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A B S T R A C T   

The approved worldwide use of two messenger RNA (mRNA) vaccines (BNT162b2 and mRNA-1273) in late 2020 
has proven the remarkable success of mRNA therapeutics together with lipid nanoformulation technology in 
protecting people against coronaviruses during COVID-19 pandemic. This unprecedented and exciting dual 
strategy with nanoformulations and mRNA therapeutics in play is believed to be a promising paradigm in tar
geted cancer immunotherapy in future. Recent advances in nanoformulation technologies play a prominent role 
in adapting mRNA platform in cancer treatment. In this review, we introduce the biologic principles and ad
vancements of mRNA technology, and chemistry fundamentals of intriguing mRNA delivery nanoformulations. 
We discuss the latest promising nano-mRNA therapeutics for enhanced cancer immunotherapy by modulation of 
targeted specific subtypes of immune cells, such as dendritic cells (DCs) at peripheral lymphoid organs for 
initiating mRNA cancer vaccine-mediated antigen specific immunotherapy, and DCs, natural killer (NK) cells, 
cytotoxic T cells, or multiple immunosuppressive immune cells at tumor microenvironment (TME) for reversing 
immune evasion. We highlight the clinical progress of advanced nano-mRNA therapeutics in targeted cancer 
therapy and provide our perspectives on future directions of this transformative integrated technology toward 
clinical implementation.   

1. Introduction 

The authorized use and increasing global vaccination rate of two 
effective and safe mRNA-based vaccines (BNT162b2 [1] and 
mRNA-1273 [2]) against COVID-19 have successfully reduced the 
transmission of coronaviruses and deadly illness, making extraordinary 
contributions to helping people get through the difficult pandemic. The 
success of these lipid nanoformulation-mRNA-based COVID-19 vaccines 
have provided practical insights into the treatment of cancer patients by 
introducing tumor antigen-encoding nano-mRNA technology [3]. 

Malone and colleagues first reported the successful protein expres
sion of mRNA delivered by a synthetic cationic lipid nanoparticle (LNP) 
in vitro in 1989 [4]. Soon after, Wolff and co-workers demonstrated the 
success of in vivo transfection of reporter luciferase protein by direct 

injection of naked mRNA into mice in 1990 [5]. The study of adminis
tration of mRNA expressing vasopressin into rats first demonstrated the 
biological response of mRNA platforms in 1992, though the biological 
function did not last long [6]. In 1993, liposome-mRNA expressing 
influenza virus protein showed the induction of antigen specific cyto
toxic T lymphocytes (CTLs) against virus infected cells in mice [7], 
indicating immunogenic features of mRNAs. In 1995, the first naked 
cancer mRNA vaccine encoding carcinoembryonic antigen presented 
antigen specific antibody immune response, protecting mice from tumor 
challenge [8]. Despite these early promising results, the development of 
mRNA therapeutics was not well invested at that time, largely owning to 
inadequate knowledge in mRNA biology and poor control on mRNA 
stability, inherent high immunogenicity, and in vivo delivery strategies. 

Upon pathogen invasion, the innate immune system can recognise 
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the foreign by sensing pathogen associated molecules (such as RNA), 
thereby orchestrating adaptive immune response [9]. The path from 
RNA sensing to the licensed mRNA products for human use took de
cades. Toll-like receptors (TLRs, such as TLR3 [10], TLR7 [11], TLR8 
[12]) of antigen presenting cells (APCs) were found sensing RNA mol
ecules in the early 21st century, but it was unknown how APCs can 
distinguish pathogen RNA from self-RNA released from apoptotic 
self-cells until 2005. The historic collaboration between two pivotal 
researchers, Karikó and Weissman from different disciplines, led to a 
landmark in RNA biology research [13]. It was discovered that RNA 
modifications, such as base alternations and pseudouridine incorpora
tion, could ablate RNA mediated activation of TLRs 3, 7 and 8, subse
quently reducing immunomodulatory function [13]. This significant 
finding uncovered the mechanism by which the innate immune cells can 
sense non-self RNA molecules, and fuelled the studies on RNA modifi
cations and associated receptor-based immune recognition [14]. How
ever, the precise mechanistical understanding of “how” and “to what 
degree” the receptors can tolerate the modified RNA molecules remains 
incompletely clear. Despite these knowledge gaps, this finding paved the 
way for current authorized use of synthetic COVID-19 mRNA vaccines in 
human, where pseudouridine incorporation enables acceptable immu
nostimulatory function (reducing adverse effects) and increased trans
lation capability of target proteins (enhancing antigen production). 
Given the advances on mRNA optimization and purification, synthetic 
mRNA has been explored as a versatile technology to produce peptides 
and proteins as therapeutics in the host. 

To enhance the efficacy of synthetic mRNA therapeutics, various 
nanoparticles have been engineered to protect mRNA molecules from 
degradation by ubiquitous RNases in vivo, deliver them to specific or
gans, and achieve endosomal escape after entering cells [15]. The 
prevalent mRNA delivery system at advanced clinical development is 
ionizable LNPs [16]. Accumulated knowledge in nano-mRNA technol
ogy is expected to advance the development of a wide range of thera
peutics, such as preventative viral vaccines [17], therapeutic cancer 
vaccines [18], and replacement of protein-based immunotherapeutics 
[18]. 

To fight against infectious diseases, the prophylactic mRNA vaccines 
require robust antigen specific antibody immune response (humoral 
immunity) produced by B cells, which can neutralize pathogens with the 
help of CD4+ T cells [19]. In this context, CD8+ CTLs at a low level might 
be involved in the early control on viral infections prior to the produc
tion of sufficient antibodies. To combat existing cancer, it is vital for 
therapeutic cancer vaccines to evoke T-cell based immune response 
(cellular immunity), particularly potent and multifunctional CTLs, 
thereby eliminating tumor cells. The help signals from CD4+ T-helper 1 
(Th1) cells is essential to promote the proliferation, functionality, and 
longevity of CTLs [20]. Guided by advanced nanoformulations, mRNA 
cancer vaccines enable simultaneous activation of CD8+ and CD4+ T cell 
immunity by targeting regulation of APCs in lymphoid organs, inducing 
potent and durable cytotoxic activity of CTLs against cancer [21–25]. 
Recently, Sahin and colleagues tuned the surface charge of 
mRNA-lipoplexes that encoded tumor neoantigens to be slight negative 
or near-neutral, which surprisingly allowed exclusive target to splenic 
plasmacytoid DCs (pDCs) and macrophages post intravenous adminis
tration, and elicited exceptionally potent and broad effector T cell im
munity against tumor in both preclinical and clinical settings [21]. 
Instead of activation of TLR receptors like in the case of lipoplexes, the 
screened heterocyclic amine of LNPs reported recently enabled the 
activation of intracellular stimulator of interferon genes (STING) 
pathway, thus enhancing the immunogenicity, in vivo translation of 
tumor antigen and anti-tumor efficacy of nano-mRNA cancer vaccines 
[22]. 

Beyond the progress in targeted therapeutic vaccination, recent 
emerging nanoformulation technologies have advanced the develop
ment of mRNA therapeutics encoding immunostimulatory cytokines 
[25–27] (ClinicalTrials.gov number: NCT04455620, NCT03946800), 

therapeutic antibodies [28–30] (NCT05262530, NCT04683939), or 
transcription factors [31], creating new modalities in targeted cancer 
immunotherapy. Success has been reported in nano-mRNA program
ming tumor associated macrophages (TAMs) [31], cytotoxic (adoptive) 
T cells [32–34] and NK cells [30], or indirect modulation of multiple 
immune cells [35]. The rapid advancement in engineered nano
formulations and mRNA technology enables nano-mRNA therapeutics 
functioning better in vivo, with increased safety, stability, translation, 
non-TLR associated immunogenicity, modulation of tumor infiltrating 
immune cells, and anti-tumor immunity. 

The technology of nano-mRNA has been revolutionizing the devel
opment of new drugs for prevention of infectious diseases and cancer 
treatment. There is a large pipeline of advanced and innovative mRNA 
therapeutics under clinical studies, expecting to address many unmet 
clinical needs in future. Recent reviews on mRNA therapeutics offer 
timely summary data, focusing on mRNA vaccines for infectious diseases 
and/or cancers [17,18], LNPs [16] or diverse nano-platforms [15] for 
delivery of mRNA therapeutics. In this review, we discuss the basic 
principles and new developments of mRNA technology (Fig. 1-I), and 
fundamental chemistry and advanced engineering technology of fasci
nating nanoformulations (Fig. 1-II). We highlight the latest preclinical 
(Fig. 1-III) and clinical (Fig. 1-IV) paradigms of nano-mRNA therapeu
tics in regulation of specific subtypes of immune cells of interest for 
enhanced cancer immunotherapy, such as therapeutic cancer vaccines 
and protein-based cancer immunotherapy (e.g., nano-mRNA encoding 
cytokines or specific antibodies). We conclude this review by providing 
our perspectives on future directions of the integrated nano-mRNA 
technology from basic science to clinical practices in cancer immuno
therapy. This review offers an introduction of nano-mRNA technology 
and up-to-date reference point in targeted cancer immunotherapy for 
researchers in this interdisciplinary field of nanotechnology, immu
nology, and RNA biology. 

2. Basic principles of mRNA design and manufacture 

mRNA is a single stranded of nucleotides, which was first discovered 
in 1961 by Brenner and colleagues [36]. It was found that endogenous 
mRNA was in an unstable intermediate step between the translation of 
genetic information of DNA and production of DNA encoded proteins by 
cytoplasmic ribosomes. Since then, numerous scientific breakthroughs 
in mRNA biology have brought the use of mRNA from basic science to 
clinical reality (top light blue rectangles, Fig. 2). For instance, Lockard 
and Lingrel in 1969 provided the first evidence of in vitro production of 
mouse proteins encoded by purified mRNA in a cell-free system (rab
bit-reticulocyte lysate), demonstrating the success of translation of 
exogenous mRNA in different systems [37]. In 1971, intracellular pro
duction of mRNA encoded proteins was achieved in cells [38]. The 
success of first in vitro transcription (IVT) of functional mRNA using SP6 
RNA polymerase in 1984 [39] was an important milestone in the 
development of mRNA-based therapy. This pioneer work enables com
mercial scale production of synthetic mRNAs. 

In the synthesis of IVT mRNA, the construction of plasmid DNA 
(pDNA) is the first step, which contains the corresponding sequence of 
targeted proteins. Then, linearized pDNA is used as a template for DNA- 
dependent RNA polymerases (such as SP6, T3 or T7 RNA polymerases 
derived from bacteriophages) to synthesize mRNA in a cell-free 
approach [40,41]. Finally, pDNA template is degraded in the presence 
of DNases for mRNA purification. The synthesized mRNA contains five 
structural regions as shown in Fig. 3. From 5′ to 3′ end, mRNA includes a 
5′ cap, a 5′ UTR (untranslated region), an ORF (open reading frame) 
encoding protein of target, a 3′ UTR and a 3′ poly (A) tail that consists of 
repeated sequences of adenine nucleotides. 

The discovery of mRNA 5′ cap modification by Muthukrishnan and 
colleagues in 1975 [42] was essential for the control on mRNA recog
nition, immunogenicity and translation. The evidence discovered in 
1963 revealed that non-self mRNA from pathogens triggered the 
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production of interferon (IFN), suggesting that host cells can recognise 
foreigners by sensing non-self nucleic acids [43]. Mechanistically, un
modified exogenous RNA acting as PAMP (pathogen-associated molec
ular pattern), can be recognised by some key PRRs (pattern recognition 
receptors) in cells, such as TLR 7/8 [12], TLR 3 [10] and retinoic 

acid-inducible gene (RIG)-like receptors (RIG-I and MDA-5(melanoma 
differentiation-associated protein 5)) [44]. The activation of these 
innate immune sensors leads to the secretion of type I IFN, degradation 
of mRNA and inhibition of mRNA translation. In contrast, 7-methylgua
nosine (m7G) modification of 5′ terminal can protect mRNA from 

Fig. 1. The fundamental science and emerging concepts in mRNA biology and mRNA delivery nanoformulations underline new modalities of targeted cancer 
immunotherapy under clinical investigation. (I) The advancements in mRNA biology and modification strategies accelerate the progress of mRNA therapeutics 
encoding immunological molecules, such as tumor antigens and therapeutic antibodies. (II) Scientific advances in nanotechnology led to the development of cutting- 
edge platforms for mRNA delivery, including the representative lipid, polymer, protein, or lipid/polymer hybrid nanoparticles. (III) Nanoformulations can encap
sulate and protect mRNA molecules from degradation and promote in vivo expression of encoded therapeutic immuno-molecules for targeted modulation of immune 
cells against cancerous cells in preclinical models. (IV) The encouraging outcomes from preclinical studies together with funding efforts have moved several 
fascinating nano-mRNA technologies from lab bench to clinical trials. Created with permission by BioRender. 

Fig. 2. A timeline of key milestones in the development of mRNA technology and nano-mRNA formulations in preclinical and clinical studies, of which targeted 
cancer immunotherapy related are highlighted with orange outlines. 
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degradation by 5′–3′ exonucleases, thereby increasing the stability of 
mRNA. Beyond that, 5′ cap plays a crucial role in recruiting the trans
lation initiation factor, such as eukaryotic initiation factor 4F (eIF4F) 
[45], and assisting ribosomes to bind with mRNA sequence, thus 
improving mRNA translation efficiency. Thus, correct and complete cap 
structure is critically important in reducing immunogenicity and pro
moting translation of synthesized mRNA. Capped mRNA can be pro
duced by incorporating a cap analogue in the DNA template during the 
process of IVT, or by enzymatic reaction after transcription [46,47]. 

Along with 5′ cap, 3′ Poly (A) tail plays an active role as in increasing 
the stability and translation efficiency of mRNA. The average length of 
Poly (A) tail is 100–250 nucleotides. Studies have shown that the length 
of poly (A) influences the translation efficiency of mRNA, but the 
optimal length is still controversial [48–50]. The poly (A) tail can be 
synthesized by adding poly (T) sequences to a DNA template during the 
process of IVT, or by using poly (A) polymerases post transcription [51]. 
The former method can more precisely control the length of poly (A) tail. 
In the enzymatic polyadenylation, poly (A) polymerases are added to 
RNA 3′-OH terminal to ensure the formation of a sufficient length of poly 
(A) tail, however; the length can be influenced by the concentration of 3′

end OH, reaction time, enzyme amount and ATP (adenosine triphos
phate) concentration. The final product obtained from this approach is 
often a mixture of mRNAs with heterogeneous tail lengths, which leads 
to inconsistent quality control in different batches and hardly meets the 
regulatory requirements [52]. In contrast, the co-transcription of added 
poly-T nucleotides together with poly (A) enables production of mRNA 
molecules with a homologous tail length [50]. 

UTRs regulate the translation and half-life of mRNA. 5′ UTR, 
together with 5′ cap, affects ribosome recruitment and the initiation 
process of mRNA translation. For example, highly stable secondary and 
tertiary structures of 5′ UTR prevent the recruitment of ribosome, but 
internal ribosome entry sites (IRES) that are in the regions of mRNA can 
bypass the 5′ cap structure and recruit ribosomes directly [53–55]. 
Therefore, optimizing 5′ UTR, such as reducing advanced structures and 
adding IRES sequences, is vital for enhanced mRNA translation. 3′ UTR 
containing regulatory elements governs mRNA translatability, stability, 
and immunogenicity. For example, 3′ UTR contains binding sites with its 
partner microRNA (miRNA, a translation repressor), which can regulate 
the interaction of miRNA and subsequent translation silence mediated 
by miRNA [56]. Thus, removing miRNA-binding sites from 3′ UTR is an 
approach to promote encoded protein expression. Besides, 3′ UTR is a 
key determinant of intracellular kinetics of mRNAs [57]. Long 3′ UTR 
tends to decrease half-life of mRNAs though short 3′ UTR facilitates 
mRNA translation. To optimise the length of UTRs, natural UTR se
quences screened from endogenous long-lived mRNAs, such as globin 
mRNA [58], are broadly used in synthetic IVT mRNAs. Furthermore, 
optimizing the proportion of different bases in the 3’ UTR sequences, 

such as increasing GC (guanine, cytosine) contents and reducing U 
(uracil) contents [59], can improve the stability and decrease the 
immunogenicity of synthetic mRNA. 

ORF is the most important part of mRNA, which directs the synthesis 
of proteins of interest. The amino acid composition and spatial structure 
of each functional protein are specific, so the overall room for adjust
ment is limited. Codon optimization is one efficacious strategy for 
increasing translatability and minimizing immunogenicity of mRNAs 
[60]. Except methionine and tryptophan, each amino acid can be 
encoded by more than one codon. Therefore, replacing the low fre
quency codon with the high frequency codon speeds up the translation 
[61]. However, codon replacement strategy needs to consider the effect 
of translation speed on the formation of correct spatial structure of 
proteins. Some rare codons may decrease translational speed but benefit 
optimization of protein folding [62]. Nucleoside modification appears 
the most attractive and widely used strategy. Studies confirmed that 
modified nucleosides profoundly avoid the recognition of mRNAs by 
PRRs [13,63], and reduce the negative regulation of type I-IFN response 
on adaptive immunity. Currently, modified nucleosides used in syn
thetic mRNAs include pseuduridine (ψ) [64,65], 
N1-methylpseuduridine [66,67], 5-methylcytidine (m5C), 5-methyluri
dine (m5U), N6-methyladenosine, and 2-thiouridine. 

In addition to the optimization and post-transcriptional modification 
of mRNA, purification process used for the synthetic mRNA substantially 
impacts mRNA intrinsic immunogenicity. Upon IVT process, a wide 
variety of potentially immunogenic contaminants would induce in
flammatory response associated side effects, such as residual templates, 
nucleotides, and double-stranded RNA (dsRNA). Most of these con
taminants can evoke type I-IFN response by activating PRRs, thus 
inhibiting mRNA translation. The most common method used to purify 
IVT mRNA is high performance liquid chromatography (HPLC). In 
2011, Kariko and colleagues proved that HPLC purification remarkably 
increased the translational efficacy of unmodified or m5C/Ψ-nucleoside 
modified mRNA, and almost completely eliminated the immunogenicity 
[68]. Moreover, another study in 2015 demonstrated that the sequence 
optimized mRNA purified by HPLC can also obviously avoid innate 
immune activation in large animals [69]. Nevertheless, the disadvan
tages of HPLC hamper its wide applications in large-scale production of 
mRNAs: 1) a large amount of mRNA consumed (with a low recovery rate 
of about 50%); 2) high economic costs; 3) hazardous waste generated 
during treatment; 4) long processing time (1–2 days). Currently, some 
new purification methods with a high recovery and low cost have been 
developed and applied in mRNA production, such as oligo(dT)-cellulose 
chromatography that can remove at least 90% dsRNA contaminants and 
achieve more than 65% recovery rate in less than 2 h [70], and ribo
nuclease III (RNase III) specific digestion with process time of approxi
mately 30 min [71]. 

Fig. 3. A scheme of IVT mRNA construct and key functions of each structural region. Created with permission by BioRender.  
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IVT is a rapid, versatile, and controllable method for manufacturing 
mRNAs, which addresses the major challenges associated with the 
perception of using mRNA molecules as therapeutic medicines. The first 
evidence of in vivo translation of naked mRNAs was reported by Wolff 
and colleagues in 1990 (Fig. 2) [5], laying the foundation of the concept 
that mRNAs can be utilised as therapeutics. Soon after, Jirikowski and 
colleagues demonstrated that intrahypothalamic injection of mRNA 
encoding angiotensin can temporarily reverse diabetes insipidus in rats 
in 1992 [6], which was the first preclinical studies of mRNA used for 
treating disease. The concept of mRNA vaccines can be dated back to 
1993, when induction of cellular immunity was observed in mice 
immunised with liposome-mRNA encoding influenza virus proteins [7]. 
The first naked mRNA cancer vaccine designed in 1995 proved the 
successful induction of humoral immune response against encoded 
tumor associated antigens (TAAs) in mice [8]. In 2000, mRNA vaccine 
constructed in a liposome system was able to induce comparable 
balanced antigen specific adaptive immunity, but showed improved 
stability compared to the unprotected naked mRNA [72]. Continued 
research efforts on mechanisms by which host immune system senses 
endogenous or modified RNAs shared a determination to move mRNA 
platform from the lab to medical inventions. For example, dsRNA was 
found recognised by TLR3 in 2001 [10], while ssRNA was found sensed 
by TLR7/8 in 2004 [12]. The first evidence in 2005 that modified 
mRNAs were able to completely shut down the TLR-medicated massive 
inflammation [13]. These key hallmarks have inspired numerous studies 
on mRNA modifications to balance the immunologic effects and trans
lation efficacy of mRNAs, enabling acceptable safety profile and po
tency. Naked mRNAs are easily degraded by ubiquitous RNases in vivo. 
As a result, a great variety of delivery platforms (Please refer to next 
section) have been established to encapsulate and protect mRNAs from 
degradation. 

Compared with DNA-based therapy, mRNA therapeutics have 
several unique advantages: 1) The translational process of mRNA occurs 
immediately in the cytoplasm, without entering the cell nucleus. 2) 
mRNA will not integrate into the host genomic DNA, with reduced risk 
of mutagenesis and carcinogenesis [73]. 3) Conventional IVT mRNA has 
no self-replicating ability and degrade rapidly after translation, so 
mRNA regulation of host cells is transient, exhibiting a favourable safety 
profile. 

Over the past decades, mRNA technology along with advanced de
livery nanoplatforms served as the backbone for the success of mRNA 
therapeutics in human use. In regard of cancer treatment, mRNA ther
apeutics are expanding well beyond cancer vaccines, including the 
replacement of therapeutic antibodies, proteins, cytokines, receptors for 
immunotherapy. This paradigm is a potential modality with great 
therapeutic prospects for clinical translation in cancer therapy. 

3. Delivery strategies for mRNA therapeutics 

Inside the body, mRNA is easily engulfed by innate immune cells and 
degraded by nucleases. Given the negative charge and a relatively large 
molecular size of 104–106 Da (dalton), mRNA hardly cross the anionic 
cell membrane [17]. Diverse delivery strategies have been developed for 
intracellular delivery of mRNA molecules, including physical electro
poration methods and nanotechnology-based solutions. The nano
formulation platforms usually contain cationic compositions that can 
capture mRNA inside the nano-space (Fig. 4), thereby protecting mRNA 
from in vivo degradation. The flexibility in the modulation of chemo
physical features of nanoformulations enables targeting delivery to 
specific organs without causing unwanted toxicities. In terms of intra
cellular delivery, mRNA encapsulated nanoformulations enter the cells 
via endocytosis pathway and are trapped in the acidic environment, 
where the nanoformulations usually facilitate the cytosolic release of 
mRNA by disrupting the endo/lysosome membrane (Fig. 4). The deliv
ered mRNA can then exert its function to guide ribosome to produce the 
encoded immunogenetic proteins, which will be secreted out to extra
cellular space, tethered to the cell membrane, processed by proteasome 
and presented on cell surface, or function inside the transfected cells. 
During the past decades, numerous advanced nanoformulations have 
proven their capability in protecting, delivering and potentizing mRNA 
therapeutics in animal and human studies (bottom light green and or
ange rectangles, Fig. 2). In this part, we will introduce the basic physi
cochemical properties of nanoparticle delivery platforms, advanced 
development in the formulation of nano-mRNA therapeutics, and the 
structure-function relationships in targeted cancer immunotherapy. 

Fig. 4. A scheme showing the intracellular delivery and translation process of mRNA encapsulated in the nanoformulations, and the function modes of produced 
proteins. Created with permission by BioRender. 
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3.1. Physical delivery for mRNA therapeutics 

The commonly used physical methods for mRNA delivery includes 
electroporation [74,75], gene guns [76], photoporation [77] and direct 
local injection [78]. Electroporation, also termed electrotransfection, is 
defined as the use of an external electric field between two electrodes to 
form small pores in the cell membrane, so that negatively charged 
mRNA can pass through the membrane barrier. Electroporation 
approach is often applied locally and relatively superficial area to 
transfect targeted cells rapidly and efficiently. Currently, electropora
tion is an efficient and rapid method utilised to generate genetically 
engineered DCs or T cells for cancer treatment in animal models and 
humans [79–81]. However, in vitro electroporation will inevitably 
damage the function of some target cells and even cause cell death. 
While at the same time, in vivo electroporation is also affected by the 
electrode contact area, so it can only be used in superficial area. Gene 
gun shots mRNA loaded on gold nanoparticles at a high speed into target 
cells by using a gas shock wave [82]. However, potential cell death 
caused by the high-pressure shock wave and high costs limit the prac
tical application of gene gun in mRNA delivery. Photoporation is a 
relatively new technique, in which transient pores are created in the cell 
membrane using a femtosecond laser to increase cell membrane 
permeability of delivered molecules [83]. A recent study demonstrated 
that vapor nanobubble assisted photoporation increased mRNA trans
fection of T cells in vitro under a reduced laser intensity [77]. But until 
now, it has been mainly used at the single-cell or subcellular levels. 

Direct local injection of naked mRNA molecules has shown some 
efficacy in cancer immunotherapy, while the protein expression level is 
relatively low. Enhanced protein expression was observed post intra
nodal injection of mRNA dissolved in buffers containing calcium ions 
[84]. Modification of mRNA construct is an alternative approach to in
crease the potency of direct injected mRNA in vivo. For example, 
Christian and colleagues constructed N1-methylpseudouridine modified 
and cellulose-purified mRNA that encoded multiple cytokines of 
GM-CSF (granulocyte-macrophage colony-stimulating factor), IL-12 
(interleukin-12), IL-15, and IFN-α. Intratumoral injection of the modi
fied mRNA enhanced the translation of mRNA and induced potent 
anti-tumor immunity in preclinical tumor models [78]. However, the 
promising results of naked mRNA therapeutics in preclinical animal 
models cannot be reflected in clinical studies, which could be contrib
uted by species-specific difference in immune system. For instance, in
tradermal injection of naked mRNA encoding TAAs in patients with 
melanoma under a clinical study, did not show clinical effectiveness 
[85], though mice intradermally immunised with naked mRNA 
demonstrated successful protein expression and development of im
mune response against encoded proteins. Altogether, direct adminis
tration of naked mRNA locally could be a promising therapeutic utility 
in certain circumstances, such as certain administration routes, mRNA 
modification and research settings. 

3.2. Nanoformulations for delivery of mRNA therapeutics 

Physical methods are simple but have some intrinsic disadvantages, 
such as potential side effects in cell damage, limited access to the sites or 
cells of interest, inconsistent efficiency in small and large animals. 
Therefore, chemical nanomaterial-based delivery strategies have been 
developed as alternative strategies for delivery of mRNA therapeutics, 
greatly assisting the translation of promising mRNA therapeutics into 
clinical use. As immunotherapy landscape evolved, delivery nanotech
nologies have rapidly adapted to meet specific delivery need for mRNA 
immuno-therapeutics [86]. The advantages of nanoplatforms in mRNA 
delivery are profound compared to other viral delivery methods, such as 
low immunogenicity, excellent biocompatibility, high payload, and easy 
scale-up fabrication. The widely used nanoplatforms for mRNA delivery 
mainly include lipid/liposome [16], protein/peptide [87], lipid/pol
ymer hybrid [88], and inorganic nanoparticles [89]. Each type of 

nanoparticles possesses unique chemical compositions and physical 
properties of solubility, size, surface charge and softness. Upon in vivo 
administration, these physicochemical features are determinants for 
their biodistribution, immunogenicity, and transfection efficacy of 
mRNA. Improved fundamental understanding on the mechanisms on 
mRNA-nanoformulation mediated immunological response will provide 
guidelines on further optimization toward the development of next 
generation of nanoparticle delivery systems. 

3.2.1. Peptide or protein-based nanoparticles 
Peptides and proteins are biological polymers comprising of amino 

acids as building blocks. Proteins but not peptides appear in a complex 
spatial structure. Protamine is a natural cationic polypeptide, which was 
the first mRNA delivery nanoparticles proposed by Amos in 1961 
(Fig. 2) for enhanced transfection in cells [90]. The tight nanocomplexes 
of protamine-mRNA increased the stability of delivered mRNA mole
cules against degradation by serum RNases [72]. The first clinical trial of 
mRNA cancer vaccine delivered by protamine was initiated by Benjamin 
and co-workers in 2004 [91], revealing that protamine was a safe mRNA 
delivery system and was able to induce T cell immunity. The encour
aging preclinical data supported the development of protamine-based 
mRNA cancer vaccine products under early clinical investigation (see 
the details of clinical trials in Section 5). 

Cationic cell-penetrating peptide (CPP) is a class of small molecule 
polypeptide, generally composed of 8–30 amino acids that are capable 
of mediating cell membrane penetration and endosomal membrane 
disruption [92]. Thus, CPP-based nanoparticles were explored as anti
gen mRNA delivery systems, enabling induction of antigen specific CTLs 
[93]. Different from protamine that delivers mRNA into cells through 
classical endocytic pathway, CPP assists intracellular delivery of mRNA 
molecules via receptor independent direct transmembrane, which is 
more efficient and less limited by the type of cells to be delivered [94]. In 
addition, CPP, as a short peptide, shows advantages in large-scale pro
duction compared with natural extracted protamine with a spatial 
structure [95]. CPP started late in the field of mRNA delivery and the 
development of CPP-mRNA in cancer immunotherapy has significantly 
lagged behind protamine systems. However, the application prospects of 
CPP in mRNA delivery for cancer immunotherapy are very broad. 

Virus-like particles (VLPs) are formed by the self-assembly of one or 
several viral structural proteins in the absence of viral DNA or RNA 
genomes. Natural VLPs (20–300 nm) often act as subunit antigen sources 
in prophylactic vaccine products [96], such as human papillomavirus 
(HPV) vaccine Gardasil. The potential of VLPs as delivery platforms was 
recently investigated for exogenous mRNA encoding reporter proteins 
[97]. VLPs encapsulate mRNA by binding internal amino acid residues 
of VLPs with specific motif sequence in mRNA molecules [98]. In some 
cases, the encapsulation of mRNA in VLPs is driven by the electrostatic 
interaction between the positively charged arginine sequence at the 
N-terminal of the capsid protein and the negatively charged RNA skel
eton [99]. Recently, VLP-mRNA paradigm was used for cancer immu
notherapy in preclinical animal models. For instance, recombinant 
bacteriophage MS2 VLPs was reported to deliver mRNA encoding 
prostate cancer associated antigen PAP (prostatic acid phosphatase) and 
GM-CSF to DCs, inducing balanced Th1/Th2 responses against murine 
prostate cancer [100]. Recently, Zhang and colleagues reported that 
PEG10 (paternally expressed 10), a mammalian retrovirus like protein, 
enabled successful encapsulation of exogenous mRNA by flanking 
delivered mRNA genes with 5′ and 3′ UTRs of PEG10 [87]. VLPs 
resemble the capsid structure of viruses that can be recognised by PRRs 
of innate immune cells, possessing immunogenic effects [101]. Beyond 
that, the ease of large-scale production and purification endows VLPs as 
potential mRNA delivery platforms in targeted cancer immunotherapy, 
though this paradigm is still under early investigations. 

3.2.2. Lipid nanoparticles 
Lipids are a class of amphiphilic molecules comprising a hydrophilic 
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head, a hydrophobic tail, and a linker conjugated two domains. Different 
types of lipids, such as natural phospholipid, ionizable lipids and 
cationic lipids, have been extensively investigated for mRNA delivery in 
preclinical animal models and humans. Liposomes are spherical nano- 
vesicles with single or double layers formed by phospholipids and cho
lesterols (Fig. 5). In 1978 (Fig. 2), scientists used membrane-structured 
liposomes to transport mRNA into mouse [102] and human [103] cells, 
inducing intracellular expression of encoded proteins. Now, solid LNPs 
that were first explored in delivering self-amplifying mRNA vaccines in 
2012 [104], are favourably used in clinic. Solid LNPs are made of 
four-lipid cocktail (Fig. 5): 1) a helper phospholipid that resembles the 
cell membrane lipids forming a bilayer structure; 2) a cholesterol that 
modulates the integrity, rigidity and stability of the bilayer structure, 3) 
a polyethylene glycol (PEG)–lipid that increases the colloidal stability 
and reduces opsonization, and 4) an ionizable lipid that is protonated 
with a positive charge at a low pH and cling to mRNA molecules in the 
core of LNPs. Of note, the ionizable lipids lose the positive charge under 
bloodstream alkaline conditions, decreasing systemic toxicity. In addi
tion, the protonation of ionizable lipids in acidic endo/lysosomes pro
mote endosomal escape of delivered mRNA by destabilizing the 
membrane. The incorporation of ionizable lipids is the key for the suc
cess of LNP-mRNA vaccines, such as ionizable lipid SM102 in 
mRNA-1273 and ALC-0315 in BNT162b2 (Fig. 5). In addition to delivery 

function, zwitterionic ionizable lipids containing a heterocyclic amine 
group in the head domain were found capable of activating STING 
pathway and potentiating anti-tumor immunity of LNP-mRNA vaccines 
[22]. 

By contrast, cationic lipids have a permanent positively charged 
head [105]. The cationic lipids of DOTMA (1,2-di-O-octadecenyl-3-
trimethylammonium propane (chloride salt)) and DOTAP (1,2-dio
leoyl-3-trimethylammonium-propane, chloride) (As demonstrated in 
Fig. 5) were the first lipids explored for mRNA delivery in 1989 [4] 
(Fig. 2). In 2015, cationic lipids demonstrated successful delivery of 
mRNA expressing neo-antigens that can be recognised by CD4+ T cells, 
with complete rejection of established tumors in mice [106]. Cationic 
lipids together with cholesterol and 1,2-dioleoyl-sn-glycero-3-phosphoe
thanolamine (DOPE) (Fig. 5) are commonly used in the 
LNP-nanoformulations for mRNA delivery, such as the therapeutic 
mRNA cancer vaccine product of lipoplexes that are actively investi
gated under clinical studies [21,23]. DOPE is the most widely used 
auxiliary lipid, which can stabilize the bilayer membrane structure of 
LNP and reduce the cytotoxicity of positive components of LNPs. In 
addition, the inverted hexagonal H(II) phase of DOPE leads to the 
instability of endosomes, which plays a crucial role in assisting endo
some escape of LNPs [107]. By modulating the surface properties of 
lipoplexes to slightly negative charge, lipoplexes can direct mRNA 

Fig. 5. Schematic illustration of representative cationic or ionizable lipid-based nanoformulations complexed with mRNA and chemical structures of the components 
in LNPs. Created with permission by BioRender. 
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specifically to spleens for potent vaccine-induced immunity (see details 
in Sections 4 and 5). Diverse cationic lipids have been developed to 
adapt into the need of specific nano-mRNA therapeutics, which are 
clarified in detail in an excellent review focusing on the LNPs for mRNA 
delivery [16]. The delivery efficacy and inherent adjuvancity of 
cationic-based LNPs can be widely adjusted by alternating the chemical 
compound structures of each component as well as physical properties 
of nanoformulations. 

3.2.3. Polymer nanoparticles 
A polymer is a class of macromolecules composing numerous 

repeating natural or synthetic subunits, which can be formed in a variety 
of nano-constructs [108]. Cationic diethylaminoethyl-dextran was the 
first type of polymer, being found capable of enhancing poliovirus RNA 
infection in 1965 [109]. This chemical now is a product in the market 
for gene transfection. Compared to LNPs, polymer-based nanoparticles 
are less clinically advanced, but offer similar functions for mRNA de
livery. For instance, the cationic polymers condense mRNA molecules 
into the nanoformulations, promoting cellular up by cells and cytosolic 
delivery by proton sponge mediated osmotic swell and endosome 
membrane rupture [110]. 

Polyethylenimine (PEI) is the most often used polymers for gene 
delivery, while its applications are limited by high charge density 
mediated toxicity [111]. To mitigate the toxicity, biocompatible or 
degradable components are incorporated into PEI-based formulations, 
such as PEG [112] and redox sensitive disulfide linkers [113]. Alterna
tively, biodegradable polymers that contain with disulfides have been 
explored for mRNA delivery, such as poly (β-amino ester)s (PBAE) that 
combined with PEG-lipid specifically targeting lungs [88,114,115]. In 
addition, pH-responsive poly(aspartamide)s linked with ionizable ami
noethylene facilitated cytosolic delivery of mRNA, of which the hydro
phobic properties and length of aminoethylene impacted delivery 
efficacy [116]. However, most of these polymers alone were not often 
studied in nano-mRNA-based cancer immunotherapy. 

3.2.4. Hybrid nanoparticles and other candidates 
Hybrid nanoparticles integrate the physicochemical features of dual 

or multiple materials, evolving as a promising platform for mRNA de
livery, such as liposome-protamine nanoparticles [117] and lipid/pol
ymer nanoparticles (Fig. 5) [28,118–121]. One lipid/polymer product, 
called TransIT-mRNA Transfection kit that is manufactured by Mirus 
Bio, remarkably enhanced the efficacy of mRNA encoding bispecific 
antibodies against established large tumors [28]. This strategy is 
currently under clinical evaluation (see Section 5). Recently, cationic 
lipids termed G0-C14 formed complexes with mRNA, which was then 
coated with PLGA (poly(lactic-co-glycolic acid)/PEG. The hybrid 
nanoformulation adhered to local mucosal sites, increasing 
mRNA-mediated inhibition of bladder cancer [118]. 

Organic/inorganic hybrid nanoparticles were also examined for 
mRNA delivery in cancer cells, such as natural polymer chitosan/sele
nium nanoparticles that were decorated with tumor targeting folic acid 
molecules [122], and dendrimer polymer/gold/folic acid nanoparticles 
[123]. However, in vitro validation of nano-mRNA efficacy is limited. In 
contrast, inorganic calcium phosphate nanoparticles that were coated 
with LNPs demonstrated as a powerful delivery system in vivo for tar
geted cancer immunotherapy [124]. 

Other candidates that are at the early stage in mRNA delivery 
potentially offer new opportunities in cancer immunotherapy, mainly 
including mesoporous silica nanoparticles with a high porosity [89], 
Zn2+ ions [125], outer membrane vesicles (OMVs) derived from bacteria 
[24]. The advantages and disadvantages of representative types of 
mRNA delivery nanoparticles are summarized in Table 1. 

4. Recent advanced nanoformulation-mediated mRNA 
immunotherapies in preclinical studies 

4.1. Nano-mRNA targeting DCs 

Cancer vaccines are an appealing immunotherapeutic approach to 
stimulate the immune system to produce antigen specific immune 
response against cancerous cells [126,127]. Such vaccines typically 
consist of exogenous well-defined tumor specific antigens (TSAs) or 
TAAs and immunogenetic adjuvants that can efficiently activate DCs 
and boost immune response against tumor antigens [126]. APCs 
comprise a heterogenous group of immune cells that can process and 
present endogenous and exogenous antigens via the major histocom
patibility complex (MHC) molecules, which is essential for initiating the 
interaction between innate and adaptive immunity. DCs are the main 
subtype of APCs with a key function of priming T cell immunity. 
Therefore, the advancements in cancer vaccines focus on targeted de
livery of antigens and adjuvants to DCs [21,22,24]. T cells rely on DCs to 
capture and transport the antigens to the draining lymph nodes (dLNs) 
from the immunization sites. Generally, the captured exogenous protein 
or peptide antigens are processed in endo/lysosomes and then presented 
on MHC class II molecules, which can be recognised by TCRs (T-cell 
receptors) of CD4+ Th cells [128]. By contrast, CTLs are restricted to 
MHC class I presented antigens [129]. The mRNA cancer vaccine plat
form promotes MHC class I antigen presenting pathway by endoge
nously translating encoded tumor antigens, thereby effectively priming 
CTLs [130], which are the key mediators for tumor eradication. Beyond 
that, mRNA itself can be sensed by TLRs of DCs, showing inherent 
immunogenicity to boost immune response of mRNA vaccines against 
antigens [131]. Apart from these characteristics, mRNA strategy is 
versatile and can be used to encode multiple peptides or proteins, not 
only providing tumor antigens but also offering additional molecule 
adjuvants to peripheral or lymphatic DCs [132]. The mRNA platform 
also shows potential in in situ vaccination, by reprogramming DCs to 
restore their functions in antigen presentation and T cell priming [133]. 
The success of this deliberate mRNA strategy heavily relies on the 
powerful delivery systems, promoting the translation of mRNA in vivo 
[16]. Transformative advances in nanoformulations have demonstrated 
their unique capability in harnessing the potential of mRNA cancer 
vaccines in preclinical and clinical studies [15]. 

Table 1 
Summary of the advantages of disadvantages of representative types of nano
particles for mRNA delivery.  

Type of 
nanomaterials 

Advantages Disadvantages 

Peptides Low toxicity Short half-life 
Easy membrane penetration Lack of targeting 
Low immunogenicity  

Proteins Low toxicity Undesired immunogenicity 
Good stability Lack of targeting 
Natural sources  

Lipid High biocompatibility Potential immunogenicity 
Adjustable compositions Low encapsulation 

efficiency 
Easy surface modification and 
functionalization  
Easy mass production  

Polymer Adjustable compositions Potential immunogenicity 
and toxicity 

Easy surface modification and 
functionalization 

Low degradation 

Hybrid Customizability of functions Complex design and 
composition 
Potential immunogenicity 
and toxicity  
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4.1.1. Ex vivo nano-mRNA DC vaccines 
DC vaccines are generated ex vivo prior to infusion back patients, 

where the isolated DCs are appropriately activated by adjuvants and 
loaded with tumor antigens [134]. DCs are often stimulated with whole 
tumor lysate derived from debulking surgery to prime the immune 
system of patients [135], while this strategy might potentially induce a 
tolerogenic transformation caused by immunoregulatory cytokines. DC 
vaccines loaded with nano-mRNA encoding TAAs or TSAs offer a com
plementary approach [136]. In term of tumor antigens, ovalbumin 
(OVA) derived from egg white is commonly used as model antigens in 
preclinical studies of cancer immunotherapy, which can sensitize im
mune reactions and elicit antigen specific antibodies (humoral) and T 
cell (cellular) immune response. To enhance the potency of nano-mRNA 
DC vaccines, Mitchell and colleagues screened cationic liposomes for 
optimized DC activation and antigen translation ex vivo, and then 
engineered hybrid nanoformulations by incorporation of commercially 
available iron oxide nanoparticles (IONPs) and OVA-mRNA in the 
optimized liposomes (denoted as IO-RNA-NPs, Fig. 6a) [137]. Under 
magnetic field, IO-RNA-NPs enhanced DC activation and T cell priming 
ex vivo (Fig. 6b). Mice received IO-RNA-NPs-loaded DC vaccine and 
adoptive OT-I T cells with transgenic TCRs that specifically recognise 
MHC I restricted OVA peptide, significantly inhibited the growth of 
B16F10-OVA melanoma. The incorporated IONPs enabled tracking DC 
migration from the injection site to dLNs under magnetic resonance 
imaging (MRI) (Fig. 6a), which acted as predictors in anti-tumor per
formance of DC vaccines (Fig. 6c and d). The potential of vitamin 

E-scaffolds/lipoplex/cationic peptide-delivered OVA-mRNA was 
explored in the development of ex vivo DC vaccine against E.G7-OVA 
lymphoma in mice [138]. Instead of pulsing DCs with mRNA encoding 
tumor antigens, Moghaddam and co-workers engineered DCs stimulated 
with chitosan nanoparticles-mRNA encoding costimulatory molecules of 
CD40 and ICOSL (inducible costimulator ligand) and isolated tumor cell 
mRNA, which enabled T cell proliferation and significant inhibition of 
4T1 mouse breast tumor post intratumor injection [139]. 

4.1.2. Nano-mRNA therapeutic cancer vaccines activating TLRs 
The clinical efficacy of ex vivo generated DC vaccines are often 

comprised by the poor control on their migration in vivo to the thera
peutic sites. In contrast, the advancement in nanoformulations allowed 
targeting delivery of nano-mRNA cancer vaccines to endogenous DCs in 
lymphoid organs. Sahin who is known for BioNTech company and 
COVID-19 vaccine (BNT162b2) and his team discovered that the surface 
charge of lipoplex-mRNA determined its biodistribution post intrave
nous administration [21]. Tuning lipoplex-mRNA to be slight negative 
or neutral led to exclusive target to splenic DCs as well as macrophages, 
thereby substantially promoting translation of encoded tumor antigens 
in DCs and inducing profound expansion of antigen specific T cells. 
Lipoplex-mRNA demonstrated universal and potent anti-tumor capa
bility in multiple aggressive murine tumor models, including B16-OVA 
and B16F10-Luc (luciferase) melanoma, CT26 and CT26-Luc colon 
carcinoma, and TC-1-Luc cervical cancer [21]. Mechanically, 
lipoplex-mRNA activated splenic DCs via TLR-7 signalling pathway, 

Fig. 6. Cationic liposome/IONPs promote OVA-mRNA translation, ex vivo DC maturation, tracking DC vaccines in vivo with MRI, thereby effectively predicting anti- 
tumor effects. (a) Schematic illustration of the synthesis of IO-RNA-NPs, activating DCs ex vivo under magnetic field, and monitoring trained DC migration from the 
injection site to dLNs with an MRI-instrument. (b) Ex vivo DCs pre-treated with IO-RNA-NPs or RNA-NPs were co-cultured with OVA experienced T-cells for 48 h. 
IFN-gamma levels were measured by enzyme-linked immunosorbent assay (ELISA). C) Average B16F10-OVA tumor growth curves of mice received IO-RNA-NPs 
loaded-DC vaccine and adoptive OT-I T cells, and untreated mice. (d) Survival curves of mice grouped based on the response prediction by MRI data Reprinted 
with permission from Ref. [137]. Copyright 2019, American Chemical Society. 
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leading to type 1 IFNα secretion and cooperation of innate and adaptive 
immune response against tumor. The preliminary data of this intriguing 
nano-mRNA platform in 3 patients with advanced malignant melanoma 
displayed supportive results of systemic IFNα secretion and amplifica
tion of T cells against encoded tumor antigens. The full report on the 
results of lipoplex-mRNA clinical trial (NCT02410733) will be intro
duced in Section 5. 

Instead of priming endogenous T cells, Sahin team demonstrated a 
great success of lipoplex-mRNA vaccine in promoting the proliferation 
of adoptively transferred chimeric antigen receptor (CAR)-T cells to 
treat solid tumors [34]. CAR-T cell therapy has shown clinical success in 
curing patients with B-cell malignancies [140,141], while remains 
challenging in the treatment of patients with solid tumors [142]. To 
increase cancer specific targets and expansion of CAR-T cells, Sahin 
team engineered a lipoplex-mRNA vaccine encoding TAAs of claudin 
(CLDN) 6 (denoted as CLDN6-LPX), which showed effective expression 
of CLDN6 in ex vivo human DCs under an optimal dose of 100 μg/ml. 
Following intravenous administration, CLDN6-LPX enabled targeted 

transfection of splenic CD8+DCs, CD8-DCs, and F4/80+ macrophages, 
providing proliferation signals to engrafted CLDN6-CAR-T cells against 
established solid OV-90 human ovarian cancer in immunodeficient NSG 
(NOD scid gamma) mice. Following engraftment, the adoptive 
CLDN6-CAR-T cells alone even at a high dose tended to decline rapidly 
in vivo, while repeated vaccination with CLDN6-LPX maintained 
CLDN6-CAR-T cells at therapeutic levels, even at an initial low dose. The 
kinetic expansion results explained the superior capability of 
vaccine-stimulated CLDN6-CAR-T cells in the treatment of solid tumors. 
This fascinating nano-mRNA platform in combined with CLDN6-CAR-T 
cell therapy currently is under clinical studies, which will be discussed in 
next section. 

LNPs not only enable protection and targeting delivery of mRNA to 
endogenous DCs, but also offer self-adjuvancity via activation of TLRs 
that are not associated with mRNA sensing [25]. Xia and colleagues 
screened a library of cationic LNPs via the interaction of poly 
(-amidoamine) (PAMAM) and epoxide consisting of different R struc
tures [25]. The optimal C1 LNP containing C12 tail enabled effective 

Fig. 7. An OMV-mRNA vaccine activates DCs via multiple TLR receptor pathways, and promotes cross-presentation of expressed antigens, thereby exerting profound 
anti-tumor effect. (a) A scheme for DC activation mechanism mediated by OMV-mRNA vaccine. (b) Schematic diagram of the composition of OMV-mRNA. (c) A TEM 
(transmission electron microscope) image of L7Ae-modified OMVs. Scale bar: 50 nm (d) The percentages of enhanced green fluorescent protein (EGFP)+ BMDCs 
(bone marrow-derived dendritic cells) transfected with different mRNA nanoformulations as indicated. (e–f) The maturation markers of CD86 (e) and CD80 (f) 
expressed on CD11c + DCs were analysed by flow cytometry after incubated with various nanoformulations. (g) The experimental timeline of mice inoculated 
intravenously with B16-OVA cells and vaccinated with different mRNA nanoformulations. Shown are the representative digital photos of resected lungs with tumor 
nodules and survival curves of mice [24]. 
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targeting of mRNA to dLNs, promoted encoded antigen expression and 
presentation via stimulating TLR4 pathway and secreting proin
flammatory cytokines (such as IL-12 and IL-1β). Mice immunised with 
C1 LNP-mRNA encoding OVA exhibited potent anti-tumor immunity in 
B16-OVA tumor model. 

To complement LNPs, OMVs have been exploited as delivery vehicles 
in the development of potent cancer vaccines [143]. OMVs possess 
heterogeneity in size and composition, and immunomodulatory features 
endowed by abundant PAMPs [143,144]. Very recently, Nie and col
leagues first explored the potential of OMV-platform derived from E. coli 
in targeted delivery of mRNA cancer vaccines to endogenous DCs and 
stimulating DCs via multiple TLRs (Fig. 7a) [24]. The authors genetically 
engineered OMVs with surface expressed L7Ae (RNA binding protein) 
and listeriolysin O (lysosomal escape protein) (denoted as OMV-LL, ~30 

nm in diameter) (Fig. 7b and c). OMV-LL enabled antigen expression 
(Fig. 7d) and cross presentation, and DC maturation (Fig. 7e and f). Mice 
vaccinated with OMV-LL-mRNA encoding OVA or ADPGK (ADP-de
pendent glucokinase) exhibited remarkable regression of B16-OVA 
metastatic melanoma (Fig. 7g) or MC38 colon cancer, respectively. 

Direct incorporation of TLR agonists provides an alternative 
approach to promote immunogenicity of nano-mRNA cancer vaccines 
[119,145–147]. Wang lab engineered a transformable hydrogel that was 
formed by small graphene oxide nanoparticles and low molecular 
weight PEI (denoted as GLP-RO Gel, Fig. 8a), to deliver a nano-mRNA 
vaccine consisting of R848 (TLR7/8 agonist), and OVA encoding 
mRNA (denoted as GLP-RO, Fig. 8b) [145]. The hydrogel enabled sus
tained release of GLP-RO nanoparticles, effective OVA expression in DCs 
in vitro (Fig. 8c), and targeted delivery to skin dLN-DCs post 

Fig. 8. Nanoformulations incorporated with TLR7/8 or TLR4 agonists target dLN-DCs, promoting translation of mRNA and anti-tumor T cell immunity. (a) Illus
trated is the preparation of GLP-RO nano-mRNA vaccines in the transformable hydrogel and associated mechanism for enhanced cancer immunotherapy. (b) A SEM 
(scanning electron microscope) image of released GLP-RO nanoparticles. (c) Western blot analysis of OVA expression levels of RAW264.7 and DC2.4 cells treated 
with different formulations as indicated. (d, e) Splenic CD8+IFN-γ+ T cells (d) and individual B16-OVA tumor growth curves (e) of mice received different treatments 
as indicated. (f) A schematic illustration of the construct of optimized LNP-mRNA. (g) Kinetic expression profiles of FFL at the injection sites of mice received different 
nano-mRNA formulations as indicated. (h) Average B16F10 tumor areas of mice treated with different nano-mRNA formulations as indicated Reprinted with 
permission from Refs. [145,146]. Copyright 2017 and 2021, American Chemical Society. 
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subcutaneous injection. Mice immunised with GLP-RO Gel induced 
strong systemic functional CD8+ T cells against OVA (Fig. 8d), thus 
significantly regressed B16-OVA tumor (Fig. 8e). Blankschtein and 
co-workers developed PEG-LNPs to deliver mRNA encoding melanoma 
TAAs (TPR2 (terminal protein region 2) and gp100 (glycoprotein 100)) 
and lipopolysaccharide (LPS, TLR4 agonist) (Fig. 8f) [146]. The opti
mized B11 LNPs among three promising candidates (B-11, A-1, and A-6) 
that were screened from a lipid library with various components, 
induced the strongest antigen specific CD8+ T cells, and effectively 
increased translation of mRNA encoding firefly luciferase (FFL) at the 
injection sites in mice (Fig. 8g). Along with lipid component optimiza
tion, mRNA modification was also optimized. Unmodified mRNA 
potentially activates TLRs 3, 7 and 8 [148], which could enhance vac
cine immunogenicity but also hinder the translation and promote 
degradation of mRNA [149]. To address these issues, the authors 
designed modified mRNAs replaced with ψ and 5-mC. The optimized 
B11-modified mRNA displayed potent therapeutic effects against 
B16F10 tumor in mice (Fig. 8h). Beyond these representative platforms, 
the potential of other types of LNPs were also explored by co-delivering 
of mRNA encoding tumor antigens and TLR agonists to endogenous DCs 
[119,147]. 

4.1.3. Nano-mRNA therapeutic cancer vaccines activating STING pathway 
Type I IFNs consisting of IFNα and IFN-β, can potentiate the induc

tion of CD8+ T cell immunity of mRNA vaccines [150]. Thus, it is desired 
in the development of nano-mRNA cancer vaccines that mRNA plat
forms or nanoformulations are capable to induce strong type I IFNs for 
enhanced function and durability of CTLs against cancer. TLRs signal 
activates the transcription factor myeloid differentiation primary 
response 88 (MyD88), inducing production of inflammatory cytokine 
IFNα [151]. Different from RNA sensing TLRs, STING is activated by 
cytosolic dsDNA (double stranded DNA) in response to viral infection 
[152]. STING signalling plays a central role in production of type I IFNs 
in innate immune system [152]. STING now is an appealing target for 
therapeutic cancer vaccines and cancer immunotherapy [153]. Ander
son and co-workers engineered LNPs containing heterocyclic amine 
groups (A18), which enabled targeted activation of dLN-DCs via STING 
pathway, mRNA translation, subsequent secretion of type 1 IFNs and 
initiation of T cell priming. Mice vaccinated with A18 LNP-mRNA cancer 
vaccines showed profound therapeutic effect in multiple murine tumor 
models. In addition to LNP-mediated STING activation, Huang and 
co-workers designed a mRNA encoding active mutations in STING 
(V155M) [154] that caused hyperactivity in STING activation, which 
was encapsulated into LNPs together with HPV-E6/E7 antigen mRNA 
[155]. This nanoformulation enabled potent secretion of type I IFN cy
tokines via STING pathway, which in turn increased the expression and 
cross presentation of HPV-E6/E7 and subsequent proliferation of CD8+

T cells against E7. Vaccination with LNP-antigen mRNA-STINGV155M 

significantly regressed HPV + TC-1 tumor and prolonged the survival of 
mice. 

4.1.4. Nano-mRNA therapeutic cancer vaccines activating the receptors of 
polysaccharides 

PRR activation is critical to establish a pro-inflammatory milieu and 
initiate the cross-talk between non-specific innate and specific adaptive 
immune response, thus the strategies targeting PRRs have been har
nessed in the development of therapeutic cancer vaccines [126]. Among 
PRRs, TLRs and STING have been extensively explored, while the 
immunology of CLRs (C-type lectin receptors) and their immunostimu
latory potentials in vaccine development, particularly in nano-mRNA 
cancer vaccines, have been much less investigated. In response of 
fungal infection, CLRs will be activated by sensing cell wall poly
saccharides, leading to potent cytokine production and subsequent 
development of humoral and cellular immune response. Polysaccharides 
β-glucans and mannans can activate CLRs Dectin-1 and Dectin-2, 
respectively, while these CLRs are not the sole receptors for the 

defined polysaccharides, depending on their source and physical prop
erties (such as soluble or particulate) [156,157]. Thus, the studies on 
polysaccharides-based formulations in nanoscale for mRNA delivery 
would provide new understandings on their receptor signalling and 
associated vaccine immunological activity, which potentially offers 
guidelines in engineering advanced nano-mRNA systems. For this 
reason, Moon and colleagues engineered sugar nanocapsules (Fig. 9a 
and b) by coating silica nanoparticles (around 200 nm, Fig. 9b) with 
mannan (Mann) or dextran (Dex) and core removal, to deliver antigen 
mRNA with the aid of PEI [158]. Mann-capsule and Dex-capsule were 
found activating DCs via Dectin-2/TLR4 and CD206/CD209 signalling 
pathways, receptively. Follow subcutaneous injection, Mann-capsule 
allowed more efficient drainage to dLNs (Fig. 9c) compared to 
Dex-capsule, potentially owning to the abundant mannan receptors on 
DCs. Mice vaccinated with Mann-capsule-mRNA encoding OVA antigen 
displayed substantially enhanced regression of B16-OVA than those with 
Dex-capsule-mRNA (Fig. 9d), which can be explained by the higher 
frequency of systemic and tumor infiltrating OVA-specific CD8+ T cells 
(Fig. 9e). In the formulation of nano-mRNA cancer vaccine, mannan 
showed superior capability over Dextran in targeting DCs and priming T 
cells. In another study, Pichon and colleagues decorated lipopolyplex 
with trimannans to deliver pseudouridine nucleoside modified mRNA 
(denoted as LPR, Fig. 10a), to reduce unmodified mRNA associated in
flammatory sides effects while maintain the immunogenicity of modi
fied mRNA. LPR enabled targeting splenic DCs (Fig. 10b) post 
intravenous administration [132]. Mice immunization with LPR deliv
ered a mixture of mRNAs (encoding E7, and stimulatory molecules of 
CD40L, CD70, and TLR4) elicited strong antigen E7 specific CD8+ T cell 
immune response (Fig. 10c), and profound efficacy in the treatment of 
TC-1 tumor (Fig. 10d). Cytotoxic T cell response was dependent on type I 
IFN induced by LPR, irrespective of encoded stimulatory molecules. It 
would be interesting to explore the specific receptor signalling pathway 
activated by the unique trimannans-nanostructure. 

To promote cytosolic delivery of mRNA vaccines in targeted DCs, 
inorganic calcium phosphate was incorporated into LNPs, followed by 
decoration with mannoses [124]. The designed hybrid nano-mRNA 
encoding antigen mucin 1 (MUC1) significantly inhibited the growth 
of breast cancer in combination with anti-CTLA-4 (anti-cytotoxic T 
lymphocyte-associated antigen 4) monoclonal antibody (mAb). The 
strategies targeting polysaccharide receptors expressed on APCs are a 
versatile approach in nano-mRNA vaccine paradigm. 

4.1.5. Nano-mRNA therapeutic cancer vaccines enhanced by other 
therapeutic modalities 

The discoveries of inhibitory markers on immune cells and associ
ated pathway mechanisms that modulate the immune system against 
cancer led to the great success of non-antigen specific cancer immuno
therapy, such as immune checkpoint inhibitors (ICIs). ICIs that block the 
inhibitory receptor of PD-1(programmed cell death protein 1) or CTLA-4 
expressed on T cells have demonstrated potent clinical efficacy in the 
treatment of patients with advanced cancer. However, only a small 
fraction of cancer patients can benefit from this treatment modality. Low 
prevalence of tumor infiltrating T cells expressing such receptors could 
be one of the key factors for non-responders. Thus, vaccination with 
therapeutic cancer vaccines could potentially increase response rate of 
cancer patients to ICI treatment by expansion of antigen specific T cells. 
To this end, Dewitte and colleagues evaluated the potency of engineered 
nano-mRNA vaccine combined with anti-PD-1 mAbs in cancer treatment 
[159]. To increase the potency, the authors co-encapsulated α-GC 
(glucosidase) that activated iNKT (invariant NKT) cells and 
nucleoside-modified antigen mRNA in LNPs (denoted as mRNA Gal
somes, Fig. 11a). The modified mRNA promoted its in vivo translation 
(Fig. 11b) and the nanoformulation of mRNA Galsomes enabled tar
geting splenic DCs post intravenous administration (Fig. 11c). Mice 
vaccinated with OVA mRNA Galsomes elicited strong systemic OVA 
specific CD8+ T cells, non-antigen specific iNKT and NKT cells, while 
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these effector cells displayed upregulated expression of PD-1 after 
infiltrating into B16-OVA tumor sites (Fig. 11d). As expected, vaccina
tion with OVA mRNA Galsomes significantly promoted the response of 
mice with B16-OVA tumor to anti-PD-1 mAbs therapy (Fig. 11e). It re
mains a challenge to identify TAAs for vaccine devolvement. For this 
reason, Mitchell lab developed a personalised nano-mRNA vaccine, 
where whole tumor derived mRNA molecules were loaded into LNPs 
(Fig. 12a) [160]. Follow intravenous injection, the nanoformulation 
systemically targeted the peripheral (such as lung, liver, and lymphoid 
organs, Fig. 12c) and tumor PD-L1(programmed cell death ligand 1)+
myeloid cells, most of which were PD-L1+ APCs (Fig. 12a). DC trans
fection by mRNA-LNP was visualised (Fig. 12b) with a high expression 
of PD-L1. Vaccination with this mRNA-LNP potentiated the therapeutic 
effect of anti-PD-1 mAbs against B16-OVA (Fig. 12d), owning to the 
significantly increased frequency of PD-1+CD8+ T cells infiltrated in 
tumor sites (Fig. 12e). In contrast, co-administration of anti-IFNα re
ceptor 1 (IFNAR1) mAbs that block type I IFN receptor signalling led to 
abrogation of anti-tumor efficacy (Fig. 12d and e), suggesting that the 
therapeutic effect of mRNA-LNP was dependent on type I IFN. 

Inorganic mesoporous silica nanoparticles were also explored their 
potential in delivery of mRNA cancer vaccines in combined with other 
therapeutic inhibitors [89]. The designed inorganic platform enabled 
the slow-release of loaded PKR (protein kinase R) inhibitor C16 that 
blockades the inhibitory factor of translation initiation, thereby 
improving antigen mRNA-translation in DCs and eliciting strong 
anti-tumor immunity. 

Local radiotherapy promoted the capability of tumor associated DCs 
in sensing endogenous antigens from dying cancer cells, thereby 
potentiating the therapeutic effect of systematically administrated nano- 
mRNA cancer vaccines [161–163]. The combined strategy of 
nano-mRNA cancer vaccines with therapeutic immuno-molecules (e.g., 
ICIs [164]) or other treatment modalities represents a promising 
approach for potent and durable anti-tumor immunity, with some 
fascinating paradigms under clinical investigation [23]. 

4.2. Nano-mRNA targeting cytotoxic T cells and NK cells 

Tumor antigen specific T cells and NK cells are two central cytotoxic 
effector cells in eliminating cancer. T cell-based therapy requires prior 
antigen exposure to target tumor cells by recognition of epitopes pre
sented by MHC class I molecules on tumor cells. By contrast, NK cells 
that are a subtype of innate immune cells can recognise and target tumor 
cells with absent expression of MHC class I molecules or TAAs/TSAs. 
Instead of single receptor mediated recognition like CTLs, NK cells target 
the altered antigen MICA/B (MHC class I chain related proteins A and B) 
expressed by tumor cells via an array of stimulatory (such as NKG2D and 
NKp46) and inhibitory (such as NKG2A and KIRs) receptors. In fact, the 
inhibitory receptors were activated by MHC class I molecules, thereby 
avoiding undesired destruction on healthy cells. 

Adoptive transfer of genetically engineered cytotoxic T cells have 
emerged as potentially curative options in patients with certain cancers, 
such as B-cell malignancies, making extraordinary contributions to new 
cancer treatment modalities in clinic [165]. In these personalised cancer 
immunotherapies, the isolated patient T cells are engineered with 
expression of CARs or TCRs ex vivo prior infusion back to patients, 
enabling the redirection of T cells against tumor cells by recognizing 
tumor specific antigens. Beyond T cells, CAR-based therapeutics have 
recently explored the potential in CAR-NK cell-based cancer therapy 
[166]. To reduce the complexity and high cost associated with ex vivo 
engineering strategy, the advanced nano-mRNA technology that allows 
specific target to T cells, has been investigated in engineering circulating 
T cells with CARs or TCRs in both preclinical and clinical studies. 

Along with CARs or TCRs therapies, engineered therapeutic anti
bodies (Fig. 13) with one or multiple targets offer an alternative effi
cacious approach to boost the therapeutic efficacy of T or NK cells 
against cancer, by enhancing the target of these immune cells to cancer 
cells in preclinical and clinical studies [167,168]. However, serum short 
life together with manufacturing challenges are the key factors limiting 
their far-reaching potential of T/NK cell-engaging specific antibodies. 
For this reason, Sahin and his colleagues have explored the potential of 
their nano-mRNA technology encoding antibodies in producing endog
enous long-lasting therapeutic antibodies for the treatment of 

Fig. 9. mRNA-sugar-capsule decorated with mannan or dextran promotes DC maturation via the activation of multiple pattern recognition receptors, cross- 
presentation of translated antigens, thus elicits effective anti-tumor T cell response. (a) Illustrated is the preparation process of mRNA-sugar-capsule. (b) Repre
sentative TEM images of sugar-capsules. (c) Cy5.5 signal intensity of Cy5.5 (cyanine5.5) tagged Man-capsule or Dex-capsule in inguinal and axiliary LNs harvested 
from C57BL/6 mice post injection. (d) The experimental timeline of mouse B16F10-OVA model and the average tumor growth curves of mice received with different 
formulations. (e) Flow cytometry data showing the frequency of tumor-infiltrating OVA specific tetramer + CD8+ T cells. Reprinted with permission from Ref. [158]. 
Copyright 2020, American Chemical Society. 

W. Yang et al.                                                                                                                                                                                                                                   



Bioactive Materials 23 (2023) 438–470

451

established large tumors [28]. The encouraging results from the clinical 
trials might pave the way to another breakthrough of nano-RNA tech
nology in therapeutic mAbs-based cancer immunotherapy. 

Far beyond the encoded therapeutics introduced above, the versatile 
and adaptable nano-mRNA could potentially replace a wide range of 
therapeutic immuno-molecules, such as IL-12 cytokines [121] or T cell 
inhibitory receptors [29], with improved local modulation of T/NK 
cell-mediated anti-tumor immunity. 

4.2.1. Nano-mRNA engineering cancer-specific T cells 
To enhance the potency of CAR-T cells, Stephan and colleagues 

developed cationic polymer PBAE nanoparticles modified with anti-CD3 
and anti-CD28 mAbs for targeted translation of encoded transcription 
factor Foxo1 in human CAR-T cells in vitro, reprogramming the differ
entiation and phenotypic changes to memory CAR-T cells with compe
tent functions [33]. The nano-mRNA engineered CAR-T significantly 
enhanced therapeutic activity against CD19+ human B-cell lymphoma 
established in NSG mice. To bypass T cell isolation and ex vivo culture of 
CAR-T cells, the authors recently utilised PBAE-mRNA technology for in 
vivo genetically engineering T cells with encoded CARs or TCRs 
(Fig. 14a) [32]. The decoration of anti-CD3 mAbs allowed active tar
geting to the spleen and lymph nodes (Fig. 14b), exclusively transfecting 

CD45+CD3+ T cells, but not APCs (Fig. 14c). The infusion of 
PBAE-mRNA engineered adoptive human T cells with CARs, showed 
profound regression of leukemia and solid LNCap C42 prostate tumor 
(Fig. 14d and e) in NSG mice with comparable efficacies to ex vivo 
engineered CAR-T cell therapy. To advance the implementation of this 
intriguing paradigm in clinic, the authors proposed to perform 
comprehensive biosafety evaluation in large animal models. 

4.2.2. Nano-mRNA engineering T cell stimulatory receptor 
In contrast to ICI-based immunotherapies that target and obstruct 

tumor or T cell inhibitory receptor signalling pathway, agonistic mAbs 
against CD137 (4-1BB) or CD134 (OX40) promote the activation of T 
cell stimulatory receptors of 4-1BB or OX-40, thereby stimulating the 
proliferation and expansion of CD8+ T cells with profound anti-tumor 
activity in animal models [169]. Despite the success in preclinical 
studies, the low clinical efficacy (e.g., anti-4-1BB mAb agonist, Utomi
lumab) [170] and severe side effects (e.g., anti-4-1BB mAb, Urelumab) 
[171] have hampered their implementation in clinic. Several anti-OX40 
mAb agonists entered clinical trials with a very low clinical activity 
[172]. To increase the therapeutic efficacy of anti-OX40 mAb agonists, 
Dong and co-workers engineered biomimetic phospholipid nano
formulations (denoted as PL1) for intratumor delivery of mRNA 

Fig. 10. Trimannose decorated lipopolyplex targets splenic DCs for enhanced delivery and translation of modified mRNA, hence increases anti-tumor immunity. (a) 
Schematic illustration of the preparation of LPR nanoparticles. (b) Bioluminescence imaging revealed that FFL-LPR-mRNA targeted the spleens of mice at 24 h after 
systemic administration. (c) E7-specific CD8+ T cells of mice immunised with different nanoformulations as indicated. (d) An experimental timeline of a therapeutic 
TC-1 tumor model and average TC-1 tumor growth curves of mice vaccinated with different nanoformulations as indicated. Reprinted with permission from 
Ref. [132]. Copyright 2018, American Chemical Society. 
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encoding OX40 (Fig. 15a) [98]. Intratumor injection of PL1-OX40 
mRNA enabled upregulation of OX-40 expressed on tumor infiltrating 
T cells, which significantly promoted the therapeutic activity of 
anti-OX40 mAb against established B16F10 melanoma (Fig. 15b and c) 
or A20 tumor in mice, and enhanced the prevention immunity against 
the same tumor rechallenge (Fig. 15d). Mechanistically, the adminis
tration of PL1-OX40 mRNA substantially increased the infiltration of 
CD8+ and CD4+ T cells at tumor sites and decreased the ratio of Foxp3+
regulatory T (Treg) cells/CD4+ T cells (Fig. 15e). This nano-mRNA 
strategy was also applicable under systematic administration. Of note, 
the combination of PL1-OX40 mRNA and ICIs (anti-PD-L1 and 
anti-CTLA-4 mAbs) dramatically reduced tumor metastasis, indicating a 
potential treatment regimen in future clinical studies. Incorporating 

mRNAs encoding cytokines (such as IL-23 and IL-36γ) is an alternative 
strategy to promote the efficacy of nano-OX40 mRNA platform with 
long-term anti-tumor immunity [173]. 

4.2.3. Nano-mRNA expressing therapeutic antibodies 
HER2 (human epidermal growth factor receptor type 2) overex

pressed on breast cancer is associated with overall low survival rate. 
Trastuzumab is a clinically approved humanised antibody targeting 
HER2 for the treatment of invasive breast cancer [174]. Mechanistically, 
trastuzumab targets HER2 and abrogates the down-stream proliferative 
pathway of breast cancers. Additionally, trastuzumab induces 
NK-mediated ADCC (antibody dependent cell mediated cytotoxicity, 
Fig. 13), where Fc receptor expressed on NK cells interacts with Fc 

Fig. 11. Liposomes co-deliver nucleoside modified mRNA and immunopotentiator α-GC for enhancing antigen cross-presentation and iNKT activation. (a) Illustrated 
is the structure and composition of mRNA Galsomes. (b, c) The bioluminescence expression levels in the whole body (b) and major organs (c) in mice vaccinated with 
different fluc-mRNA nanoformulations. (d) Flow cytometry analysis of PD-1 expressed on OVA specific CTLs and iNKT cells harvested from spleen and tumor tissues 
of mice treated with different nanoformulations as indicated. (e) Average B16-OVA-tumor growth and survival curves of mice received different treatments. 
Reprinted with permission from Ref. [159]. Copyright 2019, American Chemical Society. 
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domain of trastuzumab, promoting NK activation and lysis of breast 
cancer cells. To improve the pharmacokinetic prolife of trastuzumab 
with increased serum lifetime, Anderson and co-workers engineered 
LNP-mRNA targeting liver for in vivo production of trastuzumab, 
showing profound therapeutic effect against HER2-positve human 
breast cancer [30]. This nano-mRNA paradigm was applicable in 
expression of other types of therapeutic antibodies in vivo, such as 
anti-human CD20 mAbs (rituximab) against non-Hodgkin’s lymphoma 
[175], anti-PD-1 mAbs for the treatment of intestinal cancer [29]. 

Instead of monospecific antibodies, Sahin team engineered a lipid/ 
polymer nanoformulation encapsulated with nucleoside-modified 
mRNA for in vivo production of CD3 × CLDN6 bispecific T-cell 
engager antibodies against established large tumors [28]. Post intrave
nous injection, the nano-mRNA enabled endogenous expression of 
encoded CD3 × CLDN6 bispecific antibodies in liver, with potent 
pharmacologically activity. NSG mice injected with three doses of lip
id/polymer-CD3 × CLDN6 mRNA completely rejected the established 
large OV-90 human ovarian carcinoma (200–300 mm3). Abundant T 

cells were found infiltrated into CLDN6+ tumor, proving bispecific an
tibodies mediated strong T cell engagement with tumor cells for potent 
anti-tumor activity. Exogenous CD3 × CLDN6 bispecific antibodies was 
able to achieve comparable therapeutic efficacy but requiring as much 
as ten doses. The safety and potency of this nano-mRNA platform is 
currently evaluated under clinical trials (Please refer to next section for 
details). 

4.3. Nano-mRNA targeting multiple immune cells in TME 

Cytokines are stimulatory proteins that can target and modulate 
multiple subsets of immune cells by activating cytokine receptor 
downstream signalling. Clinically, administration of cytokines is one 
central approach to potentially increase the fraction of cancer patients 
responding to ICIs [176]. However, the systematic administration of 
stimulatory cytokines, such as IL-12, inevitably induces off-target asso
ciated toxicities [176,177]. Direct administration of cytokines into local 
sites is an alternative strategy with reduced toxicities to non-malignant 

Fig. 12. Personalised LNP-mRNA induces systematic DC maturation, and reverses the immunosuppression in TME, therefore enhances ICI cancer immunotherapy 
efficacy. (a) Schematic representation of anti-tumor mechanism of cationic lipid-tumor derived mRNA vaccine combined with anti-PD-L1 mAbs. (b) Representative 
TEM images of LNP-mRNA internalized by DC2.4 cells (scale bars: 500 nm). (c) In vivo distribution of LNP-mRNA encoding Cre (cAMP response element) in different 
organs. (d) The experimental timeline and B16F10-OVA tumor growth curves of mice received different nanoformulations as indicated. (e)The percentages of PD- 
1+CD8+ splenocytes derived from B16F10-OVA bearing mice Reprinted with permission from Ref. [160]. Copyright 2018, American Chemical Society. 
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regions. Luheshi and colleagues engineered non-toxic LNP-mRNA 
nanoformulation for intratumor injection in mice, inducing systemic 
immune response against primary and distant tumors [133]. The au
thors designed IL-12 mRNA incorporating the sequences of IL-12a and 
IL-12b together with a linker IL12p70, which was then formulated into 
LNPs. LNP-mRNA encoding IL-12 provoked strong anti-tumor immunity 
in a CD8+ T cell dependent manner. Locally administrated 
LNP-IL-12-mRNA in primary tumor sites induced systematic preventive 
immunity against distant tumor rechallenge in multiple tumor models 
(A20 murine B cell lymphoma, PD-L1 sensitive and resistant MC38 colon 
carcinoma). The secreted IL-12 showed advantages over 
membrane-tethered isoform of IL-12 in potentiating anti-PD-L1 mAbs. 
Anti-tumor immunity of LNP-IL-12-mRNA was correlated with pro
moted Th1 immunity in TME, though in-situ production of secreted 
IL-12 broadly activated DCs, NK and NKTs. To develop synergistic effect, 
LNPs locally delivered both IL-12 mRNA and IL-27 mRNA that targeted 
tumor cells and multiple immune cells (B cells, monocytes and macro
phages), inducing robust tumor infiltration of cytotoxic T cells and NK 
cells against murine B16F10 melanoma [26]. 

In addition to local administration, systematic injections (such as 
intravenous and intraperitoneal injection) of nano-mRNA can target 
malignant tissues via ERP (enhanced permeability and retention) effect 
[35,178,179], or driven by the interactions between active targeting 
molecules and receptors expressed on tumor cells [180]. Following 
administration into bloodstream, it is crucial for the nanoformulation 
strategy to protect mRNA molecules from degradation during circula
tion and transportation period before entering tumor sites. For example, 
PEG are hydrophilic and neutral, which are often anchored on nano
formulations to increase the circulation time of nanoformulations, 
avoiding non-specific binding with proteins in serum components that 
can be recognised and cleared by innate immune cells (e.g., macro
phages) [181]. Ionizable LNPs that are commonly used in clinical studies 
are neutral, which demonstrate enhanced circulation time and improved 
safety profiles compared with cationic LNPs [182]. Once ionizable LNPs 
enter acidic subcellular compartment of endosomes, they turn to be 
positively charged and promoted the release of mRNA molecules into 
the cytoplasm by fusing with endosomal membrane [183]. 

To modulate local immunosuppressive environment against cancer, 
nanoformulation strategies have been engineered for targeted delivery 

of mRNA encoded cytokines of interest into tumor sites, such as IL-12 
[184], IL-15 [120]. Beyond cytokines-mediated immune modulation 
of TME, targeted nano-mRNA platform can translate other stimulatory 
proteins, dramatically altering the functions and crosstalk of tumor 
infiltrated immune cells towards anti-tumor immunity, such as tran
scription factors driving polarization of M1-type macrophages [31], 
proinflammatory chemokine CCL5 (C–C motif ligand 5) recruiting 
multiple leukocytes [27], combined co-stimulatory molecules of 
OX-40L/CD80/CD86 activating APCs and T cells [185]. 

4.4. Indirect targeting immune cells by nano-mRNA mediated 
immunogenetic cancer cell death 

Along with direct modulation of immune cells in TME, nano-mRNA 
encoding functional proteins can indirectly trigger immune cells infil
tration in tumor through reprogramming tumor cells. Clinical studies 
revealed that the loss of suppressor gene, such as PTEN (gene of phos
phate and tension homology deleted on chromosome ten), in human 
cancers was significantly associated with immunosuppressive environ
ment and resistance to immunotherapy of anti-PD-1 mAbs [186]. To 
understand whether PTEN restoration could promote immunogenetic 
cell death-mediated immune modulation at TME, Shi and colleagues 
developed polymeric nanoparticles encapsulated with PTEN mRNA 
(denoted as mPTEN@NPs, with a size of around ~ 200 nm) to geneti
cally reprogram cancer cells [179]. Following intravenous administra
tion, mPTEN@NPs restored the expression of PTEN in PTEN-mutated 
B16F10 tumor, thereby inducing autophagy and associated immuno
genic cell death. mPTEN@NPs enhanced the therapeutic effect against 
established B16F10 melanoma and prostate tumor. Mechanistically, 
cancer cell death induced the release of DAMPs (damage associated 
molecular patterns), which remarkedly activated DCs and T cells, 
thereby promoting T cell infiltration in tumor sites with increased 
response to anti-PD-1 mAbs. 

The loss of p53 tumor suppressor gene was also found associated 
with therapeutic resistance to cancer immunotherapy. Recently, the 
same lab engineered polymer/lipid hybrid nanoparticles decorated with 
peptide CTCE to encapsulate p53 mRNA (referred as CTCE-p53 NPs, 
Fig. 16a and b), which enabled active targeting to chemokine receptor 
CXCR4 expressing hepatocellular carcinoma (HCC) [35]. Intravenously 

Fig. 13. The action modes and representative structures of therapeutic antibodies. Monospecific, bispecific and triple-specific antibodies that target antigens 
expressed on cancer and/or NK or T cells enable increased engagement of cytotoxic T/NK cells with cancer cells, thereby promoting cancer cell lysis (top). Engi
neering strategies on the chain structures of therapeutic antibodies allow a wide range of biological functions (bottom). Created with permission by BioRender. 
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administrated CTCE-p53 NPs accumulated in orthotopic p53-null 
RIL-175 murine HCC and genetically restored the expression of p53 
(Fig. 16c). CTCE-p53 NPs alone or combined with anti-PD1 mAbs 
exhibited a significant regression of established RIL-175 tumor 
(Fig. 16d). The restoration of p53 in HCC reversed the immunosup
pressive environment, with increased secretion of inflammatory cyto
kines and infiltration of anti-tumor immune cells, such as M1 
macrophages, effector T cells (Fig. 16e) and NK cells. 
Liposome-protamine hybrid nanoparticles were investigated as another 
promising delivery platform for in vivo targeting delivery of mRNA 
encoding survivin-T34A, inducing potent anti-tumor efficacy [187]. 

Immunosuppressive characteristics of specific type of tumor heavily 

rely on the crosstalk among malignant cells and heterogenous pop
ulations of immune cells. Genetically reprogramming tumor cells by 
nano-mRNA therapeutics provides a potential opportunity to remodel 
the distribution and function of immune cells infiltrated at TME for 
enhanced anti-tumor immunity. 

Recent advanced nano-mRNA formulations that we introduced in 
preclinical studies for targeted cancer immunotherapy are summarized 
in Table 2. In the context of modulating tumor infiltrating immune cells 
or cancer cells, it is crucial to increase cancer selectivity of nano-mRNA, 
preventing potential chronic immune-related adverse events (irAEs) 
[188]. For example, nano-mRNA expressing anti-PD-1 or anti-CTLA-4 
mAbs can concurrently inhibit non-cancer immune cells, augmenting 

Fig. 14. PBAE nanoparticles functionalized with anti-CD3 enable targeted delivery of CAR or TCR mRNA for reprogramming circulating T cells in vivo, thereby 
effectively recognizing and eliminating tumor cells. (a) Illustrated is the preparation process of PBAE-mRNA NPs. (b) Fluorescence imaging revealed dtTomato 
expression in the organs of mice after intravenous injection of different dtTomato-mRNA-formulations as shown. (c) Flow cytometry analysed the percentages of 
different types of transfected CD45+dtTomato + cells harvested from the spleen of mice. (d) The experimental timeline and representative bioluminescent images of 
mice with orthotopically transplanted luciferase-LNCap C42 prostate tumor and treated with different formulations as indicated. (e) Survival curves of mice received 
different treatments [32]. Reproduced under the terms of the Creative Commons CC BY license. Copyright 2020, The Author(s), published by Springer Nature. 
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Fig. 15. Biomimetic phospholipid nanoparticles effectively deliver OX40 mRNA to tumor-infiltrating T cells with increased OX40 expression, thus potentiate the 
therapeutic effect of anti-OX40 mAbs against tumor. (a) Illustrated is the mechanism of PL1-OX40 mRNA nanoformulation for enhanced cancer immunotherapy of 
anti-OX40 mAbs. (b–d) Shown are the experimental timeline of B16F10 tumor bearing mice received different treatments as indicated (b), tumor growth profiles and 
survival curves of mice with primary tumor (c), and tumor sizes of rechallenged mice (d). (e) The percentages of CD8+, CD4+ T cells and Tregs infiltrated in A20- 
tumor derived from mice received different treatments as shown [98]. Reproduced under the terms of the Creative Commons CC BY license. Copyright 2021, The 
Author(s), published by Springer Nature. 
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autoimmune toxicities and increasing the incidences of irAEs. By pre
cisely engineering their physiochemical properties, nano-mRNA for
mulations can selectively target the organs of interest, promoting their 
clinical implementation in targeted cancer immunotherapy (please refer 
to the last section for our discussion on this point). 

Despite immense potential of nano-mRNA strategies in cancer 
immunotherapy, their clinical translation has faced some obstacles with 

nanotoxicity being one of the most often-encountered challenges. Once 
mRNA delivery systems engineered to nanoscale sizes, these nano
formulations actively interact with biological systems, potentially 
resulting in damage to human body at cellular or intercellular levels. The 
associated nanotoxicity is accentuated by the chemical components, 
morphology, surface charge and softness of nanoformulations [189]. For 
example, inorganic nanoparticles that can release metal ions (e.g., Cd2+. 

Fig. 16. CTCE decorated p53 mRNA-nanoparticles restore the expression of encoded p53 protein in HCCs, secreting multiple cytokines that modulate immune cells 
for efficacious cancer treatment. (a) Illustrated are the composition of synthetic CTCE-p53 NPs and the mechanism of CTCE-p53 NPs evoking strong anti-tumor 
response. (b) A representative TEM image of CTCE-p53 NPs. (c) Immunofluorescence images of p53 knockout RIL-175 cells showed the expression of encoded 
p53 (scale bar: 50 μm). (d, e) p53 null RIL-175 tumor growth curves (d), and the percentages of tumor infiltrating CD3+CD8+ T cells and M2-like macrophages (e) of 
mice treated with different formulations as indicated [35]. Reproduced under the terms of the Creative Commons CC BY license. Copyright 2022, The Author(s), 
published by Springer Nature. 
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Table 2 
Summary of advanced nanoformulations for targeted delivery of mRNA to specific subsets of immune cells.  

Targeted immune cells Nanoformulations mRNA encoded 
molecules 

Size (nm) Surface 
charge 
(mV) 

Tumor models Mechanisms Therapeutic 
outcome 

Administration 
routes 

Ref 

Nano-mRNA targeting DCs 
Ex vivo DCs Cationic liposomes/iron 

oxide NPs 
OVA 207.9 ±

67.2 
44.1 ± 4.5 B16F10-OVA murine melanoma Activating DCs and promoting 

antigen expression 
Suppressing tumor 
growth 

i.d. [137] 

Ex vivo DCs Lipoplex/vitamin E 
scaffold/peptide 

OVA / / E.G7-OVA murine lymphoma As above Suppressing tumor 
growth 

s.c. [138] 

Ex vivo DCs Chitosan NPs CD40+ICOSL 35 / 4T1 murine breast cancer Activating DCs, promoting T 
proliferation and accelerating 
cytokine secretion 

Suppressing tumor 
growth 

i.t. [139] 

Splenic conventional 
DCs, pDCs and 
macrophage 

Lipoplex OVA; gp70; TRP- 
1; CT26-M90; HPV 
E6/E7 

200–400 / B16-OVA and B16F10-Luc murine 
melanoma, CT26 and CT26-Luc 
murine colon carcinoma and TC-1- 
Luc murine cervical cancer 

Activating DC and priming CD4+ and 
CD8+ T cells via TLR7-IFNα signaling 
pathway 

Regression of 
tumor/ 
suppressing tumor 
growth 

i.v. [21] 

As above Lipoplex CLDN6 / / xenograft OV-90 human ovarian 
cancer 

Driving proliferation of adoptive 
CLDN6-CAR-T cells 

Regression of 
tumor/ 
suppressing tumor 
growth 

i.v. [34] 

DCs C1 LNP OVA 150 16.37 ±
0.404 

B16-OVA murine melanoma and 
MC38-OVA murine colon 
carcinoma 

Activating DCs via TLR4 pathway Suppressing tumor 
growth 

s.c. [25] 

dLN-DCs, NK cells, 
macrophages and B 
cells 

OMV/clyA-L7Ae/clyA- 
LLO 

OVA; 28.1 / B16-OVA murine melanoma and 
MC38 murine colon carcinoma 

Activating DC via multiple TLR 
pathways 

Regression of 
tumor/ 
suppressing tumor 
growth 

s.c. [24] 
ADPGK 

dLN-DCs Hydrogel OVA 220 − 0.52 B16-OVA murine melanoma Sustained release of delivered R848 
and mRNA for enhanced DC 
activation via TLR7/8 pathway 

Suppressing tumor 
growth 

s.c. [145] 
(PEI + GO) 

DCs PLGA/lipid NPs OVA 400 20 B16-OVA murine melanoma Delivery of gardiquimod for DC 
activation via TLR7 pathway 

Suppressing tumor 
growth 

i.v. [119] 

dLN-DCs, neutrophils, 
macrophages, and B 
cells 

LNPs Gp100; TRP2; 
OVA; 

200 − 14.1–2.0 B16F10 and B16-OVA murine 
melanoma 

LNPs delivered modified mRNA and 
LPS for enhanced DC activation via 
TLR4 pathway 

Suppressing tumor 
growth 

s.c. [146] 

DCs PEG/lipid/polymer NPs OVA 137 ±
2.8 

11.2 ± 2.1 E.G7-OVA murine lymphoma and 
RM1-OVA murine prostate cancer 

Delivery of C16-R848 for enhanced 
DC activation via TLR7/8 pathway 

Suppressing tumor 
growth 

s.c. [147] 

dLN-macrophages, 
DCs, 

Heterocyclic LNPs OVA; 100 / B16F10-OVA murine melanoma 
and TC1 murine cervical cancer 

Activating DCs via heterocyclic amine 
group-mediated STING pathway 

Suppressing tumor 
growth 

s.c. [22] 

and monocytes E7 
DCs LNPs E6/7; STINGV155M 80–100 / TC-1 murine cervical cancer Activating DCs via hypersensitive 

STINGV155M pathway 
Suppressing tumor 
growth 

i.m. [155] 

DCs Manna/PEI nanocapsules OVA 220 32 ± 0.5 B16F10-OVA murine melanoma Activating DCs via dectin-2/TLR-4 Suppressing tumor 
growth 

s.c. [158] 

Splenic DCs and 
macrophages 

Trimannose/lipid/ 
polymer hybrid NPs 

OVA; 230 45 TC-1 murine cervical cancer and 
B16-OVA murine melanoma 

Priming anti-tumor T cells via 
nanoparticle mediated-type I-IFN 
pathway 

Regression of 
tumor/ 
suppressing tumor 
growth 

i.v. [132] 
E7; 
CD40L + CD70+

cATLR4 
dLN-DCs Mannose/lipid-calcium/ 

phosphate NPs 
MUC1 58 38 4T1 murine breast cancer Activating DCs via mannose receptor 

pathway 
Suppressing tumor 
growth 

s.c. [124] 

Splenic DCs α-GC/liposomes OVA 190 47 B16-OVA murine melanoma and E. 
G7-OVA murine lymphoma 
models 

Activating DCs, iNKT and NK cell Suppressing tumor 
growth 

i.v [159] 

Systematic PD-L1+
APCs 

LNPs Whole tumor 
antigens; 

70–200 40–50 B16F10 and B16-OVA murine 
melanoma; glioma 

Activating PD-L1+DC Suppressing tumor 
growth 

i.v. [160] 

OVA 

(continued on next page) 

W
. Yang et al.                                                                                                                                                                                                                                   



BioactiveMaterials23(2023)438–470

459

Table 2 (continued ) 

Targeted immune cells Nanoformulations mRNA encoded 
molecules 

Size (nm) Surface 
charge 
(mV) 

Tumor models Mechanisms Therapeutic 
outcome 

Administration 
routes 

Ref 

DCs Mesoporous silica NPs OVA; 115 / E.G7-OVA murine lymphoma Promoting mRNA translation by 
loaded PKR inhibitor C16 

Regression of 
tumor/ 
suppressing tumor 
growth 

s.c. [89] 
GM-CSF; 

Lymphoid organ 
resident DCs 

Lipoplex PME1 340 / CT26 murine colon carcinoma Local radiotherapy induced CD8+ T 
cells combined with nano-mRNA 
induced CD4+ T immunity for 
enhanced therapeutic effect 

Regression of 
tumor/ 
suppressing tumor 
growth 

i.v. [161] 

DCs Lipoplex E7 200–250 − 20–30 TC-1 murine cervical cancer Activating DCs and inducing antigen- 
specific effector and memory CD8+ T 
cells 

Regression of 
tumor/ 
suppressing tumor 
growth 

i.v. [164] 

DCs Lipoplex E7 200–250 − 20–30 TC-1 murine cervical cancer Local radiotherapy promoted nano- 
mRNA vaccine efficacy 

Regression of 
tumor/ 
Suppressing tumor 
growth 

i.v. [162] 

DCs Protamine OVA / / E.G7-OVA murine lymphoma As above Suppressing tumor 
growth 

s.c. [163] 

Nano-mRNA targeting cytotoxic T cells and NK cells 
T cells Anti-CD3/CD28 mAbs/ 

PbAE/PGA(polyglycolic 
acido) polymer NPs 

Foxo1 109.6 
±/26.6 

1.1 ± 5.3 Raji murine lymphoma Reprogramming CAR-T cells to a 
memory phenotype with competent 
functions 

Suppressing tumor 
growth 

i.v. [33] 

T cells Anti-CD8 mAbs/PbAE/ 
PGA polymer NPs 

CARs; TCRs 106.9 ±
7.2 

/ Eμ-ALL01 leukemia, In vivo reprograming of circulating T 
cells with CARs or TCRs 

Suppressing tumor 
growth 

i.v. [32] 
Raji lymphoma, LNCaP C42 
prostate cancer and HepG2 
hepatitis B-induced hepatocellular 
carcinoma models 

T cells Phospholipid NPs OX40; 120–230 8–36 B16F10 murine melanoma, A20 B 
cell lymphoma 

Promoting T cell activation and 
therapeutic response to anti- 
OX40mAbs 

Regression of 
tumor/ 
Suppressing tumor 
growth 

i.t./i.v. [98] 
CD137 

T cells, macrophages, 
monocytes, 
granulocytes, DCs, 
tumor cells 

LNPs IL-23, IL-36γ, 
OX40L 

/ / H22 murine hepatocellular 
carcinoma, MC38 murine colon 
carcinoma, and B16F10-AP3 
murine melanoma 

Promoting the infiltration of multiple 
immune cells into tumor sites via 
cytokine- and OX-40L-mediated 
pathways 

Regression of 
tumor/ 
Suppressing tumor 
growth 

i.t./s.c./i.d. [173] 

NK cells LNPs Anti-HER2 mAbs / / mouse xenograft MDA-MB-231- 
HER2 human breast cancer 

Enhancing NK-mediated ADCC Suppressing tumor 
growth 

i.v. [30] 

T cells LNPs Rituximab 
antibody 

/ / mouse xenograft human Raji 
lymphoma 

CDC and ADCC Regression of 
tumor/ 
Suppressing tumor 
growth 

i.v. [175] 

T cells LNPs Anti-PD-1 mAbs / / MC38 murine colon carcinoma Activating T cells by in vivo 
expression of therapeutic anti-PD-1 
mAbs 

Suppressing tumor 
growth 

i.v. [29] 

T cells Lipid/polymer NPs CD3× CLDN6 
bispecific 
antibodies 

/ / mouse xenograft OV-90, ES-2, ES- 
2/hCLDN6 human ovarian cancer 

Bispecific T cell-engager mediated 
cytotoxic T cells to tumor cells 

Regression of 
tumor 

i.v. [28] 

Nano-mRNA targeting multiple immune cells in TME 
T cells, NK cells, 

macrophages 
LNPs IL-12a + IL12b / / MC38-S and MC38-R murine colon 

carcinoma, B16F10-AP3 
melanoma and A20 B cell 
lymphoma. 

Driving Th1 immunity and activating 
DCs, T cells and NK cells 

Regression of 
tumor/ 
Suppressing tumor 
growth 

i.t. [133] 

(continued on next page) 
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Table 2 (continued ) 

Targeted immune cells Nanoformulations mRNA encoded 
molecules 

Size (nm) Surface 
charge 
(mV) 

Tumor models Mechanisms Therapeutic 
outcome 

Administration 
routes 

Ref 

PDX model: ME 12057, ME 12058, 
HN 5111, HM5116 

T cells, DCs, NK cells LNPs IL-12, IL-27, GM- 
CSF 

150–200 / B16F10 murine melanoma Inducing robust infiltration of NK and 
CD8 T cells in tumor 

Suppressing tumor 
growth 

i.t. [26] 

T cells, NK cells, 
macrophages 

LNPs IL-12 / / MYC-driven murine hepatocellular 
carcinoma 

Promoting tumor infiltrating 
activated Th cells and production of 
IFN-γ 

Suppressing tumor 
growth 

i.v. [184] 

NK cells, T cells, liposome-protamine 
complex 

IL-15 221.33 
± 2.52 

48.03 ±
1.429 

C26 murine colon cancer Enhancing proliferation of NK, B, and 
T cells in tumor 

Suppressing tumor 
growth 

i.p./i.t/i.v. [120] 

TAMs, monocytes, 
DCs, neutrophils 

Di-mannose/PbAE/PGA 
polymer NPs 

IRF5 and IKKβ 99.8 
±/24.5 

3.40 ±
/2.15 

ID8 murine ovarian cancer, 
B16F10 melanoma, and 
glioblastoma 

Driving the polarization from M2-like 
macrophages to M1-like macrophages 
in tumor 

Suppressing tumor 
growth 

i.p./i.v. [31] 

T cells, DCs, NK cells LNPs CCL5 / / B16F10 murine melanoma CCL5 chemokine mediated 
recruitment of multiple 

Suppressing tumor 
growth 

i.t. [27] 

Leukocytes in tumor 
Tumor cells, T cells, 

DCs, macrophages 
Charge-altering releasable 
transporters (CART) 

CD70, OX40L, 
CD80, CD86, IL- 
12, IFN-γ 

/ / A20 murine B cell lymphoma and 
CT26 murine colon carcinoma 

Cytokine mediated robust local T-cell 
activation and systematic immune 
response 

Regression of 
tumor/ 
Suppressing tumor 
growth 

i.t. [185] 

Indirect targeting immune cells by nano-mRNA mediated immunogenetic cancer cell death 
Tumor cells Lipid/mPEG-PLGA/G0- 

C14 hybrid NPs 
PTEN 111.8 ±

15.3 
/ Pten-mutated B16F10 murine 

melanoma and Pten-null/Pten- 
Cap8 murine prostate cancer 

Inducing autophagy of cancer cells 
and release of immunogenic DAMPs 

Suppressing tumor 
growth 

i.v. [179] 

Tumor cells Lipid/PLGA/G0-14/DSPE- 
PEG/CTCE NPs 

p53 110 negative p53-null RIL-175 murine 
hepatocellular carcinoma 

Promoting anti-tumor immune cells 
and decreasing pro-tumor immune 
cells 

Suppressing tumor 
growth 

i.v. [35] 

Tumor cells liposome-protamine 
lipoplex 

survivin-T34A 186.1 ±
3.1 

/ C26 murine colon cancer Inducing caspase-dependent cell 
apoptosis, and modulation of tumor 
microenvironment 

Suppressing tumor 
growth 

i.p./i.t./i.v. [187] 

Note: i.v.: intravenous injection; i.m.: intramuscular injection; s.c.: subcutaneous injection; i.d.: intradermal injection; DSPE: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine. 
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Mn2+) can promote the production of reactive oxygen species (ROS) via 
biochemical reactions, causing ROS-mediated cell damage [189]. 
Increased accumulation of Mn2+ can also trigger nanotoxicity in central 
nervous system, such as Parkinson diseases [190]. To capsulate nega
tively charged mRNA, nanoformulation delivery systems often contain 
cationic components, which cause their extensive interactions with 
cellular components (such as endosome membrane) and subsequent 
apoptotic cell death [191]. Beyond nanotoxicity, cationic nano-mRNA 
delivery systems potentially induce pro-inflammatory responses [192]. 
As discussed above, ionizable LNPs are one of the most promising can
didates in clinical studies, which could potentially reduce nanotoxicity 
caused by cationic LNPs. The candidates with excellent safety profile 
and therapeutic efficacy have entered clinical trials, which will be dis
cussed in next section. 

5. Progress of clinical trials 

The first clinical trial of mRNA therapeutics was conducted in pa
tients with breast cancer (NCT00003432) in 1998, where patients 
received DC vaccines pulsed with naked mRNA expressing carcinoem
bryonic antigen for evaluating cancer immunotherapy efficacy. In the 
context of nano-mRNA immunotherapeutics, most clinical trials have 
focused on cancer vaccines, of which protamine-delivered mRNA vac
cines were at advanced clinical development (Table 3). The early studies 
on mRNA vaccine delivery using protamine nanoformulations revealed 
that mRNA-protamine acted as adjuvants via activation of TLR7/8 
pathway, induing balanced and potent cellular immunity after easy in
tradermal administration [193], while the translation efficacy of tightly 
bounded mRNA was moderate. To overcome this hurdle, CureVac 
developed RNActive® by combination of protamine-delivered mRNA 
and naked nucleoside modified mRNA with a ratio of 1:1. RNActive® 
encoding multiple TAAs were clinically evaluated in patients with 
metastatic prostate cancer, stage IIIB/IV NSCLC (non-small-cell lung 
cancer) or metastatic melanoma [194–198] (Table 3). This vaccination 
strategy alone or in combination with radiation therapy was proven well 
tolerated and immunogenic in patients under phase I/II clinical studies. 
The development of RNActive® was halted by current preference of 
LNPs delivered mRNA therapeutics in clinic. 

Lipoplex nanoformulations developed by BioNTech are the most 
advanced LNP-mRNA cancer vaccines, of which BNT111 encoding four 
melanoma TAAs is being evaluated in phase I trial in melanoma patients 
(NCT02410733). The clinical results of BNT111 have been reported 
[23], showing that patients intravenously administrated with BNT111 
vaccine induced potent and broad T cell response against TAAs. Antigen 
specific CTLs with a high magnitude and long durability were observed 
in some responders who experienced the treatment of anti-PD-1 mAbs. 
Patients vaccinated with BNT111 appeared with flu-like symptoms in 
mild to moderate levels, which were resolved within 1 day. Given the 
encouraging clinical safety profile and immunogenic responses, BNT111 
now is under an active phase II study with or without anti-PD-1 mAbs to 
evaluate the efficacy as well as safety in patients with unresectable 
melanoma (NCT04526899). 

Lipoplex cancer vaccine technology is expanding its clinical evalu
ations in patients with other types of malignancies (Table 3), including 
BNT112 vaccine encoding five prostate cancer antigens in prostate 
cancer patients (NCT04382898), BNT113 encoding viral neoantigen 
HPV16 E6/E7 in patients with HPV16 positive HNSCC (head and neck 
squamous cell carcinoma) (NCT04534205, NCT03418480), BNT114 
encoding three breast cancer antigens in breast cancer patients 
(NCT023164570), BNT115 encoding mixed ovarian cancer TAAs in 
patients with ovarian cancer (NCT04163094), and BNT116 encoding 
mixed NSCLC TAAs in NSCLC patients (NCT05142189). BioNTech also 
developed lipoplex-based neoantigen mRNA vaccine of BNT122 for 
multiple cancer treatment. BNT122 encoding up to 20 neoepitopes for 
individual patient is currently under clinical evaluation in four studies 
(Table 3). These vaccine product candidates are to augment the 

production of antigen specific endogenous T cells, while the newly 
investigated BNT211 vaccine product encodes CLDN6 for in vivo 
expansion of adoptive CLDN6 CAR-T cells. The brief report on phase I/II 
clinical results of BNT211 (NCT04503278) demonstrated encouraging 
safety profile and efficacy in patients with CLDN6+ solid tumors [199], 
which might be a hallmark in CAR-T mediated solid tumor treatment. 

Moderna developed an alternative LNP-based nanoformulation for 
delivery of personalised cancer mRNA vaccines. It is a key but remains a 
challenge to select appropriate immunogenic neoantigens. Moderna has 
developed different pipelines for identification and selections of neo
antigens that can be recognised by functional tumor-infiltrating T cells 
in patients. For example, Moderna identified 15 human leukocyte an
tigen (HLA) class I neoantigens from driver gene mutations by exome 
sequencing of patient tumor samples, which were then encoded into a 
mRNA vaccine together with the defined antigens (named mRNA-4650). 
The personized mRNA-4650 vaccine was administrated intramuscularly 
in patients with metastatic gastrointestinal cancer in a phase I/II study 
(NCT03480152) to evaluate the safety, tolerability, and immunogenic 
efficacy. The clinical results from 4 patients displayed no severe side 
effects, while this vaccine did not stimulate increased neoantigen spe
cific T cell immunity [200]. Given that no clinical response was detec
ted, Moderna decided to terminate this clinical trial. Instead, a closely 
related mRNA-4157 vaccine was developed via a different neoantigen 
selection protocol, where a single mRNA encoded up to 34 selected 
neoantigens. mRNA-4157 vaccine alone or in combination with pem
brolizumab (anti-PD1 mAbs) currently is in a phase I study in patients 
with solid tumors (NCT03313778, starting from 2017) and phase II 
study in patients with complete resected cutaneous melanoma 
(NCT03897881). Moderna also developed TAA encoded mRNA vaccine, 
such as mRNA-5671 incorporating four mutated KRAS (kirsten rat sar
coma viral oncogene homolog) antigens. mRNA-5671 vaccine as mon
otherapy and combination therapy with pembrolizumab currently is 
evaluated in patients with multiple KRAS mutant advanced or meta
static cancers under a phase I study (NCT03948763). Another newly 
developed DOTAP liposome vaccine containing autologous total tumor 
mRNA and mRNA encoding lysosome membrane-associated protein 
(LAMP) is under a first human phase I study in patients with glioblas
toma (NCT04573140). 

Along with therapeutic nano-mRNA cancer vaccines, both BioNTech 
and Moderna recently are remarkedly increasing investments on nano- 
mRNA development pipelines for the replacement of immunothera
peutic antibodies or cytokines and in vivo production of T/NK cells with 
CARs and TCRs. One such product, BNT142 encoding CD3 × CLDN6 
bispecific antibodies, is just starting the first human phase I/II studies 
(NCT05262530) this year to evaluate its safety and immunogenetic ef
ficacy in patients with CLDN6+ advanced solid tumors. Another type of 
products, BNT151 encoding optimized IL-2, BNT151 encoding IL-2 and 
BNT153 encoding IL-7, are under clinical trials (NCT04455620, 
NCT04710043) alone or combined with other therapeutic agents in solid 
tumor patients via intravenous administration. An ongoing study just 
started in 2022 is evaluating the safety and pharmacokinetics of nano- 
mRNA product (BNT141) encoding therapeutic mAbs against tumor 
antigen CLDN18.2 in patients with CLDN18.2+ tumor (NCT04683939). 
An intratumor administrated product (MEDI1191) that encodes fusion 
proteins of IL-12α and IL-12β is in a phase I study in patients with solid 
tumor (NCT03946800). Another two products, mRNA-2416 encoding 
OX40L and mRNA-2752 (NCT02872025, starting from 2017) incorpo
rating encoded OX-40L, IL-36γ and IL-23, are being evaluated in phase I 
studies (Table 3). The tumor samples from NSCLC patients in mRNA- 
2416 clinical trials were spatially mapped to evaluate the clinical sig
nificance of OX40/OX40L pathway [201]. The results demonstrated that 
local injection of mRNA-2416 increased the expression of OX40L in 
TME, which was associated with increased infiltrated CD4+ and CD8+ T 
cells and conventional type 1 DCs (cDC1s) in NSCLC. The preliminary 
clinical response data are encouraging. 

Recent explosion and success of new immunotargets, genetically 

W. Yang et al.                                                                                                                                                                                                                                   



Bioactive Materials 23 (2023) 438–470

462

Table 3 
Summary of representative nano-mRNA therapeutics for targeted cancer immunotherapy under clinical trials.  

Targeted immune 
cells 

Nanoformulations mRNA 
encoded 
molecules 

Tumor types Administration 
routes 

Nano-mRNA 
name 

Phase Status NCT Number 

(Start year) (Ref) 

Splenic cDCs, 
pDCs, and 
macrophages 

Lipoplex Three TAAs Triple-negative 
breast cancer 

i.v. BNT114 Phase-I Active, not 
recruiting 

NCT02316457 

(2016) 
As above Lipoplex Three TAAs Ovarian cancer i.v. BNT115 Phase-I Recruiting NCT04163094 

(2019) (W_ova1) 
As above Lipoplex TAAs Non-small-cell 

lung cancer 
i.v. BNT116 Phase-I Not yet recruiting NCT05142189 

(Estimated in 2022) 
As above Lipoplex Kallikrein-2 

+Kallikrein-3 
+

Metastatic 
castration- 
resistant 
prostate cancer 

i.v. BNT112 Phase-I/II Recruiting NCT04382898 

ACP-Prostate 
+ HOXB13 +

(W_pro1) (2019) 

NK3 
homeobox 1 

As above Lipoplex NY-ESO-1 +
MAGE-A3 +
TPTE +
Tyrosinase 

melanoma i.v. BNT111 Phase-I/II Recruiting (2021)/ 
Active, not 
recruiting (2015) 

NCT04526899/ 
NCT02410733 
([23]) 

Ex vivo human 
DCs 

Protamine NY-ESO-1 +
MAGE-C2 +
MUC1 

metastatic 
castration- 
resistant 
prostate cancer 

i.n. / Phase-II Completed NCT02692976 
(2015) 
([194]) 

Skin-APCs Protamine NY-ESO-1 +
MAGE-C1 +
5T4 +

Non-small-cell 
lung cancer 

i.d. CV9202 Phase-I/II Completed (2017)/ 
Terminated (2013) 

NCT03164772/ 
NCT01915524 

(RNActive®) MAGE-C2 +
Survivin +
MUC-1 

(BI-1361849) ([195,196]) 

As above Protamine NY-ESO-1 +
MAGE-C1 +
5T4 +

Stage IIIB/IV 
non-small-cell 

i.d. CV9201 Phase-I/II Completed NCT00923312 

(RNActive®) MAGE-C2 +
Survivin 

lung cancer (2009) ([197]) 

As above Protamine Melan-A +
Mage-A1 +
GP100 +

Stages III/IV 
metastatic 
melanoma 

i.d. / Phase-I/II Completed NCT00204607 

Mage-A3 +
Survivin +
Tyrosinase 

(2004) 

As above Protamine PSA + PSCA +
PSMA +
STEAP1 

Hormone- 
resistant 

i.d. CV9103 Phase-I/II Completed NCT00831467 

(RNActive®) prostate cancer (2009) ([198]) 
As above Protamine PSA + PSCA +

PSMA +
STEAP1 +

High/ 
Intermediate 
risk 

i.d. CV9104 Phase-II Terminated NCT02140138 

(RNActive®) PAP + Muc1 prostate cancer (2014) 
Splenic cDCs, 

pDCs, and 
macrophages 

Lipoplex E6 + E7 HPV16+ head 
and neck 
squamous cell 
carcinoma 

i.v./i.d. BNT113 Phase-I/II Recruiting (2021)/ 
Recruiting (2017) 

NCT04534205/ 
NCT03418480 

As above DOTAP Liposome Total tumor 
mRNA +

Pediatric high- 
grade 

i.v. RNA-LP Phase-I Recruiting NCT04573140 

pp65 full 
length LAMP 
mRNA 

glioma/ 
glioblastoma 

(2021) 

dLN-APCs LNP Personalised 
cancer vaccine 

Multiple 
cancers 

i.m. NCI-4650 Phase-I/II Terminated (2018) NCT03480152 
(mRNA- 
4650) 

([200]) 

As above LNP As above Solid tumor/ 
melanoma 

i.m mRNA-4157 Phase-I/II Recruiting (2017)/ 
Active, not 
recruiting (2019) 

NCT03313778/ 
NCT03897881 

As above Lipopolyplex As above Multiple 
advanced 

s.c. / Not 
Applicable 

Unknown NCT03468244 

digestive 
system cancers 

(2018) 

APCs Protamine As above Multiple / PGV002 Not 
Applicable 

Recruiting NCT05192460 
digestive 
system cancers 

(Estimated in 2022) 

Splenic cDCs, 
pDCs, and 
macrophages 

Lipoplex As above Multiple 
resected/ 
advanced 
cancers 

i.v. BNT122 Phase-I/II Recruiting (2021)/ 
Active, not 
recruiting (2019)/ 
NCT03815058 

NCT04486378/ 
NCT04161755/ 
NCT03815058/ 

(RO7198457) 

(continued on next page) 
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engineered adoptive T cell therapy and mRNA COVID-19 vaccines have 
fuelled research interest and investment from biotechnology companies 
in the use of nano-mRNA therapeutics for targeted cancer immuno
therapy. As seen from Table 3, organic nanoparticles, such as LNPs and 
polymer nanoparticles, are more prevalent in clinical studies compared 
with inorganic counterparts, contributing by the advantages of organic 
nanoparticles (listed in Table 1), such as high biocompatibility and 
simplicity in scale-up fabrication. Most LNP-mRNA therapeutics in 
cancer immunotherapy are at their early phase of clinical trials and have 
not yet employed in clinic. It had been a long journey for researchers to 
address the issues of mRNA instability and low transfection efficacy in 
vivo prior to their recent clinical trials. The preliminary results from 
current clinical trials are encouraging, while there are still some un
solved critical issues (discussed in the last section) that might impede 
their clinical translation in future. 

6. Conclusions and future directions 

The global recognition of the integrated technology of nano-mRNA 
in the rapid development of safe and effective COVID-19 vaccines has 
reignited the research interest and investment in mRNA therapeutics. 
The increasing knowledge in mRNA biology allows appropriate modu
lation on mRNA construct, inherent immunogenicity and production 
process and functional adaptability. Nanotechnologies that can encap
sulate, protect, and deliver mRNA to specific sites of the body are 
indispensable for the extraordinary success of mRNA therapeutics in 
clinic. In parallel, immunotherapy has revolutionized the modalities of 
cancer treatment, such as ICIs and adoptive cell therapy. Given tumor 
heterogenicity, only 10–30% patients can benefit from cancer immu
notherapy. Short half-life and autoimmune related adverse effects of 

immuno-drugs are additional barriers for the broad implementation of 
cancer immunotherapy in clinical practices. The rapid progress of nano- 
mRNA promotes the promise of cancer immunotherapy by targeted 
delivery of encoded immuno-drugs to specific immune cells, enabling 
production of long-acting therapeutics and reducing off-target associ
ated toxicities. As exemplified above, recent technological advances in 
delivery platforms and mRNA constructs have led to diverse promising 
paradigms in targeted cancer immunotherapy under preclinical and 
clinical studies. The flexibility of mRNA technology in encoding a great 
variety of immuno-molecules has created numerous clinical products, 
ranging from therapeutic cancer vaccines to immunostimulatory cyto
kines, antigen specific therapeutic antibodies, and in vivo genetically 
engineered T cells with CARs. Despite the stunning success of nano- 
mRNA technology in targeted cancer immunotherapy, there are still 
some challenges to be addressed for advancing the use of nano-mRNA as 
therapeutic immuno-medicines in clinic. 

(1) Improved optimization of mRNA technology and under
standing of molecular mechanisms of constructed mRNA. 
The efforts in the past decade have driven the rapid development 
of transformative mRNA technologies to clinical reality. The 
incredible speed in mRNA vaccine deployment globally has 
proven the safety, efficacy, and adaptability of mRNA therapeu
tics in medicine. The discoveries in mRNA modifications are the 
key for the success of mRNA vaccines. Nevertheless, the 
remaining technical obstacles facing mRNA platforms are 
apparent, such as limited stability in vivo and low expression of 
encoded molecules. Continued development of mRNA technology 
with increased stability, immunogenicity and translatability 
could lead to the next generation of mRNA-based immuno-drugs, 

Table 3 (continued ) 

Targeted immune 
cells 

Nanoformulations mRNA 
encoded 
molecules 

Tumor types Administration 
routes 

Nano-mRNA 
name 

Phase Status NCT Number 

(Start year) (Ref) 

(2019)/Withdrawn 
(2021)/Active, not 
recruiting (2017) 

NCT04267237/ 
NCT03289962 

dLN-APCs LNP Four KRAS 
mutated 
proteins 

Multiple KRAS 
mutant 

i.m. mRNA-5671 Phase-I Active, not 
recruiting (2019) 

NCT03948763 

(G12D +
G12V + G13D 
+ G12C) 

advanced/ 
metastatic 
cancers 

Splenic cDCs, 
pDCs, and 
macrophages 

Lipoplex CLDN6 Solid Tumor i.v. BNT211 Phase-I/II Recruiting NCT04503278 
(2020) ([199]) 

Tumor-T cells, 
Tumor cells 

Cationic polymer/ 
lipid formulation 

CD3 × CLDN6 
bispecific 
antibodies 

Solid Tumor i.v. BNT142 Phase-I/II Recruiting NCT05262530 
(2022) 

T cells LNP Optimized IL-2 Solid Tumor i.v. BNT151 Phase-I/II Recruiting NCT04455620 
(2021) 

As above LNP IL-2 + IL-7 Solid Tumor i.v. BNT152 +
BNT153 

Phase-1 Recruiting NCT04710043 
(2021) 

Tumor-T cells, NK 
cells, 
macrophages 

LNP IL-12 Advanced Solid 
tumor 

i.t. MEDI1191 Phase-I Recruiting NCT03946800 
(2019) 

Tumor - NK cells LNP Anti-Claudin 
18.2 
antibodies 

Solid Tumor i.v. BNT141 Phase-I/II Recruiting NCT04683939 
(2022) 

Tumor and TdLN - 
T cells, 
macrophages, 
monocytes, 
granulocytes, 
DCs, Tumor 
cells 

LNP OX40L Recurrent/ 
refractory solid 
malignant 
tumor or 
lymphoma 

i.t. mRNA-2416 Phase-I Active, not 
recruiting 

NCT03323398 

(2017) ([201]) 

As above LNP OX40L + IL- 
23 + IL-36γ 

multiple 
advanced 
cancers 

i.t. mRNA-2752 Early 
Phase-I 

Recruiting (2018)/ 
Recruiting (2017) 

NCT03739931/ 
NCT02872025 

Note: i.n.: intranodal injection; TdLN: Tumor draining lymph node. 
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fulfilling the medical potential of mRNA technology. To this end, 
it is essential to deepen the understanding of the relationship 
between the construct of modified mRNA and its stability/ 
translation/immune modulation. High throughput methods are 
an appealing strategy to fast and accurately establish the corre
lations between the performance of mRNA and its massive 
structure variants. For example, the newly developed sequencing- 
based evaluation platform called PERSIST-seq enables systematic 
delineation of mRNA stability of a library of mRNA with diverse 
constructs [202]. Beyond conventional nonreplicating mRNA 
technology widely explored in cancer immunotherapy, 
self-amplify mRNAs have emerged as vaccine candidates for 
preventing infectious diseases [203]. Compared to conventional 
mRNA, self-amplified mRNA can copy itself and promote 
expression of encoded proteins under a low dose. However, it 
remains a challenge to precisely control the modification, trans
port, and strong immunogenicity-mediated side effects of large 
sized self-amplifying mRNAs. Very recently, an self-amplifying 
mRNA was reported inducing potent protective immunity in 
non-human primates against SARS-CoV-2 [204]. These encour
aging preclinical data along with further technological discov
eries might expand the applications of self-amplifying mRNA 
technology in therapeutic cancer vaccines and therapeutic 
protein-based immunotherapy (Fig. 17).  

(2) Optimization of mRNA delivery platforms with a precise 
organ selectivity and high encapsulating capacity. The sta
bility of naked mRNA is substantially enhanced by mRNA de
livery platforms. Currently ionizable LNPs are the preferred 
formulations to transport mRNA therapeutics in animal models 
and humans, with improved safety profile and therapeutic effi
cacy. Selective delivery of mRNA therapeutics to the action site in 
an organism is crucial to achieve the therapeutic outcome and 
reduce off-target associated toxicity. Targeting DCs in lymphoid 
organs is essential to initiate T cell immunity of delivered mRNA 
vaccines, thus spleen-target lipoplex products have been devel
oped and applied in severval cancer mRNA vaccine formulations 
that are under extensive clinical investigations. In addition to 
specific targeting efficacy, mRNA delivery platform is expected to 
have a high payload with multiple antigen candidates, which is 
normally comprised by the consideration of dose tolerability of 
LNPs. Thus, redesigning mRNA delivery platforms with increased 
loading capability and enhanced the translation efficacy of mRNA 
is a potential solution to balance the safety and efficacy. In the 
context of targeting immune cells at tumor sites, nano-mRNA 
encoding immune stimulatory proteins can be passively 

delivered to tumors driven by the small nanosize-mediated EPR 
effect. Nonetheless, the accumulation efficacy is limited by the 
heterogenous physical barriers inside tumor [205]. Therefore, 
selective LNPs recently have been rationally engineered for active 
targeting delivery of mRNA to specific organs of lung, liver, or 
spleen [206,207]. This intriguing mRNA delivery system holds 
immense potential in targeted cancer immunotherapy. Alterna
tively, VLPs that have been approved as antigens in human use 
could potentially serve as promising delivery vehicles for mRNA 
therapeutics. The reengineering strategies are required to pro
mote the translatability and immunogenicity of VLPs in the body.  

(3) Improved understanding on the clinical response of nano-mRNA 
immunotherapeutics. As reflected in Table 3, most LNP-mRNA 
modalities in the treatment of cancer patients are still under 
early phases of clinical trials. The positive therapeutic outcomes 
from these clinical studies will support the progress of promising 
candidates toward next evaluation stage. More importantly, the 
clinical data will expand our understanding on how and to what 
degree the patient response to the newly developed LNP-mRNA 
immuno-drug, which is extremely valuable in determining opti
mization directions for both mRNA and delivery technologies. 
The positive feedback loop will advance the translation of nano- 
mRNA technology in clinic.  

(4) Exploration of uncovered mechanisms at the interface of nano- 
mRNA and tumor microenvironment. Tumors are made up of 
heterogenous groups of malignant, stromal, and immune cells, 
with substantial levels of heterogenicity in each type of cells. The 
crosstalk among these cells creates an amalgam of signals that 
promote or suppress tumor growth and evolution. The bulk 
transcriptomic analysis tends to obscure specific subtype and 
status of cells that might be crucial for a therapeutic target. The 
integration of single-cell and bulk analyses is particularly vital in 
cancer immunotherapy, which can provide the insights into 
tumor or patient specific mechanisms driving a therapeutic 
response [208]. The emerging high-dimensional technologies, 
such as single-cell sequencing, single cell T cell receptor analysis, 
spatial transcriptomics, high dimensional flow cytometry, are 
revolutionary tools, which will advance our understanding of the 
interaction mechanisms between nano-mRNA and patient TME. 
The detailed molecular mechanisms that drive the response or 
resistance to nano-mRNA immunotherapy will yield informative 
results for the development of next generation of nano-mRNA 
technologies. 

(5) Improved research collaborations across disciplines. Multi
disciplinary research is vital to address research problems and 

Fig. 17. An illustrated scheme showing the proposed future directions for implementation of nano-mRNA integrated technology in targeted cancer immunotherapy. 
Created with permission by BioRender. 
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society challenges. For example, the success of mRNA vaccines is 
a product of close and intensive collaboration with scientists at 
universities from different fields. Similarly, combined advances 
from nanotechnology, mRNA biology, immunology, and 
oncology, have furthered our knowledge of nano-mRNA tech
nology in cancer immunotherapy. To advance the translation of 
nano-mRNA technology from basic science into medical prod
ucts, it is indispensable to overcome the barriers caused by 
distinct technical vocabulary and commutation cultures, thereby 
fostering mutual understanding in research goals. 

The advances in mRNA technology and nanoformulation strategies 
have demonstrated immense potential in cancer immunotherapy by 
targeted modulation of specific subsets of immune cells. The integrated 
nano-mRNA technology mediated immuno-therapeutics have been 
broadly studied for cancer treatment in preclinical and clinical studies. 
Continued research efforts and discoveries in this multidisciplinary field 
is expected to fulfil the far-reaching potential of nano-mRNA thera
peutics in clinical practices for cancer treatment as well as other medical 
applications [209,210]. 
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TLRs Toll-like receptors 
APCs antigen presenting cells 
STING intracellular stimulator of interferon genes 
NK cells natural killer cells 
IVT in vitro transcription 
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UTR untranslated region 
ORF open reading frame 

PAMP pathogen-associated molecular pattern 
PRRs pattern recognition receptors 
IFN interferon 
TAA tumor-associated antigen 
HPLC high performance liquid chromatography 
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DOTMA 1,2-di-O-octadecenyl-3-trimethylammonium propane 

(chloride salt) 
RIG-1 recombinant retinoic acid inducible gene 1 protein 
MDA-5 melanoma differentiation-associated protein 5 
m7G 7-methylguanosine; 
eIF4F eukaryotic initiation factor 4F 
IRES internal ribosome entry sites 
miRNA microRNA 
GC guanine cytosine; 
U uracil 
dsRNA double-stranded mRNA 
RNase ribonuclease 
Da dalton 
MHC major histocompatibility complex 
ER endoplasmic reticulum 
GM-CSF granulocyte-macrophage colony-stimulating factor 
IL-12 interleukin-12 
CPP cationic cell-penetrating peptide; 
VLPs virus-like particles 
HPV human papillomavirus 
PEG10 paternally expressed 10 
PEG polyethylene glycol 
DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine; 
DOTAP 1,2-Dioleoyl-3-trimethylammonium-propane, chloride; 
DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; 
PEI polyethylenimine; 
PBAE poly (β-amino ester)s 
PLGA poly(lactic-co-glycolic acid) 
OMVs outer membrane vesicles 
dLNs draining lymph nodes 
TCRs T-cell receptors 
IONPs iron oxide nanoparticles 
IO-RNA-NPs OVA-mRNA in the optimized liposomes 
MRI magnetic resonance imaging 
OVA ovalbumin 
ICOSL, inducible costimulator ligand; 
CD40 cluster of differentiation 40 
Luc luciferase labeling 
CLDN6 claudin 6 
CAR-T cells chimeric antigen receptor-T cells 
LPX lipoplex 
NSG NOD scid gamma 
PAMAM poly(-amidoamine) 
DiR 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyaine 

iodide; 
EGFP enhanced green fluorescent protein 
R848 a TLR7/8 agonist 
LPS lipopolysaccharide; 
FFL, firefly luciferase 
SEM scanning electron microscope 
TEM transmission electron microscope 
IRF interferon regulatory factor 
dsDNA double stranded DNA 
NF-κB nuclear factor kappa-B; 
ISRE interferon stimulated response element 
CLRs C-type lectin receptors; Mann, mannan 
Dex dextran 
CTLA-4 cytotoxic T lymphocyte-associated antigen-4 
mAbs monoclonal antibody; cy5.5, cyanine5.5 
Fluc firefly luciferin 
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ICIs immune checkpoint inhibitors 
PD-1 programmed death 1 
α-GC α-Glucosidase 
iNKT cells invariant natural killer T cells 
NKT cells natural killer T cells 
PKR inhibitor protein kinase inhibitor 
Cre cAMP response element 
HER2 human epidermal growth factor receptor type 2 
ADCC antibody dependent cell mediated cytotoxicity 
CCL5 C–C motif ligand 5 
DLS dynamic light scattering 
NP nanoparticle 
PTEN gene of phosphate and tension homology deleted on 

chromosome ten 
CRT calreticulin 
CTCE CXCR4 antagonist 
HCC hepatic cell carcinoma 
pDCs plasmacytoid dendritic cells 
GO graphite oxide; 
PGA polyglycolic acido 
GM-CSF granulocyte-macrophage colony-stimulating factor 
Di dialkylcarbocyanines 
CART charge-altering releasable transporter 
DSPE 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; 
i.v. intravenous injection 
i.m. intramuscular injection 
s.c. subcutaneous injection 
i.d. intradermal injection 
NSCLC non-small-cell lung cancer 
HNSCC head and neck squamous cell carcinoma 
HLA human leukocyte antigen 
KRAS kirsten rat sarcoma viral oncogene homolog 
PAP prostatic acid phosphatase 
TME tumor microenvironment 
DAMPs damage associated molecular patterns 
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