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Abstract
Background Cancer remains a serious health concern worldwide, and different approaches are being developed for its treat-
ment. The strategy to use the immune system as an approach for treating cancer has recently gained momentum. Messenger 
RNA (mRNA) has been assessed as an up-and-coming resource for the evolution of advanced cancer immunotherapies over 
the past decades. However, degradation in extracellular compartments and during endosomal escape remain obstacles for 
efficient mRNA delivery and limit the therapeutic applications of this approach.
Area covered Lipid-based nanocarriers are gaining significant attention as non-viral mRNA vectors. Various lipid-based 
nanocarrier types have been developed to enhance the stability of mRNA molecules, facilitate their transfection, and ensure 
delivery to an intracellular compartment suitable for further processing. This review discusses the development of novel 
mRNA delivery systems using lipids for effective cancer immunotherapy.
Expert opinion mRNAs are superior to other biomolecules for developing therapeutic drugs and vaccines with multiple 
medical applications that are currently being explored by researchers in various biomedical fields. Lipid-based mRNA nano-
particles can improve the potency of the mRNA by enhancing its stability, enabling its cellular uptake, and facilitating its 
endosomal escape. Targetability of these therapeutics can be increased by conjugating their surface with the desired ligands 
or targeting agents. Lipid–mRNA nanoparticles are increasingly being incorporated in cancer immunotherapy applications, 
including vaccines, monoclonal antibodies, and chimeric antigen receptor T-cell treatment, and several such nanoparticles 
are being assessed in clinical trials. Further research that assesses key variables for transfection efficiency of lipid–mRNA 
nanoparticles will expedite the development of improved therapeutics.

Keywords mRNA · Lipids · Lipid nanoparticle · Cancer immunotherapy

Introduction

Cancer, one of the prime sources of death worldwide, com-
prises a large group of diseases, which are triggered by the 
uncontrolled proliferation of malignant cells. Surgery and 
radiation therapy are the primary treatment methods for 
local and non-metastatic cancers, whereas chemotherapy 
is used to suppress cancer cell proliferation and treat met-
astatic cancers. Depending on the cancer type and stage, 

the treatment is typically based on an appropriate combi-
nation of these methods, but the overall survival rate and 
therapeutic efficacy of these conventional approaches are 
still unsatisfactory. Thus, development of effective cancer 
treatment methods is of an utmost requirement. Recently, 
remarkable progress has been made in cancer treatment by 
deploying various combination therapies, including chemo-
therapy, photothermal therapy, photodynamic therapy, and 
hyperthermia therapy (Ou et al. 2018; Poudel et al. 2020).

Immunotherapy, which utilizes the capability of the 
body’s defense mechanism to concede and attack cancer 
cells, has gained substantial interest over the past decade 
for its applicability in cancer treatment. Two German physi-
cians, Wilhelm Busch and Friedrich Fehleisen, recognized 
an epidemiological association of cancer and the immune 
system in the nineteenth century (Oiseth et al. 2017). Later, 
the American orthopedic surgeon William Coley, the father 
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of cancer immunotherapy, medicated cancer patients with 
extracts containing heat-inactivated Streptococcus pyogenes 
and Serratia marcescens to induce sepsis and boost the 
immunity (Decker et al. 2017). This extract cocktail derived 
from gram-positive and gram-negative bacteria, which is 
widely known as ‘Coley’s toxins,’ had potent immunostimu-
latory properties and attained favorable responses in several 
types of malignancies. However, ‘Coley’s toxins’ did not 
become the standard practice in cancer therapy due to the 
lack of scientific rigor and the inability to obtain reproduc-
ible results. With the development of radiation therapy and 
chemotherapy, ‘Coley’s toxins’ usage was gradually discon-
tinued (Waldman et al. 2020). However, with the discovery 
of immune checkpoints, such as cytotoxic T lymphocyte 
antigen 4 (CTLA-4) and programmed cell death 1 (PD-
1), cancer immunotherapy research has seen a boost in the 
preceding decades and there has been an improved under-
standing of the process of immune surveillance by which 
innate immune cells eliminate cancer cells (Darvin et al. 
2018; Esfahani et al. 2020). After the approval of six check-
point blockade modulators (Hargadon et al. 2018) and two 
chimeric antigen receptor (CAR)-T cell immunotherapies 
(Pantin et al. 2020) by the US Food and Drug Administra-
tion (FDA), cancer immunotherapy is gaining tremendous 
prominence as a standard method for cancer treatment.

Although immunotherapy is evolving as an effective 
approach for the treatment of cancer, there are still some 
considerable obstacles. So far majority of immunotherapies 
have been utilized mostly for patients with advanced can-
cer, but response rates for diseases in less advanced cases 
have yet to be thoroughly determined. As the immune sys-
tem response varies from person to person based on their 
genetic makeup, a hundred percent response rate is not 
guaranteed. Progress towards broader and more effective 
immunotherapeutic approaches requires deeper insights into 
the immunological relationships between tumors and hosts 
(Hiam-Galvez et al. 2021). Cancer vaccines which target 
antigens specific to tumor or associated with tumor, can pre-
cisely attack and eradicate malignant cells that overexpress 
these antigens, which is a safe and specific treatment option 
compared to other immunotherapy techniques. Despite 
these promising features, the clinical application of viral 
vector based, immune cell-based or peptide based vaccines 
has remained challenging for decades because of cumber-
some preparation methods and modest clinical responses in 
patients. In this context, non-infectious nucleic acid (DNA 
and RNA) vaccines which are free of contaminations (pro-
tein or virus-derived) are emerging as promising vaccine 
platforms for cancer therapy. However, DNA needs to be 
translocated across the cell wall and nuclear membrane and 
needs to undergo transcription within the nucleus to transfect 
a cell. This process, along with a weak expression of the 
DNA-sensing mechanism and varying expression of nucleic 

acid-sensing pattern recognition receptors, contributes to 
the comparatively low immunogenicity of DNA vaccines. 
Unlike DNA, messenger RNA (mRNA) can efficiently trans-
fect both mitotic and non-mitotic cells because it is directly 
translated into the antigen(s) of interest in the cytoplasm 
without requiring translocation into the nucleus (Huertas 
et al. 2003; Jahanafrooz et al. 2020). Typically, mRNA 
vaccines are linked with a higher protein expression and 
magnitude than DNA vaccines, and do not require genomic 
integration; mRNA is thus free from impending insertional 
mutagenesis (Sahin et al. 2014). The mRNA is prepared in 
a cell-free system, which facilitates the process of scaling 
up the production and implementing ‘Good Manufactur-
ing Practices’ by optimizing the conditions. (Guevara et al. 
2020; Sahin et al. 2014). mRNA molecules are demonstrably 
superior to other biomolecules, such as proteins, for develop-
ing new therapeutic and prophylactic vaccines, monoclonal 
antibodies, CAR T-cell therapies, and immunomodulatory 
drugs (Billingsley et al. 2020; Van Hoecke et al. 2019).

Though mRNA is an emerging platform for cancer ther-
apy, it has disadvantage of being degraded by ubiquitous 
RNase and being unstable (Zhou et al. 2020). As a negatively 
charged and large molecule type (104–106 Da), it is chal-
lenging to translocate mRNA molecules across the anionic 
lipid bilayer of cell membranes. However, efficient mRNA 
delivery into cells is vital for the success of mRNA-based 
therapeutics. Several physical methods, including gene guns, 
microinjection, electroporation, hydrodynamic delivery, 
and microfluidic squeezing, have been applied for mRNA 
delivery (Hajj et al. 2017). Various nanomaterials, includ-
ing polymers, protein derivatives, lipids and lipidoids have 
been designed for in vivo mRNA delivery. Other strategies, 
such as encapsulation of mRNA in viral vectors, have also 
been explored (Wadhwa et al. 2020). Non-viral lipid-based 
nano system exhibit promising properties to mediate mRNA 
transfection, such as protecting the mRNA from degradation 
and increasing its cellular internalization (Lee et al. 2020; 
Zhang et al. 2021a, b). With the recent approval of the lipid 
nanoparticle (LNP) mRNA vaccine for COVID-19, research-
ers have sought to harness this method for modulating cancer 
vaccines. Lipid based systems have been rigorously studied 
for mRNA cancer immunotherapy and are currently in clini-
cal trials. This review presents a brief sketch of advance-
ments in mRNA delivery by lipid nanocarriers for effective 
cancer immunotherapy.

Structure of mRNA

mRNA, a single-stranded RNA molecule, directs cytoplas-
mic protein expression. The mRNA types investigated for 
their use in cancer are non-replicating unmodified mRNA, 
modified mRNA and virus-derived self-amplifying RNA 
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(Reichmuth et al. 2016). Traditional mRNA-based vaccines 
encode the antigen of interest with 5′ and 3′ untranslated 
regions (UTRs), while self-amplifying RNAs encode the 
viral replication machinery allowing intracellular RNA 
amplification and increased protein expression (Pardi et al. 
2018). In vitro transcription (IVT) is used as a simple and 
quick method to synthesize the desired mRNA molecules 
in a cell-free system (Karikó 2019). IVT mRNA is synthe-
sized from a linear DNA structure which uses bacteriophage 
T7, T3, or SP6 RNA polymerase. Preferentially, the product 
should have open reading frame that encodes the protein of 
interest, flanking UTRs, a 5′ cap, and a poly(A) tail (Pardi 
et al. 2018; Tossberg et al. 2020). Unprotected mRNA is 
subjected to rapid degradation by extracellular RNases and 
are not efficiently internalized. Hence, various transfection 
reagents have been advanced which enables cellular uptake 
of mRNA and thus provide protection against its degrada-
tion. (Wadhwa et al. 2020).

Lipid‑based mRNA nanoparticle systems

Lipid-based vectors prepared from naturally derived or syn-
thetic lipids are promising non-viral RNA delivery systems. 
These nanocarrier lipids consist of a polar head, a hydropho-
bic tail and a linker connecting the two regions. LNPs, which 
increase the mRNA stability and transfection efficiency, are 
broadly classified based on their charge and composition as 
cationic LNPs, ionizable LNPs, lipid–polymer hybrid nan-
oparticles (LPHNPs), and lipid calcium phosphate (LCP) 
nanoparticles.

Lipoplexes

Lipoplexes are formed through electrostatic interaction 
within positively charged liposomes and nucleic acids 
with negative charge (Fig. 1). The electrostatic interactions 
occur between the polar headgroup of cationic liposomes 
and mRNA phosphate groups. Lipoplexes were the earliest 
lipid-based delivery systems that carried mRNA molecules 
with distinct internal arrangements, which protected the 
mRNAs from degradation by cellular nucleases (Ewert et al. 
2010). Studies have revealed that lipoplexes are released 
from endosomes via a flip-flop mechanism. An increase in 
transfection efficiency was achieved using lipids, such as 
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 
to facilitate the fusion of the lipoplex with the endosomal 
membrane and release of the mRNA (Simões et al. 1999). 
Overall, the formulation of mRNA lipoplexes can achieve 
enhanced immunogenicity, duration of protein expression, 
hemocompatibility, and storage stability. The positive charge 
of the formulation can increase the immune response after 

intravenous (i.v.) administration (Samaridou et al. 2020). 
Lipoplexes have limited applicability due to potency and 
tolerability issues. They have been subjected to extensive 
preclinical in vitro experiments; however, due to poor cus-
tomization of their composition, relatively low transfection 
efficiency, tendency to aggregate, and rapid removal from 
blood circulation, they have been recently excluded from 
clinical studies (Guevara et al. 2020).

Cationic lipids

Cationic lipids feature a positively charged hydrophilic head 
that is joined to the hydrophobic chain by a linker. Elec-
trostatic interaction of cationic lipids with the negatively 
charged phosphate groups of mRNA molecules can form 
complexes that are essential for mRNA in vitro transfec-
tion. The cationic lipid 1,2-di-O-octadecenyl-3-trimethyl-
ammonium-propane (DOTMA) and lipid DOPE were the 
first lipids used for mRNA delivery with relatively high 
transfection efficiency (Malone et al. 1989). DOTMA and its 
biodegradable analog 1,2-dioleoyl-3-trimethyl ammonium-
propane (DOTAP) are employed in cancer immunotherapy. 
Spleen-targeted DOTMA–mRNA lipoplexes (RNA-LPX) 
were used to develop a systemic cancer vaccine (Kranz et al. 
2016). Cheng et al. (2020) demonstrated that modifying the 

Fig. 1  Lipid-based nanoparticles used for delivery of mRNA in can-
cer therapy
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lipid-to-mRNA ratio can result in a change from cationic 
to anionic lipoplexes and this affects the in vivo delivery of 
mRNA. Anionic lipoplexes target the spleen, whereas cati-
onic formulations target the lungs. Thus, the target organ 
can be changed by modifying the proportion of the cationic 
LNPs (Cheng et al. 2020). The combination of DOTAP with 
DOPE is more efficient in generating antigen-specific lipids, 
which appear to be associated with enhanced encapsulation 
and transfection efficiency. DOTAP, in combination with 
cholesterol, is even more efficient in transfecting primary 
bone marrow-derived dendritic cells (DCs; Liu et al. 2020). 
Recently, ethylphosphatidylcholine (ePC)-based LNPs have 
been investigated for use in mRNA-based cancer immuno-
therapies (Persano et al. 2017; Zhang et al. 2019).

Cationic lipid-based nanoparticles can trigger innate 
immune responses and act as immune adjuvants for mRNA 
vaccine (Lou et al. 2020). Especially the properties of the 
amine head group and the degree of acyl chain saturation 
of cationic liposomes can considerably affect their immu-
nostimulatory activity (Lonez et al. 2012). Hence, nanopar-
ticle delivery platforms containing lipids with permanent 
cationic charge can be designed to obtain mRNA-based 
immunotherapies with improved therapeutic efficacy and 
enhanced immunogenicity. Despite these beneficial prop-
erties, the disadvantages of cationic LNPs include a less 
efficient endosomal escape than other similar nanoplatforms 
and the induction of toxic pro-apoptotic and pro-inflamma-
tory responses (Cui et al. 2018), which can induce liver 
damage and significantly increase leukocyte counts (Morille 
et al. 2008).

Ionizable lipoplexes

At physiological pH, ionizable lipids remain neutral, but at 
low pH, they become positively charged due to the protona-
tion of free amines. Ionizable lipids were developed to over-
come the limitations of cationic lipids and were initially used 
for small interfering RNA (siRNA) and DNA delivery (Gue-
vara et al. 2020). The positive charge of ionizable lipids at 
low pH facilitates the complex formation or encapsulation of 
negatively charged mRNA, which enhances the therapeutic 
efficacy by improving endosomal escape and mRNA release. 
However, the ionizable lipids regain the neutral charge at 
physiological pH, which extends their circulation time, 
enhances stability, and decreases toxicity (Chaudhary et al. 
2021; Samaridou et al. 2020). Moreover, the neutral charge 
of these lipids limits their interactions with the blood cell 
anionic membranes and thus improve their biocompatibility 
as a beneficial property for in vivo mRNA delivery. Once 
they enter the endosomes where the pH is lower compared 
to the extracellular environment, the ionizable lipids become 
protonated and acquire a positive charge, which may lead to 
membrane destabilization and assist in endosomal escape 

(Hou et al. 2021). The structures of some of the important 
next ionizable lipids are presented in Fig. 1. Next generation 
ionizable lipids such as the ssPalmE, L5, L101 and ATX-
100 have been utilized for LNP synthesis for various appli-
cation in RNA delivery. ssPalmE is an ionizable lipid-like 
material with vitamin E-scaffolds. ssPalmE in combination 
with cationic peptide “KALA” has been used as a lipoplex-
mRNA nanoparticles as a DC-vaccine which stimulated 
higher protein expression and the production of proinflam-
matory cytokines from murine bone marrow derived DCs 
(BMDCs) and suggested to be the potent ex vivo DCs-based 
vaccine platform (Tateshita et al. 2019). L5, an amino lipid, 
has been shown to have efficient mRNA delivery in rodent 
and primate models with optimal pharmacokinetics and 
non-toxic side effects (Sabnis et al. 2018). L101 is a bio-
degradable lipid used to formulate effective LNP formula-
tions. Biodegradable LNPs were prepared encapsulating an 
siRNA targeting proprotein convertase subtilisin/kexin type 
9 (PCSK9) that demonstrated higher hepatic clearance and 
thus displayed improved toxicity profile (Suzuki et al. 2017). 
When new series of alkenyl amino alcohol (AAA) ionizable 
lipid materials for mRNA LNP delivery were developed, 
linoleic acid derivative OF-02 formulated with DOPE, C14-
PEG-2000, and unmodified mRNA coding for human eryth-
ropoietin (EPO) into mRNA LNPs expressed higher lev-
els of EPO expression. This formulation outperformed the 
benchmark lipid cKK-E12 LNPs yielding twofold increase 
in EPO production in vivo which represents tunable handle 
for in vivo protein expression significant in protein replace-
ment therapies (Fenton et al. 2016).

The preparation of lipoplexes consisting of ionizable 
lipids and mRNA is carried out in an acidic buffer with the 
result that the lipids become positively charged and encap-
sulate the RNA cargo. The acid dissociation constant (pKa) 
of the ionizable group has a significant effect on the in vivo 
efficacy and immunogenicity of mRNA. Ideal immunogenic-
ity is achieved with the following pKa ranges: i.v. mRNA 
delivery, pKa 6.2–6.5; intramuscular (i.m.) mRNA deliv-
ery, pKa 6.6–6.9 (Cullis and Hope 2017). 1,2-Dioleoyl-3-di-
methylammonium propane (DODAP) and 1,2-dioleyloxy-
N,N-dimethyl-3-aminopropane (DODMA) were the first 
ionizable lipids to be explored for mRNA delivery (Semple 
et al. 2001; Heyes et al. 2005). Various structural modifica-
tions of ionizable lipids have been used to enhance their 
mRNA delivery potency. For instance, enhanced degree of 
unsaturation in the hydrophobic domain of ionizable lipids 
increases mRNA delivery efficiency (Fenton et al. 2016). 
Specifically, addition of double bonds can enhance the 
fusogenic group formation, which promotes the fusion pro-
cess and endosomal delivery (Heyes et al. 2005). Improv-
ing the efficacy of DODMA by rational design resulted in 
the development of the ionizable lipid 1,2-dilinoleyloxy-
N,N-dimethyl-3-aminopropane (DLin-DMA) (Heyes et al. 
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2005). Further modification of the amine head group, linker, 
and hydrophobic regions of DLin-DMA led to the DLin-
KC2-DMA lipid, which was further modified to obtain 
(6Z,9Z,28Z,31Z)-heptatriaconta-6,9,28,31-tetraen-19-yl4-
(dimethylamino)butanoate (DLin-MC3-DMA) (Jayaraman 

et al. 2012) (Fig. 2). The ionizable lipid DLin-MC3-DMA 
(MC3) was utilized in the formulation of patisiran (Onpat-
tro), the first FDA-approved siRNA drug (Akinc et al. 2019). 
For mRNA delivery, MC3 lipid is also explored (Hou et al. 
2021; Chaudhary et al. 2021).

Fig. 2  Various groups of ionizable lipids used for delivery of mRNA
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A large library of ionizable lipids, which are termed lipid-
like compounds or lipidoids, can be efficiently synthesized 
by combinatorial chemistry. High-throughput screening of a 
variety of lipidoids prepared by assembling diverse building 
blocks can rapidly identify ionizable lipids with better RNA 
delivery efficiency (Zhang et al. 2021a, b). For example, the 
lipid-like compound 1,1′-((2-(4-(2-((2-(bis(2-hydroxydode-
cyl)amino)ethyl)(2-hydroxydodecyl)amino) ethyl)piperazin-
1-yl)ethyl)azanediyl)bis(dodecan-2-ol)  (C12-200) has been 
developed for the delivery of mRNA molecules (Love et al. 
2010). Lipidoid 3,6-bis(4-(bis(2-hydroxydodecyl)amino)
butyl)piperazine-2,5-dione (cKK-E12) is incorporated into 
LNPs to deliver mRNA molecules for cancer immunother-
apy (Oberli et al. 2017). The mRNA delivery efficacy of 
cKK-E12 can be improved by replacing its lipid chains with 
alkenyl amino alcohols, leading to 3,6-bis(4-(bis((9Z,12Z)-
2-hydroxyoctadeca-9,12-dien-1-yl)amino)butyl)piperazine 
-2,5-dione (OF-02) (Fenton et al. 2016).

The tolerability of LNPs can be improved for frequent 
drug administration by using biodegradable ionizable 
lipids for the formulation. Enhance lipid biodegradability 
is achieved by introducing ester or disulfide motifs into the 
linker and lipid tails. Specifically, introducing an ester group 
into the MC3 lipid improves its mRNA delivery efficacy and 
accelerates its clearance from the liver and plasma. Com-
pared with the properties of MC3, the biodegradable lipids 
((4-hydroxybutyl)azanediyl)bis(hexane-6,1-diyl)bis(2-hexyl-
decanoate) (ALC-0315) and heptadecan-9-yl 8-((2-hydrox-
yethyl)(6-oxo-6-(undecyloxy)hexyl)amino)octanoate 
(Lipid H or SM-102) displayed improved pharmacokinet-
ics and enhanced transfection efficiency and were used in 
the formulation of the COVID-19 vaccines BNT162b and 
mRNA-1273, respectively (Hou et al. 2021). Moreover, pH-
switchable zwitterionic ionizable lipids, which can possess 
therapeutic properties, have been explored for mRNA deliv-
ery. LNP-mRNA formulations comprising zwitterionic ion-
izable lipids bearing a heterocyclic amine head group (A18-
Iso5-2DC18) can target T cells in vivo. A18-Iso5-2DC18 
strongly binds to the stimulator of interferon genes (STING) 
and induces potent cytolytic T lymphocyte responses, result-
ing in substantial antitumor immunity (Miao et al. 2019). 
Many ionizable lipids have been developed and screened 
to optimize antigen expression, elicit adaptive immune 
responses, and enhance RNA delivery.

Helper lipids

Along with cationic or ionizable lipids, helper lipids, such as 
cholesterol, PEGylated lipids, and phospholipids (phosphati-
dylcholine and phosphatidylethanolamine) are commonly 
included in mRNA-LNP formulations. These supplementary 
components with distinct functional properties are added to 
enhance the stability, cellular uptake, and mRNA delivery 

by LNPs. The inclusion of DOPE as helper lipid for cKK-
E12 LNPs improved mRNA expression. Miao et al. (2020) 
used LNPs containing combinations of different ionizable 
lipids to evaluate mRNA expression and indicated that the 
combination of a protein-binding ionizable lipid with a lipid 
of high fusogenicity could enhance mRNA expression (Miao 
et al. 2020). The incorporation of cholesterol and 1,2-dis-
tearoyl-sn-glycero-3-phosphocholine (DSPC) improves lipid 
stability and endosomal escape. Inclusion of lipid-anchored 
polyethylene glycol (PEG) decreases macrophage-mediated 
clearance (Aldosari et al. 2021).

Lipopolyplexes

Lipopolyplexes consist of mRNA complexed with a poly-
mer core and surrounded by a lipid shell (Fig. 1). This sys-
tem was designed to utilize the advantages of lipoplexes 
and polymers to generate LNPs with better colloidal sta-
bility, decreased cytotoxicity, and enhanced transfection 
efficiency. Lipid and polymer can exert synergistic effects 
that promote cellular uptake and hence facilitate endoso-
mal escape of the payload (Chen et al. 2016). Several poly-
mers and lipids have been investigated for the formulation 
of stable lipopolyplexes. Polyethylenimine has excellent 
efficacy and is extensively used for nucleic acid delivery. 
However, its application is limited by its high charge den-
sity, which causes toxicity (Ulkoski et al. 2019). Several 
biodegradable polymers, such as polycaprolactone, PLGA 
and polylactic acid, along with their combinations are used 
for complexation with mRNA. DSPE, DOTAP, lecithin, 
1,2-distearoyl-sn-glycero-3-phosphocholine, 1,2-dilau-
royl-sn-glycero-3-phosphocholine, and PEG are the most 
commonly applied lipids (Wadhwa et al., 2020). The func-
tional groups of lipid–polymer hybrid nanoparticles on the 
surface are accessible for modifications that alter their phys-
icochemical properties and affect the delivery of mRNA. 
Because lipopolyplexes can be designed to induce a high 
degree of nucleic acid condensation, they are emerging as 
potential delivery vectors for mRNA. Although the endo-
some escape mechanism of polyplexes is not well under-
stood, a possible mechanism suggests that proton buffering 
by the polymer causes osmotic swelling, which leads to the 
rupture of the endosome (Bus et al. 2018). Van der Jeught 
et al. (2018) investigated T cell and inflammatory responses 
to an advanced lipopolyplex platform enclosing a lipid 
shell decorated with mannose receptor-targeting moieties 
that demonstrated excellent hemocompatibility and largely 
limited the mRNA expression to splenic antigen-presenting 
cells. Immunization with mRNA-containing lipopolyplexes 
evoked robust T cell immunity and was more efficient at 
suppressing tumor growth than the i.v. immunization by 
antigen mRNA-electroporated DCs and lipoplexes (Van der 
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Jeught et al., 2018). An ionizable lipid, a phospholipid, a 
PEG-containing lipid, cholesterol, and an additive for the 
administration of mRNA vaccines comprise the formulation. 
Phospholipid and cholesterol are important for stability. The 
PEGylated lipid reduce aggregation, assist in vivo biodistri-
bution, and minimizes nonspecific interactions (Pichon et al. 
2013; Van der Jeught et al. 2018).

A typical mRNA vaccine consisting of condensed 
mRNA in a positively charged core structure is not effi-
ciently internalized by the antigen-presenting cells while 
the mRNA-based vaccine is superior in triggering a strong 
anticancer immunity. An mRNA vaccine consisting of a core 
with a poly-(β-amino ester) polymer and mRNA enclosed 
by 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine/1,2-
dioleoyl-sn-glycero-3-phosphatidyl-ethanolamine/1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethyleneglycol)-2000 (EDOPC/DOPE/
DSPE-PEG) forms lipopolyplexes that enter DCs via micro-
pinocytosis (Persano et al. 2017). By boosting interferon- 
and interleukin-12 expression in DCs via toll-like receptor 
7/8 signaling, this formulation demonstrated intrinsic adju-
vant action. DCs treated with this mRNA vaccination dem-
onstrated improved antigen presentation abilities. (Diken 
et al. 2011). Collectively, these core–shell architectures con-
stitute a suitable framework for the creation of mRNA vac-
cines. Moreover, pH-responsive polymer systems have been 
tested for mRNA delivery. Like ionizable lipids, the ioniz-
able aminoethylene side chains linked to poly(aspartamide)s 
release the mRNA molecules when they become protonated 
due to the acidic pH inside endosomes. The degree of pro-
tonation and the delivery efficacy of poly(aspartamide) are 
affected by the length and hydrophobicity of its side chains. 
mRNA can be delivered to various parts of the body by 
PEGylated poly(aspartamide) with an ethylenediamine side 
chain (Chaudhary et al. 2021).

Lipid calcium phosphate nanoparticles

LCP nanoparticles are recently developed nanoparticle sys-
tem with a core that can be loaded with mRNA, siRNA, 
DNA, or chemotherapeutic drugs (Tang et al. 2015; Wang 
et al. 2018) (Fig. 1). LCP nanoparticles consist of a calcium 
phosphate core enclosed by lipid coating. The acid-sensitive 
core of the calcium phosphate core facilitates endosomal 
escape thus directing to release of the enclosed ingredients. 
The dissolution of the calcium phosphate core in endolyso-
somal compartment increases osmotic pressure and rup-
tures the endosomal membrane. LCP nanoparticles have 
been used to co-deliver PD-L1, siRNA, and mRNA using 
mannose as a ligand for targeting DCs, which present tumor 
antigens, thus prompting T cell activation and proliferation 
(Wang et al. 2018).

Cellular internalization

After reaching the target cells, LNPs can be internalized via 
various mechanisms. The exact mechanism of cellular inter-
nalization of lipid-based mRNA systems has not been fully 
explored, leading to indeterminate conclusions (Maugeri 
et al. 2019). Recent studies have displayed that this process 
comprises phagocytosis, micropinocytosis, clathrin-medi-
ated endocytosis, and caveolin-mediated endocytosis (De 
Haes et al. 2012; Rush et al. 2014; Yasar et al. 2018). Upon 
internalization, nanoparticles may enter the endolysosomal 
pathway from where some enter the cytosol for translation, 
whereas others escape from the endosome into the cyto-
sol for translation. The mechanisms involved in endosomal 
escape are hypothesized to be the proton sponge effect, pore 
formation, disruption of membrane, or membrane fusion 
(Selby et al. 2017; Varkouhi et al. 2011).

Application of lipid‑based mRNA 
nanoparticles

Lipid‑based mRNA vaccine CAR T‑cell therapy

CAR T-cell therapy is an incipient cancer immunotherapeu-
tic approach. There are a few CD19-directed therapeutics 
with FDA approval, namely, brexucabtagene for mantle cell 
lymphoma, tisagenlecleucel for acute lymphoblastic leu-
kemia, and axicabtagene ciloleucel for diffuse large B-cell 
lymphoma (Mohanty et al. 2019). This therapeutic technique 
is based on T-cell engineering, which involves manipulating 
T-cells generated from patient blood in vitro to express arti-
ficial receptors that target a specific tumor antigen (Mirzaei 
et al. 2019). The engineered T cells are expanded in the 
laboratory and then infused into the patients for treatment. 
However, CAR T-cell therapy is related with side effects, 
including cytokine release syndrome, neurological toxic-
ity, tumor lysis syndrome, and anaphylaxis (Mohanty et al. 
2019). In addition, CAR T cells are mostly produced by 
viral transduction, which limits manufacturing and in vivo 
translation.

To increase the safety of CAR T-cell immunotherapy for 
cancer, mRNA has emerged as a potential treatment option 
that enhances transfection efficiency, CAR expression, and 
the potency to kill melanoma target cells. Electroporation 
is clinically used to deliver mRNA to cells such as T cells 
(de Macedo Abdo et al. 2020). A lipid-nanoparticle-based 
mRNA system for CAR T-cell therapy provides a promising 
approach to overcome these challenges. Ionizable LNPs have 
been validated for lower cytotoxicity in various cell types, 
including immune cells (Billingsley et al., 2020). Billing-
sley et al. (2020) demonstrated the fabrication of various 
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LNP-mRNA formulations using ionizable lipids as shown in 
Fig. 3. The refined C14-4 LNPs were employed to encapsu-
late CAR mRNA to create functional CAR T cells, resulting 
in better mRNA delivery. In comparison to the effects of 
electroporation-based mRNA delivery, C14-4 LNPs gen-
erated reduced T cell toxicity while achieving comparable 
levels of CAR surface expression; hence, C14-4 LNPs were 
verified as a potentially feasible alternative technique for 
mRNA-based ex vivo engineering of CAR T cells. (Billing-
sley et al. 2020).

Lipid‑based mRNA as cancer vaccine

Cancer vaccines can be prophylactic or therapeutic vaccines. 
Therapeutic vaccines contribute to boosting the immune sys-
tem to detect and destroy antigens expressed in malignant 
tumors (Oberli et al. 2017). Different types of lipid-based 
mRNA vaccines are applied for effective treatment.

By activating various TLR subtypes, the combination of 
diverse adjuvant types can synergize immune stimulating 
effects. It is claimed that integrating additional adjuvants 
into LNPs can improve mRNA-mediated immune responses 
even further. Hydrophobic interaction between the lipid 
tails of Pam3, tri-palmitoyl-S-glyceryl cysteine connected 
to a pentapeptide (PAM3CSK4; Pam3) was introduced into 
LNPs (Lee et al. 2020). Pam3-LNPs induced an increase in 
immunological activation in cellular responses, resulting in 
a large antigen-specific  CD8+ T cells. Co-stimulation of sev-
eral TLR subtypes by additional adjuvants is likely to accel-
erate the evolution of LNP formulations as mRNA-based 
cancer immunotherapies as shown in Fig. 4 (Lee et al. 2020).

As a cancer therapeutic alternative, an approach focused 
on evoking antigen-specific immunity is also being inves-
tigated (Benteyn et al. 2015). This work found that PD-L1 
and PD-L2 siRNA delivery via DLin-KC2-DMA-containing 
LNPs resulted in efficient and specific reduction of PD-L 
expression in human monocyte-derived DCs. The estab-
lished siRNA-LNP transfection approach had no effect 
on DC phenotypic or migratory capabilities and resulted 
in satisfactory DC vitality. siRNA-LNP transfection can 
be successfully paired with target antigen peptide loading 
and mRNA electroporation. Finally, these PD-L-silenced 
DCs, which were loaded with antigen mRNA, significantly 

Fig. 3  Schematic representation of preparation of lipid nanoparticles 
(LNPs) via microfluidic mixing encapsulating CAR mRNA. The LNP 
loaded with CAR mRNA induce CAR expression in T cells which 
results in the tumor targeting and cell death. Reprinted with per-
mission from Billingsley et  al. (2020). Copyright© 2020 American 
Chemical Society

Fig. 4  Lipid nanoparticle prepared using Pam3 lipid encapsulating mRNA for effective delivery of mRNA for cancer immunotherapy. Repro-
duced from Lee et al. (2020) with permission from the Royal Society of Chemistry
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increased ex vivo antigen-specific  CD8+ T cell responses 
in cancer patients who had been transplanted. In conclu-
sion, PD-L siRNA-LNP-modified DCs are appealing for 
clinical-level production and application to increase immune 
responses not only in transplanted cancer patients (Hobo 
et al. 2013).

Personalized cancer vaccines are also being explored in 
the field of mRNA-based nanovaccines. This system uti-
lizes the release of neoantigens by utilizing various epitope 
sequences. Several clinical trials have been based on this 
system, as presented in Table 1.

Lipid‑based mRNA vaccine encoding a monoclonal 
antibody

Monoclonal antibodies are being utilized as frontline thera-
peutics for treating many ailments, including autoimmune 
disorders, cancer, and asthma. Antibodies are unique in that 
they can directly destroy tumor cells while also engaging the 
host immune system to create long-term effector responses 
against the tumor. The combination of a complex mecha-
nism of action and target specificity distinguishes monoclo-
nal antibody therapy from other conventional treatments, 
like as chemotherapy, and highlights antibodies' potential to 
generate robust antitumor responses while limiting toxicity 
and side effects (Van Hoecke et al. 2019).

Although monoclonal antibody treatment shows promis-
ing results for effective treatment regimens, there are sev-
eral limits that affect their performance (Lu et al. 2020). 
The complex procedure of manufacturing and purifying the 
antibodies is vulnerable to post-translational modifications 

that can lead to altered therapeutic properties. Thus, this 
system needs to be optimized for better results. This mRNA-
based alternative is critical for circumventing the limits of 
antibody-based drugs. It is conceivable to achieve in situ 
generation of therapeutic products by giving monoclonal 
antibody based mRNA without the need of an up-scaled 
synthesis and purification process (Jäger et al. 2013).

Conclusions and future perspective

Treatment options based on mRNA have emerged as prom-
ising approaches in cancer immunotherapy, with numerous 
ongoing clinical trials exploring various strategies. mRNA 
can be prepared in cell-free systems, and its expression can 
be controlled. It is safe for therapeutic applications because 
it avoids any risk associated with genomic integration. How-
ever, mRNA is unstable and undergoes hydrolysis. There-
fore, suitable delivery vehicles are required to facilitate the 
therapeutic applications of mRNA. LNPs offer tremendous 
advantages over other delivery systems because they are 
expected to protect the mRNA and increase its stability and 
transfection efficiency to achieve improved therapeutic effi-
cacy. The development of technologies for the preparation of 
mRNA and formulation of LNPs is expected to be scalable 
and robust, which can expedite the clinical implementation 
of cancer immunotherapy treatment using mRNA-based 
delivery systems.

The development of novel ionizable lipids is predicted 
to improve the efficacy of mRNA-based nanosystems. To 
improve the efficacy of mRNA-based anticancer therapy, a 

Table 1  mRNA based clinical trials

NCT number Cancer type Components Delivery system Administration route Phase

NCT03480152 Metastatic melanoma, GI can-
cer, hepatocellular cancer

NCI-4650, a messenger ribo-
nucleic acid (mRNA)-based

Cancer vaccine Intramuscular Phase I/II

NCT03164772 Metastatic non-small-cell 
lung cancer

mRNA (BI 136,849) + dur-
valumab + tremelimumab

Combination immunotherapy 
and mRNA vaccine

N/A Phase I/II

NCT01446731 Prostatic neoplasms mRNA + doxcetaxel mRNA transfected dendritic 
cells

Intradermal Phase II

NCT03948763 Neoplasms, carcinoma, 
NSCL cancer, pancreatic 
neoplasm

mRNA-5671/V941 + pem-
brolizumab

N/A Intramuscular Phase I

NCT00890032 Recurrent central nervous 
system neoplasm

BTSC mRNA loaded DCs N/A Intradermal Phase I

NCT03468244 Advanced esophageal squa-
mous carcinoma, gastric 
adenocarcinoma, pancreatic 
adenocarcinoma, colorectal 
carcinoma

mRNA tumor vaccine encod-
ing neoantigens

Personalized mRNA tumor 
vaccine

Subcutaneous N/A

NCT00204516 Malignant melanoma Coding of mRNA for 
melanoma-associated anti-
gens + GM-CSF

N/A Intradermal Phase I/II



424 Journal of Pharmaceutical Investigation (2022) 52:415–426

1 3

co-delivery method or specific targeting can be used. The 
integration of mRNA-based systems with existing immu-
notherapeutic strategies, as along with combination thera-
pies, can enhance the immunotherapeutic responses against 
cancer.

However, the reasons for the low mRNA transfection 
efficiency observed in lymphocytes and monocytes must be 
addressed in future studies. The effect of the lipid composi-
tion, mRNA/lipid ratio, the biodegradability of the linker, 
the unsaturation status of the hydrophobic tail of the lipid, 
the fusogenicity, and other factors critical for transfection 
efficiency should be further explored. The modulation of 
various lipid structure components can ensure targeted deliv-
ery. Polymers or dendrimers can be incorporated into LNP-
mRNA formulations to enhance their stability and target-
specific delivery. The observations from the previous clinical 
studies will pave the way for the design of novel multifunc-
tional lipids and the formulation of improved lipid–mRNA 
nanoparticles for application in immunotherapy for cancer.
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