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ABSTRACT Multifunctional nanoplatforms combining versatile therapeutic modalities
with a variety of imaging options have the potential to diagnose, monitor, and treat brain
diseases. The promise of nanotechnology can only be realized by the simultaneous
development of innovative brain-targeting delivery vehicles capable of penetrating the
blood—brain barrier without compromising its structural integrity.

omprehensive understanding of the

most complex organ in the body,

the brain, requires a grand initiative
like BRAIN (Brain Research through Advanc-
ing Innovative Neurotechnologies). It is
envisioned that integrated multidisciplinary
efforts will result in innovative neurotech-
nologies that provide insight into neural
circuit functions and also create new ave-
nues in diagnostic and therapeutic ap-
proaches for brain diseases. The prevalence
of neurodegenerative diseases is escalating
with no good treatment options mainly
because of the failure of drugs to cross the
impenetrable blood—brain barrier (BBB).
Herein, we focus on the fast-emerging ver-
satile nanotechnologies, which offer limit-
less opportunities to address the daunting
issue of delivering treatment modalities for
neuropathologies across the BBB.

The BBB is a highly specialized, multi-
cellular, and dynamic interface between
the central nervous system and the blood
capillaries. It restricts the paracellular trans-
port of substances via passive dissemina-
tion into the brain and tightly regulates
influx and efflux transport to provide a safe
haven for the brain.! Because of its highly
selective nature, the BBB constitutes the
greatest impediment for delivering drugs
via blood circulation to treat brain disorders.
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Although penetrating the BBB is a formi-
dable challenge, researchers have exploited
its architecture, which harbors a variety of
transporters, and its anionic nature by utiliz-
ing nanoplatforms to bypass the BBB and
deliver versatile therapeutics into the brain.
The enormous potential of nanoplatforms is
well suited for a variety of applications in
central nervous system (CNS) pathologies.
These applications range from state-of-the-
art imaging modalities® to exquisitely sensi-
tive biomarker detection®~> and novel stra-
tegies to deliver drugs across the BBB.S
Diverse arrays of nanoformulations encap-
sulating drugs in organic and inorganic
nanoparticles, liposomes, and micelles have
been developed.” The strategy comprises
conjugating nanoparticles with various li-
gands or antibodies against several carrier
and transporter proteins of the BBB for brain-
targeted delivery. Furthermore, the nega-
tively charged BBB has also been exploited
through adsorptive-mediated endocytosis
by positively charged delivery systems.
Examples include glutathione transporters,
receptors for transferrin, insulin, diphtheria
toxin, nicotinic acetylcholine, and cell-pene-
trating peptides.”® There are several draw-
backs to each of these approaches; none of
these transporters/receptors are selective
for the brain, and most of the peptides
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Figure 1. The blood—brain barrier (BBB): cell-mediated transcytosis model and delivery of nanostructures. Multicellular
composition and transport mechanisms: brain capillary endothelial cells with unfenestrated tight junctions are primarily
responsible for maintaining the integrity of the BBB. Additional components of the BBB are astrocytes, pericytes, neurons,
and perivascular macrophages (PVM). Shown are major transport mechanisms. The essential nutrients are imported
via carrier-mediated transport, whereas receptor- and adsorptive-mediated transcytoses are utilized to transport
hormones, peptides, and other macromolecules. Nanoformulations can be imported into the brain using any of the three
transport mechanisms. Another mechanism of cell-mediated transcytosis is normally used by monocytes/macrophages
and probably by exosomes. Examples are shown of hyaluronic acid nanoparticles (HDz)*? carrying a variety of cargos and
gold bell flowers for photothermal therapy?® into macrophages and exosomes, which can be decorated with neuron-
specific or tumor-specific ligands. Macrophages enter the brain parenchyma via paracellular and transcellular pathways.
Both macrophages and exosomes are known to be capable of delivering cargo directly into the cytosol of the target cells

independent of endosomes.

and antibodies are highly unstable
and immunogenic.

The blood—brain
barrier is a highly
specialized,
multicellular, and
dynamic interface
between the central
nervous system and the

blood capillaries.

Besides these diverse nanoplat-
forms exploiting the carrier-, receptor-,
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and adsorptive-mediated mecha-
nisms for penetrating the BBB, other
options of cell-mediated transcyto-
sis are increasingly being explored
(Figure 1). The brain is considered to
be an immunologically privileged
site, which is tightly controlled by
the BBB, although circulating immu-
nocytes, such as macrophages and
distinct subsets of lymphocytes, use
specialized mechanisms to cross the
BBB without disrupting its structural
integrity.>'® Stem cells also pene-
trate the BBB. In particular, mesen-
chymal stem cells display tropism
toward brain tumors in animal mod-
els and therefore can serve as de-
livery vehicles for brain tumors.
However, the mechanism of their
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transmigration through the BBB is
poorly understood, and the poten-
tial for teratogenesis remains a valid
concern,'"'?

Among various cell types, macro-
phages appear to be the natural
choice as cellular/biological vehi-
cles for the delivery of nanoparticles
to treat CNS pathologies for a vari-
ety of reasons. First, there appears
to be routine trafficking of macro-
phages through the BBB in homeo-
stasis, even more so during neuroin-
flammatory conditions, with a high
turnover rate of 30% in 90 days."
Second, the molecular mechanisms
of migration of macrophages into
the brain are well understood; un-
der normal physiological conditions,
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monocytes/macrophages traverse the
BBB via highly regulated processes—
paracellular diapedesis, but also
through the less well-defined trans-
cellular diapedesis®'*—without com-
promising the integrity of the BBB.
Third, macrophages are attracted to
and infiltrate into the brain during
inflammation and tumor develop-
ment, making them a good choice
as delivery vehicles carrying thera-
peutic nanoparticles for the treat-
ment of neurodegenerative dis-
eases as well as glial tumors. Finally,
because of their natural function
of phagocytosis of foreign bodies,
macrophages are well-suited for en-
trapping a variety of nanoplatforms.
Thus, macrophages lend them-
selves to being “Trojan horses” to
carry innovative nanoformulations
of therapeutic as well as diagnostic
and imaging agents, which are
otherwise restricted by their inabil-
ity to cross the BBB.

Another type of biological vehicle
thatis gaining credence for a variety
of applications, especially in nano-
medicine, is exosomes.'* These ex-
tracellular nanovesicles range be-
tween 30 and 120 nm in size and
are present in biological fluids in
both physiological and pathological
conditions. Exosomes are involved
in intercellular trafficking of cell-
specific cargo including genetic ma-
terial, proteins, and peptides. The
surface architecture of exosomes,
consisting of complex lipids and
membrane proteins, enables effi-
cient fusion with the target cells,
thereby delivering the cargo into
the recipient cells. The ability to trans-
port cellular contents between both
neighboring and distant cells un-
derscores the therapeutic applica-
tions of exosomes as delivery vehi-
cles for drugs and a variety of bio-
logical molecules.™

A proof of principle for these
cellular delivery vehicles has been
provided by using neuron-target-
ing, siRNA-transporting exosomes,
and nanoparticle-carrying macro-
phages to deliver therapeutics for
neurodegenerative diseases as well
as brain tumors.'> '’ Both exosomes
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Mesenchymal stem
cells display tropism
toward brain tumors in
animal models and
therefore can serve as
delivery vehicles for

brain tumors.

and macrophages have numerous
advantages as delivery vehicles to
the brain including (a) no immuno-
genicity or biotoxicity; (b) delivery
of the cargo directly into the cyto-
plasm by fusing with the cell mem-
brane and thus bypassing the endo-
somal pathway; (c) the ability to
carry a variety of imaging, diag-
nostic, and therapeutic modalities
simultaneously, thus serving as true
theranostic carriers; and (d) the pos-
sibility of long-term introduction
for chronic neurodegenerative dis-
eases without inducing immuno-
genicity. Research areas to focus
on in the future may include deco-
rating exosomes and macrophages
with various brain-targeting ligands
to improve trafficking to the brain,
and encapsulating unique diagnos-
tic and therapeutic cargos.

Brain Targeting. Incorporation of a
neuron-specific peptide into the
outer surface of exosomes has been
shown to facilitate their trafficking
into the brain, probably through
retrograde neuronal transport.'?
In principle, the same strategy can
be used to enhance the trafficking
of macrophages through the BBB.
Although macrophages have a nat-
ural ability to traverse the BBB, a
large fraction of exogenously in-
jected macrophages are taken up
by the liver, spleen, and kidneys,
with only a small percentage reach-
ing the brain. The feasibility of dec-
orating both macrophages and
exosomes via chemical conjuga-
tion or simple adsorption of various
neuron- and glioblastoma-specific
peptides, aptamers, and antibodies
should be explored. Examples of
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brain-targeting ligands include neu-
ron-specific rabies virus glycopep-
tide'® tet-1 peptide with a strong
binding affinity for neurons'® and
EGFRvlIl-specific antibodies for glio-
blastomas.*®

Both exosomes and
macrophages have
numerous advantages
as delivery vehicles to
the brain.

Theranostic Cargos. Iron oxide magne-
tic nanoparticles have previously been
used as contrast agents for imaging,
drug carriers, and thermotherapy-
induced cell ablation of glioblasto-
mas.”' Recently, a variety of multi-
functional nanoplatforms have been
developed that combine versatile
therapeutic modalities (chemothera-
peutic drugs, antibodies, aptamers,
siRNAs, and miRNAs) with multiple
imaging options (optical, positron
imaging tomography, and magne-
tic resonance) that are capable of
photoactivatable diagnostics and
therapeutics for treating various dis-
eases. Most of these nanoplatforms
cannot be used for neurodegenera-
tive diseases or brain cancers be-
cause of their inability to penetrate
through the BBB. However, encap-
sulation of these nanoformulations
in BBB-traversing cellular/biological
vehicles modified as indicated above
with neuron/glial cell-specific ligands
would allow the delivery of the ther-
anostic cargo into the brain.
Examples of theranostic plat-
forms with potential applications in
treating glioblastomas and neurode-
generative diseases like Alzheimer's
and Parkinson's are (a) the nontoxic,
biodegradable nanoparticles that
can be loaded with a combination
of siRNAs, miRNAs, enzymes, and
drugs;?*% and (b) the novel struc-
tures of gold nanoparticles with
unique features of highly efficient
photoacoustic imaging and photo-
dynamic/photothermal therapy.?**
These nanoformulations with proven
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in vivo efficacy, when entrapped
within brain-targeting endogenous
cellular/biological vehicles, repre-
sent promising drug, gene, and/or
enzyme delivery tools for brain dis-
eases (Figure 1).

In the future, rigorous efforts
should be dedicated to improving
our understanding of the delivery of
nanoplatforms to the brain using bio-
logical vehicles. For example, better
insight into the signaling pathways
that facilitate trafficking of mono-
cytes/macrophages to the brain, as
well as of the functionally distinct
subclasses?®?” with deleterious and
beneficial effects, would help re-
searchers to select the most appro-
priate subset for brain delivery.
Similarly, in the case of exosomes,
challenges include improving the iso-
lation and purification procedures
from an appropriate source and
cognizance of the potentially harmful
material they might carry. Other
issues to consider include the follow-
ing: (a) biotoxicity/biodegradability
concerns for nanoparticles, (b) the
effect of size and shape of nanofor-
mulations on loading efficiency in
macrophages/exosomes and better
insight into their release from these
delivery vehicles, (c) protection of
theranostic cargos against degra-
dation inside the macrophages/exo-
somes, (d) efficiency of labeling of
macrophages/exosomes with brain-
targeting ligands and its effect on
their trafficking to the brain and
other major organs, and (e) mini-
mizing the toxicity of the cargo that
ends up in other organs, perhaps
by surface labeling of the nanofor-
mulations with brain-targeting li-
gands, thus curtailing their uptake
by nonbrain tissues when released
from the delivery vehicles.

The path to developing innova-
tive nanoplatforms and delivery
vehicles capable of crossing the im-
penetrable BBB for diagnosis and
therapy is indeed arduous. How-
ever, the payoffs for such an endea-
vor are enormous; it represents a

ALI AND CHEN

critically needed tool outlined in the
ambitious arsenal being pioneered
by the BRAIN initiative.
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