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A B S T R A C T   

Abnormal immune cell functions are commonly related to various diseases, including cancer, autoimmune dis-
eases, and infectious diseases. Messenger RNA (mRNA)-based therapy can regulate the functions of immune cells 
or assign new functions to immune cells, thereby generating therapeutic immune responses to treat these dis-
eases. However, mRNA is unstable in physiological environments and can hardly enter the cytoplasm of target 
cells; thus, effective mRNA delivery systems are critical for developing mRNA therapy. The two mRNA vaccines 
of Pfizer-BioNTech and Moderna have demonstrated that lipid nanoparticles (LNPs) can deliver mRNA into 
dendritic cells (DCs) to induce immunization against severe acute respiratory syndrome coronavirus 2, which 
opened the floodgates to the development of mRNA therapy. Apart from DCs, other immune cells are promising 
targets for mRNA therapy. This review summarized the barriers to mRNA delivery and advances in mRNA de-
livery for regulating the functions of different immune cells.   

1. Introduction 

Messenger RNA (mRNA) vaccines are among the first vaccines to be 
approved for protection against coronavirus disease 2019 (COVID-19) 
[1]. Clinical trials have demonstrated that the COVID-19 mRNA vac-
cines of Pfizer-BioNTech and Moderna are approximately 90% effective 
[2,3]. COIVD-19 mRNA vaccines work by delivering severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) viral antigen-encoding 
mRNA into dendritic cells (DCs), in which the mRNA is translated into 
the viral antigen to activate T cells and B cells [4,5]. When the virus 
enters the body again, antigen-specific T cells or antibodies produced by 
B cells can rapidly destroy the virus. Owing to the breakthroughs in 
COVID-19 mRNA vaccines, mRNA-based therapy has become an inter-
esting topic in drug development. Current applications of mRNA-based 
therapy mainly include 1) mRNA vaccines for infectious disease pre-
vention and cancer treatment, which account for most mRNA-based 
therapies in clinical trials. 2) Protein replacement therapy, a method 

for expressing cytokines, antibodies, and other proteins by mRNA, is also 
an attractive approach for mRNA-based therapy. 3) Expression of cell 
reprogramming factors. 4) Expression of Cas nucleases and the TALENs 
(transcription activator-like effector nucleases) for gene editing 
(Table 1) [5–8]. 

mRNA has many excellent features for drug development [16]. First, 
mRNA is a long linear RNA which can be easily designed according to 
the genomic sequences and can be rapidly synthesized by in vitro tran-
scription technology. Second, mRNAs can transiently express thera-
peutic proteins without the risk of genomic integration. In addition, 
compared to DNA vectors that must be transported into the nucleus, 
mRNA can achieve protein expression as soon as being transfected into 
the cytoplasm [17]. Furthermore, once a mature mRNA drug pipeline is 
set up, later mRNA drugs can be rapidly developed based on a well- 
defined workflow by changing its sequences only. However, some crit-
ical aspects should be considered when developing mRNA drugs: 1) how 
to effectively deliver mRNA into target cells, 2) how to ensure mRNA is 
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effectively transcribed into a protein, and 3) how to reduce or regulate 
the mRNA immunogenicity. To overcome the susceptibility to enzymatic 
degradation and the inability to get into the cytoplasm of mRNA, 
numerous non-viral delivery systems have been reported for mRNA 
delivery [18–22]. In addition, many mRNA modification strategies, such 
as 7-methylguanosine 5′-Cap (m7G 5′-Cap), poly(A) tails, introducing 
untranslated regions (UTRs), and inserting modified nucleotides 
[18,22–24], have been developed to regulate the immunogenicity and 
stability of mRNA. 

Currently, the major research direction of mRNA therapy is to 
develop mRNA vaccines, and many comprehensive reviews have sum-
marized the progress of delivering mRNA into DCs to stimulate antiviral 
and antitumor immune responses [22,25–27]. Apart from DCs, other 
immune cells also play important roles in the protection of the body and 
the progression of various diseases [28]. For example, B and T cells are 
the main adaptive immune cells. B cells are mainly responsible for 
producing antibodies and can also act as antigen-presenting cells (APCs) 
[29–31]. T cells can differentiate into effector cells to exert cell- 
mediated immunity, produce cytokines, and assist humoral immunity 
[32–34]. Macrophages are critical innate immune cells for the immune 
surveillance and clearance of pathogens and abnormal cells [35,36]. 
Regulating the differentiation and functions of these immune cells is 
promising for treating cancers, autoimmune diseases, cardiovascular 
diseases, and immune deficiencies. Here, we reviewed the progress of 
mRNA delivery for regulating the functions of different immune cells 
and treating immune-related diseases. We analyzed the advantages and 
potential applications of mRNA for regulating the functions of immune 
cells, discussed the barriers of delivering mRNA into these immune cells, 
and highlighted the recent research on immune cell-targeted mRNA 
delivery. We also proposed an outlook on new opportunities for mRNA- 
based therapy. 

2. mRNA: an excellent method to regulate the functions of 
immune cells 

The immune system is the defensive mechanism to protect human 
against threats. Immune cells are consisted of innate immune cells, 
including DCs, macrophages, and NK cells, and adaptive immune cells, 
including T and B cells. Each type of immune cell holds different pivotal 
immune functions. 

DCs, the most professional APCs, have excellent antigen-presenting 
ability. Antigens expressed by mRNA can be processed by DCs and 
presented onto the major histocompatibility complex (MHC) molecules 
(known as peptide-MHC complex, pMHC) [37]. In addition, proin-
flammatory mRNA modification can promote the maturation of DCs, 
which empowers the high vaccination efficacy of the COVID-19 mRNA 
vaccines [38,39]. Moreover, the costimulatory molecules CD40, CD80 
and CD86 are crucial for efficiently activating T cells by DCs. Using 
mRNA to express these costimulatory molecules or Cas9 nuclease to 
disrupt these costimulatory molecules is supposed to be effective in 
regulating the functions of DCs. For instance, our group inhibit the T cell 
responses by delivering Cas9 mRNA and CD40 gRNA to interrupt the 
CD40 expression on DCs [12]. 

Macrophages can eliminate pathogens and abnormal cells through 
phagocytosis. Using mRNA to intervene the phagocytosis is a promising 
strategy for regulating the functions of macrophages. For example, 
mRNA encoding a specific ligand or a single-chain variable fragment 
(scFv) that can block the “do not eat me” signal (CD47-SIRPα) was 
supposed to be a potential strategy for cancer immunotherapy [40]. In 
addition, macrophages are highly heterogeneous and are usually cate-
gorized into classically activated proinflammatory M1 macrophages and 
alternatively activated anti-inflammatory M2 macrophages. For 
instance, delivering mRNAs encoding interferon regulatory factor 5 
(IRF5) and inhibitor kappa B kinase β (IKKβ) to M2 macrophages was 
able to reprogram immunosuppressive M2 macrophages into antitumor 
M1 macrophages [9]. On the contrary, delivering mRNA encoding anti- 
inflammatory glucocorticoid-induced leucine zipper to macrophages 
could alleviate autoimmune diseases [41]. 

NK cells are cytotoxic lymphocytes of the innate immune system 
with ability of eliminating malignant cancer cells. However, the 
immunosuppressive tumor microenvironment inhibits their cytotoxic 
function, limiting the clinical application of NK cell therapy. Delivering 
Cas9-encoding mRNA to knock out inhibitory receptors of NK cells, such 
as programmed cell death 1 (PD1) [42], transforming growth factor beta 
receptor 2 (TGFBR2) [43], is a promising solution for enhancing the 
antitumor functions of NK cells. In addition, CAR-NK cell therapy has 
shown to efficiently eliminate cancer cells with minimal side effects by 
using CAR structures to redirect NK cells to specifically recognize and 
attack cancer cells [44]. Delivering mRNA encoding CAR molecules to 
engineer NK cells into CAR-NK cells is a promising cancer therapy [45]. 

T cells can recognize pMHC I and pMHC II of DCs, and develop into 
different subtypes, including effector or regulatory T cells. CAR struc-
tures equip T cells with cytotoxic function without the help of MHC 
molecules [46]. Using mRNA to express CAR molecules on T cells have 
been proven to be a promising technology for generating CAR-T cells 
[47–49]. In addition, delivering Cas9-encoding mRNA to knock out 
inhibitory immune checkpoint PD1, or delivering PD1-scFv-encoding 
mRNA to block PD1 are promising solutions for enhancing the anti-
tumor functions of CAR-T cells [50,51]. 

B cells can recognize antigens and develop into plasma cells to pro-
duce antigen-specific antibodies, which is also an important target cells 
for mRNA vaccines [52]. Delivering mRNA to express the transcriptional 
repressors B cell lymphoma 6 and B-lymphocyte induced maturation 
protein-1, or transcription factors paired box 5 and X-box-binding 
protein-1 is supposed to regulate the formation of plasma cells [53]. In 
addition, B cells participate in many autoimmune diseases, such as 
systemic lupus erythematosus and rheumatoid arthritis [31,54]. Using 
Cas9-encoding mRNA to knock out B-cell activating factor receptor 

Table 1 
Therapeutic applications of mRNA therapies  

Vaccines 

COVID-19 vaccines mRNA-1237 (EUA and CMA-NCT04860297) 
BNT162b2 (EUA and CMA-NCT04368728) 

CMV vaccine mRNA-1647 (Phase II-NCT04232280) 
Personalized cancer vaccine mRNA-4157 (Phase II-NCT03897881)   

Protein replacement therapy 

Cytokines 
SAR441000 (mRNA mixture encoding IL-12, IFN-α2b, GM- 
CSF, and IL-15, phase I-NCT03871348) 

Antibodies mRNA-6981 (mRNA encoding PD-L1) 
Other self-deficient 

proteins 
ARCT-810 (mRNA encoding OTC, phase I-NCT04442347)   

Cell engineering 

IRF5/ 
IKKβ 

mRNA encoding IRF5 and IKKβ to reprogram macrophages from an M2 
to an M1 phenotype [9] 

CAR mRNA encoding CAR structure [10,11]   

Gene editing 

Cas9 mRNA encoding Cas9 [12–14] 

TALEN 
mRNA encoding TALENs to knock out endogenous TCR of T cells for 
preventing mispairing of endogenous with transgenic TCR chains [15] 

EUA, emergency use authorization; CMA, conditional marketing authorization; 
CMV, cytomegalovirus; IL-12, interleukin 12; GM-CSF, granulocyte macrophage 
colony-stimulating factor; IL-15, interleukin 15; PD-L1, programmed death 
ligand 1; OTC, ornithine transcarbamylase; IRF5, interferon regulatory factor 5; 
IKKβ, IκB kinase β; CAR, chimeric antigen receptor; Cas9, CRISPR-associated 
protein 9; TALEN, transcription activator-like effector nuclease. 
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(BAFFR), CD20 or CD19 is a promising strategy for treating these 
autoimmune diseases by interfering the survival of B cells [55,56]. 

3. Challenges and potential solutions of delivering mRNA into 
immune cells 

Carrier-encapsulated mRNA should be efficiently delivered to target 
tissues and endocytosed by target cells, escape from endosomes, and 
ultimately be translated into proteins [18]. These requirements have 
been extensively discussed in previous studies [1,16,57]. However, 
some specific barriers to delivering mRNA into immune cells should also 
be considered. 

3.1. The immunogenicity of mRNA and nanoparticles 

When mRNA enters the endosome and the cytoplasm, it can be 
detected by pattern recognition receptors (PRRs), such as Toll-like re-
ceptor 3 (TLR3), TLR7, TLR8, and retinoic acid-inducible gene-I (RIG-I)- 
like receptors (RLRs). The recognition of mRNA by PRRs will stimulate 
downstream signaling pathways to produce type I interferon (IFN-I) and 
proinflammatory cytokines [38,39]. The carriers used for the delivery of 
mRNA can also evoke immune activation [58]. In addition, the sec-
ondary structure of mRNA, such as the form of dsRNA, can activate 2′-5′- 
oligoadenylate synthetases (OASs) to produce 2′-5′-oligoadenylates (2- 
5A) for inducing RNase L to degrade mRNA [59]. 

The immunogenicity of mRNA and nanoparticles is a double-edged 
sword, posing the challenge of balancing the immune-stimulus re-
sponses and mRNA translation efficiency. For vaccination, the immune 
stimulating property of mRNA vaccines can be used as an adjuvant to 
induce DC maturation and T cell activation [20]. The common strategy 
used for controlling the immunogenicity of mRNA involves modifying 
the structure of mRNA, such as introducing m7G 5′-Cap, poly(A) tails, 
UTRs, and modified nucleotides, which have been extensively discussed 
[18,22–24]. Another strategy for controlling the immunogenicity of 
mRNA is co-delivery of vaccines with unmodified mRNA and modified 
mRNA by TLR4 ligand-modified nanoparticles. The unmodified mRNA 
serves as an adjuvant, and the modified mRNA ensures high efficiency of 
protein expression [60]. 

For immunosuppressive applications, the immunogenicity of mRNA 
can be reduced by the chemical modification of mRNA. For instance, a 
lipoplex carrier-delivered mRNA was modified by N1- 
methylpseudouridine (m1φ), a modification known to reduce the 
immunogenicity of mRNA, to express myelin oligodendrocyte glyco-
protein (MOG) in DCs, which results in the proliferation of MOG-specific 
regulatory T cells and dampened autoimmunity in multiple sclerosis 
mice [61]. 

3.2. The differences between target tissues 

Immune cells are widely distributed in human body, and each type of 
immune cells has different tissue distributions. The physiological 
structure of different tissues varies significantly, which may heavily 
affect the efficiency of delivering mRNA to the immune cells residing in 
these tissues. For example, owing to the unique physiological charac-
teristics of the liver, the blood velocity of the liver is reduced up to 1000- 
fold, which increases the interaction between nanoparticles and hepa-
tocytes, hepatic endothelial cells and Kupffer cells, leading to low 
transfection efficacy of other immune cells, such as DCs and T cells, in 
other tissues [62]. The blood enters the spleen through the afferent 
splenic artery, branching into central arterioles surrounded by white 
pulp, and then the blood leaves the arterioles into the red pulp where the 
blood flow rate slows down [62,63]. Nanoparticles larger than 200 nm 
are easily trapped and internalized by macrophages of the red pulp [64]. 
The blood–brain barrier (BBB), which is composed of highly connected 
vascular endothelial cells, is also a specific structure that impedes drug 
delivery into the brain. Current methods to cross the BBB mainly focus 

on adsorption- and receptor-mediated delivery, such as using cationic 
nanoparticles to enhance adsorption or ligand-modified nanoparticles to 
induce receptor-mediated endocytosis to cross the vascular endothelial 
cells [65]. 

Recently, Dilliard et al. reported selective organ targeting nano-
particles (SORT nanoparticles) for tissue-specific mRNA delivery and 
provided a paradigm for optimizing the design of tissue-specific delivery 
system [66]. They synthesized the tissue-targeting SORT LNPs by 
formulating the additional fifth component (termed a SORT molecule) 
into the conventional LNPs, which are composed of four components: 
ionizable cationic lipids, amphipathic phospholipids, cholesterol, and 
PEG-lipids. The incorporation of SORT molecules alters the apparent 
pKa of nanoparticles and further affects the properties of nanoparticles 
to adsorb plasma proteins. Briefly, the liver-targeting SORT LNPs had an 
apparent pKa within the 6-7 range, while spleen-targeting LNPs had a 
lower pKa between 2 and 6. Finally, surface-adsorbed proteins interact 
with cognate receptors expressed by cells in the target organs to facili-
tate functional mRNA delivery to those tissues. 

3.3. The obstacles for mRNA delivery to DCs and macrophages 

DCs and macrophages are mainly differentiated from monocytes 
formed in the bone marrow [67]. DCs are widely distributed in different 
tissues, such as secondary lymphoid organs, epithelial tissues of the skin 
and gastrointestinal tract, and connective tissues of the heart, lung, liver, 
kidney, and lymphatic vessels [68]. Macrophages are highly heteroge-
neous, including microglial cells in the brain, Kupffer cells in the liver, 
and alveolar macrophages in the lungs. Their functions vary a lot ac-
cording to the tissues they reside, the extent of differentiation, and the 
stimulus they have encountered [69]. 

The delivery efficacy of nanoparticles mainly relies on the phago-
cytic ability of different immune cells. The nanoparticles circulated in 
the blood absorb abundant of serum proteins to form a protein corona, 
which makes the nanoparticles to be easily endocytosed by the mono-
nuclear phagocytic system (MPS), including monocytes, macrophages 
and DCs [70]. 

The endosomal escape of nanoparticles is the key for mRNA trans-
lation into proteins. It is reported that less than 1% of the mRNA 
delivered into human epithelial (HTB-177) cells by LNPs was detected in 
the cytoplasm [71]. Ensuring the mRNA-loaded nanoparticles to effi-
ciently escape from the endosome is important for mRNA therapy. 
Ionizable lipids are proven to be a key component in the formulation of 
mRNA vaccines in clinical trials to increase endosomal escape [72]. The 
pH-sensitive ionizable lipids are neutral under physiological conditions 
and are protonated at low pH in endosomes. Positively charged ioniz-
able lipids in endosomes can assist the mRNA in escaping into the 
cytoplasm. 

The specific biology of DCs and macrophages makes the escape from 
the endosome a little different. The average pH value in phagosomes of 
DCs ranges from 7.4 to 7.8 in the first 4 h after phagocytosis, in contrast 
to that in macrophages reaching below pH 6 in 30 min and maintaining 
for 4 h after phagocytosis [73–75]. Thus, the contents endocytosed by 
DCs were more stable than those in macrophages. mRNA delivered to 
macrophages needs to escape from endosomes more quickly than that 
delivered to DCs. Furthermore, the weakly alkaline environment of the 
phagosomes of DCs may interfere with the process by which nano-
particles formulated with pH-sensitive ionizable lipids escape from 
endosomes. 

3.4. The obstacles for mRNA delivery to T, B and NK cells 

NK cells mainly develop in the bone marrow and are widely 
distributed in blood, liver, spleen, lung, intestine and lymph nodes [76]. 
T cells migrate into lymphoid organs after development in the thymus 
[77]. B cells mainly develop in the bone marrow, and reside in sec-
ondary lymphoid organs, and abdominal cavity [78]. When delivering 
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mRNA to NK, T or B cells with weak phagocytosis, it is of great impor-
tance to enhance the interaction between nanoparticles and target cells 
while reducing the cellular uptake by the phagocytes of the MPS. 

Polyethylene glycol (PEG) modification is a good strategy for 
avoiding the capture of MPS by reducing protein absorption [1]. In 
addition, natural-cell-membrane modification to imitate “self” materials 
is also utilized to reduce the uptake by MPS. Cell membrane of red blood 
cells, leukocytes, and platelet have been widely applied in research to 
modify nanoparticles [79,80]. CD47 presented on the cell provides a “do 
not eat me” signal, reducing endocytosis by the MPS [81]. Ligand 
modification is a commonly used strategy to enhance the interaction 
between nanoparticles and target cells. For example, CD7 in human T 
cells and CD3 in mouse T cells are often used as target molecules 
[82,83]. Transferrin is decorated as a targeting ligand for activated T 
cells that overexpress the transferrin receptor (CD71) [84]. 

4. mRNA-based regulation of DCs 

As professional APCs, DCs play major roles in the initiation of 
adaptive immune responses [85]. The antigen protein translated by 
mRNA vaccines delivered to DCs can be processed into a peptide and be 
further displayed by MHC I or II on DCs for the activation of CD8+ T and 
CD4+ T cells respectively [37], triggering cellular immunity against 
infectious diseases and cancers to achieve preventive and therapeutic 
effects [86,87]. The previous mRNA delivery strategy is to transfect 
mRNA into DCs isolated autologously from the blood samples of patients 
[88–90]. Despite the high in vitro transfection efficiency and survival 
rate of DCs, the purification process of DCs is complicated and expen-
sive, and the purity of the products is mostly insufficient, which 
restricted their clinical use [91]. In 1993, Martinon et al. first used non- 
viral carriers to directly deliver antigen-encoding mRNA into DCs in vivo. 
They demonstrated that liposomes could deliver mRNA encoding the 
nucleoprotein of influenza virus to elicit virus-specific cytotoxic T 
lymphocytes (CTLs) [92]. Currently, mRNA vaccines have opened a new 
era, and a lot of promising candidates are in clinical trials (Table 2). 

4.1. LNPs for mRNA delivery to DCs 

As Table 3 listed, LNPs are formulated with ionizable lipids (e.g., 1,2- 
dilinoleyloxy-3-dimethylaminopropane, also known as DLinDMA), PEG- 
modified lipids (PEG-lipids), neutral lipids, and cholesterol. The diam-
eter of LNPs is about 80 nm, and their surface charge is usually neutral in 
the physiological environment [22]. As the key element of LNPs, 
ionizable lipids are used to stabilize nucleic acids during the preparation 
of nanoparticles [105]. They also mediate the fusion of LNPs with the 
membrane of endosome, enabling the release of nucleic acids into the 
cytoplasm. The PEG-lipids stabilize the nanoparticles [22] and hinder 
the plasma proteins from binding to the nanoparticles and prolong the 
blood circulation [106]. Neutral lipids and cholesterol are important for 
the structural integrity of nanoparticles and the escape from endosome 
and promote the membrane fusion of nanoparticles [107,108]. 

However, mRNA vaccines delivered by LNPs must be maintained at 
an ultra-low temperature for shipping and long-term storage. To design 
a more stable LNP-based mRNA vaccine, Qin et al. encapsulated mRNA 
encoding the receptor-binding domain (RBD) of SARS-CoV-2 into a 
liquid formulation of LNPs (called ARCoV) [96] (Fig. 1A), which can be 
stored at room temperature for at least 1 week and has more advantages 
than mRNA-1273 and BNT162b2 in transportation and preservation. 
ARCoV is being evaluated in phase 3 clinical trials (NCT04847102) since 
April 2021. 

Sahin et al. developed a liposomal RNA (RNA-LPX) vaccine that 
encoded four non-mutated tumor-associated antigens (TAAs) of mela-
noma to target DCs in lymph nodes [110]. The RNA-LPX was prepared 
by complexing mRNA with cationic liposomes manufactured with the 
cationic synthetic lipid R-DOTMA and the phospholipid DOPE using the 
ethanol injection technique. The data of clinical trials (NCT02410733) 

demonstrated that intravenous injection of RNA-LPX alone or in com-
bination with anti-PD-1 antibody could induce a durable objective 
response in melanoma patients by activating strong antigen-specific 
immune responses of CD4+ T and CD8+ T cells. In addition, this plat-
form can be used as a CAR-T cell-amplifying RNA vaccine (Fig. 1B). They 
proved that mRNA encoding the tight junction protein claudin 6 
(CLDN6), a new targeting molecule of CAR-T cells, can be effectively 
delivered into DCs by LPX after intravenous injection, thereby activating 
the proliferation and anti-tumor effects of anti-CLDN6 CAR-T cells 
[113]. Xia et al. reported an LNP nanovaccine based on C1 lipid with a 
12-carbon tail to deliver mRNA into DCs (Fig. 1C) [114]. The C1 lipid- 
based LNP were synthesized by self-assembly method using DSPE-PEG 
2000 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide 
(polyethylene glycol)-2000]) and a cationic lipid-like material synthe-
sized from PAMAM dendrimer G0 (C1 lipid). They demonstrated that 
the C1-mRNA nanovaccine could activate TLR4 signaling to promote 
strong antigen presentation and induce robust T cell responses. Mice 
immunized subcutaneously with the C1-mRNA nanovaccine encoding 
ovalbumin (OVA) antigen can activate robust OVA-specific CD8+ T cell 
responses for the effective inhibition of MC38-OVA and B16-OVA tumor 
growth. 

4.2. Ligand-modified LNPs for mRNA delivery to DCs 

To improve the selective distribution of nanoparticles, antibodies or 
other targeting modules can be incorporated into nanoparticles. For 
example, Palliser et al. decorated LNPs with a scFv specific to murine 
DEC205, a marker highly expressed on CD8α+ DCs. They firstly syn-
thesized the LNPs by extrusion using DSPC, DLinDMA, DSPE-PEG-MAL 
(1,2-distearoyl-sn-glycero-3-phosphatidylethanolamine-N-(maleimide- 
(polyethylene glycol)-2000)) and cholesterol. Then, the reduced anti- 
DEC205 scFv was conjugated to the maleimide group of the DSPE- 
PEG-MAL of the LNPs by simply mixing. They demonstrated that anti- 
DEC205 scFv-modified LNPs preferentially targeted DEC205+ DCs 
[115]. In addition, Adamo et al. incorporated a mannose-cholesterol into 
LNPs composed of DLinDMA, DSPC, cholesterol and PEG-DMG-2000 to 
prepare mannosylated nanoparticles (MLNPs) for the delivery of self- 
amplifying mRNA. MLNPs carrying self-amplifying mRNA encoding 
hemagglutinin of influenza were administered intramuscularly or 
intradermally and were shown to enhance antigen-specific immune re-
sponses [116]. 

However, the introduction of targeting modules to LNPs mostly re-
quires multiple steps of synthesis, purification, and characterization, 
which significantly increase the complexity, cost, and regulatory bar-
riers of production [117]. Furthermore, the targeting ability of func-
tionalized nanoparticles may be reduced or disappear in the biological 
environment because of the effect of “protein corona” [118]. Therefore, 
the utilization of targeting molecules to functionalize LNP-mRNA needs 
to be carefully considered. 

4.3. Protamine-based nanoparticles for mRNA delivery to DCs 

Immunization with protamine-based mRNA vaccines, such as the 
RNActive® technology (developed by CureVac), can also induced 
effective protection to infectious diseases. RNActive®, which is consist 
of two components, the free and protamine-complex mRNA, was shown 
to effectively support antigen expression and innate immune responses 
mediated by TLR7 [119]. Based on the RNActive® technology, Penjamin 
et al. developed an mRNA vaccine (CV7201) encoding the rabies virus 
glycoprotein (RABV-G) [120]. They demonstrated that CV7201 can be 
lyophilized for long time preservation and be reconstituted using spe-
cific buffer before injection, which is a breakthrough when compared 
with the existing mRNA vaccines. Specifically, CV7201 remained 
immunogenicity and protective effects (100%) after being exposed to 70 
◦C and long-term storage for 90 days. The result of phase I clinical trial of 
CV7201 demonstrated that 71% (32/45) of the subjects administered 80 
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Table 2 
mRNA drugs for different diseases in clinical trials.  

Conditions Name Immunogen [delivery 
system] 

Phase Manufacturer Dose (μg) Schedule NCT Number 

Infectious diseases 

COVID-19 

BNT162b2 [93] [i.m.] Full-length prefusion 
spike protein [LNP] 

EUA 
and 
CMA 

BioNTech /Pfizer (US) 30 2 doses 21 d apart NCT04816669 

mRNA-1273 [94] [i. 
m.] 

Full-length prefusion 
spike protein [LNP] 

EUA 
and 
CMA 

Moderna (US) 100 2 doses 28 d apart NCT04860297 

CVnCoV [95] [i.m.] 
Unmodified full-length 
prefusion spike protein 
[LNP] 

III CureVac (Germany) 12 2 doses 28 d apart NCT04860258 

ARCoV [96] [i.m.] Modified RBD [LNP] III Abogen Biosciences 
(China) 

15 
2 doses 14 d apart 
or 2 doses 28 
d apart 

NCT04847102 

LUNAR-COV19/ 
ARCT-021 [97] [i.m.] 

Unmodified full-length 
prefusion spike protein 
[LNP] 

II Arcturus Therapeutics 
(US) 

5 or 7.5 

Prime: 2 doses 28 
d apart Boost: 180 
d after 2nd 

vaccination 

NCT04668339 

CoV2 SAM [i.m.] 
Self-amplifying mRNA 
encoding spike protein 
[LNP] 

I GlaxoSmithKline (UK) 1 2 doses 30 d apart NCT04758962 

nCoVsaRNA [98] [i. 
m.] 

Self-amplifying mRNA 
encoding spike protein 
[LNP] 

I 
Imperial College London 
(UK) NA 2 doses ISRCTN17072692 

ChulaCov19 [i.m.] Spike protein [LNP] I Chulalongkorn 
University (Thailand) 

NA 2 doses 21 d apart NCT04566276 

PTX-COVID19-B [99] 
[i.m.] 

Full-length spike protein 
[LNP] I 

Providence 
Therapeutics (Canada) NA 2 doses 28 d apart NCT04765436 

DS-5670a [i.m.] / I/II Daiichi Sankyo (Japan) NA 2 doses NCT04821674 

HDT-301 [i.m.] 

Self-amplifying mRNA 
encoding spike protein 
[Lipid-Inorganic 
Nanoparticle] 

I Senai Cimatec (Brazil) NA 
2 doses 28 d apart 
or 2 doses 56 
d apart 

NCT04844268 

EXG-5003 [i.d.] 

A temperature- 
controllable, self- 
replicating RNA encoding 
RBD protein 

I/II 
Elixirgen Therapeutics 
(US) NA NA NCT04863131 

VAW00001 
/MRT5500 [100] [i. 
m.] 

Spike protein [LNP] I/II 
Sanofi Pasteur-Translate 
Bio (US) NA 2 doses 21 d apart NCT04798027 

mRNA-1283 [i.m.] 
Spike protein (a potential 
refrigerator stable mRNA 
vaccine) [LNP] 

I Moderna (US) NA 2 doses 28 d apart NCT04813796 

mRNA -1273.351 [i. 
m.] 

Full-length spike protein 
of the SARS-CoV-2 
B.1.351 variant [LNP] 

I Moderna (US) NA 3 doses 28 d apart NCT04785144 

Respiratory syncytial 
virus (RSV) mRNA-1345 

mRNA encoding a 
prefusion F glycoprotein 
[LNP] 

I Moderna (US) NA 3 doses 56 d apart NCT04528719 

Cytomegalovirus (CMV) mRNA-1647 [i.d.] 
CMV glycoprotein H (gH) 
pentamer complex and 
gB protein [LNP] 

II Moderna (US) NA Day 1, Day 56, 
Day 168 

NCT04232280 

Human 
metapneumovirus 
(hMPV) and 
parainfluenza 
infection (PIV3) 

mRNA-1653 [i.d.] 
Fusion proteins of hMPV 
and PIV3 [LNP] I Moderna (US) NA 2 doses 57 d apart NCT04144348 

Zika virus 

mRNA-1893 
mRNA encoding the 
structure proteins of Zika 
virus 

II Moderna (US) 
Biomedical Advanced 
Research and 
Development Authority 

NA 2 doses 28 d apart NCT04917861 

mRNA-1325 [i.d.] 
mRNA encoding the Zika 
virus antigens (prM-E) 
[LNP] 

I NA NA NCT03014089 

Rabies 
CV7201 [i.m.] Rabies virus glycoprotein 

(RABV-G) [RNActive®] 
I CureVac (Germany) NA NA NCT02241135 

CV7202 [i.m.] 
Rabies virus glycoprotein 
(RABV-G) [LNP] I CureVac (Germany) NA 2 doses 28 d apart NCT03713086 

Influenza 

VAL-506440/mRNA- 
1440 [101] [i.m. or i. 
d.] 

H10N8 Hemagglutinin 
(HA) A/Jiangxi Donghu/ 
346/2013 [LNP] 

I Moderna (US) NA 2 doses 3 w apart NCT03076385 

mRNA-1851 [101] [i. 
m.] 

H7N9 HA A/Anhui/1/ 
2013 [LNP] 

I Moderna (US) NA  NCT03345043 

AVX502 [i.m. or s.c.] 
H3N2 HA A/Wyoming/ 
03/2003 I/II AlphaVax (US)  2 doses 4 w apart NCT00706732 

(continued on next page) 
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Table 2 (continued ) 

Conditions Name Immunogen [delivery 
system] 

Phase Manufacturer Dose (μg) Schedule NCT Number 

Tuberculosis GSK 692342 [i.m.] 
mRNA encoding fusion 
protein (M72) [LNP] II GlaxoSmithKline (UK) NA 2 doses 30 d apart NCT01669096 

Chikungunya virus mRNA-1944 
mRNA encoding 
Chikungunya antibody 
[LNP] 

I Moderna (US) NA NA NCT03829384 

HIV 

iHIVARNA-01 

mRNA encoding CD40L 
and the HIV target 
antigens contained in 
HIVACAT [DC] 

II Rob Gruters 1200 3 doses 2 w apart NCT02888756 

AGS-004 [102] [i.d.] 
mRNA encoding HIV 
antigens (Gap, Nef, Rev, 
Vpr) [DC] 

II Argos Therapeutics (US) 

At least 
1×107 DCs 
in each 
injection 

4 doses 4 w apart 1 
dose 4 w apart at 
week 16 

NCT00672191  

Cancers 

HPV16+ head and neck 
cancer 

BNT113 [i.d.] 
mRNA encoding HPV16- 
derived oncoproteins E6 
and E7 [lipoplex, LPX] 

I/II BioNTech (Germany) NA NA NCT03418480 

Glioblastoma 

Human CMV pp65- 
LAMP mRNA [i.d.] 

[autologous DCs] II Duke University (US) 
A total of 20 
DC vaccines 

2×107 human 
CMV pp65-LAMP 
mRNA-pulsed 
autologous DCs 

NCT03688178 

Human CMV pp65- 
LAMP mRNA [i.d.], 
GM-CSF 

[autologous DCs] II  
A total of 10 
DC vaccines  

NCT03927222 

Ovarian cancer 
W_ova1 Vaccine/ 
BNT115 

Ovarian TAAs [lipoplex, 
LPX] I BioNTech (Germany) NA 8 doses NCT04163094 

Triple negative breast 
cancer 

IVAC_W_bre1_uID/ 
BNT114 [i.v.] 

TAAs, p53 and 
neoantigens [liposome] 

I BioNTech (Germany) NA NA NCT02316457 

Melanoma 

mRNA-4157 [i.m.] Neoantigens II 
Moderna (US) 
Merck Sharp & Dohme 
Corp (US) 

NA 9 doses 21 d apart NCT03897881 

RO7198457/BNT122 
[i.v.] 

Individualized 
neoantigen [LPX] II BioNTech (Germany) NA a 3-week cycle NCT03815058 

Lipo-MERIT/BNT111 
[i.v.] 

mRNA encoding NY-ESO- 
1, MAGE-A3, tyrosinase, 
and TPTE (TAAs) [LPX] 

I BioNTech (Germany) NA 7 doses NCT02410733 

Metastatic non-small cell 
lung cancer (NSCLC) 

CV9202/BI 1361849 
[i.d.] 

mRNA encoding NY-ESO- 
1, MAGE-C1, MAGE-C2, 
TPBG, survivin, MUC1 
(TAAs) [RNActive®] 

I/II CureVac (Germany) NA NA NCT03164772 

KRAS-mutant NSCLC, 
colorectal cancer, 
pancreatic 
adenocarcinoma 

mRNA-5671/V941 [i. 
m.] 

KRAS mutations [LNP] I 
Merck Sharp & Dohme 
Corp (US) 

NA 
Once every 3 
weeks for nine 3- 
week cycles 

NCT03948763 

Pancreatic cancer 
MVT-5873 /BNT321 
[i.v.] 

mRNA encoding a fully 
human IgG1 monoclonal 
antibody targeting sialyl 
Lewis A 

I BioNTech (Germany) NA NA NCT02672917 

Relapsed/refractory 
solid tumor 
malignancies or 
lymphoma 

mRNA-2416 i.t.] mRNA encoding human 
OX40L [LNP] 

I/II Moderna (US) NA Day 1, 15 for six 
28-day cycles 

NCT03323398 

Myelodysplastic 
syndromes, acute 
myeloid leukemia 

WT1 mRNA 
mRNA encoding Wilm 
tumor gene1 (WT1) 
[Autologous DCs] 

I/II 
University of Campinas 
(Brazil) 

NA 4 doses 2 w apart NCT03083054 

Advanced malignancies mRNA-2752 [i.t.] 
mRNA encoding human 
OX40L, IL-23, and IL-36γ 
[LNP] 

I Moderna (US) NA 

Days 1, 15 of Cycle 
1 and days 1, 6 of 
Cycle 2, each cycle 
is 28 d 

NCT03739931 

Solid tumors MEDI1191 [103] [i.t.] mRNA encoding IL-12 
[LNP] 

I MedImmune LLC (US) NA NA NCT03946800 

Metastatic neoplasm SAR441000/BNT131 
[i.t.] 

mRNA encoding IL-12sc, 
IL-15sushi, IFNα, and 
GM-CSF 

I BioNTech (Germany) NA a 28-day cycle NCT03871348  

Rare diseases 

Methylmalonic 
Acidemia 

mRNA-3705 [i.v.] 

Modified mRNA 
encoding methylmalonyl- 
coenzyme A (CoA) 
mutase [LNP] 

I/II Moderna (US) NA NA NCT04899310 

Propionic acidemia (PA) 
mRNA-3927 [104] [i. 
v.] 

Dual mRNAs encoding 
propionyl-CoA I/II Moderna (US) NA NA NCT04159103 

(continued on next page) 
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or 160 μg intradermally and 46% (6/13) of the subjects administered 
200 or 400 μg intramuscularly via needle-free device injection induced 
rabies virus-neutralizing antibody titers comparable to or higher than 
the standard titer of WHO (0.5 IU/mL) [121]. In addition, several vac-
cines based on the RNActive® technology have now been tested in 
clinical trials, such as rabies vaccine (CV7201, NCT02241135), non- 
small cell lung cancer vaccine (CV9201, NCT00923312), and prostate 
carcinoma vaccine (CV9104, NCT02140138). 

4.4. Polymer nanoparticles for mRNA delivery to DCs 

Polymer nanoparticles have also been demonstrated to be effective in 
delivering mRNA. For example, Anderson et al. synthesized a single- 
dose, adjuvant-free dendrimer nanoparticle vaccine platform by 
designing mRNA replicons to realize long-term expression of the anti-
gens [122] (Fig. 2A). The dendrimer-based RNA vaccine were prepared 
by self-assembly method with an ionizable dendrimer-based nano-
material, DMPE-PEG 2000 (1,2-dimyristoyl-sn-glycero-3-phosphoetha-
nolamine-N-[methoxy(polyethylene glycol)-2000]), and antigen- 
encoding RNA. They demonstrated that dendrimer-based RNA 

vaccines could effectively express the antigen in several cell types, such 
as the mouse DC2.4 cell line. In addition, they demonstrated that 
immunizing mice by the dendrimer-based RNA vaccines stimulated 
antigen-specific T cells and antibodies, which protected against H1N1 
influenza, Toxoplasma godii, and Ebola virus. Furthermore, they indi-
cated that encapsulating mRNA by nanoparticles is sequence- 
independent, and various replicons encoding multiple distinct antigens 
can be co-encapsulated into a single formulation to protect against 
several deadly pathogens. 

Sun et al. synthesized an intranasal mRNA vaccine (CP 2k/mRNA 
complexes) for the treatment of HIV-1. They demonstrated that CP 2k, a 
cationic cyclodextrin-polyethylenimine 2k (PEI-2k) conjugate, was 
more capable of delivering mRNA encoding the glycoprotein 120 
(gp120) of HIV than PEI, enhancing gp120-specific humoral immunity 
and cell-mediated immune responses (Fig. 2B) [123]. In addition, they 
reported a self-assemble cationic micelle formulated with stearic acid 
and branched PEI-2k conjugates (PSA) and mRNA encoding the gag 
(mGag) of HIV-1, denoted as PSA/mGag. PSA/mGag was proved to be 
effective in delivering the mGag to DC2.4 and elicited gag-specific CD4+

T and CD8+ T cell responses after being subcutaneously injected to 

Table 2 (continued ) 

Conditions Name Immunogen [delivery 
system] 

Phase Manufacturer Dose (μg) Schedule NCT Number 

carboxylase (PCC) A and 
B [LNP] 

Isolated methylmalonic 
acidemia (MMA) 

mRNA-3704 [i.v.] 

mRNA encoding 
methylmalonyl- 
coenzyme A mutase 
[LNP] 

I/II Moderna (US) NA NA NCT03810690 

Cystic fibrosis (CF) MRT5005 
[Nebulization] 

mRNA encoding fully 
functional CF 
transmembrane 
conductance regulator 
(CFTR) protein 

I/II Translate Bio (US) 4,000 5 consecutive days NCT03375047 

Ornithine 
transcarbamylase 
(OTC) deficiency 

ARCT-810 [i.v.] mRNA encoding OTC 
[LNP] 

Ib Arcturus Therapeutics 
(US) 

NA NA NCT04442347 

MRT5201 [i.v.] mRNA encoding OTC 
[LNP] 

I/II Translate Bio (US) NA NA NCT03767270 

Hereditary transthyretin 
amyloidosis with 
polyneuropathy 

NTLA-2001 [i.v.] CRISPR/Cas9 gene 
editing system [LNP] 

I Intellia Therapeutics 
(US) 

NA NA NCT04601051  

Table 3 
Carrier characteristics of mRNA vaccines.  

Manufacturer Name Composition Disease Phase Reference 

Lipid nanoparticle (LNP) 

Moderna 
mRNA-1273 (LNP) 
[1] 

Ionizable lipid SM-102 (heptadecan-9-yl 8-((2-hydroxyethyl) (6-oxo-6-(undecyloxy) 
hexyl) amino) octanoate); DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine); 
PEG2000-DMG ((R)-2,3-bis(myristoyloxy)propyl-1-(methoxy poly(ethylene glycol) 
2000) carbamate); Cholesterol 

COVID-19 
III (EUA 
and CMA) NCT04860297 

BioNTech 
BNT162b2 (LNP) 
[109] 

ALC-0315 (((4-hydroxybutyl) azanediyl) bis (hexane-6,1-diyl) bis (2- 
hexyldecanoate)); ALC-0159 (2- [(polyethylene glycol)-2000]-N, N- 
ditetradecylacetamide); DSPC; Cholesterol 

COVID-19 
III (EUA 
and CMA) NCT04816669 

CureVac AG CVnCoV (LNP) [95] 
Ionizable amino lipid, phospholipid, cholesterol, and a PEGylated lipid (Acuitas 
Therapeutics) COVID-19 III NCT04860258 

Abogen 
Biosciences ARCoV (LNP) [96] Ionizable lipid; DSPC; PEG-lipid; Cholesterol COVID-19 III NCT04847102 

Arcturus 
Therapeutics 

LUNAR-COV19/ 
ARCT-021 (LNP) 
[97] 

Ionizable lipid; DSPC; PEG2000-DMG; Cholesterol COVID-19 II NCT04758962 

BioNTech BNT111 (LPX) [110] 
R-DOTMA (Cationic synthetic lipid (R)-N, N, N trimethyl-2-3-dioleyloxy-1- 
propanaminium chloride); DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
phospholipid) 

Melanoma I NCT02410733  

Cationic peptide nanoparticle 

CureVac AG CV7202 [111,112] A protamine/mRNA complex 
Rabies 
vaccine 

I NCT03713086  
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BALB/c mice (Fig. 2C) [124]. 
In addition, Waymouth et al. reported a series of oligo(carbonate-b- 

α-amino ester)s called charge-altering releasable transporters (CARTs) 
for the delivery of mRNA [125] (Fig. 2D). They demonstrated that 
CARTs could complex mRNA through electrostatic interactions and 
release mRNA into the cytoplasm via charge alteration. OVA-mRNA- 
CART complex has been demonstrated to effectively deliver OVA- 
mRNA to the DC2.4 cell line, and the OVA peptide was effectively pre-
sented on MHC-I molecules [127]. In addition, CART formulated with 
mRNA encoding OVA and short oligo anionic nucleic acid adjuvant CpG 
was demonstrated to effectively induce OVA-specific responses of T cells 
to treat A20-OVA tumors. 

Our group developed cationic lipid-assisted nanoparticles (CLAN) 
composed of a block copolymer poly (ethylene glycol)-block-poly (lactic- 
co-glycolic acid) (PEG-b-PLGA) and a cationic lipid for the delivery of 
nucleic acids. for delivery to DCs. We demonstrated that CLAN encap-
sulated mRNA encoding OVA (mOVA), called CLANmOVA, could effec-
tively deliver mOVA into DCs for activating OVA-specific T cells. In 
E⋅G7-OVA lymphoma mouse model, CLANmOVA treatment provoked a 
strong OVA-specific T-cell response and inhibited the growth of tumor 
(Fig. 2E) [126]. Furthermore, to address the allograft rejection caused 
by DCs-activated T cell responses in organ transplantation, our group 
encapsulated Cas9 mRNA (mCas9) and a guide RNA targeting cos-
timulatory molecule CD40 (gCD40) into CLANmCas9/gCD40 for inducing 
the immune tolerance of transplant. We demonstrated that CLANmCas9/ 

gCD40 effectively delivered mCas9 and gCD40 to DCs and disrupted the 
expression of CD40 in DCs. In the acute graft rejection mouse model, 
CLANmCas9/gCD40 treatment effectively inhibited the activation of T cells, 
induced the immune tolerance of transplant, and dramatically pro-
longed the survival of graft (Fig. 2F) [12]. 

5. mRNA-based regulation of macrophages 

Macrophages are critical innate immune cells, providing immune 
regulation and immune surveillance, including the secretion of abun-
dant cytokines and phagocytosis of pathogen-infected cells, apoptotic 
cells, cell debris, and tumor cells. They also have important functions in 
maintaining homeostasis in healthy tissues and in repairing tissue 
damage. Macrophages are highly heterogeneous and can be categorized 
into classically activated M1 macrophages and alternatively activated 
M2 macrophages [128]. M1 macrophages are proinflammatory and can 
secrete multiple proinflammatory cytokines, including TNF-α, IL-1β, and 
IL-12. M2 macrophages are anti-inflammatory and can secrete anti- 
inflammatory cytokines, including IL-4, IL-10, or IL-13 [129]. Macro-
phages that are enriched in tumors are usually denoted as tumor- 
associated macrophages (TAMs) with M2 phenotype which highly ex-
press CD206 [130,131]. 

5.1. LNPs for mRNA delivery to Kupffer cells 

Kupffer cells that reside within the liver sinusoids are the largest cell 
population of the MPS and have important roles in immune surveillance 
and clearance [132]. Intravenously injected NPs are usually trapped in 
the liver owing to the special structure of hepatic sinusoids, resulting in 
high endocytosis by hepatocytes, hepatic endothelial cells, and Kupffer 
cells [62,133]. For example, LNPs were first opsonized by apolipopro-
tein E (ApoE) in the blood circulation after intravenous injection and 
entered the hepatocytes by binding to the ApoE receptor on the surfaces 
of hepatocytes [134,135]. Holmes et al. demonstrated that intravenous 
injection of ionizable lipid-containing LNPs delivered mRNA of zinc- 
finger nuclease (ZFN) that induced the highest gene knockout effi-
ciency in hepatocytes (approximately 80%), whereas the gene knockout 

Fig. 1. LNPs for mRNA delivery to DCs. (A) LNP used for delivering mRNA to prevent SARS-CoV-2 infection. Adapted with permission from [96]. Copyright (2020) 
Elsevier. (B) Delivery of antigen-encoding mRNA to DCs with LPX for the activation of CAR-T cells. Adapted with permission from [113]. Copyright (2020) The 
American Association for the Advancement of Science. (C) The structure of C1-lipid and self-assembly of C1-mRNA nanovaccine for OVA mRNA delivery [114]. 
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efficiency in Kupffer cells and endothelial cells was approximately 60% 
[136]. Thus, achieving high transfection efficiency in Kupffer cells while 
reducing the transfection efficiency to other liver cells remains a 
challenge. 

The structure of lipids has significant impacts on the delivery effi-
ciency of LNPs in vivo. For example, the structure of cholesterol, which is 
an important component for stabilizing the LNPs, may affect the effi-
ciency of LNPs for delivering mRNA to Kupffer cells in vivo [137]. 
Paunovska et al. established a library of cholesterol variants and eval-
uated the efficiency of LNPs for mRNA delivery. Their results demon-
strated that the LNPs formulated using C18-PEG2K, DOPE, cKK-E12 
ionizable lipid, and 20α-hydroxycholesterol (20α-OH)-modified 

cholesterol had the highest efficiency for delivering mRNA-encoding Cre 
recombinase into Kupffer cells (approximately 50% transfection effi-
ciency), which was significantly higher than that of endothelial cells 
(approximately 10%–15%) and hepatocytes (approximately 15%–20%) 
[138]. In addition, they found that an LNP consisting of a lipid with 
adamantane group could preferentially deliver Cre mRNA to Kupffer 
cells and achieve over 80% gene editing efficiency [139]. 

5.2. Polymer nanoparticles for mRNA delivery to macrophages 

To screen for an optimal CLAN for delivering mCas9 and gRNA into 
macrophages, our group created a library of CLANs in which each CLAN 

Fig. 2. Polymer-based nanoparticles for mRNA delivery to DCs. (A) Adjuvant-free dendrimer nanoparticle vaccine platform for mRNA delivery into several cell types, 
such as DC2.4. Adapted with permission from [122]. Copyright (2016) National Academy of Sciences. (B) CP 2k for the transfection of gp120-encoding mRNA. 
Adapted with permission from [123]. Copyright (2016) Elsevier. (C) PSA copolymer for delivering mRNA encoding HIV-1 gag to DCs. Adapted with permission from 
[124]. Copyright (2016) Taylor & Francis. (D) The mechanism of charge-altering releasable transporters (CARTs) for binding and releasing mRNA. Adapted with 
permission from [125]. Copyright (2018) National Academy of Sciences. (E) Delivery of mOVA by CLANmOVA to DCs for the treatment of E⋅G7-OVA lymphoma. 
Adapted with permission from [126]. Copyright (2018) Royal Society of Chemistry. (F) CLANmCas9/gCD40 delivered mCas9 and gCD40 to DCs for inducing transplant 
tolerance. Adapted with permission from [12]. Copyright (2019) Elsevier. 
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has different surface PEG density and Zeta potential, and screened the 
optimal formulation of CLAN for delivering mCas9 and a guide RNA 
targeting NLRP3 (gNLRP3) for the prevention or treatment of inflam-
matory diseases (Fig. 3). We demonstrated that CLANmCas9/gNLRP3 
effectively delivered mCas9/gNLRP3 into macrophages, which dis-
rupted NLRP3 and inhibited the activation of NLRP3 inflammasome in 
macrophages. Furthermore, we proved that CLANmCas9/gNLRP3-induced 
NLRP3 knockout inhibited the inflammation of lipopolysaccharide- 
induced septic shock, monosodium urate crystal-induced peritonitis, 
and high-fat diet-induced type II diabetes [13]. 

5.3. Ligand-modified nanoparticles for mRNA delivery to macrophages 

CD206 is an endocytic receptor expressed by macrophages and DCs. 
The major role of CD206 is to mediate endocytosis of glycoproteins and 
pathogenic microbes coated with mannose-containing structures [69]. 
Using mannose or anti-CD206 antibody to modify the delivery system is 
a common strategy for targeted delivery to M2 macrophages. For 
example, Zhang et al. developed a TAM-targeting poly (β-amino ester) 
(PBAE) NPs by coating Di-mannose-PGA on the surface and encapsu-
lated the mRNAs encoding IRF5 and IKKβ into PBAE NPs, denoted as 
IRF5/IKKβ NPs. They demonstrated that the IRF5/IKKβ NPs exhibited 
high TAM-targeting ability due to the high expression of CD206 on 
TAMs and significantly reduced the population of TAMs in mice bearing 
ovarian cancer by regulating the IRF5 and IKKβ signaling pathways [9]. 

6. mRNA-based regulation of T cells 

T cells play pivotal roles in cellular immunity and humoral immunity 
and have been reported with great potentials in treating diseases, 
including cancers, infectious diseases, and autoimmune diseases. T cells 
develop in the thymus and are found to be distributed in the whole body, 
especially the spleen and lymph nodes. After recognizing antigens pre-
sented by APCs, naïve T cells are activated and will differentiate into 
antigen-specific effector T cells with cytotoxic or immune regulatory 
functions. 

Tumor cells can escape from the recognition and attack of T cells by 
downregulating the expression of MHC molecules [140]. To avoid the 
immune escape of tumors, CAR-T cell therapy has been designed and 
applied for mediating MHC-independent kill of tumor cells [33]. Current 
strategies for constructing CAR-T cells are mainly depended on in vitro 
viral vector-mediated transfection or electroporation of plasmids to 
integrate the gene sequence of CAR into the genome of T cells for the 
long-term persistence of CAR-T cells [141]. However, these methods 
require to isolate T cells from patients through a complicated process 
and have been reported to increase the side effects, including cytokine 

storms and neurotoxicity [141]. To address these deficiencies, the de-
livery of mRNA encoding CAR molecules to construct CAR-T cells has 
been developed. Electroporating mRNA encoding CAR molecules into T 
cells to construct CAR T cells has been proved to be feasible [47,48]. 
However, this approach requires several rounds of CAR T cell infusion, 
which is time consuming and expensive. 

6.1. LNPs for mRNA delivery to T cells 

Utilizing nanoparticles (NPs) to deliver mRNA into T cells to directly 
construct CAR T cells in vivo is expected to simplify the procedures of 
CAR-T cell therapy and reduce the cost and may significantly expand its 
clinical use. Billingsley et al. prepared a library of ionizable lipids for the 
preparation of LNPs and screened an optimal ionizable lipid for deliv-
ering CAR-encoding mRNA into T cells (Fig. 4A). The LNPs were pre-
pared with the synthesized ionizable C14-4 lipid, cholesterol, DOPE and 
C14-PEG using microfluidic device. They demonstrated that transfecting 
human T cells ex vivo with the optimal LNP-carried mRNA encoding CAR 
achieved comparable expression of CAR molecules to that of the elec-
troporation method [142]. 

Recently, Zhao et al. reported a structure-based screening and found 
that the imidazole group is a key structure of the synthetic lipid-like 
molecules for delivering mRNA to T cells (Fig. 4B). The LNPs were 
prepared with synthetic lipid-like molecule with imidazole head (93- 
O17S), cholesterol, DOPE and DSPE-PEG using a self-assembly method. 
After intravenously injecting the LNP-carrying mRNA encoding Cre 
recombinase into the Cre-loxP tdTomato reporter mice, they detected 
~8.2% of gene-editing efficiency in CD4+ T cells and ~6.5% in CD8+ T 
cells [143]. 

6.2. Polymer nanoparticles for mRNA delivery to T cells 

McKinlay et al. designed a library of amphiphilic CARTs, which are 
polymers with different lipid side chains and a polycationic α-amino 
ester mRNA-binding block. Through a charge-altering mechanism, the 
CART polymers can rearrange to be electroneutral for rapidly releasing 
mRNA (Fig. 2D). After a high-throughput assay of noncovalent binary 
combinations of eight different side-chain CARTs, McKinlay et al. found 
that the NPs formulated with the noncovalent combination of CARTs 
(1:1 mixture of CART3 (3) to CART7 (7), the structures were shown in 
Fig. 5A) as well as the hybrid triblock CART9 and CART11 (the struc-
tures were shown in Fig. 5B) exhibited 77%–81% transfection efficiency 
in Jurkat cells, a human T cell line. In addition, they demonstrated that 
the NPs formulated with the covalent hybrid fluorescent CART13 (the 
structure was shown in Fig. 5C) transfected luciferase mRNA to ~1.6% 
of CD4+ T cells and 1.5% of CD8+ T cells in the spleen of mice [144]. 

CLAN preparation

PEG-b-PLGA

Cy5-RNAPLGA

BHEM-Chol

CLANCy5-RNA

4121 3111

4424 3414

4323 3313

4222 3212

PE
G

 d
en

si
ty

Surface charge

>> >> >>

Therapeutic evaluation

CLANmCas9/gNLRP3

Uptake screening

Macrophage

FACS

CLANs 
with better uptake

CLANmRNA/gRNA

Knockout
efficiency

Screened CLAN

mRNA/gRNA delivery

Cas9 mRNA
& gEGFP

Cas9

gNLRP3

Cas9 mRNA
& gNLRP3

Fig. 3. CLANmCas9/gNLRP3 delivered mCas9/gNLRP3 into macrophages to reduce inflammation [13]. Copyright (2018) Springer Nature.  
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6.3. Ligand-modified nanoparticles for mRNA delivery to T cells 

Moffett et al. developed a targeting NP system that could deliver 
CAR-encoding mRNA to T cells in vivo. The targeting NP system was 
composed of an anti-CD3 antibody for T cell targeting, a negatively 
charged coating of polyglutamic acid (PGA) that shielded the NPs to 
reduce off-target binding, and a PBAE polymer for packing mRNA 
through its cationic structure (Fig. 6A) [11]. The NPs carrying mRNA 
encoding tumor-specific CAR or virus-specific TCR were shown to 
effectively transfect T cells in vivo and induce the regression of tumors 
and hepatitis B virus (HBV) infection after intravenous injection. 

Tombácz et al. developed anti-CD4 antibody-modified LNPs (anti- 
CD4/mRNA-LNPs) for delivering mRNA to CD4+ T cells. Briefly, they 
firstly prepared the LNPs with ionizable cationic lipid ALC-0307 (pro-
prietary to Acuitas), phosphatidylcholine, cholesterol, and PEG-lipid by 
a self-assembly process. Then, the LNPs were mixed with micelles 
composed of DSPE-PEG and DSPE-PEG-maleimide to prepare 
maleimide-modified LNPs, and the sulfhydryl-functionalized antibody 
was conjugated to the maleimide-modified LNPs [146]. Due to CD4- 
mediated endocytosis after antibody binding [145], mice injected with 
anti-CD4/mRNA-LNPs encapsulated luciferase mRNA demonstrated 

~7-fold higher luminescence signal in the spleen when compared to the 
mice injected with the control IgG-modified LNPs, and the luciferase 
activity in CD3+ T cells of mice injected with anti-CD4/mRNA-LNPs was 
33-fold higher than that of the control IgG-modified LNPs group. In 
addition, twenty-four hours after intravenously injecting the anti-CD4/ 
mRNA-LNPs carrying mRNA encoding Cre recombinase into the Cre- 
loxP ZsGreen1 reporter mice, ~50% of CD3+CD8- splenic T cells and 
20%-40% of CD3+CD8- T cells in lymph nodes were fluorescent protein 
ZsGreen1 positive (Fig. 6B). 

Recently, Rurik et al. reported anti-CD5 antibody-modified LNPs for 
the delivery of mRNA encoding a CAR designed against fibroblast acti-
vation protein (FAP) (CD5/LNP-FAPCAR) to construct transient anti-
fibrotic CAR-T cells in vivo to eliminate activated fibroblasts for cardiac 
fibrosis treatment. The anti-CD5 antibody-modified LNPs were prepared 
by a self-assembly process as the same as work of Tombácz et al. 
mentioned above. They wisely chose to target CD5 for enhancing the 
delivery specificity of LNPs to T cells without affecting the T cell effector 
function. They also evaluated the delivery efficiency and specificity of 
CD5/LNP encapsulated mRNA encoding Cre recombinase (CD5/LNP- 
Cre) in the Cre-loxP ZsGreen1 reporter mice. At twenty-four hours after 
intravenous injection of CD5/LNP-Cre, ZsGreen1 was expressed in 

Fig. 4. LNPs for mRNA delivery to T cells. (A) Screened ionizable lipid-formulated nanoparticles for the transfection of mRNA to human T cells ex vivo. Adapted with 
permission from [142]. Copyright (2020) American Chemical Society. (B) LNPs with imidazole head are effective for the in vivo mRNA delivery to T cells. Adapted 
with permission from [143]. Copyright (2020) American Chemical Society. 

Fig. 5. The structure of CARTs [144]. (A) The structure of CAR3 and CART7. (B) The structure of CART9 and CART11. (C) The structure of covalent hybrid 
fluorescent CART13. Adapted with permission from [144]. Copyright (2018) National Academy of Sciences. 
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81.1% of splenic CD4+ T cells and in 75.6% of splenic CD8+ T cells, 
while only 15.0% of CD3– cells expressed ZsGreen1. In addition, 17.5- 
24.7% FAPCAR+ T cells were found in the spleen of the cardiac injury 
and fibrosis mice at 48 h after the injection of CD5/LNP-FAPCAR, and 
the cardiac function of the injured mice was significantly improved at 
two weeks after the injection of CD5/LNP-FAPCAR (Fig. 6C) [49]. 

Furthermore, some delivery systems have been reported to deliver 
siRNA into T cells, though they have not been used for mRNA delivery 
[147]. These delivery systems are usually modified with T cell-targeting 
ligands, such as anti-CD7 [83] and anti-CD4 antibodies [82,148]. For 
example, Keil et al. exploited transferrin as a targeting ligand to deliver 
GATA3 siRNA to activated T cells by binding to the overexpressed 
transferrin receptor, which achieved high endocytosis by T cells in a 
murine asthma model [84]. 

7. mRNA-based regulation of B cells 

B cells play critical roles in the development of many diseases, 
including multiple sclerosis [149], systemic lupus erythematosus [150], 
autoimmune rheumatic diseases [54], and central nervous system (CNS) 
diseases [31] by producing autoantibodies. Thus, regulating the func-
tions of B cells is of great importance for the treatment of these diseases. 
Delivery of mRNA to B cells can regulate multiple B cells functions, 
including the antibody production, cytokine secretion, and T cell 

activation. Researchers have confirmed that B cells can be transfected in 
vitro and be effectively expanded. However, improving transfection ef-
ficiency is usually achieved at the expense of cell viability [91]. 

7.1. LNPs for mRNA delivery to B cells 

Recently, Siegwart et al. added a supplemental component, nega-
tively charged 1,2-dioleoyl-sn-glycero-3-phosphate (18PA), into tradi-
tional LNPs composed of a degradable dendrimer ionizable cationic lipid 
5A2-SC8, DOPE, cholesterol and DMG-PEG, and developed selective 
organ targeting (SORT) nanoparticles for tissue-specific mRNA delivery 
[151]. They demonstrated that mixing 30% 18PA into SORT LNPs 
exhibited excellent spleen-targeting performance (Fig. 7A). Two days 
after intravenous injection of SORT LNPs formulated with 30% 18PA 
and Cre-encoding mRNA into the Cre-loxP tdTomato reporter mice at a 
dose of 0.3 mg kg-1 Cre-encoding mRNA, they detected the tdTomato 
fluorescent signal predominantly in spleen and liver and the transfection 
efficiency was found to be ~12% in splenic B cells, ~10% in splenic T 
cells, and ~20% in splenic macrophages. Their study provided an 
excellent strategy for improving the selectivity of nanoparticles to the 
spleen for treating immune disorders. In addition, Anderson et al. 
developed an ionizable lipid (OF-Deg-Lin) to prepare the LNP delivery 
system with DOPE, C14-PEG-2000, cholesterol, and mRNA using 
microfluidics. The surface pKa of OF-Deg-Lin mRNA LNPs is 5.7. Their 

Fig. 6. Ligand-modified nanoparticles for mRNA delivery to T cells. (A) Anti-CD3 antibody (α-CD3Ab)-modified nanoparticles for the in vivo delivery of mRNA 
encoding CAR to T cells [11]. Copyright (2020) Springer Nature. (B) Anti-CD4 antibody modified LNP for the in vivo delivery of mRNA to T cells. The delivery 
efficiency was evaluated in Ai6 mice [145]. Copyright (2021) Elsevier. (C) Anti-CD5 antibody modified LNP encapsulated mRNA encoding FAP-CAR for the 
treatment of cardiac injury and fibrosis mice [49]. Copyright (2022) The American Association for the Advancement of Science. ROR1, receptor tyrosine kinase-like 
orphan receptor 1; HBcore18-27, hepatitis B virus (HBV) core antigen, FAPCAR, a CAR designed against fibroblast activation protein (FAP). 

J. Shi et al.                                                                                                                                                                                                                                       



Journal of Controlled Release 345 (2022) 494–511

506

results proved that the OF-Deg-Lin LNPs could navigate to the spleen 
and effectively transfect B cells (Fig. 7B) [152]. In C57BL/6 mice 
injected intravenously with the OF-Deg-Lin LNPs carrying mRNA 
encoding firefly luciferase (OF-Deg-Lin Fluc-mRNA LNPs) at a 0.75 mg 
kg-1 dose, more than 85% of the expressed luciferase was measured in 
the spleen by average radiance at 6 h post-injection. In addition, about 
7% of splenic B cells were Cy5 positive at 1 hour after the intravenous 
injection of OF-Deg-Lin Cy5-mRNA at a 0.75 mg kg-1 dose. 

7.2. Polymer nanoparticles for mRNA delivery to B cells 

In addition to LNPs, other nucleic acid delivery systems targeting B 
cells also have the ability for delivering mRNA into B cells. For example, 
our group developed a PEG-b-PLA or PEG-b-PLGA-based CLAN to deliver 
nucleic acids, including siRNA and plasmids. To optimize the CLAN for 
targeted delivery to B cells, we created a library of CLANs in which each 
CLAN has different surface PEG density and Zeta potential by changing 
the formulation of PEG-b-PLGA or cationic lipids. Thereafter, we 
screened an optimal CLAN for the in vivo delivery of the CRISPR-Cas9 
plasmid to B cells [55] (Fig. 7C). We proved that the screened CLAN 
could efficiently deliver the CRISPR-Cas9 plasmid into B cells in vivo, 
which exerted a therapeutic effect in mouse rheumatoid arthritis by 
knocking out the BAFFR of B cells. 

8. Conclusions and future perspectives 

mRNA-based therapy has shown great promises for vaccination and 
disease treatment. LNP-based mRNA vaccines have demonstrated 
striking antiviral effects in the prevention of COVID-19 [93,94]. In 
addition, delivery of antigen-encoding mRNA to DCs has shown to be 
effective in the prevention of infectious diseases and cancers [102]. 
mRNA-based therapy is expected to be promising in effectively regu-
lating the functions of immune cells and treating immune-related 
diseases. 

This review discussed the challenges for delivering mRNA into im-
mune cells: 1) how to achieve immune cell-specific delivery and 2) how 
to realize efficient translation of mRNA into protein. For the challenge of 
cell-specific delivery, efforts are mainly optimizing the chemical struc-
ture of the components of NPs and modifying them with targeting 
modules. Regarding the translation of mRNA, current methods mainly 
include: 1) using cationic materials to assist NPs escape from endosomes, 
and 2) controlling the mRNA immunogenicity through chemical modi-
fication and the co-delivery of immunosuppressive agents. 

For immune cell-targeted mRNA delivery, both enhancing the on- 
target efficiency and reducing off-target efficiency are of great impor-
tance. Although LNPs have been reported to deliver mRNA to different 
cells, the properties and composition of these LNPs varies due to 
different target cells (Table 4). For instance, previous works have proved 
that the targeting ability of LNPs can be affected by the surface charge 

Fig. 7. Nucleic acid nanocarrier for regulating B cell functions. (A) Screening 18PA (one screened SORT lipids) to prepare LNP for mRNA delivery into B cells. 
Adapted with permission from [151]. Copyright (2020) Springer Nature. (B) OF-Deg-Lin-based LNPs for delivering mRNA to splenic B cells. Adapted with permission 
from [152]. Copyright (2017) John Wiley and Sons. (C) Screening the best formulation of CLANs for delivering CRISPR-Cas9 plasmid to B cells [55]. 
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[153], the structure of lipids [143,144] and the structure of cholesterol 
[138]. The properties and composition of LNPs can affect their pKa, 
leading to the difference of serum protein absorption. The proteins 
absorbed on LNPs increase the interaction with receptors expressed in 
target tissues, thereby realizing tissue-specific delivery. Using chemi-
cally conjugated antibodies on the surface of NPs can also efficiently 
reduce off-target effects [9,11,115,154]. In addition, engineered cell 
membranes that express specific targeting ligands can also be used to 
modify NPs for targeted delivery [155]. For example, ligand-modified 
engineered cell-membrane-derived vesicles have been used as mRNA 
delivery systems for targeted delivery to Ly6C+ inflammatory mono-
cytes [156]. Furthermore, barcoded mRNA-based high-throughput in 
vivo screening platforms can be used for developing mRNA delivery 
systems [157,158]. For T, B and NK cells with weak phagocytosis, virus- 
mimicking membrane fusion is a potential strategy for mRNA delivery. 
Cell membranes engineered with viral fusion protein such as the hem-
agglutinin protein of influenza A virus can be used to coat mRNA-loaded 
nanoparticles to facilitate nanoparticles enter target cells via cell mem-
brane fusion [159]. 

In summary, LNP-based COVID-19 mRNA vaccines has opened the 
floodgates to develop mRNA therapy for regulating the functions of 
different immune cells, including DCs, macrophages, T cells, and B cells, 
which have great potential in preventing or treating infectious diseases, 
cancers, hereditary diseases, and cardiovascular diseases. Although 
many efforts have been made, a lot of problems remain to be solved, 
particularly in enhancing the delivery of mRNA to hard-transfected T 
and NK cells. 
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Table 4 
The composition of LNPs for mRNA delivery to different immune cells.  

Target cells Composition of LNPs Reference 

B cells 

Degradable dendrimer ionizable cationic lipid 5A2- 
SC8; DOPE; DMG-PEG; Cholesterol; Additional 
component 1,2-dioleoyl-sn-glycero-3-phosphate 
(18PA). 

[151] 

Synthetic ionizable lipid (OF-Deg-Lin); DOPE; C14- 
PEG-2000; Cholesterol. [152] 

T cells 

Synthetic ionizable C14-4 lipid; DOPE; C14-PEG; 
Cholesterol. 

[142] 

Synthetic lipid-like molecule with imidazole head (93- 
O17S); DOPE; DSPE-PEG; Cholesterol. 

[143] 

Ionizable cationic lipid ALC-0307 (proprietary to 
Acuitas); Phosphatidylcholine; PEG-lipid; Cholesterol; 
DSPE-PEG; DSPE-PEG-maleimide. 

[49,145] 

Macrophages 

Ionizable lipid cKK-E12; DOPE; C18-PEG2K; Synthetic 
20α-hydroxycholesterol (20α-OH)-modified 
cholesterol. 

[138] 

Ionizable lipid (cKK-E15); Synthetic phospholipids 
with a constrained adamantyl group; Lipid-PEG 
(C14PEG2000); Cholesterol (cholesterol, 20α- 
hydroxycholesterol, β-sitosterol). 

[139]  
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