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Brain gene therapy with Trojan horse
lipid nanoparticles
Highlights
The large-scale production of the
COVID-19 mRNA vaccines has demon-
strated the feasibility of the scalableman-
ufacture of lipid nanoparticles (LNPs)
encapsulated with mRNA using an etha-
nol dilution technology.

LNPs can also be produced for the deliv-
ery of plasmid DNA and nanomedicine-
based gene therapy.

The delivery of LNPs to the brain, across
William M. Pardridge 1,*

The COVID-19 mRNA vaccine was developed by the scalable manufacture of
lipid nanoparticles (LNPs) that encapsulate mRNA within the lipid. There are
many potential applications for this large nucleic acid delivery technology, in-
cluding the delivery of plasmid DNA for gene therapy. However, gene therapy
for the brain requires LNP delivery across the blood–brain barrier (BBB). It is pro-
posed that LNPs could be reformulated for brain delivery by conjugation of
receptor-specific monoclonal antibodies (MAbs) to the LNP surface. The MAb
acts as a molecular Trojan horse to trigger receptor-mediated transcytosis
(RMT) of the LNP across the BBB and subsequent localization to the nucleus
for transcription of the therapeutic gene. Trojan horse LNPs could enable new
approaches to gene therapy of the brain.
the blood–brain barrier (BBB), requires
the incorporation of a receptor-specific
monoclonal antibody (MAb) on the sur-
face of the LNP.

The receptor-specificMAb acts as amo-
lecular Trojan horse and triggers
receptor-mediated transcytosis of the
LNP across the BBB and receptor-me-
diated endocytosis of the LNP into the in-
tracellular compartment of brain cells.

A MAb targeting the insulin receptor
(INSR) is a preferred Trojan horse for
plasmid DNA gene therapy since the
INSR is normally translocated to the nu-
clear compartment of the cell.
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Beyond current LNP technology and gene therapy of the brain
The mRNA coronavirus 2019 (COVID-19) vaccines were produced with a LNP technology plat-
form that enables the delivery of large mRNA nucleic acids to tissues in vivo following systemic
administration via an intramuscular injection [1,2]. Mass production of the COVID-19 vaccines
was enabled by the development of a scalable manufacturing process for the encapsulation of
large nucleic acids within the interior of the LNP. In addition to mRNA, plasmid DNA for gene
therapy may be encapsulated within the lipids forming the LNP [3,4]. Following the lead of
the COVID-19 vaccine, it is now possible to envisage the scalable manufacture of plasmid
DNA gene nanomedicines using the LNP platform technology. The brain is a promising target
for gene therapy, as plasmid DNA/LNP nanomedicines have been proposed for the treatment of
multiple central nervous system (CNS) disorders, including gene silencing/editing [5,6], childhood
genetic disorders [7], and adult illness such as Alzheimer’s disease [8,9], Parkinson’s disease
(PD) [10], amyotrophic lateral sclerosis [11], brain cancer [12,13], and stroke [14]. However,
a limiting problem in the development of DNA/LNP nanomedicines for the brain is that LNPs
do not cross the BBB [15]. BBB passage of plasmid DNA carried within LNPs is possible fol-
lowing the attachment of a receptor-specific MAb to the surface of the LNP. The MAb binds
a receptor, such as the insulin receptor (INSR) or transferrin receptor (TfR), on the BBB and
acts as a molecular Trojan horse to enable RMT of the LNP across the BBB and into the extra-
cellular space (ECS) of the brain [16]. Trojan horse LNPs have enabled the expression of plasmid
DNA in the brain in vivo in mice, rats, and monkeys [17–19]. The purpose of this opinion article is to
propose that the combination of the BBB Trojan horse and LNP technologies can extend the ther-
apeutic reach of LNPs beyond vaccines to plasmid-DNA-based gene nanomedicines for multiple
brain disorders. This article first reviews the development of LNPs that gave rise to the current scal-
able manufacture of COVID-19 vaccines, then discusses the BBB Trojan horse technology applied
to LNPs. It is possible to encapsulate within LNPs plasmid DNA as large as 22 kb, which includes
an 18-kb gene expression cassette [20]. Therefore, the future development of Trojan horse LNPs
may enable placement of the therapeutic gene under the influence of tissue-specific gene
promoters.
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Nucleic acid delivery with LNPs
Cationic lipoplexes
LNP is a generic term that includes both cationic lipoplexes and pegylated liposomes [21]. The
COVID-19 vaccines encapsulate mRNA in the interior of the pegylated-liposome type of LNP.
However, nucleic-acid-based vaccines were originally developed as a cationic-lipoplex type of
LNP for either plasmid DNA [22] or mRNA [23]. Lipoplexes were formed by mixing the anionic
nucleic acid with a 1:1 mixture of a cationic lipid, N-[1-(2,3-dioleyloxy) propyl]-N,N,N-
trimethylammonium chloride (DOTMA), and a helper lipid, dioleoyl phosphatidylethanolamine
(DOPE). DOTMA is a quaternary ammonium compound that is positively charged at both neutral
and acidic pH. The DOTMA/DOPEmixture, known as LipofectinTM, is still used today for transfec-
tion of cultured cells. The DOTMA/DOPE LNPs were originally designated cationic liposomes.
However, DNA lipoplexes do not form classical liposomal structures. Liposomes comprise a
lipid bilayer forming a spherical shell housing an aqueous interior [24]. By contrast, the cationic
lipid/anionic DNA lipoplexes form aggregated cylindrical micelles of the cationic lipid around the
anionic DNA [25,26]. The DNA lipoplexes aggregate in saline [27] or serum [28] to form micron-
sized structures, which trigger uptake via phagocytosis in cultured cells [29]. Following intrave-
nous (IV) administration of the DNA lipoplexes, the aggregates are trapped in the lung microcircu-
lation [28], which is the first vascular bed encountered following IV injection. Gene expression in
the lung is 2–3 log orders greater than in other organs such as the liver following the IV adminis-
tration of DNA lipoplexes [30,31]. Saline-induced aggregation of DNA lipoplexes enables the
transfection of phagocytosing cells in culture. However, this aggregation restricts the utility of
DNA or RNA lipoplexes for gene expression in vivo following systemic administration such as
with an intramuscular injection. For these reasons, the cationic-lipoplex type of LNP was not
used for the development of the COVID-19 vaccine.

Pegylated liposomes
The COVID-19 vaccines comprise mRNA encapsulated within pegylated liposomes. Pegylated li-
posomes are LNPswhere the surface of the liposome is coatedwith a corona of polyethyleneglycol
(PEG) (i.e., pegylation). The pegylation is important because the PEG corona prevents the adsorp-
tion of serum proteins on the liposome surface, which triggers rapid uptake in vivo of the LNP by
the macrophage–phagocyte system [21,32]. The encapsulation of plasmid DNA in the interior of
pegylated liposomes, which contain a small amount (e.g., 3–15%) of a quaternary cationic lipid
such as dimethyldioctadecylammonium bromide (DDAB) or dioleyldimethylammonium chloride
(DOTAC), was described using a thin-film/hydration/extrusion method [3] or a dialysis detergent
method [4]. Plasmid DNAs encapsulated within pegylated liposomes do not aggregate and do
not selectively target the lung in vivo [33]. However, the thin-film/hydration/extrusion and dialysis
detergent methods are not scalable and do not allow commercialization of the LNP technology
for nucleic acid delivery [21,34]. A pivotal innovation in the development of LNPs for nucleic acid
delivery emerged with the description of a scalable manufacturing process to encapsulate plasmid
DNAwithin LNPs using an ethanol-dilutionmethod [35]. The lipids were diluted to 20mMwith 90%
ethanol in parallel with suspension of the plasmid DNA in citrate buffer/pH 5 at a DNA concentration
of ~1mg/ml. The lipids/ethanol and DNA/citrate were rapidly mixed to a final ethanol concentration
of 45%. Unencapsulated plasmid DNA was removed by filtration through an anion-exchange filter
and the ethanol was removed by dialysis or filtration [35]. The lipids included 15% 1,2-dioleyloxy-3-
dimethylaminopropane (DODMA), which is an ionizable tertiary amine lipid, 55% cholesterol, 20%
1,2-distearoyl-sn-glycero-3-phosphocholine, and 10% PEG lipid with a C18 acyl side chain [35].
The ethanol-dilution method for encapsulation of nucleic acids within LNPs parallels other work de-
scribing the production of small-vesicle liposomes by ethanol dilution [36,37] and the ethanol-
induced condensation of single plasmid DNA molecules [38–40]. Encapsulation of plasmid DNA
within liposomes is enabled by the simultaneous condensation of the DNA and the formation of
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the small liposome vesicles that is induced during the rapid ethanol-dilution process. DNA conden-
sation is necessary for encapsulation of DNA within the LNP as the gyration radius, 80–125 nm, of
a single plasmid DNA is large compared with the radius, 50–75 nm, of the LNP [39].

COVID-19 mRNA vaccines
The COVID-19 mRNA vaccines were mass produced with the ethanol-dilution method [41,42].
The amount of ionizable lipid was increased to 46–50% of either ALC-0315, for the BNT162b2
vaccine, or SM-102, for the mRNA-1273 vaccine [42,43]. These ionizable lipids are positively
charged at the pH 4–5 used to encapsulate the RNA within the LNP but are uncharged at the
neutral pH of the cytosol, and this is believed to facilitate endosomal release of the mRNA within
the cell [21,44]. The PEG lipids of either vaccine contain C14 acyl side chains [42]. The shorter-
chain PEG lipids dissociate from the surface of the liposome in the bloodstream faster than the
PEG lipids with C16 or C18 acyl chains [45]. Faster dissociation of the PEG lipid from the lipo-
some surface is believed to allow faster coating of the liposome surface with plasma low-density
lipoproteins (LDLs) such as ApoE [46]. The ApoE on the surface of the liposome is believed to trig-
ger endocytosis via the LDL receptor (LDLR), primarily in the liver [44]. The high content of ioniz-
able lipid, 46–50% of the total lipid, allows >70% mRNA encapsulation [41]. However, a part of
the mRNA may not be encapsulated in the interior of the pegylated liposome, but may be
bound at the exterior surface of the LNP by the cationic lipid. The external mRNAmay play a pro-
inflammatory role in vivo. The DNA component of DNA lipoplexes is proinflammatory in animals
[47–49], and evidence for an inflammatory reaction to the mRNA vaccines has been described
[50–52]. The external RNA on the surface of the LNP could be removed in the manufacturing pro-
cess by RNase treatment followed by RNase removal. Although external RNA can be resistant to
RNase when the liposome is formulated with a quaternary ammonium cationic lipid such as
DDAB or DOTAP [53], the external RNA is degraded by RNase when the RNA is encapsulated
within an LNP that is manufactured with an ionizable lipid [54].

The delivery of LNPs to the brain across the BBB, encapsulated with either RNA or DNA, is not
enabled by the coating of a LDLR ligand, such as ApoE, on the liposome surface. This is because
the LDLR is not expressed on the luminal side of the BBB in vivo [55]. Plasmid DNA encapsulated
within LNPs can be formulated for BBB passage, but this requires the conjugation of a receptor-
specific MAb, or Trojan horse, to the liposome surface to enable receptor-mediated transport
across the BBB. An understanding of the biology of BBB transport, as well as the biology of
receptor-mediated transport at the BBB, allows selection of the optimal receptor-specific anti-
bodies for incorporation on the surface of the LNP. The selection of an effective MAb Trojan
horse enables brain uptake and expression of a plasmid DNA encapsulated within the LNP.

BBB biology
The BBB restricts brain uptake from blood of ~98% of small molecules and >99% of large mol-
ecules [55] The restricted brain uptake of histamine, a small molecule with a molecular weight
(MW) of 111 Da, is shown in Figure 1A, which is a whole-body autoradiogram of a mouse follow-
ing the IV administration of radiolabeled histamine. The small molecule enters all of the organs of
the body except the brain and spinal cord [55]. The anatomical basis of the BBB is the presence
of high-resistance tight junctions joining the endothelial cells of the brain capillaries [56]. The mi-
crovasculature of the human brain is revealed by vascular casts [57] and is shown in Figure 1B.
The capillaries are about 40 μm apart [57], which is space for about two brain cells; therefore,
every neuron in the brain is perfused by a brain capillary. Once the LNP crosses the BBB, the
diffusion distance to the nearest brain cell is <20 μm. Diffusion of pegylated nanoparticles with
a diameter of 100–150 nm through functional pores as large as 200 nm in the brain ECS was
shown in vivo with fluorescence microscopy [58].
Trends in Molecular Medicine, May 2023, Vol. 29, No. 5 345
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Figure 1. Biology of blood–brain barrier (BBB) transport. (A) Whole-body autoradiogram of mouse euthanized after
intravenous (IV) injection of radiolabeled histamine. The BBB blocks the entry of this small molecule into the brain and spinal
cord (shown in white), whereas histamine is taken up by all other organs. Reproduced from [55], CC BY 4.0 license. (B) The
microvasculature of the brain is visualized by this plastic cast of the human cerebellar cortex, which shows an anastomosing
network of capillaries in the brain. Bar, 40 μm; arrows point to endothelial nuclei. Position of parallel arterioles is indicated by
'1'. Reproduced, with permission, from [57]; copyright © 1983 Elsevier. (C) Localization of the GLUT1 glucose transporter at
the luminal and abluminal membranes of the endothelium of human brain is shown by the position of the gold particles (black
dots) detected by this electron microscopy immunogold study. Post-embedding immune labeling of the GLUT1 transporter
is detected with a primary antibody against the transporter and a 10-nm gold conjugate of a secondary antibody. The
distance between the luminal and abluminal membranes, represented by the red bar, is only 0.3 μm [55]. The GLUT1
transporter is also localized to the plasma membrane of red cells in the capillary lumen of the human brain. Reproduced, with
permission, from [59]; copyright © 1994 Sage Publications. (D) Immunohistochemistry of rat brain with a primary antibody
against the leptin receptor (LEPR) shows high enrichment of the receptors in the microvasculature of the brain, which appear
as red cylinders within the brain tissue. Reproduced, with permission, from [60]; copyright © 1998 John Wiley & Sons.
(E) Summary of literature findings on the immunohistochemistry of the brain using primary antibodies against specific
receptors [55]. Expression of the insulin receptor (INSR), transferrin receptor 1 (TfR), the LEPR, and the insulin-like growth
factor 1 receptor (IGF1R) is detected at both the brain capillary endothelium, which forms the BBB, and the brain cell plasma
membrane. By contrast, immunochemistry of the brain shows that other receptors, which have been targeted for brain drug
delivery, including the low-density lipoprotein receptor (LDLR), LDLR-related protein 1 (LRP1), the nicotinic acetylcholine
receptor (nAChR), and the N-methyl D-aspartate receptor (NMDAR), are expressed on brain cells on the abluminal side of
the BBB. Reproduced from [55], CC BY 4.0 license.
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LNPs may cross a vascular endothelial barrier by either a paracellular pathway via pores between
endothelial cells or a transcellular pathway following endocytosis into the endothelium from the
blood. The presence of tight junctions in the endothelium of brain capillaries eliminates any
paracellular pathway for LNP transport across the brain microvascular barrier or BBB. Therefore,
only a transcellular, or transcytosis, pathway is available for delivery to the brain [55]. The three
pathways of BBB transport are carrier-mediated transport (CMT), absorptive mediated transport
346 Trends in Molecular Medicine, May 2023, Vol. 29, No. 5
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(AMT), and RMT [55]. The GLUT1 glucose transporter is an exemplary CMT system at the BBB.
The expression of GLUT1 on both the luminal and the abluminal membrane of the capillary endo-
thelium in the human brain is shown in Figure 1C, which is an electron microscopy immuno-gold
study [59]. RMT systems include the INSR, the TfR, the leptin receptor (LEPR), and the insulin-like
growth factor 1 receptor (IGF1R) [55]. The expression at the BBB of a RMT system, the LEPR, is
shown with immunohistochemistry of the rat brain [60]. The LEPR is broadly expressed at the
brain microvasculature, and the continuous immunostaining of the brain vessels is indicative of
an endothelial origin of the LEPR (Figure 1D). Immunohistochemistry of the brain with receptor-
specific antibodies shows that the INSR, TfR, LEPR, and IGFR are expressed at both the BBB
and the brain cell membrane [55], as depicted in Figure 1E. Certain receptors are expressed on
brain cells at the abluminal surface of the brain capillary without expression at the luminal mem-
brane of the brain capillary endothelium (Figure 1E). These abluminal receptors include the
LDLR, LDL-related protein 1 (LRP1), the nicotinic acetylcholine receptor (nAChR), and the
N-methyl-D-aspartic acid receptor (NMDAR). BBB transport is enabled by the targeting of a
receptor that is expressed on the luminal membrane of the brain capillary endothelium [55].

Receptor-mediated delivery of LNPs to the brain
Conjugation of a Trojan horse to the surface of the LNP enables RMT through the BBB [15]. The
optimal Trojan horse for a LNP is a MAb that binds exofacial epitopes on certain brain endothelial
receptors, such as the INSR or TfR [16]. The MAb may be conjugated to the LNP via a thio-ether
bond between the thiolated MAb and a maleimide moiety at the external tip of a fraction of the
PEG strands on the surface of the LNP. TheMAb-conjugated pegylated LNP is designated a Tro-
jan horse LNP or a Trojan horse liposome (THL). An electron micrograph of a THL is shown in
Figure 2A. A MAb targeting the rat TfR, designated TfRMAb, was conjugated to the surface of
a 100-nm pegylated liposome encapsulating a plasmid DNA. The THL was mixed with a second-
ary antibody conjugated with 10-nm gold [16]. These gold particles are about the same size as
the MAb on the LNP surface, and the electron micrograph shows that the MAb extended from
the surface of the LNP via the PEG chain (Figure 2A). Optimization of the Trojan horse LNP for
plasmid DNA delivery requires adequate conjugation of the MAb to the surface of the LNP, ade-
quate encapsulation of the plasmid DNA within the interior of the LNP, the removal of unconju-
gated MAb, and the removal of plasmid DNA not encapsulated within the LNP [16].

Plasmid DNA delivery to human cells in culture or to Old World primates in vivo was enabled by
the conjugation to the surface of the LNP of a MAb against the human INSR (HIR), designated
HIRMAb. LNPs comprised 93% 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), a
phospholipid, 3% cationic lipid (DDAB), and 4% C18 phospholipid conjugated with 2000 Da
PEG [61]. POPC is a mixed saturated/unsaturated phospholipid that is abundant in mammalian
cell membranes [62]. PEG lipids with long C18 acyl chains are used to produce THLs, as the
shedding of the PEG lipid in vivo would result in loss of the targeting MAb from the surface of
the LNP (see Outstanding questions). The intracellular delivery of the HIRMAb targeted LNPs
was examined in human glioma cells. Fluoresceinated plasmid DNA was encapsulated within
Trojan horse LNPs targeted with HIRMAb and applied to human U87 glioma cells in culture
[61]. The intracellular distribution of the Trojan horse LNP at 3 and 24 h of incubation was exam-
ined by confocal microscopy. The THLs were primarily localized to the cytosolic compartment
with some nucleolar distribution at 3 h (Figure 2B) and primarily to the nuclear compartment at
24 h (Figure 2C). The confocal microscopy study in Figure 2C demonstrates the delivery of the
plasmid DNA to the nuclear compartment following uptake of the Trojan horse LNPs by the
cell. Themechanism by which the plasmid DNA dissociates from the LNP is unknown. One factor
underlying the nuclear delivery of plasmid DNA by HIRMAb-THLs is that the INSR normally trans-
locates within the cell to the nuclear compartment [63–65]. Recent evidence suggests that the
Trends in Molecular Medicine, May 2023, Vol. 29, No. 5 347
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Figure 2. Trojan horse delivery of lipid nanoparticle (LNP)-encapsulated plasmid DNA across membrane
barriers in brain. (A) Electron micrograph of a Trojan horse LNP. The pegylated liposome encapsulating plasmid DNA is
conjugated with a receptor-specific monoclonal antibody (MAb) at the tips of the polyethyleneglycol (PEG) strands on the
surface of the LNP. The PEG-extended MAb is visualized with a 10-nm gold conjugate of a secondary antibody that binds
the Trojan horse MAb on the LNP. Reproduced, with permission, from [16]; copyright © 2003 Elsevier. (B,C) Confocal
microscopy of human U87 glioma cells at 3 h (B) and 24 h (C) of incubation with a fluoresceinated plasmid DNA
encapsulated within a human insulin receptor (INSR) (HIR) MAb targeted LNP. At 3 h of incubation, the plasmid DNA is
primarily located in the cytoplasm, with some distribution into the nucleolar compartment (B). At 24 h of incubation (C), the
plasmid DNA is primarily localized to the nuclear compartment (C). Reproduced, with permission, from [61]; copyright ©
2002 John Wiley & Sons. (D) Trojan horse LNPs encapsulated with plasmid DNA must traverse three barriers separating
blood from the nuclear compartment of brain cells: (1) the blood–brain barrier (BBB), which comprises the luminal and
abluminal membranes of the brain capillary endothelium; (2) the brain cell plasma membrane; and (3) the brain cell nuclear
membrane. A MAb against the HIR, which is conjugated to the tips of the PEG strands at the surface of the LNP, binds
the INSR expressed at the BBB to trigger receptor-mediated transcytosis of the LNP through the brain capillary
endothelium. Following entry of the LNP into the brain extracellular space (ECS), HIRMAb then binds the INSR on the
brain cell plasma membrane to trigger receptor-mediated endocytosis into the intracellular space (ICS) of brain cells. The
INSR normally translocates to the nuclear membrane [63–65], which enables delivery of the plasmid DNA encapsulated in
LNPs to the nuclear compartment. Figure produced with Biorender.com.
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INSR is internalized in the nucleus followed by binding to specific gene promoters [65]. Selective
translocation of the INSR to the nucleus may underlie the greater expression of transgenes in the
brain following THL delivery with HIRMAb compared with TfRMAb [19].

Expression of a transgene in the brain in vivo requires the THL to mediate the delivery of the plas-
mid DNA across three membranes in series: the BBB, the brain cell plasma membrane, and the
brain cell nuclear membrane (Figure 2D). This was demonstrated in the adult rhesus monkey fol-
lowing IV administration of 12 μg/kg plasmid DNA encapsulated within HIRMAb targeted THLs
348 Trends in Molecular Medicine, May 2023, Vol. 29, No. 5
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[19]. The plasmid DNA encoded bacterial β-galactosidase (lacZ) under the influence of the widely
expressed SV40 promoter. At 48 h after injection of the SV40-lacZ plasmid DNA encapsulated
within THLs, the brain and peripheral organs were removed and examined with X-gal histochem-
istry. Global expression of the lacZ transgene throughout the primate brain was observed
(Figure 3A). Light microscopy shows lacZ expression in the choroid plexus (Figure 3B), columns
of the occipital cortex (Figure 3C), and the cerebellum (Figure 3D) of the brain. Similar global ex-
pression of the lacZ gene in the brain was observed in adult mice [17] and rats [18] following IV
administration of TfRMAb-targeted THLs. However, when the THL was conjugated with the
isotype control IgG, and not TfRMAb, no lacZ expression in mouse or rat brain was observed
TrendsTrends inin MolecularMolecular MedicineMedicine

Figure 3. Delivery of a transgene to primate brain and peripheral organs and the effect of tissue-specific
promoters on gene expression. A plasmid DNA encoding the lacZ gene under the influence of either the widely
expressed SV40 promoter (A–I) or the eye-specific promoter derived from the 5′ flanking sequence (FS) of the opsin gene
(J–N) was encapsulated in human insulin receptor (HIR) monoclonal antibody (MAb) targeted lipid nanoparticles (LNPs)
and injected intravenously in the adult rhesus monkey at a plasmid DNA dose of 12 μg/kg. Organs were removed at 48 h
and lacZ gene expression was detected by X-gal histochemistry. (A) Coronal section of primate brain removed 48 h after
LNP administration shows global expression of the SV40-lacZ transgene throughout the primate brain. (B,C,D) Light
microscopy of the specific regions of the primate brain shows SV40-lacZ gene expression in the choroid plexus (B), the
columns of the occipital cortex (C), and the cerebellum (D). The SV40-lacZ transgene is also expressed in the monkey eye
(E), cerebrum (F), cerebellum (G), liver (H), and spleen (I). Conversely, the opsin-lacZ transgene is expressed only in the
primate eye (J) and there is no expression of the opsin-lacZ in the monkey cerebrum (K), cerebellum (L), liver (M), or spleen
(N). (A–I) reproduced from [19], CC BY 4.0 license. (J–N) reproduced from [66], CC BY NC ND 3.0 license.
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Clinician’s corner
The development of Trojan horse
LNPs that encapsulate a plasmid
DNA encoding a therapeutic gene for
a CNS disorder would be a first-in-
class therapy. The first clinical applica-
tion should target an inherited brain
disorder for which there is no treat-
ment. As an example, NPC1 disease
is a lysosomal storage disorder caused
by mutations in an intracellular mem-
brane cholesterol transporter, where
enzyme replacement therapy is not
possible. Acquired brain diseases that
are candidates for gene therapy in-
clude neurodegenerative conditions
such as PD, which can be treated
with genes encoding neurotrophic fac-
tors, and brain cancer, which can be
treated with antisense genes that
knock down oncogenic proteins.

Whereas brain gene therapy with
recombinant AAV is a single-dose
treatment, gene therapy with plasmid
DNA encapsulated within Trojan
horse LNPs will involve chronic treat-
ment of patients, as the plasmid DNA
is degraded in the cell. Treatment regi-
mens need to be developed
(e.g., weekly, bimonthly, or monthly IV
infusions). The frequency of adminis-
tration is a function of the persistence
of the plasmid DNA, and the tran-
scribed mRNA, in the cell.
[17,18]. These findings show that the transgene expression in brain following THL administration
is solely a function of the receptor specificity of the IgG Trojan horse conjugated to the THL.

Tissue-specific promoters and chromosomally derived genes
The IV administration of a lacZ expression plasmid, under the influence of the widely expressed
SV40 promoter, encapsulated within HIRMAb-targeted THLs produced transgene expression
in the primate cerebrum (Figure 3F) and cerebellum (Figures 3G) as well as in organs other than
the brain such as the eye (Figure 3E), liver (Figure 3H), and spleen (Figure 3I). If the SV40 promoter
was replaced with an eye-specific promoter taken from the 5′ flanking sequence (FS) of the opsin
gene [66], lacZ expression in the primate eye was preserved (Figure 3J). However, no opsin-lacZ
transgene expression was observed in the cerebrum (Figure 3K), cerebellum (Figure 3L), liver
(Figure 3M), or spleen (Figure 3N) in the rhesus monkey [66]. These studies show that the com-
bination of tissue-specific promoters and THL plasmid DNA delivery technology can restrict the
expression of the transgene to the target organ. In addition to cDNAs under the influence of spe-
cific promoters, entire genes can be delivered to the brain with THLs. The 18-kb rat tyrosine hy-
droxylase (TH) gene, which comprises an 8.4-kb 5′-FS, a 7.3-kb coding region of 13 exons and
12 introns, and a 1.9-kb 3′-FS, was encoded in a 22-kb expression plasmid that was encapsu-
lated within TfRMAb-targeted THLs [20]. Following IV administration in the rat, this chromosomal
form of the TH transgene was expressed in the brain in vivo [20]. The ability to encapsulate plas-
mid DNA as large as 22 kb within Trojan horse LNPs will enable the future genetic engineering of
expression plasmids encoding therapeutic genes under the influence of large tissue-specific gene
promoters.

Therapeutic genes
Therapeutic genes encapsulated within Trojan horse LNPs have been delivered to rats with ex-
perimental PD, to mice with experimental brain cancer, and to transgenic mice with Niemann–
Pick type C1 (NPC1) disease, and these investigations are summarized in Table 1. PD is caused
by degeneration of dopaminergic neurons in the nigral–striatal tract of the brain, and the rate-
limiting enzyme in dopamine synthesis is TH. Expression of the TH gene in the brain is largely con-
fined to the dopaminergic neurons of the nigral–striatal tract [67]. The goal of therapy in PD is to
restore nigral–striatal TH enzyme activity, and this was accomplished with two types of therapeu-
tic genes. In the first approach, a plasmid DNA was engineered where the expression cassette
comprised the rat TH cDNA under the influence of a gene-specific promoter taken from 2 kb of
the 5′-FS of the human glial fibrillary acidic protein (GFAP) gene [68]. Rats with experimental PD
were treated with IV injections of THLs carrying the GFAP-TH plasmid DNA, and this treatment
restored TH enzyme activity in the brain and reversed the abnormal motor activity associated
with TH deficiency in the brain [68]. However, replacement of the TH gene in PD does not treat
the underlying neural degeneration in this condition. Glial cell-derived neurotrophic factor
(GDNF) exerts neurotrophic effects on the nigral–striatal region of the brain. Therefore, for
GDNF gene therapy of PD, a 13-kb plasmid DNA was engineered that encoded human
preproGDNF under the influence of the 8.4-kb rat TH promoter [69]. Weekly IV treatment of
Table 1. Therapy of preclinical models of neural disease with Trojan horse LNPs

Neural disease Therapeutic target Promoter Refs

PD TH GFAP [68]

GDNF TH [69]

Brain cancer EGFR antisense RNA SV40 [70]

EGFR shRNA (RNAi) U6 [71]

NPC1 NPC1 PDGF-B [7]
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Outstanding questions
What are the modifications in
manufacture required to produce
Trojan horse LNPs encapsulated with
plasmid DNA, comparedwith theman-
ufacture of mRNA LNP vaccines?
Should quaternary ammonium or ioniz-
able lipids be used? Ionizable lipid pro-
motes early release of the mRNA into
the cytosol. However, the plasmid
DNA must bypass the cytosol to enter
the nuclear compartment of the cell.
Should PEG lipids with short C14 or
long C18 acyl chains be used? The
shorter C14 lipids, which promote
early release in blood of the PEG
strands from the LNP surface, may
not be preferred when the Trojan
horse is conjugated to the PEG.

How many grams of plasmid DNA en-
capsulated in Trojan horse LNPs must
be manufactured on an annual basis
to treat an orphan disease, which has
a prevalence of about 1:100 000 com-
pared with brain cancer, or PD, which
has a higher disease prevalence?

What are the optimal gene promoters
that should be used for plasmid-DNA-
based gene therapy of the brain?
Since plasmid DNA up to 22 kb has
been encapsulated in Trojan horse
LNPs, expression of the therapeutic
gene can be regulated by large-sized
tissue-specific gene promoters incor-
porated in the plasmid DNA.
rats with PD resulted in prolonged normalization of both striatal TH enzyme activity and drug-
induced motor behavior [69]. The therapeutic effects of THLs in brain cancer were examined in
severe combined immunodeficiency disease (scid) mice implanted with intracranial U87 human
glioma, which overexpresses the oncogenic human epidermal growth factor receptor (EGFR)
[70]. The brain-tumor-bearing mice were treated with weekly IV injections of a plasmid DNA en-
capsulated within THLs; this plasmid DNA encoded an antisense RNA corresponding to nucleo-
tide (nt) 2317–3006 of the human EGFR mRNA under the influence of the SV40 promoter. The
repeat IV administration of THLs encapsulating plasmid DNA encoding EGFR antisense RNA re-
sulted in a 100% increase in the survival time of the tumor-bearing mice, whereas the administra-
tion of THLs encapsulating a plasmid DNA encoding luciferase mRNA had no effect on mouse
survival [70]. RNAi treatment of brain cancer was enabled by the engineering of a plasmid DNA
that encoded a short hairpin RNA (shRNA) under the influence of the U6 promoter [71]. The
shRNA targeted nt 2529–2557 of the human EGFRmRNA. Weekly IV administration of THLs en-
capsulating the plasmid DNA encoding this shRNA resulted in an 88% increase in the survival
time of scid mice with intracranial U87 human gliomas [71]. For the treatment of NPC1 transgenic
mice, a plasmid DNA was engineered where a 5.6-kb expression cassette comprised the 1.5-kb
5′-FS of the gene encoding human platelet-derived growth factor B (PDGFB), a neural specific
promoter, the 3.9-kb human NPC1 open reading frame, and 0.2 kb of 3′ untranslated region
[7]. NPC1 mice were treated chronically with weekly IV injections of THLs carrying the PDGFB-
NPC1 plasmid DNA [7].

Translation to humans of plasmid DNA delivery to the brain with Trojan horse LNPs requires both
a favorable safety profile following chronic administration and downstream processing of the
plasmid DNA encapsulated within the LNPs to enable long-term storage at non-freezing temper-
atures. The absence of toxicity of weekly IV injections of Trojan horse LNPs was demonstrated
following chronic treatment of rats with weekly IV administration of THLs expressing the TH
gene and targeted with TfRMAb. Chronic THL treatment showed no evidence of toxicity based
on clinical chemistry, body weight, or organ histology, and immunohistochemistry of brain
showed no evidence of inflammation [72]. The long-term storage and distribution under freezing
temperatures of the COVID-19 mRNA vaccines is challenging [73,74]. Such problems may be
avoided with freeze-dried formulations of plasmid DNA/LNP therapeutics. Following optimization
of the lyoprotectant, plasmid DNA encapsulatedwithin Trojan horse LNPs retains structural integ-
rity and gene expression after hydration of lyophilized formulations [75].

Concluding remarks
The current clinical development of brain gene therapy utilizes viral vectors such as recombinant
adenoassociated virus (rAAV), which have been FDA approved as single-use therapeutics for
brain diseases such as spinal muscular atrophy [76]. However, the capsid proteins of rAAV are
immunogenic [77]. In addition, the size of the expression cassette encoding the therapeutic
gene is restricted to <2.3 kb and <4.7 kb for self-complementary and single-stranded rAAV, re-
spectively [78]. Therefore, it is important to develop nonviral formulations of gene therapeutics,
and this is possible with Trojan horse LNPs. To advance the Trojan horse LNP technology for
brain gene therapy, what is needed is a clinical trial. The trial should target a serious inherited
brain disorder for which there is no existing treatment, such as NPC1 disease. The preclinical
drug development required for the submission of an Investigational New Drug (IND) application
for the clinical trial can answer important questions related to manufacture and drug safety. An
IND application provides data on the scalability and reproducibility of the manufacturing process,
as well as preclinical data in animals on the dosage of the drug that causes no observable adverse
effects. The Trojan horse LNP drug developer can use the COVID-19 vaccines as a model of a
scalable manufacturing process for the encapsulation of large nucleic acids within LNPs. A clinical
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trial can address the fundamental questions of safety and efficacy in humans of nonviral gene
therapy of the brain with Trojan horse LNPs and plasmid DNA gene therapeutics. The principal
challenge in translating Trojan horse LNPs for gene therapy of the brain will be the manufacture
of these formulations to insure both high conjugation of the antibody Trojan horse to the surface
of the LNP and high encapsulation of the plasmid DNA in the interior of the LNP. The primary lim-
itation of the technology is the lack of permanent expression of the transgene in the brain and the
requirement for repeat administration of the therapeutic at intervals dictated by the stability of the
plasmid DNA in brain cells.
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