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a b s t r a c t

Dendritic cell (DC)-targeted delivery of mRNA is a prominent method to boost the efficacy of mRNA tu-

mor vaccines. The targeting ligands are often modified on nanocarriers by polyethylene glycol (PEG) linker

in mRNA delivery systems. Whether the PEG linker length influences the targeting delivery efficiency of

mRNA nanocarrier in vivo remains unclear. Here, we designed and constructed DC-targeted mRNA deliv-

ery systems modified by mannose via different PEG linker lengths (100/400/1000/2000) (MPn-LPX). The

top candidate MP400-LPX (the linker was PEG400) showed the optimal mRNA expression and antigen

presentation owing to the highly efficient uptake by DCs. Furthermore, MP400-LPX could better inhib-

ited tumor growth and extended survival in the E.G7-OVA lymphoma and TC-1 cervical tumor mouse

model. Collectively, these results demonstrated that PEG400 was the optimal linker for the PEGylated

DC-targeted mRNA vaccines. Our findings provided a new platform for the rational design of targeted

mRNA nanovaccines with shorter-length PEG.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

mRNA vaccines against coronavirus disease-19 (COVID-19) have

been approved by the Food and Drug Administration (FDA) owing

to their unique advantages (i.e., low risk of insertional mutagene-

sis, short development cycles and easy industrialization) [1–4]. The

successful application of mRNA vaccines also brings great hope for

tumor immunotherapy [5–7]. However, the anti-tumor efficiency

of mRNA vaccines was not so satisfactory. Many aspects, such as

mRNA vaccine delivery systems, are eagerly required further op-

timization and improvement to accelerate the clinical transforma-

tion of mRNA vaccines [8–11]. Dendritic cells (DCs) are the major

professional antigen-presenting cells (APCs) that play a key role

in inducing antigen-specific immune response [12–15]. Therefore,

it should be a valuable approach to developing the DC-targeted

mRNA delivery systems for improving antigen expression and in-

ducing robust immune responses [16–18].

The targeting ligands are often linked on the surface of

nanomedicines by polyethylene glycol (PEG) to achieve the spe-

cific targeting, and such strategy is also commonly applied for the

DC-targeted mRNA vaccines [19–21]. PEG2000 was widely used as

∗ Corresponding authors.

E-mail addresses: yqwei@scu.edu.cn (Y. Wei), songxr@scu.edu.cn (X. Song).
1 These authors contributed equally to this work.

the linker for nanomedicines in these studies without reasonable

optimization. However, the PEG length has been studied to signif-

icantly influence the delivery of nanomedicines to the target site

and the uptake by the specific cells [22–24]. For example, Yamada

et al. reported that the longer linker PEG5000 might present the

targeting ligand more effectively [25]. While Stefanick et al. re-

ported that longer PEG may fold into a mushroom shaped spherical

structure to bury the conjugated ligand, which was not beneficial

for the binding of modified ligands on the nanoparticle to its re-

ceptors on the target cell [24,26,27]. Moreover, our previous study

found that PEG1000 was better than PEG2000 as the linker of

mannose-conjugated liposomes for mRNA delivery to DCs in vitro

[21]. Hence, it could be hypothesized that the mannose-conjugated

liposomes with optimal linker length might induce powerful anti-

tumor immune response of mRNA vaccines in vivo.

In this study, we aimed to enhance the mRNA delivery effi-

ciency of DCs via further optimization of PEG linker length, thereby

improving the anti-tumor efficacy of mRNA vaccines in vivo. All

animal experiments were approved by the Animal Experimental

Ethics Committee of the State Key Laboratory of Biotherapy of

Sichuan University. As shown in Fig. 1, mannose, one of the clas-

sic target ligands for DCs, was selected as the model ligand. It

was conjugated to cholesterol via PEG with different linker length
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Fig. 1. Schematic diagram of MPn-LPX targeting to DCs for potent cancer immunotherapy. LPX decorated with MP400-CH had optimal target ability to DCs owing to the

maximum exposure of mannose. MP400-LPX exerted the best antigen presentation efficiency and therapeutic cancer immune protection efficacy among MP100-LPX, MP1000-

LPX and MP2000-LPX in vivo.

Fig. 2. Preparation and characterization of MPn-LPX. (A) Schematic of the synthetic steps for MPn-CH. The number of ethylene glycol unit (n) in MP100-CH, MP400-CH,

MP1000-CH, and MP2000-CH are 0, 9, 22, and 45, respectively. (B) Schematic structure of MPn-LPX. (C) Gel electrophoresis retardation assay of MPn-LPX. Marker (Marker, lane

1), free GFP-mRNA (GFP, lane 2), LPX (LPX, lane 3), MP100-LPX (100, lane 4), MP400-LPX (400, lane 5), MP1000-LPX (1000, lane 6) and MP2000-LPX (2000, lane 7). (D, E) Size,

polydispersity index and zeta potential of MPn-LP (D) and MPn-LPX (E) (n=3). (F) TEM images of MPn-LPX with different PEG linker lengths. Scale bar: 100nm. Error bars

indicate mean ± standard error of mean (SEM).

(100/400/1000/2000). The obtained mannose-cholesterol conju-

gates (MPn-CH) were then applied to construct the DC-targeted

mRNA tumor vaccines (MPn-LPX). The cellular uptake, mRNA ex-

pression and anti-tumor therapeutic efficacy were systematically

investigated. We reported that PEG400 was the optimal PEG linker

length for DC-targeted mRNA vaccine delivery to induce a potent

anti-tumor immunogenicity, which would provide key features for

the design of PEGylated mRNA nanoparticles and other PEGylated

targeting nanomedicines.

The mannose receptor (CD206) overexpressed on DCs is an

ideal candidate target for the DC-targeted design of vaccines

[28–30]. Then mannose was selected as a model ligand to pre-

pare DC-targeted mRNA vaccines in this study. Firstly, mannose

was coupled to cholesterol with different PEG linker lengths

(100/400/1000/2000) to obtain MPn-CH (Fig. 2A). Compared to the

reported synthesis methods of mannose-modified target materi-

als (such as Man-C4-chol [31] or DSPE-PEG-mannose [32]), we

adopted relatively mild esterification and click reaction methods
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Fig. 3. Effects of MPn-LPX with different PEG linker lengths on the mRNA delivery efficiency in vitro and in vivo. (A, B) Transfection capacity of MPn-LPX carrying GFP-mRNA

in DC2.4 cells. (A) GFP expression by DC2.4 cells observed by a fluorescence microscope. Scale bar: 200μm. (B) Transfection efficiency (% GFP+ cells) was quantified by flow

cytometry (n=3). (C) Transfection efficiency of MPn-LPX carrying GFP-mRNA on BMDCs (n=3). (D) Cellular uptake of MPn-LPX carrying Cy5-mRNA in DC2.4 cells (n=3). (E)

Antigen presentation of MPn-LPX carrying OVA-mRNA in BMDCs (n=3). (F) Representative whole body and isolated organs images of C57BL/6 mice demonstrated the mRNA

expression 6h after injection of Luc-mRNA loaded MPn-LPX. (G) The quantitative fluorescence intensity of Luc-mRNA expression in liver, lung and spleen (n=3). Error bars

indicate mean ± SEM. Statistical analysis was performed using a one-way ANOVA comparison. ∗P < 0.05, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.

to synthesize MP400-CH in our previous work (Fig. S1A in Sup-

porting information) [21], which had the advantages of simple and

easy scale-up production. Finally, MP100-CH, MP400-CH, MP1000-CH

and MP2000-CH were obtained with yields of 68.6%, 66.8%, 56.9%

and 47.9%, respectively. Besides, P400-CH without mannose modifi-

cation was also reasonable designed and acquired (Fig. S1B in Sup-

porting information). The product of MP400-CH was confirmed by
1H-nuclear magnetic resonance (1HNMR ), electrospray ionization-

tandem mass spectrometry (ESI-MS), Fourier transform infrared

(FTIR) and high-performance liquid (HPLC), respectively (Fig. S2 in

Supporting information). The structure of P400-CH was also con-

firmed with the purity of 98.203% by 1HNMR and HPLC (Fig. S3 in

Supporting information).

The cationic liposomes have been used for mRNA delivery both

preclinical and in clinical trial [33,34]. Next, cationic liposomes

consisting of DOTAP and cholesterol (Shanghai A.V.T. Pharmaceu-

tical Co., Ltd.) were modified by MPn-CH (MPn-LPs) were prepared

by film hydration method for further study. mRNA-complexed

mannose-modified liposomes (MPn-LPX) were obtained by mix-

ing MPn-LPs with mRNA (Fig. 2B). The complete complexation of

mRNA with MP400-LPs was confirmed by gel electrophoresis when

the N/P ratio of 3 (Fig. S4 in Supporting information). We fur-

ther demonstrated that all MPn-LPs had good complexation with

mRNA at the N/P ratio of 3 by the gel electrophoresis experiment

(Fig. 2C). The particle size of all different MPn-LPX was approxi-

mate 110nm and the PDI was less than 0.2 (Fig. 2E), while that

of MPn-LPs was about 65nm and the PDI was less than 0.3 (Fig.

2D). Moreover, zeta potential of MPn-LPX (∼40mV) was slightly

lower than MPn-LPs (∼50mV) due to the successful complexation

of mRNA (Figs. 2D and E). The diluted MPn-LPX and MPn-LPs were

both colorless and transparent, which had significant Tyndall ef-

fect (Fig. S5 in Supporting information). The transmission electron

microscopy (TEM) also revealed that MPn-LPX was spherical with

a distinct lipid membrane structure (Fig. 2F). Besides, the storage

stability of the MPn-LPX was investigated by observing the change

of size, zeta potential and mRNA leakage. The results showed that

the particle size, zeta potential and mRNA leakage did not decrease

significantly after storage, confirming the excellent storage stabil-

ity of MPn-LPX (Figs. S6 and S7 in Supporting information). Collec-

tively, different linker lengths of PEG did not affect particle size,

surface charge, appearance, Tyndall effect and micromorphology of

MPn-LPX.

Although different PEG linker lengths did not affect the charac-

terization of MPn-LPX based on the above results, whether it af-

fected the mRNA delivery efficiency needed to be further inves-

tigated. Therefore, the mRNA encoding green fluorescent protein

(GFP) was used to evaluate the in vitro transfection efficiency of

MPn-LPX in DC2.4 cells and bone marrow-derived dendritic cells

(BMDCs). The expression rates of CD206 on DC2.4 cells and BMDCs

were about 35% and 23% by flow cytometry (Fig. S8 in Support-

ing information), indicating that these cells could be used to in-

vestigate the targeted delivery ability of MPn-LPX. Firstly, GFP ex-
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Fig. 4. Antitumor effect of MPn-LPX in the E.G7 murine tumor model. (A) Experimental setup of the therapeutic immunization. (B–F) Individual tumor growth curve of each

mouse. (G) Average tumor growth curves in each group (n=8 mice per group). (H) Representative images of tumor size on day 7 and day 19. Error bars indicate mean ±
SEM. Statistical analysis was performed using a one-way ANOVA comparison. ∗P < 0.05.

pression in DC2.4 cells was observed by fluorescence microscope

(Fig. 3A), and was quantitatively analyzed by flow cytometry. The

mRNA transfection efficiency of MP400-LPX was up to 40%, which

was significantly higher than other groups in DC2.4 cells (Fig. 3B).

The transfection ability of Pn-LPX without mannose modification

on DC2.4 cells was also investigated. As shown in Fig. S9 (Sup-

porting information), the transfection efficiency of P1000-LPX and

P2000-LPX with longer PEG length was lower than that of P400-LPX

with shorter PEG length. Moreover, the targeting effect of man-

nose significantly enhanced the transfection efficiency of MP400-

LPX, compared with P400-LPX. Meanwhile, the transfection stabil-

ity of MP400-LPX on DC2.4 cells was investigated. As shown in

Fig. S10 (Supporting information), the transfection efficiency re-

mained stable when MP400-LPX was placed at 4 °C for 10 days. The

transfection efficiency decreased significantly when stored for 15

days, suggesting that although MP400-LPX exerted no significantly

change in particle size and potential at 4 °C, the active compo-

nent mRNA may have been degraded at day 15. Overall, MP400-LPX

could remain the biological function at 4 °C for at least 10 days.

Similarly, GFP expression in MPn-LPX treated BMDCs was mea-

sured, and the represent scatter diagram of each condition was

shown in Fig. S11 (Supporting information). As shown in Fig. 3C,

MP400-LPX (15.03% ± 2.11%) exerted the highest transfection ef-

ficiency compared with LPX (4.25% ± 0.86%), MP100-LPX (5.48%

± 1.16%), MP1000-LPX (6.67% ± 0.79%) and MP2000-LPX (7.59% ±
3.02%). Collectively, MP400-LPX has the best mRNA delivery effi-

ciency in DCs, even better than MP2000-LPX and MP1000-LPX.

In order to explore why MP400-LPX could perform better in de-

livering mRNA for expression, we further investigated the target-

ing recognition ability of MPn-LPX to DCs by cellular uptake as-

say. MPn-LPX loaded Cy5 mRNA was used to study cellular uptake

in DC2.4 cells by flow cytometry. Firstly, 6 h was selected as the

time point for the cellular uptake of MPn-LPX, because the most

uptake of MP400-LPX was seen at the incubation time of 6h in

the preliminary experiment (Fig. S12 in Supporting information).

When the DC2.4 cells were treated with MPn-LPX for 6h, almost

all of the cells were Cy5-positive (>98%) (Fig. S13 in Supporting

information). Surprisingly, MP400-LPX treated DC2.4 cells exhibited

the highest mean fluorescence intensity (MFI) of Cy5-positive cells

among different groups (Fig. 3D). Furthermore, the uptake blocking

experiment by mannose was further conducted in DC2.4 cells to

verify the targeted delivery potency of MP400-LPX (Fig. S14 in Sup-

porting information). These results were consistent with previous

reports that short alkyl chains may be more flexible and easier to

interact with cellular lipid membranes. While longer alkyl chains

may face the energetic barrier when inserting into cell membrane,

slowing down the endocytosis process of nanoparticle [35]. More-

over, the delivery efficiency was further improved with the intro-

duction of mannose-target head. Collectively, those results revealed

that PEG400 may be the optimal linker length for the exposure

of the targeting ligand for receptor recognition, while the longer

linker (PEG1000 and PEG2000) might bury the conjugated ligand

to decrease the cellular uptake, thus MP400-LPX exerted the high-

est cellular uptake and transfection efficiency.

Efficient antigen presentation by APCs is the prerequisite for the

high efficacy of mRNA vaccines [36]. Therefore, the antigen presen-

tation ability of MPn-LPX treated BMDCs was further detected by

loading ovalbumin (OVA)-mRNA. Significant antigen-presentation

of the OVA peptide SIINFEKL was observed in MP400-LPX treated

BMDCs (Fig. 3E). This result indicated that MP400-LPX treated

BMDCs had the optimal antigen presentation due to the maximum

mRNA expression, which would be more conducive for the activa-

tion of antigen-specific T cell immune response to realize tumor

immunotherapy in vivo. Moreover, the co-stimulatory signals pro-
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Fig. 5. Therapeutic effect of MP400-LPX in the TC-1 tumor model. (A) Experimental setup of the therapeutic immunization. C57BL/6 mice were inoculated subcutaneously

with 5× 105 TC-1 tumor cells on day 0. On days 3, 10, and 17, tumor-bearing mice were treated with indicated formulations containing 30μg/dose of mRNA. (B–E) Individual

tumor growth curves. (F) Average tumor growth curves. (G) Survival curves of each group (n=10 mice per group). (H) MP400-LPX induced significantly enhanced E7-specific

CD8+ T cell responses than P400-LPX (n=3). The data are shown as mean ± SEM.

vided by matured DCs are also need for T cell activation. As shown

in the Fig. S15 (Supporting information), the proportion of CD86+

cells in CD11c+ BMDCs treated with MPn-LPX loaded with OVA

mRNA increased significantly, compared with the untreated con-

trol group. These results indicate that MPn-LPX vaccine could ef-

fectively promote the maturation of DCs. However, different PEG

chain length does not affect the ability of MPn-LPX to activate DCs.

Next, we explored the mRNA expression of MPn-LPX in

vivo. C57BL/6 mice were administered MPn-LPX encapsulating

luciferase-encoding mRNA (Luc-mRNA) intravenously. The whole

body and the isolated organs images of the injected mice were

captured with IVIS systems and representative images were shown

in Fig. 3F. Consistent with in vitro transfection results, the expres-

sion of Luc-mRNA in lung tissues of mice in MP400-LPX group was

obviously the best. To further quantify the expression of the Luc-

mRNA in specific organs, the average fluorescence signal in lungs,

spleen and liver were quantified (Fig. 3G). MP400-LPX induced

stronger Luc-mRNA expression in the lung site compared with LPX,

MP100-LPX, MP1000-LPX and MP2000-LPX in vivo. Of note, DOTAP

cationic liposomes (N/P=3) were predominantly distributed in the

lungs, which are equipped with an immune defense mechanism

that involves a large number of DCs that can present antigens to T

cells [37,38]. The strongest expression of PEG400-mediated MP400-

LPX in the lung might be attributed to the targeting effect on DCs

in the lungs, thus accumulating more lipoplex for expression in the

lung. On the other hand, longer PEG might inhibit the uptake of

lipoplex by tissue cells due to “PEG dilemmas” [39]. In conclusion,

the superiority of MP400-LPX in delivering mRNA in vitro and in

vivo encourages us to further investigate the antitumor efficacy of

MPn-LPX in vivo.

Encouraged by the above results, we further studied the effect

of PEG linker length on the immunotherapeutic effect of MPn-LPX

in murine tumor model in vivo. Firstly, the therapeutic effect of

MPn-LPX on the EG.7-OVA mouse tumor model was investigated.

MPn-LPX vaccines loaded with OVA mRNA also had good pharma-

cologic properties (Table S2 in Supporting information). In the cur-

rent study, immunization was initiated on day 3 when E.G7 tu-

mors were palpable (Fig. 4A). The immunization route of mRNA

nanovaccine was preliminarily studied. As shown in Fig. S16 (Sup-

porting information), MP400-LPX induced better anti-tumor effi-

cacy by intravenous administration compared with intraperitoneal

or intradermal injection. It has been reported that the antigens

are quickly expressed in vivo following intravenous administration.

This appears to result in a faster generation of specific CD8+ T cells

for better therapeutic effects [40]. Besides, intravenous injection

is also commonly used in preclinical and clinical trial studies of

mRNA tumor vaccines [41,42]. Therefore, intravenous administra-

tion was chosen for the immunotherapy evaluation of MPn-LPX. As

shown in Figs. 4B-G, MP100-LPX, MP400-LPX and MP1000-LPX signif-

icantly delayed the tumor growth. Surprisingly, the tumor cure rate

(CR) of MP400-LPX treated group was 5/8, whereas those in NaCl,

MP100-LPX, MP1000-LPX or MP2000-LPX treated group were 0/8, 4/8,

4/8 and 2/8, respectively. Noteworthy, the tumor volume of MP400-

LPX-vaccinated mice was smaller than any other groups (Fig. 4H).

Furthermore, we studied the anti-tumor effects of MP400-LPX

and P400-LPX in TC-1 murine tumor model to explore the im-

portance of DCs targeting. Similarly, C57BL/6 mice were subcuta-

neously injected with TC-1 cells to establish TC-1 murine tumor

model and then subjected to three intravenous injections with HPV

16 E6/E7 mRNA-loaded vaccines (Fig. 5A). As shown in Figs. 5B–

5



W. Xiao, F. Wang, Y. Gu et al. Chinese Chemical Letters 35 (2024) 108755

F, MP400-LPX IR loaded with non-therapeutic mRNA was prepared

for administration, which had no inhibitory effect on tumor as the

control group given PBS. And MP400-LPX exhibited the better an-

titumor effect with the tumor CR of 4/10, compared with 1/10

for P400-LPX. Additionally, treatment with MP400-LPX significantly

prolonged the survival time of mice compared with P400-LPX (Fig.

5G). In detail, the median survival of MP400-LPX treated mice was

52 days, whereas those of P400-LPX treated mice and NaCl treated

mice was 43 days and 28 days, respectively.

Importantly, tumor-specific cytotoxic T lymphocytes (CTLs)

were further assessed by flow cytometry. Cell gating strategy was

shown in Fig. 5H. The highest percentages of E7-specific CD8+ T

cells in the blood of mice immunized with MP400-LPX was ob-

served with the percentages of 0.95% ± 0.08%. The above results

indicated that MP400-LPX with PEG400 modified had the best tu-

mor immunotherapy effect, which was consistent with the results

of the mRNA delivery efficiency in vitro.

Finally, we systematically explored the safety of MP400-LPX.

Firstly, cytotoxicity analysis of MP400-LPX was performed by flow

cytometry. Data showed that MP400-LPX performed good safety in

vitro when incubated with DC2.4 cells (Fig. S17 in Supporting in-

formation). Moreover, to assay the safety of MP400-LPX mRNA tu-

mor vaccine after intravenous administration, the in vitro hemol-

ysis analysis was further performed. No visible hemolytic activity

was observed in MP400-LPX, P400-LPX or NaCl treated rabbit red

blood cells (Figs. S18A and B in Supporting information), indicat-

ing that MP400-LPX might perform good blood compatibility and

would be safe for systemic delivery.

While the therapeutic efficacy of the MP400-LPX in vivo and

good blood compatibility in vitro were confirmed, it remains crit-

ical to evaluate its safety in vivo for its further application. The

serological and histopathological analyses were carried out at the

end of the tumor immunotherapy evaluation study. No significant

effects of MP400-LPX immunization on profile and blood cells were

observed (Fig. S18C in Supporting information). Importantly, no

significant toxic pathological changes in the heart, liver, spleen,

lung, and kidney were identified in MP400-LPX or P400-LPX treated

mice (Fig. S18D in Supporting information). These data all con-

firmed that MP400-LPX had good safety.

In summary, we have investigated the effect of the link length

between the target ligand and the nanocarriers on the mRNA de-

livery efficiency and immunotherapeutic efficacy of DC-targeted

mRNA vaccines. Mannose was conjugated to cholesterol via PEG

with different linker length (100/400/1000/2000) by click reaction

to obtain the mannose-cholesterol conjugate (MPn-CH). MPn-CH

was then successfully applied to construct the DC-targeted mRNA

tumor vaccines (MPn-LPX). Although MPn-LPX exhibited compara-

ble particle size and zeta potential, MP400-LPX showed the highest

mRNA delivery efficiency in DCs. It may be PEG400 was the op-

timal linker length, which could expose the target ligand enough

for receptor recognition, so as to maximize the targeted uptake

by DCs. Furthermore, in vivo data generated from tumor-bearing

mice further demonstrated that MP400-LPX evoked potent anti-

tumor immune responses accompanied by marked inhibition of tu-

mor growth. Overall, our work thus identified the optimal linker

length (PEG400) of the ligand for DC-targeted mRNA vaccines,

which could also provide certain universal reference for the ratio-

nal design of nanocarriers with shorter-length PEG.
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