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a b s t r a c t 

Vaccination represents the best line of defense against infectious diseases and is crucial in curtailing 

pandemic spread of emerging pathogens to which a population has limited immunity. In recent years, 

mRNA vaccines have been proposed as the new frontier in vaccination, owing to their facile and rapid 

development while providing a safer alternative to traditional vaccine technologies such as live or at- 

tenuated viruses. Recent breakthroughs in mRNA vaccination have been through formulation with lipid 

nanoparticles (LNPs), which provide both protection and enhanced delivery of mRNA vaccines in vivo . 

In this review, current paradigms and state-of-the-art in mRNA-LNP vaccine development are explored 

through first highlighting advantages posed by mRNA vaccines, establishing LNPs as a biocompatible de- 

livery system, and finally exploring the use of mRNA-LNP vaccines in vivo against infectious disease to- 

wards translation to the clinic. Furthermore, we highlight the progress of mRNA-LNP vaccine candidates 

against COVID-19 currently in clinical trials, with the current status and approval timelines, before dis- 

cussing their future outlook and challenges that need to be overcome towards establishing mRNA-LNPs 

as next-generation vaccines. 

Statement of significance 

With the recent success of mRNA vaccines developed by Moderna and BioNTech/Pfizer against COVID- 

19, mRNA technology and lipid nanoparticles (LNP) have never received more attention. This manuscript 

timely reviews the most advanced mRNA-LNP vaccines that have just been approved for emergency use 

and are in clinical trials, with a focus on the remarkable development of several COVID-19 vaccines, faster 

than any other vaccine in history. We aim to give a comprehensive introduction of mRNA and LNP tech- 

nology to the field of biomaterials science and increase accessibility to readers with a new interest in 

mRNA-LNP vaccines. We also highlight current limitations and future outlook of the mRNA vaccine tech- 

nology that need further effort s of biomaterials scientists to address. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

1

o

t

p

t

d

h

1

. Introduction 

Deliberate priming of the immune system with a pathogen 

riginated in primitive form in Medieval China [1] . Such inocula- 
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ion was advanced by Edward Jenner on a farm in 1796, whose 

ioneering work on smallpox paved the way for its global eradica- 

ion almost two centuries later [2] . A similar approach led to the 

evelopment of a vaccine for cholera and rabies by Louis Pasteur 

n 1880, when he discovered that chickens exposed to bacterial 

ulture of cholera didn’t die from the disease [3] . These scientific 

reakthroughs are saving millions of lives and have had the great- 

st public health benefits aside from the provision of safe drink- 
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ng water [4] . The lasting benefit of vaccines relies not only on the 

ffectiveness of the technology, but also heavily on governmental 

accine policies. Vaccine campaigns, such as those launched by the 

orld Health Organization (WHO), promote global protection, as 

igh levels of population coverage are necessary for achieving herd 

mmunity that disrupts chains of infection and stops or slows the 

pread of the disease [5] . While funding, government and regula- 

ory agencies are key to the development and success of vaccines, 

his review will focus instead on the scientific aspects required for 

 successful vaccine technology with a specific focus on the de- 

elopment of lipid nanoparticle (LNP)-formulated messenger RNA 

mRNA) vaccines. 

mRNA, a single stranded RNA molecule encoding for a (viral) 

ntigen of interest, is produced from DNA by an in vitro tran- 

cription process and subsequently injected in vivo where trans- 

ation of the antigen occurs, towards which the body mounts an 

mmune response. This is an attractive cell-free, rapid, scalable 

rocess, which is well suited to respond to pandemic outbreaks, 

uch COVID-19. Major scientific advances in mRNA purification, se- 

uence optimization and nucleoside chemistry have paved the way 

o tailoring the expression kinetics with potent immune responses. 

everal biotech companies have based their entire scientific ap- 

roach and pipeline on one or a combination of these chemical 

NA modifications, and claim an optimal activation of the innate 

mmune system. Whilst the mRNA construct is key for successful 

n situ translation into a functional protein, it has become increas- 

ngly apparent that the delivery system is equally important to the 

esign of an effective vaccine. Naked mRNA, modified or not, is 

rone to degradation in the systemic circulation resulting in degra- 

ation products that are small enough to be renally excreted. These 

olecular properties do not promote cellular uptake and exposure 

o organs of interest for antigen production and for subsequent im- 

une response. The last decade has seen an avalanche of new nu- 

leic acid nanoparticle delivery systems that aim at efficiently en- 

apsulating mRNA, providing protection against serum nucleases, 

acilitating endocytosis, promoting endosomal escape, and eventu- 

lly at eliciting an immune response. Two non-viral delivery sys- 

ems currently in the spotlight due to their efficient delivery prop- 

rties are lipoplexes and LNPs. Both comprising of similar lipids 

cationic lipid, helper lipid, cholesterol), they mainly differ in size, 

eterogeneity, and the location of the nucleic acid in the parti- 

le; in the lipid bilayer (lipoplex) or in the particle core (LNPs) 

 6 , 7 ]. For vaccine purposes these nanoparticles aim at delivering 

RNA to dendritic cells and in lymphoid compartments such as 

he spleen for optimal antigen presentation and immune response 

ctivation. 

Here we review the state of the art in mRNA optimiza- 

ion and LNP design to tailor the immune response for vac- 

ine applications. We explore the hurdles and successes to clin- 

cal translation of these technologies with a focus on the re- 

ent clinical development of mRNA-LNP vaccine candidates against 

OVID-19. 

. mRNA vaccines: an emerging vaccine technology 

.1. Nucleic acid vaccines: an overview 

Vaccines represent the ultimate form of biomedical disease pre- 

ention. The introduction of an antigen into the body to stimulate 

n immune response is termed a ‘vaccination’, and leads to ‘im- 

unization’ – the process of protecting individuals, but also the 

ommunity (herd immunity) from disease by acquiring immunity 

8] . Although the terms are often used interchangeably, passive im- 

unization can be achieved by immunoglobulin administration for 

nitial short-term protection, while vaccines promote T cell (cellu- 
17 
ar) and B cell (humoral) immune responses leading to adaptive 

mmunity for long-lasting protection against diseases. There are 

our main subtypes of conventional vaccines: live-attenuated virus, 

nactivated virus, subunit and toxoid. Their production, mecha- 

isms of action and advantages or disadvantages to their use are 

eyond the scope of this review, and are discussed in detail else- 

here [ 4 , 5 , 8 ]. 

The use of recombinant DNA technology in vaccine design has 

ed to the evolution of nucleic acid vaccines. Historically, engi- 

eered vectors that contain the gene encoding for the subunit of 

he pathogen were inserted into yeast, bacteria, or replication de- 

ective viral expression systems that produce the required sub- 

nit antigen. These recombinant vector vaccines allow the safe 

nd reproducible production of large quantities of purified antigen. 

ather than inserting the DNA plasmid into a bacterial or mam- 

alian cell to then purify the antigenic product, nucleic acid vac- 

ines are instead administered directly into the patient where the 

ntigen is produced within the patient’s own cells ( in situ ) [9] . In

 successful nucleic acid vaccine, the viral antigen, expressed by 

he host cells in situ , is recognized as non-self and prompts an im- 

une response: an approach designed to generate immunity to the 

riginal virus without compromising the safety of the vaccine re- 

ipient. Plasmid DNA and messenger RNA (mRNA) vaccines have 

een used in pre-clinical models of viral infection and have shown 

romising results with good safety profiles, prompting a number of 

hem to enter clinical trials in recent years [10–12] . With respect 

o the manufacturing process, nucleic acid vaccines are simpler to 

roduce and to purify than recombinant protein antigens, a key 

onsideration in reducing the response time during a pandemic 

utbreak, such as COVID-19. Once the sequence encoding an im- 

unogen is known, clinical batches of nucleic acid vaccines can be 

roduced within weeks. This can also be applied when a new viral 

train has been prototyped (influenza), or mutations have occurred 

n a known virus. Due to being orders of magnitude smaller in size 

ompared to protein-based therapeutics, multiple mRNAs encoding 

arious antigens can be combined into a single immunization. This 

ulti-antigenic approach could be a more robust solution for as- 

embling multimeric protein complexes in situ (e.g. for neutraliz- 

ng epitopes to be exposed) and thereby pave the way forward to 

 universal influenza vaccine. 

The capacity for rapid, relatively cheap production and safe ad- 

inistration of nucleic acid vaccines renders them an attractive 

lternative to many conventional vaccines, in particular given the 

eed for large scale deployment in response to emerging diseases 

uch as COVID-19 [13] . Though both DNA and mRNA vaccines rely 

n the same basic principles of utilizing the cells’ ability to pro- 

uce the antigen, there are advantages and drawbacks associated 

ith both approaches, listed in Table 1 . Interest in developing 

RNA therapeutics was rather scarce at the start of 20 0 0s, mostly 

ue to concerns of instability, poor in vivo delivery, and high innate 

mmunogenicity. Hope, instead, was placed on DNA-based thera- 

ies and vaccines – especially after published reports, such as Ul- 

er et al. in 1993, demonstrated that mice injected with pDNA 

ncoding a conserved influenza protein elicited protective antibod- 

es against an influenza strain that was heterologous to the strain 

rom which the DNA was cloned, thereby demonstrating cross- 

train protective immunity [14] . There have been some promising 

esults for DNA vaccines in animal models, leading to the develop- 

ent of animal health products such as a West Nile virus vaccine 

or horses [15] and a melanoma cancer vaccine for dogs [16] . De- 

pite this, DNA vaccines have struggled to make it to the human 

arket, as initial clinical studies have reported low and sporadic 

evels of both antibody and T cell responses. The reasons for these 

ifferences in immunogenicity for DNA vaccines are not clear, but 

re likely due, at least in part, to inefficient delivery of DNA into 
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Table 1 

Comparing DNA and mRNA vaccines. 

Advantages 

mRNA DNA 

Safety - Non-infectious; non-integrating in host genome; reduced risk of carcinogenesis and 

mutagenesis [17] 

- Synthetic IVT production (egg and cell free) 

- Mimics natural viral infection [18] and naturally degraded by cellular processes [19] 

- Transient expression of mRNA - encoded antibodies thus more controlled exposure [20] 

- Higher protein production during peak expression when in comparison to naked pDNA [ 20 ]. 

No anti-vector immunity production thus multiple administrations are possible [ 21 ] 

- SAM RNA: auto replication, high expression rate of encoded antigen thus lower dosage 

needed [ 18 , 22 ] 

- Non-infectious [19] 

- Well tolerated by patients, good safety profile [32] 

Stability and 

Manufacturing 

- Long term stability: Some constructs can be stored at 4 °C for up to 10 months in 

freeze-dried form [23] 

- Rapid, reproducible, easily engineered 

- Large scalable production thus satisfied commercialization 

- Simple downstream purification, cost-effective manufacturing of GMP batches for clinical 

trials [ 24 ] 

- Due to fast and simple manufacturing process, pandemic (see COVID-19) mRNA vaccine 

candidate production possible within short timeframe [ 21 , 25 ] 

- US legislation: more rapid clinical translation of mRNA medicinal products (mRNA is not 

considered as gene therapy in comparison to DNA [ 26 ]. European legislation: mRNA classified 

as an Advanced Therapy Medicinal Product ( ATMP), more precisely as Gene Therapy 

Medicinal Product (GTMP) [20] 

- Temperature stable, cold chain free; viable option for 

developing countries with minimal storage conditions 

[33] 

- Increased efficacy with enhanced delivery technologies 

[19] 

- Longer in vivo half-life of DNA vaccines when 

compared to mRNA [22] 

Clinical Application - Cytosolic delivery: readily translated, possibility to transfect slow or nondividing cells 

- Stimulation of innate immune response (self-adjuvancy) [25] 

- Induction of T and B cell responses [25] 

- Rapid protein synthesis with shorter half-life, transient expression (peak 5–7 h following 

administration) and thus controlled antigen exposure, [17] reduced risk of tolerance induction 

[27] and mimicking the antigen production during natural infection [28] 

- Cancer: Personalized mutanome mRNA vaccine production encoding for various types of 

neoepitopes encoding and proven clinical activity. Ability to be efficiently delivered to DCs; 

inherent adjuvant function via TLR7, TLR 8 and TLR 3 signaling pathway with transient 

activity followed by complete degradation [ 24 , 29 , 30 ] 

- Infectious disease: as prophylactic or therapeutic vaccines [25] 

- Generally safe and immunogenic prophylactic application of mRNA rabies vaccine candidate in 

healthy adults [ 31 ] 

- Therapeutic Purpose: application in passive immunotherapy [25] 

- Enhanced antigen production efficiency: as each pDNA 

produces multiple copies of mRNA molecules 

- Steady expression and supply of antigens [32] ; up to 6 

months protein production [34] 

- Stimulation of innate immune response [19] 

- Over 10 years of clinical trial data using naked plasmid 

DNA for cancer vaccine [35] 

- A range of clinical trials data available for application 

in pandemic settings mainly for Ebola, Influenza and 

Zika virus [21] 

- Personalized mutanome DNA vaccine can encode all 

types of epitopes. Adjuvant activity inherent by TLR9 

[30] . 

- Elicit a more potent CD8 response than mRNA against 

encoded neoantigens, thus more applicable for cancer 

vaccines [35] 

Disadvantages 

mRNA DNA 

Safety - Early development stage: few efficacy reports and no long-term safety profile including 

long-term side effects, acute and chronic poisoning profiles, abuse or misuse, understanding 

of adverse interaction with other medicines, chemical or food etc. 

- Small-molecule drugs could impact mRNA metabolism [25] 

- Activation of cellular immune sensors [36] 

- Mild to moderate inflammation at the injection site 

[28] 

- Production of anti-DNA autoantibodies [20] 

- Concerns with potential integration of the pDNA into 

the host genome which could lead to gene structure 

defect and interfere with signaling pathways (neoplasm 

process) [ 22 , 28 ] 

- Long-term persistence of DNA plasmid: detectable DNA 

at the site of injection for over 60 days [21] 

In vivo delivery - Stability concerns: 2 ′ -hydroyxl on the ribose sugar prevents the mRNA adopting a stable 

double β-helix, and therefore more susceptible to hydrolysis [ 28 ] 

- Rapid degradation of naked, unmodified RNA by extra – and intracellular RNAses. 

- Inefficient cell delivery due to negative charge and inability to passively diffuse through 

cellular membrane [24] 

- Overstimulation leads to activation of IFN α, which can be detrimental to translation [ 27 ] 

- Low tissue accumulation, large size, negative charge 

- Rapid enzymatic degradation and clearance and short 

systemic circulation 

- Extracellular (serum nucleases; poor lymphatic 

drainage; poor tissue permeability and mucociliary 

clearance) and intracellular barriers (cell membrane, 

nuclear membrane, nucleases) [22] 

Clinical application - Extracellular barriers (serum nucleases; poor lymphatic drainage; poor tissue permeability 

and mucociliary clearance) and inefficient endosomal escape [28] , delivery vehicles needed 

- Future work required to enhance the antigen-specific immune responses and the magnitude 

memory of B and T cell responses [25] 

- Storage and handling requirements of current clinical products require either cold chain (e.g. 

mRNA-1273) or ultracold chain (e.g. BNT162b2), presenting significant logistical challenges to 

vaccine distribution [ 37 , 38 ] 

- Requires effective delivery to the nucleus; thus must 

effectively bypass cellular and nuclear membrane. 

- Invasive delivery techniques such as electroporation 

can lead to irreversible membrane disruption and 

tissue damage. Additional need to optimize pulse 

configuration and electrode geometry. 

- Low immunogenicity reported [28] 

- Challenges of personalized mutanome DNA vaccines 

towards clinical application are mainly encountered 

due to the required nucleus transfection for its 

effectiveness but also induction of insertional 

mutagenesis [ 30 ] 

- Clinical translation difficulties as injection volume 

influences the efficacy of i.m. DNA vaccines. Higher 

injection volumes increase local pressure and cellular 

uptake, thus slightly inducing tissue damage, 

promoting faster maturation of DCs. Therefore, i.m. 

injections in rodents have better immune responses 

than in larger animals and human patients [ 20 ] 

18 
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uman cells and therefore inadequate stimulation of the human 

mmune system. 

.2. mRNA: the cellular vaccine factory 

Major technological advances in the fields of sequence opti- 

ization, nucleotide chemistry, and formulation design in the past 

ecade have revolutionized the therapeutic application of mRNA. 

hile the immunostimulatory effects of naked mRNA have been 

xtensively documented in recent literature [ 24 , 39–41 ], it is worth 

ointing out that different approaches have emerged amongst re- 

earch groups with respect to modifying the structural features 

f mRNA to manipulate immune responses. These bioengineering 

trategies for nucleic acid vaccines can be classified into four cate- 

ories: nucleoside modifications, sequence optimization, HPLC pu- 

ification, and self-amplifying mRNA (SAM) – with each having 

oth advantages and drawbacks in relation to immune modula- 

ion. The main challenge of these bioengineering strategies is find- 

ng the right balance between adjuvancy and translation efficiency 

40] . 

In vitro transcribed (IVT) mRNA was first reported to be effec- 

ive in vivo following administration to mice in 1990 [42] . Within a 

ew years, antigenic information was delivered via mRNA to anti- 

en presenting cells (APCs) [43] . Since then, a plethora of tech- 

ological advances and research have presented mRNA as a po- 

ential therapeutic tool for vaccine development [ 39 ] To produce 

VT mRNA, a linear DNA template of the selected gene or anti- 

en of interest is required. Bacteriophage-derived RNA polymerases 

uch as T7, T4 or SP6 are then utilized for transcription of the 

NA template to generate mRNA, which then undergoes further 

odification and purification prior to in vivo application. In gen- 

ral, IVT mRNA will contain sequences beyond the coding region 

f the related gene – these non-coding elements play a critical 

ole in the pharmacology of the mRNA and can be optimized to 

uit their application. Modification of the 5 ′ - and 3 ′ -untranslated 

egions (UTRs), flanking the coding sequence, has been shown to 

ramatically impact the stability and translation efficiency of ex- 

genous mRNA. A common approach is to select the UTRs from 

ndogenously found proteins with long half-lives that lack active 

RNA synthesis (e.g. α- and β-globins, which are functional pro- 

eins found abundantly in erythrocytes) [ 44 , 45 ]. Optimized motifs 

ave been shown to generate a superior antigen-specific immune 

esponse by increasing the intensity and duration of gene expres- 

ion in mice lymphoid tissues [46] . Other essential components to 

rotect against premature degradation of the construct by exo-and 

ndonucleases are the poly(A) tail and the 5 ′ cap. Slowing down 

eadenylation-dependent mRNA decay in P bodies (cytoplasmic ri- 

onucleoprotein granules) within eukaryotic cells by increasing the 

ength of the poly(A) tail between 120 and 150 nucleotides is now 

ommon practice [47] . Inclusion of segmented poly(A) tails utiliz- 

ng a spacer element (typically short, around ten nucleotides) in 

he DNA template also leads to enhanced translational efficiency 

nd half-life of mRNA [ 48 ]. Recent effort s towards rapid and large-

cale production of mRNA therapeutics have led to development 

f a co-transcriptional 5 ′ capping strategy, called CleanCap®, pro- 

rietary to TriLink Biotechnologies. This method generates a natu- 

al Cap 1 structure which improves the translation of mRNA into 

 functional protein over the Cap 0 obtained with ARCA, which 

as shown to activate the pattern recognition receptors involved 

n breaking down non-self RNA [49–51] . The CleanCap technology 

lso eliminates the cost and sample loss associated with conven- 

ional enzymatic capping methods, such as ARCA and mCap [52] . 

lternatively, codons in the open reading frame (ORF) can also be 

ptimized by replacing rare codons with more abundant, synony- 

ous sequences for more efficient harnessing of cytosolic tRNAs 

uring translation [53] . 
19 
.2.1. Sequence optimization 

Bypassing codon degeneracy and enriching GC content is a form 

f sequence engineering, and has shown to increase protein lev- 

ls in vivo [54] . CureVac, a German company at the forefront of 

rophylactic mRNA vaccine developments, has built an entire vac- 

ine platform around this sequence engineering concept to achieve 

igh levels of antigen expression [55] . Their RNAactive technology 

lso includes a separate protamine-based adjuvant that acts via 

he TLR 7-RIG1 signaling pathway to stimulate the innate immune 

esponse. While their technology has demonstrated strong and 

urable immunogenicity in non-human primates (NHP) with the 

easonal flu vaccine and in preclinical models of rabies, recent data 

rom an open-label first-in-human phase 1 clinical trial (CV7201) 

ndicated modest results. In the trial, vaccination by needle-syringe 

ailed to induce an adequate level of neutralizing antibodies, inde- 

endent of dose or route of administration [31] . Both Moderna’s 

nd BioNTech’s COVID-19 vaccines encode for a pre-fusion stabi- 

ized conformation of the spike protein, made possible with by two 

roline substitutions at the apex of the central helix. 

The utility of codon-optimization was interrogated by Mauro 

t al. [56] who highlighted complexities associated with mRNA sec- 

ndary structure [55] , altered post-transcriptional modifications, 

rotein folding, protein function [ 57 , 58 ], and potential loss of 

aturally-occurring cryptic peptides, all contributing to a therapeu- 

ic immune response [56] . As a solution to this lack of immuno- 

enicity, CureVac has coincidentally focused on the development 

f a RNA-based adjuvant (CV8102, RNAdjuvant®), a TLR 7/8 agonist 

nd RIG I pathway activator [59] . In preclinical studies of influenza 

nd rabies, CV8102 was combined with an existing, licensed vac- 

ine and induced humoral immune responses [59] . Furthermore, 

ombining CV8102 with antigen-derived T cell epitopes for thera- 

eutic cancer vaccination also induced strong humoral and cellu- 

ar immune responses [ 60 ]. The magnitude of these benefits were 

ot observed in a clinical trial that investigated the combination of 

abipur, an inactivated licensed rabies vaccine, with CV8102 and 

dditional severe reactogenicity was reported [ 61 ]. This adjuvant 

ombination model has shown more promising results in cancer 

mmunotherapy, and might be more suitable in therapeutic vac- 

ines where higher reactogenicity is acceptable [ 62 ]. 

.2.2. Nucleoside modification 

A second approach to modulate the immunogenicity of mRNA 

s the use of modified nucleosides in the construct. This method 

as origins in the findings of Kariko et al., who demonstrated 

hat incorporation of naturally occurring nucleoside modifications, 

uch as (1-methyl)-pseudouridine, ablates activation of innate im- 

une sensors and thereby reduces interferon alpha (IFN α) signal- 

ng which would otherwise lead to degradation of invading mRNA 

 63 ]. Additionally, these modifications were shown to reduce the 

ctivity of mRNA cleavage enzymes (RNAse L) and translation inhi- 

ition enzymes (protein kinase R) [ 64 , 65 ]. The vast majority of the

nimal studies with modified mRNA have been conducted in the 

ontext of enhancing the stability and efficiency of mRNA transla- 

ion (in comparison to unmodified nucleoside), which are desirable 

eatures in protein replacement therapies [ 29 , 66 ]. While suppress- 

ng the intrinsic adjuvant activity of IVT mRNA may limit the de- 

ign of potent vaccines, recent evidence suggests that improper or 

xcessive activation of type I IFN can interfere with antigen ex- 

ression and adaptive immunity, thereby impairing the efficacy of 

RNA vaccines [ 67 , 68 ]. The biotech company Moderna (‘Mod-e- 

NA’) has based its entire platform on base-modified mRNA, with 

 diverse pipeline ranging from gene therapies to prophylactic and 

ancer vaccines. Effort s around disease prevention have focused on 

accines against cytomegalovirus (CMV), Zika, respiratory syncytial 

irus (RSV), and influenza which are currently undergoing clinical 

rials. BioNTech is a German company that, amongst other plat- 
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orm technologies, incorporates a variety of modified nucleosides 

o suppress intrinsic immune activation by mRNA. This technology 

s used in a variety of applications where therapeutic proteins are 

ranslated by the mRNA, such as ‘RiboMab’ (mRNA-encoded anti- 

ody therapeutics), ‘RiboCytokine’ (mRNA-encoded cytokine ther- 

peutics), and protein replacement therapies for rare diseases. 

heir (neo) antigen platform instead includes optimized unmodi- 

ed mRNA, claiming that the natural adjuvancy of mRNA is a ben- 

fit when used for immunotherapies, such as the iNeST (Individu- 

lized Neoantigen Specific Immunotherapy) and FixVac (fixed vac- 

ine combination of shared tumor-associated antigens against can- 

er) platforms. 

.2.3. Purification of mRNA by LC 

Purification of mRNA via fast protein liquid chromatography 

FPLC) or high-performance liquid chromatography (HPLC) is per- 

ormed to remove any remaining reaction by-products and pro- 

uce mRNA at a large scale in compliance with Good Manufac- 

uring Practice (GMP) processes [ 69 ]. This is a third engineering 

trategy that both unmodified [ 54 , 70 ] and modified [ 69 , 71 ] nucle-

side advocates have implemented to remove immunogenic con- 

aminants (dsRNA) from IVT mRNA. Purified mRNA thereby avoids 

NA sensor activation and increases translational levels of the en- 

oded protein. This reduces the chances of toxicity upon repeat ad- 

inistration, which makes it more suitable for commercial in vivo 

herapies. Recently, a simple, highly scalable purification method 

as been developed by Baierdorfer et al. to remove these transcrip- 

ional by-products from IVT mRNA samples [ 72 ]. The purification 

s performed via selective adsorption of the dsRNA to cellulose in 

n ethanol-containing buffer and has shown equivalent efficacy to 

PLC methodologies, facilitating large-scale manufacture of mRNA 

herapeutics. 

.2.4. Self-amplifying mRNA (SAM) 

Lastly, SAM vaccines are an advanced strategy to enhance the 

mmune response to mRNA vaccines. This vaccine format is based 

n the alphavirus genome, in which the viral RNA replication ma- 

hinery is retained and the genes encoding for the structural pro- 

eins are replaced with the antigen of interest. The viral repli- 

ase drives cytoplasmic mRNA amplification through synthesis of 

he RNA-dependent RNA polymerase complex [ 73 , 74 ]. This leads to 

he production of multiple copies of the antigen-encoding mRNA, 

hich has the potential to correlate with higher and sustained 

ntigen expression levels compared to non-amplifying mRNA [ 75 ]. 

AM vaccines have been shown to stimulate both T and B cell 

mmune cascades [ 74 , 76 ]; however, the overactivation of Type I 

NF at the site of injection has shown to limit the initial antigen 

xpression and promoted T cell exhaustion [ 77 , 78 ]. The SAM ap-

roach has the potential to lower the required dose of mRNA and 

hereby the cost associated with vaccine development and manu- 

acture. BioNTech currently has an influenza (BNT161) and tubercu- 

osis SAM vaccine in the preclinical development phase, as well as 

 COVID-19 SAM vaccine candidate (BNT162c2). However, degrada- 

ion of SAM constructs, due to their inherently larger size, has the 

otential to be detrimental to their efficacy. 

.3. In vivo translation of the message 

IVT mRNA pharmacodynamics depend on its delivery to the cy- 

osol. Unlike IVT mRNA, endogenous mRNA travels from the nu- 

leus to the cytoplasm through the nucleopore, while IVT mRNA 

ravels into the cells from the extracellular space. Once in the 

ytoplasm, IVT mRNA mimics native mRNA translation [ 39 ]. IVT 

RNA immunotherapies are delivered either ex vivo to dendritic 

ells (DCs) [85] or directly injected in vivo . The cascade from mRNA 

njection to immune response is depicted in Fig. 1 . 
20 
In humans, DCs are present at sites with high antigen exposure 

uch as body surfaces and lymphoid organs [ 86 ]. DCs are found 

n either a mature or immature state. The main role of immature 

Cs is to take up and process foreign antigens; as such, they are 

enerally located in peripheral tissues. DCs can internalize extra- 

ellular antigens via phagocytosis, or endocytosis by receptor and 

on-receptor mediated mechanisms, which enables processing and 

resentation of antigens [ 87 ]. 

For ex vivo applications, immature DCs are isolated from the 

atient’s blood following transfection with naked antigen-coding 

RNA [ 88 ]. Alternatively, the antigen is transferred into immature 

ells in vitro [89] and subsequently cultured with a cocktail of in- 

ammatory cytokines that are necessary for maturation. Antigen- 

oaded DCs are then administered to patients by injection. Re- 

dministration of ex vivo modified DCs via intradermal (i.d.) and 

ntranodal (i.n.) routes has been shown to be the most effective 

 86 ]. However, despite a large number of clinical trials towards 

nti-cancer applications utilizing the ex vivo DC approach, prophy- 

actic vaccination is less favorable. For example, this approach was 

valuated as a HIV immunotherapy but was unable to induce a sig- 

ificant humoral immune response [ 17 ]. 

Several problems remain with ex vivo DC vaccination. An insuf- 

cient number of DCs may reach the secondary lymphatic organs 

esulting in inadequate immune responses. Additionally, ex vivo 

C vaccination is a costly, laborious method for infectious disease 

reatment, making the option unavailable to most patients [ 39 , 90 ]. 

Direct mRNA injection is more attractive. Direct polynucleotide 

ransfer in vivo was first demonstrated following intramuscular 

i.m.) administration of luciferase-encoding mRNA to mice in 1990 

 42 ]. Naked, unprotected mRNA can produce luciferase expression 

quivalent to 74 pg 18 h post-injection. The effectiveness of naked 

RNA delivery to the mice was confirmed following immuniza- 

ion with carcinoembryonic antigen (CEA) mRNA, which elicited 

nti-CEA responses to proto-oncogene and growth factor [ 91 ]. The 

rst insights towards the mechanisms of mRNA transfection in vivo 

ere reported in a mouse study a decade later [ 92 , 93 ]. Mecha-

isms governing micropinocytosis, uptake into clathrin-coated pits 

r caveolae, and cytosolic mobility were blocked with inhibitors 

o determine the active pathway that enables mRNA to reach the 

ytosol after intradermal injection. The uptake of mRNA in the 

ermis was determined to be mediated by a saturable mecha- 

ism that involves movement of vesicles. Further advances have 

emonstrated that the uptake of naked mRNA by DCs occurs via 

acropinocytosis, in which scavenger receptors actively take up 

RNA via endocytosis and micropinocytosis inside the immature 

C [ 20 , 94 ]. Both processes involve internalization of extracellular 

aterials, outlining the importance of mRNA accumulation at the 

ellular interface. 

In a first-in-human study of prophylactic naked mRNA vac- 

ination delivered using needle-free administration as a sterile- 

yophilizate, the candidate elicited a safe and tolerable pro- 

le but also insufficient antibody production [ 31 ]. Nucleoside 

ase modification represents a fast approach to improve potency, 

hile sequence optimization ensures robust protein expression 

nd immunogenicity. Currently mRNA vaccine candidates com- 

rise either unmodified sequence-optimized mRNA, nucleoside- 

odified mRNA or mRNA-protamine complexes [ 95 ]. Mechanical 

pproaches, such as gene gun delivery and electroporation, have 

lso been employed; however, due to the tissue damage induced, 

heir use is limited [ 96 ]. 

As delivery, uptake and endosomal escape of naked nucleic 

cids is restricted, clinical translation of naked mRNA vaccines 

emains unaccomplished. Several obstacles constrain the poten- 

ial of mRNA vaccines [ 17 ]. Firstly, the negatively charged phos- 

hate backbone of mRNA prevents passive diffusion through a 

ell’s phospholipid bilayer. Secondly, susceptibility to degradation 
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Fig. 1. Scheme of induced immune response following mRNA vaccination. Dendritic cell (DC) maturation upon (ds) mRNA sensing by TLRs (adjuvant effect of mRNA) and 

subsequent Type I interferon (INF) production [ 79–81 ]. Type I INF initiates the transcription of interferon-stimulated genes (ISGs) involved in the DC maturation process, but 

also activates antiviral enzymes that promote mRNA degradation and inhibit antigen expression (innate immune response) [ 24 ]. The mature DC can express the antigenic 

proteins and present them on MHC class I and class II to CD8 + (cytotoxic) and CD4 + (helper) T cells respectively (adaptive immune response) [ 82 ]. Secreted antigen can be 

presented through the MHC II pathway to T helper cells and B cells, to generate memory B cells and plasma cells that can engender antigen-specific immune defenses and 

antibody production resulting in a durable protection [ 83 , 84 ]. Figure created using BioRender.com. 
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y RNase and rapid clearance by the reticuloendothelial system 

stensibly reduces in vivo availability to promote gene expres- 

ion. Additionally, administration of RNA has the potential to be 

mmunogenic, activating intracellular innate and extracellular im- 

une responses which lead to degradation of mRNA molecules. 

inally, escape of naked mRNA from the endosomal and lysoso- 

al compartments is limited due to mRNA charge and its eventual 

egradation in the lysosomes. As a result of the above barriers, it 

s estimated that only 0.0 0 01% of the administered dose is taken 

p by cells [ 96 ]. This highlights the need for suitable delivery sys- 

ems that balance target distribution, endosomal escape and mRNA 

rotection: lipid nanoparticles (LNPs) can overcome some of those 

arriers. 

. Lipid nanoparticles: a new frontier in RNA delivery 

The utilization of lipids for the delivery of nucleic acids to cells 

s well established. Lipids present an ideal material for the trans- 

ort of mRNA due to their fusogenic compatibility with lipid cell 

embranes, allowing ‘fusion’ of lipidic delivery agents with tar- 

et cells and effective release of their cargo into the cell cytosol 

n an analogous fashion to certain viruses – considered nature’s 

perfect’ nucleic acid delivery vehicles. As early as the 1990s, li- 

osomes were being utilized to deliver mRNA cargoes to mice in 

ivo ; in the proceeding decades, lipid-based systems such as Lipo- 

ectamine (Invitrogen; a lipoplexing agent), Stemfect (Stemgent; 

 lipoplexing mix), and TransIT-mRNA (Mirus Bio LLC; a cationic 

olymer/lipid formulation) were designed and made commercially 
21 
vailable to aid in vitro cell transfection of nucleic acids, includ- 

ng mRNA [ 98 , 99 ]. A number of other technologies, including ‘elas-

ic’ liposomes, nanostructured lipid carriers, ‘lipobrids’ and lipid- 

olymer hybrid nanoparticles have been developed in the past 

ecade and may be adapted for delivery of nucleic acids [ 100–103 ]. 

owever, these so-called ‘soft’ lipid nanostructures [104] , i.e. mi- 

elles, liposomes and lipoplexes, with generally only one or two 

ifferent lipid components in their formulation, can suffer from a 

ack of reproducibility in their production [105] and have low sta- 

ility. Micellar particles can degrade if diluted below their critical 

icelle point, for example, and increasing the ratio of incorporated 

urfactant in order to promote particle stability can further result 

n increased cytotoxicity [ 104 ]. Lipoplexes have demonstrated lit- 

le success in in vivo application, owing to particle instability and 

 broad size distribution, ranging even up to a few microns in di- 

meter [ 106 , 107 ]. Liposomes, meanwhile, generally exhibit low en- 

apsulation efficiency of oligonucleotides [108] , making them im- 

ractical for development towards in vivo transport and delivery of 

ucleic acid vaccines. 

Lipid nanoparticles (LNPs), in their modern definition, are nano- 

ized (i.e. < 1 μm) lipid systems made of two or more (generally 

our) lipids at varying ratios, and are differentiated from liposomes 

y lacking a hollow core: rather, they consist of a discontinuous 

ix of the different lipid components, and, depending on their 

ormulation and cargo, may form a nanostructured core, a homo- 

eneous core shell, multilamellar vesicular structures, or other self- 

ssembled morphologies [ 109–111 ]. A scheme of classical LNP for- 

ulation components and morphology under cryogenic transmis- 
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Fig. 2. Structure of a typical lipid nanoparticle formulation. The cartoon scheme (left) highlights key components of a lipid nanoparticle with payload and how they con- 

tribute to its structure and function (above, right). A representative cryogenic transmission electron micrograph of LNPs with an mRNA cargo is shown on the bottom right, 

adapted with permission from Richner et al. 2017 [ 97 ]. 

Fig. 3. Lipid nanoparticle formation utilizing a microfluidic platform with a staggered herringbone micromixer (SHM). Within the microfluidic channels, the SHM allows 

the aqueous phase (containing the nucleic acids, e.g. mRNA, under an acidic pH) and the water-miscible organic phase (containing the lipids and cholesterol) to proceed 

from laminar flow (pre-SHM) through several cycles of chaotic mixing until complete mixing of the phases has occurred (cycle 15). This process facilitates the complexation 

of cationic/ionizable lipids (dark pink) with the nucleic acids and the formation of micelles and early particle structures formed by the lipid mix, typically consisting of a 

cationic/ionizable lipid, a helper lipid (orange), cholesterol (brown), and a PEG-lipid (light pink), and eventually mRNA-encapsulated lipid nanoparticles. 
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ion electron microscopy (cryo-TEM) is shown in Fig. 2 . Though 

 nucleic acid cargo is incorporated into the particle in an ‘in- 

erted micellar’ structure here – a prototypical visual representa- 

ion of LNPs within the field – the state of the lipid-cargo com- 

lex within the particle interior remains unclear, with more re- 

earch needed to confirm the morphology of mRNA-LNPs. Modern 

roduction of LNPs typically utilizes a microfluidic platform: one 

uch version, depicted in Fig. 3 , incorporates a staggered herring- 

one micromixer (SHM), [112] while techniques such as two-phase 

nd single-phase mixing may utilize a simpler ‘T’ platform [ 113 ]. 

oroidal micromixing also represents an emerging technology that 
22 
ooks to improve on the current standard [ 114 ]. In addition to a 

ow ‘dead’ volume, allowing economical utilization of the applied 

aterials, these platforms can be facilely modulated to accommo- 

ate the requirements of certain formulation components, and/or 

treamline particle processing and purification [ 115 , 116 ]. Microflu- 

dic formulation of LNPs allows controlled, rapid mixing of lipids 

within an ethanolic or organic phase) with a nucleic acid cargo 

typically in a low pH acetate buffer) to generate particles with 

igh encapsulation rates (up to 100% efficiency), low polydispersity 

ndices and reproducible physicochemical properties [ 108 ]. 
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LNPs have become one of the most common vehicles used for 

he delivery of mRNA, benefiting from substantial developments in 

NP formulation towards in vivo small interfering RNA (siRNA) de- 

ivery. For example, Patisiran, an siRNA-LNP system for the ther- 

peutic treatment of the genetic condition transthyretin amyloi- 

osis, is the first RNA-LNP candidate to clear clinical trials and 

each the market [ 117 ]. siRNA sequences are orders of magnitude 

horter than mRNA, however – one study found that simply sub- 

tituting an siRNA cargo for mRNA containing a > 30-fold longer 

ucleotide sequence could increase LNP size by nearly 50% (size re- 

orted based on particle diameter) [ 109 ]. Furthermore, mRNA-LNP 

accines target different biological pathways to siRNA-LNP which 

re aimed at gene silencing [ 29 ]. Indeed, formulations optimized 

or siRNA delivery [118] or even pDNA delivery [119] have demon- 

trated poor performance when provided with an mRNA cargo, ne- 

essitating optimization of formulations towards effective encapsu- 

ation and delivery of antigen-encoding mRNA, towards establish- 

ng a new class of nanovaccines [ 120 ]. 

The most typical lipid composition utilized for mRNA-LNP sys- 

ems consists of a cationic/ionizable lipid, a phospholipid ‘helper 

ipid’, cholesterol and/or a poly(ethylene glycol) (PEG) lipid. The ra- 

ios of these components are varied based on the desired target 

issue; physicochemical attributes such as particle size, morphol- 

gy, encapsulation efficiency, and outer surface charge within the 

NP delivery system can be facilely modulated via tuning the lipid 

omposition [ 121 ]. 

.1. The cationic lipid 

Cationic lipids are amphiphilic molecules formed of three parts: 

n amine group, which imparts a net positive charge, a hydropho- 

ic chain, and a linkage group allowing attachment of the hy- 

rophilic moiety to the hydrophobic chain. Due to their net pos- 

tive charge, they readily complex with negatively charged nu- 

leic acids, making them highly effective transfection agents. In the 

ontext of the LNP system, the cationic/ionizable lipid is a major 

omponent, present at the highest incorporated ratio. The positive 

harge in the head group serves two functions: first, improving the 

ntrapment efficiency of LNPs through forming electrostatic inter- 

ctions with the negatively charged mRNA molecules, and, second, 

ncreasing the cellular uptake and endosomal escape of the LNP 

ystem by disrupting the cell/endosomal membrane. An overview 

f the structures for a range of cationic lipids utilized for LNP for- 

ulations is provided in Fig. 4 . Generally, positively-charged LNPs 

re susceptible to rapid clearance from the blood circulation due 

o serum protein adsorption and uptake by the reticuloendothe- 

ial system (RES), thereby limiting their therapeutic value [ 122 ]. A 

ositive charge also typically increases the cytotoxicity of a given 

ystem [ 123 ]. As such, initial development of LNP delivery systems 

arnessed electrostatic interactions of the cargo with neutral, zwit- 

erionic lipids to mediate passive entrapment and ensure a more 

iocompatible delivery system. These efforts, however, had limited 

uccess, owing to low entrapment efficiency ( < 40%) [124] and low 

ransfection rates [ 125 ]. 

The utilization of ionizable cationic lipids as the entrapment 

ector for nucleic acid cargoes provides a solution to both the bio- 

ompatibility issues of cationic lipid systems and the low efficiency 

f neutral systems. Ionizable lipids are designed with a pKa be- 

ow 7 to allow high encapsulation efficiencies of negatively nu- 

leic acids at acidic pH ( < 6) while maintaining a neutral to mildly 

ationic charge at physiological pH (7.4), ultimately reducing tox- 

city associated with the positive charge and prolonging the cir- 

ulation lifetime of the LNP system. Ionizable amino-lipids with 

n apparent pKa range between 6.2–6.5 display an ideal balance 

etween maintaining a more biocompatible neutral charge during 
23 
irculation and enough positive charge at acidic pH to ensure high 

ncapsulation efficiency of nucleic acids [ 126 ]. 

The Cullis group have made considerable effort s in elucidat- 

ng the relationship between the molecular structure of ionizable 

mino-lipids and the therapeutic activity of LNP–siRNA, developing 

ew generations of pH-dependent ionizable lipids for optimized 

iRNA delivery to hepatocytes [ 126 , 127 ]. Decreasing the saturation 

f the lipid tail, switching from ester linkers between the lipid tail 

nd amine group to other linkage groups, and modifying the dis- 

ance between the head group and hydrophobic chain were found 

o affect the lipid pKa, thereby affecting the hepatic gene silencing 

otency of their LNP-siRNA system [ 126–128 ]. Their work identi- 

ed two potent ionizable amino-lipids, DLin-KC2-DMA and DLin- 

C3-DMA, with siRNA-LNPs incorporating these lipids shown to 

e 100-fold more effective in hepatocyte gene silencing compared 

o those utilizing other ionizable cationic lipids, such as DLin-DMA 

 126 ]. DLin-MC3-DMA, in particular, has become a gold standard as 

n ionizable cationic lipid in LNP formulations towards the devel- 

pment of mRNA-LNP candidates from established siRNA systems. 

NPs formulated with DLin-MC3-DMA provided efficient delivery 

f frataxin (FXN) mRNA, successfully producing mFXN protein in 

epatocytes after LNPs were administered intravenously (i.v.). In- 

eed, more than 50% mFXN protein was able to be detected a week 

ost-administration of the FXN LNPs, indicating a half-life exceed- 

ng one week in vivo . This LNP formulation also demonstrated the 

bility to reach the dorsal root ganglia and produce mFXN protein 

fter intrathecal (i.t.) administration [ 129 ]. 

Biodegradable DLin-MC3-DMA variants have also been devel- 

ped to improve the safety of an applied mRNA-LNP system 

hrough adding an ester group to the hydrophobic chain. One vari- 

nt, L319, enhanced rapid elimination of this lipid in the liver 

 130 ]. OF-Deg-Lin is a biodegradable lipid containing an ester 

roup, developed from the nonbiodegradable, linoleic acid derived 

F-02; mRNA-LNPs containing OF-Deg-Lin showed high expression 

n the spleen [131] , whereas OF-02 systems accumulated and en- 

anced mRNA expression in the liver [ 118 , 131 ]. The utilization of 

nsaturated ionizable cationic lipids has additionally been identi- 

ed as a factor to enhance intracellular delivery of mRNA. Heyes 

t al. demonstrated that increasing the double bonds from zero 

o two in the acyl chain structure of amino-lipids decreases their 

hase transition temperature; promoting the lipid transition from 

amellar (L α) to reversed hexagonal (H II ) phase, and, consequently, 

ncreasing the fusogenicity of the LNP [ 128 ]. It is hypothesized that 

he polyunsaturated lipid chain can increase cell membrane flu- 

dity, therefore enhancing LNP fusogenicity and resulting in im- 

roved intracellular uptake and endosomal escape. Sato et al. also 

ecently reported that cationic lipids with long, linear hydrophobic 

caffolds improved efficiency of nucleic acid delivery in vitro [ 132 ]. 

n addition to the lipid structure, the ratio of the ionizable lipid in 

he LNP lipid composition is critical for determining the encapsu- 

ation and the delivery efficiency of the LNP system. LNPs com- 

osed of ionizable cationic lipids, phospholipid, cholesterol, and 

EG-lipids in a ratio of 20/25/45/10 mol%, respectively, exhibited 

igh entrapment efficiencies, but were less efficacious in terms of 

ene silencing in hepatocytes [ 133 ]. Increasing the molar ratio of 

he ionizable lipid up to 40 mol% enhanced liver accumulation and 

ene silencing activity [127] , with the lipid composition molar ratio 

f 50/10/38.5/1.5 mol% leading to a 6-fold improvement in hepato- 

yte gene silencing [ 126 ]. 

Concurrently, advances are being made in the development 

f ’next generation’ lipids and lipid-like molecules for effective 

RNA-LNP systems [ 146 ][ 147 ]. Lipidoids, ionizable lipid deriva- 

ives composed of tertiary-amines, have been primarily developed 

or LNP-mediated siRNA delivery, with formulations containing 

12-200 and cKK-A12 demonstrating efficacy in a similar range 

o DLin-MC3-DMA for hepatocyte gene silencing [ 134–136 ]. Re- 



E.H. Pilkington, E.J.A. Suys, N.L. Trevaskis et al. Acta Biomaterialia 131 (2021) 16–40 

Fig. 4. Chemical structures of the cationic lipid subtypes developed for utilization in lipid nanoparticle formulations for nucleic acid delivery. DOTMA, DOTAP, DODMA 

and DODAP represent the first generation of cationic and ionizable cationic lipids to be utilized in LNP formulations. Next generation lipids include the lipidoid C12- 

200 [136] , invented by Drs. Anderson, Langer and colleagues and licensed by Alnylam, Moderna’s SM-102, formerly known as ’Lipid H’ [147] , and ALC-0315 from Acuitas 

Therapeutics. Ionizable cationic lipids optimized for LNP formation and delivery include DLin-DMA [127] , DLin-KC2-DMA [127] and DLin-MC3-DMA [126] , all patented by 

Arbutus Biopharma. ALC-0315 from Acuitas and SM-102 from Moderna are the lipids utilized in the SARS-CoV-2 vaccines BNT162b2, from BioNTech and Pfizer, and mRNA- 

1273, from Moderna, respectively. 
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ent work has further demonstrated efficacy of lipidoids within 

RNA-LNP systems. Anderson et al. optimized an LNP-mRNA for- 

ulation composed of C12-200 and DOPE, with the mRNA to 

12-200 ratio adjusted to 1:10 (w/w) [ 118 ]. This formulation suc- 

eeded in raising production levels of translated protein compara- 

ive to DLin-MC3-DMA-containing LNPs, with both systems mainly 

istributed to the liver. Cationic lipid-modified aminoglycosides 

CLAs), which are generated from natural existing aminoglycosides 

odified with alkyl epoxides and acrylates, have also been recently 

xplored as candidates for the cationic component of mRNA-LNP 

ystems. Yu and colleagues generated a library of CLAs paired 

ith a DOPE/Cholesterol/DMG-PEG system to deliver EPO mRNA in 

ice, and demonstrated that EPO levels in the blood were over 

-fold higher 6 h after administration of LNPs containing GT-EP10, 

ne of their candidates, comparative to the commercial MC3-based 

ormulation [ 137 ]. Advances in ionizable lipid formulations, e.g. 

hrough achieving even tighter pKa windows, will ensure mRNA- 

NP systems can maximize encapsulation efficiency without sacri- 

cing biocompatibility. 
d

24 
.2. Phospholipid ‘helper lipids’ 

More efficient entrapment and transfection potency of cationic 

ipid delivery systems has been found when a ‘helper lipid’ is 

ixed into the formulation. This was first demonstrated through 

ombining cationic DOTMA and neutral DOPE to effectively com- 

lex DNA [ 138 ]. DOPE has a pronounced conical shape due to its 

nsaturated acyl chains and small head group, and tends to assem- 

le in the hexagonal (H II ) phase [ 139 ]. These properties allow DOPE 

o facilitate the formation of non-bilayer structures and disrupt the 

ndosomal membrane to ensure endosomal escape of internalized 

NPs, thus improving the transfection efficacy of the cationic lipid 

ormulations [ 139–142 ]. The use of DOPE is more commonly as- 

ociated with LNP formulations for the delivery of large macro- 

olecules such as plasmids and mRNA, however, and is less uti- 

ized for delivery systems for small molecules such as siRNA and 

ligonucleotides, as these cargoes require less electrostatic com- 

lexation. Cheng and Lee further suggested that DOPE could lead 

o a decrease in the colloidal stability of particles designed for the 

elivery of siRNAs [ 143 ]. 
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As such, current LNP formulations for mRNA delivery generally 

tilize phosphatidylcholines (PCs) other than DOPE as the ‘helper’ 

ipid – particularly more saturated variants, such as 1,2-distearoyl- 

n–glycero-3-phosphocholine (DSPC) – which have a high melt- 

ng temperature (T m 

) and enhance the stability of LNP formula- 

ions through the formation of bilayer structures. In the commer- 

ial siRNA-LNP delivery system Patisiran, DSPC acts as the helper 

ipid with DLin-MC3-DMA as the ionizable cationic lipid. DLin- 

C3-DMA has a polyunsaturated acyl chain, which supports the 

ormation of the inverted micellar or non-bilayer structure at phys- 

ological temperature in the presence of a payload [ 144 ]. Replac- 

ng DOPE with DSPC in the LNP-siRNA formulation containing 40% 

onizable lipid resulted in an increase of gene-silencing efficiency 

n vitro , likely a consequence of increased stability of the particle 

 145 ]. 

Though siRNA-containing LNP systems have required DSPC for 

fficient delivery, efficacy in mRNA-LNP formulations has been 

ixed, with reports of substituting DOPE with DSPC in LNP for- 

ulations for mRNA either improving [148] or decreasing the 

erformance of the system [ 118 , 145 , 149 ]. One possible explana-

ion for a more efficacious mRNA-LNP system formulated with 

OPE compared to DSPC could be related to differences in the 

olecular interaction with RNA, which affects their packing abil- 

ty. In a study exploring LNP morphology and encapsulation ef- 

ciency, Leung et al. demonstrated that DOPE, alongside choles- 

erol, is important for the formation of the inverted micellar struc- 

ure and enhancing packing ability [ 145 ]. However, increasing the 

oncentration of the ionizable cationic lipid and decreasing the 

mount of cholesterol in the particles decreased the encapsula- 

ion efficiency of the LNP. Kauffman et al. noted that, though their 

NP formulations utilizing DSPC had superior mRNA encapsula- 

ion rates compared to those containing DOPE, the latter compo- 

itions induced better protein production [ 118 , 150 ]. While Oberli 

nd colleagues reported mRNA-LNPs utilizing DSPC and another 

hospholipid (DOPS) demonstrated superior performance to DOPE- 

ontaining LNPs [148] , the authors noted that, in 20% of mice, LNPs 

ormulated with DSPC or DOPE triggered inflammation at the in- 

ection site 5–10 days post-administration. 

Recent studies have also suggested that increasing the molar ra- 

io of zwitterionic phospholipids to ionizable cationic lipids can re- 

ult in improved delivery of mRNA [ 118 , 149 , 151 ], and a new gener-

tion of ionizable phospholipids has recently been synthesized to 

educe the presence of cationic lipids while still assisting in mRNA 

apture [ 152 ]. Because mRNA is larger in size than siRNA, it is as-

umed that a large amount of the ionizable cationic lipid might 

ightly bind to mRNA and make its release from LNPs difficult. 

herefore, the rationale for decreasing the amount of these lipids 

n a formulation is to reach an equilibrium where it is high enough 

o condense mRNA and form stable nanoparticles, yet low enough 

o allow the release of mRNA upon internalization into target cells. 

inding the balance between maximizing both encapsulation and 

elivery of mRNA, while taking into account how outside variables 

such as administration route) come into play, is a challenge in the 

election and optimization of the ‘helper lipid’ in mRNA-LNP for- 

ulations that continues to be investigated. 

.3. Cholesterol 

Cholesterol is a natural component of cell membranes 

 153 , 154 ], and plays an important role in lowering the transition

emperature of LNPs, facilitating transition from the lamellar phase 

o hexagonal phase, and thereby aiding the release of mRNA from 

nternalized LNPs into the cell cytosol [ 122 , 155 ]. There is still some

mbiguity on the precise location of cholesterol within LNPs. A 

eries of independent studies have demonstrated the presence of 

 crystalline cholesterol domain, either at the surface, within the 
25 
ipid bilayer [156] , or even complexed with the ionizable lipid in 

he core [ 144 ]. 

When cholesterol is mixed with unsaturated phospholipids in 

 lipid delivery system, it promotes the ability of the phospho- 

ipid membrane to form a bicontinuous cubic phase at physiologi- 

al temperatures, further enhancing fusogenicity [ 157 ]. In addition, 

holesterol improves lipid packing and modulates membrane flu- 

dity and permeability of the bilayer membrane system through 

he ‘condensing effect’. For example, when cholesterol was incor- 

orated into a mixture of dimyristoylphosphatidylcholine (DMPC), 

he complex shifted from a fluid state to tighter lipid packing 

hrough the reduction of the surface area per lipid [ 158 ]. Pozzi 

t al. demonstrated that increasing the molar fraction of cholesterol 

n DC-Chol-DOPE DNA lipoplexes was associated with increased 

ransfection efficiency of the DNA cargo, owing to enhanced fu- 

ogenicity of higher cholesterol formulations [ 159 ]. Moreover, in- 

orporation of 30 mol% cholesterol in pure DSPC liposomes led to 

mproved pharmacokinetics and prolonged circulation half-life of 

his system from a few seconds to 5 h, though increasing the mol% 

f cholesterol beyond that did not further enhance the circulation 

ime [ 160 ]. 

Recently, Patel and colleagues explored naturally occurring 

holesterol analogs as potential alternatives to cholesterol for 

RNA-LNP formulations, with a notable improvement in cell trans- 

ection reported in formulations containing β-sitosterol (Sito) com- 

ared to those with cholesterol [ 111 ]. Sito-formulated LNPs were 

bserved to have a faceted morphology though cryo-EM whereas 

holesterol-formulated LNPs are spherical with smooth curvature. 

his is likely a consequence of phase separation within the Sito- 

ormulated LNPs [161] , but also potentially the formation of two- 

imensional lipid crystals at the LNP surface. In a follow-up study, 

he group further investigated the incorporation of C24 alkyl 

erivatives of cholesterol, known as phytosterols, in mRNA-LNP 

ystems [ 110 ]. Formulations containing cholesterol derivates were 

ll shown to be polymorphic, with lipid partitioning and phase 

eparation observed to varying extents; for example, methyl and 

thyl groups added to the C24 alkyl tail induced a 50% increase 

n multi-lamellarity, and introduction of a double bond increased 

ipid partitioning by 90%. Interestingly, higher gene transfection 

ates were observed in LNPs with multilamellar, faceted structures, 

n addition to those with a lamellar lipid phase. Cholesterol deriva- 

ives and, by extension, LNPs with varied morphologies may pro- 

ide effective systems for mRNA vaccine delivery, though in vivo 

pplication is required to assess the benefit of replacing cholesterol 

s the gold standard in LNP formulations. 

.4. PEG-lipids 

PEGylation of nanomaterials is a common strategy to provide 

hem with steric stability, prevent opsonization and enhance their 

verall systemic circulation time [ 162 ]. The impact conferred by 

EG-lipids on LNP circulation time is determined by the dissoci- 

tion rate of the PEG-lipid from the surface of the LNP, which re- 

ates to the acyl chain length of the PEG-lipid: dissociation rate 

as been shown to decrease with chain length, with formulations 

omprised of longer chain PEG-lipids thus having a longer circu- 

ation time [ 163 ]. PEG-lipids are additionally one of the key fac- 

ors controlling particle size: increasing the ratio of a PEG-lipid in 

NP formulations has been hypothesized to increase compression 

n the lipid bilayer and enhance repulsive forces between particles, 

164] consequently generating smaller particles as PEG-lipid ratio 

ncreases [ 165 , 166 ]. PEG-lipids further aid in the aqueous solubil- 

ty of LNP systems and provide a ‘stealth’ effect to particles in vivo , 

hrough shielding the LNP surface to limit the adsorption of serum 

roteins, ensuring protection against mononuclear phagocyte sys- 

emic uptake and thus contributing to increased circulation time 
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 162 ]. Generally, higher PEG density on the surface of lipid delivery 

ystems generates better steric barriers through the formation of 

rush-like conformations; around 2% PEGylation of liposomes was 

ound to be optimal to limit serum protein binding to the liposome 

urface on incubation with serum for 10 min [ 167 ]. Interestingly, 

hough PEGylated lipids are generally incorporated at low molar 

atios compared to other formulation components in mRNA-LNPs, 

ago and colleagues reported mRNA-LNPs with 20% C14-PEG20 0 0 

ontent mediated effective delivery of their cargo [ 168 ]. 

Having a hydrophilic layer around LNPs can, however, interfere 

ith cellular uptake and limit endosome destabilization, conse- 

uently decreasing transfection potency [ 135 , 169 ]. In this sense, a 

ore rapid dissociation of PEG-lipid from the LNP surface, though 

ecreasing the circulation time of the particle, can increase its fu- 

ogenicity, allowing the LNP to more effectively deliver its cargo to 

arget cells. This is known as the “PEG dilemma”: improved phar- 

acokinetics of the LNP system mediated by PEG, at the cost of 

ellular uptake and a consequently reduced transfection efficiency 

 167 ]. Increasing the PEG content additionally affects particle size, 

nd might therefore have a detrimental effect on the amount of 

ucleic acid that can be encapsulated and the transfection effi- 

iency, which is especially relevant for pDNA. Optimizing the den- 

ity and the chain length of the PEG-lipid component is therefore 

rucial for effective development of mRNA-LNP systems. ‘Diffusible’ 

EG-lipid was developed to balance the transfection potency and 

tability of LNP systems. This consists of C14 acyl chain lipids 

hich dissociate rapidly from the LNP surface after administration 

nto blood circulation, allowing particle uptake by cells [ 163 , 170 ].

he use of diffusible PEG-lipid in siRNA-LNPs has shown enhanced 

ccumulation and gene silencing in hepatocytes, through facilitat- 

ng apolipoprotein E (ApoE) adsorption to the particle surface fol- 

owed by rapid uptake via ApoE-dependent low-density lipoprotein 

eceptors (LDLR) [ 171 , 172 ]. 

In order to target extrahepatic tissues for vaccination purposes, 

ncorporation of ‘persistent’ PEG-lipids, i.e. composed of C18 acyl 

hains rather than C14, can be more favorable to prevent prema- 

ure clearance of LNPs. Formulations incorporating C18 PEG-lipids 

t molar ratios of more than 1.5% lead to increased LNP circulation 

ime, consequently enhancing the accumulation of the LNP system 

t target tissues without loss of transfection potency [ 172 ]. How- 

ver, a key challenge related to the longer half-life of formulations 

ith persistent or long-chain PEG-lipid is the potential for acceler- 

ted blood clearance (ABC) phenomenon, which has been observed 

or long-circulating PEGylated liposomes. In this phenomenon, the 

learance of PEGylated nanoparticles is increased and half-life is 

educed on repeated administration due to induction of anti-PEG 

ntibodies [ 173 , 174 ]. This may result in clearance of the LNP be-

ore the cargo is effectively delivered. How anti-PEG immune re- 

ponses impact mRNA-LNP systems in vivo needs to be explored to 

nsure it does not impact the efficacy of mRNA-LNP vaccine candi- 

ates. Recent research, however, indicates that stable LNP systems 

an be generated utilizing alternative materials to PEG-lipids, and 

ay even provide a superior vaccine. For example, LNPs contain- 

ng 3% Tween 20 in the place of a PEG lipid specifically delivered a 

NA cargo to the draining lymph nodes of mice after i.m. injection, 

utperforming a standard formulation that utilized DSPE-PEG20 0 0 

or which expression was mainly seen at the injection site 

 175 ]. 

. Tuning the vehicle: towards targeted vaccination of 

RNA-LNPs 

For successful delivery of the LNP vaccine payload, LNPs need 

o pass through several tissues and cell specific barriers to reach 

he target tissue, where they should display efficient cell inter- 

alization and nucleic acid release into the cytosol [ 176 ]. Tuning 
26 
he formulation and physicochemical properties of an LNP system 

an thus direct particle fate in vivo; pertaining to LNP circulation 

alf-life, macrophage uptake, tissue localization and extravasation 

hrough leaky vasculature. For example, nanoparticles with a hy- 

rodynamic diameter under 5 nm generally clear rapidly through 

enal filtration after i.v. administration [177] ; nanoparticles with 

izes ranging between 15 and 200 nm often accumulate in the liver 

nd spleen after being captured by Kupffer cells and splenic MZ 

acrophages, whereas particles larger than 200 nm are retained 

n the spleen [ 178 , 179 ]. The design of targeted mRNA-LNP vaccines

an be categorized into three main strategies: targeting the lym- 

hatic system, targeting key extralymphatic organs or tissues, and 

argeting APCs. 

.1. Targeting the lymph 

Within the context of vaccination, delivery and retention of a 

accine candidate into the lymphatic system is generally desired 

or an effective adaptive immune response [ 184–186 ]. The lym- 

hatic system consists of a series of vessels, nodes and lymphoid 

issue where the majority of the immune cells within the body re- 

ide [ 187 , 188 ]. Entry into the lymphatic system typically occurs via

mall lymphatic capillaries within tissues, which flow into larger 

ollecting lymphatic vessels and pass through one or more lymph 

odes before joining the right or thoracic lymph duct, twhich emp- 

ies into the systemic circulation at the subclavian veins [ 187 , 188 ].

n effective immune response typically requires that an antigen is 

resented via an APC (such as a DC) to T cells within the lymph 

ode or lymphoid tissue. This results in activation and proliferation 

f T cells and can also lead to B cell activation and affinity matura- 

ion of antibodies. Many recent studies have demonstrated that en- 

ancing the delivery of vaccine antigens and adjuvants to immune 

ells within the lymphatic system enhances efficacy [ 180 , 189–193 ]. 

Delivery of different lipid-based systems to the lymph has been 

eviewed elsewhere [ 104 , 194 ]. In general, enhanced delivery to the 

ymphatic system has been achieved via association of therapeu- 

ics or vaccines with exogenous or endogenous macromolecules 

r nano-sized carriers (such as nanoparticles, liposomes, polymers, 

roteins, lipoproteins etc.) that are too large to enter blood ves- 

els from tissues and instead are transported via the lymphatics 

rom tissues. The blood capillaries typically have gaps of approxi- 

ately 5–10 nm in size between endothelial cells (depending on 

he tissue and blood vessel type) whereas lymphatic capillaries 

ave open button-like junctions which enable the entry of larger 

olecules and particles [ 187 , 188 , 190 , 195 ]. The net charge and zeta

otential of nanoparticles can also impact transport from the injec- 

ion site into lymphatic vessels and, additionally, retention within 

he lymph node. The interstitium is composed of a complex of col- 

agen fibers and glycosaminoglycans such as hyaluronic acid, which 

as a net negative charge. Positively charged LNPs may thus be- 

ome trapped in the interstitium, whereas negatively-charged LNPs 

ay more readily transfer through the interstitium to the lymphat- 

cs via charge repulsion [ 196 ]. 

The optimum size to enable lymphatic access after injection 

nto tissues (i.e. intradermal, intramuscular or subcutaneous) is 

ypically considered to be > 20 kDa for macromolecules and 10–

00 nm diameter for nanoparticles. This is because smaller parti- 

les are transported from injection sites via the blood capillaries as 

lood flows much faster (10 0–50 0 fold) than lymph fluid through 

apillaries. Particles larger than 100 nm in diameter, on the other 

and, may become trapped in the interstitium at the injection site 

s the interstitium contains water channels that are ~100 nm in 

iameter and provide a route for interstitial transfer of nanopar- 

icles. LNPs larger than 100 nm may thus have difficulty travers- 

ng the interstitium towards gaining access to the lymphatics [ 190 ]. 

ithin the context of vaccine delivery, nanoparticles with a diam- 
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Fig. 5. Structure of the lymph node and localization of foreign agents. Materials enter the lymph node after draining from the injection site into the afferent lymphatics 

and pass around the subcapsular sinus (SCS), which provides a rapid pathway for fluid to exit the lymph node via the efferent lymphatics. T cells and B cells are localized 

within the interior paracortical and cortical regions of the node; access to these regions by vaccine candidates is required to generate a potent immune response. Passage of 

materials across the SCS can occur via conduits in a reticular network that drains from the main lymphatic sinuses, though these channels are very narrow, spanning only 

3–5 nm in diameter [ 180 , 181 ]. Certain nanomaterials may be able to enter the conduits through gaps between barrier cells; others, while trapped at the barrier, may be able 

to release a cargo (e.g. small molecule), which can freely diffuse across the SCS and into the cortex [ 182 ]. Soluble antigen < 70 kDa may also access the lymph node interior, 

whereas larger macromolecules cannot [ 180 , 181 , 183 ]. 
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ter less than 200 nm can have been found to drain to the lymph

odes within hours of intradermal injection. In contrast, larger par- 

icles (e.g. 20 0–50 0 nm) may be internalized by DCs at the injec-

ion site and subsequently trafficked through the lymphatic ves- 

els to lymph nodes where the DCs present antigen to T cells. This 

echanism of transport is typically slower and can require over 

4 h to reach the lymph node [ 197 ]. Interestingly, PEGylation of 

ipid-based systems (generally liposomes) has shown the capac- 

ty to permit direct transport of particles > 10 0–20 0 nm to the 

ymph nodes [ 194 ]. Though this phenomenon may be at least par- 

ially attributed to the longer circulation time of PEGylated par- 

icles, there is evidence that PEGylation aids particle penetration 

hrough interstitial components, including gel-like ECM, in addi- 

ion to the highly adhesive and viscoelastic interstitial mucus layer 

a natural defense against invading pathogens – allowing active 

ovement across the interstitium and into the lymphatic system 

 198 , 199 ]. 

For vaccination, after entering the lymph node via the afferent 

ymphatic vessels draining the injection site, LNPs face further ob- 

tacles to reach the target immune cells within the interior of the 

ymph node [ 180 ]. On entering the lymph node ( Fig. 5 ), lymph fluid

asses around the subcapsular sinus, a channel that runs around 

he outside of the lymph node providing a rapid pathway for fluid 

o exit the node via the efferent lymphatic vessel. This sinus is 

ined by phagocytic cells including macrophages and DCs that re- 

ove ‘foreign’ materials such as LNPs from the inflowing lymph 

nd may present these materials to underlying cells. The T cells 

nd B cells within the lymph node are localized within the inte- 

ior paracortical and cortical regions of the node. Access to these 

egions may occur via a reticular network that drains from the 

ain lymphatic sinuses [ 180 , 181 ]. The reticular network is, how- 

ver, very narrow with channels of 3–5 nm in diameter which have 

een shown to restrict entry to fluorescent macromolecules that 

re < 70 kDa in size [ 180 , 181 , 183 ]. 
e

27 
An overview of design strategies for LNPs to target the lymphat- 

cs is provided in Fig. 6 . Though most studies have focused on ex- 

loring liposome formulations for effective lymph targeting, Naka- 

ura and colleagues recently generated LNPs, neutrally charged 

t physiological pH, with different size distributions (30, 100 and 

00 nm) and assessed their localization to the lymph after sub- 

utaneous administration in mice [ 200 ]. Though low LN localiza- 

ion was observed with the larger particles, 12–16% of total cells in 

he LN internalized 30 nm LNPs, with up to 70% association seen 

ith CD8 α DCs. Further modification of lipid formulation at the 

0 nm size point generated net positive and negatively-charged 

articles, which demonstrated 5% and 22% total LN cell associa- 

ion, respectively. Negatively-charged LNPs were shown to translo- 

ate from the SCS to the cortex and paracortex, demonstrating high 

ssociation with B220 + B cells, whereas the neutral and positively 

harged particles remained at the barrier. However, these LNPs 

ere ‘empty’, i.e. did not contain a cargo; how effective these sys- 

ems are for facilitating the delivery and expression of mRNA in 

he lymph nodes is yet to be established. 

.2. Targeting extralymphatic organs and tissues 

Modifications to the surface charge of nanoparticles have been 

sed to direct delivery of mRNA-LNPs to extralymphatic organs and 

issues that have a key role the pathology of certain diseases. In 

nfluenza, for example, where the lungs are the main site of in- 

ection, the large surface area and numerous APCs present pro- 

ide an attractive target for generating mucosal immunity. Several 

tudies have demonstrated that a net cationic LNP system prefer- 

bly accumulates in the lung after i.v. administration. Recent work 

as shown that mRNA-LNPs incorporating the cationic lipid 1,2-di- 

-octadecenyl-3-trimethylammonium propane (DOTMA) effectively 

argeted the lung after i.v. administration, specifically transfecting 

ndothelial cells, tissue-resident DCs and macrophages [ 40 , 201 ]. 
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Fig. 6. Overview of lipid nanoparticle design and administration strategies for targeting the lymphatic system. Manipulating the physicochemical properties of LNPs, including 

size and surface charge, can either direct them to the lymphatics or promote their uptake by cells at the injection site, where i.m. is the most frequently used route of 

administration. Adjusting LNP formulation by tuning the level of PEGylation can promote access to the lymphatics; similarly, decoration of the particle surface with targeting 

agents can facilitate localization to antigen-presenting cells and/or specific cell types in the lymph node. Figure created using BioRender.com. 

28 
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elective organ targeting (SORT) lipid nanoparticles were designed 

o target specific tissues through incorporation of differentially 

harged phospholipids into the LNP formulation. Incorporation of 

0% DOTAP into LNP formulations in order to generate positively 

harged particles resulted in localization to the lung, whereas neg- 

tively charged LNPs containing 30% DOPA trafficked mainly to the 

pleen [ 143 ]. Neutral SORT LNPs, in contrast, were shown to accu- 

ulate in the liver and spleen. Interestingly, other studies have il- 

ustrated that nanoparticles with a highly positive surface charge 

rimarily accumulate in the lungs, whereas negatively charged 

anoparticles have more propensity to accumulate in the spleen 

nd liver [ 46 , 202 ]. In a follow-up to this study, the authors gen-

rated a library of 51 ionizable ‘iPhos’ phospholipids which were 

tilized to formulate mRNA-LNPs with similar size, zeta potential 

nd pKa, yet displaying a range of in vivo efficacy and organ se- 

ectivity [ 152 ]. Post i.v. administration of a 0.1 mg/kg mRNA dose, 

Phos lipid-containing LNPs consisting of a single tertiary amine 

nd phosphate group with three alkyl tails demonstrated the high- 

st efficacy, with alkyl chain length playing a key role in organ 

electivity and functional mRNA delivery: at the amine side, 8–10 

arbons facilitated high mRNA expression; at the phosphate side, 

ranslation was directed to the liver, where chains were under 12 

arbons versus longer chains localized to the spleen. Ultimately, 

owever, the discrete pathways by which tuning the physicochem- 

cal properties of formulation components directs LNPs to selec- 

ively traffic and express in certain organs and tissues require more 

etailed mechanistic studies to establish. 

The physicochemical properties of the LNP system also impacts 

ts interactions with serum proteins and consequent formation of 

 ‘protein corona’ which further determines particle fate in vivo . 

 protein corona composed of plasma opsonins, such as fibrino- 

en, IgG, and complement factors, for example, usually promotes 

apid clearance of particles from the circulation [ 203 ]. In contrast, 

dsorption of plasma proteins like apolipoproteins elongate parti- 

le circulation half-lives and enhances interaction with LDL recep- 

ors, which facilitate accumulation of the particles in the liver and 

ransportation across the blood-brain barrier [ 46 , 204 ]. Lipoproteins 

uch as ApoE have been utilized for siRNA-LNP decoration due to 

heir capacity to induce internalization into hepatocytes [171] , with 

nteractions between ApoE-bound LNPs and heparan sulfate pro- 

eoglycans shown to further promote rapid uptake [205] , and al- 

umin coating has recently been harnessed for mRNA-LNP deliv- 

ry to the liver through apolipoprotein E (ApoE) independent cel- 

ular pathways [ 206 ]. Varying the proportion of charged and zwit- 

erionic lipids at the surface of a lipid system has been reported 

o change the quantity and identity of the most abundant serum 

roteins [207] ; as such, controlling protein corona formation could 

resent a strategy for specific targeting in vivo . 

LNPs may also be directly modified with a specific targeting 

gent in order to facilitate localization to the desired tissue or or- 

an for more effective immunization. Li et al. recently designed 

NPs targeted to plasmalemma vehicle-associated protein (PV1), 

nown to be associated with lung endothelial caveolae, through 

onjugation of DLin-MC3-DMA LNPs (DSPC:Chol:DMG-PEG:DSPE- 

EG maleimide, 50:10:38:1.75:0.25) to a Fab-C4 caveolae-targeting 

anobody, and demonstrated significantly higher targeting speci- 

city of PV1-targeted LNPs to mouse lungs compared to the control 

NPs after i.v. administration [ 208 ]. Interestingly, increasing LNP 

ize from 70 to 160 nm in this study further directed LNPs out 

f the lymphatics towards the lungs. The fluidic nature of the LNPs 

s advantageous, here: nanoparticle elasticity has been shown to be 

rucial for effective PV1-targeting when vehicle size is over 100 nm 

 209 ]. Modulation of the mRNA:lipid ratio also impacted localiza- 

ion of the LNPs: a mRNA:lipid (N/P) ratio of 3 trafficked predom- 

nantly to lungs, whereas a mRNA:lipid (N/P) ratio of 10 localized 

imilarly between the lungs and the spleen, likely consistent with a 
29 
igher proportion of cationic lipid in a given formulation mix (i.e., 

t a mRNA:lipid ratio of 3) appearing to favor lung targeting and 

xpression. 

.3. Targeting APCs 

Tagging with other ligands such as those that bind to 

acrophages (e.g. IgG and mannose [210] ) or antibodies specific 

o DC receptors that favor less degradative intracellular trafficking 

athways (e.g. DC-SIGN [211] , DEC-205 [212] and langerin [213] ) 

as been utilized to enhance targeting of nanostructured delivery 

ystems to APCs, though mostly in the context of therapeutic vac- 

ination rather than prophylactic [ 214 ]. Katakowski et al. showed 

ffective tar geting and knockdown of murine DCs with siRNA-LNPs 

oated with a nanobody targeting DEC-205 after i.v. administration, 

 targeting strategy that could be adapted for delivery of mRNA 

accines [ 215 ]. Mannosylated liposomes and lipoplexes have also 

rovided successful delivery of mRNA to DCs [ 216 , 217 ]. Though 

annose-based targeting approaches have been underutilized for 

RNA-LNPs, Zhuang et al. recently demonstrated that intranasal 

i.n.) administration of mannosylated LNPs can provide complete 

rotection against influenza in mice challenged with a tenfold 

D50 H1N1 influenza virus dose. The response to the mannosy- 

ated LNPs was also superior to cationic mRNA-LNPs lacking man- 

ose [ 218 ]. Veiga and colleagues have also developed a monoclonal 

ntibody-based targeting system in LNPs, dubbed ASSET, to direct 

NA delivery to leukocytes after i.v. injection [219] , and demon- 

trated that mRNA-LNPs could specifically target Ly6c + inflamma- 

ory leukocytes and elicit a therapeutic effect in mice, though this 

ystem was not utilized in the context of infectious disease [ 220 ]. 

irect targeting of APCs therefore represents a dual approach for 

ffective vaccine delivery in lymph-directed mRNA-LNP vaccines, 

r an alternative pathway for candidates should their physico- 

hemical properties prove unfavorable for uptake into the lymph. 

. mRNA-LNPs in vivo : routes of administration and practical 

onsiderations 

.1. Routes of administration 

Once LNPs are ready for administration, routes of choice can 

ary depending on their specific application; for example, outside 

f an immunological context, delivery of drug-loaded lipid systems 

as been reported through oral [ 221 , 222 ], opthalmic [ 223 , 224 ] and

ven topical [225–227] means. For vaccination purposes, delivery 

ethodologies that allow generation of mucosal immunity and 

ubsequent IgA secretion in certain organs can be desirable for cer- 

ain diseases, e.g. targeting the lungs through intranasal delivery 

or influenza [ 218 ]. Intestinal delivery [228] is beneficial in the- 

ry as particle size does not need to be controlled – LNPs pass 

nto the lymph via diffusion – but vehicle design to resist degra- 

ation in the harsh environment of the gut remains a challenge. 

imilarly, invasive methods, such as direct lymph node injection, 

rovide excellent immune responses but are relatively impracti- 

al for widespread use. Subcutaneous (s.c.) administration is a less 

ractical route in humans compared to animals due to a far tighter 

onnection between subcutaneous tissue and underlying bone and 

uscle tissues [229] , and while used routinely in certain treat- 

ent regimens (e.g. insulin injection for diabetics), poor vascular- 

ty in subcutaneous fat resulting in slow mobilization and process- 

ng of the vaccine makes it less desirable for immunotherapeutic 

urposes [ 230 , 231 ]. 

A majority of LNPs purposed for siRNA delivery to the liver 

ave been designed for i.v. administration, though this route has 

lso been used for early screening of mRNA-LNPs. For example, 
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Fig. 7. Importance of administration route in tissue localization, translation efficacy and duration of mRNA-LNPs. Mice were injected with mRNA-LNPs expressing firefly 

luciferase by the intradermal (i.d.), intramuscular (i.m.), subcutaneous (s.c.), intravenous (i.v.), intraperitoneal (i.p.) or intratracheal (i.t.) routes. Administration by i.v. and i.p. 

resulted in a high level of localization to the liver, with some residual activity at the injection site (around the eyes and abdomen, respectively); similar distribution was 

observed with i.t. and i.m. injection, though with significant bioluminescent signal in the lungs and muscles; for i.m., this was detectable for up to eight days post-injection. 

LNPs injected via the s.c. and i.d. routes resulted in translation solely at the injection site, but bioluminescence could be detected up to six (s.c.) to ten (i.t.) days. Reproduced 

with permission from Pardi et al. 2015 [ 232 ]. 
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uimaraes and coworkers utilized barcoded mRNA to allow high- 

hroughput screening of multiple different LNP formulations intra- 

enously administered to mice in a single pool, quantifying tissue 

nd organ localization of the different mRNA cargoes simultane- 

usly via deep sequencing, with delivery efficacy then quantified 

or selected candidates utilizing a commercial luciferase-encoding 

RNA [ 119 ]. A major pitfall of i.v. administration in the context 

f immunomodulatory agents, however, is the risk of systemic im- 

act and cytokine storm, making this route less desirable to pur- 

ue for LNP-mRNA vaccine candidate development. Injection by i.v. 

lso requires administration in a medical setting by a trained pro- 

essional, and so is not as practical as other routes, e.g. s.c. and 

.m., which can be self-administered by the patient. 

As such, for mRNA-LNP vaccines, typically i.m. administration 

 233 , 234 ] is the most common route of delivery, allowing diffu-

ion of LNPs into the lymph rather than trapping them within the 

irculation, where they have less access to APCs and are at risk 

f systemic clearance. The i.d. route has also been highlighted as 

n advantageous route to explore for mRNA-LNP administration; 

ue to effective targeting of DC subtypes in the skin, i.d. of a sub- 

nit vaccine was shown to require as little as one fifth of a stan-

ard i.m. dose to elicit the same results [ 235 ]. Pardi and colleagues

sed nucleoside-modified mRNA encoding firefly luciferase loaded 

nto LNPs to investigate the impact of administration route on ef- 

ective mRNA delivery and expression ( Fig. 7 ) [ 232 ]. i.m. and i.d.

dministration were demonstrated to provide the highest levels 

nd duration of luciferase expression in mouse models over the 
30 
.v., s.c., i.p. and i.t. routes, which was shown to peak at 4 h post-

njection and maintained at the injection site for up to 8–10 days, 

epending on the dosage schedule. In rhesus macaques, both i.m. 

nd i.d. administration of influenza H10-encapsulated LNPs pro- 

ided protective titers, but response was shown to be more rapid 

n i.d. injected monkeys compared to those dosed via i.m. injec- 

ion [ 236 ]. Further research in macaques of LNPs (~100 nm) car- 

ying H10 mRNA demonstrated that two doses applied via i.m. 

r i.d. administration targeted APCs at both the site of admin- 

stration and draining LNs, with vaccine-specific immunity ulti- 

ately developing in the draining LNs 9 days post immuniza- 

ion regardless of administration route. The H10 mRNA-LNP vac- 

ines induced protective antibody titers for 25 weeks, effectively 

emonstrating protection over a given seasonal influenza transmis- 

ion period without the need for an adjuvant [ 237 ]. As LNP sys-

ems have demonstrated self-adjuvating properties, and have even 

een utilized as adjuvants for an influenza subunit vaccine [238] , 

his further confers their advantage as a vaccine platform com- 

arative to other vaccine subtypes which require additional adju- 

ancy to generate a protective immune response. In a follow-up to 

he H10 mRNA-LNP study, Hassett and co-workers [147] screened 

onizable lipids to determine an optimal formulation for i.m. de- 

ivery and observed that LNP formulations should be tailored to- 

ards administration routes; for example, lipids associated with 

egligible protein expression after i.v. administration demonstrated 

ome of the highest levels of expression after i.m. administration. 

he pKa of effective lipids after i.m. administration was generally 
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igher than those that showed efficacy after i.v. administration, 

ith the optimal pKa for immunogenicity determined to be 6.6–

.8. As such, lipid pKa may play a role in how LNP formulations 

nteract with the immune system independent of mRNA delivery, 

hough the exact mechanism by which this occurs is yet to be 

lucidated. 

.2. Endosomal escape for functional delivery of mRNA 

Beyond administration, mRNA-LNP delivery at a cellular level 

ust also be taken into consideration. Less than 2% of siRNA and 

 1% of mRNA delivered to cells by LNPs can escape endosomes 

o reach the cytosol [ 239 , 240 ]. Endosomes have a high negative

urface charge [241] ; release of negatively-charged RNA can be 

omplex and slow [242] , especially given that different cell types 

ave demonstrated variations in endosome acidification. Further- 

ore, lipids within the system that are positively charged at acidic 

H may further limit mRNA release from endosomal compart- 

ents. Sago and colleagues developed a high throughput screening 

rocess to assess delivery of mRNA beyond biodistribution stud- 

es, which cannot distinguish between cell-associated or internal- 

zed LNPs unable to complete endosomal escape and those that 

uccessfully delivered their cargoes, i.e. functional delivery [ 168 ]. 

hrough utilizing Cre mRNA as a reporter herein – which neces- 

itates translation within the cytoplasm, translocation to the nu- 

leus and successful editing of target DNA in order to generate a 

ositive result – they identified two mRNA-LNP formulations, 7C2 

7C1:cholesterol:18:1 Lyso PC:C14-PEG20 0 0; 50:23.5:20:6.5) and 

C3 (7C1:cholesterol:DOPE:C14-PEG20 0 0; 60:10:5:25), that could 

chieve successful in vivo delivery to 22% and 43% of murine spleen 

ndothelial cells, respectively. Though the authors focused on de- 

ivery to endothelial cells, they noted that this screening process is 

ot specific to cell type, which would allow use of this system for 

ssessing delivery of mRNA-LNP vaccines to APCs. 

After endocytosis, however, delivered mRNA can be packaged 

nto extracellular vesicles (endo-EVs) and secreted by the cell, 

hich may be then taken up by neighboring cells, potentially con- 

erring an additional delivery effect [ 240 ]. Recently, Maugeri et al. 

emonstrated that administration of DLin-MC3-DMA or DLin-DMA 

NPs (50% ionizable lipid, 38.5% cholesterol, 10% DSPC, 1.5% DMPE- 

EG) with an average size of ~82–90 nm resulted in detection of 

ractions of ionizable lipids and mRNA (1:1 molar ratio of mRNA 

ucleotides:ionizable lipids, compared to 3:1 ratio in LNPs) of en- 

ocytosed LNPs in endo-EVs at a low rate of 1 copy of mRNA 

er 10,0 0 0 EVs [ 240 ]. DLin-MC3-DMA-LNPs were also shown to be

ore effective as delivery vehicles for the mRNA of interest, gen- 

rating 8x higher protein expression at the same dosage compared 

o the DLin-DMA LNPs. The authors noted that the stoichiometric 

atio between the ionizable lipid in the LNP system and the mRNA 

argo should be neutrally charged (1:1) to enable endosomal es- 

ape of encapsulated mRNA – however, doing so would greatly re- 

uce efficient encapsulation of the negatively-charged mRNA com- 

ared to formulations with a higher ratio of ionizable or cationic 

ipids. As an emerging field, fundamental insight into mRNA-LNP 

ctivity in the biological interface is still in its nascent stages; elu- 

idating these factors is critical in the effective development of 

RNA-LNP formulation and delivery strategies towards generating 

ptimal vaccine candidates. 

.3. Self-amplifying RNA (SAM)-LNPs for effective vaccination 

LNP formulations incorporating SAM can potentially overcome 

hallenges introduced by low encapsulation efficiency and poor de- 

ivery rates of mRNA. Geall et al. demonstrated that an LNP formu- 

ation optimized for siRNA could be effectively utilized for vacci- 

ation with SAM, with a 1 μg dose capable of eliciting a compara- 
31 
le immune response in rodent models to a single-cycle alphavirus 

ector [ 74 ]. The large size of SAM (over 90 0 0 nucleotides) can,

owever, deem it impractical for encapsulation in LNPs. Blakney 

nd coworkers pitched surface absorption, rather than encapsula- 

ion, as an effective method of transporting SAM within an LNP 

ystem, proposing that, lacking the need to optimize encapsulation, 

NP vaccine candidates complexing a range of nucleic acid con- 

tructs can be rapidly prepared in the event of an outbreak [ 243 ].

tilization of cationic lipids in the formulation was shown to pro- 

ect surface-absorbed SAM against RNase-mediated degradation; in 

act, surface-absorbed HIV-1 gp140 SAM generated a comparable 

mmune response in vivo to LNP formulations with SAM encapsu- 

ated in the particle interior. The same group has recently devel- 

ped a SAM-LNP vaccine candidate against COVID-19 [244] , which 

as now entered Phase I clinical trials (see Table 2 ). The SARS-CoV- 

 prefusion-stabilized spike protein encoded by SAM was found 

ighly immunogenic in preclinical mouse studies, with protec- 

ive antibody levels exceeding those reported previously for sub- 

nit vaccines for the SARS, MERS and SARS-2 coronaviruses [245] ; 

heir SAM-LNP formulation generated a potent immune response 

t doses as low as 0.01 μg, with neutralizing antibody titers greater 

han those in recovered COVID-19 patients. Furthermore, superior 

ntibody titers, viral neutralization (IC50) and cellular responses 

ere observed in SAM-LNPs comparative to electroporated control 

DNA (even at a ten-fold lower dose), which the authors determine 

s a mediated by the LNP as the delivery system, as polyplexed 

AM previously generated analogous immunogenicity to electro- 

orated pDNA. Consequently, LNP systems delivering SAM cargoes 

ay present an ideal system for effective vaccination against infec- 

ious disease. 

However, challenges remain in the development of this emerg- 

ng technology. Nucleoside-modified RNA can be incorporated in 

horter RNA where stringency of the structure is not critical. The 

ncorporation of nucleoside modified sequences can be difficult for 

arge mRNA, and so has not been utilized for SAM. The difficulty 

ppears in achieving full length RNA, but also the modified nucleo- 

ides can disrupt necessary secondary structures that are essential 

or SAM activity. Although partial incorporation may be possible, 

ptimizing the level of this incorporation may be warranted for 

uture work. The use of non-modified RNA in SAM may cause in- 

ate immune response activation. Furthermore, current SAM con- 

tructs are long sequences, which makes them fragile to processing 

nd shearing thus limiting their long-term stability. To solve these 

ssues, Beissert et al. explored the use of trans-amplifying RNA 

taRNA), which comprises two RNA instead of a single long self- 

mplifying construct. The first RNA encodes the replication pro- 

eins and the second segment consists of the antigen of choice 

 246 ]. While this approach provides an advantage in expected RNA 

tability, the total dose of both transcripts remains high. As such, 

hough SAM vaccines hold great promise to circumvent the prime- 

oost regimens with their efficacy at lower RNA doses, the fragile 

ayload and current inability to modify nucleosides dictates that 

he true clinical benefit of these vaccines is yet to be discovered 

 95 , 247 ]. 

. Clinical trials of mRNA-LNP systems 

The first clinical trials utilizing direct application of mRNA 

herapeutics used a naked, unmodified mRNA vaccine against 

etastatic melanoma [ 248 ]. Though pronounced feasible and safe, 

t failed to show clinical efficacy and did not progress beyond 

hase I clinical trials. Development of LNP-RNA systems focused 

nitially on siRNA, and, until recently, the siRNA-LNP therapeutic 

atisiran was the only LNP-RNA system to reach the market. Given 

hat a recent analysis determined that only 13.8% of therapeutics 

re likely to pass clinical trials and reach the approval stage [249] , 
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Table 2 

mRNA-LNP vaccine candidates in clinical trials. 

Sponsoring Institution Name 

Infectious disease 

target [strain] 

mRNA encoding 

[administration] 

Trial numbers 

[phase] Status 

Arcturus Therapeutics ARCT-021 COVID-19 

[SARS-CoV-2] 

Spike protein [i.m.] NCT04480957 [I/II] 

NCT04668339 [II] 

NCT04728347 [II] 

Recruiting 

Ongoing 

Recruiting 

BioNTech RNA Pharmaceuticals; Pfizer BNT162a1; 

BNT162b1; 

BNT162b2 

(branded as 

Comirnaty); 

BNT162b3; 

BNT162c2; 

BNT162-04 

COVID-19 

[SARS-CoV-2] 

Spike protein; Spike 

receptor binding 

domain [i.m.] 

NCT04380701 [I/II] 

NCT04368728 [II/III] 

NCT04523571 [I] 

NCT04537949 [I/II] 

NCT04588480 [I/II] 

NCT04649021 [II] 

NCT04713553 [III] 

NCT04754594 [II/III] 

NCT04816643 [I] 

NCT04816669 [III] 

2020-001038-36 a 

[I/II] 

2020-002641-42 a 

[I/II/III] 

2020-003267-26 a 

[I/II] 

ChiCTR20 0 0 034825 b 

[I] 

Recruiting 

Recruiting 

Ongoing 

Ongoing 

Ongoing 

Ongoing 

Recruiting 

Recruiting 

Recruiting 

Recruiting 

Ongoing 

Ongoing 

Ongoing 

Recruiting 

Chulalongkorn University ChulaCov19 COVID-19 

[SARS-CoV-2] 

Spike protein [i.m.] NCT04566276 [I] Not yet recruiting 

CureVac AG CV702 Rabies Rabies virus 

glycoprotein [i.m.] 

NCT03713086 [I] Ongoing 

CureVac AG; Coalition for Epidemic Preparedness 

Innovations (CEPI) 

CVnCoV COVID-19 

[SARS-CoV-2] 

Spike protein [i.m.] NCT04 4 49276 [I] 

NCT04515147 [II] 

NCT04674189 [III] 

2020-001286-36 a [I] 

Ongoing 

Ongoing 

Recruiting 

Ongoing 

Daiichi Sankyo DS-5670a COVID-19 

[SARS-CoV-2] 

Spike protein [i.m.] NCT04821674 [I/II] Recruiting 

GlaxoSmithKline CoV-2 SAM COVID-19 

[SARS-CoV-2] 

Spike protein [i.m.] NCT04758962 [I] Recruiting 

Imperial College London LNP-nCoVsaRNA COVID-19 

[SARS-CoV-2] 

Spike protein [i.m.] 2020-001646-20 a [I] Ongoing 

Moderna mRNA-1647 

mRNA-1443 

Cytomegalovirus 

(CMV) 

CMV glycoprotein H 

pentamer complex 

[i.m.] 

NCT03382405 [I] 

NCT04232280 [II] 

Completed 

Recruiting 

mRNA-1653 Combination human 

metapneumovirus 

(hMPV) and 

parainfluenza virus 

type 3 (PIV3) 

hMPV and PIV3 

membrane fusion 

protein [i.m.] 

NCT03392389 [I] 

NCT04144348 [I] 

Completed 

Recruiting 

VAL-506440; 

mRNA-1440 

Influenza A virus 

[H10N8] 

Membrane-bound 

hemagglutinin 10 

(H10) protein mRNA; 

[i.m.] 

NCT03076385 [I] Completed 

VAL-339851; 

mRNA-1851 

Influenza A virus 

[H7N9] 

Membrane-bound 

hemagglutinin 7 

(H7) [i.m.] 

NCT03345043 [I] Completed 

mRNA-1345 Respiratory syncytial 

virus (RSV) 

RSV prefusion F 

protein [i.m.] 

NCT04528719 [I] Recruiting 

Moderna; Biomedical Advanced Research and Development 

Authority 

VAL-181388; 

mRNA-1388; 

mRNA-1944 

Chikungunya virus 

(CHIKV) 

Antigenic proteins 

associated with 

CHIKV [i.m.] 

Anti-CHKV 

monoclonal antibody 

[i.m.] 

NCT03325075 [I] 

NCT03829384 [I] 

Completed 

Ongoing 

mRNA-1325; 

mRNA-1893 

Zika virus prME structural 

protein [i.m.] 

NCT03014089 [I] 

NCT04064905 [I] 

Completed 

Ongoing 

Moderna; 

Biomedical Advanced Research and Development 

Authority; National Institute of Allergy and Infectious 

Diseases 

mRNA-1273; 

mRNA-1283 

COVID-19 

[SARS-CoV-2] 

Spike protein [i.m.] NCT04283461 [I] 

NCT04405076 [II] 

NCT04470427 [III] 

NCT04649151 [II/III] 

NCT04796896 [II/III] 

NCT04813796 [I] 

Ongoing 

Recruiting 

Ongoing 

Ongoing 

Recruiting 

Ongoing 

National Institute of Allergy and Infectious Diseases SAM-LNP-S COVID-19 

[SARS-CoV-2] 

Spike protein [i.m.] NCT04776317 [I] Recruiting 

Providence Therapeutics PTX-COVID19-B COVID-19 

[SARS-CoV-2] 

Spike protein [i.m.] NCT04765436 [I] Recruiting 

Sanofi Pasteur MRT5500 COVID-19 

[SARS-CoV-2] 

Spike protein [i.m.] NCT04798027 [I/II] Recruiting 

Shulan (Hangzhou) Hospital; Center for Disease Control 

and Prevention of Guangxi Zhuang Autonomous Region; 

Suzhou Abogen Biosciences; Yunnan Walvax Biotechnology 

ARCoV COVID-19 

[SARS-CoV-2] 

Spike receptor 

binding domain 

[i.m.] 

ChiCTR20 0 0 034112 b 

[I] 

Recruiting 

a EudraCT number. 
b Chinese Clinical Trial Registry. 

32 
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atisiran’s success presented LNP systems as viable candidates for 

ffective biological delivery of RNA therapeutics. Indeed, growing 

nterest in mRNA therapies for infectious disease, coupled with this 

emonstrated efficacy of the LNP delivery system, have resulted in 

 number of mRNA-LNP candidates entering clinical trials in re- 

ent years – and, of particular interest at the current time, promis- 

ng and proven vaccine candidates against COVID-19. mRNA-LNP 

ystems developed by Moderna constitute the majority of vaccine 

andidates brought to trial, which are summarized in Table 2 . 

.1. Non-COVID mRNA-LNP vaccine candidates in development 

Current mRNA-LNP vaccines encode for structural or membrane 

roteins of the pathogen of interest which are intended to be se- 

reted by and/or decorated on the surface of transfected cells. One 

andidate encodes for a monoclonal antibody. Though outcomes of 

everal of these studies have been announced in media releases, 

ncluding for Chikungunya virus [250] , cytomegalovirus [ 251 , 252 ], 

nd a hMPV and PIV3 combined vaccine [253] , few peer-reviewed 

rticles disseminating clinical trial results have been published. 

he first mRNA-LNP vaccine candidates against two highly viru- 

ent strains of influenza A, H10N8 and H7N9, were shown to be 

ell-tolerated and immunogenic. After two i.m. vaccinations of the 

10 mRNA-LNPs three weeks apart, all 31 patients developed HA- 

pecific antibodies, which were further detected in the serum of 

7% of patients. The reactogenicity profile of the H10N8 mRNA- 

NP vaccine was comparable to the AS03-adjuvated H1N1 vaccine, 

nd demonstrated similar efficacy in healthy adults (19–55 years) 

o the meningococcal conjugate vaccine [ 236 ]. Participants admin- 

stered 25 μg of the H7N9 mRNA-LNP vaccine achieved HAI titers 

f over 1:40 in 96.3% of the cohort, and MN titers over 1:20 in 100

ercent of patients administered [ 254 ]. 

Moderna’s respiratory syncytial virus (RSV) candidate mRNA- 

777 was generally well-tolerated in younger and older healthy 

dults, generating increased specific humoral and cellular immu- 

ity, but did not progress beyond Phase I [ 255 ]. However, mRNA- 

345, Moderna’s new RSV vaccine candidate, demonstrated a geo- 

etric mean fold rise (95% CI, relative to baseline) in RSV-A neu- 

ralizing antibody titer of nearly 8fold higher than mRNA-1777 at 

he same dosage level, per interim reporting in the first month 

ost-administration in Phase I clinical trials [ 256 ]. Recently, Phase 

 interim data has been published regarding a rabies vaccine de- 

eloped by CureVac, consisting of unmodified mRNA encoding the 

abies virus glycoprotein (RABV-G) encapsulated in an LNP system 

 257 ]. Two 1 μg or 2 μg doses were well tolerated and elicited

abies neutralizing antibody responses analogous to the current li- 

ensed vaccine, Rabipur. Reactogenicity at the highest dose (5 μg), 

owever, was not found acceptable for a prophylactic vaccine. 

Vaccine candidates for a number of viruses, including Nipah, 

uman immunodeficiency virus (HIV), Epstein-Barr virus, and sea- 

onal influenza are currently in preclinical development, with 

any expected to progress to Phase I clinical trials during 2021. 

.2. mRNA-LNP vaccine candidates against SARS-CoV-2 

A number of vaccine candidates against SARS-CoV-2, the 

ausative agent of COVID-19, are currently progressing through 

linical trials. The ease of synthesizing mRNA coupled with facile 

nd streamlined encapsulation into an LNP system ensured devel- 

pment of mRNA-LNP vaccine candidates occurred rapidly upon 

he availability of the SARS-CoV-2 genome, resulting in the first 

linical trial patient being dosed with an mRNA-LNP vaccine can- 

idate just 63 days later: Moderna dosed their first patient in a 

S-based Phase I clinical trial of their candidate, mRNA-1273, in 

arch. BioNTech, the first from Europe to put forth a COVID-19 

accine candidate, entered a number of candidates (BNT162b1, 2 
33 
nd 3) into Phase I trials in Germany in April and the US in May. It

hould be noted, however, that this rapid development was only 

ade possible due to the availability of the crystal structure of 

he SARS-CoV-2 spike protein [ 258 ]. Candidates from both com- 

anies, in addition to CureVac’s candidate CVnCoV, progressed to 

hase III during 2020, representing the first mRNA-LNP therapeu- 

ics to advance this far in clinical trials. Authorization of BNT162b2 

or emergency use in the UK established it as not only the first 

icensed mRNA-LNP vaccine, but also the world’s first licensed vac- 

ine against COVID-19 [ 259 ]. As millions of doses of mRNA-1273 

nd BNT162b2 are now being administered globally, other can- 

idates currently progressing through Phase I or Phase I/II com- 

ined trials include ChulaCov19 (Chulalongkorn University), LNP- 

CoVsaRNA (Imperial College London), ARCoV (Suzhou Abogen Bio- 

ciences, Yunnan Walvax Biotechnology), MRT5500 (Sanofi Pas- 

eur), PTX-COVID19-B (Providence Therapeutics), DS-5670a (Daiichi 

ankyo), CoV-2 SAM (GlaxoSmithKline), SAM-LNP-S (the US Na- 

ional Institute of Allergy and Infectious Diseases), and ARCT-021 

Arcturus Therapeutics). 

Of the candidates now reporting clinical trial data, mRNA-LNP 

ystems have been shown to perform well overall with regards 

o tolerability, immunogenicity and efficacy. Interim data for Cure- 

ac’s CVnCoV showed strong binding and neutralizing antibody re- 

ponses with good tolerance within the doses tested and the first 

ndication of T cell activation [ 188 ]. Arcturus Therapeutics has re- 

orted 100% of Phase I trial participants showed immunogenic- 

ty after either a single (7.5 μg) or prime-boost (5 μg) dosing 

egimen of their candidate ARCT-021 [ 260 ]. As ARCT-021 utilizes 

 SAM cargo, this result in addition to preclinical data indicates 

his system may potentially provide one-shot protectivity. Interim 

nalysis of BioNTech/Pfizer’s BNT162b2 and Moderna’s mRNA-1273 

hase III clinical trials reported 95% and 94.1% efficacy respec- 

ively and, importantly, achieved complete prevention of severe 

isease [ 261 , 262 ]. Overall, both mRNA-LNP systems were found 

o be generally well tolerated. Reactogenicity of the vaccines was 

ower for BioNTech/Pfizer’s candidate [262] comparative to Mod- 

rna’s [261] , with 3.8% of participants reporting fatigue and 2% re- 

orting headaches versus 9.7% and 4.5% respectively. In some par- 

icipants mRNA-1273 also induced muscle (8.9%) and joint (5.2%) 

ain. Less than 2% of participants in both trials reported severe 

ever. As of January 27th, the US Vaccine Adverse Event Report- 

ng System (VAERS) has reported around 3–5 cases of anaphylaxis 

er million doses of each candidate, mostly ( > 80%) in recipients 

ho had a history of allergies; [263] clinical trials to assess aller- 

ic reactions to mRNA-1273 and BNT162b2 in atopic populations 

re ongoing [ 264 ]. 

Though more virulent strains of SARS-CoV-2 are now emerg- 

ng, initial data indicates both mRNA-1273 and BNT162b2 are ca- 

able of protecting against certain variants. The sera of vacci- 

ated Phase III trial participants was shown to effectively neu- 

ralize a number of variants including the B.1.1.7 (UK) strain in 

itro , though reduced neutralization has been reported against 

he B.1.351 (South Africa) lineage [ 265–271 ]. Further investigation 

ithin populations vaccinated with BNT162b2 indicated increased 

ncidence of breakthrough infections of B.1.1.7 in partially vacci- 

ated individuals and of B.1.351 in fully vaccinated individuals in 

srael [272] ; however, estimated effectiveness against infections 

ith these variants of concern in a fully vaccinated Qatari popula- 

ion was still high, at 89.5% for B.1.1.7 and 75% against B.1.351 [ 273 ].

oderna has begun dosing previously vaccinated Phase II clini- 

al trial patients in South Africa with mRNA-1273.351, a formula- 

ion designed to counter the B.1.351 variant, and mRNA-1273.211, a 

ultivalent booster candidate incorporating a 50–50 mix of mRNA- 

273 and mRNA-1273.351. Initial results demonstrate that a single 

0 μg booster dose of mRNA-1273 or mRNA-1273.351 increased 

eutralizing antibody titer responses against both the wild type 
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irus and B.1.351, in addition to the P.1 (Brazil) strain [ 274 ]. In-

orporation into Phase III trials of BNT162b2 SA , BioNTech/Pfizer’s 

.1.351-specific vaccine, is expected in the second quarter of 

021. 

Further ‘second generation’ candidates are also tackling a ma- 

or obstacle of global distribution of Moderna and BioNTech/Pfizer’s 

accines: namely, the capacity to maintain cold and/or ultracold 

hain to ensure stability of mRNA-1273 (stable for up to a month 

t 4 °C and six months at −20 °C) [37] and BNT162b2 (stable 

or up to two weeks at −20 °C, storage required at −70 °C) [ 38 ].

Moderna’s next generation candidate, mRNA-1283, is being devel- 

ped as a potentially refrigerator-stable vaccine, and is currently 

eing assessed in Phase I clinical trials; BioNTech/Pfizer are also 

ndertaking a Phase III clinical trial to test a lyophilized version 

f BNT162b2 [ 275 ]. A vaccine should ideally be able to be stored

t room temperature for one to two months in order for distribu- 

ion to regions without ready access to cold storage facilities, but 

ven in countries where these are available, local facilities may still 

ail to meet the required standards [ 276 ]. Interestingly, preclinical 

tudies of the candidate ARCoV indicated that it is stable for up 

o a week at room temperature [277] – further development of 

RNA-LNP vaccine technologies may be able to increase this time- 

rame and thus ease the logistical barrier of delivering mRNA-LNP 

accines beyond the clinic. 

Given the average time of vaccine development is around 11 

ears [278] , with a 34% success rate upon reaching clinical tri- 

ls [249] , progression of a candidate from bench to clinic in 

nder a year is a remarkable achievement. mRNA-LNP vaccines 

re proving their merit on the world stage as next generation 

accines, as validation of mRNA-LNP vaccine efficacy has now 

een shown in vaccinated populations: administration of BioN- 

ech/Pfizer’s BNT162b2 demonstrated > 90% effectiveness against 

ild and severe infection across all strains in Israel [272] , in addi- 

ion to 89.5% against B.1.1.7. and 75% against the B.1.351 variants in 

atar, where, most notably, it was also observed to be 97.4% effec- 

ive against severe, critical or fatal disease across all strains [ 273 ]. 

ith a number of other COVID-19 vaccine technologies recently 

icensed or soon to complete Phase III efficacy testing, including 

denovirus vector and protein-based nanoparticle candidates, how 

hese vaccines will compare to mRNA technologies for safety, dura- 

ility, efficacy and ease of production and distribution remains to 

e seen. 

. Conclusions and future outlook 

Increased globalization has fostered the rapid spread of infec- 

ious disease, necessitating that any response to combat emerg- 

ng threats, COVID-19 and beyond, must be swift. As such, mRNA 

as all elements to respond to a global pandemic in which a virus 

ay mutate and evade the immune system: rapid synthesis, GMP 

anufacturing, and the capacity for dosage to be further reduced 

hrough utilizing SAM. Formulation of mRNA with LNPs has been 

ey to the recent clinical success of mRNA vaccines after earlier 

ailures, reducing mRNA degradation while providing enhanced de- 

ivery and the capacity to introduce specific targeting to cells, tis- 

ues and organs of interest for the generation of protective immu- 

ity. The vaccine candidates trialed by Moderna, BioNTech/Pfizer 

nd others are validating the efficacy (up to 95%) and safety in 

umans of mRNA vaccines formulated with LNPs, with BioNTech’s 

NT162b2 becoming the first licensed mRNA-LNP vaccine in addi- 

ion to the first licensed vaccine against SARS-CoV-2, and mRNA- 

273 following soon after. Variant-specific and ‘second generation’ 

OVID-19 vaccines, including Moderna’s mRNA-1283, are already 

eing assessed in Phase I clinical trials – a testament to the capac- 

ty for rapid and dynamic development of mRNA-LNP vaccines to 

ombat an ever-evolving global crisis. 
34 
Obstacles still remain ahead. PEG-associated immunogenicity 

ue to prior exposure of patients to PEGylated products and the 

roduction of anti-PEG antibodies [174] still needs to be assessed 

s to how it may impact the safety and efficacy of mRNA-LNP 

accines. Furthermore, two doses are required for full efficacy of 

NT162b2 and mRNA-1273, increasing the cost and likelihood of 

xperiencing side effects, which are typically more frequent after 

he second dose. The World Health Organization highlights vaccine 

esitancy as a global health issue; indeed, ensuring patient com- 

liance to not only receive the first dose but return for the second, 

articularly if they have experienced side effects to the vaccine, 

ay be a challenge faced when combating current and future pan- 

emics. Design of a system that is efficacious after a single dose 

ould thus be optimal, and incorporation of SAM may be a viable 

ption to achieve this: the efficacy of a ‘single shot’ approach of 

uch candidates, e.g. ARCT-021, will be determined if they advance 

o Phase III clinical trials. Additionally, given that a single mRNA 

onstruct can be designed to encode multiple antigens, there is 

otential for the development of ‘universal’ vaccines for diseases 

ith seasonal outbreaks, such as influenza. Enhancing the stabil- 

ty of mRNA constructs and design of the LNP vehicle to protect 

hem from degradation, however, is key for future development of 

RNA-LNP vaccines. 

A number of innovative nanovaccine candidates, such as 

olymer-based vaccines, continue to push the envelope with im- 

roved efficiency and vaccine stability [ 120 ]. LNP technology has 

mple room for improvement for vaccine applications, from eluci- 

ating direct targeting strategies – both for localizing to the lymph 

odes, and for overcoming the barrier cells therein – to, at a cellu- 

ar level, enhancing uptake, endosomal escape and ultimately func- 

ional delivery of mRNA. The design of novel ionizable lipids with 

arrower pKa windows may provide both effective encapsulation 

nd endosomal escape of mRNA cargoes; introducing targeting lig- 

nds or antibodies to the LNP surface may provide an alternative 

o relying on lipid formulation for localization of LNPs in the de- 

ired organ or tissue, and in particular for enhancing delivery to 

he lymph. Balancing these factors to find an optimal solution for 

he most effective systems will require joint efforts of scientists 

cross different fields, but will reap huge benefits when success- 

ul: given the versatility of these platforms, mRNA-LNPs can be de- 

igned for a myriad of applications across the scope of gene ther- 

py, including both prophylactic vaccination in infectious disease 

ut also therapeutic vaccination for various cancers. Ultimately, the 

oming years promise to be an exciting time for mRNA-LNP vac- 

ines. 
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