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ABSTRACT

The clinical triumph of mRNA-lipid nanoparticle
(LNPs) vaccines during the COVID-19 pandemic
validated lipid nanoparticles as a safe, scalable, and
clinically translatable platform for nucleic-acid
delivery, with applications far beyond infectious-
disease prophylaxis. This review synthesises current
evidence on RNA-LNPs technology in two major

non-vaccine  therapeutic = domains:  chronic
inflammatory/autoimmune disease and
neurodegenerative  disorders.  The  structural

components and intracellular trafficking of LNPs
including ionizable lipids, helper phospholipids,
cholesterol, and PEG-lipids are outlined alongside
design  parameters governing  encapsulation
efficiency, biodistribution, and endosomal escape.
siRNA-LNPs and mRNA-LNPs strategies targeting
pathogenic cytokine and signalling networks (TNF-
a, IL-1pB, IL-6, NF-kB, JAK/STAT) are examined in
context to rheumatoid arthritis, psoriasis,
inflammatory bowel disease, systemic lupus
erythematosus, and atherosclerosis, alongside
emergent in-vivo CAR-T and tolerogenic antigen-
mRNA platforms. The blood brain barrier (BBB) is
addressed as distinct delivery challenge, with ligand
functionalised, focused ultrasound assisted, and
intrathecal LNP strategies surveyed for Alzheimer,
Parkinson, ALS, Huntington, and multiple sclerosis.
Persistent translational obstacles (hepatic
sequestration, PEG-related immunogenicity, innate
immune sensing, and repeated extrahepatic dosing)
are discussed together with the engineering strategies
to address them. The precedent of patisiran together
with an expanding CNS and immune-directed RNA—
LNPs pipelines, signal a shift from vaccine-centric
technology to organ-programmable RNA-LNPs
therapeutics.

Keywords: RNA-lipid nanoparticles;, mRNA
therapeutics, siRNA; neurodegenerative disease;

inflammatory disease; blood—brain barrier, in vivo
CAR-T; immunogenicity

I. INTRODUCTION

Lipid nanoparticles (LNPs) emerged from
decades of liposome and lipoplex research to become
the dominant clinical delivery system for RNA
therapeutics. Their utility was first validated by
patisiran (Onpattro®), the siRNA-LNP approved in
2018 for the polyneuropathy of hereditary
transthyretin-mediated amyloidosis, and was
subsequently demonstrated at unprecedented global
scale by the mRNA-LNP COVID-19 wvaccines
BNT162b2  (Comirnaty®) and mRNA-1273
(Spikevax®) [1-3]. These successes rested on a
common engineering insight, an ionizable lipid that
is neutral at physiological pH but becomes cationic
in the acidic endosome, allowing efficient RNA
condensation during manufacture and subsequent
endosomal membrane destabilisation and cytosolic
cargo release after cellular uptake [4].

The pandemic-driven surge in
manufacturing capacity, regulatory experience, and
public familiarity with mRNA—LNP technology has
been described as a ‘gold rush’ toward applying the
platform to diseases far removed from infectious-
disease prophylaxis [5]. Cancer immunotherapy was
the earliest non-vaccine application to attract
attention. Despite the nanomedicines bias toward
oncology, recently chronic
inflammatory/autoimmune disorders and
neurodegenerative diseases have emerged as parallel
domains of therapeutic interest [5,6]. Both categories
present a common paradox for LNPs design. In
vaccination, the intrinsic adjuvanticity of ionizable
lipids and residual dsRNA contaminants is
therapeutically desirable, reinforcing antigen-
specific ~ immunity.  Similarly, in  chronic
inflammatory and neurodegenerative disease, the
same innate-immune activation exacerbates the
underlying inflammatory pathology, provokes
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unwanted cytokine release, and limits the tolerability
of the repeat dosing that chronic conditions typically
require [6,7].

A second shared challenge stems from
anatomical constraints. Conventional LNPs once
administered intravenously, undergo opsonisation by
apolipoprotein E and other serum proteins and
resulting in predominant clearance by hepatocytes,
making the liver the default ‘organ of delivery’ for
systemic ~ LNPs  therapeutics [8].  While
hepatotropism can be exploited productively in
RNAI therapeutics silencing hepatically expressed
genes (transthyretin, PCSK9, ANGPTL3), yet it
becomes a limiting factor whenever the therapeutic
target lies within inflamed synovium, gut mucosa, or
most restrictively behind the blood—brain barrier
(BBB) [9]. Recently, considerable effort have been
focused on extrahepatic and CNS-targeted LNPs
engineering, surface ligand functionalisation,
antibody conjugation for cell-type-specific tropism,
alternative routes of administration (intrathecal,
intranasal, intra-articular, oral), and physical
adjuncts including focused ultrasound-mediated
BBB opening [10-12].

Thus, against this backdrop, the present
review consolidates current evidence on RNA-LNPs
therapeutics across two major non-vaccine domains
(chronic inflammatory/autoimmune disorders and
neurodegenerative diseases) with particular attention
to the formulation strategies, delivery barriers and
translational challenges that distinguish these
applications from the vaccine platform on which the
technology was first established. By examining the
parallels and divergences between these two disease
categories, the review seeks to clarify how RNA-
LNPs design principles are being adapted to meet the
distinct demands of chronic, extrahepatic and CNS-
directed therapy and to outline the obstacles that
remain before this promise can be realised in clinical
practice.

II. STRUCTURE, COMPOSITION, AND
INTRACELLULAR DELIVERY
MECHANISM OF RNA-LNPS
Clinically relevant RNA-LNPs are
typically a four-component lipid system, (i) an
ionizable lipid responsible for RNA complexation

and endosomal membrane destabilisation; (ii) a
helper or ‘structural’ phospholipid such as
distearoylphosphatidylcholine (DSPC) or
dioleoylphosphatidylethanolamine (DOPE) that
supports bilayer packing and structural integrity; (iii)
cholesterol which fine-tunes membrane fluidity; and
(iv) a PEGylated lipid which self-assemble into a
hydrophilic steric corona at the particle surface to
confer colloidal stability [13,14]. Additionally, these
components self-assemble around RNA cargo during
microfluidic or T-junction mixing, rapidly
combining the ethanolic lipid stream with an aqueous
RNA stream, producing particles of approximately
60—120 nm with internal structure ranging from an
amorphous electron-dense core to ordered inverse-
hexagonal or cubic lipid phases depending on
composition and the nitrogen-to-phosphate (N/P)
charge ratio used during formulation [15,16]. Figure
1 summarises the composition and principal steps of
cellular delivery.

Among the four lipid components, the
ionizable lipid exerts the greatest influential on LNPs
performance with pKa tuned within a narrow
window (typically to 6.0-7.0), such that the molecule
remains largely neutral at physiological pH 7.4,
minimising non-specific interactions and toxicity
during systemic circulation, while undergoing
protonation to a cationic state within the acidified
endosome (pH ~5-6). This pH-dependent charge
transition drives electrostatic association with
anionic endosomal membrane phospholipids and
promotes a destabilising hexagonal phase transition
that ruptures endosomal membrane integrity and
facilitates cytosolic release of RNA cargo [17]. The
evolution from early lipids such as DLin-DMA to
DLin-KC2-DMA and to biodegradable, DLin-MC3-
DMA (‘MC3’, used in patisiran) and ester-
containing lipids being used in current-generation
mRNA vaccines (e.g., ALC-0315, SM-102) reflects
iterative optimisation of the linker, tail unsaturation,
and head-group chemistry to balance endosomal
escape efficiency against systemic tolerability and
metabolic clearance [18]. More recent ionizable lipid
analogues including imidazole-bearing cholesterol
mimetics and membrane-destabilising ionizable
phospholipids have been reported to further improve
endosomal escape and, in some cases, confer
intrinsic organ selectivity [19-21].
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A. Composition of an RNA-Lipid Nanoparticle

Cholesterol

Diameter: ~60—120 nm; N/P ratio and lipid molar ratio determine
encapsulation efficiency, surface charge, and organ tropism.
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Figure 1. (A) represents the schematic structure of an RNA-LNPs and (B) represents the principal steps of
cellular uptake and cytosolic cargo release from RNA-LNPs.

PEG-lipids confer colloidal stability and
reduce opsonisation during circulation but are a
double-edged design element. PEG-lipids identity,
chain length, and molar percentage strongly
influence both biodistribution (longer PEG anchors
increase BBB transcytosis in some systems) and
immunogenicity [22-24]. Cholesterol modulates
membrane fluidity and packing. It can itself be
substituted with bioactive analogues (an imidazole-
functionalised cholesterol analogue or
glucocorticoid-mimetic sterols) to impart additional
anti-inflammatory or endosomal escape-promoting
properties, an approach of direct relevance to
inflammatory-disease applications [25]. Several
groups have additionally shown that the inclusion of

anionic phospholipids such as phosphatidylserine or
DOPE can redirect LNP tropism toward splenic
dendritic cells and antigen-presenting cells while
simultaneously damping innate immune activation
[26,27].

A practical constraint also persists even
with optimised ionizable lipid chemistry, only a
small fraction (commonly cited as 1-2%) of
internalised LNPs achieve productive endosomal
escape under physiological conditions, with the
remainder trafficked towards lysosomal degradation
or recycled back to the cell surface [28]. Together,
this escape inefficiency and the dominant hepatic
biodistribution of systemically administered LNPs.

Table 1. Core Lipid Components of RNA-LNP Formulations and Their Functional Roles

Representative . 5 Typical Reference
Component Examples Primary Function Molar %

DLin-MC3-DMA, ALC- | RNA complexation at low

Ionizable lipid 0315, SM-102, Hchol | pH; endosomal membrane 40-50% [29,30]
analogues destabilisation and escape

Helper Structural support of bilayer;

h P holipid DSPC, DOPE promotes membrane 10-12% [31,32]

PROSpROHp fusion/hexagonal phase
Cholesterol, Membrane  rigidity  and

gilrogle sterol / methylprednisolone- packing; can add anti- 38-40% [33]

cholesterol conjugates

inflammatory activity
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Representative . q Typical Reference
Component Examples Primary Function Molar %
Steric stabilisation, controls [34,35]
PEG-lipid 10311\;[9(} -PEG2000, ~ ALC- particle size and circulation 1.5-2%
time
Anionic / Redirects tropism to
L Phosphatidylserine, APCs/dendritic cells; . [36]
tolerogenic lipid . . Variable
. DOPG dampens innate immune
(optional) L
activation
Targeting ligand Ant}body/nanobody . Cell-type-specific  tropism Surface-
; conjugates, transferrin, | (e.g., T cells, neurons, BBB . [37,38]
(optional) conjugated

acetylcholine-mimetics

III. RNA-LNP THERAPEUTICS IN
INFLAMMATORY AND
AUTOIMMUNE DISEASE
3.1 Rheumatoid Arthritis and Osteoarthritis
Rheumatoid arthritis (RA) is a chronic
autoimmune disease characterised by persistent
synovial inflammation, pannus formation, and
progressive cartilage and joint destruction, driven
substantially by overexpression of TNF-a, IL-18, IL-
6, and IL-17 and by activation of NF-kB,
JAK/STAT, and MAPK signalling [39].
Conventional disease-modifying drugs and biologic
agents have improved outcomes but remain limited
by incomplete efficacy, systemic
immunosuppression, and secondary resistance,
motivating interest in siRNA-based gene silencing as
a complementary or alternative strategy [39,40].
Since siRNA can be designed against any pathogenic
transcript, multiple cytokine and signalling targets
have been explored in preclinical RA models,
including TNF-a, IL-1B, IL-6, VEGFA, and the
converging transcription factor NF-kB subunit p65.
Combinatorial formulations carrying more than one
siRNA sequence have been used to disrupt entire
pathogenic circuits rather than single nodes [40].
Lipid-based nanocarriers, including
conventional liposomes, lipid—polymer hybrid
systems, and acid-sensitive lipid nanocomplexes,
have been used to improve siRNA stability, intra-
articular retention, and macrophage/synoviocyte
uptake. An acid-sensitive TNF-a-siRNA solid lipid
nanoparticle system has achieved encapsulation
efficiencies exceeding 90% with pH-responsive
release tuned to the acidic inflamed synovial
microenvironment [41]. Beyond RNA interference,

endothelium)

mRNA-based strategies are also being investigated
for combinatorial mRNA therapy. Encoding
ANGPTL3 has shown the ability to both suppress
inflammation and promote cartilage regeneration in
RA and osteoarthritis models, building on first-in-
human data with a related ANGPTL3-pathway
biologic (LNAO043) that reversed osteoarthritic
transcriptional signatures [42]. In a distinct approach
exploiting the autoimmune pathogenesis common to
RA and systemic lupus erythematosus (SLE), lipid
nanoparticle-encapsulated mRNA encoding anti-
CD19 antibodies (‘mRNab-LNPs’) produced
sustained anti-CD19 antibody expression after a
single intramuscular injection, significantly reducing
circulating CD19* B cells, tissue-resident plasma
cells, and histopathological damage in both lupus and
RA mouse models (an antibody-by-mRNA strategy
that avoided the cost and complexity of recombinant
protein manufacture) [43]

3.2 Psoriasis, Inflammatory Bowel Disease, and
Systemic Lupus Erythematosus

Psoriasis is a chronic inflammatory
autoimmune skin disease characterized by the
recurrent pathogenic target of the STAT3 signalling
node. A purpose-built anti-inflammatory LNP
formulation (designated C8B2) delivering STAT3-
targeting siRNA achieved complete inhibition of
skin thickening and improved dermatopathological
scores in an animal model. Notably, the LNP vehicle
alone (loaded with non-targeting siRNA) also
produced measurable therapeutic benefit, indicating
that certain lipid compositions possess intrinsic anti-
inflammatory activity independent of RNAI
silencing. The authors proposed that the same C8B2
platform could be extended to RA, inflammatory

DOI: 10.35629/4494-110410481065 | Impact Factor value 7.429 ISO 9001: 2008 Certified Journal Page 1051



International Journal of Pharmaceutical research and Applications
J Volume 11, Issue 4, Jul.-Aug.2026, pp:1048-1065 www.ijprajournal.com
-

IJPRA Journal

bowel disease (IBD), and multiple sclerosis by
retargeting the siRNA payload, illustrating the
modularity of the LNP chassis across inflammatory
indications sharing STAT3 or related signalling
dependence [44].

A second strategic  direction  for
autoimmune and inflammatory diseases is
immunological tolerance induction rather than
cytokine silencing. By incorporating anionic lipids
such as phosphatidylserine or
dioleoylphosphatidylglycerol, mRNA-LNPs can be
redirected toward splenic dendritic cells with
reduced adjuvant activity and enhanced IL-10
production, producing a ‘tolerogenic’ rather than
immunostimulatory phenotype. When such anionic
LNPs are used to deliver self-antigen-encoding
mRNA (eg: myelin oligodendrocyte glycoprotein) in
models of multiple sclerosis, they tend to suppress
autoimmune disease activity through antigen-
specific ~ tolerance rather than generalised
immunosuppression [26,45]. Analogous tolerogenic
antigen-mRNA approaches are being investigated
preclinically for type 1 diabetes and lupus, and early-
phase clinical trials of related tolerogenic
nanoparticle platforms have demonstrated safety and
mechanistic immune engagement, supporting the
translational plausibility for IBD and SLE, where
defined autoantigens or dysregulated mucosal/B-cell
tolerance pathways could be targeted similarly [45].

3.3 In Vivo CAR-T Cell Generation for
Autoimmune Disease and Fibrosis

One of the most consequential recent
developments in RNA-LNP medicine is the use of
mRNA-LNPs to generate chimeric antigen receptor
(CAR) T cells directly inside the body, removing the
need for ex vivo cell isolation, viral transduction,
lymphodepleting chemotherapy, and the
manufacturing infrastructure required by
conventional autologous CAR-T therapy [46]. In this
approach, an mRNA-encoded CAR construct is
encapsulated in an LNP surface-functionalised with
an antibody or nanobody fragment, to bind a T-cell
surface marker such as CD3, CDS5, or CDS8,
producing a targeted LNP (‘tLNP’) that transiently
reprogrammes circulating T cells in-situ [47].
Because the CAR is expressed transiently from
mRNA rather than integrated into the genome, the
resulting CAR-T activity is self-limited, a property
considered particularly attractive for autoimmune
indications where durable, irreversible cell depletion
may be undesirable [46-48].

The strategy has been first demonstrated for
cardiac fibrosis, where CD5-targeted LNPs encoding
an anti-fibroblast activation protein (FAP) CAR
were used to selectively deplete pathogenic cardiac
fibroblasts and improve cardiac function in a mouse
model of heart failure. This proof of concept has
since been extended to hepatic fibrosis in a metabolic
dysfunction-associated  steatohepatitis (MASH)
model, where anti-FAP CAR-T cells generated in
vivo depleted profibrotic hepatic stellate cells,
reduced fibrosis, and favourably remodelled the
surrounding hepatic immune and parenchymal cell
populations [49-50]. For  B-cell-mediated
autoimmunity  specifically, several modular
antibody-directed tLNP platforms encoding anti-
CD19 or anti-CD20 CARs have achieved profound,
reversible B-cell depletion in non-human primate
models following one or two intravenous doses, with
CAR expression detectable within hours and peak
depletion by 24-48 hours [51,52]. Clinically, this
approach has now reached human testing. Capstan
Therapeutics (CPTX2309), a tLNP-mRNA anti-
CD19 CAR-T candidate for B-cell-mediated
autoimmune disease, entered Phase 1 development
and was a central asset in AbbVie’s 2025 acquisition
of Capstan, while related anti-CD19 programmes
from Aera Therapeutics, Create Medicines, and other
developers are advancing toward or through early-
phase clinical evaluation for autoimmune indications
[53-55]. In parallel, cell-based (ex-vivo) mRNA-
engineered CAR-T therapy using a similarly
transient,  non-integrating mRNA  platform
(Descartes-08) has progressed to a Phase III trial in
myasthenia gravis and Phase II evaluation in SLE,
reinforcing the broader clinical rationale for
transient, mRNA-based cellular reprogramming in
autoimmune disease even where delivery is not yet
fully in-vivo [56].

3.4 Atherosclerosis and Vascular Inflammation
Atherosclerosis has a substantial chronic-
inflammatory component, and several hepatically
expressed genes that regulate lipid metabolism and
vascular inflammation have been targeted by
siRNA-LNP and related RNAi approaches,
capitalising on the favourable natural hepatotropism
of systemically administered LNPs. Silencing of
USP20, a deubiquitinase that regulates HMG-CoA
reductase stability, reduced lipid levels and
prevented atherosclerosis development in Ldlr-
deficient mice, illustrating the broader principle that
RNAi-based silencing of metabolic regulators can be
translated using the same hepatic LNP delivery
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platform validated by patisiran [57]. More directly
anti-inflammatory LNP formulations like, LNPs
loaded with endogenous anti-inflammatory lipids in
place of or alongside conventional helper lipids have
also been proposed as a means of delivering

therapeutic nucleic acids to acutely inflamed
vascular tissue (e.g., post-myocardial infarction or
stroke) while actively counteracting the adjuvant
activity that would otherwise be detrimental in these
acute, non-vaccine contexts [6].

Table 2: Representative RNA—LNP Strategies in Inflammatory and Autoimmune Disease

RNA C / References
. argo .
Disease Target Delivery Strategy Reported Outcome
siRNA: TNF-o0, | Acid-sensitive lipid | Reduced synovial [58]
Rheumatoid IL-1B, p65/NF- | nanocomplex;  intra- | inflammation, pannus
arthritis «B; mRNA: | articular / systemic | formation, and cartilage
ANGPTL3 LNP loss in preclinical models
. Sustained antibody titres; [59]
RA / SLE (B-cell :Illlt{il_\lcﬁls)lzncodmg Intramuscular mRNA- | reduced B cells/plasma
mediated) . LNP (‘mRNab-LNP’) cells; less tissue injury in
antibody .
mice
C8B2 ani- | GG ckening, vehicte |
Psoriasis siRNA: STAT3 inflammatory LNP & .
. alone also anti-
(topical/local) .
inflammatory
. . Antigen-specific [61]
Multiple sclerosis | mRNA: MOG35- Phosphatldy Iserine / tolerance; reduced
. DOPG-enriched . .
(EAE model) 55 self-antigen . neuroinflammation  and
tolerogenic LNP .
demyelination
Cardiac / hepatic Selective fibroblast/ [62]
fibrosis mRNA: anti-FAP | CD5-targeted  tLNP | stellate cell depletion;
(autoimmune- CAR (systemic IV) reduced fibrosis,
adjacent) improved organ function
B-cell mRNA: anti- gl;fllll))ody/nanoéacc);iy;tan Profound, reversible B- [63]
autoimmunity CD19/CD20 p cell depletion in NHP;
(general) CAR CPTX2309; Create Phase I trials ongoin
gene CRT-402; others) 3¢ S ongome
siRNA: USP20, | Conventional Reduced lipid levels and [64]
Atherosclerosis PCSKO, hepatotropic LNP | atherosclerotic plaque
ANGPTL3 (systemic 1V) burden in murine models

Abbreviations: EAE, experimental autoimmune encephalomyelitis;, FAP, fibroblast activation protein, NHP, non-
human primate; SLE, systemic lupus erythematosus, tLNP, targeted lipid nanoparticle.

IV. RNA-LNP THERAPEUTICS IN
NEURODEGENERATIVE AND CNS
DISORDERS

4.1 The Blood—-Brain Barrier as the Central
Delivery Obstacle

Neurological disorders, including stroke
and the major dementias, are collectively among the
leading global causes of disability and death, and

unmet need for disease-modifying therapy is
substantial. Nucleic-acid  therapeutics  are
mechanistically well suited to many of these
conditions because most have a defined molecular
driver, a toxic gain-of-function protein (mutant
SOD1 in ALS, mutant huntingtin in HD, a-synuclein
in Parkinson’s disease) or a missing/insufficient
protein (neurotrophic factors, enzyme deficiencies)
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that are directly addressable by siRNA or mRNA
[65]. The obstacle in delivery is due to the tightly
joined brain endothelial cells together with pericytes
and astrocytic end-feet, which excludes the majority
of systemically administered macromolecules and
nanoparticles, including conventional LNPs [66].

Several complementary strategies are being
pursued to overcome the BBB. Ligand
functionalisation by attaching small molecules or
peptides recognised by BBB-expressed receptors
(e.g., transferrin receptor, acetylcholine-binding
sites) to the LNP surface has produced LNPs capable
of transcytosis after intravenous administration with
measurable neuronal and astrocytic gene expression.
One such platform demonstrated a strong, Al-
assisted-screened preference for transfecting neurons
and astrocytes following intracerebral or systemic
administration, relevant to neuron-predominant
diseases such as Alzheimer’s and Parkinson’s
disease as well as astrocyte-related pathology in
multiple sclerosis [67,68]. Independently, a BBB-
crossing LNP platform developed at Mount Sinai
achieved intravenous mRNA delivery to brain tissue
in mouse models and isolated human brain tissue,
explicitly proposed as a platform applicable to
Alzheimer’s disease, ALS, brain cancer, and other
CNS indications [69]. Engineering parameters that
are not unique to brain delivery also matter
substantially in this context. Systematic variation of
PEG-lipid anchor chain length has been shown to
tune brain accumulation through altered transcytosis
efficiency, with longer PEG anchors improving both
BBB penetration and downstream gene-silencing
potency in glioblastoma models, indicating that
BBB-targeted LNP optimisation can build directly
on the core composition [70].

Where systemic ligand-based targeting
remains insufficient, physical and route-of-
administration strategies are used instead. Focused
ultrasound (FUS) combined with intravenously
administered microbubbles can transiently and
reversibly increase BBB permeability in targeted
brain regions, and has been used to substantially
enhance the delivery of LNP-encapsulated antisense
oligonucleotides and siRNA to the murine brain
without  inducing  structural  damage  or
neuroinflammation [71,72]. Direct administration
routes that bypass the BBB altogether (intrathecal,
intracerebroventricular (ICV), and intranasal
delivery) are also widely used in both preclinical and
clinical RNA-therapeutic development for CNS
diseases [73].

4.2 Alzheimer’s Disease

Cerebrovascular pathology and BBB
dysfunction are present in 80-90% of Alzheimer’s
disease (AD) patients and are thought to contribute
to disease progression, simultaneously implicating
the BBB as a pathological feature of AD and
complicating efforts to deliver therapeutics across it
[74] Two broad RNA-LNP strategies are being
pursued: gene silencing of amyloidogenic pathway
components, most notably BACE1 (B-secretase 1),
whose siRNA-mediated knockdown reduces
amyloid-B  production, and mRNA-mediated
delivery of neurotrophic or neuroprotective factors
such as brain-derived neurotrophic factor (BDNF)
intended to support neuronal survival and synaptic
function independent of direct amyloid clearance
[75]. Both strategies require effective BBB crossing,
and cationic bicelle and ligand-functionalised LNP
platforms targeting the BBB endothelium
specifically in the context of AD-associated
inflammation and barrier dysfunction have shown
encouraging transfection efficiency in BBB
endothelial cell models relative to standard
transfection reagents [76].

4.3 Parkinson’s Disease

Parkinson’s disease (PD) pathology centres
on the aggregation of misfolded a-synuclein
(encoded by SNCA) within dopaminergic neurons,
making SNCA silencing a logical RNAi target,
alongside mRNA-based delivery of neurotrophic
factors such as glial cell line-derived neurotrophic
factor (GDNF) intended to support surviving
dopaminergic neurons [77]. Because PD pathology
is regionally concentrated in the substantia nigra and
basal ganglia, intranasal delivery — which exploits
direct olfactory and trigeminal nerve pathways to
bypass the BBB — and FUS-assisted BBB opening
targeted to these structures are both being actively
investigated as administration routes for PD-directed
LNPs [78,79].

4.4 Amyotrophic Lateral Sclerosis and
Huntington’s Disease

ALS and Huntington’s disease share a
common therapeutic logic: both are driven
substantially by toxic, aggregation-prone mutant
proteins (SODI, TDP-43/COORF72 pathway
components, and others in familial ALS; mutant
huntingtin, mHTT, in HD) whose reduction by
allele-selective or non-selective gene silencing has
shown clear preclinical and, in the case of SOD1-
ALS, clinical benefit [80]. Tofersen, an antisense
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oligonucleotide targeting SOD1 mRNA, received
accelerated FDA approval for SOD1-ALS based on
reductions in plasma neurofilament light chain, a
biomarker of neuro-axonal damage, establishing
clinical proof of concept for SODI1 lowering as a
disease-modifying strategy even though tofersen
itself is delivered as a naked ASO via intrathecal
injection rather than as an LNP formulation [81].
Duplex RNA modalities (siRNA and self-amplifying
RNA) offer potentially greater potency and less
frequent dosing than single-stranded ASOs but face
the additional delivery burden of duplex RNA’s
lower intrinsic cellular uptake; calcium phosphate—
lipid nanoparticles (CaP-lipid NPs) have been used
to deliver SOD1-targeting ASOs to motor neurons
with improved pharmacokinetics relative to naked
oligonucleotide, and FUS-assisted CaP-lipid NP
delivery combined with intravenous administration
achieved measurable SODI knockdown and
preserved motor neuron counts in the SODI16%34
transgenic mouse model of ALS [82,83]. A direct
head-to-head comparison of an optimised SODI-
targeting siRNA against tofersen in ALS mice
reported improved disease phenotypes with the
siRNA approach, attributed in part to the greater
potency and durability achievable with duplex RNA
chemistry, although intrathecal administration
(rather than systemic LNP delivery) was used in this
study, reflecting the continued reliance on direct
CNS administration routes for most clinical-stage
CNS oligonucleotide programmes [84].

In Huntington’s disease, FUS-assisted
delivery of mHTT-targeting siRNA-loaded LNPs
achieved approximately 60% knockdown of mutant
huntingtin in the striatum of HD mouse models, with
accompanying improvement in motor function,
although clinical trials specifically evaluating FUS-
assisted siRNA/miRNA delivery in HD patients

remain in early planning stages [85]. Separately,
non-LNP nucleic-acid delivery platforms, including
virus-like particle-delivered CRISPR-Cas9
ribonucleoprotein systems, have demonstrated HD-
relevant gene editing in mice, non-human primates,
and patient-derived induced pluripotent stem cell-
derived neurons, illustrating that LNP-based RNA
delivery is one of several competing non-viral
strategies under active development for this disease
and will likely need to be benchmarked against these
alternatives as the field matures [86].

4.5 Multiple Sclerosis and Neuroinflammation
Multiple sclerosis (MS) differs from the
other neurodegenerative conditions discussed above
in being primarily autoimmune in origin, with
autoreactive immune cells targeting myelin
components in the CNS. Tolerogenic LNPs
incorporating anionic phospholipids
(phosphatidylserine or DOPG) and loaded with
mRNA encoding the myelin autoantigen MOGss-ss
have suppressed disease activity, reduced T-cell
infiltration, and preserved myelin morphology in the
experimental autoimmune encephalomyelitis (EAE)
mouse model of MS, through induction of antigen-
specific immune tolerance rather than generalised
immunosuppression [26,45,87]. Beyond antigen-
specific tolerance, oral and other mucosal-route LNP
formulations are being explored as a means of
attenuating neuroinflammation in CNS disease more
broadly, since excessive activation of CNS-resident
and infiltrating immune cells with release of pro-
inflammatory cytokines is a shared pathological
feature across MS, Alzheimer’s disease, Parkinson’s
disease, and ALS, suggesting that anti-
neuroinflammatory LNP strategies developed for
one condition may have cross-cutting relevance [88].
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Therapeutic Applications of RNA-Lipid Nanoparticles Beyond Vaccines

Inflammatory & Autoimmune Disorders

Rheumatoid Arthritis | OA
SiRNA: TNF-g, IL-1, IL-6,
NF-kB, STAT3 knockdown;
mRNA: ANGPTLS3, anti-CD19

IBD, Psoriasis, SLE
Anionic / tolerogenic LNPs;
mucosal & oral delivery;
anti-CD19 mRNAb-LNPs

Neurodegenerative & CNS Disorders

RNA-LNP

In Vivo CAR-T & Fibrosis
T cel-targeted tLNP-mRNA
(anti-CD19/CD20); anti-FAP
CAR for cardiac/hepatic fibrosis

Atherosclerosis / Vascular
Hepatic SIRNA: PCSK8,
ANGPTLS, USP20; anti-
inflammatory lipid LNPs

Alzheimer's Disease
BACE1 SiRNA; BDNF & trophic-
factor mRNA; BBB-crossing
ligand-functionalised LNPs

Parkinson’s Disease

SNCA (a-synuclein) SiRNA;
GDNF/neurotrophic mRNA;
intranasal & FUS-assisted LNPs

Platform

ALS & Huntington’s
SOD1, CI0RF72, mHTT
SIRNA/ASO; CaP-lipid NPs;
intrathecal & ICV delivery

Multiple Sclerosis
Tolerogenic PS'DOPG-LNPs
encoding myelin autoantigen
(MOG35-55) mRNA

Shared translational challenges

peat-dose tolerability = blood- | barrier

Hepatic sequestration « PEG immunogenicity  innate immune activation «

disease, and the translational barriers shared across both domains.

Table 3. Representative RNA—LNP Strategies in Neurodegenerative and CNS Disease

Figure 2. Major non-vaccine applications of RNA—LNPs in inflammatory/autoimmune and neurodegenerative

(systemic)

activity

Disease RN;‘,‘ gl Delivery Strategy Reported Outcome References
arget
Alzheimer’s SIRNA:BACEI, I]-;’lngl’ld—fun.Cthl’lahSid ./ Reducgd ' amyloldtogeﬁ%c [89]
discase MRNA-BDNF -crossing  systemic | processing; neurotrophic
LNP support in preclinical models
. ’ GRNA:SNCA (o- . Reduced. synuclgm [90]
Parkinson’s synuclein); Intranasal delivery; FUS- | aggregation; neuroprotection
disease MRNA:GDNF assisted BBB opening of dppammergw neurons
(preclinical)
. Calcium phosphate—lipid SODI knockdowq, preserved (1]
siRNA/ASO: . motor neurons; clinical proof
NPs; FUS-assisted 1V; ;
SOD1 intrathecal of concept with tofersen
(ASO)
. , siRNA:mutant FUS-assisted lipid | ~60% mHTT knockdown; [92]
Huntington’s Lo . . . Lo
disease huntingtin nanoparticle delivery | improved motor function in
(mHTT) (striatal) mouse models
Multiple mRNA: MOG35— Phosphatldylser.me/DOP Antigen-specific tolefance; [93]
. . G  tolerogenic = LNP | suppressed EAE disease
sclerosis 55 autoantigen
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Disease A Cargo/ Delivery Strategy Reported Outcome References
Target

. PEG-anchor-length- . [94]
Glioblastoma / SIRNA/Cas9 optimised LNP; BBB Tunablg BBB penetration aqd
CNS cancer . . gene silencing potency in

. mRNA + sgRNA transcytosis screening -
(adjacent) preclinical models

platforms

CROSS-CUTTING TRANSLATIONAL
CHALLENGES
5.1 Immunogenicity: PEG Antibodies,
Complement Activation, and Innate Sensing

The same lipid components that give LNPs
their favourable pharmacokinetics also predispose
them to several distinct immune-mediated liabilities
that are of particular concern for chronic, repeat-dose
indications. PEGylation, while reducing
opsonisation and extending circulation time, can
induce both pre-existing and de novo anti-PEG
antibodies (predominantly IgM and, with repeated
exposure, IgG). These antibodies trigger classical-
pathway complement activation upon binding
PEGylated LNPs, generating anaphylatoxins that
activate macrophages, mast cells, and basophils and
produce a hypersensitivity phenomenon termed
complement  activation-related  pseudoallergy
(CARPA) [95-97]. A related phenomenon,
accelerated blood clearance (ABC), occurs when
anti-PEG IgM generated after a first LNP dose binds
subsequent doses, triggering complement-mediated
splenic marginal zone B-cell uptake and rapid
clearance that can substantially reduce the efficacy
of repeat dosing, a direct concern for chronic
inflammatory and neurodegenerative conditions that,
unlike a one or two-dose vaccine regimen, require
sustained, repeated administration over months to
years [96-98].

Mechanistic studies have further shown that
anti-PEG  antibody binding and consequent
complement deposition can physically compromise
LNP bilayer integrity, causing premature drug
release or exposure of encapsulated mRNA to serum
nucleases and immune sensors before the particle
reaches its intended target, which would be expected
to reduce efficacy while simultaneously increasing
off-target inflammatory signalling [95,99]. The
degree of complement activation correlates with
baseline anti-PEG IgM titres in healthy donor plasma
and varies with PEG-lipid chemical structure and
molar ratio. For example, LNPs formulated with

C16-PEG2000 ceramide induced significantly
higher anti-PEG IgM responses than DMG-
PEG2000-based formulations in comparative

studies, indicating that PEG-lipid selection is a
tractable, if incompletely solved, formulation lever
[100]. Awareness of these phenomena has reached
the regulatory level, the US FDA has called for
systematic measurement of anti-PEG antibody
responses in the development of new PEG-
containing drugs, reflecting the clinical significance
attributed to this issue following its prominence in
COVID-19 mRNA vaccine pharmacovigilance
[101].

Separately from PEG-specific
immunogenicity, LNP-delivered RNA cargo can
itself be sensed by cytosolic pattern-recognition
receptors such as RIG-I and MDAS, triggering type
I interferon responses. Together with PEG-lipid
effects, this RNA-intrinsic sensing contributes to the
overall reactogenicity of LNP formulations and is a
major reason that vaccine-optimised LNP
chemistries are not simply transferable, unmodified,
to chronic inflammatory or neurodegenerative
disease applications, where the resulting cytokine
release would be undesirable rather than beneficial
[102]. Mitigation  strategies under active
investigation include substitution of immunogenic
PEG-lipids with biodegradable or alternative stealth
polymers, structural modification of the ionizable
lipid and helper phospholipid components to reduce
intrinsic  adjuvanticity, incorporation of anti-
inflammatory or tolerogenic lipids, and chemical
modification of the RNA cargo itself (e.g.,
nucleoside modification) to reduce innate immune
sensing while preserving translational or RNAi
activity [103,104].

5.2 Hepatic Sequestration and Extrahepatic/CNS
Targeting

The default biodistribution of intravenously
administered LNPs is overwhelmingly hepatic,
mediated by apolipoprotein E adsorption onto the
LNP surface and subsequent low-density lipoprotein
receptor-mediated uptake by hepatocytes [105]. This
is therapeutically convenient for hepatically
expressed targets (TTR, PCSK9, ANGPTL3,
USP20) but represents a fundamental obstacle for
synovial, mucosal, and especially CNS delivery,
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where the therapeutic target lies entirely outside the
liver’s reach. The principal engineering responses
surface ligand and antibody conjugation, alternative
administration routes (intra-articular, oral/mucosal,
intrathecal, intranasal), and physical BBB-opening
adjuncts such as focused ultrasound, but it is worth
emphasising as a general translational point that each
of these strategies introduces its own manufacturing,
regulatory, and clinical-administration complexity
relative to a standard intravenous or intramuscular
LNP injection, and that achieving consistent,
reproducible extrahepatic targeting at clinical
manufacturing scale remains an active area of
process development rather than a fully solved
problem [105-107].

5.3 Manufacturing, Formulation Screening, and
Regulatory Considerations

The expanding diversity of LNP
compositions required to address different cell types,
organs, and disease mechanisms has driven

substantial recent investment in high-throughput
formulation  screening  platforms, including
automated lipid synthesis, microfluidic formulation
at small scale, and transwell-based BBB
transfection/crossing assays that allow rapid
comparison of large LNP libraries before committing
to resource-intensive in vivo testing [105-107]. From
a regulatory standpoint, RNA-LNP therapeutics for
chronic inflammatory and neurodegenerative disease
will need to satisfy a different risk—benefit calculus
than vaccines, given the requirement for repeat, long-
term dosing in often vulnerable patient populations.
The existing model-informed drug development
frameworks built around patisiran’s pharmacokinetic
and safety dataset, and the premedication regimens
used clinically to mitigate patisiran-associated
infusion-related reactions, offer a partial template,
but each new tissue target and route of administration
is likely to require its own dedicated safety and
immunogenicity characterisation programme [107].

Table 4. Principal Translational Challenges for Non-Vaccine RNA-LNP Therapeutics and Mitigation

Strategies
Challenge Mechanistic Basis Mitigation Stl:ate.gles Under References
Investigation
' Pre-existing/de novo anti-PEG Alternative  stealth  polymers: [108]
Anti-PEG IgM/1gG; complement . N
. - .2 reduced PEG-lipid molar %; PEG
immunogenicity activation (CARPA, ABC . L
chemistry optimisation
phenomenon)
Innate  immune | RIG-I/MDAS5 cytosolic | Nucleoside-modified RNA; [109]
activation by | sensing of RNA; unwanted | anionic/tolerogenic lipid inclusion;
RNA cargo cytokine release sequence optimisation
. ApoE-mediated  hepatocyte | Ligand/antibody surface [110]
Hepatic . . . . .
sequesiration uptake dominates systemic IV | conjugation; alternative routes (IA,
4 biodistribution IT, intranasal, oral)
. . . . BBB-binding ligands; PEG-anchor [111]
Limited BBB Tight ~endothelial Junctlor}s length  tuning;  FUS-mediated
. exclude most systemic . .
penetration nanoparticles transient BBB opening;
P IT/ICV/intranasal delivery
~1-2% of internalised LNPs Novel ionizable .11.p1.d chemistries; [112]
Endosomal escape . . .~ | membrane-destabilising
. . achieve productive cytosolic o .
inefficiency release phospholipids; structure-guided
design
Repeat-dose Cumulative immunogenicity | Premedication regimens; dose- [113]
P and ABC phenomenon over | interval  optimisation; lower-

tolerability chronic dosing schedules

Abbreviations: ABC, accelerated blood clearance; CARPA, complement activation-related pseudoallergy; FUS,

immunogenicity lipid chemistries

focused ultrasound; 1A, intra-articular, ICV, intracerebroventricular, IT, intrathecal.
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VI. CONCLUSION AND FUTURE
PERSPECTIVES

RNA-lipid nanoparticle technology has
moved decisively beyond its origins in infectious-
disease vaccination. In chronic inflammatory and
autoimmune disease, SsiRNA- and mRNA-LNP
strategies  targeting cytokine and signalling
networks, antibody-encoding mRNA platforms,
tolerogenic antigen-presentation approaches, and
most strikingly, in-vivo CAR-T cell generation are
progressing from preclinical proof of concept into
early clinical trials, with the 2025 acquisition of
Capstan Therapeutics by AbbVie serving as a
concrete commercial validation of this trajectory. In
neurodegenerative and CNS disease, the field is
somewhat earlier in its translational arc, constrained
principally by the blood-brain barrier, but ligand-
functionalised and focused-ultrasound-assisted LNP
platforms, together with direct intrathecal and
intranasal administration routes, have produced
encouraging preclinical reductions in pathogenic
protein burden across Alzheimer’s disease,
Parkinson’s disease, ALS, and Huntington’s disease
models, building on the clinical precedent already
established by patisiran in the peripheral nervous
system and by tofersen in ALS.

Three themes are likely to dominate the
next phase of development. First, immunogenicity
engineering  addressing  anti-PEG  antibody
formation, complement activation, and innate RNA
sensing will be essential precisely because chronic
indications, unlike vaccination, demand repeated
dosing over months or years. Lipid chemistries and
cargo modifications optimised for a single or few-
dose vaccine regimen cannot be assumed to be safe
or effective under chronic dosing without dedicated
reformulation and  characterisation.  Second,
extrahepatic and CNS targeting will continue to
depend on a combination of surface engineering
(ligands, antibodies, nanobodies), alternative
administration routes, and physical adjuncts such as
focused ultrasound, and the relative clinical maturity
of these approaches across different organ systems is
likely to diverge considerably in the near term. Third,
the modularity of the LNP platform, the ability to
retarget the same lipid chassis to different mRNA or
siRNA payloads with comparatively limited
reformulation is itself a strategic advantage that
should allow lessons learned in one disease area (for
example, tolerogenic LNP design in multiple
sclerosis) to transfer relatively efficiently to
mechanistically related conditions (for example,
other organ-specific — autoimmune diseases),

accelerating the overall pace of clinical translation
across the inflammatory and neurodegenerative
disease spectrum.

For pharmaceutical scientists and clinical
researchers, RNA-LNP therapeutics for
inflammatory and neurodegenerative disease
represent both a substantial scientific opportunity
and a demanding formulation and translational
challenge. Continued interdisciplinary = work
spanning lipid chemistry, immunology,
neuroscience, and clinical pharmacology will be
required to convert the considerable preclinical
promise reviewed here into approved, disease-
modifying therapies for these largely undertreated
patient populations.
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