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Skeleton keys and Trojan horses:
a review of therapeutic delivery
to the brain

Rachel E. Stoub'? and Barbara J. Bailus'*

'Henry E. Riggs School of Applied Life Sciences, Keck Graduate Institute, Claremont, CA, United
States, *Scripps College, Claremont, CA, United States

Background: The advances in genetic medicine that have occurred in the
last few decades have been tempered by the challenges in delivering those
medicines to the desired organs and cell types. Nowhere has this delivery
challenge been greater than in the brain, due to the blood brain barrier (BBB),
often illustrated as an impenetrable castle wall. As the need for neurological
therapies grows, an assortment of Trojan horse and skeleton key strategies have
been designed to allow passage of therapeutics through the BBB, These range
from designer viral vectors, to cell penetrating peptides that can target cell
surface receptors, to genetically modifying hematopoietic stem cells, to lipid
nanoparticles that pass through the cell membrane.

Results: This review will examine the precise method that each delivery vehicle
uses to enter and transverse the endothelial layer of the to BBB and arrive in the
brain parenchyma. The advantages and challenges of each delivery strategy will
be discussed, as will the most recent clinical trials using these technologies.
Conclusion: There are several extremely promising delivery vehicles that are able
to cross the BBB and deliver genetic therapies to neuronal cells. Several of these
delivery vehicles have already been approved for use in patients. As these delivery
vehicles become further optimized there is the potential to treat a majority of
neurological disease and disorders.

KEYWORDS

blood brain barrier, adeno-associated virus, lipid nanoparticle, receptor
mediatedtranscytosis, cell penetrating peptide, focused ultrasound, hematopoietic
stem cells

Introduction

Over three thousand years ago ancient Egyptians viewed the brain as disposable,
not warranting any special treatment or embalming during the mummification process.
Our understanding of the brain has advanced exponentially in the intervening three
thousand years, cumulating in viewing the brain as the most vital and irreplaceable organ
in the human body. Evidence of human brain surgery exists as early as the late bronze
age with individuals undergoing cranial trephination to relive symptoms associated with
either brain injury or disease (Kalisher et al., 2023). Until the sequencing of the human
genome in 2003 treatments for different brain disorders were largely focused on symptoms
and behavioral interventions, as underlying molecular causes were unknown, with highly
invasive surgeries being a routine form of treatment until the mid-1900s (Nurk et al.,
2022). The sequencing of the human genome traced many neurological disorders to single
genes, making those disorders prime candidates for precise therapeutics (Nurk et al., 2022;
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International Human Genome Sequencing C, 2004). Currently, the
National Institutes of Neurological and Stroke Disorders lists over
400 different neurological diseases and disorders, and there are over
5000 known neurological diseases and disorders afflicting 1 in 3
individuals worldwide, these diseases and disorders are the leading
cause of disability adjusted life years and the second leading cause
of death (Collaborators, 2019). This represents a substantial unmet
need in treating neurological disorders and diseases. Healthcare
has advanced tremendously since the 1900s, but one of the great
challenges of the 21th century remains the treatment and cure of
neurological disorders. Perhaps the greatest challenge in treating
brain disorders is also what helps protect the brain from infection,
the blood brain barrier (BBB). The blood brain barrier is a complex
and extensive network of semipermeable and highly selective blood
vessels that are integrated throughout the brain. It enables the
passage of essential molecules from the bloodstream into the brain,
while barring entrance to a majority of pathogens, and over 98% of
potential therapeutics (Teleanu et al., 2022; Wu D. et al., 2023). This
challenge has been the focus of substantial research and funding
resources over the past several decades including BrainMaps,
Allen Brain Atlas, and most recently the BRAIN Initiative, all of
these programs have dramatically increased our understanding of
the brain structure and function, enabling the creation of better
delivery vehicles for transporting therapeutics past the BBB and into
neuronal cells.

Following the mapping of the human genome and identifying
genesinvolved in neurological disorders tremendous progress hasbeen
made in genetic medicine, allowing for the targeting of specific genes
for correction and regulation. The available therapeutic technologies
include antisense oligonucleotides (ASOs), gene replacement therapy
(cDNA), enzyme replacement therapy (ERT) and gene editing and
small molecules. These modalities hold the promise to significantly
treat or even cure many neurological disorders, with many being
used successfully in patients (Wang JH. et al., 2024; Dornelles et al.,
2024; Shchaslyvyi et al., 2023; Torroba et al., 2023; Marchetti et al.,
2022; Prakash, 2017). However, for these therapies to reach their full
potential they all must overcome the same challenge, efficient and
widespread delivery past the BBB. A variety of promising delivery
techniques has been validated in animal models, and several have
already been used in the clinic or are in late stage pre-clinical
development (Teleanu et al., 2022; Abbott, 2025). Amongst these
delivery technologies there are four major categories, viral, non-viral,
cell carriers and physical disruption of the BBB. Each of these delivery
technologies offers benefits and limitations, and each technology uses
a different strategy for delivering the desired therapeutic into the
brain. This review will examine how the unique structure of the BBB
informs the evolving development of therapeutic delivery technologies
to circumvent or pass through the BBB and into neuronal, glial and
other cell types where the targeted therapies are needed.

Castle fortifications: structure and
cellular composition of the blood
brain barrier

The BBB is a complex system of vasculature and specialized
cells which allow restricted access to the brain protecting the brain
from various molecules and pathogens. This system is composed
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of endothelial cells, astrocytes, and pericytes (Kaya and Ahishali,
2021; Wong et al,, 2013). The endothelial cells are connected by
tight and adherent junctions, making transport of therapeutics from
the blood vessels and into endothelial cells and then neuronal cells
difficult. In visualizing this system one can begin at the center
with the blood vessels that weave a complex network throughout
the entire brain, surrounding the blood vessels are the endothelial
cells, then come the pericytes and astrocytes, and further outwards
are the neurons and microglia cells (Figure 1) (Wu D. et al., 2023;
Gullotta et al., 2023; Alahmari, 2021). This complex network of
vessels and surrounding cells that comprise the neurovascular
network reaches all regions of the brain, making this an appealing
avenue to leverage when delivering therapeutics.

The endothelial cells that line the BBB represent the main point
of entrance for therapies that are intended for the brain, they are
the “gatekeeper cells”. These specific endothelial cells have several
special modifications when compared to peripheral endothelial cells.
Unlike peripheral endothelial cells those lining the BBB present
with no small transcellular pores, which usually facilitate diffusion
exchange of small molecules between cells (Wu D. et al.,, 2023;
Alahmari, 2021; Hennigs et al., 2021). This lack of small transcellular
pores contributes to the inability to deliver over 98% of small
molecule drugs to the brain by peripheral intravenous injections
(Teleanu et al, 2022; Wu D. et al., 2023). Beyond this lack of
transcellular pores the endothelial cells are connected to each other
by tight and adherens junctions. The use of tight junctions for
connecting the endothelial cells is another barrier when trying
to deliver therapeutics to the brain. Unlike gap junctions, tight
junctions do not facilitate cell to cell connections, but instead
limit cell to cell connection to prevent leakage between cells
(Kaya and Ahishali, 2021; Wong et al., 2013; Alahmari, 2021). The
use of tight junctions is ideal when considering that the main
function of the BBB is to prohibit pathogens and other toxins
from entering the brain, but it becomes a challenge, when those
same tight junctions exclude therapeutics from entering the brain.
The adherens junctions serve to anchor the endothelial cells to
each other for structural integrity (Wu D. et al., 2023; Alahmari,
2021). In Alzheimer’s disease and other neurodegenerative diseases
it has been noted that the tight junctions and adherens junctions
become disrupted as the disease progresses, potentially contributing
to the progression of the disease, as the brain loses the protection
provided by the BBB (Teleanu et al, 2022; Kaya and Ahishali,
2021). Similar observations on a compromised BBB have also been
observed in those with various brain cancers including glioblastoma,
though the BBB is not uniformly compromised often showing
a more regionalized pattern associated with the tumor locations
(Digiovanni et al,, 2024; Upton et al, 2022; Kim et al., 2021;
Arvanitis et al., 2020; Sarkaria et al., 2018). Although this disruption
of the BBB may appear as an advantage for delivering therapies
into the brain, this disruption usually occurs in the later stages of
disease progression, after the ideal therapeutic intervention time.
For a significant portion of neurological diseases and disorders there
is minimal to no disruption of the BBB, making it necessary to
deliver the desired therapy past an intact BBB.

Proceeding outwards from the blood vessels the pericytes are the
cells that immediately surround the endothelial cells. These cells play
a central role in neurovascular function regulating cerebral blood
flow and releasing signaling factors which contribute to polarizing
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FIGURE 1

A schematic representing the blood brain barrier (BBB) and associated neurovascular network, with examples of how different delivery vehicles cross
the BBB and are able to enter the brain parenchyma. (A) The neurovascular network in the brain. (B) Illustrating the different strategies used by various
delivery vehicles for entering and traversing the endothelial cells of the BBB to reach the brain parenchyma and neuronal cells. Abbreviations used in
figure: AAV, adeno-associated virus; CPP, cell penetrating peptide; CCR5, C-C chemokine receptor type 5; HSC, hematopoietic stem cell; LNP, lipid
nanoparticle; LVV, lentiviral vector; RBCs, red blood cells.
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the end feet of astrocytes (Kaya and Ahishali, 2021; Armulik et al.,
2010). The number of pericytes influences the number of tight
junctions between endothelial cells impacting the BBB structure
and integrity (Kaya and Ahishali, 2021; Brown et al., 2019). Defects
in pericyte specific proteins can result in a compromised BBB,
although this is not common to all neurological disorders or diseases
(Brown et al.,, 2019; Sweeney et al., 2016). Although important for
the structural integrity of the BBB the pericytes are not considered a
directly targeted cell type for BBB entrance.

Astrocytes surround the endothelial cells in the BBB with
their end feet encircling the pericytes. (Figure 1) (Alahmari,
2021). Astrocytes are the most common glial cells in the brain,
infiltrating both the highly vascularized gray matter and the less
well vascularized white matter. (Schiera et al., 2024). Astrocytes
play a pivotal role in brain function helping with waste removal,
vesicular blood flow, maintaining homeostasis regulation, nutrient
maintenance and immune response (Schiera et al., 2024; Manu et al.,
2023). Astrocytes further act as glucose intermediaries for neuronal
cells, by absorbing circulating glucose from the blood vessels
and converting it into pyruvate, which they then secrete into
the extracellular spaces between the neurons, which then use
this secreted pyruvate as an energy source (Beard et al, 2021;
Pellerin, 2018). Astrocytes play additional roles in maintaining
the BBB by regulating the water content via aquaporin proteins
and the pH via astrocyte specific bicarbonate transporting proteins
such as Slc4a4 (Ye Q. et al,, 2024). There are various neurological
disorders in which the BBB is compromised due to mutations in
astrocyte specific proteins, further supporting the crucial role that
astrocytes play in BBB structure and maintenance (Beard et al,
2021). Astrocytes also play a major role in neuroinflammation in the
brain, by regulating the immune cells in the brain. In some diseases
neuroinflammation is a symptom, which compromises the integrity
of the BBB, potentially making it easier to deliver therapies across
the BBB. Being able to target both astrocytes and neurons could
be extremely beneficial in many neurological disorders, as it may
help relieve the neuroinflammation symptoms associated with the
disease, fostering a more favorable environment for the neurons.

Neurons are often considered the “holy grail” cells for
therapeutic interventions, but to reach these cells therapies must
find a way through or around the BBB. Neurons do not directly
connect to the blood vessels, instead interacting with endothelial
cells and astrocytes to form the neurovascular system. A therapy
must move through endothelial cells or through the intracellular
spaces before reaching the neurons. Depending on the disease or
disorder targeting specific neuronal cell populations could be ideal,
instead of broadly impacting all neuronal cells. This strategy is
just beginning to advance with targeted viral vectors and LNPs
(Hunker et al., 2025; Wang et al., 2025). For many neurological
diseases and disorders a wide range of neurological cells are involved
in the disease and it becomes not only necessary to target the
neurons, but also the support cells which help keep the cellular
environment optimal for neuronal functioning. Earlier therapies for
neurological disorders focused mostly on the direct injections into
the ventricles intracerebroventricular (ICV) or the cisterna magna
by intracisterna magna (ICM) in order to avoid having to cross the
BBB (Ye D. et al., 2024; Fischell and Fishman, 2021). Aside from the
invasiveness of this process there were several major limitations of
this method, which will be discussed throughout this review. The
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limitations of earlier delivery strategies are now being addressed
and many of the improvements are having an immediate impact
on the fields’ ability to meaningfully treat neurological disease and
disorders.

Navigating the labyrinth: progression
of molecules through the BBB

There are several pathways that molecules and small molecule
therapeutics with different physical properties can take when
moving through the blood brain barrier. Several characteristics help
determine the most likely pathway to be taken by a potential therapy
through the BBB, including size, charge, polarity and receptor
recognition sequences (Alahmari, 2021; Lochhead et al., 2020). The
most direct but limited way for molecules to pass through the BBB
is by passive diffusion. To utilize passive diffusion the molecule
must be lipid soluble, small and uncharged (Banks et al., 2024).
Many small molecule drugs (i.e.,: phenobarbital, temozolomide,
and sertraline) used for treating different neurological disorders
rely on this pathway, however for many therapies this pathway
is not an option (Sun et al, 2023; Chowdhury et al., 2021;
He et al., 2018). The use of the paracellular pathway is also
limited due to the tight junctions between endothelial cells which
surround the blood vessels (Kadry et al.,, 2020). Small molecule
therapeutics are an important class of therapeutics for treating many
neurological disorder, still they are not sufficient for addressing
many disorders due to various limitations including specificity,
potency and bioavailability. To address this unmet need biological
molecules including oligonucleotides, antibodies, adeno associated
virus (AAV) mediated gene therapy and others have emerged
as potential therapeutics, but their transport across the BBB is
more complex and challenging. Even after crossing the BBB these
biological therapies must localize to the appropriate cellular type to
be effective in treating the chosen neurological disorder.

For the therapies not able to use passive diffusion or the
paracellular pathway the two other major pathways used are,
carrier transport and receptor mediated transcytosis (Pawar et al.,
2022; Papademetriou and Porter, 2015; Jones and Shusta, 2007;
Burns et al., 1975). Carrier transport involves the use of a specific
carrier protein that is embedded in the cells membrane and will
transport specific molecules across the cells membrane. This is
how glucose and amino acids are transported across the BBB
(Zaragoza, 2020; Patching, 2017). However, glucose and amino acids
are orders of magnitude smaller than the majority of therapies
designed for neurological disease. Receptor mediated transcytosis
facilitates crossing of the cell membrane for much larger sized
therapies including viral vectors, some lipid nanoparticle (LNP)
and delivery vehicles specifically targeting a receptor for cellular
internalization (Ding et al., 2025). When designing the delivery
vehicle often a specific cell receptor is targeted as the internalization
receptor. The choosing of the receptor can either be an intentional
choice by the scientist, for example adding a cell penetrating
peptide to a LNP or protein, or it can be part of the delivery
vehicles inherent characteristics, as is the case with various AAV
serotypes. Engagement of the receptor by the delivery vehicle
initiates transcytosis with the formation of an endosome, the
endosome encapsulates the delivery vehicle and is then internalized
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in into the cells cytoplasm (Ding et al., 2025; Pulgar, 2018). The
endosome must then transverse the cell to then fuse again with the
cell membrane and be released into the brain parenchyma where
it can then proceed to target the correct neuronal cell type for the
designed therapy. Once in the neuronal cell the delivery vehicle and
the desired therapeutic must escape the endosome for the therapy to
work. If the delivery vehicle is unable to escape the endosome then it
will travel to the cells lysosome where the endosome will be dissolved
and the delivery vehicle and intended therapeutic will be degraded
(Dowdy, 2023). In specific cases, the lysosomal localization of
endosomes has been effectively implemented for neurodegenerative
disorders caused by lysosomal dysfunction (Donald et al., 2025;
Herman et al., 2024). For the majority of CNS therapies endosomal
escape must be designed into the therapeutic, and is unique for each
delivery vehicle (Dhungel et al., 2021; Lagache et al., 2012). The
next several sections will focus on current advantages, challenges
and clinical progress each delivery vehicle has made for transporting
different therapies past the BBB.

Trojan horses and skeleton keys:
g%lltiery strategies for getting past the

Adeno associated virus

The most well characterized and studied modality for brain
delivery are viral vectors, specifically the use of adeno associated
virus (AAV). AAVs are small enough to move through the blood
vessels of the BBB vasculature, though until recently AAVs did
not have the tropism that would allow for an intravenous injection
and passage through the BBB and into the surrounding neuronal
and glial cells. Traditionally to bypass the BBB, AAV has been
directly injected into the cerebral spinal fluid, or by ICV or
ICM injection. Direct injection methods have shown the AAV
remains fairly localized at the injection site, rarely attaining the
desired coverage and depth needed for many neurological disorder
treatments (Ye D. et al., 2024; Hunter et al., 2025; Liu et al.,, 2021;
Kim et al., 2014; Dirren et al., 2014). For decades the most efficient
AAV for CNS delivery was AAV9, which showed levels of neuronal
transduction that proved therapeutic in murine models and has
been used in several human therapies (WangJH. et al, 2024;
Liu et al., 2024; Issa et al., 2023). It was initially unclear how AAV9
was able to cross the BBB, while other serotypes of AAV could
not, but studies involving primary human brain endothelial cells
showed that AAV9 used active transcytosis, making this transport
energy dependent (Weber-Adrian et al., 2017; Merkel et al., 2017).
In contrast AAV2 showed minimal ability to cross through the
endothelial cells, instead remaining trapped inside vesicles, unable
to leave the endothelial cells (Weber-Adrian et al., 2017; Merkel et al.,
2017). The use of AAV9 has been essential in the understanding
and development of different potential therapies for neurological
disorders, but unmodified AAV9 has proven limited in human
therapeutic applications (Wang JH. et al., 2024; Liu et al., 2024;
Dayton et al, 2012). One of the reasons for the therapeutic
limitations is the limited transduction levels of unmodified AAV9,
which although impressive for a mouse have a much more limited
effect in a human brain, which is approximately 600X the size
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of a mouse brain by weight (Herculano-Houzel et al, 2006).
The transduction limitation is being addressed by revolutionary
advancements being made in AAV capsid design through directed
evolution. Some of the newer AAV capsids have been engineered to
diffuse beyond the localized injection region, including the capsid
used for UniQure’s impressive results in their Phase I Huntington
disease trial, which when injected in the striatum is designed to
spread to the cortex (Kaiser, 2025). Several of the newer AAV capsids
have been designed to facilitate allow IV delivery while others have
been fine-tuned for specific neuronal cell types of brain regions
(Ye D. etal., 2024; Liu et al., 2021; Luo et al., 2025; Huang et al., 2024;
Corti et al.,, 2023). The use of IV delivery will potentially allow for
widespread brain delivery with a minimally invasive method, due to
the AAV traveling through the entire BBB vasculature (Ye D. et al.,
2024; Lee et al., 2025). Once in the vasculature of the BBB the
AAV is able to enter the endothelial cells through receptor mediated
transcytosis. The AAV is then encased in a vesicle that traffics to the
Golgi apparatus where it is then released into the rest of the brain
and can enter neuronal cells through receptor mediated endocytosis
(Wong et al., 2013; Merkel et al., 2017; Moghimi and Howard,
2018). Preclinical testing has indicated that leveraging the BBB
vasculature can dramatically increase the distribution of AAV in the
brain, an important consideration for many neurological therapies
(Ye D. et al., 2024; Lee et al., 2025).

Although AAV represents one of the most promising delivery
vehicles in the brain, but there are still several challenges to be
overcome to best optimize its use. Among the most complex
challenges are packaging capacity, immune response to AAV, and
liver targeting, these challenges represent major limitations in
optimizing AAV as a delivery vehicle in patients (Ye D. et al,
2024; Corti et al., 2023). Packaging capacity is the least malleable
of the challenges as AAV has a fixed capacity of about 4.7 kb
of DNA, limiting the size of the desired construct (Grieger and
Samulski, 2005). For many genes 4.7 kB is an adequate size, but
for larger genes, like DMD or HEXA this presents a challenge
(Bez Batti Angulski et al., 2023; Mahuran, 1999). Even for the gene
editing CRISPR system this presents a challenge when trying to
package the Cas9 and gRNA together. Strategies taken to address
the packaging size have included “mini genes” which are a smaller
but still partially functional version of the gene, as piloted for Rett
syndrome and Duchene Muscular Dystrophy (Butterfield et al.,
2025; Sadhu et al, 2023). There are also “split genes” where the
gene or the editing system is split into two AAV constructs and
upon entrance of both AAV constructs into the cell the pieces
rejoin and are functional (She et al.,, 2023; Nitzahn et al., 2020).
To address the immune challenge researchers are taking a dual
approach, maximizing single injection coverage and designing
AAVs that will trigger minimal to no immune response potentially
allowing for multiple injections (Yang et al., 2022; Tse et al,
2015). The potential need for multiple injections in the CNS
has been highlighted by work done in spinal muscular atrophy,
in which the one-time Zolgensma injection does not completely
ameliorate symptoms in some patients, and an additional treatment
is needed, in this case an antisense oligonucleotide (ASO), Spinraza
(Ponomarev et al., 2023; Mirea et al., 2021). The ability for multiple
injections could allow for increased coverage of the brain, if needed
as the patient matures. To maximize coverage from a single injection
of AAV researchers have been working to de-target the liver,
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increasing the amount of AAV that is able to reach the brain, and
optimizing AAV capsids that allow for IV injection, which enables
the AAV to travel through then entire brain vasculature. These
strategic improvements to AAV should create a delivery vehicle that
is highly efficient at crossing the BBB and delivering the chosen
therapeutic throughout the brain.

One of the most significant studies indicating that an IV
injection could be used for highly efficient delivery of AAV to the
brain occurred in 2018, with the creation of the capsids PHPB
and its successor PHPeB. The studies were significant in that they
not only created CNS specific AAVs, which efficiently crossed the
BBB, they also established a methodology that has been widely
adopted by others to create a variety of BBB crossing AAVs
(Chan et al., 2017). The PHPeB strain was delivered by a single IV
injection in a mouse and showed the most comprehensive whole
brain delivery to date with minimal off targeting in other organs
(Chan et al,, 2017). Unfortunately, PHPeB was not translatable
to primates, due to targeting a mouse specific receptor sequence,
however the methodology of selective mutagenesis to create novel,
neurotrophic AAVs was a major advancement. Similar strategies
have been leveraged by both academia and industry to enhance
neuronal tropism, decrease immune response and target cross
species receptors (Mathiesen et al., 2020; Rittiner et al.,, 2020;
Hordeaux et al., 2018). Studies have recently shown that AAV can
be honed to such an exquisite specificity as to target a specific brain
regions or cell type (Hunker et al., 2025; Hunker et al., 2025). This
targeting specificity encompasses cell types of the brain vasculature
including the smooth muscle cells and pericytes, broadening the
cell targeting ability of AAVs (Ramirez et al., 2023). The increased
targeting ability has been due to iterative selection rounds building
upon the earlier work done to create PHPeB (Ramirez et al,
2023). These advances have been made possible due to the major
initiatives in the last decade that focused on honing AAV into a
therapeutically relevant delivery mechanism for CNS disorders. This
focus has been in part due to the previous clinical trials, which
have used AAV to limited success, in part due to AAVs limited
ability to transduce neurons in an adult patient, averaging under
10% (Ye D. et al., 2024). The next-generation of AAVs are on the
precipice, with the first AAV having been IV administered for
Canavan disease in 2023. The Canavan trail was very limited as
an n = 1 trial, and the AAV was simultaneously delivered IV and
ICV, but it did show that the IV delivered AAV did not cause an
acute immune response and there were some positive changes in
brain morphology and behavioral milestones. However due to the
simultaneous IV and ICV delivery it was difficult to ascertain to
tell how effective an IV alone delivery would be. One of the major
disadvantages of IV delivered AAVs is that they require a high dose
to be administered due the moving through the entire circulatory
system, and potential degradation issues. This higher dosage does
come with potential increased safety and immune response risks.
This increased risk from a high dosage will likely be re-assessed
due to the recent patient death in the Capsida STXBP1I trial which
used an IV delivered AAV (Corti et al., 2023; Chuapoco et al.,
2023; Taylor, 2025). There is hope that with additional adjustments
and dosage optimization that this new generation of AAVs will
represent a substantial step forward in therapeutic delivery, and
cellular specificity based on the encouraging preclinical non-human
primate (NHP) studies (Chuapoco etal., 2023; Goertsen et al., 2022).
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For many neurological disorders an optimized AAV will allow for a
significantly meaningful treatment of the disorder, while reaching
specific cellular populations will both increase efficacy and reduce
potential adverse effects.

Hematopoietic stem cells

Perhaps no other potential therapy so accurately mimics the
Trojan horse delivery method as that of hematopoietic stem cells
(HSCs). These cells are found in an individual’s bone marrow and
are the blood stem cells from which differentiate into various types
of blood cells including red blood cells, macrophages, monocytes, T-
cells and others (Cheng et al., 2020). Researchers have been studying
the use of HSCs for decades to treat various blood and autoimmune
disorders (Mancardi et al., 2024; Chen et al., 2024; Alexander et al.,
2021; Ben Nasr et al,, 2016). Recent developments have leveraged the
BBB crossing ability of HSC derived monocytes to treat neurological
disorders. In normal circumstances, monocytes do not usually enter
the brain parenchyma, but in various CNS injuries or diseases where
neuroinflammation is present, monocytes are able to transverse the
BBB through compromised tight junctions (Biffi, 2024; Eichler and
Kuehl, 2024; Ren et al., 2024). For use in treating neurological
disorders autologous HSCs are genetically modified so that the
monocytes and eventually the differentiated microglia-like cells will
express the therapeutic proteins, which will be secreted into the
brain parenchyma for neuronal cell uptake (Eichler and Kuehl, 2024;
Adhikari et al., 2021). Often the desired modification is done by
adding a gene of interest to the HSCs via a lentiviral vector (Eichler
and Kuehl, 2024; Adhikari et al., 2021; Fumagalli et al., 2022). In
HSC transplant patients there is a window following transplantation
during which the monocytes are able to cross the BBB through a
complex process involving initial adhesion to the endothelial cells,
regulated by the CCR5 receptor (Ren et al., 2024). The monocytes
then transmigrate across the endothelial cells, primarily in the post
capillary venules, and enter the brain parenchyma (Mancardi et al.,
2024; Ren et al,, 2024; Zhang et al., 2025; Munoz-Castro et al., 2023).
After entering the brain parenchyma the monocytes differentiate
into macrophages and microglia-like cells (Reu et al., 2017). These
microglia-like cells are then able to secrete therapeutic proteins into
the surrounding intracellular fluid from which neuronal cells can
import these therapeutic proteins (Chen et al., 2024; Rahimi et al.,
2024). HSC technology has proven extremely promising in the last
5 years with four different disease modify therapies approved, and
several more in the clinical and preclinical pipeline.

The strategy for gene edited HSCs has been successfully used
in several neurological and non-neurological diseases. Since 2022
the FDA has approved several modified HSC treatments, two of
these treatments were for CNS lysosomal storage disorders, Skysona
for cerebral adrenoleukodystrophy (CALD) and Lenmeldy for
metachromatic leukodystrophy (Philippidis, 2024a; Keam, 2021).
The other approvals were for Casgavy, for sickle cell disease
and Zynteglo for beta-thalassemia (Eichler and Kuehl, 2024;
Fumagalli et al., 2022; Fumagalli et al., 2025; Singh et al., 2024).
These approvals represent the first of many treatments that are
in development for HSCs. Patients that have been treated with
HSCs have shown remarkable recovery and survival rates indicating
the extreme promise of this delivery method (Fumagalli et al,
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2025; Biffi et al, 2013). One of the major benefits of HSC
therapy is the possibility to be a “one and done” treatment, as
the modified HSCs have shown remarkable durability during the
continued follow-up visits for the treated patients (Singh et al., 2024;
Hardouin et al., 2025; Leonard and Tisdale, 2024; Raymond et al.,
2019; Barciszewski and Legocki, 2001). Several other neurological
disorders are embracing the HSC technology with promising
preclinical studies, including Angelman syndrome, Rett syndrome,
and SYNGAP1 syndrome amongst others (Adhikari et al., 2021;
Rahimi et al., 2024; Anderson et al., 2024; Beegle et al., 2020). There
continues to be risks to this approach, among them are unintended
genetic modifications, either by lentiviral integration in the vicinity
of proto-oncogenes, off-target gene editing if CRISPR is used, and
a potentially poor reaction to the preconditioning regimen, which
makes space for the newly implanted HSCs (Ikeda et al., 2018;
Zulu et al, 2018). For Skysona there were some patients that
developed myelodysplastic syndrome (MDS) and acute myeloid
leukemia (AML), which triggered a warning from the FDA marking
the treatment as carrying a risk of cancer development (Philippidis,
2024b). This particular concern has been addressed by changing
the specific gene promoter used in Skysona, MNDU3, to a different
promoter in future treatments (Puig-Serra et al., 2025). It should be
noted that MDS risk was not generally related to HSC therapy as
other HSC therapies using different promoters have not observed
this level of MDS occurrence (Puig-Serra et al., 2025). Additional
unknowns with HSC therapy are how long the edited microglia-like
cells last once in the brain, with current studies indicating many
years, and if later monocyte migration to the brain is possible to
replenish the initial microglia-like cells, or if this replenishment
is even necessary (Zhang et al.,, 2025; Reu et al, 2017; Yoo and
Kwon, 2021). For many patients the symptoms of the disease
are so severe that the treatment benefits outweigh the associated
risks. As HSC therapy continues to be refined it is expected
that various modifications and improvements will decrease the
associated risks opening the pathway for even more HSC related
treatments.

Cell penetrating peptides (CPPs)

For delivery modalities the cell penetrating peptide (CPP)
could be considered the skeleton key of delivery approaches, highly
versatile they have the ability to be used by themselves or added to
the other delivery modalities. CPPs are short sequences of amino
acids, usually under 20, that have been derived from a variety
of sources, including viruses, endogenous proteins, artificially
designed (Blades et al., 2023; Xie et al., 2020). There are over 1800
different cell-penetrating peptides that have been verified to carry
different therapeutic cargos into cells, including small molecules,
nucleic acids and proteins (Ghorai et al., 2023; Bottens and Yamada,
2022). Of these 1800 only a selected few have been shown to enter
neuronal cells and even fewer have been able to cross the BBB
(Blades et al., 2023; Bottens and Yamada, 2022). CPPs are able to
cross the BBB through a few major methods, adsorptive mediated
transcytosis, receptor mediated transcytosis and direct penetration
(Blades et al., 2023; Xie et al., 2020; Zou et al., 2013; Herve et al.,
2008). The methods of absorptive mediated transcytosis and direct
penetration could be considered “non-specific’ in that it is not a
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specific set of amino acids that drives the passage through the cell
membrane, but instead a specific set of characteristics inherent to
that CPP, which can be found in a variety of CPPs with differing
amino acid sequences. The method involving receptor mediated
transcytosis instead relies on a very specific set of amino acids that
is recognized by a specific cell membrane receptor, and this method
will be covered in the next section (Barker et al., 2024; Xiao and
Gan, 2013; Wiley et al., 2013).

In adsorptive mediated transcytosis the passage of the CPP-
cargo is dependent upon the CPPs positive charge, which interacts
with the negatively charged components on the cell membrane. The
CPP-cargo is transported into the cell by a clathrin or caveolar
vesicle, this vesicle then transports the CPP-cargo through the
endothelial cell where it is released into the brain parenchyma and
taken up by neuronal or glial cells. An excellent example of this
type of CPP are the poly-arginine based CPPs, which have been
shown to transport nucleic acids across the BBB (Holm et al., 2022;
Kumar etal., 2007). For the peptides that rely more on lipid solubility
several models exist for how they allow the uptake of the CPP-cargo.
One model involves the formation of inverted micelles, where the
CPPs create small hydrophilic pockets that help shuttle the CPP and
their attached cargo across the cell membrane (Kawamoto et al.,
2011). Another model involves pore formation, with two main
models: the Barrel-Stave Model, where CPPs form helical structures
lining the pores inside with hydrophilic regions and interact with the
membrane via hydrophobic parts; and the Toroidal Model, where
CPPs bend the membrane lipids themselves, combining lipids and
peptide to create stable pores (Shin et al., 2014). Examples of lipid
soluble CPPs include TAT, MAP and TP10. For many CPPs the exact
method of transport across the cell membrane and the BBB remains
an area of active research, especially for CPPs that are designed in
the laboratory and not derived from a natural source.

One of the challenges with using CPPs when designing a
potential neurological therapy is their inconsistency. A single CPP is
not able to transport every cargo into cells that it is attached to, and
often a CPP that works in mice will not translate to humans. The CPP,
TAT, is one such example, it has shown the ability to cross the BBB
with an attached cargo in mice, but this has been inconsistent and
cargo dependent in humans (Zou et al., 2013; Wu MC. et al., 2023;
Bailus et al., 2016). One explanation for the inherent inconsistency
in CPPs could be due to how the cargo affects their ability to interact
with the endothelia cell membrane. For example when a CPP is
attached to a protein that protein will fold a certain way, impacting
the CPPs ability to interact with the endothelial cell membrane,
and each protein will fold slightly differently impacting the CPPs
efficacy. One way in which this inconsistency is being addressed is
to use the CPP as a complimentary additive to either AAV's or LNPs
(Vargas et al., 2024; Pardridge, 2023). Multiple preclinical studies
have shown that BBB penetrance and distribution of AAVsand LNPs
can be increased when a CPP is added (Shi et al., 2024; Teixeira et al.,
2023; Meng et al,, 2021). A major benefit of this strategy is that
the inconsistency of the CPP is reduced. When attached to an
AAV or LNP, the CPP will have a fixed orientation, making its
presentation to the endothelial cell membrane cargo independent,
allowing for more reproducible cell membrane or receptor mediated
interactions. Even with these challenges there have been several
successful uses of CPPs crossing the BBB in preclinical models, and
in clinical trials (Xie et al., 2020).
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Several CPPs that rely on Adsorptive-mediated transcytosis
(AMT) for navigating through the BBB have shown promise both
in preclinical studies and in clinical trials. TAT, derived from HIV
is arguably the most well-known from this class of CPPs. TAT
was used in the ESCAPE-NA-1 Phase 3 clinical trial to deliver an
oligopeptide into the brain of those undergoing aneurysm repair
surgery in the hope of reducing ischemic strokes that can occur
during surgery (Goyal et al, 2025; Zhou, 2021). Although the
treatment itself did not work as intended the study did show that
the TAT peptide was able to cross the BBB in these human patients.
Another promising CPP, Penetratin, derived from Antennapedia a
protein found to play a role in insect development (Dupont et al.,
2011). Penetratin has shown promise in transporting cargos across
the BBB in preclinical studies, and has also been added to LNPs to
enhance their BBB crossing ability (Blades et al., 2023; Chen et al.,
2012). It is expected that the variety, efficiency and predictability of
CPPs will expand dramatically with the advancements in artificial
intelligence. The use of Alpha-fold to predict CPP-Cargo folding
could dramatically improve predictions on which CPP to add to
a specific cargo, enhancing the predictability of how the CPP
would be presented to the cell membrane once attached to a
chosen protein (Jumper et al., 2021). The synergy of artificial
intelligence and massive parallel screening may help CPPs fulfill
their early promise for direct therapeutic delivery and advance their
integration into other delivery vehicles.

Receptor mediated targeting

Receptor Mediated Targeting (RMT) leverages the different
receptors on the endothelial cells membrane for crossing the BBB
by receptor mediated transcytosis (Pawar et al., 2022; Xiao and Gan,
2013). In many ways RMT is similar to the use of CPPs except the
design process involves designing a ligand that is recognized by a
specific receptor, instead of selecting a sequence of peptides based
on their chemical or physical properties, or by conducting a random
screen to generate new ligands. Once the ligand fused therapeutic
is taken into the endothelial cell by the desired receptor it enters
an endosome which for an effective therapy must then fuse with
the abluminal membrane and release its contents into the brain
parenchyma. Several different ligands have been tested in human
clinical trials for therapeutic delivery to the brain.

One of the most widely targeted receptors for crossing the
BBB is transferrin. Over a decade of research has supported
targeting the transferrin receptor to deliver therapeutics from
proteins to nucleic acids to nano-particles. This work has shown
promise in preclinical studies for Alzheimer’s disease with the
transferrin receptor targeting ligand being attached to antibodies,
erythropoietin and other potential therapeutics (Jagadeesan et al.,
2024; Yang et al.,, 2023; Sumbria et al., 2013; Boado et al., 2010).
The transferrin receptor is highly expressed on the surface of
the BBB endothelial cells. Several strategies have been used in
which the transferrin protein, transferrin receptor antibodies, or
peptides that bind to the transferrin receptor have been added to the
therapeutic or the delivery vehicle (Huang et al., 2024; Wiley et al.,
2013; Sumbria et al., 2013; Boado et al., 2010). Similar to what
was previously discussed in the CPP section transferrin receptor
targeting ligands can be added to other delivery vehicles to increase
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their ability to cross the BBB. One unique method from Denali
Therapeutics added the transferrin targeting ligand to the Fc domain
of an antibody and then conjugated an ASO to this antibody,
greatly enhancing the ability of the ASO to enter and distribute
in the brain of a NHP (Barker et al., 2024; Khoury et al., 2025).
One of the challenges using this technology is that transferrin is
expressed on other cell surfaces beyond the brain endothelial cells,
creating the potential for off-target delivery, the effects of which
would need to be evaluated for each treatment. The risk of off-
target delivery is a common risk for many delivery methodologies,
as very few receptors are completely unique to a specific organ or
cell type. Another challenge is that not all therapeutic cargos will
be amenable to conjugation with a transferrin targeting delivery
vehicle or function properly after conjugation. Even with these
challenges these ligands have advanced into the clinic and are
yielding promising early results.

There are several clinical trials are underway using receptor
mediated transcytosis as the brain delivery strategy by targeting
different receptors that are enriched in the BBB. Targeting the
transferrin receptor has shown promise in several clinical trials,
one of which has been approved for patient use in Japan. This
therapy, IZCARGO, is made by JCR pharmaceuticals was approved
for use treatment of Mucopolysaccharidosis type II, in 2021
(Okuyama et al., 2021; Okuyama et al., 2019). IZCARGO is an
enzyme replacement therapy in which, iduronate-2-sulfatase,
is attached to a transferrin receptor targeting antibody and
administered via an IV infusion. JCR Pharmaceuticals, has several
additional therapies using this technology in their clinical pipeline.
Denali Therapeutics is another company with several transferrin
based therapies currently in clinical trials, the most advanced
of those being for Hunter Syndrome (Arguello et al, 2021).
Another receptor that has been targeted with clinical success is
the low-density lipoprotein receptor-related protein 1 receptor
(LRP-1) (Xiao and Gan, 2013). The LRP-1 receptors are abundant
on BBB endothelial cells, making this an ideal target for
engagement and receptor mediated transcytosis across the BBB
(Nikolakopoulo et al., 2021; Sagare et al., 2012). Angiopep-2 a
peptide that specifically targets LRP-1 has been used in several
clinical trials for glioma with some success, and has a positive safety
profile (Xiao and Gan, 2013; Zhu et al., 2021; Kurzrock et al., 2012).
The success of these current clinical trials and the flexibility of
receptor mediated targeting ligands makes this strategy a potential
future leader in BBB delivery for neurological diseases and disorders.

Lipid-nanoparticles

Lipid nanoparticles (LNPs) have recently become a promising
brain delivery vehicle advancing beyond their initial use in the liver.
An LNP is a small 50-200 nm sphere composed of pegylated lipids
and other molecules including peptides and cholesterols which
encase the desired therapeutic (Cullis and Felgner, 2024). LNPs
primary mode of entrance into a cell is by endocytosis, which
necessitates the endosomal escape of the cargo, often facilitated by
ionizable lipids that are part of the coating of the LNP (Han et al.,
2021; Swingle et al., 2021). The use of LNPs as a delivery vehicle
works extremely well when the cargo is targeted for the cells
cytoplasm, and for mRNA and pure proteins this is often the case.
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Although LNPs received FDA approval over 30 years ago for delivery
of chemotherapeutic agents in was not until 2020 that LNPs became
high profile with the approval of Pfizer and Modernas COVID-19
vaccines, both of which utilized LNPs to encapsulate their mRNA
vaccines (Zhang et al., 2023; Hou et al., 2021). The total number of
vaccines given for Pfizer and Moderna exceeded 2 billion, and LNPs
were also used for the Pfizer and Moderna COVID-19 booster shots,
indicating that LNPs have an excellent safety profile for single and
multiple dose administrations (Firouzabadi et al., 2023). Outside the
COVID-19 vaccines there are several ongoing clinical trials using
LNPs for delivery to blood cells, lungs, liver, with over eighty trials
listed on clinicaltrials.gov. LNPs offer several advantages over other
delivery systems, less stringent size restrictions, less integration risk
into the hosts DNA, and the ability for reduced immune response
risk (Wang J. et al., 2024; Mehta et al., 2023; Lee et al., 2023). It is
expected that the use of LNPs will continue to expand as they are
optimized for additional organ and tissue deliveries.

Initially LNPs were targeted to the liver, but rapid progress has
been made in the preclinical space for adapting LNPs for use in
brain delivery. The physicochemical properties of LNPs, including
size, surface charge, and targeting ligands, can be tailored to improve
their uptake by brain endothelial cells (Yuan et al., 2024; Khare et al.,
2023; Jose et al., 2014). Once at the BBB, LNPs can interact with
membrane-bound receptors or exploit cellular uptake pathways
of clathrin- or caveolin-mediated endocytosis to enter the CNS
(Hersh et al., 2022). Additional studies have indicated that LNPs can
transiently disrupt tight junctions, facilitating paracellular transport
without causing lasting damage to BBB integrity (Zha et al., 2024).
Several studies in mice targeting glioblastoma have shown LNPs to
be able to cross the BBB and specifically target tumors (Kaur et al.,
2024; Lai et al., 2024; Herrera-Barrera et al., 2023). The LNPs in
these and other studies were modified to display specific ligands
including RVG29, T7, AP2, and mAPOE, on their surface to enable
BBB crossing from an IV injection (Kaur et al.,, 2024; Han et al.,
2025). More recent advances have focused on generating a library
of LNPs that are able to cross the BBB, with one study creating 72
different “strains” of LNPs that could cross the BBB (Wang et al.,
2025). These new LNPs dubbed blood-brain-barrier-crossing lipid
nanoparticles (BLNPs) were designed to use receptor mediated
transcytosis, absorptive-mediated transcytosis and carrier mediated
transcytosis depending on which ligands were displayed on the LNP
surface. This study further helped elucidate the role that caveolae
and y-secretase play in the transcytosis process, allowing for the
LNP to transverse the endothelial cell toward eventual entrance
into the glial and neuronal cells. Perhaps most significantly from
a therapeutic viewpoint this study examined the safety profile
of administering multiple doses of the BLNPs, with no obvious
toxicity observed after multiple injections (Wang et al., 2025). The
ability to administer multiple injections of LNPs would dramatically
alter the neurological therapeutic landscape potentially resulting
in more comprehensive brain coverage from the initial set of IV
injections, while also facilitating later injections as needed. For
neurodevelopmental disorders where one aims to treat as early
as possible, the ability to administer additional treatments as the
child grows and develops could be crucial to sustained efficacy
of the treatment. For adult patients multiple LNP administrations
could also prove beneficial as new studies are showing the brain
continues to produce neuronal stem cells throughout a person’s
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lifetime, resulting in a reservoir of cells that might need to be treated
after an initial treatment (Dumitru et al., 2025). Though still in the
preclinical stage LNPs are moving rapidly toward clinical application
for neurological disorders, positioning them to be part of the next
wave of BBB crossing delivery vehicles.

Through the main gate: physical bypass of
the BBB

A physical approach that can complement many of the
previously described delivery strategies is focused ultrasound (FUS).
Focused ultrasound creates a temporary physical change in the
BBB through the use of targeted ultrasound and microbubbles
(Papademetriou and Porter, 2015). Focus ultrasound involves the
use of IV injected microbubbles which oscillate when targeted
by the focused ultrasound, putting pressure on the BBB blood
vessel walls causing the tight junctions between the endothelial
cells to loosen, allowing for a temporary entrance of therapeutics
that would not normally occur (Papademetriou and Porter, 2015).
This methodology mimics what is often found in late stage
neurodegenerative diseases where the BBB is weakened and the tight
junctions are loosened, the difference being that focused ultrasound
causes a temporary weakening where in neurodegenerative disorder
that weakening is a persistent symptom of the disease (Roberts et al.,
2022; Sweeney et al,, 2018). For therapies that would require a
single dose, including viral vectors or gene engineering proteins the
focused ultrasound can be used to enhance delivery allowing for
greater distribution and deeper penetration into the brain. Focused
ultrasound might be less useful for treatments that require repeated
doses including ASOs, ERTs, and small molecules as regular
weakening of the tight junctions could eventually compromise the
integrity of the BBB (Katz et al., 2023). There are several clinical
trials in progress that use focused ultrasound including those
for glioblastoma and Alzheimer’s disease. These trials show early
promise and the fact that focused ultrasound can be leveraged as
a method to enhance other delivery methodologies makes it an
exciting future prospect for using in more neurological therapies to
enhance delivery.

Hoist the banners: the future of BBB
delivery

The advancements of gene editing and brain delivery have
accelerated at an astounding pace in the last 30 years. For the first
time in human history the essential elements for disease modifying
therapies across a broad range of neurological disorders are available,
and advancing toward the clinic. The various delivery modalities
presented in this review represent and expanding field of study,
with significant focus and support from academic and industry
partners. One of the most exciting developments in the delivery
field in the last decade are the overlaps and synergies that are being
uncovered amongst the different delivery modalities. Using CPPs
to compliment AAV and LNP delivery systems, incorporating FUS
into the initial delivery to enhance overall brain distribution is
just the beginning of what will likely become a multilayered and
synergistic approach toward therapeutic delivery to the brain. The
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entire field is expected to undergo major advancements with the
progression of artificial intelligence and the ability to design novel
peptides, AAV capsids, and to predict the targeting and immune
profile of these new constructs. The beginning of this new era
has just been glimpsed at with the publication of the most recent
wave of articles from the BRAIN Initiate focused on honing AAV
into a cell specific delivery vehicle that can target very specific
neuronal cell types, from astrocytes to microglia to excitatory
neurons. The advancement of these delivery systems will also
enhance our knowledge of basic brain development, architecture,
and neurological disease progression. These advancements will help
inform the continued development of different delivery modalities
ensuring these modalities can accommodate the vast array of
potential therapies as they emerge.

Author contributions

RS: Writing — original draft, Writing - review and editing. BB:
Writing - original draft, Writing - review and editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. BJB and RES were
supported by a New Investigator Grant from the Foundation for
Angelman Syndrome Therapeutics.

Acknowledgments

The authors would like to thank the following individuals for
excellent comments and suggestions during the writing of this

References

Abbott, A. (2025). Brain drugs can now cross the once impenetrable blood-brain
barrier. Nature 641 (8065), 1086-1088. doi:10.1038/d41586-025-01569-z

Adhikari, A., Copping, N. A., Beegle, J., Cameron, D. L., Deng, P, O'Geen, H., et al.
(2021). Functional rescue in an angelman syndrome model following treatment with
lentivector transduced hematopoietic stem cells. Hum. Mol. Genet. 30 (12), 1067-1083.
doi:10.1093/hmg/ddab104

Alahmari, A. (2021). Blood-brain barrier overview: structural and functional
correlation. Neural Plast. 2021, 6564585. doi:10.1155/2021/6564585

Alexander, T., Greco, R., and Snowden, J. A. (2021). Hematopoietic stem
cell transplantation for autoimmune disease. Annu. Rev. Med. 72, 215-228.
doi:10.1146/annurev-med-070119-115617

Anderson, J. S., Lodigiani, A. L., Barbaduomo, C. M., and Beegle, J. R. (2024).
Hematopoietic stem cell gene therapy for the treatment of SYNGAP1-related non-
specific intellectual disability. J. Gene Med. 26 (7), €3717. doi:10.1002/jgm.3717

Arguello, A., Meisner, R., Thomsen, E. R., Nguyen, H. N., Ravi, R., Simms, J.,
et al. (2021). Iduronate-2-sulfatase transport vehicle rescues behavioral and skeletal
phenotypes in a mouse model of hunter syndrome. JCI Insight 6 (19), e145445.
doi:10.1172/jci.insight.145445

Armulik, A., Genove, G., Mae, M., Nisancioglu, M. H., Wallgard, E., Niaudet, C.,
et al. (2010). Pericytes regulate the blood-brain barrier. Nature 468 (7323), 557-561.
doi:10.1038/nature09522

Arvanitis, C. D., Ferraro, G. B., and Jain, R. K. (2020). The blood-brain barrier and
blood-tumour barrier in brain tumours and metastases. Nat. Rev. Cancer 20 (1), 26-41.
doi:10.1038/541568-019-0205-x

Bailus, B. ., Pyles, B., McAlister, M. M., O’Geen, H., Lockwood, S. H., Adams, A. N.,
et al. (2016). Protein delivery of an artificial transcription factor restores widespread

Frontiers in Cell and Developmental Biology

10

10.3389/fcell.2025.1674333

review, Kelly Knee, Animesh Ray, Jeniffer Hernandez. The authors
would also like to thank Delihla Correa and Jenifer Ngo for
assistance in drafting this review. All images were made with the use
of Biorender.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Ube3a expression in an angelman syndrome mouse brain. Mol. Ther. 24 (3), 548-555.
doi:10.1038/mt.2015.236

Banks, W. A., Rhea, E. M., Reed, M. J., and Erickson, M. A. (2024). The penetration
of therapeutics across the blood-brain barrier: classic case studies and clinical
implications. Cell Rep. Med. 5 (11), 101760. doi:10.1016/j.xcrm.2024.101760

Barciszewski, J., and Legocki, A. B. (2001). Understanding evolution. Acta Biochim.
Pol. 48 (2), 291-294. doi:10.18388/abp.2001_3915

Barker, S. J., Thayer, M. B,, Kim, C., Tatarakis, D., Simon, M. J., Dial, R, et al.
(2024). Targeting the transferrin receptor to transport antisense oligonucleotides
across the Mammalian blood-brain barrier. Sci. Transl. Med. 16 (760), eadi2245.
doi:10.1126/scitranslmed.adi2245

Beard, E., Lengacher, S., Dias, S., Magistretti, P. J., and Finsterwald, C. (2021).
Astrocytes as key regulators of brain energy metabolism: new therapeutic perspectives.
Front. Physiol. 12, 825816. doi:10.3389/fphys.2021.825816

Beegle, J., Hendrix, K., Maciel, H., Nolta, J. A., and Anderson, J. S. (2020).
Improvement of motor and behavioral activity in sandhoff mice transplanted with
human CD34+ cells transduced with a HexA/HexB expressing lentiviral vector. J. Gene
Med. 22 (9), €3205. doi:10.1002/jgm.3205

Ben Nasr, M., Bassi, R., Usuelli, V., Valderrama-Vasquez, A., Tezza, S., D’Addio, F,
et al. (2016). The use of hematopoietic stem cells in autoimmune diseases. Regen. Med.
11 (4), 395-405. doi:10.2217/rme-2015-0057

Bez Batti Angulski, A., Hosny, N., Cohen, H., Martin, A. A, Hahn, D., Bauer, J., et al.
(2023). Duchenne muscular dystrophy: disease mechanism and therapeutic strategies.
Front. Physiol. 14, 1183101. doi:10.3389/fphys.2023.1183101

Biffi, A. (2024). Hematopoietic stem cell gene therapy to halt neurodegeneration.
Neurotherapeutics 21 (4), €00440. doi:10.1016/j.neurot.2024.00440

frontiersin.org


https://doi.org/10.3389/fcell.2025.1674333
https://doi.org/10.1038/d41586-025-01569-z
https://doi.org/10.1093/hmg/ddab104
https://doi.org/10.1155/2021/6564585
https://doi.org/10.1146/annurev-med-070119-115617
https://doi.org/10.1002/jgm.3717
https://doi.org/10.1172/jci.insight.145445
https://doi.org/10.1038/nature09522
https://doi.org/10.1038/s41568-019-0205-x
https://doi.org/10.1038/mt.2015.236
https://doi.org/10.1016/j.xcrm.2024.101760
https://doi.org/10.18388/abp.2001_3915
https://doi.org/10.1126/scitranslmed.adi2245
https://doi.org/10.3389/fphys.2021.825816
https://doi.org/10.1002/jgm.3205
https://doi.org/10.2217/rme-2015-0057
https://doi.org/10.3389/fphys.2023.1183101
https://doi.org/10.1016/j.neurot.2024.e00440
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Stoub and Bailus

Biffi, A., Montini, E., Lorioli, L., Cesani, M., Fumagalli, F, Plati, T, et al.
(2013). Lentiviral hematopoietic stem cell gene therapy benefits metachromatic
leukodystrophy. Science 341 (6148), 1233158. doi:10.1126/science.1233158

Blades, R, Ittner, L. M., and Tietz, O. (2023). Peptides for trans-blood-brain barrier
delivery. J. Label. Comp. Radiopharm. 66 (9), 237-248. d0i:10.1002/jlcr.4023

Boado, R. J., Zhou, Q. H.,, Lu, J. Z, Hui, E. K,, and Pardridge, W. M. (2010).
Pharmacokinetics and brain uptake of a genetically engineered bifunctional fusion
antibody targeting the mouse transferrin receptor. Mol. Pharm. 7 (1), 237-244.
doi:10.1021/mp900235k

Bottens, R. A., and Yamada, T. (2022). Cell-penetrating peptides (CPPs) as
therapeutic and diagnostic agents for cancer. Cancers (Basel) 14 (22), 5546.
doi:10.3390/cancers14225546

Brown, L. S., Foster, C. G., Courtney, J. M., King, N. E., Howells, D. W,, and
Sutherland, B. A. (2019). Pericytes and neurovascular function in the healthy and
diseased brain. Front. Cell Neurosci. 13, 282. doi:10.3389/fncel.2019.00282

Burns, D. C., Darougar, S., Thin, R. N., Lothian, L., and Nicol, C. S. (1975). Isolation of
chlamydia from women attending a clinic for sexually transmitted disease. Br. J. Vener.
Dis. 51 (5), 314-318. doi:10.1136/sti.51.5.314

Butterfield, R. J., Shieh, P. B,, Li, H., Binks, M., McDonnell, T. G., Ryan, K. A, et al.
(2025). AAV mini-dystrophin gene therapy for Duchenne muscular dystrophy: a phase
1b trial. Nat. Med. 31, 2712-2721. doi:10.1038/s41591-025-03750-3

Chan, K. Y, Jang, M. J,, Yoo, B. B., Greenbaum, A., Ravi, N., Wu, W. L, et al. (2017).
Engineered AAV:s for efficient noninvasive gene delivery to the central and peripheral
nervous systems. Nat. Neurosci. 20 (8), 1172-1179. doi:10.1038/nn.4593

Chen, Y, Yuan, L., Zhou, L., Zhang, Z. H., Cao, W,, and Wu, Q. (2012). Effect of
cell-penetrating peptide-coated nanostructured lipid carriers on the oral absorption of
tripterine. Int. . Nanomedicine 7, 4581-4591. doi:10.2147/IJN.S34991

Chen, K. S., Koubek, E. J., Sakowski, S. A., and Feldman, E. L. (2024). Stem cell
therapeutics and gene therapy for neurologic disorders. Neurotherapeutics 21 (4),
€00427. doi:10.1016/j.neurot.2024.e00427

Cheng, H., Zheng, Z., and Cheng, T. (2020). New paradigms on hematopoietic stem
cell differentiation. Protein Cell 11 (1), 34-44. doi:10.1007/s13238-019-0633-0

Chowdhury, E. A., Noorani, B., Alqahtani, E, Bhalerao, A., Raut, S., Sivandzade,
E, et al. (2021). Understanding the brain uptake and permeability of small molecules
through the BBB: a technical overview. J. Cereb. Blood Flow. Metab. 41 (8), 1797-1820.
doi:10.1177/0271678X20985946

Chuapoco, M. R,, Flytzanis, N. C., Goeden, N., Christopher Octeau, J., Roxas, K. M.,
Chan, K. Y,, et al. (2023). Adeno-associated viral vectors for functional intravenous
gene transfer throughout the non-human primate brain. Nat. Nanotechnol. 18 (10),
1241-1251. doi:10.1038/s41565-023-01419-x

Collaborators, GBDN (2019). Global, regional, and national burden of neurological
disorders, 1990-2016: a systematic analysis for the global burden of disease study 2016.
Lancet Neurol. 18 (5), 459-480. d0i:10.1016/S1474-4422(18)30499-X

Corti, M., Byrne, B. J., Gessler, D. J., Thompson, G., Norman, S., Lammers, J., et al.
(2023). Adeno-associated virus-mediated gene therapy in a patient with canavan disease
using dual routes of administration and immune modulation. Mol. Ther. Methods Clin.
Dev. 30, 303-314. doi:10.1016/j.omtm.2023.06.001

Cullis, P. R, and Felgner, P. L. (2024). The 60-year evolution of lipid nanoparticles for
nucleic acid delivery. Nat. Rev. Drug Discov. 23 (9), 709-722. doi:10.1038/s41573-024-
00977-6

Dayton, R. D., Wang, D. B., and Klein, R. L. (2012). The advent of AAV9 expands
applications for brain and spinal cord gene delivery. Expert Opin. Biol. Ther. 12 (6),
757-766. doi:10.1517/14712598.2012.681463

Dhungel, B. P, Bailey, C. G., and Rasko, J. E. J. (2021). Journey to the center of
the cell: tracing the path of AAV transduction. Trends Mol. Med. 27 (2), 172-184.
doi:10.1016/j.molmed.2020.09.010

Digiovanni, S., Lorenzati, M., Bianciotto, O. T., Godel, M., Fontana, S., Akman,
M, et al. (2024). Blood-brain barrier permeability increases with the differentiation
of glioblastoma cells in vitro. Fluids Barriers CNS 21 (1), 89. doi:10.1186/s12987-024-
00590-0

Ding, L., Kshirsagar, P., Agrawal, P, and Murry, D. J. (2025). Crossing the blood-brain
barrier: innovations in Receptor- and transporter-mediated transcytosis strategies.
Pharmaceutics 17 (6), 706. doi:10.3390/pharmaceutics17060706

Dirren, E., Towne, C. L., Setola, V., Redmond, D. E., Jr., Schneider, B. L., and
Aebischer, P. (2014). Intracerebroventricular injection of adeno-associated virus 6 and
9 vectors for cell type-specific transgene expression in the spinal cord. Hum. Gene Ther.
25 (2), 109-120. doi:10.1089/hum.2013.021

Donald, A., Horgan, C., De Castro Lopez, M. ], Jones, S. A., and Wynn, R. F. (2025).
Gene therapy in neuronopathic lysosomal storage disorders. Eur. J. Paediatr. Neurol. 57,
41-49. doi:10.1016/j.ejpn.2025.05.010

Dornelles, A. D., Junges, A. P. P, Krug, B., Goncalves, C., de Oliveira Junior,
H. A, and Schwartz, I. V. D. (2024). Efficacy and safety of enzyme replacement
therapy with alglucosidase alfa for the treatment of patients with infantile-onset
pompe disease: a systematic review and metanalysis. Front. Pediatr. 12, 1310317.
doi:10.3389/fped.2024.1310317

Frontiers in Cell and Developmental Biology

11

10.3389/fcell.2025.1674333

Dowdy, S. E. (2023). Endosomal escape of RNA therapeutics: how do we solve this
rate-limiting problem? RNA 29 (4), 396-401. doi:10.1261/rna.079507.122

Dumitruy, I, Paterlini, M., Zamboni, M., Ziegenhain, C., Giatrellis, S., Saghaleyni,
R., et al. (2025). Identification of proliferating neural progenitors in the adult human
hippocampus. Science 389 (6755), 58-63. doi:10.1126/science.adu9575

Dupont, E., Prochiantz, A., and Joliot, A. (2011). Penetratin story: an overview.
Methods Mol. Biol. 683, 21-29. doi:10.1007/978-1-60761-919-2_2

Eichler, E. S., and Kuehl, J. S. (2024). Hematopoietic stem cell therapy and ex vivo
gene therapy for X-linked adrenoleukodystrophy. Handb. Clin. Neurol. 202, 265-278.
doi:10.1016/B978-0-323-90242-7.00018-3

Firouzabadi, N., Ghasemiyeh, P., Moradishooli, F, and Mohammadi-Samani, S.
(2023). Update on the effectiveness of COVID-19 vaccines on different variants of
SARS-CoV-2. Int. Immunopharmacol. 117, 109968. doi:10.1016/j.intimp.2023.109968

Fischell, J. M., and Fishman, P. S. (2021). A multifaceted approach to optimizing AAV
delivery to the brain for the treatment of neurodegenerative diseases. Front. Neurosci.
15, 747726. doi:10.3389/fnins.2021.747726

Fumagalli, F, Calbi, V., Natali Sora, M. G., Sessa, M., Baldoli, C., Rancoita, P.
M. V, et al. (2022). Lentiviral haematopoietic stem-cell gene therapy for early-onset
metachromatic leukodystrophy: long-term results from a non-randomised, open-label,
phase 1/2 trial and expanded access. Lancet 399 (10322), 372-383. doi:10.1016/S0140-
6736(21)02017-1

Fumagalli, E, Calbi, V., Gallo, V., Zambon, A. A, Recupero, S., Ciotti, F, et al. (2025).
Long-term effects of atidarsagene autotemcel for metachromatic leukodystrophy. N.
Engl. J. Med. 392 (16), 1609-1620. doi:10.1056/NEJMo0a2405727

Ghorai, S. M., Deep, A., Magoo, D., Gupta, C., and Gupta, N. (2023). Cell-
penetrating and targeted peptides delivery systems as potential pharmaceutical carriers
for enhanced delivery across the blood-brain barrier (BBB). Pharmaceutics 15 (7), 1999.
doi:10.3390/pharmaceutics15071999

Goertsen, D., Flytzanis, N. C., Goeden, N., Chuapoco, M. R., Cummins, A., Chen, Y.,
etal. (2022). AAV capsid variants with brain-wide transgene expression and decreased
liver targeting after intravenous delivery in mouse and marmoset. Nat. Neurosci. 25 (1),
106-115. doi:10.1038/541593-021-00969-4

Goyal, M., Menon, B. K., Ospel, J., Almekhlafi, M., Zerna, C., Nogueira, R,
et al. (2025). Factors influencing nerinetide effect on clinical outcome in patients
without alteplase treatment in the ESCAPE-NA1 trial. J. Stroke 27 (1), 95-101.
doi:10.5853/j05.2024.03139

Grieger, J. C., and Samulski, R. J. (2005). Packaging capacity of adeno-associated virus
serotypes: impact of larger genomes on infectivity and postentry steps. J. Virol. 79 (15),
9933-9944. doi:10.1128/JV1.79.15.9933-9944.2005

Gullotta, G. S., Costantino, G., Sortino, M. A., and Spampinato, S. F. (2023). Microglia
and the blood-brain barrier: an external player in acute and chronic neuroinflammatory
conditions. Int. J. Mol. Sci. 24 (11), 9144. doi:10.3390/ijms24119144

Han, X,, Zhang, H., Butowska, K., Swingle, K. L., Alameh, M. G., Weissman, D.,
et al. (2021). An ionizable lipid toolbox for RNA delivery. Nat. Commun. 12 (1), 7233.
doi:10.1038/s41467-021-27493-0

Han, E. L, Tang, S., Kim, D., Murray, A. M., Swingle, K. L., Hamilton, A. G,, et al.
(2025). Peptide-functionalized lipid nanoparticles for targeted systemic mRNA delivery
to the brain. Nano Lett. 25 (2), 800-810. doi:10.1021/acs.nanolett.4c05186

Hardouin, G., Miccio, A., and Brusson, M. (2025). Gene therapy for beta-
thalassemia: current and future options. Trends Mol. Med. 31 (4), 344-358.
doi:10.1016/j.molmed.2024.12.001

He, Q, Liu, ], Liang, J., Liu, X., Li, W,, Liu, Z., et al. (2018). Towards improvements for
penetrating the blood-brain barrier-recent progress from a material and pharmaceutical
perspective. Cells 7 (4), 24. d0i:10.3390/cells7040024

Hennigs, J. K., Matuszcak, C., Trepel, M., and Korbelin, J. (2021). Vascular
endothelial cells: heterogeneity and targeting approaches. Cells 10 (10), 2712.
doi:10.3390/cells10102712

Herculano-Houzel, S., Mota, B., and Lent, R. (2006). Cellular scaling rules
for rodent brains. Proc. Natl. Acad. Sci. U. S. A. 103 (32), 12138-12143.
doi:10.1073/pnas.0604911103

Herman, M., Randall, G. W.,, Spiegel, J. L., Maldonado, D. J., and Simoes, S.
(2024). Endo-lysosomal dysfunction in neurodegenerative diseases: opinion on current
progress and future direction in the use of exosomes as biomarkers. Philos. Trans. R. Soc.
Lond B Biol. Sci. 379 (1899), 20220387. doi:10.1098/rstb.2022.0387

Herrera-Barrera, M., Ryals, R. C,, Gautam, M., Jozic, A., Landry, M., Korzun, T., et al.
(2023). Peptide-guided lipid nanoparticles deliver mRNA to the neural retina of rodents
and nonhuman Primates. Sci. Adv. 9 (2), eadd4623. doi:10.1126/sciadv.add4623

Hersh, A. M., Alomari, S., and Tyler, B. M. (2022). Crossing the blood-brain barrier:
advances in nanoparticle technology for drug delivery in neuro-oncology. Int. . Mol.
Sci. 23 (8), 4153. doi:10.3390/ijms23084153

Herve, E, Ghinea, N., and Scherrmann, J. M. (2008). CNS delivery via adsorptive
transcytosis. AAPS J. 10 (3), 455-472. doi:10.1208/s12248-008-9055-2

Holm, A., Hansen, S. N, Klitgaard, H., and Kauppinen, S. (2022). Clinical advances
of RNA therapeutics for treatment of neurological and neuromuscular diseases. RNA
Biol. 19 (1), 594-608. doi:10.1080/15476286.2022.2066334

frontiersin.org


https://doi.org/10.3389/fcell.2025.1674333
https://doi.org/10.1126/science.1233158
https://doi.org/10.1002/jlcr.4023
https://doi.org/10.1021/mp900235k
https://doi.org/10.3390/cancers14225546
https://doi.org/10.3389/fncel.2019.00282
https://doi.org/10.1136/sti.51.5.314
https://doi.org/10.1038/s41591-025-03750-3
https://doi.org/10.1038/nn.4593
https://doi.org/10.2147/IJN.S34991
https://doi.org/10.1016/j.neurot.2024.e00427
https://doi.org/10.1007/s13238-019-0633-0
https://doi.org/10.1177/0271678X20985946
https://doi.org/10.1038/s41565-023-01419-x
https://doi.org/10.1016/S1474-4422(18)30499-X
https://doi.org/10.1016/j.omtm.2023.06.001
https://doi.org/10.1038/s41573-024-00977-6
https://doi.org/10.1038/s41573-024-00977-6
https://doi.org/10.1517/14712598.2012.681463
https://doi.org/10.1016/j.molmed.2020.09.010
https://doi.org/10.1186/s12987-024-00590-0
https://doi.org/10.1186/s12987-024-00590-0
https://doi.org/10.3390/pharmaceutics17060706
https://doi.org/10.1089/hum.2013.021
https://doi.org/10.1016/j.ejpn.2025.05.010
https://doi.org/10.3389/fped.2024.1310317
https://doi.org/10.1261/rna.079507.122
https://doi.org/10.1126/science.adu9575
https://doi.org/10.1007/978-1-60761-919-2\string_2
https://doi.org/10.1016/B978-0-323-90242-7.00018-3
https://doi.org/10.1016/j.intimp.2023.109968
https://doi.org/10.3389/fnins.2021.747726
https://doi.org/10.1016/S0140-6736(21)02017-1
https://doi.org/10.1016/S0140-6736(21)02017-1
https://doi.org/10.1056/NEJMoa2405727
https://doi.org/10.3390/pharmaceutics15071999
https://doi.org/10.1038/s41593-021-00969-4
https://doi.org/10.5853/jos.2024.03139
https://doi.org/10.1128/JVI.79.15.9933-9944.2005
https://doi.org/10.3390/ijms24119144
https://doi.org/10.1038/s41467-021-27493-0
https://doi.org/10.1021/acs.nanolett.4c05186
https://doi.org/10.1016/j.molmed.2024.12.001
https://doi.org/10.3390/cells7040024
https://doi.org/10.3390/cells10102712
https://doi.org/10.1073/pnas.0604911103
https://doi.org/10.1098/rstb.2022.0387
https://doi.org/10.1126/sciadv.add4623
https://doi.org/10.3390/ijms23084153
https://doi.org/10.1208/s12248-008-9055-2
https://doi.org/10.1080/15476286.2022.2066334
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Stoub and Bailus

Hordeaux, J., Wang, Q., Katz, N., Buza, E. L., Bell, P,, and Wilson, J. M. (2018). The
neurotropic properties of AAV-PHP.B are limited to C57BL/6] mice. Mol. Ther. 26 (3),
664-668. doi:10.1016/j.ymthe.2018.01.018

Hou, X., Zaks, T., Langer, R., and Dong, Y. (2021). Lipid nanoparticles for mRNA
delivery. Nat. Rev. Mater 6 (12), 1078-1094. doi:10.1038/s41578-021-00358-0

Huang, Q., Chan, K. Y., Wu, ], Botticello-Romero, N. R., Zheng, Q., Lou, S., et al.
(2024). An AAV capsid reprogrammed to bind human transferrin receptor mediates
brain-wide gene delivery. Science 384 (6701), 1220-1227. doi:10.1126/science.adm8386

Hunker, A. C., Wirthlin, M. E., Gill, G., Johansen, N. J., Hooper, M., Omstead, V.,
etal. (2025). Enhancer AAV toolbox for accessing and perturbing striatal cell types and
circuits. Neuron 113 (10), 1507.e17-1524.e17. doi:10.1016/j.neuron.2025.04.035

Hunter, J. E., Vite, C. H., Molony, C. M., O’'Donnell, P. A., and Wolfe, J. H. (2025).
Intracisternal vs intraventricular injection of AAV1 result in comparable, widespread
transduction of the dog brain. Gene Ther. 32 (3), 184-188. doi:10.1038/s41434-024-
00510-9

Ikeda, K., Ohto, H., Okuyama, Y., Yamada-Fujiwara, M., Kanamori, H., Fujiwara,
S. L, et al. (2018). Adverse events associated with infusion of hematopoietic stem cell
products: a prospective and multicenter surveillance study. Transfus. Med. Rev. 32,
186-194. doi:10.1016/j.tmrv.2018.05.005

International Human Genome Sequencing C (2004). Finishing the euchromatic
sequence of the human genome. Nature 431 (7011), 931-945. doi:10.1038/nature03001

Issa, S. S., Shaimardanova, A. A., Solovyeva, V. V., and Rizvanov, A. A. (2023). Various
AAV serotypes and their applications in gene therapy: an overview. Cells 12 (5), 785.
doi:10.3390/cells 12050785

Jagadeesan, N., Roules, G. C., Chandrashekar, D. V., Yang, J., Kolluru, S., and Sumbria,
R. K. (2024). Modulation of hippocampal protein expression by a brain penetrant
biologic TNF-Alpha inhibitor in the 3xTg alzheimer’s disease mice. J. Transl. Med. 22
(1), 291. doi:10.1186/512967-024-05008-x

Jones, A. R., and Shusta, E. V. (2007). Blood-brain barrier transport of therapeutics
via receptor-mediation. Pharm. Res. 24 (9), 1759-1771. doi:10.1007/s11095-007-9379-0

Jose, S., Anju, S. S., Cinu, T. A., Aleykutty, N. A., Thomas, S., and Souto, E.
B. (2014). In vivo pharmacokinetics and biodistribution of resveratrol-loaded
solid lipid nanoparticles for brain delivery. Int. J. Pharm. 474 (1-2), 6-13.
doi:10.1016/j.ijpharm.2014.08.003

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., et al.
(2021). Highly accurate protein structure prediction with AlphaFold. Nature 596 (7873),
583-589. d0i:10.1038/s41586-021-03819-2

Kadry, H., Noorani, B., and Cucullo, L. (2020). A blood-brain barrier overview on
structure, function, impairment, and biomarkers of integrity. Fluids Barriers CNS 17
(1), 69. doi:10.1186/s12987-020-00230-3

Kaiser, J. (2025). In a first, a gene therapy seems to slow huntington disease
Science2025. Available online at: https://www.science.org/content/article/first-gene-
therapy-seems-slow-huntington-disease.

Kalisher, R. C. M., Adams, M. J., Martin, M. A. S., and Finkelstein, 1. (2023).
Cranial trephination and infectious disease in the eastern mediterranean: the evidence
from two elite brothers from late bronze megiddo, Israel. PLoS One 18 (2), €0281020.
doi:10.1371/journal.pone.0281020

Katz, S., Gattegno, R., Peko, L., Zarik, R., Hagani, Y., and Ilovitsh, T. (2023). Diameter-
dependent assessment of microvascular leakage following ultrasound-mediated blood-
brain barrier opening. iScience 26 (6), 106965. doi:10.1016/j.isci.2023.106965

Kaur, N., Gautam, P, Nanda, D., Meena, A. S., Shanavas, A., and Prasad, R. (2024).
Lipid nanoparticles for brain tumor theranostics: challenges and status. Bioconjug
Chem. 35 (9), 1283-1299. doi:10.1021/acs.bioconjchem.4c00293

Kawamoto, S., Takasu, M., Miyakawa, T., Morikawa, R., Oda, T., Futaki, S., et al.
(2011). Inverted micelle formation of cell-penetrating peptide studied by coarse-
grained simulation: importance of attractive force between cell-penetrating peptides
and lipid head group. J. Chem. Phys. 134 (9), 095103. doi:10.1063/1.3555531

Kaya, M., and Ahishali, B. (2021). Basic physiology of the blood-brain
barrier in health and disease: a brief overview. Tissue Barriers 9 (1), 1840913.
doi:10.1080/21688370.2020.1840913

Keam, S. J. (2021). Elivaldogene autotemcel: first approval. Mol. Diagn. Ther. 25 (6),
803-809. doi:10.1007/s40291-021-00555-1

Khare, P.,, Edgecomb, S. X., Hamadani, C. M., Tanner, E. E. L., and D, S. M. (2023).
Lipid nanoparticle-mediated drug delivery to the brain. Adv. Drug Deliv. Rev. 197,
114861. doi:10.1016/j.addr.2023.114861

Khoury, N., Pizzo, M. E., Discenza, C. B, Joy, D., Tatarakis, D., Todorov,
M. I, et al. (2025). Fc-engineered large molecules targeting blood-brain barrier
transferrin receptor and CD98hc have distinct central nervous system and peripheral
biodistribution. Nat. Commun. 16 (1), 1822. doi:10.1038/s41467-025-57108-x

Kim, J. Y., Grunke, S. D., Levites, Y., Golde, T. E., and Jankowsky, J. L. (2014).
Intracerebroventricular viral injection of the neonatal mouse brain for persistent and
widespread neuronal transduction. J. Vis. Exp. (91), 51863. d0i:10.3791/51863

Kim, J., Chuang, H. C., Wolf, N. K., Nicolai, C. J., Raulet, D. H,, Saijo, K., et al. (2021).
Tumor-induced disruption of the blood-brain barrier promotes host death. Dev. Cell 56
(19), 2712-2721.e4. doi:10.1016/j.devcel.2021.08.010

Frontiers in Cell and Developmental Biology

12

10.3389/fcell.2025.1674333

Kumar, P, Wu, H., McBride, J. L., Jung, K. E., Kim, M. H., Davidson, B. L., etal. (2007).
Transvascular delivery of small interfering RNA to the central nervous system. Nature
448 (7149), 39-43. doi:10.1038/nature05901

Kurzrock, R., Gabrail, N., Chandhasin, C., Moulder, S., Smith, C., Brenner, A.,
et al. (2012). Safety, pharmacokinetics, and activity of GRN1005, a novel conjugate
of angiopep-2, a peptide facilitating brain penetration, and paclitaxel, in patients
with advanced solid tumors. Mol. Cancer Ther. 11 (2), 308-316. doi:10.1158/1535-
7163.MCT-11-0566

Lagache, T., Danos, O., and Holcman, D. (2012). Modeling the step of endosomal
escape during cell infection by a nonenveloped virus. Biophys. J. 102 (5), 980-989.
doi:10.1016/1.bpj.2011.12.037

Lai, G., Wu, H,, Yang, K, Hu, K., Zhou, Y., Chen, X,, et al. (2024). Progress of
nanoparticle drug delivery system for the treatment of glioma. Front. Bioeng. Biotechnol.
12, 1403511. doi:10.3389/fbioe.2024.1403511

Lee, Y, Jeong, M., Park, ., Jung, H., and Lee, H. (2023). Immunogenicity of lipid
nanoparticles and its impact on the efficacy of mRNA vaccines and therapeutics. Exp.
Mol. Med. 55 (10), 2085-2096. doi:10.1038/512276-023-01086-x

Lee, N. K, Na, D. L., Kim, J. W, Lee, B., Kim, H. ], Jang, H., et al. (2025).
Evaluation of AAV transduction efficiency via multiple delivery routes: insights
from peripheral and central nervous system analysis. Neuroscience 573, 96-103.
doi:10.1016/j.neuroscience.2025.03.026

Leonard, A., and Tisdale, J. E (2024). A new frontier: FDA approvals for gene
therapy in sickle cell disease. Mol. Ther. 32 (2), 264-267. doi:10.1016/j.ymthe.
2024.01.015

Liu, D., Zhu, M., Zhang, Y., and Diao, Y. (2021). Crossing the blood-brain barrier
with AAV vectors. Metab. Brain Dis. 36 (1), 45-52. d0i:10.1007/s11011-020-00630-2

Liu, D., Li, T, Liu, L., Che, X,, Li, X., Liu, C., et al. (2024). Adeno-associated virus
therapies: pioneering solutions for human genetic diseases. Cytokine Growth Factor Rev.
80, 109-120. doi:10.1016/j.cytogfr.2024.09.003

Lochhead, J. J., Yang, J., Ronaldson, P. T., and Davis, T. P. (2020). Structure, function,
and regulation of the blood-brain barrier tight junction in central nervous system
disorders. Front. Physiol. 11, 914. doi:10.3389/fphys.2020.00914

Luo, N, Lin, K, Cai, Y, Zhang, Z, Sui, X, Han, Z, et al. (2025). An
engineered adeno-associated virus mediates efficient blood-brain barrier penetration
with enhanced neurotropism and reduced hepatotropism. J. Control Release 379,
303-315. doi:10.1016/j.jconrel.2025.01.021

Mahuran, D. J. (1999). Biochemical consequences of mutations causing the
GM2 gangliosidoses. Biochim. Biophys. Acta 1455 (2-3), 105-138. doi:10.1016/50925-
4439(99)00074-5

Mancardi, G. L., Boffa, G., and Inglese, M. (2024). Introduction to HSCT for
neurologic diseases. Handb. Clin. Neurol. 202, 1-6. doi:10.1016/B978-0-323-90242-
7.00001-8

Manu, D. R, Slevin, M., Barcutean, L., Forro, T., Boghitoiu, T., and Balasa, R.
(2023). Astrocyte involvement in blood-brain barrier function: a critical update
highlighting novel, complex, neurovascular interactions. Int. J. Mol. Sci. 24 (24), 17146.
doi:10.3390/ijms242417146

Marchetti, M., Faggiano, S., and Mozzarelli, A. (2022). Enzyme replacement therapy
for genetic disorders associated with enzyme deficiency. Curr. Med. Chem. 29 (3),
489-525. doi:10.2174/0929867328666210526144654

Mathiesen, S. N., Lock, J. L., Schoderboeck, L., Abraham, W. C., and Hughes, S.
M. (2020). CNS transduction benefits of AAV-PHP.eB over AAV9 are dependent on
administration route and mouse strain. Mol. Ther. Methods Clin. Dev. 19, 447-458.
doi:10.1016/j.0mtm.2020.10.011

Mehta, M., Bui, T. A,, Yang, X., Aksoy, Y., Goldys, E. M., and Deng, W. (2023). Lipid-
based nanoparticles for drug/gene delivery: an overview of the production techniques
and difficulties encountered in their industrial development. ACS Mater Au 3 (6),
600-619. doi:10.1021/acsmaterialsau.3c00032

Meng, Y., Sun, D, Qin, Y, Dong, X, Luo, G., and Liu, Y. (2021). Cell-
penetrating peptides enhance the transduction of adeno-associated virus serotype
9 in the central nervous system. Mol. Ther. Methods Clin. Dev. 21, 28-41.
doi:10.1016/j.0mtm.2021.02.019

Merkel, S. F, Andrews, A. M., Lutton, E. M., Mu, D., Hudry, E., Hyman, B.
T, et al. (2017). Trafficking of adeno-associated virus vectors across a model of
the blood-brain barrier; a comparative study of transcytosis and transduction using
primary human brain endothelial cells. J. Neurochem. 140 (2), 216-230. doi:10.1111/jnc.
13861

Mirea, A., Shelby, E. S., Axente, M., Badina, M., Padure, L., Leanca, M., et al. (2021).
Combination therapy with nusinersen and onasemnogene abeparvovec-xioi in spinal
muscular atrophy type . J. Clin. Med. 10 (23), 5540. doi:10.3390/jcm10235540

Moghimi, S. M., and Howard, K. A. (2018). Targeting biological barriers:
turning a wall into a therapeutic springboard. Mol. Ther. 26 (4), 933-934.
doi:10.1016/j.ymthe.2018.03.008

Munoz-Castro, C., Mejias-Ortega, M., Sanchez-Mejias, E., Navarro, V., Trujillo-
Estrada, L., Jimenez, S., et al. (2023). Monocyte-derived cells invade brain parenchyma
and amyloid plaques in human alzheimer’s disease hippocampus. Acta Neuropathol.
Commun. 11 (1), 31. doi:10.1186/s40478-023-01530-z

frontiersin.org


https://doi.org/10.3389/fcell.2025.1674333
https://doi.org/10.1016/j.ymthe.2018.01.018
https://doi.org/10.1038/s41578-021-00358-0
https://doi.org/10.1126/science.adm8386
https://doi.org/10.1016/j.neuron.2025.04.035
https://doi.org/10.1038/s41434-024-00510-9
https://doi.org/10.1038/s41434-024-00510-9
https://doi.org/10.1016/j.tmrv.2018.05.005
https://doi.org/10.1038/nature03001
https://doi.org/10.3390/cells12050785
https://doi.org/10.1186/s12967-024-05008-x
https://doi.org/10.1007/s11095-007-9379-0
https://doi.org/10.1016/j.ijpharm.2014.08.003
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1186/s12987-020-00230-3
https://www.science.org/content/article/first-gene-therapy-seems-slow-huntington-disease
https://www.science.org/content/article/first-gene-therapy-seems-slow-huntington-disease
https://doi.org/10.1371/journal.pone.0281020
https://doi.org/10.1016/j.isci.2023.106965
https://doi.org/10.1021/acs.bioconjchem.4c00293
https://doi.org/10.1063/1.3555531
https://doi.org/10.1080/21688370.2020.1840913
https://doi.org/10.1007/s40291-021-00555-1
https://doi.org/10.1016/j.addr.2023.114861
https://doi.org/10.1038/s41467-025-57108-x
https://doi.org/10.3791/51863
https://doi.org/10.1016/j.devcel.2021.08.010
https://doi.org/10.1038/nature05901
https://doi.org/10.1158/1535-7163.MCT-11-0566
https://doi.org/10.1158/1535-7163.MCT-11-0566
https://doi.org/10.1016/j.bpj.2011.12.037
https://doi.org/10.3389/fbioe.2024.1403511
https://doi.org/10.1038/s12276-023-01086-x
https://doi.org/10.1016/j.neuroscience.2025.03.026
https://doi.org/10.1016/j.ymthe.2024.01.015
https://doi.org/10.1016/j.ymthe.2024.01.015
https://doi.org/10.1007/s11011-020-00630-2
https://doi.org/10.1016/j.cytogfr.2024.09.003
https://doi.org/10.3389/fphys.2020.00914
https://doi.org/10.1016/j.jconrel.2025.01.021
https://doi.org/10.1016/s0925-4439(99)00074-5
https://doi.org/10.1016/s0925-4439(99)00074-5
https://doi.org/10.1016/B978-0-323-90242-7.00001-8
https://doi.org/10.1016/B978-0-323-90242-7.00001-8
https://doi.org/10.3390/ijms242417146
https://doi.org/10.2174/0929867328666210526144654
https://doi.org/10.1016/j.omtm.2020.10.011
https://doi.org/10.1021/acsmaterialsau.3c00032
https://doi.org/10.1016/j.omtm.2021.02.019
https://doi.org/10.1111/jnc.13861
https://doi.org/10.1111/jnc.13861
https://doi.org/10.3390/jcm10235540
https://doi.org/10.1016/j.ymthe.2018.03.008
https://doi.org/10.1186/s40478-023-01530-z
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Stoub and Bailus

Pellerin, L. (2018). Neuroenergetics: astrocytes have a sweet spot for glucose. Curr.
Biol. 28 (21), R1258-R1260. d0i:10.1016/j.cub.2018.09.042

Nikolakopoulou, A. M., Wang, Y., Ma, Q. Sagare, A. P, Montagne, A., Huuskonen,
M. T, et al. (2021). Endothelial LRP1 protects against neurodegeneration by blocking
cyclophilin A. J. Exp. Med. 218 (4), €20202207. doi:10.1084/jem.20202207

Nitzahn, M., Allegri, G., Khoja, S., Truong, B., Makris, G., Haberle, J., et al.
(2020). Split AAV-mediated gene therapy restores ureagenesis in a murine model
of carbamoyl phosphate synthetase 1 deficiency. Mol. Ther. 28 (7), 1717-1730.
doi:10.1016/j.ymthe.2020.04.011

Nurk, S., Koren, S., Rhie, A., Rautiainen, M., Bzikadze, A. V., Mikheenko, A.,
et al. (2022). The complete sequence of a human genome. Science 376 (6588), 44-53.
doi:10.1126/science.abj6987

Okuyama, T., Eto, Y., Sakai, N., Minami, K., Yamamoto, T., Sonoda, H., et al.
(2019). Iduronate-2-Sulfatase with anti-human transferrin receptor antibody for
neuropathic mucopolysaccharidosis II: a phase 1/2 trial. Mol. Ther. 27 (2), 456-464.
doi:10.1016/j.ymthe.2018.12.005

Okuyama, T., Eto, Y., Sakai, N., Nakamura, K., Yamamoto, T., Yamaoka, M., et al.
(2021). A phase 2/3 trial of pabinafusp alfa, IDS fused with anti-human transferrin
receptor antibody, targeting neurodegeneration in MPS-II. Mol. Ther. 29 (2), 671-679.
doi:10.1016/j.ymthe.2020.09.039

Papademetriou, I. T., and Porter, T. (2015). Promising approaches to circumvent the
blood-brain barrier: progress, pitfalls and clinical prospects in brain cancer. Ther. Deliv.
6 (8),989-1016. doi:10.4155/tde.15.48

Pardridge, W. M. (2023). Brain gene therapy with trojan horse lipid nanoparticles.
Trends Mol. Med. 29 (5), 343-353. d0i:10.1016/j.molmed.2023.02.004

Patching, S. G. (2017). Glucose transporters at the blood-brain barrier: function,
regulation and gateways for drug delivery. Mol. Neurobiol. 54 (2), 1046-1077.
doi:10.1007/s12035-015-9672-6

Pawar, B., Vasdev, N., Gupta, T., Mhatre, M., More, A., Anup, N,, et al. (2022).
Current update on transcellular brain drug delivery. Pharmaceutics 14 (12), 2719.
doi:10.3390/pharmaceutics14122719

Philippidis, A. (2024a). Orchard therapeutics gains first U.S. approval for a
metachromatic leukodystrophy gene therapy. Hum. Gene Ther. 35 (7-8), 215-218.
doi:10.1089/hum.2024.29268.bfs

Philippidis, A. (2024b). Blood cancers reported in seven children dosed with
SKYSONA. Hum. Gene Ther. 35 (21-22), 882-885. doi:10.1089/hum.2024.89758.hgt

Ponomarev, A. S., Chulpanova, D. S., Yanygina, L. M., Solovyeva, V. V., and Rizvanov,
A. A.(2023). Emerging gene therapy approaches in the management of spinal muscular
atrophy (SMA): an overview of clinical trials and patent landscape. Int. . Mol. Sci. 24
(18), 13743. doi:10.3390/ijms241813743

Prakash, V. (2017). Spinraza-a rare disease success story. Gene Ther. 24 (9), 497.
doi:10.1038/gt.2017.59

Puig-Serra, P, Hinckley-Boned, A., Tristan-Manzano, M., Rio, P,, Torres-Ruiz, R.,
Rodriguez-Perales, S., et al. (2025). Risk and benefit assessment of gene therapy with
lentiviral vectors and hematopoietic stem cells: the skysona case. Hum. Gene Ther. 36
(17-18), 1159-1172. doi:10.1177/10430342251372474

Pulgar, V. M. (2018). Transcytosis to cross the blood brain barrier, new advancements
and challenges. Front. Neurosci. 12, 1019. doi:10.3389/fnins.2018.01019

Rahimi, D. R, Seyedoshohadaei, S. A., Ramezani, R., and Rezaei, N. (2024). Stem
cell therapies for neurological disorders: current progress, challenges, and future
perspectives. Eur. J. Med. Res. 29 (1), 386. doi:10.1186/s40001-024-01987-1

Ramirez, S. H., Hale, J. E, McCarthy, S., Cardenas, C. L., Dona, K., Hanlon, K. S., et al.
(2023). An engineered adeno-associated virus capsid mediates efficient transduction of
pericytes and smooth muscle cells of the brain vasculature. Hum. Gene Ther. 34 (15-16),
682-696. doi:10.1089/hum.2022.211

Raymond, G. V., Aubourg, P, Paker, A., Escolar, M., Fischer, A., Blanche, S., et al.
(2019). Survival and functional outcomes in boys with cerebral adrenoleukodystrophy
with and without hematopoietic stem cell transplantation. Biol. Blood Marrow Transpl.
25 (3), 538-548. doi:10.1016/j.bbmt.2018.09.036

Ren, X,, He, J., Hu, H., Kohsaka, S., and Zhao, L. R. (2024). Hematopoietic growth
factors regulate entry of monocytes into the adult brain via chemokine receptor CCR5.
bioRxiv.

Reu, P, Khosravi, A., Bernard, S., Mold, J. E., Salehpour, M., Alkass, K., et al. (2017).
The lifespan and turnover of microglia in the human brain. Cell Rep. 20 (4), 779-784.
doi:10.1016/j.celrep.2017.07.004

Rittiner, J. E., Moncalvo, M., Chiba-Falek, O., and Kantor, B. (2020). Gene-editing
technologies paired with viral vectors for translational research into neurodegenerative
diseases. Front. Mol. Neurosci. 13, 148. doi:10.3389/fnmol.2020.00148

Roberts, J. W,, Powlovich, L., Sheybani, N., and LeBlang, S. (2022). Focused
ultrasound for the treatment of glioblastoma. J. Neurooncol 157 (2), 237-247.
doi:10.1007/s11060-022-03974-0

Sadhu, C,, Lyons, C., Oh, J., Jagadeeswaran, 1., Gray, S. J., and Sinnett, S. E. (2023).
The efficacy of a human-ready miniMECP2 gene therapy in a pre-clinical model of Rett
syndrome. Genes (Basel) 15 (1), 31. doi:10.3390/genes15010031

Frontiers in Cell and Developmental Biology

13

10.3389/fcell.2025.1674333

Sagare, A. P,, Deane, R., and Zlokovic, B. V. (2012). Low-density lipoprotein receptor-
related protein 1: a physiological AP homeostatic mechanism with multiple therapeutic
opportunities. Pharmacol. Ther. 136 (1), 94-105. doi:10.1016/j.pharmthera.2012.07.008

Sarkaria, J. N., Hu, L. S., Parney, I. E, Pafundi, D. H., Brinkmann, D. H., Laack,
N. N, et al. (2018). Is the blood-brain barrier really disrupted in all glioblastomas?
A critical assessment of existing clinical data. Neuro. Oncol. 20 (2), 184-191.
doi:10.1093/neuonc/nox175

Schiera, G., Di Liegro, C. M., Schiro, G., Sorbello, G., and Di Liegro, 1. (2024).
Involvement of astrocytes in the formation, maintenance, and function of the blood-
brain barrier. Cells 13 (2), 150. doi:10.3390/cells13020150

Shchaslyvyi, A. Y., Antonenko, S. V., Tesliuk, M. G., and Telegeev, G. D. (2023).
Current state of human gene therapy: approved products and vectors. Pharm. (Basel)
16 (10), 1416. doi:10.3390/ph16101416

She, K., Liu, Y., Zhao, Q, Jin, X,, Yang, Y., Su, ], et al. (2023). Dual-AAV split prime
editor corrects the mutation and phenotype in mice with inherited retinal degeneration.
Signal Transduct. Target Ther. 8 (1), 57. doi:10.1038/s41392-022-01234-1

Shi, W,, Yuan, S., Cheng, G., Zhang, H., Liu, K. ], Ji, X, et al. (2024). Blood brain
barrier-targeted lipid nanoparticles improved the neuroprotection of Ferrostatin-1
against cerebral ischemic damage in an experimental stroke model. Exp. Neurol. 379,
114849. doi:10.1016/j.expneurol.2024.114849

Shin, M. C,, Zhang, J., Min, K. A,, Lee, K., Byun, Y,, David, A. E,, et al. (2014). Cell-
penetrating peptides: achievements and challenges in application for cancer treatment.
J. Biomed. Mater Res. A 102 (2), 575-587. doi:10.1002/jbm.a.34859

Singh, A., Irfan, H., Fatima, E., Nazir, Z., Verma, A., and Akilimali, A. (2024).
Revolutionary breakthrough: FDA approves CASGEVY, the first CRISPR/Cas9
gene therapy for sickle cell disease. Ann. Med. Surg. (Lond). 86 (8), 4555-4559.
doi:10.1097/MS9.0000000000002146

Sumbria, R. K., Hui, E. K,, Lu, J. Z., Boado, R. J., and Pardridge, W. M. (2013).
Disaggregation of amyloid plaque in brain of alzheimer’s disease transgenic mice with
daily subcutaneous administration of a tetravalent bispecific antibody that targets the
transferrin receptor and the abeta amyloid peptide. Mol. Pharm. 10 (9), 3507-3513.
doi:10.1021/mp400348n

Sun, Y., Zabihi, M., Li, Q.,, Li, X,, Kim, B. J., Ubogu, E. E,, et al. (2023). Drug
permeability: from the blood-brain barrier to the peripheral nerve barriers. Adv. Ther.
(Weinh) 6 (4), 2200150. doi:10.1002/adtp.202200150

Sweeney, M. D., Ayyadurai, S., and Zlokovic, B. V. (2016). Pericytes of the
neurovascular unit: key functions and signaling pathways. Nat. Neurosci. 19 (6),
771-783. d0i:10.1038/nn.4288

Sweeney, M. D., Sagare, A. P, and Zlokovic, B. V. (2018). Blood-brain barrier
breakdown in alzheimer disease and other neurodegenerative disorders. Nat. Rev.
Neurol. 14 (3), 133-150. doi:10.1038/nrneurol.2017.188

Swingle, K. L., Hamilton, A. G., and Mitchell, M. J. (2021). Lipid nanoparticle-
mediated delivery of mRNA therapeutics and vaccines. Trends Mol. Med. 27 (6),
616-617. doi:10.1016/j.molmed.2021.03.003

Taylor, N. (2025). Capsida pauses phase 1 gene therapy trial after child dies.
Available online at: https://www.fiercebiotech.com/biotech/capsida-pauses-phase-1-
gene-therapy-trial-after-child-dies.

Teixeira, M. I, Lopes, C. M., Amaral, M. H., and Costa, P. C. (2023). Surface-
modified lipid nanocarriers for crossing the blood-brain barrier (BBB): a current
overview of active targeting in brain diseases. Colloids Surf. B Biointerfaces 221, 112999.
doi:10.1016/j.colsurfb.2022.112999

Teleanu, R. I, Preda, M. D., Niculescu, A. G., Vladacenco, O., Radu,
C. I, Grumezescu, A. M., et al. (2022). Current strategies to enhance
delivery of drugs across the blood-brain barrier. Pharmaceutics 14 (5), 987.
doi:10.3390/pharmaceutics14050987

Torroba, B., Macabuag, N., Haisma, E. M., O'Neill, A., Herva, M. E,, Redis, R. S,,
et al. (2023). RNA-Based drug discovery for spinal muscular atrophy: a story of small
molecules and antisense oligonucleotides. Expert Opin. Drug Discov. 18 (2), 181-192.
doi:10.1080/17460441.2022.2149733

Tse, L. V., Moller-Tank, S., and Asokan, A. (2015). Strategies to circumvent humoral
immunity to adeno-associated viral vectors. Expert Opin. Biol. Ther. 15 (6), 845-855.
doi:10.1517/14712598.2015.1035645

Upton, D. H., Ung, C., George, S. M., Tsoli, M., Kavallaris, M., and Ziegler, D. S.
(2022). Challenges and opportunities to penetrate the blood-brain barrier for brain
cancer therapy. Theranostics 12 (10), 4734-4752. doi:10.7150/thno.69682

Vargas, R., Lizano-Barrantes, C., Romero, M., Valencia-Clua, K., Narvaez-Narvaez,
D. A, Sune-Negre, J. M., et al. (2024). The piper at the gates of brain: a systematic review
of surface modification strategies on lipid nanoparticles to overcome the blood-brain-
barrier. Int. J. Pharm. 665, 124686. doi:10.1016/j.ijpharm.2024.124686

Wang, J. H,, Gessler, D. ], Zhan, W., Gallagher, T. L., and Gao, G. (2024a). Adeno-
associated virus as a delivery vector for gene therapy of human diseases. Signal
Transduct. Target Ther. 9 (1), 78. doi:10.1038/s41392-024-01780-w

Wang, J., Ding, Y., Chong, K., Cui, M., Cao, Z., Tang, C,, et al. (2024b). Recent
advances in lipid nanoparticles and their safety concerns for mRNA delivery. Vaccines
(Basel) 12 (10), 1148. doi:10.3390/vaccines12101148

frontiersin.org


https://doi.org/10.3389/fcell.2025.1674333
https://doi.org/10.1016/j.cub.2018.09.042
https://doi.org/10.1084/jem.20202207
https://doi.org/10.1016/j.ymthe.2020.04.011
https://doi.org/10.1126/science.abj6987
https://doi.org/10.1016/j.ymthe.2018.12.005
https://doi.org/10.1016/j.ymthe.2020.09.039
https://doi.org/10.4155/tde.15.48
https://doi.org/10.1016/j.molmed.2023.02.004
https://doi.org/10.1007/s12035-015-9672-6
https://doi.org/10.3390/pharmaceutics14122719
https://doi.org/10.1089/hum.2024.29268.bfs
https://doi.org/10.1089/hum.2024.89758.hgt
https://doi.org/10.3390/ijms241813743
https://doi.org/10.1038/gt.2017.59
https://doi.org/10.1177/10430342251372474
https://doi.org/10.3389/fnins.2018.01019
https://doi.org/10.1186/s40001-024-01987-1
https://doi.org/10.1089/hum.2022.211
https://doi.org/10.1016/j.bbmt.2018.09.036
https://doi.org/10.1016/j.celrep.2017.07.004
https://doi.org/10.3389/fnmol.2020.00148
https://doi.org/10.1007/s11060-022-03974-0
https://doi.org/10.3390/genes15010031
https://doi.org/10.1016/j.pharmthera.2012.07.008
https://doi.org/10.1093/neuonc/nox175
https://doi.org/10.3390/cells13020150
https://doi.org/10.3390/ph16101416
https://doi.org/10.1038/s41392-022-01234-1
https://doi.org/10.1016/j.expneurol.2024.114849
https://doi.org/10.1002/jbm.a.34859
https://doi.org/10.1097/MS9.0000000000002146
https://doi.org/10.1021/mp400348n
https://doi.org/10.1002/adtp.202200150
https://doi.org/10.1038/nn.4288
https://doi.org/10.1038/nrneurol.2017.188
https://doi.org/10.1016/j.molmed.2021.03.003
https://www.fiercebiotech.com/biotech/capsida-pauses-phase-1-gene-therapy-trial-after-child-dies
https://www.fiercebiotech.com/biotech/capsida-pauses-phase-1-gene-therapy-trial-after-child-dies
https://doi.org/10.1016/j.colsurfb.2022.112999
https://doi.org/10.3390/pharmaceutics14050987
https://doi.org/10.1080/17460441.2022.2149733
https://doi.org/10.1517/14712598.2015.1035645
https://doi.org/10.7150/thno.69682
https://doi.org/10.1016/j.ijpharm.2024.124686
https://doi.org/10.1038/s41392-024-01780-w
https://doi.org/10.3390/vaccines12101148
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

Stoub and Bailus

Wang, C., Xue, Y., Markovic, T,, Li, H., Wang, S., Zhong, Y., et al. (2025). Blood-brain-
barrier-crossing lipid nanoparticles for mRNA delivery to the central nervous system.
Nat. Mater. 24, 1653-1663. doi:10.1038/s41563-024-02114-5

‘Weber-Adrian, D., Heinen, S., Silburt, J., Noroozian, Z., and Aubert, I. (2017). The
human brain endothelial barrier: transcytosis of AAVY, transduction by AAV2: an
Editorial highlight for ’trafficking of adeno-associated virus vectors across a model
of the blood-brain barrier; a comparative study of transcytosis and transduction
using primary human brain endothelial cells. . Neurochem. 140 (2), 192-194.
doi:10.1111/jnc.13898

Wiley, D. T., Webster, P, Gale, A., and Davis, M. E. (2013). Transcytosis and brain
uptake of transferrin-containing nanoparticles by tuning avidity to transferrin receptor.
Proc. Natl. Acad. Sci. U. S. A. 110 (21), 8662-8667. d0i:10.1073/pnas.1307152110

Wong, A. D., Ye, M., Levy, A. E, Rothstein, J. D., Bergles, D. E., and Searson, P.
C. (2013). The blood-brain barrier: an engineering perspective. Front. Neuroeng 6, 7.
doi:10.3389/fneng.2013.00007

Wu, D,, Chen, Q., Chen, X, Han, E, Chen, Z., and Wang, Y. (2023a). The blood-brain
barrier: structure, regulation, and drug delivery. Signal Transduct. Target Ther. 8 (1),
217. doi:10.1038/s41392-023-01481-w

Wu, M. C,, Wang, E. Y, and Lai, T. W. (2023b). TAT peptide at treatment-level
concentrations crossed brain endothelial cell monolayer independent of receptor-
mediated endocytosis or peptide-inflicted barrier disruption. PLoS One 18 (10),
€0292681. doi:10.1371/journal.pone.0292681

Xiao, G., and Gan, L. S. (2013). Receptor-mediated endocytosis and brain delivery of
therapeutic biologics. Int. J. Cell Biol. 2013, 703545. doi:10.1155/2013/703545

Xie, ], Bi, Y., Zhang, H., Dong, S., Teng, L., Lee, R. ., et al. (2020). Cell-penetrating
peptides in diagnosis and treatment of human diseases: from preclinical research to
clinical application. Front. Pharmacol. 11, 697. doi:10.3389/fphar.2020.00697

Yang, T. Y., Braun, M., Lembke, W, McBlane, E, Kamerud, J., DeWall, S.,
et al. (2022). Immunogenicity assessment of AAV-Based gene therapies: an IQ
consortium industry white paper. Mol. Ther. Methods Clin. Dev. 26, 471-494.
doi:10.1016/j.omtm.2022.07.018

Yang, J., Ou, W,, Jagadeesan, N., Simanauskaite, J., Sun, J., Castellanos, D., etal. (2023).
The effects of a blood-brain barrier penetrating erythropoietin in a mouse model of
tauopathy. Pharm. (Basel) 16 (4), 558. d0i:10.3390/ph16040558

Ye, Q, Jo, J, Wang, C. Y, Oh, H, Zhan, J, Choy, T. J, et al. (2024a).
Astrocytic Slc4a4 regulates blood-brain barrier integrity in healthy and stroke

Frontiers in Cell and Developmental Biology

14

10.3389/fcell.2025.1674333

brains via a CCL2-CCR2 pathway and NO dysregulation. Cell Rep. 43 (5), 114193.
doi:10.1016/j.celrep.2024.114193

Ye, D., Chukwu, C,, Yang, Y., Hu, Z., and Chen, H. (2024b). Adeno-associated virus
vector delivery to the brain: technology advancements and clinical applications. Adv.
Drug Deliv. Rev. 211, 115363. doi:10.1016/j.addr.2024.115363

Yoo, H. ], and Kwon, M. S. (2021). Aged microglia in neurodegenerative
diseases: microglia lifespan and culture methods. Front. Aging Neurosci. 13, 766267.
doi:10.3389/fnagi.2021.766267

Yuan, Z., Yan, R, Fu, Z,, Wu, T, and Ren, C. (2024). Impact of physicochemical
properties on biological effects of lipid nanoparticles: are they completely safe. Sci. Total
Environ. 927, 172240. doi:10.1016/j.scitotenv.2024.172240

Zaragoza, R. (2020). Transport of amino acids across the blood-brain barrier. Front.
Physiol. 11, 973. doi:10.3389/fphys.2020.00973

Zha, S, Liu, H,, Li, H,, Li, H., Wong, K. L., and All, A. H. (2024). Functionalized
nanomaterials capable of crossing the blood-brain barrier. ACS Nano 18 (3), 1820-1845.
doi:10.1021/acsnano.3¢10674

Zhang, L., More, K. R., Ojha, A., Jackson, C. B., Quinlan, B. D,, Li, H,, et al. (2023).
Effect of mRNA-LNP components of two globally-marketed COVID-19 vaccines on
efficacy and stability. NPJ Vaccines 8 (1), 156. doi:10.1038/s41541-023-00751-6

Zhang, G., Yao, Q., Long, C., Yi, P, Song, J., Wu, L., et al. (2025). Infiltration by
monocytes of the central nervous system and its role in multiple sclerosis: reflections
on therapeutic strategies. Neural Regen. Res. 20 (3), 779-793. doi:10.4103/NRR.NRR-
D-23-01508

Zhou, X. F. (2021). ESCAPE-NAT1 trial brings hope of neuroprotective drugs for acute
ischemic stroke: highlights of the phase 3 clinical trial on nerinetide. Neurosci. Bull. 37
(6), 579-581. doi:10.1007/s12264-020-00627-y

Zhu, J., Zhang, Y., Chen, X., Zhang, Y., Zhang, K., Zheng, H., et al. (2021).
Angiopep-2 modified lipid-coated mesoporous silica nanoparticles for glioma
targeting therapy overcoming BBB. Biochem. Biophys. Res. Commun. 534, 902-907.
doi:10.1016/j.bbrc.2020.10.076

Zou, L. L., Ma, J. L., Wang, T, Yang, T. B, and Liu, C. B. (2013). Cell-penetrating
peptide-mediated therapeutic molecule delivery into the central nervous system. Curr.
Neuropharmacol. 11 (2), 197-208. doi:10.2174/1570159X11311020006

Zulu, S., and Kenyon, M. (2018). “Principles of conditioning therapy and cell
infusion,” in The European blood and marrow transplantation textbook for nurses: under
the auspices of EBMT. Editors M. Kenyon, and A. Babic (Cham), 89-96.

frontiersin.org


https://doi.org/10.3389/fcell.2025.1674333
https://doi.org/10.1038/s41563-024-02114-5
https://doi.org/10.1111/jnc.13898
https://doi.org/10.1073/pnas.1307152110
https://doi.org/10.3389/fneng.2013.00007
https://doi.org/10.1038/s41392-023-01481-w
https://doi.org/10.1371/journal.pone.0292681
https://doi.org/10.1155/2013/703545
https://doi.org/10.3389/fphar.2020.00697
https://doi.org/10.1016/j.omtm.2022.07.018
https://doi.org/10.3390/ph16040558
https://doi.org/10.1016/j.celrep.2024.114193
https://doi.org/10.1016/j.addr.2024.115363
https://doi.org/10.3389/fnagi.2021.766267
https://doi.org/10.1016/j.scitotenv.2024.172240
https://doi.org/10.3389/fphys.2020.00973
https://doi.org/10.1021/acsnano.3c10674
https://doi.org/10.1038/s41541-023-00751-6
https://doi.org/10.4103/NRR.NRR-D-23-01508
https://doi.org/10.4103/NRR.NRR-D-23-01508
https://doi.org/10.1007/s12264-020-00627-y
https://doi.org/10.1016/j.bbrc.2020.10.076
https://doi.org/10.2174/1570159X11311020006
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org

	Introduction
	Castle fortifications: structure and cellular composition of the blood brain barrier
	Navigating the labyrinth: progression of molecules through the BBB
	Trojan horses and skeleton keys: delivery strategies for getting past the BBB
	Adeno associated virus
	Hematopoietic stem cells
	Cell penetrating peptides (CPPs)
	Receptor mediated targeting
	Lipid-nanoparticles
	Through the main gate: physical bypass of the BBB
	Hoist the banners: the future of BBB delivery

	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

