal experiments were performed randomly.

3. Results and discussion
3.1. Preparation and characterization of lipid nanoparticles

mRNA LNPs containing 1.5 mol% of mPEG2pp0DMG (1.5PD-LNPs),
co-modified with SA-CH and cleavable mPEG300oCHS (SAPC-LNPs), or
modified with cleavable mPEG2000CHS alone (PC-LNPs) were prepared
by microfluidic mixing (Fig. 1A). The particle size, polydispersity index
(PDI), Zeta potential, and encapsulation efficiency of LNPs encapsulated
with EGFP mRNA are summarized in Table 1. The LNPs have a good
appearance, and the particle size distribution is uniform (Fig. 1B-D).
The structure of representative SAPC-LNPs was observed using frozen
transmission electron microscopy. The LNPs in the field of view showed
a uniform circular structure, and under local magnification, the
electron-dense core region of LNPs exhibited a layered or fingerprint-
like structure (Fig. 1E). The synthesis and characterization of SA-CH
and mPEG200oCHS can be found in the supplementary information.

The desorption efficiency of PEG on mPEG2p00CHS-modified LNPs or
mPEG000DMG-modified LNPs was measured in mouse serum at 37 °C,

following the research method of Xu et al. [25]. The results showed that
mPEG2000CHS could be cleaved by 60 % after being incubated with
mouse serum at 37 °C for 12 h. However, the mPEG29oDMG could
dissociate from the LNPs by only 16 %. Furthermore, mPEG2ooCHS--
modified LNPs exhibited an almost four-fold increase in PEG dissocia-
tion (Fig. S1).

3.2. Cell transfection assay

We examined the transfection efficiency of various mRNA LNPs in
dendritic cells (DCs) and macrophages, as these two types of cells are the
main antigen-presenting cells (APCs) and abundantly express Siglec-1
[24-26]. DC2.4 cells and RAW264.7 cells were selected as the in vitro
dendritic cell and macrophage models, respectively, for the expression
of Siglec-1 on the surface of these cells (Fig. S2).

DC2.4 cells and RAW264.7 cells were selected as the in vitro models
for dendritic cells and macrophages, respectively, due to their surface
expression of Siglec-1 (Fig. S2). The in vitro transfection experiment
showed that the percentage of EGFP + cells increased with prolonged
incubation time. At 24 h, 80 % of RAW264.7 cells were transfected by
SAPC-LNPs, while SAPD-LNPs and 1.5PD-LNPs only transfected 40 % of
RAW264.7 at the same time points (Fig. 2C and D). Although there was
no significant increase in the proportion of DC2.4 cells transfected by
SAPC-LNPs at the same time points (Fig. 2A and B), the mean fluores-
cence intensity of EGFP-positive cells was 1.5-fold and 2-fold higher
than that of PC-LNPs and 1.5PD-LNPs group respectively when treated
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in vitro by using 4 % RBC. The (C) images and (D) OD values after different LNPs incubated with 4%RBC reflected the ability of LNPs fusing with the endosome
membrane. (E) The protocol of transwell experiments. OVA mRNA-loaded SAPC-LNPs, PC-LNPs (1 pg/mL), and an equivalent volume of blank PC-LNPs and SAPC-
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used for statistical analysis. (G) Crystal violet-stained migrating DC2.4 cells were imaged under an inverted microscope. Scale bar, 50 pm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

with SAPC-LNPs (Fig. 2E and F). The use of confocal laser microscopy
(CLSM) also confirmed that SAPC-LNPs efficiently transfect DCs since
DC2.4 cells treated with SAPC-LNPs exhibited significantly bright green
fluorescence (Figure G), which was consistent with flow cytometry re-
sults.The results indicated that SA-modified LNPs can efficiently trans-
fect APCs, thereby facilitating more APCs to acquire antigens for
presentation to T lymphocytes. Moreover, we also found that the

transfection efficiency of APCs was better when SA was co-modified
with cleavable PEG lipids compared to LNPs co-modified with
InPEGzoooDMG.

3.3. SA-modified LNPs accelerate endosome escape

Endosome escape is essential for mRNA delivery. The function of
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ionizable lipids in LNPs is to disrupt the endosome membrane, pro-
moting mRNA release into the cytoplasm and facilitating complete
translation. However, structural optimization of ionizable lipids cannot
simultaneously enhance both cellular uptake and endosomal escape
efficiency of LNPs [12]. The SAPC-LNPs not only enhanced cellular
uptake efficiency but also rapidly escaped early endosomes (EEs) and
lysosomes. After incubating DiD-labeled SAPC-LNPs with DC2.4 cells for
2 h, it was observed that the intensity of red fluorescence in DC2.4 cells
was up to 2 times higher than that of PC-LNPs and 1.5PD-LNPs. At 2 h,
the escape rate of SAPC-LNPs from EEs reached up to 80 %, while
PC-LNPs and 1.5PD-LNPs had escape rates of only 50 %. Additionally,
the lysosome escape rate of SAPC-LNPs was as high as 90 %, whereas
PC-LNPs and 1.5PD-LNPs had lysosome escape rates ranging from only
40 %-60 % (Fig. 3C). Only ten green dots can be observed in one cell in
the SAPC-LNPs group, whereas there were numerous green fluorescent
dots present in one cell of the other groups (Fig. 3A). Image J software
was utilized to quantify the overall lysosome area in the images. The
results revealed that the total lysosome area in SAPC-LNPs was signifi-
cantly lower compared to our groups, indicating a significant reduction
in the number of lysosomes within cells incubated with SAPC-LNPs
when compared to the other two groups (Fig. S3). In addition, the ly-
sosomes of cells in the 1.5PD-LNPs and PC-LNPs groups were mainly
distributed near the nucleus, and these lysosomes in this region were
secondary lysosomes with strong digestive ability. On the other hand,
the lysosomes of cells in the SAPC-LNPs group were primary lysosomes,
they were primarily located at the cell edge, which had weak digestion
ability (Fig. 3A and B).

The LNPs uptake by cells enter into EE firstly, and the LNPs that
failed to escape from EE will be further transported to the lysosomes,
where part of the LNPs can still escape. Therefore, evaluating the escape
efficiency of the LNPs merely in a particular stage of the endosome
pathway in cellular cannot comprehensively represent the total endo-
some escape rate. To comprehensively evaluate the escape efficiency of
different LNPs at different endosome stages, the following formula was
used to calculate the total cellular endosome escape efficiency:

Total endosome escape efficiency (teE) = eEE+ (100%- eEE) x eLyso

eLyso: escape efficiency of lysosomes; eEE: escape efficiency of early
endosome

The results showed that the transfection efficiency (teE) of SAPC-
LNPs was almost 100 % (98.40 + 0.22 %), while the teE of PC-LNPs
and 1.5PD-LNPs was only 80 % and 70 %, respectively. The substan-
tial improvement in the transfection efficiency of SAPC-LNPs in APCs is
related to both DC-targeting and accelerated endosome escape by SA.
Most importantly, we found that the SAPC-LNPs simultaneously
improved both cellular uptake and total endosome escape efficiency,
which was not reported in other studies, as an increase in endosome
escape rate sometimes accompanied a decrease in cellular uptake effect
[12].

Interestingly, according to previous research, only 1-2% of RNA
payloads can finally escape from the lysosomal to the cytosol via LNPs
[27]. However, in our study, the lysosome escape rate of SAPC-LNPs was
as high as 90 %. There may be several reasons for these different results.
Firstly, we have observed that SA-modified LNPs show extremely low
colocalization with lysosomes in the DCs. Currently, we haven’t figured
out a way to detect whether the SAPC-LNPs quickly escaped from the
lysosomes or did not enter them at all. It is probable that SA-modified
LNPs evade lysosomal pathways through some unknown mechanism
which we will continue to explore in future studies. Secondly,
Cy5-labeled RNA is commonly used for studying lysosome escape effi-
ciency, which differs from the DiD-labeled LNPs used in our experiment.
However, currently labeling both LNPs and mRNA has its own rationale
and limitations.

DiD is easily synthesized with high purity, and the DiD-labeled LNPs
can reflect the intracellular localization of LNPs. The structure of DiD
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shows that it has two C18 chains, which are similar to DSPC (one of the
components of LNPs). This indicates that fluorescence probes such as
DiD label the lipid membranes of LNPs with a firm binding and have less
impact on the structure of LNPs. However, one limitation is that the DiD-
labeled LNPs cannot reflect the release behavior of mRNA in cells.
Although Cy5-labeled mRNA can reflect the release behavior of mRNA
in cells, mRNA is fragile and easily broken. Any uncontrolled breakage
of mRNA will affect the fluorescence intensity during detection, result-
ing in a low quantitative value. Additionally, the esterase catalyzes the
cleavage of the ester bond between Cy5 and mRNA in the lysosome,
resulting in a detected fluorescence signal that is not necessarily RNA
but may be the free form of Cy5. Some mRNA molecules escaping from
the lysosome may not be detected due to the loss of fluorescent labeling.
Furthermore, most fluorescent probes are hydrophobic, and their
coupling with mRNA reduces its hydrophilicity, leading to changes in
both the structure of LNPs prepared by fluorescent-labeled mRNA and
the release behavior of RNA. Specifically, currently prepared Cy5-
labeled mRNA is transcribed in vitro using Cy5-coupled UTP, which
means an mRNA molecule may contain dozens to hundreds of Cy5-UTP
molecules that can greatly impact the physicochemical properties of
mRNA. It should also be noted that mRNA does not necessarily escape
from the lysosome as a single molecule; instead, some parts of it may
escape by binding with lipids. Additionally, it needs to be determined
whether the fluorescence signal from fluorescence probe-labeled mRNA
wrapped inside LNPs is strong enough to reach the detection limit of
instruments. Therefore, a low detection value may result when using a
lysosome escape assay with fluorescence probe-labeled mRNA. More
scientific labeling methods need to be developed perhaps by simulta-
neously labeling LNPs and mRNA to establish more scientifically valid
evaluation indices for assessing endosome escape efficiency in future
studies.

3.4. SA-modified LNPs promote the maturation and migration of DCs

Immature DCs (imDCs) and semi-mature DCs (semi-mDCs) can lead
to immune tolerance, while only fully mature DCs (mDCs) can effec-
tively activate naive T cells and generate strong anti-tumor immune
responses [28,29]. The morphology of DCs changed significantly after
being incubated with SAPC-LNPs for 24 h. A special morphology char-
acterized by long protrusions and microbead-like structures was
observed in SAPC-LNPs treated DCs. However, no microbeads were
observed on the protrusions of DCs treated with PC-LNPs at an equal
mRNA concentration (Fig. 4A). Flow cytometry analysis revealed a
significant upregulation of CD86 and MHC-I expression levels (Fig. 4B),
further confirming that SA-modified mRNA LNPs-treated DCs exhibited
higher maturity.

The SAPC-LNPs have greater lysosomal membrane destructive abil-
ity in acidic environments, which leads to further release of mRNA and
MHC-I from the lysosomes into the cytoplasm, also explaining why
SAPC-LNPs treated cells produce fewer lysosomes at the same incuba-
tion time. The erythrocyte membrane was used as a simulation for ly-
sosomes at a concentration of 4 %. The hemolysis capacity of SAPC-LNPs
was significantly higher than that of PC-LNPs at pH 5.5, which is similar
to that in lysosomes. However, under physiological conditions (as shown
in Fig. 4C and D), neither PC-LNPs nor SAPC-LNPs caused any hemo-
lysis. These results indicate that SA-modified LNPs are safe under
physiological conditions but can induce rupture of lysosomal mem-
branes in an acidic environment. The addition of SA changes the lipids
distribution in the outer layer of LNPs; more ionizable lipids migrate
from the core of LNPs to the outer layer, making LNPs carry more pos-
itive charge under acidic conditions and accelerating lysosome escape.
Besides, SA modification promoted DCs migration by transwell experi-
ment (Fig. 4E), which was reflected in SAPC-LNPs loaded with or
without mRNA (Fig. 4F). In summary, SA-modified LNPs enhance both
maturation and migration of DCs, thereby facilitating antigen presen-
tation to T cells and promoting memory T cell formation.
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3.5. SA-modified LNPs target dendritic cells in lymph nodes

Since the mRNA LNPs injected subcutaneously may be enriched in
nearby lymph nodes, we further studied the lymph node targeting ability
of SA-modified LNPs in vivo. We observed that 24 h after subcutaneous
injection, the Fluc expression level in popliteal lymph nodes of the
SAPC-LNPs group was significantly higher than that in other groups
(Fig. 5A and B). Further analysis revealed that SAPC-LNPs primarily
transfected cells with high expression of CD169 (a type of SA receptor)
in lymph nodes. CD169" cells in popliteal lymph nodes of mice injected
with SAPC-LNPs exhibited higher levels of EGFP compared to those in
the PC-LNPs group (Fig. 5C and D). Mononuclear cells from mice’s
popliteal lymph node were isolated and analyzed for the proportion of
EGFP'DCs using flow cytometry. The results demonstrated that
EGFP'DCs accounted for up to 42.5 % in the SAPC-LNPs group, which
was twice as much as that observed in both the 1.5PD-LNPs group and
PC-LNPs group (Fig. 5E). In conclusion, SA-modified LNPs can effec-
tively target DCs located near the injection site within lymph nodes and
efficiently translate mRNA encoding proteins within these DCs.

3.6. SA-modified LNPs produce robust immune memory to antigen and
low side effect

The tumor prevention effects of different mRNA vaccines were tested
using the protocol described in Fig. 5A. The incidence of side effects of
the Pfizer-BioNTech COVID-19 mRNA vaccine is 80-90 %, and severe
side effects can reach 10 % [30,31]. The weight changes in the mice
were monitored to assess safety. Approximately 5 % of body weight was

lost after the first vaccination (Fig. 6B-G). After the second dose, the
mean body weight of mice treated with 1.5PD-LNPs decreased by 10 %,
and within 24 h, 25 % of the mice lost 15 % of their body weight
(Fig. 6I). However, the weight loss in other groups was less than 5 %
(Figure J-N), especially in the SAPC-LNPs group where there was no
significant difference compared to the control group after the second
vaccination. Similar to our observations, people tend to experience more
severe side effects after receiving a second dose of SARS-Cov-2 mRNA
vaccines [32].

The time from weight loss to recovery of mice after vaccination
varied, and the duration of the recovery period also reflected the side
effects of different vaccines. Therefore, evaluating the side effects of
vaccines solely based on the percentage change in body weight is not
accurate. To further assess the safety of different mRNA vaccines, we
calculated the area above the curve (AAC) for the percentage change in
body weight in mice vaccinated with various vaccines after 7 days. After
the first vaccination, there was no significant difference observed in AAC
for body weight change among all groups of mice (Fig. 6H). However,
after the second vaccination, AAC for percentage change in body weight
was twice as high in mice administered with 1.5PD-LNPs compared to
those given SAPC-LNPs and showed no significant difference from that
of control group (Fig. 60). This suggests that commercially formulated
mRNA vaccines caused severe side effects in mice while SA-modified
mRNA vaccine significantly reduced these side effects. The reduction
in side effects may be attributed to using cleavable mPEG200oCHS since
it has been reported that PEGgggo-lipid conjugate could contribute to
allergic reactions associated with SARS-Cov-2 mRNA vaccines rather
than native PEG [33].
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Fig. 6. The SA-modified vaccine showed lower side effects. (A) Vaccination schedule. mRNA vaccines were administrated subcutaneously (10 pg/mouse) twice at
14 days intervals. B16-OVA cells were rechallenged on days 7, 40, 125, and 300 after booster immunization. The percentage of weight change in mice within 7 days
after initial vaccination of (B) 1.5PD-LNPs, (C) PC-LNPs, (D) SAPC-LNPs, (E) SAPC-LNPs/EGFP mRNA, (F) naked OVA mRNA, and (G) control. (H) AAC of the weight
change curve in each group after the first vaccination. Data were expressed as mean =+ s.d (n = 8). The percentage of weight change in mice within 7 days after the
second vaccination of (I) 1.5PD-LNPs, (J) PC-LNPs, (K) SAPC-LNPs, (L) SAPC-LNPs/EGFP mRNA, (M) naked OVA mRNA, and (N) control. (O) AAC of the weight
change curve in each group after the second vaccination. Data were expressed as mean =+ s.d (n = 8).

The reported cases of hypocomplementemic urticarial vasculitis
following SARS-CoV-2 mRNA vaccination have been associated with
amplification of TNF-a, IL-1, and IL-6 [34]. We hypothesized that the
significant weight loss observed in mice from the 1.5PD-LNPs group may
be related to changes in inflammatory cytokine levels. Therefore, we
examined the serum inflammatory cytokines of mice after the first and
second vaccinations. Experimental results revealed a significant increase
in inflammatory cytokine levels after the second injection of each mRNA

vaccine. However, compared to the first injection 24 h later, the mRNA
vaccine prepared according to the commercial formula showed an in-
crease of 1~3 times higher levels, which was significantly greater than
those observed in PC-LNPs and SAPC-LNPs groups. Notably, IL-6 levels
reached as high as 2000 pg/mL at 24 h after the second injection in the
serum of mice from the 1.5PD-LNPs group (Fig. 7A-D). Additionally,
various blood biochemical indexes were measured for mice, showing a
significant reduction in serum AST levels for those from the 1.5PD-LNPs

10
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Fig. 7. Safety assessment of LNPs with different mRNA LNPs. Serum concentrations of (A) IL-6, (B) IL-1p, (C) TNF-a, (D) IL-2, (E) AST, (F) ALT, (G) CRE, (H) BUN
were determined after initial and repeated injection of different mRNA LNPs. (I) H&E staining of major organs, scale bars = 50 ym. Level of (J) anti-PEG IgM, (K)
anti-PEG IgG, and (L) anti-PEG IgE in serum after first and second injection of different mRNA LNPs. LSD posttest and one-way ANOVA were used for statistical
analysis (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

group; no other notable abnormalities were observed among other Studies have suggested that the side effects of mRNA vaccines are
biochemical indexes (Fig. 7E-H). H&E staining results for major organs related to anti-PEG antibodies [35,36], and we detected anti-PEG anti-
indicated that none of these mRNA LNPs caused significant tissue bodies in mouse serum using ELISA. The levels of anti-PEG IgG and IgM
damage after their second injection (Fig. 71). in the 1.5PD-LNPs group were significantly higher than those in the
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Fig. 8. The SA-modified vaccine has more durable preventive protection. (A) The tumor growth curves of mice in control, SAPC/EGFP and naked mRNA group
after the first tumor cells rechallenge at day 7-30. (B) The tumor growth curves of mice in 1.5PD-LNPs, PC-LNPs, and SAPC-LNPs after the second tumor cells
rechallenge at day 40-120. (C) The tumor growth curves of mice in 1.5PD-LNPs, PC-LNPs, and SAPC-LNPs after the third tumor cells rechallenge at day 125-180. (D)
The tumor growth curves of mice in 1.5PD-LNPs, PC-LNPs, and SAPC-LNPs after the fourth tumor cells rechallenge at day 300-360. (E) Antibody titers on day 14, day
47, and day 132 after booster immunization. (F) Several mice vaccinated with 1.5PD-LNP showed black plaques, which were photographed before they faded. LSD
posttest and one-way ANOVA were used for statistical analysis (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

PC-LNPs and SAPC-LNPs groups (Fig. 7J and. K). Unlike anti-PEG IgM
and anti-PEG IgG, almost no detectable levels of anti-PEG IgE were
found in the serum of each group at day 7 after the second injection.
However, we observed a significant increase in induced anti-PEG IgE at
24 h after the second injection., while only slight levels of anti-PEG IgE
were detected in the PC-LNPs and SAPC-LNPs groups after the second
injection (Fig. 7L). Although it is unclear whether the level of anti-PEG
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IgE reached concentrations capable of triggering an allergic reaction in
mice tested, no symptoms of anaphylaxis were observed in mice vacci-
nated with each mRNA vaccine. Nevertheless, there was a dramatic
reduction in body weight among mice in the 1.5PD-LNPs group sug-
gesting that production of anti-PEG IgE is related to side effects caused
by commercially formulated vaccines. It should be noted that
SAPC-LNPs did not induce a strong immune response against PEG after
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the second injection, indicating that there was weak memory within
immune system towards SAPC-LNP vector itself.

The protective efficacy of different vaccines was studied by inocu-
lating tumor cells into immunized mice multiple times. At 7 days after
the second vaccination, 3 x 10° B16-OVA cells were injected into the
mice. All the mice vaccinated with mRNA LNPs achieved 100 % pro-
tection, while all of the mice injected with SAPC-LNPs/EGFP mRNA and
naked mRNA showed tumor growth (Fig. 8A). A second tumor cell
rechallenge was performed at day 40 after booster immunization, and
the different LNPs still provided a 100 % protection rate (Fig. 8B). The
third tumor cell rechallenge occurred on day 125 after the second
vaccination. At this time, the preventive protection rate of PC-LNPs and
1.5PD-LNPs decreased to 75 %, while the preventive protection rate of
SAPC-LNPs remained close to 90 %, with only one mouse in the SAPC-
LNPs group showing tumor growth after 20 days of rechallenge. The
rate of tumor growth was significantly slower than that in the other two
prevention groups (Fig. 8C). The fourth tumor cell rechallenge took
place on day 300 after the second vaccination, and the preventive pro-
tection rate of PC-LNPs and 1.5PD-LNPs decreased to 62.5 %. However,
prophylactic protection using SAPC-LNPs remained at 87.5 %, with no
observed tumor growth even 60 days after rechallenging (Fig. 8D).
Additionally, the black plaques appeared on the skin of mice in the
1.5PD-LNPs group, but they gradually faded (Fig. 8F), suggesting that a
75 % protection rate provided by 1 0.5 PD -LNPs may not be sufficiently
conservative.

The long-lasting protective efficacy of vaccines is closely related to
the formation of immune memory. The stronger the immune memory,
the more durable protection produced by the vaccine. However, it is not
clear which immune cell dominates anti-tumor immune memory. We
tested serum levels of anti-OVA IgG in mice after three rounds of
rechallenges, and the SAPC-LNPs group had the highest level of anti-
bodies. However, after three rounds of tumor cell rechallenge, anti-OVA
IgG levels had decreased to 30 % of the initial level (Fig. 8E). Interest-
ingly, after the third tumor cell rechallenge, SAPC-LNPs-inoculated mice
were still able to maintain a protection rate of 87.5 %, which may be
related to the formation of memory T cells. The continuous activation of
central memory T cells (Tcy) is necessary for maintaining anti-tumor
immunity38. Therefore, we analyzed the proportion of T¢y before and
after tumor cell rechallenge according to Fig. 9A protocol. The propor-
tion of Tgy in mice from both SAPC-LNPs and 1.5PD-LNPs groups
showed no significant difference on day 7 after booster immunization.
After tumor cell rechallenge, there was a significant increase in TCM
proportion among mice that received two doses of vaccine; however,
there was no significant difference between SAPC-LNPs and 1.5PD-LNPs
groups (Fig. 9C and D). The percentage of Ty in mice from SAPC-LNPs
group increased to 40 % at six months post-vaccination and continued
growing to 54.6 % on day seven following subsequent tumor cell
rechallenge (Fig. 9E and F). On the other hand, the percentage remained
at only 30 % for mice from both 1.5PD-LNPs and PC-LNPs groups with
no significant increase observed after tumor cell rechallenge (Fig. 9E and
F). The proportion of Tcy of mice from SAPC-LNPs group remained
above 50 %, while the level of T¢y in the other two groups was only 30
% at 12 months after vaccination (Fig. 9G and H). Tgy is a type of
memory T cells with long-term memory that is generated by antigen-
stimulated naive T cells and can home to lymphoid tissue to receive
repeated stimulation by antigens. Effective memory T cells (Tgy) can be
directly generated by Tcy when antigens attack again, circulating
throughout the body via blood and lymph fluid. However, we found that
the Tgy (CD3'CD8"CD44"CD62L7) accumulation in the spleen
increased significantly as the mice aged. At 12 months after vaccination,
the level of Tgy in the spleen of mice in 1.5PD-LNPs group was up to 50
%, and a large quantity of Tgy occupied the compartments of Tcy,
resulting in the number of Ty decreased. Therefore, we calculated the
spleen T¢y/Tgwm ratio to assess the long-lasting effectiveness of immune
memory formation after different vaccinations and found that the Tcy/
Tgm ratio in the 1.5PD-LNPs and PC-LNPs groups decreased
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Fig. 10. New conceptual map of tumor immune cycle. The anti-tumor im-
munity is accomplished by an 8-step immune event. Step @, the antigen
released by the tumor cells; Step @, tumor antigen presentation; Step ®, T cells
activation; Step @, T cells trafficking; Step ®, T cells infiltrated into tumors;
Step ®, T cells recognize tumor cells; Step @, T cells kill tumor cells; Step ®,
immune memory formed. The memory T cells can be activated directly to
produce effector T cells upon re-exposure to the tumor antigen. The whole
tumor immune cycle is divided into a large cycle and a small cycle. The large
circle is involved in the step O@@@®E®E®D®®, and the small circle is
involved in the step D®@®® ®.

6) Recogition of
cancer cells

(7 Killing of cancer cells

continuously from day 7 to month 12 after booster vaccination, drop-
ping even below 1 (Fig. 9B). The Tcym/Tgm ratio in the SAPC-LNPs group
increased during the first 6 months but decreased from month 6 to
month 12; however, its value remained more than twice that of the other
two groups (Fig. 9B). These results reasonably explain why SAPC-LNPs
have a durable preventive protective effect. The promotion of TCM
formation by SAPC-LNPs may be related to SA targeting DCs. It has been
reported that DCs are the only type of APCs capable of activating naive T
cells, and Ty is precisely generated by naive T cells upon receiving
antigen stimulation.

Another thing worth discussing is that black plaques appeared on the
skin of mice in 1.5PD-LNPs and gradually faded away. The number of
memory T cells generated is insufficient to combat invading tumor cells
upon rechallenge, resulting in gradual tumor growth and the develop-
ment of black plaques. However, with the initiation of the anti-tumor
immune cycle, new memory T cells are generated and mobilized to
produce effector T cells, which completely eradicate the tumor, leading
to a gradual disappearance of the plaque. Studies have also shown that
when activated by tumor antigens, T cells differentiate into long-lasting
memory T cells rather than fast-acting but short-lived effector T cells,
which is more conducive to anti-tumor immunity [37]. Therefore, im-
mune memory should play an essential role in the tumor immune cycle;
however, the existing theory of the tumor immune cycle does not
incorporate immune memory. We have included immune memory in the
tumor immune cycle and divided it into a large cycle (grey arrows) and a
small cycle with the assistance of immune memory (green arrows). The
large cycle begins at antigen presentation, while the small cycle starts
with memory T cells (Fig. 10).
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Fig. 11. Bioluminescence imaging. (A) Bioluminescence imaging, and (B) total flux-time curve of mice at 4 h, 8 h, 12 h, 24 h, and 48 h after the first and second
injection of 1.5PD-LNPs. (C) Bioluminescence imaging, and (D) total flux-time curve of mice at 4 h, 8 h, 12 h, 24 h, and 48 h after the first and second injection of PC-
LNPs. (E) Bioluminescence imaging, and (F) total flux-time curve of mice at 4 h, 8 h, 12 h, 24 h, and 48 h after the first and second injection of SAPC-LNPs.

3.7. Repeated administration of SAPC-LNPs generate weak immune
memory to LNPs

Immune memory is the foundation of the protective immunity pro-
vided by vaccines [38]. However, not all immune memories are favor-
able for vaccine effectiveness. However, not all immune memories are
beneficial for vaccine effectiveness. The immune memory of LNPs can
accelerate the clearance of LNPs after repeated injection, which may
compromise the preventive efficacy of vaccines [39]. The mRNA-LNPs
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vaccine contains 1.5mol% PEG-lipids; since most PEG lipids are
distributed in the outer layer of LNPs, the PEG density on the surface of
LNPs is much higher than 1.5 % [40], and these PEG lipids are usually
non-cleavable. Although traditionally considered non-immunogenic
[41], anti-PEG antibodies have been detected that expedite blood
clearance of LNPs and activate the classical complement pathway [42].
These two properties can hinder clinical translation of mRNA-LNPs de-
livery because multiple injections are likely to be part of the treatment

regimen.
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We tested whether the effect of different LNPs was weakened by
repeated intramuscular injections over a short period of time. The PC-
LNPs, SAPC-LNPs, and 1.5PD-LNPs encapsulated with Fluc mRNA
were used for repeated intramuscular injection at a time interval of 5
days. The repeated injection of 1.5PD-LNPs induced rapid clearance of
LNPs, resulting in a decrease in Fluc expression to 10 % compared to that
after a single injection (Fig. 11A and. B). However, repeated injection of
SAPC-LNPs or PC-LNPs only resulted in a slight decrease in protein
expression levels (Fig. 11C-F), indicating that the immune memory
produced by SAPC-LNPs during repeated injection is weak immune
memory. The application of cleavable PEG and SA modification signif-
icantly contributed to these results. As an endogenous substance, SA has
low immunogenicity. The cleavable PEG-lipid dropping from the LNPs
further reduces the immunogenicity of LNPs. Some studies have shown
that PEGylated nanoparticles are more immunogenic than PEG
molecules.

Although PEG-lipids used in commercial LNPs vaccines have short
acyl side chains, which causes about 2 % [43] of them to desorbed from
LNPs per minute during intravenous injection, our study still produced a
strong ABC phenomenon when 1.5PD-LNPs were repeatedly injected
intramuscularly. This indicates that 1.5PD-LNPs still possess strong
immune memory and the desorption rate of mPEG2(00DMG in muscle
tissue is not as fast as in the bloodstream. The rate of PEG-lipid
desorption is related to the degree of dilution and hydrodynamic fac-
tors of the dilution medium. Intramuscular injection and subcutaneous
injection are common routes for vaccine administration, and the dilu-
tion and shear stress experienced by LNPs through these two routes
should be significantly different from intravenous administration.
Therefore, it is necessary to re-evaluate the rate of uncleavable PEG-lipid
desorption used in commercially available vaccines during intramus-
cular and subcutaneous injections to further assess the effect of different
administration modes on the immune memory strength of LNPs. Addi-
tionally, we also observed a delayed peak expression level of Fluc after
SAPC-LNPs injection compared with other groups. Although the reason
for this delay remains unclear, it suggests that SAPC-LNPs may have
higher safety levels, especially when applied to cytogenic therapies
where rapid cytokine expression can trigger acute inflammation that
may be life-threatening.

4. Conclusion

We prepared a vaccine consisting of sialic acid (SA) - lipid derivative
and cleavable PEG - lipid derivative co-modified LNPs (SAPC-LNPs). It
was found that the SAPC-LNPs vaccine provided longer duration of
preventive protection compared to commercially available vaccines,
with a one-year protection rate of 87.5 % versus 62.5 %. Immune
memory was divided into robust and weak categories, and it was
discovered that the durable protective efficacy of the SAPC-LNPs vac-
cine was associated with the establishment of robust immune memory
for tumor antigens and weak immune memory for LNPs. The robust
immune memory for antigens is attributed to DC-targeting and rapid
endosomal escape, which contribute to efficient transfection in DCs. The
weak immune memory for LNPs is linked to the co-application of
cleavable PEG and SA, reducing the immunogenicity of the LNPs vector
itself. For the first time, we utilized the ratio of Ty to Tgym as an indi-
cator to evaluate vaccine efficiency. A higher ratio indicates stronger
antigen immune memory formation and longer protective effects pro-
vided by the vaccine. Importantly, it has been discovered that immune
memory plays a crucial role in tumor immunity cycle, leading us to-
wards a more comprehensive understanding of this mechanism.
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