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Abstract Patients exhibit good tolerance to messenger ribonucleic acid (mRNA) vaccines, and the

choice of encoded molecules is flexible and diverse. These vaccines can be engineered to express full-

length antigens containing multiple epitopes without major histocompatibility complex (MHC) restric-

tion, are relatively easy to control and can be rapidly mass produced. In 2021, the U.S. Food and Drug

Administration (FDA) approved the first mRNA-based coronavirus disease 2019 (COVID-19) vaccine

produced by Pfizer and BioNTech, which has generated enthusiasm for mRNA vaccine research and

development. Based on the above characteristics and the development of mRNA vaccines, mRNA cancer

vaccines have become a research hotspot and have undergone rapid development, especially in the last

five years. This review analyzes the advances in mRNA cancer vaccines from various perspectives,

including the selection and expression of antigens/targets, the application of vectors and adjuvants,

different administration routes, and preclinical evaluation, to reflect the trends and challenges associated

with these vaccines.
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1. mRNA vaccines and mRNA cancer vaccines
In 1961, Brenner et al.1 first discovered mRNA, which is a key
intermediate molecule necessary for expressing genes as proteins
and contains codon information corresponding to amino acids
(basic units of proteins)2. In 1990, Wolff et al.3 first showed that a
specific protein [e.g., chloramphenicol acetyltransferase and
luciferase (Luc)] could be effectively expressed in vivo by intra-
muscularly injecting pure RNA encoding the corresponding pro-
tein into mice; specifically, protein expression from bgLucbgAn

RNA occurred in both a dose-dependent and time-dependent
manner; this work also proposed the concept of an mRNA vac-
cine. In 2020, the U.S. Food and Drug Administration (FDA)
granted emergency approval to two mRNA-based vaccines pro-
duced by Pfizer-BioNTech/BNT162b24,5 and Moderna/mRNA-
12736 for the prevention of coronavirus disease 2019 (COVID-
19). In 2021, the FDA approved the first COVID-19 vaccine,
produced by Pfizer-BioNTech (marketed as Comirnaty), which
has stimulated enthusiasm for research and development of
mRNA vaccines and created expectations for breakthroughs in
mRNA cancer vaccines.

To date, researchers have used mRNA as a vaccine platform
[e.g., influenza virus7e9, human immunodeficiency virus10,11,
coronavirus12,13, viral antigens (rabies virus glycoprotein14,15 and
proteins from Zika virus16e18 and Venezuelan equine encephalitis
virus19), bacterial pathogens20 (Mycobacterium tuberculosis21)
and cancer22,23] and as a protein replacement platform (e.g., factor
IX24, follistatin25, ornithine transcarbamylase26 and erythropoi-
etin27) for prevention and treatment of disease. mRNA vaccines
have many shared characteristics. Unlike plasmid deoxy-
ribonucleic acid (DNA) and viral vectors, which carry the risk of
mutation caused by gene insertion and/or infection, mRNA can be
directly translated into proteins after entering the cytoplasm; thus,
mRNA vaccines are nonintegrated, noninfectious and well toler-
ated28,29. mRNA is also briefly expressed in cells, allowing
repeated inoculation30. The choice of units encoded in an mRNA
transcript is flexible and diverse, allowing encoding of both anti-
genic and immunomodulatory molecules to induce and regulate
both the adaptive and innate immune responses31,32, and an
encoded full-length antigen containing multiple epitopes can be
presented by MHC class I (MHC-I) and II (MHC-II) molecules
without MHC restriction29,33. The production of in vitro-tran-
scribed (IVT) mRNA does not require cells, preventing contami-
nation with proteins or viruses and allowing fast, economical and
easy mass production30,33,34. mRNA cancer vaccines use mRNA
encoding tumor antigens or immunomodulatory molecules to
deliver the corresponding proteins, combined with relevant de-
livery vectors and adjuvants, to induce antitumor responses35,36. A
timeline showing the development of mRNA cancer vaccines is
presented in Fig. 11,3,37e63.

Antitumor T cells are the main expected effector cells that
mediate the therapeutic effects of these vaccines, and the mech-
anism underlying the production and action of antitumor T cells is
summarized in Fig. 2. mRNA is taken up by DCs at the vaccine
site, translated and processed into antigen-MHC I/II complexes
and presented on the cell surface64. Activated DCs travel to the
draining lymph nodes, and the presented antigen-MHC I/II com-
plexes bind to T cell receptor (TCR) on the surface of cluster of
differentiation 8 (CD8)þ/CD4þ T cells (the first signal) in the
lymph nodes, resulting in T cell activation and proliferation, with
the participation of costimulatory signaling molecules [e.g.,
CD80/CD86, OX40 ligand (OX40L)] binding to receptors (e.g.,
CD28, OX40) on the T cells (the second signal) and cytokines
[e.g., interferon (IFN) I, interleukin 12 (IL-12), IL-1] binding to
cytokine receptors on the T cells (the third signal)65. Additionally,
IL-2 secreted by CD4þ T cells can promote amplification of CD8þ

T cells65. Activated T cells migrate to and infiltrate tumor tissue
under the action of chemokines [e.g., CC-chemokine receptor 7,
CC-chemokineligand (CCL) 5, CXC-chemokine ligand 9/10] to
maximize the antitumor effect of their secreted effectors [e.g.,
IFN-g, tumor necrosis factor (TNF), perforins, granzymes]66,67.
Endogenous antigens are mainly presented by MHC-I molecules
to activate cytotoxic CD8þ T cells, while exogenous antigens are
mainly presented by MHC-II molecules to activate helper CD4þ T
cells68. Cytotoxic CD8þ T cells usually have a strong direct
killing effect on target cells, and these cells are the main effector
cells expected to be induced by cancer vaccines.

2. Progress in mRNA cancer vaccines in preclinical and
clinical settings

The core role of a vaccine is to deliver antigens that can be
recognized by the body’s immune cells to trigger immune re-
sponses. The selection and expression of antigens/targets, the
application of vectors and adjuvants, and administration routes are
key factors to be considered in vaccine design. Table
122,40e43,45,47e62,69-106 summarizes the progress in those factors
in the preclinical and clinical settings. Table 2 summarizes clinical
trials employing mRNA-based cancer vaccines conducted be-
tween 2016 and 2021.

2.1. Selected antigens or targets

2.1.1. Tumor-associated antigens
The major first step in developing cancer vaccines is the selection
of an antigen, which should have high tumor specificity and
induce strong and controllable antitumor T cell responses105.
Tumor antigens can be divided into TAAs and TSAs according to
their tissue distribution, expression level and central tolerance
status106. TAAs are generally overexpressed in tumors and
expressed in normal tissues, exhibit weak tumor specificity, strong
central tolerance and weak immunogenicity, and these antigens
mainly include tissue differentiation antigens and carcinoem-
bryonic antigens65. The central immune tolerance of TAAs is a
major challenge in developing cancer vaccines using those anti-
gens. Using combinations of multiple (e.g., 2e6) shared TAAs has
become the trend in development of targeted mRNA cancer vac-
cines in the clinic. The selected TAAs are often widely expressed
in related tumors and can induce antitumor immune responses
when combined with different vectors or adjuvants.

In 2009, Weide et al.45 conducted a phase 1/2 clinical study on a
protamine (RNActive�)-protected mRNA cancer vaccine, adopting
GM-CSF as an adjuvant that encoded 6 TAAs (Melan-A, tyrosinase,
gp100, MAGE-A1, MAGE-A3, and survivin). The vaccine was
administered by intradermal injection. This vaccine significantly
reduced immunosuppressive cells [e.g., Foxp3þ/CD4þ regulatory T
cells (Tregs) in peripheral blood and myeloid suppressor cells] and
increased specific T cells in a subset of patients. One treated patient
had a complete response, and no adverse reactions greater than
grade II occurred (NCT00204607). In 2011, Fotin-Mleczek et al.72

conducted a preclinical study on protamine-complexed mRNA
cancer vaccines encoding ovalbumin (OVA)/PSMA/STEAP and
showed that the two-component mRNA cancer vaccine could
induce self-adjuvant action via TLR7, balanced adaptive immune



Figure 1 Timeline showing the development of mRNA cancer vaccines1,3,37e63. Abbreviations: CARTs, charge-altering releasable trans-

porters; CLAN, cationic lipid-assisted nanoparticles; DCs, dendritic cells; DOTAP/DP7-C, 1,2-diol-3-trimethylpropane chloride/cholesterol-

modified cation peptide DP7; LCP NPs, lipid/calcium/phosphate (LCP) nanoparticles (NPs); LPC, cationic liposome/protamine complex;

LNPs, lipid nanoparticles; Mann, mannan; PGCP NPs, poly (lactic-co-glycolic acid) (PLGA)/G0-C14/ceramide-poly (ethylene glycol) (PEG)

(PGCP) NPs; PSA, prostate-specific antigen; ssPalmE-KALA, a vitamin E-scaffold (ssPalmE)-lipid nanoparticle and an a-helical cationic peptide

“KALA”; triMN-LPR, cationic liposomes (L)-a cationic polymer (P)-mRNA (R) called lipopolyplexes (LPR) functionalized with a tri-antenna of

a-D-mannopyranoside (triMN).
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responses and sustained antitumor effects (NCT00831467,
NCT00923312). In 2014, Fotin-Mleczek et al.101 showed the strong
synergistic antitumor effect of a combination of a protamine-
complexed OVA-encoding mRNA cancer vaccine and preclinical
radiation. Protamine-complexed mRNA cancer vaccines encoding
4e5 prostate-specific antigens [e.g., CV9103 (NCT00831467) and
CV9104 (NCT01817738)] or 5e6 TAAs formelanoma andNSCLC
[e.g., CV9201 (NCT00923312) and CV9202 (NCT03164772)] are
in clinical trials. BN111 is an mRNA cancer vaccine candidate
encoding a fixed combination of 4 TAAs (NY-ESO-1, MAGE-A3,
tyrosinase, and TPTE) that are prevalent in melanoma and deliv-
ered as an RNA-lipoplex formulation (Lipo-MERIT). BNT111
alone or in combination with an immune checkpoint PD-1 inhibitor
induces persistent and strong antigen-specific CD4þ/CD8þ T cell
responses and objective responses in patients with unresectable
melanoma. Related adverse events occurred in more than 5% of
patients, and the majority of adverse reactions were grade 1e2
(NCT02410733)85. Based on these results, BNT111 has received
FDA fast track designation for clinical translation to treat advanced
melanoma (NCT04526899). Lipo-MERIT mRNA cancer vaccines
encoding 3 TAAs for OC (NCT04163094), 5 TAAs for PC [e.g.,
BNT112 (NCT04382898)], or a fixed combination of shared cancer
antigens for HNSCC and HNC [BNT113 (NCT04534205)] are in
clinical trials.
The clinical translation of mRNA cancer vaccines for AML and
myeloma has also shown a trend from the application of a single TAA
[e.g.,WT1 (NCT00834002,NCT0096522486,NCT0129142087)] to a
combination of multiple TAAs [e.g., WT1, PRAME, CMV pp65,
cancer-testis antigen 7, and MAGE-A3 (NCT0173430488,
NCT02405338, NCT01995708)]. DCs electroporated with WT1
mRNAwere found toprevent or delay relapse in43%ofAMLpatients
in remission after chemotherapy (NCT0096522486), and the
improved overall survival (OS) rates or clinical responses were
correlatedwith the induction of aWT1-specificCD8þTcell response
(NCT0096522486, NCT0129142087). TLR7/8-matured DCs trans-
fectedwithRNAencodingWT1, PRAME, andCMVpp65 prevented
relapse in a subset of AML patients in complete remission
(NCT0173430488).

mRNA cancer vaccines are also being developed toward indi-
vidualization and precision, and the preliminary trend is from the
application of autologous tumor [e.g., AML (NCT00514189-
Terminated), prostate cancer (NCT01197625), NCT0127894081,
NCT0084645682, NCT00961844-Terminated] or tumor stem cell
[e.g., OC (NCT01334047-Terminated)]-derived mRNAs to adopting
personalized TAA panels (NCT01334047, NCT02709616,
NCT02808364, NCT02808416). DCs loaded with complete tumor-
mRNA can induce T cell responses targeting a wide range of anti-
gens within the tumor, even those unique to the patient



Figure 2 Diagram showing the mechanism of mRNA cancer vaccines.
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(NCT01278940). DCs transfected with cancer stem cell-derived
mRNA were found to induce an immune response in patients and
showed promising preliminary safety results (NCT00846456). DCs
pulsedwith personalizedTAApanels containing 3e13 different TAA
mRNAs were associated with favorable OS, and the treated patients
experienced no grade III/IV adverse events (NCT02709616,
NCT02808364, NCT02808416)89. mRNA derived from autologous
tumor cells or tumor stemcells contains all the proteins in tumor cells.
This strategy is simple and feasible; however, its targeting and
effectiveness need to be improved, and safety should also be
considered.

2.1.2. Tumor-specific antigens
TSAs are usually tumor neoantigens formed by nonsynonymous
mutations in the genome of tumor cells; these antigens are not
expressed in normal cells and have strong tumor specificity and
immunogenicity and weak central tolerance65,66. A correlation
between TSAs and antitumor immune responses has been
confirmed in several studies. Analysis of thousands of RNA se-
quences in data for 18 solid tumors from The Cancer Genome
Atlas showed a positive correlation between the number of neo-
antigens in each tumor and the expression of genes related to the
cytotoxic activity of T cells107. Analysis of RNA-seq data for 6
sites in 515 patients from The Cancer Genome Atlas showed that a
high level of immunogenic mutant epitopes was associated with
improved patient survival. Tumors with high levels of immuno-
genic mutations had much higher levels of CD8A, PD-1 and
CTLA4108. Analysis of the whole-exon sequences of 619 colo-
rectal cancer samples showed that a high level of neoantigens in
the tumor was correlated with both an increase in tumor-
infiltrating lymphocytes and an improvement in survival109. An
association between the level of neoantigens and the number of
tumor-infiltrating lymphocytes has also been confirmed in endo-
metrial carcinoma110. Furthermore, tumors with a high level of
neoantigens were found to be significantly more homogenous than
those with a low level of neoantigens111. Tumors with a mutational
load greater than 10 somatic cell mutations per million bases
(equivalent to 150 nonsynonymous mutations in expressed genes)
are more likely to form immunogenic neoantigens, and tumors
with a mutational load less than 1 somatic cell mutation per
million bases are less likely to form immunogenic neoantigens.
Most tumors have a mutational load of 1e10 somatic cell muta-
tions per million bases and can generally form neoantigens
recognized by T cells112. Rajasagi et al.113 analyzed the predicted
mutant HLA-binding peptides of 13 different tumors (2488 sam-
ples) using whole-exon sequencing and an HLA-peptide predic-
tive binding algorithm (i.e., NetMHCpan) and showed that each
tumor could produce tens to thousands of neoantigens, indicating
that neoantigens are common in most tumors.

The prevailing trend in mRNA cancer vaccines toward indi-
vidualization and precision aims to develop mRNA cancer vac-
cines using multiple (e.g., 20) neoantigens [e.g., IVAC
MUTANOME (NCT0203595649), IVAC_W_bre1_uID and
IVAC_W_bre1_uID/IVAC_M_uID (NCT02316457), RO7198457
(NCT03289962, NCT04161755, NCT03815058, NCT04486378),
mRNA-4157 (NCT03313778, NCT03897881), NCI4650/mRNA-
4650 (NCT0348015291), NCT03468244, NCT03908671]. In
2015, Kreiter et al.48 analyzed the mutant peptides in murine
tumor cells (e.g., the melanoma cell line B16F10, colon cancer
cell line CT26 and breast cancer cell line 4T1) via exome



Table 1 An overview of mRNA cancer vaccines in preclinical and clinical settings.

Key factor Stage mRNA cancer vaccine

Antigens/targets Tumor-associated

antigens (TAAs)

Preclinical CEA41, tumor-derived mRNA42, gp10069, MART1/MART1-LAMP170,71, PSMA/STEAP72, TRP2/WT1/P1A73, total tumor

RNA74, thymus cell antigen 1a/truncated nerve growth factor receptor/TRP275, truncated nerve growth factor receptor76,

TRP-1/gp7022, gp100/TRP277, MUC151, MART152, TRP222,57,61,78,79, cytokeratin 1962, claudin 680

Clinical PSA43; PSA, prostate stem cell antigen, PSMA, and STEAP1 (NCT00831467); PSA, prostate stem cell antigen, PSMA,

STEAP1, prostatic acid phosphatase, and MUC1 (NCT01817738); autologous tumor mRNA81; AML lysate plus mRNA

(NCT00514189); tumor stem cell-derived mRNA82; mRNA from primary prostate cancer tissue, hTERT, and surviving

(NCT01197625); hTERT and LAMP (NCT00510133); amplified OC stem cell mRNA, hTERT and surviving

(NCT01334047); hTERT, surviving and tumor cell-derived mRNA (NCT00961844); Melan-A, MAGE-A1, MAGE-A3,

survivin, and gp100, tyrosinase45; gp100 and tyrosinase83; MAGE-C1, MAGE-C2, NY-ESO-1, survivin, and 5T4

(NCT00923312); TRP2 (NCT01456104); MUC1 and survivin84; NY-ESO-1, MAGE-A3, tyrosinase, and TPTE85

(NCT04526899); suppressor of cytokine signaling-1, MUC1 and surviving (NCT02688686); NY-ESO-1, MAGE-C1,

MAGE-C2, 5T4, survivin, and MUC1 (NCT03164772); 3 OC TAAs (NCT04163094); 5 PC TAAs (NCT04382898); fixed

combination of shared cancer antigens (NCT04534205); WT186,87; WT1, PRAME, and CMV pp6588; cancer-testis

antigen 7, MAGE-A3, and WT1 (NCT01995708); WT1 and PRAME (NCT02405338); CEA (NCT00529984,

NCT01890213); personalized TAA panels89

Tumor-specific antigens (TSAs) Preclinical Poly-neo-epitope48, neoantigens22, HPV E6/E722, HPV E752,57,75, HPV E7-TriMix90, human CMV pp6554

Clinical CMV pp65-LAMP (NCT02529072); neoantigens91, Kirsten rat sarcoma viral oncogene mutated proteins (NCT03948763)

Immunomodulatory molecules Preclinical TriMix (CD40 ligand, CD70, constitutively active TLR4)73,90,92, mRNA-2752 (OX40L, IL-23 and IL-36g)56, BNT131

(IL-12, IL-15, GM-CSF, IFN-a)93, BisCCL2/5i94

Clinical TriMix95,96, CV8102 (TLR7/8-agonist, RIG-1-agonist) (NCT03291002, NCT03203005), mRNA-2752 (human OX40L,

IL-23 and IL-36g) (NCT02872025, NCT03739931), mRNA-2416 (human OX40L) (NCT03323398), BNT131 (IL-12, IL-

15, GM-CSF, IFN-a) (NCT03871348), BNT151/MEDI1191 (IL-12) (NCT03946800, NCT04455620), BNT152/BNT153

(IL-7, IL-12) (NCT04710043)

Tumor suppressor genes Preclinical PTEN53,97, p5398

Clinical p53 [two to three shared TAAs plus p53, 20 neoantigens (NCT02316457); survivin, hTERT and p53 (NCT00978913)]

Vectors Preclinical Liposome40,41, DCs42,79, hemagglutinating virus of Japaneliposomes69, cationic liposome-protamine99, cationic

liposomes100, histidylated lipopolyplexes70, protamine-complexed72, Man11-LPR10071, nanoparticle47,97,98, protamine-

formulated101, cationic lipids48, mannosylated liposomes74, lipid mRNA particles75, lipoplexes22, a cell-penetrating

peptide rich in the arginine peptide amphiphile RALA motif102, CLAN50, LCP NPs51, triMN-LPR52, PGCP NPs53,

CARTs54, ssPalmE-KALA55, LNPs56,57,77, Mann-capsule60, LPC62, DOTAP/DP7-C59, lipid-like material C161, VLVP103

Clinical DCs43,81e83,86e89,95,96,104, Langerhans-type DCs (NCT01456104), protamine (RNActive�)45, Lipo-MERIT85, LNP91

Adjuvants Preclinical GM-CSF100, FLT3105, LPS/poly (I:C)73, TriMix73,90, cholera toxin47, Td106, LPS77, CpG54,103, NKT ligand a-GC58

Clinical GM-CSF45, TriMix96,104, CV8102 (NCT03291002, NCT03203005), mRNA-2752 (NCT02872025, NCT03739931),

mRNA-2416 (NCT03323398), BNT131 (NCT03871348), MEDI1191 (NCT03946800)

Administration routes Preclinical Intramuscular41,75, intraperitoneal42, injection directly into the spleen69, intravenous22,48,50,53,54,58,70e75,97e100,

subcutaneous51,54,56,57,59e61,77e79,99,100, intradermal52,55,56,73,100,102,106, intranodal73,90,105, nasal47,62, intratumoral56,76,

peritumoral56, intrafootpad injection103

Clinical Intravenous43,85, intradermal45,81e83,86e88, intranodal49,81, intradermal and intravenous89,95,96,104, intramuscular91,

subcutaneous (NCT03468244), intratumoral (NCT03788083), intralesional (NCT02872025)

Abbreviations: AML, acute myelogenous leukemia; a-GC, a-galactosylceramide; BisCCL2/5i, an antibody that bispecifically binds and neutralizes CCL2 and CCL5; CEA, carcinoembryonic antigen;

CMV pp65, cytomegalovirus phosphor protein 65; CpG, cytosineeguanine cytosineephosphateeguanine; FLT3, Fms-like tyrosine kinase 3; GM-CSF, granulocyte-macrophage colony-stimulating factor;

gp, glycoprotein; hTERT, human telomerase reverse transcriptase gene; HPV, human papilloma virus; LAMP1, lysosomal-associated membrane protein 1; LPS, lipopolysaccharide; MART1, melanoma

antigen recognized by T cells; MAGE, melanoma-associated antigen; MUC1, mucin 1; NY-ESO-1, New York esophageal squamous cell carcinoma 1; NKT, natural killer T cell; OC, ovarian cancer; PC,

prostate cancer; poly(I:C), polyinosinic:polycytidylic acid; PSA, prostate-specific antigen; PSMA, prostate-specific membrane antigen; PRAME, preferentially expressed antigen in melanoma; PTEN,

phosphatase and tensin homolog deleted on chromosome ten; RIG-1, retinoic acid-inducible gene 1 protein; STEAP, six-transmembrane epithelial antigen of prostate; TLR, Toll-like receptor; TRP,

tyrosinase-related protein; TPTE, transmembrane phosphatase with tensin homology; Td, tetanus/diphtheria; VLVP, virus-like vaccine particle; WT1, Wilms’ tumor 1.
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sequencing and an MHC-II epitope predictive binding algorithm
and prepared RNA vaccines encoding those mutant peptides to
evaluate their antitumor effects in a preclinical setting. The poly-
neoepitope RNA effectively induced T cell responses in vivo and
inhibited the growth and metastasis of the tumors in mice, and the
majority of the immunogenic mutanome was recognized by CD4þ

T cells; even RNA encoding just one neoepitope (e.g., B16-M30)
induced stronger T cell responses and controlled the growth of
B16F10 melanoma in mice48. Zhang et al.59 conducted a pre-
clinical study on DOTAP/DP7-C liposomes, as both the carrier
and the adjuvant, loaded with mRNA encoding five tumor neo-
antigens of the mouse LLC cell line LL2 (DOTAP/DP7-C/LL2).
DOTAP/DP7-C/LL2 significantly inhibited the growth of in situ
and subcutaneous LL2 tumors and stimulated antigen-specific
lymphocyte reactions. In 2017, Sahin et al.49 showed that an
RNA-based multiple neoepitope vaccine could induce antigen-
specific polyclonal T cell immune responses in patients with
melanoma; 60% of the selected neoepitopes had immunogenicity,
the main T cell responses induced by those neoepitopes were
CD4þ T cell responses, tumor metastasis was significantly
reduced, and approximately 75% of patients had a progression-
free survival of 27 months (NCT0203595649). In 2020, Cafri
et al.91 showed that NCI4650/mRNA-4650 encoding 20 neo-
antigens could induce a neoantigen-specific T cell response in
patients with gastrointestinal cancer; 21% of the selected neo-
antigens were immunogenic, and 59% of neoantigen-specific T
cells from patients were CD4þ T cells (NCT0348015291).

Although mRNA preparation is rapid and economical (good
manufacturing practice grade RNA can be prepared within 3
weeks48), the screening and identification of tumor neoantigens
can take a long time and be expensive, and the patients’ condition
may change during vaccine preparation, resulting in researchers
missing the best treatment opportunity for patients. Based on the
parameters for deep sequencing of genes and proteomics analysis
of big datasets using high-throughput and bioinformatic tech-
niques, the preparation times of therapeutic tumor neoantigenic
peptide vaccines, RNAvaccines and fused DC-tumor cell vaccines
are approximately 160 days114, 103 (89e160) days49 and 10
days115, respectively. The speed of screening and identification of
neoantigens directly affects the clinical efficacy of mRNA neo-
antigenic vaccines, which is a major challenge faced by those
vaccines. Meanwhile, the accuracy of predicting tumor neo-
antigens needs to be improved.

2.1.3. Immunomodulatory molecules and tumor suppressor
genes
mRNA encoding CD70, CD40 ligand, and constitutively active
TLR4 (named TriMix, NCT03788083); mRNA encoding human
OX40L, IL-23, and IL-36g (named mRNA-2752, NCT02872025,
NCT03739931); and mRNA encoding IL-12, IL-15, GM-CSF, and
IFN-a (named SAR441000/BNT131, NCT0387134893) are three
representative mRNA cancer vaccines that encode immunomod-
ulatory molecules, and such vaccines also include mRNA vaccines
encoding a TLR7/8 agonist and RIG-1 agonist (CV8102/
RNAdjuvant�, NCT03291002, NCT03203005); mRNA encoding
OX40L [mRNA-2416 (NCT03323398)]; mRNA encoding IL-12
[MEDI1191 (NCT03946800), BNT151 (NCT04455620)];
mRNA encoding IL12 and IL-7 (BNT152, BNT153,
NCT04710043); and mRNA encoding BisCCL2/5i94. Several
studies have shown that mRNA cancer vaccines encoding
immunomodulatory molecules (e.g., TriMix, mRNA-2752,
BNT131, and mRNA encoding BisCCL2/5i) and tumor
suppressor genes (e.g., PTEN or p53-encoding mRNA), which
also have antitumor effects as a monotherapy, are often used as
adjuvant treatment in combination with multiple tumor antigens
(e.g., MAGE-A3, MAGE-C2, tyrosinase, gp100, survivin, hTERT,
and neoantigens) and immune checkpoint inhibitors (e.g., anti-
PD-1, anti-CTLA-4, and anti-PD-L1 antibodies). In 2012, Van
Lint et al.73 showed that intranodal injection of TriMix together
with TAA (e.g., TRP2/WT1/P1A) mRNA could induce the
maturation of DCs and the priming of antigen-specific T cells in
situ. Compared with DCs pulsed with firefly luciferase (FLuc)
mRNA without the adjuvant, TriMix significantly reduced the
expression of FLuc in DCs, and the reduction effect induced by
LPS, monophosphoryl lipid A, or poly(I:C) was even stronger;
however, TriMix can generate an immunostimulatory environment
to improve T cell responses, which was superior to that induced by
LPS73. In 2016, Bialkowski et al.90 showed that HPV16-E7-
TriMix mRNA could induce CD8þ T lymphocytes to migrate
into mucosally located tumors and control tumor growth. When
combined with cisplatin, HPV16-E7-TriMix mRNA resisted the
immunosuppressive microenvironment by downregulating the
number of myeloid-derived suppressor cells (MDSCs) and Tregs,
leading to complete regression of tumors in the genital tract90.
Intratumoral injection of TriMix has been shown to be taken up by
tumor-infiltrating dendritic cells and then presented to T cells in
tumor-draining lymph nodes to induce antitumor T cell responses
and antitumor effects in a variety of mouse tumor models76. In
2013 and 2016, Wilgenhof et al.95 showed that DCs coelec-
troporated with TriMix and mRNA encoding one of four
melanoma-associated antigens (either MAGE-A3, MAGE-C2,
tyrosinase or gp100) linked to an HLA II targeting signal (DC-
LAMP) (named TriMixDC-MEL) were well tolerated in pre-
treated advanced melanoma patients and caused a complete
response and a partial response in two patients (NCT0106639095).
TriMixDC-MEL combined with an immune checkpoint inhibitor
(ipilimumab) was tolerated and induced highly durable tumor
responses in pretreated advanced melanoma patients
(NCT01302496104). In 2020, De Keersmaecker et al.96 showed
that the combination of TriMixDC-MEL and ipilimumab could
induce potent CD8þ T cell responses, which were correlated with
the clinical responses of patients, in a meaningful portion of
advanced melanoma patients (NCT0130249696). In 2019, Hewitt
showed that intratumoral injection of triplet mRNAs encoding IL-
23, IL-36g, and OX40L encapsulated in LNPs could activate and
recruit multiple immune cells (e.g., DCs and T cells) into the
tumor to induce long-lasting antitumor immunity depending on
Batf3-dependent cross-presenting DCs and cytotoxic CD8þ T
cells. Combination of this vaccine with immune checkpoint in-
hibitors (e.g., anti-PD-1, anti-CTLA-4, and anti-PD-L1 anti-
bodies) had potent antitumor effects in in vivo models resistant to
immune checkpoint inhibitors56. In 2021, Hotz et al.93 showed
that BNT131 combined with an anti-PD-1 antibody could signif-
icantly improve the survival of tumor-bearing (e.g., B16 and
MC38 tumor-bearing) mice93. In 2021, Wang et al.94 showed that
mRNA encoding BisCCL2/5i LNPs combined with mRNA
encoding PD-1 ligand inhibitor LNPs could significantly prolong
the survival of tumor-bearing (e.g., primary liver cancer and liver
metastases of colorectal and pancreatic cancers) mice, and
BisCCL2/5i could promote the sensitivity of those tumors to PD-1
ligand inhibitor.

Several preclinical studies have shown the feasibility of using
mRNAs encoding tumor suppressor genes (e.g., PTEN and p53) to
treat tumors. In 2018, Islam et al.53 showed that PEG-coated



Table 2 Clinical trials employing mRNA-based cancer vaccines between 2016 and 2021.

mRNA encoding Vector Start Year NCI Number Status Phase Conditions Interventions Route

TAA Personalized TAA panels

containing 3e13 different

TAAs

DC 2016 NCT02709616 Unknown

status

1 GBM � Biological:

PCV (mRNA-pulsed

autologous DCs)

Intradermal and

intravenous

Personalized TAA panels

containing 3e13 different

TAAs

DC 2016 NCT02808364 Unknown

status

1 GBM � Biological: PCV Intradermal and

intravenous

Personalized TAA panels

containing 3e13 different

TAAs

DC 2016 NCT02808416 Unknown

status

1 Brain cancer,

neoplasm

metastases

� Biological: PCV Intradermal and

intravenous

Suppressor of cytokine

signaling-1, MUC1 and

survivin

DC 2016 NCT02688686 Unknown

status

1/2 NSCLC with bone

metastases
� Biological: genetically

modified DC þ cytokine-

induced killer

Subcutaneous

NY-ESO-1, MAGE-C1,

MAGE-C2, 5T4, survivin,

MUC1

Protamine

(RNActive�)

2017 NCT03164772 Completed 1/2 Metastatic NSCLC,

NSCLC
� Drug: Durvalumab

� Drug: Tremelimumab

� Biological: BI1361849

(CV9202)

Intradermal

3 OC TAAs Lipo-MERIT 2019 NCT04163094 Recruiting 1 OC Drug: W_ova1 Vaccine Intravenous

5 PC TAAs Lipo-MERIT 2019 NCT04382898 Recruiting 1/2 PC � Biological: W_pro1

(BNT112)

� Drug: Cemiplimab

Intravenous

NY-ESO-1, MAGE-A3,

tyrosinase, and TPTE

Lipo-MERIT 2021 NCT04526899 Recruiting 2 Melanoma stage III/

IV, unresectable

melanoma

� Biological: BNT111

� Biological: Cemiplimab

Intravenous

Fixed combination of shared

cancer antigens

Lipo-MERIT 2021 NCT04534205 Recruiting 2 Unresectable

HNSCC, metastatic/

recurrent HNC

� Biological: BNT113

� Biological:

Pembrolizumab

Intravenous

Tumor-specific

antigen (TSA)/

personalized TAA

CMV pp65-LAMP DC 2016 NCT02529072 Completed 1 Malignant glioma,

astrocytoma, GBM
� Drug: Nivolumab

� Biological: Human CMV

pp65-LAMP mRNA-

pulsed autologous DCs

/

Two to three shared TAAs

plus p53, 20 neoantigens

/ 2016 NCT02316457 Active, not

recruiting

1 Breast cancer

(e.g., TNBC)
� Biological:

IVAC_W_bre1_uID

� Biological: IVAC_W_-

bre1_uID/IVAC_M_uID

Intravenous

20 neoantigens Lipo-MERIT 2017 NCT03289962 Recruiting 1 Melanoma, NSCLC,

bladder cancer,

colorectal cancer,

TNBC, renal

cancer, HNC, other

solid cancers

� Drug: Autogene cevu-

meran (RO7198457)

� Drug: Atezolizumab

Intravenous

w20 neoepitopes LNP 2017 NCT03313778 Recruiting 1 Solid tumors � Biological: mRNA-4157

� Biological:

Pembrolizumab

Intramuscular

(continued on next page)
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Table 2 (continued )

mRNA encoding Vector Start Year NCI Number Status Phase Conditions Interventions Route

Neoantigens LNP 2018 NCT03480152 Terminated 1/2 Melanoma, colon/

gastrointestinal/

genitourinary/

hepatocellular

cancer

� Biological: NCI4650 Intramuscular

Neoantigen / 2018 NCT03468244 Recruiting Not

applicable

Advanced esophageal

squamous

carcinoma, gastric

adenocarcinoma,

pancreatic

adenocarcinoma,

colorectal

adenocarcinoma

� Biological: Personalized

mRNA tumor vaccine

Subcutaneous

Neoantigen / 2019 NCT03908671 Not yet

recruiting

Not

applicable

Esophageal cancer,

NSCLC

� Biological: Personalized

mRNA tumor vaccine

Subcutaneous

20 neoantigens Lipo-MERIT 2019 NCT04161755 Recruiting 1 Pancreatic cancer � Drug: Atezolizumab

� Biological: RO7198457

� Drug: mFOLFIRINOX

/

20 neoantigens Lipo-MERIT 2019 NCT03815058 Recruiting 2 Advanced melanoma � Biological: RO7198457

� Drug: Pembrolizumab

Intravenous

20 neoantigens Lipo-MERIT 2021 NCT04486378 Recruiting 2 Colorectal cancer

stage II/III
� Drug: RO7198457

� Other: Observational

group (nointervention)

Intravenous

w20 neoepitopes LNP 2019 NCT03897881 Recruiting 2 Melanoma � Biological: mRNA-4157

� Biological:

Pembrolizumab

/

4 Kirsten rat sarcoma viral

oncogene mutated proteins

(G12C, G12D, G12V and

G13C)

LNP 2019 NCT03948763 Recruiting 1 Neoplasms,

carcinoma, non-

small-cell lung,

pancreatic

neoplasms,

colorectal

neoplasms

� Biological: V941

� Biological:

Pembrolizumab

Intramuscular

Immunomodulators

and cytokines

TLR7/8-agonist,

RIG-1-agonist

/ 2017 NCT03291002 Active, not

recruiting

1 � Melanoma (skin)

� Squamous cell

carcinoma of the

skin

� Carcinoma,

squamous cell of

head and neck

� Carcinoma,

adenoid cystic

� Biological: CV8102

� Biological:

CV8102þanti-PD-1

therapy

Intratumoral

TLR7/8-agonist, RIG-

1-agonist

/ 2017 NCT03203005 Completed 1/2 Hepatocellular

carcinoma

� Drug: IMA970A plus

CV8102 (RNAdjuvant�)

and cyclophosphamide

Intradermal
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Human OX40L, IL-23,

and IL-36g

/ 2017 NCT02872025 Recruiting Early1 Carcinoma,

intraductal,

noninfiltrating

� Drug: Pembrolizumab

� Biological: mRNA-2752

Intralesional

Human OX40L, IL-23,

and IL-36g

/ 2018 NCT03739931 Recruiting 1 � Dose escalation:

relapsed/re-

fractory solid

tumor malig-

nancies or

lymphoma

� Dose expansion:

TNBC, HNSCC,

non-Hodgkin’s,

urothelial cancer,

immu-

necheckpoint re-

fractory mela-

noma, and

NSCLC

lymphoma

� Biological: mRNA-2752

� Biological: Durvalumab

Intratumoral

TriMix / 2018 NCT03788083 Recruiting 1 Breast cancer female,

early-stage breast

cancer

� Drug: TriMix

� Drug: Placebo

Intratumoral

Human OX40L / Study

Completion:

2022

NCT03323398 Active, not

recruiting

1/2 Relapsed/refractory

solid tumor

malignancies or

lymphoma, OC

� Biological: mRNA-2416

� Biological: Durvalumab

Intratumoral

IL-12, IL-15, GM-CSF,

IFN-a

/ 2019 NCT03871348 Recruiting 1 Metastatic neoplasm � Drug: SAR441000

(BNT131)

� Drug: Cemiplimab

REGN2810

Intratumoral

IL-12 / 2019 NCT03946800 Recruiting 1 Solid tumors, cancer � Biological: MEDI1191

� Biological: Durvalumab

Intratumoral

IL-12 / 2021 NCT04455620 Recruiting 1/2 Solid tumor � Biological: BNT151 Intravenous

IL-7, IL-12 / 2021 NCT04710043 Recruiting 1 Solid tumor � Drug: BNT152

� Drug: BNT153

Intravenous

Abbreviations: GBM, glioblastoma; HNC, head and neck cancer; HNSCC, head and neck squamous cell carcinoma; NSCLC, non-small-cell lung cancer; OC, ovarian cancer; PC, prostate cancer; PCV,

personalized cellular vaccine; TNBC, triple-negative breast cancer.
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polymerelipid hybrid NPs loaded with the tumor suppressor gene
PTEN-encoding mRNA (e.g., mRNA-PGCP NPs) could effec-
tively transfect PTEN-deficient prostate cancer cells with PTEN
mRNA in vitro and in vivo and significantly inhibit tumor growth
by inhibiting the phosphatidylinositol 3-kinaseeAkt pathway to
promote cancer cell apoptosis53. In 2021, Lin et al.97 showed that
tumor suppressor gene PTEN-encoding mRNA NPs could induce
autophagy and death of PTEN-mutated melanoma cells and
PTEN-deficient prostate cancer cells. The PTEN-mRNA NPs
upregulated CD8þ T cells and proinflammatory cytokines (e.g.,
IL-12, TNF-a and IFN-g) in the immunosuppressive TME and
downregulated Tregs and MDSCs, and combination with an anti-
PD-1 antibody produced potent antitumor effects against those
tumors97. In 2019, Kong et al.98 showed that tumor suppressor
gene p53-encoding mRNA NPs could promote the sensitivity of
p53-deficient hepatocellular carcinoma and NSCLC cells to
mammalian target of rapamycin inhibitors (e.g., everolimus), and
the combination of p53-mRNA NPs and everolimus produced
significantly synergistic antitumor effects in in vitro and in vivo
models of hepatocellular carcinoma and NSCLC98. mRNA cancer
vaccines encoding p53 and tumor antigens (e.g., survivin, hTERT,
neoantigens) are currently in clinical trials (NCT00978913,
NCT02316457).

2.1.4. Combination of mRNA cancer vaccines and immune
checkpoint inhibitors
Central immune tolerance to TAAs and peripheral immune
tolerance (e.g., immune checkpoint pathways, TME) during tumor
development are two major challenges faced by cancer vaccines.
Both can affect the efficacy and duration of cancer vaccines. To
target central immune tolerance, a combination of multiple TAAs
or multiple TSAs is a major trend in the development of mRNA
cancer vaccines. To target peripheral immune tolerance, a com-
bination of mRNA cancer vaccines and immune checkpoint in-
hibitors (e.g., anti-PD-1, anti-CTLA-4, and anti-PD-L1
antibodies) is another major trend in the application of mRNA
cancer vaccines.

In 2018, Liu et al.51 conducted a preclinical evaluation of LCP
NPs loaded with MUC1 mRNA in combination with an anti-
CTLA-4 antibody to treat TNBC and showed that LCP-mRNA
NPs as a monotherapy or part of a combined treatment (LCP-
mRNA NPs þ anti-CTLA-4) could significantly inhibit tumor
growth, and the inhibitory effect of the combined treatment was
significantly stronger than that of LCP-mRNA NP monotherapy51.
In 2018, Wang et al.78 showed that LCP NPs loaded with both
mRNA encoding melanoma-associated antigen TRP2 and small
interfering RNA targeting PD-L1 could effectively deliver mRNA
into DCs in vitro and in vivo and promote the maturation of DCs.
The small interfering RNA targeting PD-L1 downregulated the
expression of PD-L1 in DCs to enhance antitumor immunity and
antitumor effects, and the vaccine effectively inhibited tumor
growth78. In 2019, Verbeke et al.58 showed that the in vivo anti-
tumor effects of Galsomes mRNA alone were modest, and this
treatment could increase the number of cytotoxic T lymphocyte
(CTL), invariant NKT (iNKT), NK and M1 tumor-associated
macrophages (TAMs) in the immune microenvironment; these
authors also found that negative regulation of the PD-1/PD-L1
pathway by the treatment might limit its antitumor effects.
Compared to the vaccine alone, the combination of OVA mRNA
Galsomes and an anti-PD-L1 antibody significantly increased the
number of iNKT cells in the spleen, reduced the level of PD-L1 on
DCs from the spleen and the level of PD-1 on proliferative iNKT
cells from the spleen, and significantly improved the antitumor
effect58. Additionally, Oberli et al.77 showed that both LNP-
containing mRNA encoding a single tumor antigen (e.g., gp100
or TRP2) and sequential therapy with the two antigens had sig-
nificant antitumor effects in vivo; however, there was no signifi-
cant difference between the antitumor effects of the two methods.

2.2. Expression of antigens or targets

2.2.1. Pharmacodynamics of mRNA molecules
The mRNA used to prepare vaccines mainly includes conventional
nonreplicating mRNA and virus-derived self-amplifying mRNA.
IVT of mRNA is the main technique applied to prepare the
molecule and utilizes a bacteriophage RNA polymerase, such as
T3, T7 or SP6 RNA polymerase, and a linearized DNA template
containing the targeted antigen sequences2,29. The fundamental
structure of nonreplicating IVT mRNA includes an open reading
frame (ORF) that encodes the protein of interest, flanking five-
prime (50) and three-prime (30) untranslated regions (UTRs), a
7-methylgaunosine 50 cap and a 30 poly(A) tail30,116. The 50 cap
and 30 poly(A) can be added during IVT or added enzymatically
after initial IVT117. Self-amplifying mRNA contains two ORFs,
one that encodes the targeted antigen sequences and another that
encodes viral replication machinery, which enables durable
intracellular RNA amplification118. An mRNA vaccine (called
AVX701) consisting of an alphavirus replicon encoding CEA is in
clinical trials (NCT00529984, NCT01890213). Unlike protein or
peptide vaccines, the first step necessary for an mRNA cancer
vaccine to produce its effects is that the sequence information of a
coded protein can be translated into the functional protein. The
factors affecting the translation process include positive, negative
and bidirectional regulating factors.

Positive regulatory factors are summarized as follows: ① The
50 cap and its modification [e.g., anti-reverse cap analogs119e123,
CleanCap124] can recruit eukaryotic translation initiation factor 4E
to facilitate ribosome recognition and translation initiation29 and
eliminate free phosphate groups in the mRNA sequence to
significantly enhance the stability of mRNA125. ② The poly(A)
sequence and its modification (e.g., length126e128) can slow the
process of degradation by RNA exonuclease, which increases
stability, extends the in vivo half-life, and enhances the translation
efficiency of mRNA129. ③ UTR optimization [e.g., 30 UTR
sequence derived from a-globin and b-globin, AU and GU-
enriched sequences130e132; stable elements in the 30 UTR130,133;
GCC-(A/G)-CCAUGG in the 50 UTR134; a short and loose 50

UTR135] and codon optimization of the ORF (e.g., uridine
depletion, enrichment of G:C content, synonymous frequent co-
dons, codons with higher transfer RNA abundance) can increase
mRNA stability and protein translation136,137. Epitopes in the
expression vector are linked by different sequences and signaling
peptides (e.g., endosome/lysosome signal sorting fragment and
transmembrane-cytoplasmic domain) to increase IVT and improve
the targeting of intracellular processing and presentation of anti-
gens79. ④ Nucleoside modification [e.g., pseudouridine (J),
1-methylpseudouridine, 5-methylcytidine (5meC), and post-
transcriptional RNA modification with N4-acetylcytidine]138e141

and purification of IVT-mRNA (e.g., Mg2þ31, temperature31,
high-pressure liquid chromatography142,143, and fast protein liquid
chromatography144) to reduce contamination with double-stranded
RNA can decrease innate immune activation of the molecule and
increase protein translation. Compared with unmodified mRNA,
nucleoside-modified mRNA (5meC, J) was found to significantly
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promote FLuc expression in mice58. The in vivo antitumor effects
of LCP (modified mRNA) have been shown to be significantly
stronger than those of LCP (unmodified mRNA)78.

Negative regulatory factors include the following: ① Extra-
cellular RNases can rapidly degrade naked mRNA29. ② double-
stranded RNA impurities produced by IVT can bind pattern
recognition receptors (PRRs) in the cytoplasm [e.g., RIG-I, mel-
anoma differentiation-associated protein 5 (one type of RIG-I
receptor), protein kinase RNA-activated (also known as eukary-
otic translation initiation factor 2alpha kinases 2), 20-50-oligoa-
denylate synthetase] and endosomes (e.g., TLR3) to activate
specific pathways [e.g., RIG-I/MAD5/mitochondrial antiviral
signaling protein/IFN I, (IFN I/) protein kinase RNA-activa-
ted/eukaryotic translation initiation factor 2alpha, (IFN I/) 20-
50-oligoadenylate synthetase/ribonuclease L, TLR3/Toll/IL-1
receptor domain containing adaptor inducing IFN-b/IFN I],
which can inhibit mRNA translation and promote mRNA
enzymolysis145e147. Bidirectional regulating factors include un-
modified single-stranded RNA as a pathogen-associated molecular
pattern (PAMP) that can bind PRRs in endosomes [e.g., TLR7,
TLR8]147 to activate specific pathways (TLR8/myeloid differ-
entiation factor 88/proinflammatory cytokines; TLR7/mye-
loid differentiation factor 88/interferon regulatory factor
7/IFN I)2,31. On the one hand, mRNA can activate innate im-
mune responses (DC maturation and activation), which further
activate adaptive immune responses (T and B cell immune re-
sponses); on the other hand, premature and overly strong activa-
tion of IFN I can inhibit mRNA translation, promote mRNA
enzymatic hydrolysis, and promote apoptosis of DCs and T
cells146. Overly strong inflammatory reactions can also cause toxic
side effects. Activation of type I IFN receptor signaling precedes
that of TCR signaling in T cells, which can serve as the true third
signal to promote immune responses146. Udhayakumar et al.102

showed that compared with RALA mRNA nanocomplexes con-
taining unmodified mRNA, mRNA nanocomplexes containing J-
and 5meC-modified mRNA induced potent antigen-specific
cytotoxic T cell responses and had superior efficacy and that the
modified (5meC, J) mRNA nanocomplex significantly reduced
the inhibitory effect of type I IFNs on CTLs by suppressing IFN-b
activation and effectively induced CTLs102. In contrast, Oberli
et al.77 showed that unmodified mRNA LNP vaccines induced
much stronger CD8 T cell responses in peripheral blood (7.8%)
than nucleoside-modified mRNA (5meC,J) LNP vaccines (1.0%)
and suggested that type I interferon was necessary for a protective
CD8 T cell response. These contradictory results may be related to
bidirectional regulatory factors.

2.2.2. Methods of antigen expression for vaccines
According to the expression of antigens, vaccines can be divided
into peptide or protein vaccines, cell vaccines (e.g., tumor cell
vaccines, DC vaccines and engineered cell vaccines), nucleic
acid vaccines (e.g., DNA and RNA vaccines) and viral vector
vaccines. Peptide or protein vaccines are widespread vaccine
types. The sequence of an antigenic peptide is well defined and
easily controlled. Peptide vaccines include short and long pep-
tide vaccines. Short peptide vaccines containing nine amino
acids can provide minimal epitopes to induce CD8þ T cell re-
sponses68. Short peptide vaccines have some shortcomings,
including antigen degradation caused by protein hydrolysis and a
weak duration of immune responses148, and short peptides can
bind MHC I molecules on the surface of many nuclear cells,
which, as nonprofessional antigen-presenting cells (APCs), often
do not contain costimulatory signals, leading to antigen tolerance
and T cell dysfunction. Long peptide vaccines generally contain
20e30 amino acids and can activate both CD4þ and CD8þ T
cells68. Protein vaccines can also induce T cell responses;
however, long peptides are generally much more efficiently
internalized and processed by APCs than proteins149. The
shortcomings of long peptide vaccines include their sensitivity to
enzyme degradation, rapid clearance and inadequate uptake at
the injection site150,151.

Cell vaccines mainly include cancer cell vaccines and DC
vaccines. Cancer cell vaccines immunize the body with autoge-
nous or allogeneic inactivated whole cells and their derivatives
(e.g., cell lysates, derivatives of DC fusion, modified whole cells
expressing TSAs or immune-enhancing factors, and tumor-derived
mRNAs), which often contain all antigens of the cells and do not
require laborious identification prior to vaccine design and pro-
duction, leading to a relatively quick preparation and certain
personalized characteristics68. However, the method using cancer
cells cannot accurately determine and control the corresponding
tumor antigens, quality control is difficult, and cancer cells often
contain fewer specific antigens, resulting in weak immunogenicity
and potential carcinogenicity152. DCs are the most potent APCs
and play a central role linking innate and adaptive immune re-
sponses. DC vaccines generally use autologous DCs as carriers to
express and present antigens. In 1996, Boczkowski et al.42 showed
the feasibility of using DCs pulsed with tumor-derived mRNA
cancer cells. Before 2017, in approximately 24 clinical trials,
mRNA cancer vaccines used DCs as the carrier. However, the
preparation technology for DC vaccines is complicated, produc-
tion is expensive, and quality control is difficult153,154. Moreover,
the patient must have a relatively normal immune function without
marrow suppression caused by chemotherapy or other treatments
and provide a large number of functional DCs, leading to a limited
number of available vaccines147.

Nucleic acid vaccines are prepared using nucleic acids (e.g.,
DNA, RNA) encoding antigens. The features of mRNA vaccines
have been described in part 1 of this paper. In contrast to mRNA,
DNA must enter the nucleus to be translated into the corre-
sponding antigens, which has a potential risk caused by insertional
mutations and is likely less safe than mRNA. On the whole,
nucleic acids are sensitive to degradation155, unstable and have a
short half-life, resulting in a poor efficiency of naked nucleic acids
taken up by APCs. Novel carriers and administration routes have
been developed to improve the uptake and presentation efficiency
of nucleic acids (discussed below)156. Limited studies have shown
the antitumor advantages of mRNA cancer vaccines compared
with peptide or protein cancer vaccines. DCs pulsed with in vitro
synthesized chicken OVA RNA were more effective than OVA
peptide-pulsed DCs in stimulating primary, OVA-specific CTL
responses in vitro42. DOTAP/DP-C/mRNA encoding five neo-
antigens was significantly stronger than DOTAP/DP-C/mutant
peptides in inducing the spleen to produce activated T cells
(CD3þ CD8þ IFN-gþ) in an in situ therapeutic tumor model59.
The in vivo antitumor effects of LCP (modified mRNA) were
significantly stronger than those of LCP (TRP2 peptide/CpG). The
ability of triplet mRNAs encoding IL-23, IL-36, and OX40L to
improve the survival rate of MC38-S tumor-bearing mice was
significantly stronger than that of the corresponding protein
treatments78. Peptide antigens often contain only one epitope,
while full-length antigens encoded by mRNAs contain multiple
epitopes, which can induce T cells to target those epitopes and
produce stronger antitumor effects.
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Viral vector vaccines are prepared by using a virus as a carrier
for expressing or presenting antigens. Currently, viral vectors that
have been widely studied include poxvirus, adenovirus and
herpesvirus152. For safety reasons, replication-defective viruses or
attenuated viruses are adopted65. Poxvirus can contain multiple
genes, replication and transcription are limited to the cytoplasm,
the risk of insertional mutations is low, and the expressed products
can be presented by MHC I and II157. Nonavian poxviruses can
induce the host to produce immune responses that can neutralize
the viruses, limiting their application to one or at most two vac-
cines152. Recombinant avipoxviruses can be inoculated multiple
times, their viral coat protein cannot be produced in mammalian
cells, and the virus cannot induce the host to produce immune
responses that neutralize the virus158. Recombinant adenovirus
vectors are easy to design and have shown utility as vectors for
vaccines and gene therapy drugs; however, their immunogenicity
can impact the effects of vaccines159. Herpesvirus has a wide host
range; can infect nerve cells, peripheral blood monocytes and
DCs; and has a short replication cycle, a large capacity and
relatively good safety160e162. In addition, other vectors, such as
bacteria and yeast, have shown potential as vaccine vectors in
preclinical studies163e165. On the whole, immunogenicity, carci-
nogenicity, infectivity, limited packaging capacities and diffi-
culties in producing viral vectors are challenges to wide
application.

2.3. Carriers for mRNA cancer vaccines

Developing mRNA delivery carriers with good safety, targeting,
stability, self-adjuvant effects, load capacity and versatility that
can efficiently and continuously deliver and present antigens
and activate APCs has been a fundamental direction in the field
of mRNA cancer vaccines. The carriers adopted for mRNA
cancer vaccines in the preclinical setting are summarized in
Table 322,41,42,46e48,50-62,69e79,90,94,97e103,105,106.

One of the major vectors used in mRNA cancer vaccines is
liposomes and their derivatives. In 1995, Conry et al.41 showed the
humoral immunogenicity of liposome mRNA encoding human
CEA complexes, which first confirmed the proof-of-concept of
mRNA cancer vaccines in preclinical studies. Mannose can bind
to mannose receptors expressed on the surface of DCs and facil-
itate efficient mRNA delivery and transfection using vectors tar-
geting DCs. In 2011, Perche et al.71 showed that mRNA-loaded
Man11-LPR100 was 4 times more efficient than sugar-free
LPR100 in transfection of DCs and had a better antitumor effect
in vivo. Due to the weak binding force between mannose and its
receptors, increasing the density of mannose on the carrier surface
may be an effective way to improve the delivery efficiency of
mannose-modified LPR. In 2018, Le Moignic et al.52 showed that
trimannosylated-LPR could more effectively induce transfection
with antigens, recruit more DCs into the draining lymph nodes by
inducing a local inflammatory response at the injection site, and
more effectively induce antigen-specific immune responses than
monomannosylated-LPR. In 2018, Wang et al.166 used mannose-
cholesterol conjugates (MPn-CHs) to prepare DC-targeted lipo-
somes (MPn-LPs) as mRNA carriers and showed that MP1000-LPs
loaded with mRNA (MP1000-LPX) had good transfection effi-
ciency and that MP1000-LPX enhanced mRNA expression mainly
by enhancing expression of the mannose receptor (e.g., CD206) on
DCs. In 2020, Son et al.60 showed that Mann-capsules, prepared
using polysaccharide-coated silica nanoparticles, could activate
bone marrow-derived dendritic cells (BMDCs) via Dectin-2 or
TLR-4 and that the ability of Mann-capsules to promote BMDC
differentiation and maturation was significantly stronger than that
of PEI or Lipofectamine; moreover, PEI and Lipofectamine were
highly toxic.

LNPs seem to be a promising carrier for delivery of mRNA
cancer vaccines. The components of LNPs mainly include ioniz-
able lipids, which facilitate self-assembly and endosomal release
of mRNA; phospholipids, which support the lipid bilayer struc-
ture; cholesterol, a stabilizing agent; and lipid-anchored PEG,
which extends the half-life of formulations. High-throughput
techniques for screening and identifying these vectors have also
been considered30. In 2017, Oberli et al.77 constructed and opti-
mized an LNP library and showed that LNPs containing mRNAs
encoding tumor antigens (e.g., gp100 and TRP2) combined with
LPS as the adjuvant could effectively induce antigen-specific
CD8þ T cells, inhibit tumor growth and prolong OS in mice. In
2018, McKinlay et al.167 performed a high-throughput screening
study on a library of mRNA carriers based on amphiphilic CARTs
and showed that dual CARTs could improve the in vitro mRNA
transfection efficiency in lymphocytes by 9-fold compared with a
single CART or Lipofectamine 2000; the in vitro mRNA trans-
fection efficiency was >80%, and the mRNA transfection effi-
ciency in mouse lymphocytes was >1.5%167. In 2019, Miao
et al.57 established a high-throughput technique for ionizable
lipidoid construction, which enabled synthesis of thousands of
lipid formulations in one day, and used DCs (e.g., HeLa cells,
BMDCs or bone marrow-derived macrophages) to evaluate the
transfection efficiency of the LNPs with high throughput. The
results showed that the mRNA LNPs could induce APC matura-
tion and enhance antitumor efficacy through the intracellular
stimulator of interferon genes pathway57. In 2021, Meng et al.103

showed that VLVPs containing CpG cores can promote DC
maturation and antigen presentation, antigen-specific CD8þ T cell
proliferation in lymphatic organs and T cell infiltration in tumors
and decrease immunosuppressive cells (e.g., tumor-associated
bone marrow-derived suppressor cells and arginase 1-expressing
suppressive DCs). mRNA cancer vaccines using LNPs as the
carrier [e.g., mRNA-4157 encoding neoantigens (NCT03313778,
NCT03897881) and V941 encoding mutated proteins
(NCT03948763)] are currently in clinical trials.

The polycationic peptide protamine and DCs are two other
major vectors adopted for use in mRNA cancer vaccines. The
characteristics of protamine and DCs and the progress in their use
as vectors in mRNA cancer vaccines are summarized in Sections
2.1.1 and 2.2.2, respectively. Protamine can protect mRNA from
being degraded by serum RNases to promote mRNA delivery.
Additionally, protamine can be used in combination with lipo-
somes (e.g., cationic liposome-protamine99, LPC62 and VLVP103).
In 2000, Hoerr et al.99 showed that a liposome-encapsulated
condensed RNAepeptide complex could induce antigen-specific
cellular and humoral immune responses and that both naked and
protamine-protected RNA could induce a specific immune
response in vivo, while the protected RNAwas stable in vitro for a
longer period of time. Mai et al.62 showed that intranasal delivery
of a LPC loaded with cytokeratin 19-encoding mRNA could
induce APC maturation and strong cellular immune responses and
decrease the growth of tumors in mice. The carrier has a critical
effect on the efficacy of the vaccine. Phua et al.47 showed that
intranasal naked mRNA vaccination cannot induce antitumor
immune responses in the absence of a NP vectors. However, both
preclinical and clinical studies have demonstrated the feasibility
and effectiveness of naked mRNA based on comprehensive



Table 3 An overview of delivery systems adopted for mRNA cancer vaccines in the preclinical setting.

Type Time Delivery system or adjuvant Administration Size (nm) Charge (mV)

Liposomes and their derivatives 199541 Liposomes Intramuscular / /

199969 Hemagglutinating virus of Japaneliposomes Injection directly into the spleen / /

200099 Cationic liposome-protamine Intravenous, subcutaneous / /

2006100 Cationic liposomes; GM-CSF as the adjuvant Intradermal, intravenous and subcutaneous / /

200970 Histidylated lipopolyplexes (PEG-HpK/

HDHE:cholesterol complexes)

Intravenous 60e100 /

201171 Mannosylated and histidylated lipopolyplexes (Man11-

LPR100)

Intravenous 162 18.3

201447 NPs; cholera toxin as the adjuvant Nasal 180e300 �12e40

201548 Cationic lipids Intravenous / /

201574 Mannosylated liposomes Intravenous / /

201675 Lipid mRNA particles Intramuscular or intravenous w242 �58.9

201622 RNA-lipoplexes (DOTMA/DOPE liposomes) Intravenous 200e400 /

201777 LNP (ionizable

lipid þ phospholipid þ cholesterol þ lipid-anchored

PEG); LPS as the adjuvant

Subcutaneous 50e150 �15, �3

2017102 A cell-penetrating peptide rich in the arginine peptide

amphiphile RALA motif þ DOTAP þ DOPE

Intradermal 90e144 e7e26

201850 CLAN (PEG5K-b-PLGA11K þ PLGA11K þ cationic

lipid BHEM-Chol)

Intravenous w110 25

201851,78 LCP NPs (calcium phosphate cores þ DOPA/

DOPE þ DOTAP þ cholesterol þ DSPE-PEG-

2000þDSPE-PEG-mannose)

Subcutaneous 58, w45 38, 0

201852 triMN-LPR (PEG-HpK þ triMN-liposome) Intradermal, intravenous and subcutaneous / /

201853 PGCP NPs [cationic lipid-like compound (G0-

C4)þPLGA þ DSPE-PEG]

Intravenous w120 6

201854 CARTs; CpG as the adjuvant Subcutaneous or intravenous / /

201955 ssPalmE-KALA [a vitaminE-scaffold (ssPalmE)-LNP

(ssPalmE þ DOPE þ cholesterol)þan a-helical

cationic peptide “KALA”]

Intradermal 126 29

201956,57 LNPs (ionizable lipid þ structural lipid þ helper

lipid þ PEG-lipid)

Intratumoral or peritumoral, subcutaneous or intradermal 80e100 /

201958 DOTAP-cholesterol LNPs, the NKT ligand a-GC as the

adjuvant

Intravenous 190 47

201998 A redox-responsive NP Intravenous / /

202060 Mann-capsule (PEI þ polysaccharide layer) Subcutaneous w220 �10

202062 LPC (DOTAP/cholesterol/DSPE-PEG-2000 cationic

liposomes/protamine complex)

Nasal 170 10

202059 DOTAP/DP7-C liposomes (DOTAP modified with

cholesterol-modified cationic peptide DP7)

Subcutaneous 130 35

202161 Lipid-like material C1 (cationic lipid)þDSPE-PEG-

2000

Subcutaneous 150 16

2021103 VLVP [CpG-core (protamine þ mRNA þ CpG)þlipid

mixture (cationic lipid EDOPC þ helper lipid

DOPE þ PEGylated lipid DSPE-PEG2k)]

Intrafootpad injection 80e90 w25

(continued on next page)
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consideration of selected targets, adjuvants and delivery methods.
FLT3 was found to enhance the antitumor effects of intranodal
naked RNA105. Both intranodal HPV16-E7-TriMix naked mRNA
and intratumoral TriMix naked mRNA have been shown to induce
efficient antitumor T cell responses76,90. An intranodal naked
RNA-based multiple neoepitope vaccine induced effective
antigen-specific T cell immune responses (NCT0203595649).

2.4. Adjuvants

A major class of adjuvants [e.g., LPS73, poly(I:C)73, Td106,
CpG54] developed in preclinical studies of mRNA cancer vaccines
is PAMPs, which activate DCs through PAMPePRR pathways
and then modulate innate and adaptive immune responses. As a
potent recall antigen, Td can promote DC migration and improve
antitumor effects through the CCL3106. Adjuvant LPS treatment
further improved the level of CD8þ T cells and the antitumor
activity of the cells induced by LNP mRNAs77. The in vivo
antitumor effects of mRNA-CART combined with CpG were
significantly stronger than those of mRNA-CART and the com-
bination of naked mRNA and CpG, which were also stronger than
those of the combination of mRNA-CART and TLR7 ligand or
CD80/86 mRNA54.

Most novel carriers (e.g., lipid-like material C161, DOTAP/
DP7-C59, Mann-capsule60, LNPs57,58) have the characteristics of
both carriers and adjuvants, while some of those carriers function
as adjuvants and are similar to PAMPs. Mann-capsules activate
BMDCs through Dectin-2 or TLR-4, and dextran-capsules activate
BMDCs through CD206, CD209, or macrophage-inducible C-type
lectin60. DP7-C, DOTAP and mRNA can activate DCs through
TLR2, TLR4 and TLR7, respectively. The ability of DOTAP/DP7-
C to induce DC maturation and antigen presentation was signifi-
cantly stronger than that of DOTAP, poly(I:C) and CpG59. C1 or
C1 mRNA can promote BMDC activation through the TLR4-
dependent nuclear factor kB signaling pathway, and the in vivo
antitumor effects of C1-OVA mRNA were TLR4-dependent61.
CpG, as the adjuvant contained in the VLVP, can improve the
effects of the vaccine and prevent PD-1 expression in T cells103.
However, these PAMP-like adjuvants may affect the translation
efficiency and degradation of mRNAs and have potential toxicity,
as discussed in Section 2.2.1.

Developing novel adjuvants that do not affect the efficiency of
mRNA translation and can also positively regulate a variety of
innate and adaptive immune responses with relatively mild
proinflammatory effects and low toxicity has become an important
direction. The immunogenicity of TAA mRNA can be augmented
by codelivery of GM-CSF mRNA100. FLT3 ligand can promote
the amplification of plasmacytoid DCs, classical DCs and NK
cells; induce a T helper 1-type microenvironment; enhance
antigen-specific CD8þ T cells in lymph nodes; and enhance T cell
infiltration in tumors and the antitumor effects of naked RNA105.
mRNA LNPs can induce APC maturation through stimulator of
interferon genes-dependent activation of type I IFN, restrict sys-
temic cytokine expression and enhance antitumor efficacy57. The
adjuvant a-GC adopted for use in mRNA Galsomes can be pre-
sented by DCs to activate iNKT cells. Activated iNKT cells can
have bidirectional positive regulatory effects with DCs and can
positively regulate NK cells and immunosuppressive cells (e.g.,
MDSCs and M1 TAMs), which does not affect the efficiency of
mRNA translation and promotes direct and indirect antitumor
effects58. mRNA encoding immune costimulatory molecules can
be used as an adjuvant (discussed in Section 2.1.3). TriMix
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(NCT01066390, NCT01302496); mRNA-2752 (NCT02872025);
mRNA encoding human OX40L (mRNA-2416, NCT03323398);
mRNA encoding IL-12, IL-15, GM-CSF and IFN-a (BNT131,
NCT03871348); mRNA encoding IL-12 (MEDI1191,
NCT03946800); and mRNA encoding a TLR7/8-agonist and RIG-
1-agonist [CV8102 (RNAdjuvant�), NCT03291002,
NCT03203005] are in clinical trials as adjuvant treatments in
combination with immune checkpoint inhibitors.

2.5. Administration routes

The administration route has a direct effect on the efficacy of a
vaccine, and the administration routes often adopted for use in
mRNA cancer vaccines include intravenous, intradermal, subcu-
taneous, intramuscular, intranodal, and intratumoral administra-
tion. Intravenous administration allows for a larger vaccine
volume and direct delivery of the vaccine into the lymphatic or-
gans168 but also carries a greater risk of systemic toxicity169,170.
The dermis into which the vaccine is intradermally injected con-
tains APCs (e.g., DCs and macrophages) as well as vascular and
lymphatic vessels171,172 but is mainly composed of dense con-
nective tissue, resulting in a small vaccine volume when admin-
istered via the intradermal route. Intradermal delivery can also
lead to adverse reactions at the injection site (e.g., swelling, pain,
erythema and pruritus)173. The subcutis region into which the
vaccine is subcutaneously injected contains fewer APCs than the
dermis; however, it is mainly composed of a loose network of
adipose tissues, permitting a larger injection volume via the sub-
cutaneous route, which induces fewer local side effects (e.g.,
pain)174,175. The muscle into which a vaccine is intramuscularly
injected contains dense blood networks that can help recruit and
recirculate different types of immune cells (e.g., infiltrating APCs)
to the injection site176. Intramuscular administration permits a
relatively larger injection volume than the intradermal route and
causes milder local side effects than the intradermal and subcu-
taneous routes177. Lymph nodes into which a vaccine is intra-
nodally injected contain multiple APCs, and intranodal
administration has a high delivery efficiency178, permits a small
volume of vaccine, but involves complicated procedures179.
Intratumoral administration is mainly used for mRNA vaccines
encoding immunocostimulatory molecules (e.g., TriMix, CV8102,
mRNA-2752, mRNA-2416, BNT131 and MEDI1191) as immu-
noadjuvant therapy and also permits a small vaccine volume and
involves complicated procedures.

Predicting exactly the best administration route for a particular
vaccine is difficult, and direct comparative studies are recommended to
select the best administration route for a vaccine. The in vivo trans-
fection efficiency of Luc-RNA injected via intranodal administration
was superior to that following intradermal or subcutaneous adminis-
tration46. The killing effects of CTLs induced by intravenous admin-
istration of OVA RNA complexed with DOTAP-DOPE on target cells
were superior to those induced by intradermal or subcutaneous
administration (intravenous > intradermal > subcutaneous)100. The
in vivo cytotoxicity of antigen-specific T cells induced by intranodal
delivery of OVA mRNA combined with TriMix was significantly
stronger than that induced by intradermal delivery of the vaccine73. The
antigen-specific T cell responses induced by intradermal vaccination
with E7 mRNA monomannosylated-LPR were significantly stronger
than those induced by the subcutaneous route52. mRNAwas efficiently
delivered into APCs by CARTs (secondary lymphoid APCs were
preferentially targeted via intravenous injection,while localAPCswere
targeted via subcutaneous injection)54. The antitumor effects of
intratumorally administered tripletmRNAs encoding IL-23, IL-36, and
OX40L at three doses were significantly better than those of the same
drugadministered intradermally or subcutaneously; however, therewas
no significant difference in the antitumor effects via these routes at one
dose, suggesting that the effect of administration on tumor vaccines is
also related to the frequency of administration56. The nasal mucosa is
rich in APCs and immune cells, and preclinical studies have demon-
strated the preliminary effectiveness ofmRNAcancer vaccines injected
via intranasal administration. Both intranasal mRNA nanoparticle
vaccination47 and intranasal delivery of LPC mRNA62 can induce
antitumor immune responses.

3. Challenges and trends in mRNA cancer vaccines

To date, hundreds of cancer vaccines have undergone clinical
evaluation180,181, and the U.S. FDA has approved three therapeutic
cancer vaccines182 [Bacillus Calmette-Guerin (TheraCys�), a live
attenuated strain of Mycobacterium bovis for the treatment of
nonmuscle invasive bladder cancer; Sipuleucel-T (Provenge�), a
DC vaccine for the treatment of metastatic castration-resistant
prostate cancer; and an oncolytic herpes virus vaccine (talimo-
gene laherparepvec, T-VEC) (Imlygic�) for the treatment of
advanced melanoma] and two prophylactic cancer vaccines29 [a
HPV vaccine and a hepatitis B virus vaccine]. Factors influencing
the development of mRNA cancer vaccines mainly include
intrinsic factors of the molecule itself and external factors [e.g.,
the central tolerance to tumor antigens (discussed in Section
2.1.1), the heterogeneity of tumors and HLA183, and the tumor
immune microenvironment105,112]. These factors have deeply
influenced the development of mRNA cancer vaccines.

In view of intrinsic factors, researchers have improved the
effectiveness of mRNA cancer vaccines to a certain extent by
improving the mRNA structure and sequences, advancing mRNA
preparation and purification technologies (discussed in Section
2.2.1) and developing novel delivery vectors (discussed in Section
2.3). The essence of tumor heterogeneity is the genomic heteroge-
neity of tumor cells, leading to antigen heterogeneity, which is the
key factor affecting the generation of antitumor T cell responses and
the main reason for developing personalized cancer vaccines. HLA
heterogeneity mainly refers to the different types of HLAmolecules
among individuals, resulting in differences among individuals in the
binding region or binding affinity of those molecules to the tumor
antigen, which affects the generation and strength of antitumor T
cell responses. HLA heterogeneity is caused by polymorphisms of
HLAalleles in different ethnic and regional populations183,184. HLA
I alleles include 9e11 common supertypes, of which the coverage
rate is 90%185,186. HLA-A loci (HLA-A alleles: A*0101, A*0201,
A*0301, A*1101 and A*2402) account for 60% of HLA I alleles,
and HLA-B loci (HLA-B alleles: B*0702, B*0801, B*2705,
B*3501 andB*5701) account formore than 35%of those alleles 183.

The TME is composed of immune cells, mesenchymal cells
and various cytokines and tissue factors, which play an important
role in tumorigenesis and immune escape187,188. Interstitial pres-
sure within a large mass can reduce the diffusion of large mole-
cules (e.g., antibodies) and effector cells (e.g., T cells)67. Most
solid tumors also lack T cell costimulatory molecules189. The
TME often contains immunosuppressive cells, including CD4þ

Tregs, MDSCs, suppressor CD8þ T cells, M2 TAMs and regula-
tory NK/NKT cells190,191. These immunosuppressive cells and
tumor cells in the TME can release a large number of soluble
immunosuppressive factors, including transforming growth factor
b, IL-10, PD-L1, indoleamine 2,3-dioxygenase and vascular
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endothelial growth factor, into the microenvironment192,193. With
regard to tumor and HLA heterogeneity, the development of tumor
neoantigen vaccines, which in theory have much stronger specific
antitumor effects and weaker toxic side effects than TAA-directed
vaccines, has been a leading hotspot in cancer vaccine research
(discussed in Section 2.1.2). In view of the tumor immune
microenvironment, the development of immune-based combina-
tion therapies (e.g., combination with adjuvants or immune
checkpoint inhibitors) has been a key trend in the application of
cancer vaccines (discussed in Sections 2.1.4 and 2.4).

4. Discussion

Preclinical evaluation of a product is a prerequisite to entering
clinical translation, and reasonable evaluation can improve the
reliability of predicted clinical outcomes. Moreover, the parame-
ters, technologies and methods adopted in preclinical evaluations
are an important part of the quality standard of vaccines. Pre-
clinical evaluation of vaccines should fully elucidate the action
and mechanism of vaccines, and the key points in preclinical
evaluation of mRNA cancer vaccines are to identify the produc-
tion (e.g., number and activation of T cells) and the effect (e.g.,
killing effect and antigen affinity of T cells) of antigen-specific T
cell responses. In general, quantitative in vitro and in vivo tests are
used to evaluate the effects and mechanisms of mRNA cancer
vaccines in preclinical evaluations. According to the current un-
derstanding of antigen-specific T cell immune responses, the
evaluated parameters mainly include ① identification of the
physical and chemical characteristics of the vaccine; ② the effi-
ciency of APC transfection with the mRNA (e.g., binding and
uptake, internalization and transport, and expression and distri-
bution); ③ differentiation, maturation and antigen presentation of
APCs; ④ immunological stimulation by vaccines; ⑤ cellular
immunogenicity (e.g., production, proliferation and target cell
killing of CTLs);⑥ humoral immunogenicity;⑦ antitumor effect
and associated mechanism; and ⑧ preliminary toxicities (e.g.,
cytotoxicity, visceral toxicity and hemolysis).

Factors such as particle size, charge, the binding capability to
mRNA and load rate, stability (e.g., time, temperature, and serum
stability), PEGylation, and hardness can affect antigen delivery
(e.g., lymphatic drainage). Son et al.60 showed that Mann-capsules
w220 nm in size had good deformability, and the recovery rate of
the capsules after being passed through a 50 nm pore membrane
was approximately 30%. Different from protein-based or peptide-
based vaccines, the first step in mRNA vaccine development is
ensuring that the information encoded in the mRNA sequence can
be effectively translated into the corresponding protein or peptide.
The in vitro and in vivo transfection efficiencies of mRNA are
important parameters in the preclinical evaluation of mRNA vac-
cines, and the key way to improving the pharmacodynamics of an
mRNA vaccine is to improve the mRNA transfection efficiency194.
However, the in vitro transfection efficiency can be different in
APCs, the in vitro efficiency of transfection with DOTAP/DP7-C-
enhanced green fluorescent protein mRNA in APCs, including
293T, JAWSII, DC2.4 and BMDCs, was 84.87 � 3.21%,
12.23 � 1.35%, 28.49 � 2.46% and 14.51 � 2.35%, respectively59.
To verify the mRNA transfection efficiency in vitro and in vivo, a
variety of APCs were used as in vitro transfection models, and the
mRNA transfection efficiencies for a variety of APCs from different
organs was detected in vivo. Enhanced green fluorescent protein or
FLuc is often used as the transfection protein in experiments. A
dye-tagged mRNA or vaccine vector has been widely used in
transfection studies. Confocal microscopy and flow cytometry are
often used to evaluate intracellular microtransfection (e.g., delivery,
uptake, and translation), confocal microscopy can be used to
evaluate the translation efficiency of mRNA more intuitively and
accurately, and an interactive video information system is used to
evaluate systemic or local macrotransfection (e.g., distribution,
lymphatic drainage).

The tumor models used for evaluating in vivo antitumor activity
mainly include therapeutic or prophylactic subcutaneous, in situ
and lungmetastasis tumormodels, and the established in vivo tumor
models should accurately simulate human pathology. Bialkowski
et al.90 showed that the TME of TC-1 tumors can be significantly
different depending on the site of tumor inoculation (i.e., subcu-
taneous, in the lungs and in the genital tract), which directly affected
the antitumor effects of the E7-TriMix mRNA vaccine. Species
specificity is an important factor to be considered when selecting
cell or animal models for preclinical evaluation. To obtain more
accurate evaluation information, humanized animal models can be
established. Do ASS used humanized mice, which were established
via intravenous injection of CD34þ hematopoietic stem cells from
human peripheral blood mononuclear cells (HLA-A2 type) into
immunodeficient NOD/Shi-scid IL-2Rgnull mice or C57BL/6 mice,
to establish in vivo tumor models (e.g., human brain tumor stem cell
5 and murine GL261) and showed that the median survival of the
humanized mouse model treated by DCs transfected with modified
human CD133 mRNA was more than 60 days and that of the ho-
mologous mouse tumor model treated by DCs transfected with
modified mouse CD133 mRNAwas 38 days79. Cancer vaccines can
resist tumor recurrence and metastasis in theory, and multiple
in vivo tumor models could be established for evaluation to clarify
the advantages of these vaccines related to preventing or treating
tumor metastasis or recurrence.

Effective antitumor responses require the synergistic action of
multiple immune cells rather than the action of a single cell. At
present, most tumor vaccines focus on inducing CD8þ T cells, but
CD4þ T cells and other immune cells also play important roles in
inducing and maintaining immune memory and enhancing the
tumor-killing effect of CTLs67,68,105. mRNA Galsomes adopting
an NKT ligand (e.g., a-GC) as the adjuvant induced antitumor
effects through iNKT cells58. DCs transfected with CD133 mRNA
in an incubation system containing both CD4þ and CD8þ T cells
can activate T cells and kill tumor target cells more effectively
than DCs in an incubation system containing only CD4þ or CD8þ

T cells79. There are also concerns about the safety and side effects
of mRNA cancer vaccines. Modified mRNA can combine with
serum protein to form a vascular occlusion, which has potential
toxicity. DOTAP/DP7-C mRNA shows good serum stability and
low cytotoxicity; however, Lipo2000 and PEI25K have strong
cytotoxicity59. Finally, we look forward to the successful clinical
translation of mRNA cancer vaccines.
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44. Karikó K, Buckstein M, Ni H, Weissman D. Suppression of RNA

recognition by Toll-like receptors: the impact of nucleoside modifi-

cation and the evolutionary origin of RNA. Immunity 2005;23:

165e75.

45. Weide B, Pascolo S, Scheel B, Derhovanessian E, Pflugfelder A,

Eigentler TK, et al. Direct injection of protamine-protected mRNA:

results of a phase 1/2 vaccination trial in metastatic melanoma pa-

tients. J Immunother 2009;32:498e507.

46. Kreiter S, Selmi A, Diken M, Koslowski M, Britten CM, Huber C,

et al. Intranodal vaccination with naked antigen-encoding RNA

elicits potent prophylactic and therapeutic antitumoral immunity.

Cancer Res 2010;70:9031e40.

47. Phua KK, Staats HF, Leong KW, Nair SK. Intranasal mRNA nano-

particle vaccination induces prophylactic and therapeutic anti-tumor

immunity. Sci Rep 2014;4:5128.

48. Kreiter S, Vormehr M, van de Roemer N, Diken M, Löwer M,
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