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Abstract

The lung, a vital organ for homeostasis, is vulnerable to various diseases that challenge healthcare systems due to
limited treatment options. Fortunately, mRNA-based gene therapy offers a promising solution, demonstrating high
efficiency and safety across applications in vaccines, protein replacement therapy, and cancer treatment. However,
naked mRNA faces challenges like degradation, poor cell penetration, and immunogenicity. The lung's complex
structure further complicates mRNA delivery. In this way, lipid nanoparticles (LNPs) have emerged as an effective
solution, demonstrated by their success in COVID-19 mRNA vaccines through superior encapsulation and
biocompatibility. Extensive studies focus on developing LNP-based pulmonary mRNA delivery systems for treating
viral infections and lung diseases.This review analyzes the current state and developments in mRNA-LNP
applications for pulmonary diseases and LNP-based strategies for lung-targeted mRNA delivery. We explore the
optimization and development of LNP platforms across four administration routes: nebulized inhalation,
intratracheal administration, nasal administration, and systemic administration. Our goal is to provide researchers
with a comprehensive reference covering both fundamental principles and cutting-edge developments in
pulmonary mRNA-LNP delivery systems.
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INTRODUCTION

The lung is a cornerstone organ in maintaining human physiological balance and homeostasis"’.
Meanwhile, the lung is a primary gateway wherein harmful environmental substances might enter the
human body, which makes it particularly vulnerable to various pathological conditions”. Many diseases
specifically target the lung, such as viral/bacterial infections, acute lung injury!, chronic obstructive
pulmonary disease (COPD)", cystic fibrosis (CF)", and lung cancer”. These diseases cause pulmonary
dysfunction, severely impacting patients' quality of life and threatening human health. Nowadays, lung
diseases represent a substantial burden on healthcare systems worldwide - COPD alone caused 4 million
deaths globally in 2019". Moreover, contemporary clinical medicine faces significant challenges in
providing effective therapeutic solutions, with many current treatment options failing to deliver satisfactory
outcomes for these devastating conditions.

Fortunately, with the rapid advancement of biomedical technology, mRNA-based gene therapy has emerged
as an exceptionally promising approach for addressing various pulmonary”. mRNA therapy facilitates the
temporary expression of specific proteins within cells, representing a significant breakthrough in gene
therapy. On the one hand, mRNA therapy substantially enhances the expression efficiency of protein. More
importantly, it eliminates concerns about genomic contamination, which is the most critical safety
consideration in gene therapy applications. The versatility of mRNA therapy has led to remarkable
achievements across multiple fields, including vaccine development for infectious diseases, protein
replacement strategies for genetic disorders, and novel cancer treatments.

Particularly, mRNA therapy demonstrates transformative potential in vaccine development"”. Compared to
other technologies, mRNA offers multiple advantages, including the ability to encode multiple protein
targets simultaneously, standardized production protocols, and streamlined purification processes. These
advantages have dramatically shortened vaccine development timelines, enabling rapid responses to
emerging health threats. The COVID-19 pandemic demonstrated this technology’s profound impact, as
rapidly deployed mRNA-based vaccines saved millions of lives worldwide.

However, naked mRNA is not only easily degraded in vivo and difficult to penetrate cell membranes, but
also has strong immunogenicity, readily activating the body’s innate immune response and triggering
inflammation"""?. These drawbacks severely limit its clinical application development. Therefore,
developing effective mRNA delivery platforms is crucial. Currently, common mRNA delivery vectors
include various biological derivatives (such as virus-like particles, bacterial outer membrane vesicles, and
exosomes) and chemical derivatives (polymer and lipid-based nanoparticles). Among these, lipid
nanoparticles (LNPs) have garnered attention due to their excellent encapsulation efficiency and
biocompatibility. Given their success in COVID-19 mRNA vaccines, LNPs are considered the optimal
platform for mRNA delivery.

Furthermore, the unique anatomical structure and physiological characteristics of the lungs present
challenges for pulmonary mRNA delivery. In this way, LNPs serve as an excellent platform for targeting
mRNA delivery to lung tissue”. Extensive research is dedicated to developing LNP-based pulmonary
mRNA delivery systems to prevent viral infections and treat lung diseases.

In this review, we present a detailed analysis of the current state and ongoing developments in mRNA-LNP
applications for pulmonary diseases, along with an extensive examination of innovative LNP-based
strategies specifically designed for lung-targeted mRNA delivery. We focus on the methodological
optimization and strategic development of LNP platforms, based on the unique requirements of different
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administration routes of lung-targeted mRNA delivery. To provide a thorough understanding of this field,
we summarized four different administration routes: nebulized inhalation, intratracheal administration,
nasal administration, and systemic administration. For each approach, we highlight the most recent
research breakthroughs and technological innovations. We aim to provide researchers in this rapidly
evolving field with a valuable reference that encompasses both fundamental principles and cutting-edge
developments in pulmonary mRNA-LNP delivery systems.

INTRODUCTION TO LNP

LNPs are nanoscale lipid-based carriers that can encapsulate various types of nucleic acids, protecting them
from degradation by the immune system while also facilitating cellular uptake. LNPs enter cells via
endocytosis and subsequently release their nucleic acid cargo into the cytoplasm through the endosomal
escape process. This mechanism enables therapeutic effects such as protein expression or gene silencing"*..
In recent years, RNA-based therapies utilizing LNPs have gained significant momentum. Notably, the U.S.
Food and Drug Administration (FDA) approved Onpattro® in 2018, the first LNP-based gene therapy, for
the treatment of transthyretin-mediated amyloidosis. Furthermore, during the COVID-19 pandemic,
mRNA-LNP vaccines, such as mRNA-1273 and BNT162b2, garnered considerable attention and were
successfully commercialized"*'". These applications establish LNPs’ central position in targeted delivery. In
this section, we provide a comprehensive overview of LNPs, focusing on their main components,

preparation methods, and advantages [Figure 1].

Main components

LNPs are primarily composed of four key components: ionizable cationic lipids, cholesterol, phospholipids,
and PEGylated lipids"”"*.. Each component plays a crucial role in ensuring efficient encapsulation, stability,
and delivery of mRNA.

Ionizable cationic lipids are crucial for encapsulating mRNA and are the core component of LNPs. These
lipids typically consist of a head group, a linker, and a hydrophobic tail. The head group, containing amine,
guanidine, and heterocyclic groups, promotes mRNA encapsulation, stabilizes nanoparticles, interacts with
cell membranes, and facilitates endosomal escape. The linker influences the biodegradability, cellular
tolerance, and delivery efficiency. The hydrophobic tail affects the pKa and fluidity of the ionizable lipids,
which in turn impacts LNP function™. In the neutral extracellular environment, ionizable cationic lipids
are positively charged, allowing them to bind with the negatively charged mRNA, thereby improving
encapsulation. Upon cellular uptake, the drop in pH from approximately 6.2 to 4.9-6.0 triggers the
protonation of these lipids, facilitating the release of mRNA from the endosome''’.

Cholesterol, as a structural component, aids in particle formation and enhances the stability of the lipid
bilayer and membrane fusion”. Optimizing the cholesterol structure can further improve the delivery
efficiency of LNPs and promote endosomal escape. Jung et al.”” developed an ionizable helper cholesterol
analog, 3B[L-histidinamide-carbamoyl] cholesterol (Hchol) lipid, which significantly improved mRNA
escape from endosomes and delivery efficiency.

Phospholipids, such as dioleoylphosphatidylcholine (DOPC) and dioleoylphosphatidylethanolamine
(DOPE), are auxiliary components that support mRNA packaging and stabilize the LNP structure”. These
phospholipids typically make up 10%-20% of the total lipid content.

PEGylated lipids improve the biocompatibility and stability of LNPs, enhancing their ability to deliver drugs
and genes to target cells and tissues while preventing aggregation during transport”*””. Generally, longer
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Figure 1. Introduction of mRNA-LNP: main components, preparation methods and advantages. LNP: Lipid nanoparticle.

polyethylene glycol (PEG) lengths reduce non-specific interactions with serum components, thereby
extending the half-life of LNPs. Nevertheless, long PEG lipids inhibit the fusion between LNPs and
endosomal membranes, reducing delivery efficiency. This contradiction is known as the “PEG dilemma” in
LNP drug delivery”. Moreover, PEGylated lipids, despite their low immunogenicity, may induce the
production of specific antibodies such as IgM, IgG, and IgE, leading to accelerated clearance of LNPs from
the bloodstream. Additionally, when PEGylated lipids interact with certain proteins or nanoparticles, they

29,30]

can also cause hypersensitivity reactions such as complement activation-related pseudoallergy™*'.

In summary, the four main components of LNPs - ionizable cationic lipids, cholesterol, phospholipids, and
PEGylated lipids - work in concert to ensure the effective encapsulation, stability, intracellular delivery, and
endosomal escape of mRNA. The precise ratio and structural design of these components are crucial for the
performance of LNPs, determining their distribution in the body, cellular uptake, and, ultimately, the
therapeutic effect. Therefore, optimizing these components is essential for developing efficient and safe
mRNA delivery systems.

Preparation methods

The preparation of LNPs is based on the principle of self-assembly. First, ionizable cationic lipids become
protonated in an acidic environment and carry a positive charge. This allows them to interact
electrostatically with negatively charged mRNA, facilitating the encapsulation of the mRNA within the
LNPs. Other lipids (including phospholipids, cholesterol, and PEGylated lipids) self-assemble on this basis
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to stabilize the formed structure. Following self-assembly, the mRNA-LNP’s PH solution is adjusted to
neutral with a buffer exchange, which can remove the ethanol solvent at the same time. As the ionizable
lipids become uncharged at physiological pH, the LNPs become more stable and less toxic"*”.. To improve
this process, Geng et al.® introduced a two-step tangential flow filtration (TFF) method. In the traditional
single-step TFF method, ethanol is removed simultaneously with pH adjustment, which causes rapid
changes in the ionization state of the cationic lipids and results in incomplete fusion, leading to a
heterogeneous population of smaller particles and a higher proportion of empty LNPs. In contrast, the two-
step TFF method first removes ethanol at a low pH, reducing electrostatic repulsion between particles and
allowing controlled fusion to occur more gradually when the pH is subsequently increased. Therefore,
mRNA-LNPs prepared by the two-step TFF method have larger particle sizes and lower empty LNP ratios,
and their storage stability is optimized.

Several methods have been developed for preparing LNPs, including microfluidic technology, jet mixing,
and solvent injection, often utilizing robotic liquid handling devices.

Microfluidic technology

Microfluidic technology involves the precise manipulation of liquids at the sub-millimeter scale using
microscale devices. This technique allows for rapid sample processing with high precision”. Microfluidic
devices have two inlets for the entry of lipid/ethanol solutions and RNA/buffer solutions. Lipids and mRNA
are dissolved in ethanol and acidic aqueous phases, respectively, and the ethanol and aqueous phases are
mixed in a volume ratio of 1:3 through the microfluidic device to complete the self-assembly process.
Compared with traditional bulk methods, microfluidic technology can generate highly stable, uniform, and
monodisperse particles, with reagent consumption reduced to picoliters and reaction times reduced to
seconds"”. However, scaling microfluidic technology from laboratory to industrial production may face
technical and cost challenges. Shepherd et al.* proposed a scalable parallel microfluidic device that
achieved more than 100 times the production rate compared to a single microfluidic channel, which, to
some extent, promotes the possibility of industrial production using microfluidic technology.

Jet mixing method

Although microfluidic technology has been widely applied, scaling up to industrial production is
challenging. As a result, the jet mixing method is more commonly used in large-scale LNP production. This
method replaces microfluidic chips with mixers such as restricted impinging jets (CIJs), multi-inlet vortex
mixers (MIVMs), or co-axial turbulent jet mixers, all operating at the micrometer scale. The turbulent
conditions in these mixers facilitate rapid mixing and control LNP size and distribution®. Studies indicate
that co-axial turbulent jet mixers produce smaller and more uniform LNPs than microfluidic devices.
However, these mixers are an order of magnitude larger in volume, with issues like large footprint and high
cost, limiting their research application”®.

Robotic liquid handling devices

Robotic liquid handling devices, such as TECAN EVO, are emerging as an efficient method for LNP
preparation. In this approach, an acidic buffer solution containing RNA (pH 4.0) and a lipid mixture is
mixed in a 96-well plate, allowing the LNPs to self-assemble. The robotic liquid handling devices inject and
mix into the wells of the plate at specific speeds (for example, 500 pL/s) and loop times (for example, 10
loops, each loop 100 pL) to ensure effective mixing of lipids and RNA, thus forming LNPs". One major
advantage of robotic liquid handling devices is their ability to process up to 384 different LNP formulations
simultaneously, while microfluidic technology typically prepares only one formulation at a time. This high
throughput is particularly useful for accelerating the development and optimization of proprietary lipid
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formulations, as well as for mRNA LNP lead compound optimization and preclinical candidate drug
selection*”.

Advantages

Building on the advances in LNP preparation methods, the advantages of LNPs as a carrier for mRNA
delivery are increasingly evident. Currently, LNPs represent the most advanced mRNA delivery platform in
clinical use, offering several significant benefits as a non-viral vector'”.

Firstly, LNPs exhibit a high safety profile. Unlike viral vectors, which may possess high cytotoxicity and
immunogenicity, including the potential risk of oncogenesis, LNPs are generally considered safe. This
makes them ideal for repeated dosing and long-term treatments>*. Cationic lipids, a key component of
LNPs, can be used to encapsulate mRNA, but permanently positively charged cationic lipids may be
cytotoxic'. Therefore, researchers have developed functionally identical and relatively safe ionizable
lipids*”!. As the composition of LNPs continues to improve, their safety profile has also become more
robust.

Moreover, LNPs protect mRNA from degradation, thereby extending its circulation time in the body and
enhancing both its stability and half-life, significantly improving the efficiency of mRNA delivery. In vitro
transfection experiments using primary dendritic cells (DCs) have shown that LNPs can effectively transfect
DCs with an efficiency increase of up to 450%, while naked mRNA fails to achieve successful
transfection'*!. Encapsulating mRNA within LNP carriers thus markedly improves delivery efficiency!*.

Furthermore, LNPs can achieve targeted delivery of mRNA in vivo, including targeting specific organs and
specific cell populations™. A variety of targeting strategies have been developed, including optimizing the
prescription design of LNPs or modifying their surfaces differently, which can change their affinity for
specific cell types in the body and achieve targeted delivery of mRNA"".

Finally, LNPs are relatively simple to design and synthesize, and the production process is relatively direct,
with a straightforward production process, facilitating industrial production and reducing costs™**..
Additionally, LNPs can encapsulate various mRNA molecules, enabling quick response to changes in
pathogens'. Therefore, LNPs are an ideal platform for the rapid development of vaccines, enabling quick
reactions to new epidemics.

In this review, we focus on the use of LNP in mRNA delivery. The effective delivery of mRNA-LNPs to lung
cells requires overcoming several key cellular barriers, including interface barrier, intracellular trafficking
barrier, and targeting barrier™. For effective drug delivery, nanocarriers must be able to enter the cell and
escape from endosomes. Due to the negatively charged nature of the cell membrane, LNPs are engineered
with ionizable lipids that facilitate endocytosis. However, once internalized, mRNA-LNPs face degradation
within lysosomes, needing functional materials such as protonatable lipids to induce endosomal escape via
the proton sponge effect””. Moreover, ligand-functionalized LNPs enable active targeting of lung-specific
receptors, improving transfection efficiency and tissue specificity. These designs ensure effective targeting
and release within lung cells by optimizing the design of the LNP, particularly by tuning the surface
properties of the nanoparticles and decorating them with specific ligands. Ultimately, the cellular barrier
can be overcome to reach and function"..

LNPs have become pivotal in the delivery of nucleic acid-based therapeutics, leading to the approval of
several groundbreaking drugs. In 2018, the U.S. FDA approved Patisiran (brand name Onpattro), the first
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LNP-formulated siRNA therapeutic developed by Alnylam Pharmaceuticals”®. In 2020, two mRNA-based
COVID-19 vaccines utilizing LNP technology were authorized: BNT162b2 (Comirnaty) by Pfizer/BioNTech
and mRNA-1273 (Spikevax) by Moderna. In 2024, Moderna’s mRNA-1345 (mRESVIA), a vaccine
targeting respiratory syncytial virus (RSV), was also approved®". These approvals also provide promising
research directions for more diseases [Table 1].

MRNA-LNP FOR PULMONARY DISEASES

Building on the advantages of LNPs as an efficient mRNA delivery system, their potential for treating
pulmonary diseases is increasingly recognized. Pulmonary diseases encompass a range of conditions,
including viral infections, non-viral infections, and lung cancer, each with distinct pathophysiological
mechanisms and therapeutic challenges. As a flexible therapeutic platform, mRNA-LNPs offer significant
promise in addressing these diverse challenges, providing tailored solutions for targeted treatment strategies
[Figure 2].

Viral infection

Viral infections of the lungs are a major cause of respiratory diseases”. They progress through viral
invasion of host cells, where the transcription and translation machinery is hijacked for replication,
resulting in tissue damage and systemic complications™. However, traditional antiviral therapies face
significant challenges, particularly their limited efficacy against rapidly mutating viruses. Due to its efficient
delivery and flexible design capabilities, mRNA-LNP technology has emerged as a promising therapeutic
strategy for viral respiratory infections. This section describes the application of the mRNA-LNP system in
viral respiratory diseases in terms of influenza virus, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), and RSV,

Influenza virus

Influenza virus, a highly mutable RNA virus, infects host cells by binding to sialic acid receptors through
hemagglutinin (HA) proteins on its surface. Following entry into host cells, the virus replicates in the
nucleus, causing acute respiratory infections and inflammation®”. Frequent antigenic drift undermines the
effectiveness of conventional vaccines and antiviral drugs. However, mRNA-LNP-based therapies offer a
groundbreaking solution". By encoding conserved regions of viral proteins, mRNA vaccines stimulate the
production of specific antibodies'"”. For instance, the mRNA-1440 and mRNA-1851 vaccines, targeting the
H1oNs8 and H7N9 influenza strains, demonstrated high immunogenicity in Phase I clinical trials
(NCT03076385, NCT03314504)"", The clinical data of the HIoON8 mRNA vaccine demonstrated that 100%
of participants achieved hemagglutination inhibition (HAI) titers =2 40 and 87% reached micro-
neutralization (MN) titers 2 20, along with an acceptable safety profile and no serious adverse events™.
Additionally, Magini et al” developed an RNA vaccine based on self-amplifying mRNA (SAM)
encapsulated in LNPs, which enhanced CD4+ and CD8+ T cell recruitment. This vaccine induced robust T
cell responses, with NP-specific CD8+ T cell frequencies reaching 1%-2%, significantly reducing lung viral
titers by more than 10-fold. Moreover, there are multiple novel mRNA-LNPs targeting different mid-
influenza viruses such as H1N1, H5N1, and H10N8 + H7N9, collectively demonstrating their potential as
emerging therapeutics®*>*.

SARS-CoV-2

SARS-CoV-2 invades host cells by binding its spike (S) protein to the angiotensin-converting enzyme 2
(ACE2) receptor'®, causing severe lung damage such as acute lung injury (ALI) and acute respiratory
distress syndrome (ARDS)"!. The application of mRNA-LNP technology in COVID-19 vaccine
development has been revolutionary. Pfizer-BioNTech and Moderna mRNA vaccines utilize LNPs to
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Table 1. FDA-approved mRNA-LNP on the market

Drug Brand Disease Manufacturer Approval LNP Composition

Name Name Year

Patisiran Onpattro hATTR Alnylam 2018 DLin-MC3-DMA (cationic lipid), DSPC, cholesterol,

Pharmaceuticals PEG2000-DMG

BNT162b2  Comirnaty COVID-  Pfizer/BioNTech 2020 ALC-0315 (cationic lipid), DSPC, cholesterol, ALC-0159
19 (PEG-lipid)

mRNA-1273  Spikevax COVID- Moderna 2020 SM-102 (cationic lipid), DSPC, cholesterol, PEG2000-DMG
19

mRNA-1345 mRESVIA RSV Moderna 2024 SM-102 (cationic lipid), DSPC, cholesterol, PEG2000-DMG

FDA: Food and Drug Administration; LNP: lipid nanoparticle; hATTR: hereditary transthyretin-mediated amyloidosis; DSPC:1,2-distearoyl-sn-
glycero-3-phosphocholine; RSV: respiratory syncytial virus.

/ Ny
y \
<</’/\\’\\,/,\/ | 0% o 2,

@O o 0, ERsitety
Antigen an, hs Functional
Delivery Signalling Protein
) Pathway
\ o0

& Influenza Endothelial Cell Dysfunction
' SARS-CoV-z Lymphangioleiomyomatosis

Figure 2. mRNA-LNP for pulmonary diseases. LNP: Lipid nanoparticle; IPF: idiopathic pulmonary fibrosis; RSV: respiratory syncytial
virus.

deliver mRNA encoding the SARS-CoV-2 spike protein, successfully inducing specific neutralizing
antibodies and significantly reducing infection rates and severity'*”. Additionally, the rapid adaptability of
mRNA technology enables swift adjustments to address emerging viral variants. Chen et al.™* developed a
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novel ionizable lipid-based LNP (4N4T) platform to deliver mRNA encoding SARS-CoV-2 receptor-
binding domain (RBD) antigens. This platform elicited robust adaptive immune responses against Delta
and Omicron variants, with higher RBD-specific IgG and neutralizing antibody titers. Focusing on various
directions such as non-structural proteins and Omicron variants, mRNA-LNP has made significant
contributions to human health* .

mRNA vaccines have played a transformative role in the fight against SARS-CoV-2, demonstrating high
efficacy and rapid scalability in clinical applications. The two widely used mRNA vaccines, BNT162b2
(Pfizer-BioNTech) and mRNA-1273 (Moderna), showed 95% and 94.1% efficacy, respectively, against
symptomatic COVID-19 infection in Phase III clinical trials”>*". Dangan et al.*" also support the vaccine
effectiveness, with an estimated effectiveness of 72% for preventing COVID-19 deaths within 14 to 20 days
after the first injection. The adaptability of mRNA technology has facilitated the rapid update of vaccines to
address emerging variants, which is important in future pandemic response and preparedness'™.

RSV

RSV is a leading cause of lower respiratory tract infections in infants and young children, primarily
infecting cells through the interaction between its F protein and host cell receptors***. mRNA-LNP-based
RSV vaccines have demonstrated significant advantages'™. For example, Wu et al.* designed a bivalent
vaccine encoding RSV F protein and SARS-CoV-2 Omicron spike protein. This vaccine successfully
induced specific antibody and cellular immune responses in BALB/c mice models [Figure 3]. In addition,
mRNA-1345, an mRNA-based RSV vaccine developed by Moderna, has demonstrated promising
tolerability and immunogenicity in clinical trials®".

Non-infectious lung disease

In addition to viral infections, lung diseases also include non-infectious diseases such as idiopathic
pulmonary fibrosis®” and vascular endothelial dysfunction®’. The pathogenesis of these diseases is complex,
and it is difficult to be cured effectively by existing therapies. In recent years, mRNA-LNP technology has
offered them a new therapeutic option due to its efficient delivery and precise gene regulation capability"™'.

Idiopathic Pulmonary Fibrosis (IPF)

IPF is a lethal interstitial lung disease characterized by abnormal repair of alveolar epithelial cells after
injury®>*". This process is accompanied by fibroblast activation and excessive extracellular matrix (ECM)
deposition, leading to a progressive decline in lung function. mRNA-LNP therapy delivers functional
mRNA targeting fibroblasts and alveolar epithelial cells"***. This provides new insights into IPF precision
therapy. For example, Massaro et al.”” established a small mRNA-LNP delivery system with a high
encapsulation efficiency and stable mRNA release properties. In lung fibrosis models, the mRNA targeted
the alveolar region and induced protein expression, successfully inhibiting the fibrotic process. Additionally,
Wang et al.”” developed an mRNA-LNP-based inhalation therapeutic strategy, which restored the stemness
of Alveolar Type 2 cells and promoted alveolar regeneration by delivering mRNAs encoding cytochrome bs
reductase 3 (CYB5R3) and bone morphogenetic protein 4 (BMP4) [Figure 4]. Although mRNA-LNP
therapy for IPF has just been proposed, the feasibility of mRNA-delivered therapy was also demonstrated
previously by mRNA nano-formulations to enhance matrix metallopeptidase-13 (MMP-13) expression”.

Endothelial cell dysfunction

Characterized by impaired endothelial cell (EC) barrier function, vascular endothelial dysfunction (VED) is
an important pathomechanism in several lung diseases, leading to vascular leakage and inflammatory cell
infiltration”"™. mRNA-LNP technology offers innovative therapeutic options for VED by delivering
mRNAs encoding endothelial protective proteins. A study developed an mRNA-LNP system delivering
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mRNA encoding the Tie2 agonist COMP-Ang1. In a mouse model of acute lung injury, Tie2 signaling
pathway activation restored endothelial barrier integrity and reduced the inflammatory response, effectively
decreasing pulmonary vascular leakage and neutrophil infiltration"*. Meanwhile, Zhao et al."** developed a
lipid nanoparticle targeting pulmonary endothelium for lung-LNP (LuLNP). LuLNP ameliorated the
impaired endothelial cell phenotype associated with influenza injury by encapsulating Vegfa mRNA, a
downstream signaling factor for TGF-pR2. These newly developed mRNA-LNP technologies demonstrate
the potential for treating vascular endothelial dysfunction.

Lung tumor

Lung tumors include a wide range of benign and malignant diseases, such as lymphangioleiomyomatosis
and lung cancer. They have different pathogenic mechanisms and characteristics, but all of them are
challenged by drug resistance and poor prognosis"*. Recently, mRNA-LNP has emerged as a promising
approach for precise and personalized treatment of lung tumors.
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Lymphangioleiomyomatosis (LAM)

LAM is a rare lung disease characterized by the abnormal proliferation of smooth muscle-like cells (LAM
cells) in the lungs and lymphatic vessels"*". It is a genetic disease with mutations in the tuberous sclerosis
complex (TSC1/TSC2) gene that activates the mammalian target of the rapamycin (mTOR) pathway"*.
Based on the severe side effects of the current mTORT1 inhibitor rapamycin (simethicone)"*, Qiu et al."””
evaluated the therapeutic availability of lung-targeted LNP delivery of Tsc2 gene mRNA. Results showed
that the LNP model effectively targeted Tsc2 mRNA delivery to Tsc2-null, kidney-derived epithelial tumor
cells and significantly inhibited tumor cell growth [Figure 5]. This provides critical evidence for mRNA-
LNP in the LAM treatment.

Lung cancer

Lung cancer, a highly heterogeneous and aggressive malignant lung tumor, is the disease with the highest
cancer-related mortality”. Its pathogenesis usually involves aberrant cell proliferation caused by mutations
in driver genes, accompanied by remodeling of the tumor microenvironment and immune escape, leading
to rapid tumor growth and metastasis"**. Existing treatments include surgery, chemotherapy, radiotherapy,
targeted therapies, and immune checkpoint inhibitors, but their efficacy is limited by tumor resistance and
individual patient differences"*’. Therefore, there is an urgent need to find new therapeutic modalities, and
mRNA-LNP has become a research hotspot*. For example, Cheng et al.""" designed G3139-GAP-LNPs
with a high encapsulation rate based on Bcl-2, an anti-apoptotic gene that is overexpressed in cancers. It
effectively downregulated the expression of bcl-2 in A549 cells, inhibited tumor growth, and prolonged the
survival period. This technology was also further proved to be effective in the T7 peptide-conjugated lipid
nanoparticles"””. In addition, Yu et al.""”’ developed LNPLung, a lipid nanoparticle system for targeted
delivery of IL-15 superagonist mRNA to lung tissue. In a lung tumor model, LNPLung effectively stimulated
CDs+ T and NK cells, inhibited tumor growth, and reduced cytokine leakage. This successfully enhanced
immune activation in response to tumors while reducing systemic toxicity to prevent damage to normal
tissues. In addition, non-human primate models further validated its safety with high specificity and low
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Figure 5. mRNA-LNP delivery for LAM treatment™®.(A) Schematic of hybrid lipid hLNPs; (B) In vivo fluorescence imaging
demonstrating EGFP expression localized in mouse LAM lungs following intravenous injection of EGFP mRNA-loaded hLNPs; (C)
Confocal immunofluorescence images showing colocalization of phospho-S6 and EGFP, confirming targeted delivery to tumor cells.
LNP: Lipid nanoparticle; LAM: lymphangioleiomyomatosis; DMG-PEG: 1,2-dimyristoyl-rac-glycero-3-methoxy-polyethylene glycol;
EGFP: enhanced green fluorescent protein; hLNP: hybrid lipid nanoparticle; pS6: phosphorylated ribosomal protein Sé.

off-target rates, which demonstrates the strong clinical potential of LNP for lung cancer. Moreover, mRNA-
targeted lung cancer therapy is a promising way to cure patients in the future, even if LNP delivery is not
used. The BNT116 mRNA vaccine against the lung cancer subtype non-small cell lung cancer (NSCLC) has
been shown to be clinically effective (NCT05142189), with a good safety profile and promising anti-tumor
activity"'. Therefore, the development of mRNA-LNP is a new dawn for the treatment of lung cancer.

Although mRNA-LNP has great potential in both lung cancer and lung infections, the requirements for
them in these diseases are quite different. Infectious diseases such as influenza virus, SARS-CoV-2, and RSV
require fast-acting vaccines to stimulate immune responses or to replace defective proteins. At the same
time, they are highly demanding in terms of effectively entering host cells and overcoming cellular barriers.
A formulation that ensures rapid cellular uptake and effective antigen presentation is therefore required”.
In contrast, the continuous growth of cancer cells and their superior immune escape place a higher demand
on the dosing, persistence, and high targeting of mRNA-LNPs to avoid inadvertent injury to normal cells.
This makes nanocarriers require more rigorous design, such as specific targeting ligands for effective drug
delivery”"""*. The different characteristics of the disease determine the need for the drug. These distinctions
highlight the necessity for tailored mRNA-LNP designs, optimizing lipid composition, particle size, and
targeting ligands to meet the unique pharmacokinetic and immunological demands of each pulmonary
condition*""?, As mRNA therapeutics advance, the refinement of LNP formulations will be essential in
maximizing their potential across diverse lung diseases.
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TARGETING STRATEGY OF MRNA-LNP PULMONARY DELIVERY

As mentioned above, the lungs are important in maintaining body homeostasis. Many short-term and long-
term health problems can damage the lungs. These include diseases like cystic fibrosis, severe breathing
problems (ARDS), inherited lung disease, scarring of the lungs, cancer, and infections caused by bacteria
and viruses. Accordingly, due to the lack of effective and widely available drug treatments and limitations in
clinical care, mRNA-based gene therapy shows strong development potential for these diseases. In this
review, we summarize reported mRNA-LNP strategies for lung-targeted delivery as a reference for
researchers in the field.

The most common delivery route for LNPs is systemic administration, which often results in hepatic
accumulation. To this day, many researchers are focused on enabling LNPs with extra-hepatic targeting
capabilities. Meanwhile, considering the unique physiological structure of the lungs, an effective targeting
strategy is to employ respiratory tract approaches for drug delivery, including nebulized inhalation,
intratracheal administration, and intranasal administration. Here, we review the developed lung-targeting
LNP strategies, categorized by different administration routes [Figure 6].

Nebulized inhalation
During nebulization, drug solutions are converted into aerosol droplets for respiratory delivery"'”. Through
nebulized inhalation, aerosol droplets travel directly to the airway and deposit throughout the respiratory
tract”'®.. Among the various routes for administering mRNA-LNPs, nebulized inhalation offers significant
advantages: minimal systemic exposure, low side effects, avoidance of hepatic and renal clearance, and no
invasive injections""”.

However, delivery of mRNA-LNPs through nebulized inhalation faces a significant challenge: the
nebulization process exerts shear stress on the LNPs, leading to their instability, aggregation, and
rupture™’. To enhance LNP stability during nebulization, researchers are focusing on optimizing LNP
formulation strategies, which is crucial for maintaining the structural integrity of particles [Figure 7].

Since LNPs were initially developed for systemic delivery, most optimization work is based on systemic
administration. However, LNP design rules for nebulized delivery could be very different, which created a
need to establish new design principles for LNPs specifically intended for nebulization systems.
Lokugamage et al."”! developed a cluster-based iterative screening method for optimizing LNP formulation.
Their research showed that for nebulized inhalation delivery, the concentration of PEG lipids in LNPs is
crucial for effective pulmonary delivery, and LNPs with high molar ratios of PEG and cationic lipids
demonstrated superior lung delivery performance.

After that, Kim et al."”" enhanced the shear resistance and mucus penetration of LNPs by increasing PEG
lipid. Meanwhile, they added p-sitosterol (a cholesterol analog) to provide LNPs with a polyhedral shape
that facilitates endosomal escape. The optimized LNPs enhanced mRNA transfection efficiency and
achieved localized protein production in mouse lungs after inhalation, showing no signs of pulmonary or
systemic toxicity.

It should be noted that nebulization is a complex process, so many key factors besides the LNP formulation
design could also affect the stability of LNPs during nebulization, such as buffer conditions and excipient
selection.
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Jiang et al."* evaluated and screened mRNA-LNP pulmonary delivery based on fully differentiated primary
lung epithelial cells cultured at the air-liquid interface, avoiding the inherent nonlinear effects of
nanoparticle pools. They identified a final combination of ionizable lipids, charge-stabilizing formulation,
and stability-enhancing excipients that improved the stability of LNPs after nebulization, significantly
enhancing pulmonary mRNA delivery.

Similarly, Bai et al."*! designed a “LOOP” platform with a four-step workflow for developing inhaled LNPs
specifically for pulmonary mRNA delivery, which enabled researchers to obtain LNPs with superior shear
force resistance and high mRNA expression without requiring extensive screening [Figure 8].

Subsequently, another study pointed out that although positively charged LNPs could remain stable during
nebulization and effectively deliver mRNA to the lungs, they primarily transfect lung epithelial cells, which
are not ideal for delivering mRNA vaccines. Instead, they developed a charge-assisted stabilization (CAS)
strategy by adding negatively charged peptide-lipid conjugates into the conventional four-component
LNP"™ This approach could induce electrostatic repulsions between LNPs and enhance their colloidal
stability. Most importantly, mRNA-CAS-LNP demonstrated effective transfection on dendritic cells within
the lungs following inhalation, establishing it as a promising candidate for mRNA vaccine delivery.

Furthermore, recent research has shown that coating nanoparticles with lung surface components enhances
their diffusion across the mucus barrier through interfacial delivery, enabling them to penetrate deep lung
tissue and enter epithelial cells more effectively. Building on this insight, Wang et al.”” created pulmonary
surfactant-biomimetic LNPs by adding l-alpha-Dipalmitoyl phosphatidylcholine (DPPC) (a phospholipid
abundant in lung surfactant) into conventional lipid components. They also developed a class of ionizable
lipids based on y-aminobutyric acid (GABA) and optimized the formulation of LNPs for high-efficiency
mRNA delivery through in vitro screening. Optimized mRNA-LNPs could markedly reduce lung fibrosis
after inhalation.

Intratracheal administration of mMRNA-LNPs

Expression kinetics studies have shown that the administration route of mRNA-LNPs could affect where
and when proteins are expressed in the body. Considering the specific structure of the respiratory system,
intratracheal administration could effectively deliver nanoparticles to the lung"***’. Meanwhile, the small
size of LNPs allows them to adhere to the mucosal surface, prolonging their retention time in the

airways!?'**

. Currently, many studies have investigated the intratracheal administration of mRNA-LNPs.

Intratracheal administration based on nebulization

Stable nebulization of mRNA-LNPs could facilitate their intratracheal administration. Zhang et al.'
developed a design of experiments (DOE) strategy to screen LNP formulations for mRNA delivery to the
lungs, which could streamline the formulation screening process [Figure 9]. Through this approach, they
identified four formulations with enhanced intracellular protein expression after aerosolization and showed
strong luciferase expression in mouse lungs. Their research showed that LNPs could effectively deliver
mRNA to the lungs when administered intratracheally following nebulization.

129]

Intratracheal administration based on dry powder

Despite their widespread use, nebulizers and meter dose inhalers present challenges with patient
compliance. To address these limitations, dry powder inhalers (DPIs) were developed. These devices offer
several advantages: they are more affordable, portable, propellant-free, breath-activated, and simple to use.
Additionally, the solid dispersed state of dry powder products (DPP) can improve the stability of mRNA-
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Figure 9. Schematic of the DOE strategy to find LNP formulations for mRNA delivery to the lungs following intratracheal administration
after nebulization"*". DOE: Design of experiments; LNP: lipid nanoparticle.

LNPs. Kriis et al.' successfully achieved the first intratracheal delivery of mRNA-LNP using solid spray-
dried formulations. In this proof-of-concept study, they substituted lipids of LNPs to temperature-resistant
variants, which could maintain functionality after spray drying and reconstitution in the water and realize
effective mRNA delivery both in vitro and in vivo [Figure 10].

After that, Sarode et al."*" also developed dry powder formulations of mRNA-LNPs suitable for inhalation.
They optimized these formulations by evaluating different solvents, lipid/mRNA concentrations, processing
parameters, and LNP compositions. Their work demonstrates that optimized mRNA-LNPs administered as
DPPs could achieve effective functional pulmonary delivery, showing the potential for developing mRNA-
LNP dry powder formulations for lung delivery.
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Figure 10. Spray-dried LNPs enable intratracheal delivery of mRNA™®.LNP: Lipid nanoparticle.

Intratracheal administration based on solution

On the other hand, although nebulization technology has been widely used for pulmonary drug delivery,
some studies suggest that nebulization may disrupt the structure of LNPs, thereby affecting their actual
efficacy””. Intratracheal administration of mRNA-LNP solutions into mice and allowing delivery to the
lungs through inhalation create an opportunity to address this limitation.

Research by Pardi et al."*' has shown that intratracheal administration of mRNA-LNPs could achieve high
protein expression in the lungs. In another study, Massaro ef al.”” used a bleomycin mouse model of lung
fibrosis, where intratracheal administration of mRNA-LNP enabled site-specific lung accumulation
[Figure 11]. Notably, 24 h after administration, no mRNA-related signals were detected in organs other than
the lungs, highlighting the superiority of intratracheal injection for lung-targeted delivery.

In further studies, Geng et al.* tried to increase the protein expression in the lungs with intratracheal
administration by adjusting the lipid composition of LNPs. Their investigation revealed that protein
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Figure 11. Schematic of LNPs for delivery of mRNA to lungs undergoing fibrosis following intratracheal administration'. LNP: Lipid
nanoparticle. DPPC: |-alpha-Dipalmitoyl phosphatidylcholine; DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane; DMA:
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expression could be significantly enhanced by decreasing the PEG molarity, using DSG-PEG as PEGylated
lipids, and replacing DSPC with DOPE [Figure 12]. These findings contribute valuable insights to the
ongoing development of mRNA-LNPs for intratracheal administration.

Intranasal administration of MRNA-LNPs

Similarly, while nebulization can deliver LNPs specifically to the lungs, this process subjects particles to
shear forces that might increase their size and decrease their encapsulation efficiency. Therefore, Tam
et al"™ developed an LNP formulation for intranasal delivery to avoid damage from nebulization
[Figure 13]. They administered mRNA-LNP intranasally by dripping it into a single mouse nostril, allowing
natural inhalation. The authors developed a small library of six LNP formulations using different helper
lipid compositions. In in vivo studies, when LNPs containing helper lipids [1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), DOPC, egg sphingomyelin (ESM) or dioleoylphosphatidylserine (DOPS)] with
luciferase mRNA were delivered intranasally, they could produce higher luminescence levels in the nasal
cavity and lungs. These results demonstrated that LNP-packaged mRNA could be administered intranasally
to target the airway epithelium for potential therapeutic applications.

Systemic administration of mMRNA-LNPs

After systemic administration, conventional four-component LNPs predominantly accumulate in liver and
spleen tissues*. To this day, researchers have undertaken extensive investigations to develop organ-
specific LNP delivery systems. Current approaches could be classified into three strategies: developing novel
lipids, optimizing LNP formulations, and modifying with targeting ligands.



Liu et al. Microstructures 2025, 5, 2025076 | https://dx.doi.org/10.20517/microstructures.2024.172 Page 19 of 31

B
E it Potent mRNA expression of optimized LNP in lung
T
\\w// Airway
RN &
%
o %
: Alveolar
% g ¢
G
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Development of novel lipids

With the increased understanding of LNP in vivo delivery processes, there is a consensus that when LNPs
enter the body, their outer surface is rapidly covered with plasma proteins, which are called protein
corona””"**. The protein corona reshapes the surface properties of LNPs and significantly affects their
interactions with organs and cells"*"*. Therefore, by modifying the lipid structure within LNPs,
researchers can alter the types of plasma proteins in the protein corona, thereby achieving targeted delivery
of LNPs to specific organs.

Qiu et al."” synthesized a library of amide bond-containing lipidoids for N-series LNPs, and their work
demonstrated that N-series LNPs could distribute exclusively to lung tissue after systemic administration.
Furthermore, by modifying the linker structure in the lipid tails, N-series LNPs could achieve targeting of
different lung cell subpopulations. Subsequent proteomic analysis revealed that this organ selectivity is due
to the phospholipid tail structure potentially having an affinity for specific serum proteins, which
determines the composition of the protein corona and ultimately controls the fate of LNPs [Figure 14].

In another study, a library of 570 ionizable lipidoids with different branched tails was synthesized, and a
novel branched-tail LNP was screened out, which possessed the unique ability to selectively transfect

142]

immune cells in the lung without using cationic helper lipids'

In addition, some thiolipid-based ionizable lipids have also been reported to have lung-targeting potential.
Eygeris et al."* reported the identification and evaluation of ionizable lipids containing thiophene moieties
(Thio-lipids). They synthesized 47 thio-lipids and optimized the formulation using high-throughput
formulation and barcoding technology, and lipid 29d LNP could achieve dual targeting to the lung and
spleen [Figure 15]. Similarly, Popoola et al.”™ reported the synthesis of two sulfonium lipids, DHSEH and
DOSEH. Sulfonium lipid nanoparticles (sSLNPs) with these lipids could effectively and safely deliver various
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types of mRNA to the lungs through intravenous administration and achieve high protein expression.

Moreover, several other novel ionizable lipids have been developed to enhance the pulmonary delivery of
mRNA-LNPs, including the piperazine-based biodegradable ionizable lipid (244cis)"*, ionizable amino-
polyesters (APEs)"*, and imidazolium IM21.7¢/"*,

Although most researchers have focused on developing ionizable cationic lipids, modifying other LNP
components could also achieve lung-targeted delivery. Here, Zeng et al."* developed a cationic lipid pair
(CLP) strategy that redirects LNPs from the liver to the lungs [Figure 16]. In this strategy, phospholipids in
the traditional liver-targeting LNPs were replaced by their ionizable lipid-derived quaternary ammonium
lipid counterpart, which could significantly enhance the pulmonary delivery of mRNA-LNPs in vivo.

Optimization of LNP formulations

Daniel ] Siegwart’s team pioneered a selective organ targeting (SORT) strategy, which could rationally
design LNPs for extra-hepatic mRNA delivery via intravenous administration. In this strategy, a fifth
component (SORT molecule) is added to the traditional four-component LNP, which could change the
liver-targeting properties of LNPs in vivo. Initial research demonstrated that incorporating the cationic lipid
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1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) as a SORT molecule facilitated targeted delivery to
lung tissue**. As the amount of DOTAP increased, the site of protein expression shifted markedly from the
liver to the spleen and ultimately to the lungs, demonstrating a clear organ-specific distribution pattern.
Subsequently, researchers tested a series of permanent cationic lipids as SORT molecules and optimized
their incorporation ratios of LNPs"*. This led to the development of second-generation Lung SORT LNPs
(DOTAP40 LNPs), which showed exceptional effectiveness in pulmonary mRNA delivery. Building upon
this foundation, researchers conducted a comprehensive screening of structurally diverse cationic lipids as
SORT molecules, and conducted in-depth research on how the chemical structure of SORT molecules
affects the formation of protein corona in vivo"*. Finally, their recent research demonstrated that SORT
LNPs achieve high levels of genome editing in lung stem cells, with effects persisting for over 1.8 years"*. In
a word, the SORT strategy enables LNPs to overcome the delivery barrier of hepatocyte accumulation and
target the lungs. Its endogenous targeting mechanism relies on the protein corona formed on LNPs during
in vivo delivery. Specifically, SORT molecules exposed on the LNP surface after the desorption of PEG lipids
could bind to different plasma proteins, and these surface-bound proteins will interact with homologous
receptors highly expressed in specific tissues, thereby mediating the organ-targeting properties of LNPs
[Figure 17].

Inspired by the SORT strategy, other studies have also reported lung-targeted delivery of LNPs through the
addition of extra cationic lipids. Wan et al.”" obtained cationic targeting lipids by converting ionizable
lipids to their quaternary ammonium salt form through a reaction with methyl iodide. After adding this
targeting lipid and replacing the helper lipid DSPC with DOPE, they obtained lung-selective LNPs, which
were capable of precisely delivering mRNA to the lungs [Figure 18].

Although the SORT strategy demonstrates efficacy, it introduces additional complexity to the formulation,
which may extend regulatory review timelines and present challenges in the manufacturing process.
Therefore, some studies have focused on simplifying LNP composition while maintaining shifts in tropism.

LoPresti et al." demonstrated that replacing the standard helper lipid DOPE with an alternative cationic
lipid like DOTAP could cause a pronounced shift of LNP specificity to the lungs, while maintaining a four-
component formulation.
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Figure 17. SORT nanoparticles for tissue-specific mRNA delivery™*. SORT: Selective organ targeting.
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Another study found this charge-dependent tropism depends on the composition of cationic lipids. Using
cationic cholesterol alone would still localize LNPs to the liver, while using both cationic cholesterol and
cationic helper lipids could enhance LNP targeting to the lungs"**.

On the other hand, reducing LNP components might increase mRNA delivery efficiency. Fei et al."™
developed a three-component LNP and integrated unique microRNA target sites into the mRNA scaffold,
achieving precise delivery of mRNA to tumor cells in the lungs. They named this approach SELECT
(Simplified LNP with Engineered mRNA for Cell-type Targeting). This innovative method opens new
possibilities for mRNA therapy that can target both specific organs and cell types simultaneously.
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Surface modification with targeting ligands

The surface modification of targeting ligands could allow LNPs to reach and interact with specific cell types
or tissues. Plasmalemma vesicle associated protein (PV1) is a known caveolae-associated protein that
mediates internalization independent of clathrin/dynamin pathways"*. Given that caveolae make up over
70% of the lung capillary endothelial membrane"*”, PV1 presents a promising target for delivering LNPs to
the lungs. Here, Li et al."* covalently conjugated the PV1 antibody to the surface of LNPs, which could
effectively target mRNA-LNPs to the lung tissue and increase protein expression levels in the lungs by 40-
fold [Figure 19].

CONCLUSIONS AND FUTURE PERSPECTIVES

Nowadays, administration routes of lung-targeted mRNA-LNP fall into two categories: respiratory
administration (including inhalation, intratracheal administration, and intranasal administration) and
systemic administration (intravenous injection). The main advantage of respiratory administration lies in its
ability to deliver mRNA-LNP directly to the lungs, avoiding losses during systemic circulation. This
significantly improves mRNA delivery efficiency to the lungs, thereby requiring lower doses and reducing
systemic side effects. However, respiratory administration also has drawbacks, including complex delivery
procedures, poor patient compliance, and potential failure to reach deep lung tissues. Current research
focuses on simplifying devices for inhalation and enhancing LNP stability through nebulization.

In contrast, while systemic administration faces challenges with first-pass effects and oft-target distribution,
it also offers several benefits. The formulation of mRNA-LNP needs no special handling, and its
administration is simple, convenient, and has high patient compliance. Moreover, optimized LNPs could
achieve specific targeting of diverse cell populations and deeper lung distribution. In summary, each
administration route presents unique advantages and limitations for lung-targeted mRNA delivery. The
optimal choice depends on specific therapeutic objectives, disease characteristics, and individual patient
factors.

Given the current state of research and applications, future research trends in mRNA LNPs targeting the
lungs may involve the following areas. First, to develop an intelligent response LNP system based on the
inherent physiological characteristics of the lung to improve the targeting efficiency of LNP in the lung. For
example, the design based on respiratory mechanical response can mimic the mechanical force of alveolar
expansion/contraction and achieve respiration-triggered slow drug release by mimicking the structure of
alveolar epithelial folds or the tidal respiratory rhythm to control the pore opening/closing system, thereby
enhancing the retention efficiency of the drug in deep lung tissues. Such designs are expected to overcome
the limitations of traditional carriers in adapting to complex physiological environments. Second, bionic
design is used to improve the precision of targeting strategies. For example, modification by exosomal
membrane wrapping or synthetic lung surface active protein D optimizes the air-liquid interface
penetration ability of LNP and reduces macrophage phagocytosis. Third, to improve the stability of the LNP
structure. Since pulmonary delivery involves multiple barrier challenges such as nuclease degradation, high-
temperature nebulization and mucus removal, LNP delivery systems can be designed with multiple layers of
protection - for example, an inner core with ionic chelators to stabilize the mRNA structure, an
intermediate layer with heat stable lipids to withstand nebulization, and an outer layer coated with
amphoteric ionic polymers to reduce mucus adsorption and prolong retention time. Additionally, future
directions for LNPs include reducing the toxicity of LNPs in addition to further improving delivery
efficiency and stability. Cationic lipids with permanent positive charge can be toxic to cells, and future LNPs
may require screening for low-toxicity lipid components and optimization of surface charge distribution,
which may significantly reduce cytotoxicity and immunogenicity.
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Figure 19. Anti-Plasmalemma vesicle associated protein-modified mMRNA-LNPs targeted the lungs'*®".LNP: Lipid nanoparticle.

In conclusion, targeted mRNA LNPs for lung disease therapy are still in their initial stages, and more
research efforts are needed in the future. With the development of technology, LNPs are moving toward
intelligence, precision, and safety, and their breakthroughs will drive the precision treatment of respiratory
diseases to a new stage.
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