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CONSPECTUS:

After decades of extensive fundamental studies and clinical trials, lipid nanoparticles (LNPs) 

have demonstrated effective mRNA delivery such as the Moderna and Pfizer-BioNTech vaccines 

fighting against COVID-19. Moreover, researchers and clinicians have been investigating mRNA 

therapeutics for a variety of therapeutic indications including protein replacement therapy, genome 

editing, and cancer immunotherapy. To realize these therapeutics in the clinic, there are many 

formidable challenges. First, novel delivery systems such as LNPs with high delivery efficiency 

and low toxicity need to be developed for different cell types. Second, mRNA molecules need 

to be engineered for improved pharmaceutical properties. Lastly, the LNP–mRNA nanoparticle 

formulations need to match their therapeutic applications.

In this Account, we summarize our recent advances in the design and development of various 

classes of lipids and lipid derivatives, which can be formulated with multiple types of mRNA 

molecules to treat diverse diseases. For example, we conceived a series of ionizable lipid-like 

molecules based on the structures of a benzene core, an amide linker, and hydrophobic tails. We 

identified N1,N3,N5-tris(3-(didodecylamino)propyl)benzene-1,3,5-tricarboxamide (TT3) as a lead 

compound for mRNA delivery both in vitro and in vivo. Moreover, we tuned the biodegradability 

of these lipid-like molecules by introducing branched ester or linear ester chains. Meanwhile, 

inspired by biomimetic compounds, we synthesized vitamin-derived lipids, chemotherapeutic 

conjugated lipids, phospholipids, and glycolipids. These scaffolds greatly broaden the chemical 

Corresponding Author: Yizhou Dong – dong.525@osu.edu. 

The authors declare the following competing financial interest(s): C.W. and Y.Z. declare no competing interests. Y.D. is a scientific 
advisory board member of Oncorus, Inc.

Complete contact information is available at: https://pubs.acs.org/10.1021/acs.accounts.1c00550

HHS Public Access
Author manuscript
Acc Chem Res. Author manuscript; available in PMC 2023 April 03.

Published in final edited form as:
Acc Chem Res. 2021 December 07; 54(23): 4283–4293. doi:10.1021/acs.accounts.1c00550.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://pubs.acs.org/10.1021/acs.accounts.1c00550


space of ionizable lipids for mRNA delivery. In another section, we highlight our efforts 

on the research direction of mRNA engineering. We previously optimized mRNA chemistry 

using chemically-modified nucleotides to increase the protein expression, such as pseudouridine 

(ψ), 5-methoxyuridine (5moU), and N1-methylpseudouridine (me1ψ). Also, we engineered the 

sequences of mRNA 5′ untranslated regions (5′-UTRs) and 3′ untranslated regions (3′-UTRs), 

which dramatically enhanced protein expression. With the progress of LNP development and 

mRNA engineering, we consolidate these technologies and apply them to treat diseases such 

as genetic disorders, infectious diseases, and cancers. For instance, TT3 and its analog-derived 

lipid-like nanoparticles can effectively deliver factor IX or VIII mRNA and recover the clotting 

activity in hemophilia mouse models. Engineered mRNAs encoding SARS-CoV-2 antigens serve 

well as vaccine candidates against COVID-19. Vitamin-derived lipid nanoparticles loaded with 

antimicrobial peptide-cathepsin B mRNA enable adoptive macrophage transfer to treat multidrug 

resistant bacterial sepsis. Biomimetic lipids such as phospholipids formulated with mRNAs 

encoding costimulatory receptors lead to enhanced cancer immunotherapy.

Overall, lipid–mRNA nanoparticle formulations have considerably benefited public health in the 

COVID-19 pandemic. To expand their applications in clinical use, research work from many 

disciplines such as chemistry, engineering, materials, pharmaceutical sciences, and medicine need 

to be integrated. With these collaborative efforts, we believe that more and more lipid–mRNA 

nanoparticle formulations will enter the clinic in the near future and benefit human health.

Graphical Abstract

1. INTRODUCTION

Discovered in the 1960s, the mRNA molecules are translated to corresponding proteins via 

the protein synthesis machinery.5–8 This natural process makes mRNA-based therapeutics 

feasible for numerous biological and therapeutic applications: vaccines, protein replacement 
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therapy, cancer immunotherapy, genome editing, cellular reprogramming, etc.6,9 On the 

basis of traditional concepts of druggability, mRNAs themselves are not favorable drug 

molecules. These molecules have large molecular weight and negative charges; they are 

unstable in physiological conditions, and they may induce immunogenicity. To address these 

issues and concerns, researchers have spent extensive efforts on developing mRNA delivery 

vehicles and engineering mRNA molecules.10

Since the 1970s, researchers have developed many types of delivery materials 

for mRNA, i.e., lipid-based nanoparticles, polymers, protein–mRNA complexes, 

and other biomaterials.10–17 Among them, lipid nanoparticles (LNPs) have been 

recently used as the delivery system for COVID-19 mRNA vaccines in the 

clinic.18 Naturally, lipids are major components of cell membranes and play 

essential roles in maintaining membrane structures and their biological functions.19,20 

It has been recognized for a long time that lipid formulated liposomes can 

serve as delivery vehicles for many cargos, including mRNA molecules.21 In the 

1980s, a cationic lipid named 1,2-di-O-octadecenyl-3-trimethylammonium propane 

(DOTMA) was reported to deliver nucleic acids in vitro.22 Later on, many 

other cationic lipids were developed for gene delivery, such as 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP), dimethyldioctadecylammonium (DDAB), and 3β-

[N-(N′,N′-dimethylaminoethane)carbamoyl]cholesterol (DC-cholesterol).23 Recent results 

showed that cationic lipids with permanent positive charges may be toxic to cells.10,24 

Meanwhile, researchers produced ionizable lipids, which generally possess three parts: 

amine heads, linkage regions, and lipid chains. With a pKa value less than 7.0, ionizable 

lipids are neutral at physiological pH and can be protonated at acidic conditions. It should 

be noted that the pKa of ionizable lipids may be different from that of the corresponding 

LNPs.25 In 2018, DLin-MC3-DMA (MC3) LNPs, an ionizable lipid-based formulation, was 

the first FDA approved LNP for an RNAi therapeutic, which delivered a double-stranded 

siRNA to liver hepatocytes for treating transthyretin (TTR) amyloidosis.23,26 In the late 

2020, the COVID-19 mRNA vaccines, BNT162b2 and mRNA-1273, obtained emergency 

use authorization to fight against the COVID-19 pandemic, utilizing two different ionizable 

lipids, ALC-0315 and SM-102, respectively.27–29

On the other hand, it is also critical to understand and optimize the properties of mRNA, that 

is, to augment mRNA translation efficiency and reduce its undesired immunogenicity.30 

Chemical modification of the nucleobases is a practical approach to engineer mRNA 

molecules since several naturally existing chemically-modified nucleotides were discovered 

in biological systems, such as inosine (I), dihydrouridine (D), and pseudouridine (ψ).31,32 

Additionally, mRNA molecules consist of multiple components: 5′ caps, 5′ untranslated 

regions (5′-UTRs), coding sequences, 3′ untranslated regions (3′-UTRs), and poly(A) 

tails. Through sequence engineering, researchers can tune the properties of mRNA and 

its interactions with other cellular elements.6 Specifically, a functional 5′ cap is important 

for the initiation of mRNA translation, which can be added via enzymatic or synthetic 

methods. 5′-UTR and 3′-UTR may bind to sequence specific proteins or RNAs that regulate 

mRNA translation. Coding sequences can theoretically carry any proteins of interest. 

The length and sequence of the poly(A) tail is also a crucial factor for mRNA stability. 

Recently, a CleanCap technology was developed, which provides a chemical approach for 
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the capping process of mRNA.33 These engineering strategies facilitate the translation of 

mRNA therapeutics from bench to bedside.

In the Account, we summarize our design and development of synthetic ionizable lipids 

such as lipid-like molecules, vitamin-derived lipids, chemotherapy drug-derived amino 

lipids, phospholipids, and glycolipids. We also describe our mRNA engineering approaches 

(chemical modifications of nucleobases and optimizations of untranslated regions) to 

improve the mRNA properties. We then overview these lipid–mRNA nanoparticle 

formulations for the treatment of genetic disorders, infectious diseases, and cancers. Finally, 

we provide a brief perspective on future directions and challenges of this field.

2. LIPIDS AND LIPID NANOPARTICLES

2.1. Synthetic Ionizable Lipids and Lipid-Like Nanoparticles

Traditionally, phospholipids are key components of eukaryotic cell membranes and 

composed of a single hydrophilic head and two hydrophobic chains. On the basis of these 

natural molecules, many lipids like DLin-MC3-DMA, ALC-0315, and SM-102 have been 

developed and applied for RNA delivery.24 To expand the lipid chemistry, the Anderson 

and Langer groups used a combinatorial approach to synthesize a large library of lipid 

derivatives termed lipid-like molecules or lipidoids, which consist of more than 1200 

structures with a variety of amines and lipid chains. Among these structures, 98N12-5 LNPs 

silenced up to 85% of Apolipoprotein B expression in nonhuman primates at an siRNA 

dose of 6.25 mg/kg.34 Since then, a variety of these lipidoids have been reported such as 

C12-200, cKK-E12, 5A2-SC8, 306Oi10, BAMEA-O16B, etc.14,35–39 These lipidoids can be 

formulated into lipid-like nanoparticles (LLNs), which greatly enlarge the diversity of the 

lipid nanoparticles (LNPs). In practice, these LLNs have been applied to deliver siRNA, 

mRNA, and the CRISPR system.10

In 2015, we reported a series of 1,3,5-benzenetricarbonyl trichloride (TT)-derived lipid-

like molecules consisting of three amino groups, three amide linkers, and a benzene 

ring. Scheme 1 shows the synthetic route. 1,3,5-Benzenetricarbonyl trichloride was 

condensed with mono-boc-protected diamines to obtain the compound (1). Deprotection 

of 1 and a subsequent reductive amination gave the products TT2–TT8 (Scheme 1A).1 

Then, TT compounds were formulated with 1,2-distearoyl-sn-glycero-3-phosphocholine 

(DSPC), cholesterol (Chol), 1,2-dimyristoyl-sn-glycerolmethoxypolyethylene glycol (DMG-

PEG2000), and firefly luciferase mRNA. The delivery efficiency of these resulting LLNs 

was evaluated by in vitro screenings. Among these ionizable lipids, the TT3 LLNs induced 

the highest luminescence intensity in the Hep3B cells. In order to further optimize the 

formulation of the TT3 LLNs, we utilized an orthogonal method by tuning the molar 

ratios of each component. After two rounds of optimization, the TT3 LLNs (molar ratio: 

TT3/DOPE/Chol/DMG-PEG2000 = 20/30/40/0.75) were identified as a lead formulation. 

Recently, we studied the long-term storage of these nanoparticles. We added different 

amounts of sucrose, trehalose, or mannitol to the TT3 LLNs under freeing or lyophilization 

conditions and then evaluated their stability. The results showed that the inclusion of 

5% (w/v) trehalose or sucrose to these LLNs was able to maintain the mRNA delivery 

efficiency when stored in liquid nitrogen for at least 3 months.40 Next, we examined the 
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biodegradability of lipid-like compounds by installing various ester chains, which may be 

degraded in the presence of esterases or lipases.41 We first synthesized a set of amino esters 

and compared their biodegradability with amino alcohols. The results showed that amino 

esters were biodegradable, and the lipid chemistry was able to tune the biodegradability rate. 

Subsequently, we incorporated these ester chains on the core structure of the TT compounds 

and prepared functionalized TT (FTT) molecules.2 With different lipid chain structures, we 

classified these FTT derivatives into three types: hydrocarbon chains, linear ester chains, and 

branched ester chains. FTT1 holds a polyunsaturated hydrocarbon chain; FTT2–FTT6 have 

a variety of branched esters, different from FTT2–FTT6, and FTT7–FTT10 bear several 

linear ester structures with less steric effects (Scheme 1B). Then, the mRNA delivery 

efficiency of FTT1–10 LLNs were tested in mice by intravenously injecting firefly luciferase 

(FLuc) mRNA-loaded FTT LLNs (0.5 mg/kg). After quantification of the bioluminescence 

intensity from major organs, 6 h after administration, FTT5 LLNs were found to increase the 

luminescent signal over 2-fold in the liver compared to that of TT3 LLNs.

2.2. Biomimetic Molecule-Derived Ionizable Lipid Nanoparticles

Lipids conjugated with bioactive molecules, such as oligonucleotides, oligopeptides/amino 

acids, sugars, or small molecule drugs, have been developed as formulation components 

for RNA delivery.21 In 2007, Desigaux et al. formulated a series of lipidic aminoglycoside 

molecules with DOPE to deliver siRNA in several human cancer cell lines, resulting in gene 

silencing.42 In 2016, siRNA loaded LNPs were reported to show significant tumor inhibition 

in vivo using lipids conjugated with a cell penetrating peptide oleoyloctaarginine.43 

Recently, van der Meel et al. prepared LNPs from lipophilic taxane prodrugs for the delivery 

of siRNA against the androgen receptor (AR) to treat prostate cancer.44

In our group, we synthesized several series of bioactive molecule-derived ionizable lipids for 

mRNA delivery. For example, vitamins are indispensable nutrients for cell functions.45,46 

We conjugated vitamins or their derivatives with an amino lipid bearing a carboxylic 

acid group through ester or amide bond formation to prepare vitamin-derived lipids 

(Scheme 2A). We then apply them to encapsulate an mRNA encoding a hybrid protein of 

antimicrobial peptides and cathepsin B.4 These vitamin-derived lipid nanoparticles (VLNPs) 

were screened and optimized in RAW264.7 cells for mRNA delivery. The results displayed 

that VcLNPs (molar ratio: Vc-lipid/DOPE/cholesterol = 30/30/40; mass ratio: Vc-Lipid/

mRNA = 15/1) were over 70- and 300-fold more efficient for mRNA delivery in these 

cells than that of Lipofectamine 3000 and electroporation, respectively. In another study, 

we conjugated chemotherapy drugs, paclitaxel and camptothecin, with an amino lipid via 

an ester bond to explore the synergistic effects of anticancer agents and tumor suppressor 

genes (Scheme 2B). Paclitaxel-derived LNPs exhibited effective mRNA delivery. We then 

loaded these LNPs with mRNA encoding p53 as a potential therapy for triple-negative breast 

cancer.47

Phospholipids are essential components of the cell membrane and not only construct 

the membrane structure but also are responsible for cellular functions such as molecular 

transportation.19,20 Inspired by these natural lipids, we produced ionizable phospholipids 

(PLs). The synthetic routes started from phosphorylation of trimethylene bromohydrin, 
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leading to a phosphate triester 4. Then, the substitution of bromine in compound 4 with boc-

protected trimethylenediamine gave compound 5. Finally, the removal of the boc protecting 

group, followed by a reductive amination with aldehydes, yielded phospholipids (Scheme 

3A).48 Additionally, glycolipids are an important class of lipids with carbohydrate moieties. 

They are critical for cell membrane structures and other cellular functions such as immune 

responses.49 Similar to the synthetic route to ionizable phospholipids, ionizable glycolipids 

(GLs) were synthesized (Scheme 3B). Several PLs and GLs were able to effectively deliver 

mRNA in E.G7 cells, a T cell line.50

3. MRNA ENGINEERING

3.1. Chemical Modification of mRNA

Chemical modification, such as ribose, backbone, and nucleobase modifications of 

mRNA, has been shown to increase the protein expression and reduce undesired 

immunogenicity.30 In 2005, Karikò et al. reported that certain nucleoside-modified 

RNA was less immunogenetic than the unmodified RNA.51 Afterward, they found that 

pseudouridine-modified mRNA, which can be applied to produce multiple types of proteins 

such as erythropoietin, increased protein expression.52,53 Recently, phosphorothioate-

modified mRNA was constructed, which increased the protein synthesis rate.54 To test 

the translation efficiency of different mRNAs, we prepared a library of chemically-

modified mRNAs (Scheme 4), including 5-methylcytidine (5meC), 5-hydroxymethyl-

cytidine (5hmC), 5-methyluridine (5meU), pseudouridine (ψ), N1-methylpseudouridine 

(me1ψ), N6-methyladenosine (me6A), etc. Then, we measured the protein expression level 

and compared the expression level under different translation conditions. Consequently, 

pseudouridine (ψ), 5-methoxyuridine (5moU), and N1-methylpseudouridine (me1ψ) were 

advantageous nucleotides that increased the production of proteins. Specifically, 5moU 

modification increased eGFP mRNA stability in Hep3B cancer cells.30

Subsequently, we applied this mRNA engineering strategy to the CRISPR-Cpf1 system, a 

class-II CRISPR system that enables effective gene editing in human cells.55 To increase 

Cpf1-mediated genome editing, we designed and assessed a library of engineered Cpf1 

mRNA in human cell lines. ψ-modified AsCpf1 mRNA increased the efficiency of gene 

cutting by 177% compared to the AsCpf1 plasmid. Also, we incorporated chemically-

modified CRISPR RNAs (crRNAs) in the system. From 42 engineered AsCpf1 crRNAs, we 

found that cr3′5F containing five 2′-fluoro ribose at the 3′ terminus increased the efficiency 

over 127% compared to that of wild-type crRNA. The combination of the optimal Cpf1 

crRNA and mRNA enhanced gene-cutting efficiency over 3-fold compared with wild-type 

crRNA and plasmid-encoding AsCpf1. Meanwhile, these data were further validated by 

targeted deep-sequencing, which showed that cr3′5F together with ψ-modified mRNA 

significantly improved the gene cutting efficiency without increasing off-target effects.56,57

3.2. Sequence Engineering of mRNA

The mRNA molecules consist of several essential components, including 5′ cap, 5′ 
untranslated region (5′-UTR), encoding region, 3′ untranslated region (3′-UTR), and 

the polyadenylated (poly-A) tail. Within these components, the 5′ untranslated region (5′-
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UTR) and 3′ untranslated region (3′-UTR) played important regulating roles for protein 

expression.3 For example, when a β-globin in the 5′-UTR was replaced with an α-globin 

mRNA, the translation efficiencies of mRNA were increased.58 Thus, it is critical to 

design proper 5′-UTR and 3′-UTR to increase protein production. In our study, we first 

performed bioinformatic analysis of the mRNA UTR, from which the number of protein 

copies and amino acids were quantified for each mRNA molecule in the database. The 

murine Rps27a mRNA displayed the highest translation ability. Meanwhile, we conducted 

a de nova design of the 5′-UTR. Several criteria were utilized including minimal secondary 

structures, removal of miRNA binding sites, and inclusion of a Kozak sequence (GCCACC). 

The results indicated that sequence engineering greatly augmented protein production in 

both Hep3B and 293T cells and the optimal length of 5′-UTR was found to be 70 nt in 

these experiments. Besides length, the composition of A, U, G, and C is another important 

factor for the 5′-UTRs. We analyzed nucleotide compositions and created several 5′-UTRs, 

named, NCA-1 to NCA-8, with different nucleotide compositions. The results showed that 

NCA-7 and NCA-8 with relatively high U content (11 and 18 out of 70 nt, respectively) 

were preferred compositions. Then, we installed functional motifs after the S27a 3′-UTR, 

which resulted in repeated sequence element 3 and U-rich element (R3U) as a lead motif. 

Lastly, we chose NCA-7d as a 5′-UTR and S27a with R3U as a 3′-UTR, which was termed 

NASAR UTR. These UTR engineering methods enable us to understand the effects of UTR 

on protein expression and facilitate broader applications of mRNA.

4. THERAPEUTIC AREAS

4.1. Genetic Disorders

Genetic disorders are a large class of diseases caused by defective or mutated genome 

sequences.59 Hemophilia B is a typical rare genetic disease in which patients have 

insufficient blood clotting protein, named factor IX.60 In our work, we formulated TT3 

LLNs to deliver human FIX (hFIX) mRNA. After in vitro and in vivo testing, the optimal 

TT3 LLN group showed a notably higher biodistribution signal in spleen and liver than 

that of the control groups of C12–200 LLNs. Then, the TT3 LLNs formulated with human 

factor IX mRNA were intravenously injected into both wild-type mice and hemophilia B 

mice with control groups of free hFIX mRNA. In the FIX-knockout mice groups, TT3-hFIX 

mRNA LLNs produced 608 and 1740 ng/mL hFIX at an mRNA dose of 0.55 and 1.1 mg/kg, 

respectively. In the meantime, the hFIX activities were quantified. Importantly, the TT3 

hFIX LLNs were able to recover the hFIX level to the normal range in hemophilia B mice.

We later prepared functionalized TT (FTT) LLNs from which FTT5 LLNs were selected as 

a lead material after in vitro and in vivo screening. The biodegradability of FTT5 and FTT9 

LLNs was evaluated by mass spectrometry after intravenous administration at different time 

points (Figure 1A,B). FTT9 was almost fully cleared within 24 h, while FTT5 demonstrated 

a slower clearance rate in mouse liver. These results were consistent with our design 

that branched ester chains with higher steric effects than linear ester chains can tune the 

rate of biodegradability. Next, we formulated FTT5 LLNs to deliver the hFVIII mRNA.60 

FTT5-hFVIII LLNs were injected intravenously at a dose of 2 mg/kg to wild-type mice and 

hFVIII-knockout mice with control groups of free hFVIII mRNA. Similar to wild-type mice, 
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hFVIII-knockout mice treated with FTT5-hFVIII LLNs produced over 200 ng/mL hFVIII 

protein 6 and 12 h post-administration. Meanwhile, more than 70% of the hFVIII activity 

was restored at the time points (Figure 1C,D).

Additionally, we applied FTT5 LLNs to deliver an adenine base editor mRNA (~5.5k 

nucleotides) and an sgRNA targeting proprotein convertase subtilisin/kexin type 9 (PCSK9). 

The PCSK9 protein binds to low-density lipoprotein receptors and plays a significant role 

in regulating blood cholesterol level.61 The base editing efficiency of PCSK9 was potent at 

low doses. These FTT lipid-like molecules further increased the delivery efficiency of TT3, 

which may lead to potential clinical applications.

4.2. Infectious Diseases

Infectious diseases are severe threats of human health. mRNA-based vaccines and 

therapeutics have emerged in fighting multiple types of infectious diseases. For example, 

SARS-CoV-2 virus led to the worldwide COVID-19 pandemic. Pfizer-BioNTech and 

Moderna have successfully constructed ionizable lipid–mRNA formulations as COVID-19 

vaccines. Similarly, we prepared TT3 LLNs loaded with NASAR mRNA encoding SARS-

CoV-2 antigens (Figure 2A). After the in vitro screening, these TT3-NASAR LLNs were 

intramuscularly injected into mice and induced more than 70-fold higher luciferase intensity 

than that of DLin-MC3-DMA LNPs. Next, the mice were vaccinated with a prime at day 0 

and a boost at day 14. The TT3-mRNA LLNs vaccine produced more than 300-fold higher 

anti-S1 antibodies compared to the DLin-MC3-DMA LNP vaccine on day 30 (Figure 2B). 

Also, over 5-fold antigen-specific antibodies were detected by intramuscular injection than 

by subcutaneous injection. Lastly, we observed dose-dependent vaccination effects at the 

doses from 0.012 to 12 μg (Figure 2C).

Lipid–mRNA nanoparticle formulations may also be applied to treat bacterial infections. 

For instance, sepsis can be caused by many different bacteria.62 To address this deadly 

disease, we developed mRNAs encoding antimicrobial peptide (AMP), cathepsin B (Cat 

B), and a Cat B sensitive linker. Then, we encapsulated this mRNA in vitamin C-derived 

LNPs to enable the adoptive transfer of macrophages, boost the immunocytes, and clear 

multidrug-resistant bacteria infections (Figure 3A).

To study the activity of these engineered macrophages, the intracellular survival of multidrug 

resistant Staphylococcus aureus in RAW264.7 cells was measured. The macrophages 

containing antimicrobial peptides linked to cathepsin B in the lysosomes (MAC-RAWs) 

induced by AMP-CatB VcLNPs showed the strongest bactericidal activity compared to 

the control groups of free mRNAs, empty VcLNPs, and AMP-CatB inhibitor VcLNPs. To 

investigate the therapeutic effects in vivo, MAC-RAWs were injected to MDRSA-induced 

sepsis mice. Colony forming units (CFUs) in mouse blood were reduced almost 2-fold 

by MAC-RAWs compared to control groups. Furthermore, primary bone marrow-derived 

macrophages (BMDMs) were used to evaluate the therapeutic activity. These macrophages 

(MAC-BMDMs) induced by AMP-CatB VcLNPs showed more effective delivery than 

other groups, which had similar results as in the RAW264.7 cells. For in vivo studies, 

MAC-BMDMs showed 58% of mice survival from sepsis compared to 10% survival in 

control groups (Figure 3B). After 30 days, the levels of the body weight (BW), white blood 
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cells (WBCs), and lymphocytes (LYMs) of the seven surviving mice returned to normal and 

were fully restored (Figure 3C). There were no bacteria detected in major organs of these 

treated mice. To study the biodistribution of the macrophages, 6 h post-intraperitoneal and 

-intravenous injections of the FLuc-BMDMs, the biodistribution luminescence signals were 

measured and ranked in the order of peritoneal cavity, spleen, liver, lungs, kidneys, heart, 

and blood.

4.3. Cancers

Triple-negative breast cancer (TNBC) is a type of breast cancer with an insufficient level 

of estrogen receptors (ERs), progesterone receptors (PRs), and human epidermal growth 

factor receptors (HER2s).63 Prior studies reported that the alteration of tumor suppressor 

gene TP53 was at a high level in certain TNBC patients.64 Currently, chemotherapy drugs 

are one of the key approaches for TNBC treatment. Thus, we developed a new treatment 

approach for TNBC through the combination of chemotherapy drugs and tumor suppressor 

p53 mRNA. In this work, paclitaxel and camptothecin were coupled to ionizable amino 

lipids to synthesize PAL lipid and CAL lipid, respectively. These PAL and CAL lipids 

were formulated with p53 mRNA to be assembled into the lipid nanoparticles. After in 
vitro screening and orthogonal optimization, PAL-p53 LNPs were i.v. injected to nude mice 

with orthotopic TNBC; the PAL-p53 LNPs showed significantly higher antitumor effects 

compared to control groups of the free drug, free p53 mRNA, and PAL-control mRNA 

LNPs. The combination of chemotherapy and LNP–mRNA-mediated gene therapy provides 

a favorable synergistic effect for the treatment of TNBC.

Immunotherapy has significantly advanced the treatment against various cancer types, many 

of which are under preclinical and clinical studies.65 In our studies, we proposed to stimulate 

the interactions between costimulatory receptors and their ligands in tumor environments. 

For example, CD137 and OX40 are glycoproteins that can act as costimulatory receptors 

on T cells, which are involved in the activation and proliferation of CD8 and CD4 

T cells.66 However, the level of these receptors are relatively low on tumor-infiltrating 

lymphocytes. To address this issue, we applied the phospholipids mentioned in Section 

1 to encapsulate mRNAs encoding OX40. As PL1 was selected as the lead compound 

based on cell screening, we encapsulated mRNAs into PL1 lipid nanoparticles for in vivo 
studies. After intratumoral (i.t.) injection into mice with A20 tumors, PL1-OX40 LNPs were 

accumulated at tumor sites. Compared to the control groups, the tumor growth rate was 

dramatically inhibited using PL1-OX40 LNPs (Figure 4A). Six out of 10 mice showed a 

complete response to the treatment of PL1-OX40 LNPs (Figure 4B). More importantly, 

these mice that survived were completely resistant to the A20 tumor rechallenge (Figure 

4C). Our results indicated that the integration of biomimetic lipid nanoparticles loaded with 

costimulatory receptor mRNA together with their corresponding agonistic antibodies can 

greatly enhance the immunotherapeutic effects in multiple cancer types.50

5. CONCLUSIONS AND PERSPECTIVES

Lipid nanoparticle–mRNA formulations have been administered in hundreds of millions 

of people worldwide as COVID-19 vaccines, which paves the way for developing more 
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and more lipid–mRNA-based therapeutics. By employing diverse synthetic strategies, we 

prepared many classes of ionizable lipids including lipid-like molecules, biodegradable 

lipids, chemotherapy drug-derived amino lipids, biomimetic phospholipids and glycolipids, 

and vitamin-derived ionizable lipids that can efficiently deliver mRNAs in vitro and in 
vivo when formulated into lipid nanoparticles. Meanwhile, the chemical modification 

and the sequence engineering of mRNA significantly improve the mRNA stability and 

translation. In a variety of diseases models, TT3 LLNs were able to effectively deliver 

hFIX mRNA to treat hemophillia B and mediate the delivery of mRNA encoding SARS-

CoV-2 antigens as an mRNA vaccine against COVID-19. FTT5 LLNs induced potent base 

editing activity at low doses in mice. Vitamin C-derived LNPs loaded with antimicrobial 

mRNA can engineer macrophages to treat multidrug resistant bacteria-induced sepsis. 

Biomimetic phospholipid nanoparticles encapsulating chemically-modified OX40 mRNAs 

together with corresponding antibodies were demonstrated as a promising strategy for 

cancer immunotherapy. With the advances of lipid structures and mRNA engineering, 

lipid nanoparticle formulated mRNA can be specifically delivered to many organ and cell 

types to treat various diseases. Several aspects of lipid nanoparticle–mRNA formulations 

can be further investigated in future studies. (i) Lipids and lipid derivatives with novel 

structures can be conceived on the basis of diverse design strategies. For example, we 

have incorporated biomimetic, bioinspired, and bioactive components into the molecule 

design.24 (ii) Biodegradability and biocompatibility are critical aspects for the translation 

of LNPs to the clinic. Lipids with proper biodegradability can minimize possible side 

effects and improve the safety of LNPs.67,68 (iii) The formulation of LNPs can be carefully 

tuned to include certain components or targeting ligands, which may enhance delivery 

efficiency or increase targeting specificity. Also, biomaterials other than LNPs have been 

developed for mRNA delivery, such as polymers and extracellular vesicles, which can be 

greatly expanded.69–74 (iv) The chemistry, sequence, and structure of mRNAs need to be 

systematically examined to improve the pharmaceutical properties of mRNAs. Prior studies 

found that many types of chemical modifications of mRNA affected the mRNA translation, 

and the related mechanisms are not fully understood.10 (v) The lipid–mRNA formulations 

have entered clinical trials for preventing or treating infectious diseases, genetic disorders, 

and cancer. Many other indications may also benefit from this new class of medicine.18 With 

the collaborative efforts from academia and industry, lipid nanoparticle–mRNA formulations 

will make incredible contributions to human health in the future.
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Figure 1. 
Biodegradability of (A) FTT5 and (B) FTT9 in vivo; (C) the level and (D) activity 

of hFIX in hemophilia A mice after i.v. injection of FTT5-hFIX mRNA.2 Reproduced 

with permission from ref 2. Copyright 2020 The Authors, some rights reserved; 

exclusive licensee American Association for the Advancement of Science. Distributed 

under a Creative Commons Attribution License 4.0 (CC BY); https://creativecommons.org/

licenses/by/4.0/.
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Figure 2. 
(A) Illustration of mRNA UTR engineering and its application to COVID-19 mRNA 

vaccines. (B) Serum IgG level in mouse sera post-intramuscular injection. (C) Dosage 

dependency effects of TT3-NASAR mRNA formulation as a COVID-19 mRNA vaccine.3 

Reproduced with permission from ref 3. Copyright 2020 Wiley-VCH.
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Figure 3. 
(A) Illustration of macrophages containing antimicrobial peptides linked to cathepsin B 

in the lysosomes (MACs) for the treatment of multidrug resistant bacterial sepsis: (i) 

adoptive macrophage transfer; (ii) recovery from multidrug resistant bacteria induced sepsis. 

(B) Survival rate and (C) body weights of septic mice after treatments.4 Adapted with 

permission from ref 4. Copyright 2020 Springer Nature.
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Figure 4. 
Therapeutic effects in an A20 mouse tumor model: (A) tumor size; (B) percent survival; (C) 

percent survival of rechallenged mice.
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Scheme 1. 
Synthesis of 1,3,5-Benzenetricarbonyl Trichloride (TT)-Derived Lipid-Like Molecules (A) 

and Functionalized TT (FTT) Molecules (B)1,2
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Scheme 2. 
Chemical Structures of Vitamin-Derived Ionizable Lipids (A) and Chemotherapy Drug-

Derived Ionizable Lipids (B)4,47
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Scheme 3. 
Synthesis of Ionizable Phospholipids (A) and Glycolipids (B)48
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Scheme 4. 
Examples of Chemically-Modified Nucleobases30
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