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Abstract: The blood-brain barrier (BBB), built by brain endothelial cells (BECs), is impermeable to
biologics. Liposomes and other nanoparticles are good candidates for the delivery of biologics across
the BECs, as they can encapsulate numerous molecules of interest in an omnipotent manner. The
liposomes need attachment of a targeting molecule, as BECs unfortunately are virtually incapable
of uptake of non-targeted liposomes from the circulation. Experiments of independent research
groups have qualified antibodies targeting the transferrin receptor as superior for targeted delivery
of nanoparticles to BECs. Functionalization of nanoparticles via conjugation with anti-transferrin
receptor antibodies leads to nanoparticle uptake by endothelial cells of both brain capillaries and
post-capillary venules. Reducing the density of transferrin receptor-targeted antibodies conjugated to
liposomes limits uptake in BECs. Opposing the transport of nanoparticles conjugated to high-affine
anti-transferrin receptor antibodies, lowering the affinity of the targeting antibodies or implementing
monovalent antibodies increase uptake by BECs and allows for further transport across the BBB. The
novel demonstration of transport of targeted liposomes in post-capillary venules from blood to the
brain is interesting and clearly warrants further mechanistic pursuit. The recent evidence for passing
targeted nanoparticles through the BBB shows great promise for future drug delivery of biologics to
the brain.

Keywords: antibody; blood-brain barrier; endosomal; liposome; nanoparticle; targeting; transferrin

1. Introduction

The brain harbors a vascular barrier system consisting of the blood-brain barrier (BBB)
and the blood-cerebrospinal fluid (CSF) barrier. Together, they limit the passage from
the bloodstream into the brain parenchyma of virtually any drug unless highly lipophilic
or smaller than approximately 70 Daltons [1—4]. This is preferable from a physiological
perspective, as it allows to sustain integrity and maintain stable extracellular concentra-
tions of solutes in the brain with minimal influence from fluctuations in blood. It is also
advantageous from a toxicologic perspective, as the vascular barriers form a strong defense
that prevents the entry of unwanted exogenous substances and pathogens [1-4].

However, the presence of the brain barrier system is inconvenient from a pharmacologi-
cal perspective as many of the existing and forthcoming drug candidates, e.g., polypeptides,
or genetic material-based pharmaceutics like siRNA or cDNA, are unable to pass the brain
barriers [5]. This is unfortunate as research of recent years has identified several targets
putatively amendable for the treatment of CNS diseases, providing that such biologic
therapeutics (“biologics”) can enter the brain [6,7]. Consequently, current therapeutics
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attempting to treat neurodegenerative disorders like Alzheimer’s and Parkinson’s dis-
ease, and psychiatric diseases, e.g., schizophrenia and endogenous depression, where the
vascular barriers are supposedly intact [8], are pharmacologically restricted.

The discovery of the selective expression of targetable proteins by brain endothelial
cells (BECs) has changed the scene and provides new optimism, as several biologics con-
jugated to targeting antibodies are now amendable for uptake and transport across the
BECs [2,5,6]. The use of targeted antibody-conjugated nanoparticles for drug delivery to
the brain denotes an interesting alternative to the use of biologics conjugated directly to
antibodies [9,10]. A major advantage of nanoparticles is their omnipotence to encapsulate
potentially any drug of interest with minimal restraints on their size [9,10]. From the first
studies on BBB transport performed more than two decades ago [11-13], the exploration of
targeted liposomes and other types of nanoparticles, e.g., polymeric nanoparticles, gold
nanoparticles, and magnetic nanoparticles, has progressively continued [9]. A recent peak
in this discovery was the identification of transport of transferrin receptor-targeted lipo-
somes into the brain, recently reported using real-time two-photon microscopy in vivo.
Interestingly, transferrin receptor-targeted liposomes were found to mainly undergo trans-
port into the brain via an unexpected route, i.e., across endothelial cells of post-capillary
venules, and not via brain capillaries [14].

Here, we review the most successful attempts made to enable targeted uptake and
transport of nanoparticles across the BBB. As most studies target the transferrin receptor,
our delineation of the existing literature mainly addresses this receptor. We describe how
specific proteins expressed by BECs enhance the binding and uptake of antibodies from the
circulation. Next, we cover how targeted nanoparticles can undergo specific binding and
uptake, when conjugated with antibodies weakened in affinity or avidity. We also discuss
the therapeutic use of targeted nanoparticles in conditions with brain pathology.

2. Passaging of Large Molecules through the Blood-Brain and Blood—CSF Barriers

The BBB proper consists of endothelial cells connected by tight junctions. The blood—
CSF barrier is formed by choroid plexus epithelial cells also connected by tight junctions,
but opposed to the BBB; the capillaries of the blood—CSF barrier are leaky, meaning that
solutes of the plasma diffuse into the extracellular space of the choroid plexus where the
epithelial cells selectively transport molecules to the CSF [2,3,14]. From a quantitative drug
delivery perspective, passaging across the BBB is by far the most important as the brain
microvasculature has a surface area thousand-fold higher than that of the choroid plexus.
This allows drugs to enter the entire brain while transport across the blood-CSF barrier is
restricted to the ventricular system [2,3,15].

The BBB prevents large molecules and particles in blood plasma from entering the
brain (Figure 1). This includes entry via the paracellular space between the endothelial
cells where tight junctions limit diffusion from blood to brain [1,2,9]. To enable nutrient
uptake while preventing the influx of unwanted substances, the BECs express nutrient
transporters for, e.g., amino and fatty acids, monosaccharides, vitamins, and essential ions
and metals [1-4]. In contrast, the transport of large molecules of the plasma, like albumin
and IgG, is diminutive, e.g., intravenous injection of non-immune IgG in the adult rat is
limited to as little as 0.03% of the injected dose, which can be surpassed more than ten-fold
by injecting anti-rat transferrin receptor-targeted IgG (OX26) [16]. This can also be observed
at the ultrastructural level, where a limited number of transporting vesicles occurs in the
cytosol of the BECs compared to endothelial cells of other non-fenestrated capillaries, e.g.,
those of skeletal muscles. For the same reason, the chances of obtaining transport through
the brain endothelium of large constituents like nanoparticles are also predictably low,
unless nanoparticles are made targetable to nutrient transporters (see next paragraph).
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Figure 1. Illustration of transport of the three major plasma proteins and targeted anti-transferrin
receptor antibodies within brain capillary endothelial cells (BECs). (A) Albumin and non-immune
IgG enter the BEC non-specifically by fluid-phase uptake. They may undergo release from the BEC at
the abluminal side, although the quantitative evidence is scarce and clearly shows that this mean
for entry of albumin and non-immune IgG to the brain is negligible. (B) Similarly, the transcytotic
transport of iron-containing (holo-transferrin) is also negligible and opposed by the release of iron
from transferrin due to the lower pH of the endocytosis vesicle. Transport through the BECs may
occur to a higher extent in the developing brain where transferrin receptor expression by BECs is
far-fold higher than in the adult brain (see body text). (C) Transport of high-affine IgG targeted to
the transferrin receptor. Transport of this antibody through BECs is negligible. (D) Transport of
low-affine IgG targeted to the transferrin receptor. Transport of this antibody through BECs is enabled
by the detachment of the antibody from the transferrin receptor in late endosomes, which enables
this antibody to undergo transport into the brain. Modified from [15].
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3. The Transferrin Receptor as Target for Drug Delivery

The first indicator of specific uptake and transport of a plasma protein came from
observations showing that the brain has a high binding capacity for transferrin, the trans-
porter of the essential metal iron [17]. Later, the identification of a specific binding protein
for transferrin, the transferrin receptor (a.k.a. transferrin receptor 1), was identified on
BECs [18]. Except for a few other organs, e.g., gonadal cells, the expression of the transferrin
receptor by BECs is different from capillaries of organs elsewhere in the body, which do not
express this receptor [18-23].

Among the large proteins present in blood plasma, transferrin stands out because of
its potential for binding to the transferrin receptor of the BECs [9,24]. The quantitative
uptake of iron-containing transferrin by the receptor was first addressed thirty years
ago in seminal studies by Morgan and co-workers, who co-examined brain uptake of
radiolabeled iron together with iodine-labeled transferrin (reviewed in [24]). This allowed
for accurate measures of uptake of both iron and transferrin by the brain and, importantly,
showed that the transport of radioactive iron through the BBB by far exceeded that of
transferrin even a few hours after injection into the peripheral blood. Similar observations
were made independently by another research group [25]. This led to the conclusion that
iron-containing transferrin is taken up by receptor-mediated endocytosis at the luminal
membrane of brain capillaries. In the brain, iron dissociates from transferrin within the
slightly acidic environment in the endosomal compartment [26], and iron is transported
across the abluminal lipid bilayer of the BECs to the brain, whereas iron-free transferrin is
retro-endocytosed back to the luminal membrane [9,24,27].

Counteracting the notion of receptor-mediated endocytosis and retro-endocytosis
of transferrin at the BBB, other studies suggested that the iron-containing transferrin
may be transferred across the BECs [28,29]. A caveat, in the relevance of these data
for understanding iron and transferrin transport at the BBB, shows only transferrin was
detected in the brain, hence leaving out the possibility of interpreting the simultaneous
transport of iron. However, supporting that transendothelial transport of iron-containing
transferrin may occur, observations made on iron and transferrin uptake combined in other
studies do not exclude that a minority of iron—transferrin may pass through the BBB, hence
simulating transcytosis at the brain endothelium [24].

The expression of transferrin receptor by BECs varies throughout development, with
transferrin transport into the brain being higher in the developing brain than at later
ages [30-32]. Interestingly, although magnitudes lower than that of iron, the transport
of transferrin across the BBB is significantly higher than that of albumin [28-30], which
may be due to higher transcellular trafficking of transferrin. Many more vesicles, typically
sized about 70 nm in diameter, are present in BECs of the developing brain [33], so even if
only a limited fraction of these vesicles fuse with the abluminal membrane, there would a
priori be more vesicles emptying their content into the brain during ontogenesis than in
adulthood. Endocytic clathrin-coated vesicles are formed as part of transferrin receptor
docking at the luminal side of the BECs. The resulting vesicle forming due to the transferrin
attachment will likely also capture fluids from the extracellular space of the luminal side in
a non-specific manner, which may explain why albumin also gets transferred through the
BBB to a higher degree in the developing brain (Figure 1).

Returning to the attempts to enable transport through the choroid plexus, it should not
be overlooked that there is strong morphological and physiological evidence for vesicular
transport by transcytosis through this epithelium. Ultrastructurally, tracer studies using
peroxidases demonstrate that the choroid plexus epithelium can take up large molecules
like horseradish peroxidase (HRP) with transfer from the basolateral to the luminal side
eventually leading to release into the ventricles [15,34,35]. The choroid plexus, contrary to
the brain endothelium, also contains vesicular structures with albumin, IgG, and transferrin.
This is corroborated by the concentration of these proteins being many times higher in
the ventricular CSF compared to the interstitial fluid of the brain in the CSF (c.f. [15]).
The transport of large plasma proteins could theoretically qualify the blood—CSF barrier



Pharmaceutics 2022, 14, 2237

50f17

as a feasible route for nanoparticles to enter the brain. Counteracting this consideration,
CSF of the ventricular system purely distributes substances to the ventricular system and
subarachnoid space and excludes the possibility of targeted transport of antibodies and
nanoparticles into the brain via transport across the choroid plexus [2].

4. Specific Proteins Expressed by Brain Endothelial Cells Enhance the Binding and
Uptake of Antibodies from the Circulation

The functional capacity of the brain endothelium to bind and internalize antibodies
targeted to the transferrin receptor [18] spawned the idea of using transferrin receptor
antibodies to target the brain endothelium, as this would allow conjugated therapeutic
molecules to enter the brain [19,21,36,37]. The rationale for injecting transferrin receptor-
targeting antibodies is that exogenous transferrin needs to compete with endogenous trans-
ferrin of blood plasma, which significantly reduces the likelihood for binding transferrin
receptors [36,37]. This is not the case when using transferrin receptor targeting antibodies,
which bind to epitopes at the transferrin receptor without interfering with endogenous
transferrin. This is advantageous from the physiological point of view, as the brain delivery
of iron is not hampered by antibody-targeting of the transferrin receptor [36,37].

The injection of antibodies targeted to the transferrin receptor dramatically increases
the brain uptake as compared to non-targeted antibodies [11,36,37]. Noteworthy, inject-
ing antibodies targeting the insulin receptor, also expressed by BECs, similarly allowed
for higher uptake in BECs [11,13,19,38]. However, the internalization did not guarantee
successful passage across the endothelium. It was later shown that although transferrin
receptor-targeted antibodies were internalized in the BECs by receptor-targeting, the anti-
bodies fell short in their capability to pass to the brain parenchyma [16,39]. This observation
was explained by antibodies forming covalent binding to the transferrin receptors suffi-
cient to prevent the antibodies from detaching from the receptor. Later, biotechnological
advances created the basis for synthesizing mono-specific antibodies lowered with low
affinity, and bi-specific antibodies with low avidity. Such antibodies can be constructed
by replacement of a single Fab fragment of a monospecific, high-affine, divalent antibody
with a Fab fragment able to bind a different molecule. The properties of the modified
antibodies counteracted the permeability restraints of the BBB and enabled both uptake and
higher transport of transferrin receptor-targeted antibodies into the brain, as verified from
their engagement with neurons and proteins deposited extracellularly in the brain [40,41].
Subsequently, these approaches inspired the generation of a plethora of differently de-
signed transferrin receptor-targeting antibodies, all able to transport conjugated biologics
across the BBB [41-47]. Together, they have provided new optimism on how to achieve
delivery of therapeutics to the brain, with transferrin receptor-targeted antibodies being
now amendable for clinical use in conjugation with enzymes needed for treatment of lyso-
somal deficiency or being tested in clinical trials against amyloid deposition in Alzheimer’s
disease (ClinicalTrials.gov Identifier: NCT05371613; NCT04639050; NCT04573023).

While the development of antibodies entering the brain was generated using antibod-
ies targeting the transferrin receptor and the insulin receptor, it should not be overlooked
that targeting other proteins of the brain endothelium has been pursued. The large amino
acid transporter (CD98hc), glucose transporter 1 (GLUT1), and basigin (CD147) are particu-
larly rich in their selective expression by the BECs compared to capillaries in the periphery,
e.g., lung and liver, and are alternatives for targeting the brain endothelium [19,38,48,49].

5. Specific Proteins Expressed by the Brain Endothelium also Facilitate the Binding
and Uptake of Targeted Nanoparticles

The plethora of in vivo studies on nanoparticle transport typically omit to characterize
the pharmacokinetics that leads to transport through the BBB. They rather focus on phar-
macodynamics or therapeutic effects after the particles have undergone transport into the
brain., Often the evidence for the latter is scarce and is extrapolated from pharmacological
studies, where improvement in behavioral tasks of experimental animals treated with
nanoparticles is used as evidence for BBB transport. Many studies determine fluorescent
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nanoparticles using whole-brain imaging, which prevents the distinction of nanoparticles in
BECs versus neurons or glia. Other studies determine changes in protein or gene expression
by neurons and glia in dissected brain preparations without taking the expression levels in
BECs into consideration, e.g., by analyses of brain capillaries isolated and separated from
the remaining brain tissue [50].

In spite of the limited number of studies dealing with the uptake and transport
kinetics by BEC, a common observation is that the uptake of nanoparticles, e.g., liposomes,
gold nanoparticles, or quantum dots, from the circulation is significantly enhanced when
conjugated to the transferrin receptor targeted antibodies [51-55]. Comparing the uptake
of stealth liposomes in the mouse brain with or without conjugation to proteins putatively
targeting BECs, only antibodies targeting the transferrin receptor (clone RI7217) enhanced
the liposomal binding and uptake by the brain endothelium [52]. The uptake of RI7217-
conjugated liposomes was almost two-fold higher compared to binding with endogenous
transferrin or un-conjugated liposomes in brain capillaries isolated from the brain 12 h post
injection [52]. Independent studies in the rat [51,53] and mouse [54,55] also concluded that
targeting the transferrin receptor using high-affine anti-transferrin receptor antibodies leads
to preferential accumulation of liposomes within BECs (Figure 2). Given this evidence, it
stands out as somewhat puzzling that reports continuously occur addressing targeting
attempts to the transferrin receptor at BECs using only transferrin and not the antibody.

Figure 2. Uptake of fluorescently labeled immunoliposomes conjugated with high-affine IgG targeted
to the transferrin receptor (OX26) in brain capillaries in vivo in the rat as revealed using spinning
disk confocal microscopy. The OX26 immunoliposomes associate to brain microvessels. Immunohis-
tochemical detection of the OX26 of the immunoliposome similarly reveals that the immunoliposome
and its binding antibody accumulate in the brain capillaries. Scale bar = 20 um. Modified from [53].
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The uptake of RI7217-conjugated liposomes at the BBB is significantly higher com-
pared to stealth liposomes conjugated with non-immune IgG [52]. In contrast, liposomes
conjugated to proteins putatively capable of targeting BECs, e.g., (i) cross-reacting material
(CRM) with affinity for an endogenous diphtheria toxin receptor; (ii) angiopep-2 with
affinity for LRP-1; (iii) COG133 with affinity for apolipoprotein E, all failed to exhibit higher
uptake compared to non-immune IgG-conjugated liposomes [52]. In particular, the observa-
tions made on liposomes targeting the diphtheria toxin receptor, LRP-1, or apolipoprotein
E were discouraging [52], although earlier studies indicated that these targets were relevant
for nanoparticle uptake in BECs [56-58]. Studies using unconjugated antibodies targeting
LRP-1 also failed to prove that LRP-1 was a viable target for specific uptake by the brain
endothelium [19]. It is feasible that the widespread expression of the aforementioned
targets in peripheral vasculature may reduce the extent of liposome availability for uptake
at BECs.

The number of antibodies present on the surface of antibody-functionalized gold nanopar-
ticles and cargo-loaded stealth liposomes influenced the targeting to BECs in vivo. Hence, the
highest density out of a selection of different densities (0.15, 0.3, and 0.6 * 103 antibodies/pm?)
led to the highest binding and uptake [59]. Using gold nanoparticles conjugated with target-
ing antibodies with different affinity for the transferrin receptor [40], or lowering the avidity
inversely led to higher uptake of targeted nanoparticles both in vivo in the adult mouse
and in vitro in isolated primary mouse BECs from adult mice [54] (Figure 3). Examining
the influence of the avidity of the targeting antibodies, using bispecific antibodies targeting
both the transferrin receptor and amyloid beta (i.e., mono-valent binding to the transferrin
receptor, this approach resulted in higher binding and uptake when compared to low-affine,
bivalent monospecific antibodies both in vivo and in vitro [54].

A B C

Whole brain homogenate Brain capillaries Brain parenchyma

14
1ol : —rs

%ID/g
%ID/g

%IDig

© & & & &
Q N S
& ¥ v ¢

Figure 3. Uptake in the adult mouse brain of gold-labeled nanoparticles (AuNPs) targeted to the BBB
by anti-transferrin receptor antibodies varying in affinity. Identical antibodies were studied prior for
BBB transport without conjugation [44]. (A) In whole brain homogenates, there is a clear distinction
between the different transferrin receptor (TfR)-targeted variants with respect to their accumulation.
(B) The TfR-targeted AuNPs accumulate in the capillary fraction with 0.2, 0.5, and 1.1%ID/g for anti-
TfRA, anti-TfRP, and anti-TfRA /BACE]1. (C) In fractions containing brain parenchyma, detection of
AuNPs indicates transport across the BBB. Accumulation is mainly seen for the low-affinity anti-TfRP
compared to the high-affinity anti-TfR* variant AuNPs. Anti-TfR*/BACE1 AuNPs are superior
to the other TfR-targeted variant AuNPs with a mean parenchymal accumulation of 0.23% ID/g
compared to 0.04 and 0.08% ID/g for anti-TfR” and anti-TfRP, respectively. Modified from [54]. Data
are presented as mean + SEM (n = 7-8, Kruskal-Wallis test with Dunn’s multiple comparisons post
hoc test) with * p < 0.05 and *** p < 0.001. %ID/g: percentage of injected dose per gram.

The uptake of nanoparticles may be further enhanced by changing the shape of
nanoparticles, provided they are constructed by a relevant material [60,61]. In vitro stud-
ies showed that rod-shaped polymeric nanoparticles targeted to the transferrin receptor
underwent seven-fold higher uptake compared to spherical particles [60], clearly war-
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ranting further pursuit in vivo. The nanoparticles’ zeta potential is also important with
slightly negative potential being optimal for uptake [11-13]. When present in blood plasma,
nanoparticles tend to absorb blood-circulating proteins forming a so-called protein corona
so significant that it may sterically block for binding of the targeting protein to its re-
ceptor [61]. Previous research on the liposomal protein corona may have suffered from
significant methodological limitations making this issue too problematic as justified in more
controlled experiments, showing that contaminating proteins may have interfered with the
analysis of the protein corona [62-64]. To prevent a potential unwanted influence of protein
corona on the targeting potential of the nanoparticles, the nanoparticles can be conjugated
to their targeting antibody bridged in-between by PEG molecules, which simultaneously
will limit their likelihood of being taken up in the reticuloendothelial system (RES) [9,10].

The possibility of using the transferrin receptor for targeting nanoparticles to the BECs
has also been pursued in studies using dual targeting approaches in which transferrin is
linked to the surface of nanoparticles in conjunction with other peptides. Studies were
mainly performed in vitro, with additional biodistribution studies in vivo using nanopar-
ticles conjugated with transferrin and cell-penetrating peptides (CPPs), or rabies virus
glycoprotein (RVG) [65-67]. Although these approaches bear great potential, they warrant
direct comparisons with antibodies targeting the transferrin receptor for efficient drug de-
livery to the brain. Other strategies examined the transferrin receptor targeting peptide T7
(aka T7-LS) bound to the surface of liposomes containing the chemotherapeutic vincristine
and reported a significantly higher pharmacological effect compared to the targeting of
liposomes bound to other transferrin receptor targeting peptides B6 and T12 [68].

Despite being available for experimental use for more than three decades, the transfer-
rin receptor is by far still considered the most relevant target for nanoparticle drug delivery.
It is only a few other candidates, such as CD98, GLUT1, basigin (CD147), and the insulin
receptor that were being taken into consideration as an alternative, but other than the
insulin receptor, these receptors remain unexploited for their targetability to BECs with
regard to nanoparticles [19].

6. Anti-Transferrin Receptor Antibodies Weakened in Affinity or Lowered in Avidity
Facilitate Nanoparticle Transport through BECs

Anti-transferrin receptor-targeted monoclonal antibodies weakened in affinity for the
receptor readily undergo transport across the BBB in a dose-dependent manner, becoming
detectable in neurons [40]. Bispecific antibodies, with one domain targeting the transferrin
receptor at high affinity and the other domain directed towards a putative therapeutic
target relevant for treating Alzheimer’s disease, i.e., beta-secretase 1, lead to reduction of
amyloidogenic peptide formation in the brain [41]. Unfortunately, studies have not yet
been performed to examine the efficacy of targeted nanoparticles with respect to repeated
or chronic dosing regimens. Such evaluations would help to understand the amounts of
therapeutics encapsulated within nanoparticles that can be accumulated inside the brain.

Antibodies with low affinity for the transferrin receptor seem to follow a cellular route
identical to that of high-affine antibodies, as prior exposure to high-affine antibodies leads to
reduced transport of low-affine antibodies across the BBB both in vivo and in vitro [69]. The
two different antibodies differ in that antibodies with low affinity are not directed towards
lysosomes to the same extent as antibodies with high affinity [69]. Further information
on intracellular transport relying on anti-transferrin receptor antibodies comes from the
study on the subcellular distribution of anti-transferrin receptor antibody-conjugated gold
nanoparticles [54] (Figure 4). This revealed gold particles in BECs, and when conjugated
with low-affine or low-avidity antibodies, the gold particles were also detected in neurons,
further arguing for transport across BECs. The targeted gold nanoparticles were apparent in
BECs in clearly identifiable vesicular structures, which might represent sorting endosomes
and lysosomes. The study did not identify gold nanoparticles fusing with the abluminal
membrane, but this does not exclude the transcellular transport of the nanoparticles through
the BBB. This uncertainty comes from the observation of a low number of sequestered
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particles, and that the electron microscopy data were collected from thin sections, typically
less than 100 nm. In turn, isolated mouse BECs arranged in hanging cell culture inserts
with defined BBB properties revealed transcellular transport of gold nanoparticles when
conjugated with low-affine or low-avidity antibodies, which supports the observation of
nanoparticle transport across the BBB. Notably, the electron microscopy studies did not
show signs of obstructive accumulation of the gold nanoparticles sized approximately
75 nm near the basement membrane, which may be a major restraint for nanoparticle
trafficking in the brain’s extracellular volume after release at the abluminal side of the
BECs [9].

Capillary

Parenchyma

EDS

w0 1" 2 n " L] ° " 12 ” “ ’ w0 " 2 13 "

X-ray Energy (keV) X-ray Energy (keV) X-ray Energy (keV)

Figure 4. Detection of anti-transferrin receptor IgG conjugated gold-labeled nanoparticles (AuNPs)
using transmission electron microscopy (TEM) in a normal adult mouse brain. Anti-transferrin
receptor antibodies vary in affinity. (A,B) AuNPs are not detected in brain capillaries of mice in
the mPEG (no IgG added) or isotype (non-immune) IgG groups. (C-E) In contrast, the AuNPs
targeted with anti-transferrin receptor IgG are found in BECs (arrows). The AuNPs are detected
in BECs confined to vesicular structures, suggesting receptor-mediated endocytosis as the uptake
mechanism. (F,G) In brain parenchyma, AuNPs are not detected in mice in the mPEG or isotype
(non-immune) IgG groups. (H-J) AuNPs are seen in brain parenchyma of mice treated with all
transferrin receptor (TfR)-targeted variants, among which they are most easily detected in the anti-
TfRA/BACEI1 group (J). The sites for transport of the AuNPs may derive from transport across either
BECs or post-capillary venules (see text body). All AuNPs detected in the brain parenchyma were
analyzed using energy-dispersive X-ray spectroscopy (EDS) to validate the true presence of gold in
the electron-dense points (K-M). Scale bars depict 200 nm. bp: brain parenchyma; bm: basement
membrane; cl: capillary lumen; ec: endothelial cell; np: neural process; pc: pericyte; tj: tight junction;
vs: vesicular structure. Modified from [54].
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7. A Mechanistic Approach to an Understanding of Trafficking of Transferrin
Receptor-Targeting Liposomes Based on Studies of Iron-Transferrin and Unconjugated
Anti-Transferrin Receptor Antibody Trafficking in BECs

The paucity of studies examining intracellular trafficking of nanoparticles in BECs
in vivo limits the available information about their transport mechanisms. Some lessons
may be learned from comparison of endogenous transferrin and unconjugated, targeted
anti-transferrin receptor antibodies. Although this difference obviously should be taken into
account, the low-affinity antibodies and low-affinity antibodies conjugated to PEGylated
liposomes share great similarities in transport through the BBB with unconjugated low-
affinity and low-affinity anti-transferrin receptor antibodies [40,54].

7.1. Blood to Endothelium Transport

Endogenous transferrin enters the BECs after the interaction with the transferrin
receptor on the luminal surface, facilitating subsequent formation of clathrin-coated pits,
and eventually, formation of endosomes [9,16,24]. The endosomes have a slightly acidic
pH, which promotes detaching iron from transferrin [9,16]. Consequently, the unbound
iron can cross the endosomal membrane via divalent metal transporter 1 (DMT1), which
makes the iron available in the cytosol [9,25]. In parallel, the iron-depleted apo-transferrin
residing inside the endosome loses its affinity for the transferrin receptor, and is thought to
undergo retro-endocytosis to the luminal surface of the endothelial cell [9,16].

7.2. Endothelium to Brain Transport

Whereas the docking and endosomal formation relate to the affinity of the transferrin
receptor, it can be argued that the intracellular trafficking of the endosomes follow routes
that occur independently of the luminal receptor internalization [9,16,51]. BECs contain
RAB4 and RABY proteins specific for early and later sorting endosomes [70,71]. The ablumi-
nal membrane of the BECs also contains the protein TSG101 (tumor susceptibility gene 101),
which takes part in exocytosis. This suggests that BECs contain organelles fully capable of
handling transferrin receptor-containing vesicles that present themselves initially as early
forming endosomes with the capacity to fuse with late endosomes, eventually leading to
fusion with the abluminal membrane and exocytosis [72]. Therefore, the process of sorting
transferrin receptor-containing vesicles is likely to be in two ways: Both morphological and
pharmacological studies favor receptor-mediated endocytosis taking place at the luminal
side leading to formation of early endosomes. This is followed by a vaguely understood
trafficking of late endosomes directed towards fusion with the abluminal surface [9,16].

A morphological approach to detect transferrin at the ultrastructural level in rats sub-
jected to the brain in situ perfusion failed to detect HRP-conjugated iron-transferrin near
the abluminal side, which, in turn, was outnumbered by the presence of HRP-transferrin
in multiple vesicular-like structures near the luminal side of the BECs [58]. However,
as mentioned earlier, in the developing brain BECs are enriched in vesicles involved in
transcellular trafficking. This, together with the observation that the developing brains
have relatively higher expression of transferrin receptors [30,31], could account for directed
transcellular trafficking of iron-transferrin-containing vesicles through the BECs. Interest-
ingly, intracarotid perfusion with OX26-conjugated colloidal gold enabled detection at the
abluminal side of the brain endothelium [58]. Although this study did not quantify the
transport of the gold-labeled OX26, the appearance near the abluminal side may repre-
sent transferrin receptor-containing vesicles available for fusion at the abluminal side. A
conclusion may be that as only a minor fraction of iron-transferrin within the transferrin-
containing vesicles moves towards the abluminal side of the BEC, only a minor fraction of
such vesicles including their content are released at the abluminal side of the BECs.

The binding to high-affine anti-transferrin receptor antibodies also leads to the forma-
tion of endocytotic vesicles that mainly localize near the luminal membrane [9,16]. The
uptake and transport of high-affine, anti-transferrin receptor antibodies within the BECs
are likely to follow the same route as that of iron-transferrin. However, differences may
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occur, as the binding of the high-affine antibody to the transferrin receptor is thought not
to be reversible, leading to accumulation of the antibody within the endosomal-lysosomal
compartment [16]. Noteworthy, later studies addressing the fate of the anti-transferrin
receptor antibodies showed that the complexes are incorporated in lysosomes rather than
being directed towards release at the abluminal membrane [69]. A study in a mouse model
with human transferrin receptors revealed that high-affine anti-transferrin receptor anti-
bodies could undergo transport across the BBB [43]. However, it is very difficult to compare
the consequences of binding affinity of anti-transferrin receptor antibodies between species
concerning the capability to undergo transport at the BBB. The mechanisms that enable
high-affine and low-affine antibodies to detach from the transferrin receptor within the
endosome is poorly understood, but possibly, the acidic environment in the endosome
facilitates the detachment of antibodies from the receptor. Even if a minor fraction of anti-
bodies bound to the transferrin receptor is released in the acidic endosomal environment, a
fraction of the high-affinity antibody would be released and would move further into the
brain’s extracellular space.

It goes beyond doubt that the optimal transport of targeted nanoparticles at the
BBB depends on the binding of anti-transferrin receptor antibodies to the endothelial
surface [68]. The transport of nanoparticles through BECs appears to depend on the affinity
or low avidity of the anti-transferrin receptor antibody. Nanoparticles, therefore, may
undergo transport through BECs similar to therapeutically active molecules like enzymes
or other proteins directly conjugated to anti-transferrin receptor antibodies [73] (Figure 5).

Postcapillary venules
Brain capillaries 1
Precapillary arterioles H

Brain capillaries Postcapillary venules
Nanoparticles with high-affinity antibodies

Figure 5. Working model of transcytosis-mediated nanoparticle delivery to the brain. Recent study
provides evidence that high-affine anti-transferrin receptor IgG conjugated to liposomes mainly
undergo transport into the brain at the site of post-capillary venules [14]. This observation counteracts
that of unconjugated antibodies that passes the BBB at the site of brain capillaries when designed
to be low in affinity or avidity [42]. Targeting the latter antibodies to gold nanoparticles leads
to capillary transport in vitro using isolated brain capillaries [58] suggesting that accumulation of
targeted nanoparticles in brain parenchyma in vivo may occur via transport across capillaries as
well. Studies concerning transport into brain across post-capillary venules using transferrin receptor-
targeted low-affine antibodies (lower right) have not been performed but can be stipulated to lead
to enhanced transport compared to the use of corresponding antibodies with high affinity. Red
bullets: high-affine anti-transferrin receptor IgG conjugated liposomes. Yellow bullets: low-affine or
low-avidity anti-transferrin receptor IgG conjugated to liposomes. Drawing created with BioRender,
inspired and modified from [14].
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8. Post-Capillary Venules Denote an Alternate Route for Transport

The use of 2-photon microscopy (2PM) for in vivo studies has revolutionized the
concept of how the brain works and has recently entered the field of the BBB research [74].
2 PM visualizes fluorescently labeled molecules in the brain with a sub-micron spatial
resolution and allows for visualization of individual nanoparticles in blood vessels to a
depth of 600 um below the pial surface in vivo [74]. Recent studies using 2PM on the
transferrin receptor-targeted liposomes demonstrated how endothelial cells of both brain
capillaries and post-capillary venules in contrast to arterioles handle transferrin receptor-
targeted liposomes at the level of a single nanoparticle [14] (Figure 6). The major finding
was that the liposomes targeted with high-affine RI7217 were released to the brain almost
exclusively from endothelial cells of the post-capillary venules, with negligible results.

N

arteriole arteriole

capillaries ; . capillaries

Figure 6. Example of in vivo 2PM data, showing three-dimensional reconstruction of cortical mi-
crovasculature (left), and the distribution of intravenously-injected transferrin receptor-targeted
liposomes residing at the BBB interface (right). The transferrin receptor-targeted liposomes associate
primarily to capillaries, then venules, but are absent in arterioles. The images were collected 2 h post
injection. Modified from [14].

One study showed the contribution of endothelium at capillaries [14], which is sci-
entifically provocative, considering previous investigations using this antibody to study
transport across the brain endothelium. The release of the liposomes from the post-capillary
venules is surprising, and the mechanisms and explanation for this observation will need
further study. The barrier formed by the endothelial cells of the post-capillary venules
is less tight at the venous side with respect to the number of tight junctions compared to
BECs [75]. This could principally allow nanoparticles to enter the brain via paracellular
transport, but counteracting this notion, the targeted nanoparticles were clearly taken up by
the endothelial cells of the post-capillary venules before entering the brain on the abluminal
side, verifying transendothelial transport of the targeted liposomes. In all, the density of
transferrin receptor-targeted nanoparticles, being highest in capillaries, did not translate to
efficient transport of nanoparticles to the brain. Thus, the BBB is highly heterogeneous re-
garding transport mechanisms, and, in particular, the ability to transcytose large constructs
across the BBB [14].

The study of Kucharz et al. [14] clearly opens for novel considerations on the transport
of targeted nanoparticles to the brain. An interesting consideration related to prior studies
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demonstrating targeted liposomes within the brain [11-13,54] is that they could also have
passed into the brain via this hitherto overseen route at post-capillary venules.

9. Targeting Nanoparticles to the Brain Endothelium in Pathological Conditions

The use of targeting approaches to promote enhanced drug delivery to the brain
in pathology is only coming of age. Targeting approaches in conditions with cerebral
pathology can roughly be separated into attempts to treat the brain in acute and chronic
conditions. In acute conditions, e.g., ischemic stroke and traumatic brain injury, liposomes
are advantageous among nanoparticles because they can be formulated to contain degrad-
able lipids with enzymes like matrix metalloproteinases and phospholipases known to
be increased in expression and released from the brain in acute pathology [76-79]. In
terms of delivery to the brain, the liposomes will easily enter the affected brain regions
as the vasculature is deteriorating, leading to the opening of the BBB. The liposomes are
expected to start to degrade once they enter areas of the brain with a raised expression
of, e.g., matrix metalloproteinases. This approach does not demand the liposomes to be
functionalized by conjugation to a targeting antibody, but the targeting approach could
allow for more widespread uptake of the liposomes in the surrounding areas of a central
pathology, e.g., in ischemic stroke, the penumbra zone, where the BBB often remains in-
tact [80]. Targeting to the BECs could enhance the liposomal delivery, which might allow,
e.g., enhanced pharmacological preconditioning using focused ultrasound and microbubble
treatment [81]. However, it should be noted that many acute conditions are also associated
with obstructed blood flow due to pericyte-mediated constriction of capillaries, as observed,
e.g., post stroke [82,83]. As such, the obstructed blood flow may limit the ability of the
blood circulation to deliver the liposomes to the relevant, damaged areas in the brain.

Recent efforts aim to utilize a dual targeting approach using antibodies targeting
the transferrin receptor and intercellular adhesion molecule-1 (ICAM1), both conjugated
to liposomes. This resulted in higher binding compared to liposomes targeted to only
transferrin receptor or ICAM1 antibodies alone [84]. This approach led to enhanced
delivery of liposomes encapsulating the anti-inflammatory cytokine TNF-alpha in a model
of acute brain inflammation [84].

In chronic brain disorders, like Alzheimer’s disease and Parkinson’s disease, the brain
does not increase the expression of liposome-degradable enzymes like metalloproteinases
and phospholipases to the same extent as seen in acute neuropathology, and therefore, the
strategy of substrate degradable liposomes may not apply. Instead, it may be advantageous
that the BEC expression of the transferrin receptor remains unchanged in Alzheimer’s
disease [85], which further justifies attempts to target transferrin receptors expressed by
BECs in the neurodegenerative brain expected to have a near intact BBB.

10. Conclusions

BECs are practically incapable of uptake of native liposomes from the blood, which
requires the addition of targeted molecules. Experience gained from different targeting
approaches justifies the choice of antibodies targeting the transferrin receptor for targeted
delivery of nanoparticles to BECs. Liposomes functionalized by conjugated anti-transferrin
receptor antibodies are taken up by endothelial cells at both brain capillaries and post-
capillary venules. Modulating the number of transferrin receptor-targeted antibodies shows
that limiting the number of targeting antibodies conjugated to liposomes reduces uptake in
BECs. In comparison, lowering the affinity of the targeting antibodies or implementing bis-
pecific antibodies with low avidity increases transport by BECs into the brain parenchyma.
With increasing evidence of successful preclinical trials and advances in biochemical and
analytical approaches, the transferrin receptor-targeted nanoparticles have great promise
for future use in drug delivery as they evidently pass the BBB.

Author Contributions: Conceptualization, M.S.T. and T.M.; Writing—original draft preparation,
M.S.T. and T.M.; Writing—review and editing, K.B.]., K.K. and M.L. All authors have read and agreed
to the published version of the manuscript.



Pharmaceutics 2022, 14, 2237 14 of 17

Funding: Parts of the data by the authors presented in this manuscript were obtained by generous
support from the Lundbeck foundation and by a grant from Agnes og Poul Friis Fond to Martin
Lauritzen and Krzysztof Kucharz.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: None.

Conflicts of Interest: The authors have no conflict of interest to declare.

Abbreviations

2PM: 2-photon microscopy; BBB: blood-brain barrier; BECs: brain endothelial cells; CRM:
cross-reacting material; CSF: cerebrospinal fluid barrier; GLUT1: glucose transporter 1.

References

1. Abbott, N.J.; Patabendige, A.A.K.; Dolman, D.E.M.; Yusof, S.R.; Begley, D.J. Structure and Function of the Blood-Brain Barrier.
Neurobiol. Dis. 2010, 37, 13-25. [CrossRef] [PubMed]

2. Pardridge, WM. CSEF, Blood-Brain Barrier, and Brain Drug Delivery. Expert Opin. Drug Deliv. 2016, 13, 963-975. [CrossRef]
[PubMed]

3.  Pardridge, WM. A Historical Review of Brain Drug Delivery. Pharmaceutics 2022, 14, 1283. [CrossRef] [PubMed]

4. Profaci, C.P; Munji, R.N.; Pulido, R.S.; Daneman, R. The Blood—Brain Barrier in Health and Disease: Important Unanswered
Questions. J. Exp. Med. 2020, 217, €20190062. [CrossRef]

5. Lichota, J.; Skjorringe, T.; Thomsen, L.B.; Moos, T. Macromolecular Drug Transport into the Brain Using Targeted Therapy. J.
Neurochem. 2010, 113, 1-13. [CrossRef]

6. Lajoie, ].M,; Shusta, E.V. Targeting Receptor-Mediated Transport for Delivery of Biologics across the Blood-Brain Barrier. Annu.
Rev. Pharmacol. Toxicol. 2015, 55, 613-631. [CrossRef]

7. Boado, RJ. IgG Fusion Proteins for Brain Delivery of Biologics via Blood-Brain Barrier Receptor-Mediated Transport. Pharmaceutics
2022, 14, 1476. [CrossRef]

8.  Futtrup, J.; Margolinsky, R.; Benros, M.E.; Moos, T.; Routhe, L.J.; Rungby, J.; Krogh, J. Blood-Brain Barrier Pathology in Patients
with Severe Mental Disorders: A Systematic Review and Meta-Analysis of Biomarkers in Case-Control Studies. Brain Behav.
Immun.-Health 2020, 6, 100102. [CrossRef]

9. Johnsen, K.B.; Burkhart, A.; Thomsen, L.B.; Andresen, T.L.; Moos, T. Targeting the Transferrin Receptor for Brain Drug Delivery.
Prog. Neurobiol. 2019, 181, 101665. [CrossRef]

10. Saraiva, C; Praga, C.; Ferreira, R.; Santos, T.; Ferreira, L.; Bernardino, L. Nanoparticle-Mediated Brain Drug Delivery: Overcoming
Blood-Brain Barrier to Treat Neurodegenerative Diseases. J. Control. Release 2016, 235, 34-47. [CrossRef]

11.  Shi, N.; Pardridge, W.M. Noninvasive Gene Targeting to the Brain. Proc. Natl. Acad. Sci. USA 2000, 97, 7567-7572. [CrossRef]

12. Shi, N.; Zhang, Y.; Zhu, C.; Boado, R.J.; Pardridge, W.M. Brain-Specific Expression of an Exogenous Gene after i.v. Administration.
Proc. Natl. Acad. Sci. USA 2001, 98, 12754-12759. [CrossRef]

13.  Zhang, Y.; Schlachetzki, F.; Pardridge, W.M. Global Non-Viral Gene Transfer to the Primate Brain Following Intravenous
Administration. Mol. Ther. 2003, 7, 11-18. [CrossRef]

14. Kucharz, K,; Kristensen, K.; Johnsen, K.B.; Lund, M.A.; Lenstrup, M.; Moos, T.; Andresen, T.L.; Lauritzen, M.]. Post-Capillary
Venules Are the Key Locus for Transcytosis-Mediated Brain Delivery of Therapeutic Nanoparticles. Nat. Commun. 2021, 12, 4121.
[CrossRef]

15.  Routhe, L.]J.; Thomsen, M.S.; Moos, T. The significance of the choroid plexus for cerebral iron homeostasis. In Role of the Choroid
Plexus in Health and Disease; Springer: New York, NY, USA, 2020; pp. 125-148. [CrossRef]

16. Moos, T.; Morgan, E.H. Restricted Transport of Anti-Transferrin Receptor Antibody (OX26) through the Blood-Brain Barrier in the
Rat. J. Neurochem. 2001, 79, 119-129. [CrossRef]

17.  Angelova-Gateva, P. Iron Transferrin Receptors in Rat and Human Cerebrum. Agressologie 1980, 1, 27-30.

18. Jefferies, W.A.; Brandon, M.R.; Hunt, S.V.; Williams, A.F.; Gatter, K.C.; Mason, D.Y. Transferrin Receptor on Endothelium of Brain
Capillaries. Nature 1984, 312, 162-163. [CrossRef]

19.  Zuchero, Y].Y.;; Chen, X.; Bien-Ly, N.; Bumbaca, D.; Tong, RK.; Gao, X.; Zhang, S.; Hoyte, K.; Luk, W.; Huntley, M.A; et al.
Discovery of Novel Blood-Brain Barrier Targets to Enhance Brain Uptake of Therapeutic Antibodies. Neuron 2016, 89, 70-82.
[CrossRef]

20. Hoyes, K.P; Morris, I.D.; Hendry, ].H.; Sharma, H.L. Transferrin-Mediated Uptake of Radionuclides by the Testis. . Nucl. Med.
1996, 37, 336-340.

21. Pardridge, W.M.; Buciak, J.L.; Friden, PM. Selective Transport of an Anti-Transferrin Receptor Antibody through the Blood-Brain

Barrier in Vivo. J. Pharmacol. Exp. Ther. 1991, 259, 66-70.


http://doi.org/10.1016/j.nbd.2009.07.030
http://www.ncbi.nlm.nih.gov/pubmed/19664713
http://doi.org/10.1517/17425247.2016.1171315
http://www.ncbi.nlm.nih.gov/pubmed/27020469
http://doi.org/10.3390/pharmaceutics14061283
http://www.ncbi.nlm.nih.gov/pubmed/35745855
http://doi.org/10.1084/jem.20190062
http://doi.org/10.1111/j.1471-4159.2009.06544.x
http://doi.org/10.1146/annurev-pharmtox-010814-124852
http://doi.org/10.3390/pharmaceutics14071476
http://doi.org/10.1016/j.bbih.2020.100102
http://doi.org/10.1016/j.pneurobio.2019.101665
http://doi.org/10.1016/j.jconrel.2016.05.044
http://doi.org/10.1073/pnas.130187497
http://doi.org/10.1073/pnas.221450098
http://doi.org/10.1016/S1525-0016(02)00018-7
http://doi.org/10.1038/s41467-021-24323-1
http://doi.org/10.1007/978-1-0716-0536-3_5
http://doi.org/10.1046/j.1471-4159.2001.00541.x
http://doi.org/10.1038/312162a0
http://doi.org/10.1016/j.neuron.2015.11.024

Pharmaceutics 2022, 14, 2237 15 0f 17

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Vanlandewijck, M.; He, L.; Mde, M.A.; Andrae, J.; Ando, K; Del Gaudio, F; Nahar, K.; Lebouvier, T.; Lavifia, B.; Gouveia, L.; et al.
A Molecular Atlas of Cell Types and Zonation in the Brain Vasculature. Nature 2018, 554, 475-480. [CrossRef]

He, L.; Vanlandewijck, M.; Mde, M.A.; Andrae, J.; Ando, K.; Del Gaudio, F.; Nahar, K.; Lebouvier, T.; Lavifia, B.; Gouveia, L.;
et al. Single-Cell RNA Sequencing of Mouse Brain and Lung Vascular and Vessel-Associated Cell Types. Sci. Data 2018, 5, 180160.
[CrossRef]

Moos, T.; Morgan, E.H. Transferrin and Transferrin Receptor Function in Brain Barrier Systems. Cell. Mol. Neurobiol. 2000, 20,
77-95. [CrossRef]

Morris, C.M.; Keith, A.B.; Edwardson, J.A.; Pullen, R.G.L. Uptake and Distribution of Iron and Transferrin in the Adult Rat Brain.
J. Neurochem. 1992, 59, 300-306. [CrossRef]

Hu, Y.B.; Dammer, E.B.; Ren, R.]J.; Wang, G. The Endosomal-Lysosomal System: From Acidification and Cargo Sorting to
Neurodegeneration. Transl. Neurodegener. 2015, 4, 18. [CrossRef]

Burkhart, A.; Skjorringe, T.; Johnsen, K.B.; Siupka, P.; Thomsen, L.B.; Nielsen, M.S.; Thomsen, L.L.; Moos, T. Expression of Iron-
Related Proteins at the Neurovascular Unit Supports Reduction and Reoxidation of Iron for Transport Through the Blood-Brain
Barrier. Mol Neurobiol 2015, 53, 7237-7253. [CrossRef]

Fishman, J.B.; Rubin, J.B.; Handrahan, J.V.; Connor, J.R.; Fine, R.E. Receptor-Mediated Transcytosis of Transferrin across the
Blood-Brain Barrier. J. Neurosci. Res. 1987, 18, 299-304. [CrossRef]

Skarlatos, S.; Yoshikawa, T.; Pardridge, W.M. Transport of [125I]Transferrin through the Rat Blood-Brain Barrier. Brain Res. 1995,
683, 164-171. [CrossRef]

Taylor, EM.; Morgan, E.H. Developmental Changes in Transferrin and Iron Uptake by the Brain in the Rat. Brain Res. Dev. Brain
Res. 1990, 55, 35—-42. [CrossRef]

Morgan, E.H.; Moos, T. Mechanism and Developmental Changes in Iron Transport across the Blood-Brain Barrier. Dev. Neurosci.
2002, 24, 106-113. [CrossRef]

Moos, T.; Morgan, E.H. A Morphological Study of the Developmentally Regulated Transport of Iron into the Brain. Dev. Neurosci.
2002, 24, 99-105. [CrossRef] [PubMed]

Kniesel, U.; Risau, W.; Wolburg, H. Development of Blood-Brain Barrier Tight Junctions in the Rat Cortex. Brain Res. Dev. Brain
Res. 1996, 96, 229-240. [CrossRef]

Banks, W.A.; Broadwell, R.D. Blood to Brain and Brain to Blood Passage of Native Horseradish Peroxidase, Wheat Germ
Agglutinin, and Albumin: Pharmacokinetic and Morphological Assessments. J. Neurochem. 1994, 62, 2404-2419. [CrossRef]
Balin, B.J.; Broadwell, R.D. Transcytosis of Protein through the Mammalian Cerebral Epithelium and Endothelium. I. Choroid
Plexus and the Blood-Cerebrospinal Fluid Barrier. J. Neurocytol. 1988, 17, 809-826. [CrossRef] [PubMed]

Friden, PM.; Walus, L.R.; Musso, G.F; Taylor, M.A.; Malfroy, B.; Starzyk, R.M. Anti-Transferrin Receptor Antibody and Antibody-
Drug Conjugates Cross the Blood-Brain Barrier. Proc. Natl. Acad. Sci. USA 1991, 88, 4771-4775. [CrossRef] [PubMed]

Shin, S.U.; Friden, P.; Moran, M.; Olson, T.; Kang, Y.S.; Pardridge, W.M.; Morrison, S.L. Transferrin-Antibody Fusion Proteins Are
Effective in Brain Targeting. Proc. Natl. Acad. Sci. USA 1995, 92, 2820-2824. [CrossRef]

Frank, H.J.L.; Pardridge, W.M. A Direct in Vitro Demonstration of Insulin Binding to Isolated Brain Microvessels. Diabetes 1981,
30, 757-761. [CrossRef]

Paris-Robidas, S.; Emond, V.; Tremblay, C.; Soulet, D.; Calon, F. In Vivo Labeling of Brain Capillary Endothelial Cells after
Intravenous Injection of Monoclonal Antibodies Targeting the Transferrin Receptor. Mol. Pharmacol. 2011, 80, 32-39. [CrossRef]
Yu, YJ.; Zhang, Y.; Kenrick, M.; Hoyte, K.; Luk, W.; Lu, Y.; Atwal, J.; Elliott, ].M.; Prabhu, S.; Watts, R.].; et al. Boosting Brain
Uptake of a Therapeutic Antibody by Reducing Its Affinity for a Transcytosis Target. Sci. Transl. Med. 2011, 3, 84ra44. [CrossRef]
Niewoehner, ].; Bohrmann, B.; Collin, L.; Urich, E.; Sade, H.; Maier, P.; Rueger, P; Stracke, ].O.; Lau, W.; Tissot, A.C.; et al.
Increased Brain Penetration and Potency of a Therapeutic Antibody Using a Monovalent Molecular Shuttle. Neuron 2014, 81,
49-60. [CrossRef]

Kariolis, M.S.; Wells, R.C.; Getz, ].A.; Kwan, W.; Mahon, C.S.; Tong, R.; Kim, D.J.; Srivastava, A.; Bedard, C.; Henne, K.R.; et al.
Brain Delivery of Therapeutic Proteins Using an Fc Fragment Blood-Brain Barrier Transport Vehicle in Mice and Monkeys. Sci.
Transl. Med. 2020, 12, eaay1359. [CrossRef]

Sonoda, H.; Morimoto, H.; Yoden, E.; Koshimura, Y.; Kinoshita, M.; Golovina, G.; Takagi, H.; Yamamoto, R.; Minami, K,
Mizoguchi, A.; et al. A Blood-Brain-Barrier-Penetrating Anti-Human Transferrin Receptor Antibody Fusion Protein for Neurono-
pathic Mucopolysaccharidosis II. Mol. Ther. 2018, 26, 1366-1374. [CrossRef]

Sehlin, D.; Fang, X.T.; Cato, L.; Antoni, G.; Lannfelt, L.; Syvédnen, S. Antibody-Based PET Imaging of Amyloid Beta in Mouse
Models of Alzheimer’s Disease. Nat. Commun. 2016, 7, 10759. [CrossRef]

Hultqvist, G.; Syvénen, S.; Fang, X.T.; Lannfelt, L.; Sehlin, D. Bivalent Brain Shuttle Increases Antibody Uptake by Monovalent
Binding to the Transferrin Receptor. Theranostics 2017, 7, 308-318. [CrossRef]

Stocki, P; Szary, J.; Rasmussen, C.L.M.; Demydchuk, M.; Northall, L.; Logan, D.B.; Gauhar, A.; Thei, L.; Moos, T.; Walsh, ES.; et al.
Blood-Brain Barrier Transport Using a High Affinity, Brain-Selective VNAR Antibody Targeting Transferrin Receptor 1. FASEB J.
2021, 35, €21172. [CrossRef]

Arguello, A.; Mahon, C.S,; Calvert, M.E K,; Chan, D.; Dugas, J.C.; Pizzo, M.E.; Thomsen, E.R.; Chau, R.; Damo, L.A.; Duque, J.;
et al. Molecular Architecture Determines Brain Delivery of a Transferrin Receptor-Targeted Lysosomal Enzyme. J. Exp. Med. 2022,
219, €20211057. [CrossRef]


http://doi.org/10.1038/nature25739
http://doi.org/10.1038/sdata.2018.160
http://doi.org/10.1023/A:1006948027674
http://doi.org/10.1111/j.1471-4159.1992.tb08904.x
http://doi.org/10.1186/s40035-015-0041-1
http://doi.org/10.1007/s12035-015-9582-7
http://doi.org/10.1002/jnr.490180206
http://doi.org/10.1016/0006-8993(95)00363-U
http://doi.org/10.1016/0165-3806(90)90103-6
http://doi.org/10.1159/000065699
http://doi.org/10.1159/000065702
http://www.ncbi.nlm.nih.gov/pubmed/12401947
http://doi.org/10.1016/0165-3806(96)00117-4
http://doi.org/10.1046/j.1471-4159.1994.62062404.x
http://doi.org/10.1007/BF01216708
http://www.ncbi.nlm.nih.gov/pubmed/3230399
http://doi.org/10.1073/pnas.88.11.4771
http://www.ncbi.nlm.nih.gov/pubmed/2052557
http://doi.org/10.1073/pnas.92.7.2820
http://doi.org/10.2337/diab.30.9.757
http://doi.org/10.1124/mol.111.071027
http://doi.org/10.1126/scitranslmed.3002230
http://doi.org/10.1016/j.neuron.2013.10.061
http://doi.org/10.1126/scitranslmed.aay1359
http://doi.org/10.1016/j.ymthe.2018.02.032
http://doi.org/10.1038/ncomms10759
http://doi.org/10.7150/thno.17155
http://doi.org/10.1096/fj.202001787R
http://doi.org/10.1084/jem.20211057

Pharmaceutics 2022, 14, 2237 16 of 17

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Boado, R\J.; Li, J.Y.; Nagaya, M.; Zhang, C.; Pardridge, W.M. Selective Expression of the Large Neutral Amino Acid Transporter at
the Blood-Brain Barrier. Proc. Natl. Acad. Sci. USA 1999, 96, 12079-12084. [CrossRef]

Pardridges, W.M.; Boado, R.].; Farrell, C.R. Brain-Type Glucose Transporter (GLUT-1) Is Selectively Localized to the Blood-Brain
Barrier. Studies with Quantitative Western Blotting and in Situ Hybridization. J. Biol. Chem. 1990, 265, 18035-18040. [CrossRef]
Pardridge, W.M. The Isolated Brain Microvessel: A Versatile Experimental Model of the Blood-Brain Barrier. Front. Physiol. 2020,
11, 398. [CrossRef]

Gosk, S.; Vermehren, C.; Storm, G.; Moos, T. Targeting Anti-Transferrin Receptor Antibody (OX26) and OX26-Conjugated
Liposomes to Brain Capillary Endothelial Cells Using in Situ Perfusion. . Cereb. Blood Flow Metab. 2004, 24, 1193-1204. [CrossRef]
Van Rooy, I.; Mastrobattista, E.; Storm, G.; Hennink, W.E.; Schiffelers, R.M. Comparison of Five Different Targeting Ligands to
Enhance Accumulation of Liposomes into the Brain. ]. Control. Release 2011, 150, 30-36. [CrossRef] [PubMed]

Johnsen, K.B.; Burkhart, A.; Melander, F.; Kempen, PJ.; Vejlebo, ].B.; Siupka, P.; Nielsen, M.S.; Andresen, T.L.; Moos, T. Targeting
Transferrin Receptors at the Blood-Brain Barrier Improves the Uptake of Immunoliposomes and Subsequent Cargo Transport into
the Brain Parenchyma. Sci. Rep. 2017, 7, 10396. [CrossRef] [PubMed]

Johnsen, K.B.; Bak, M.; Kempen, PJ.; Melander, F; Burkhart, A.; Thomsen, M.S.; Nielsen, M.S.; Moos, T.; Andresen, T.L. Antibody
Affinity and Valency Impact Brain Uptake of Transferrin Receptor-Targeted Gold Nanoparticles. Theranostics 2018, 8, 3416-3436.
[CrossRef] [PubMed]

Paris-Robidas, S.; Brouard, D.; Emond, V.; Parent, M.; Calon, F. Internalization of Targeted Quantum Dots by Brain Capillary
Endothelial Cells in Vivo. J. Cereb. Blood Flow Metab. 2016, 36, 731-742. [CrossRef]

Michaelis, K.; Hoffmann, M.M.; Dreis, S.; Herbert, E.; Alyautdin, R.N.; Michaelis, M.; Kreuter, J.; Langer, K. Covalent Linkage of
Apolipoprotein e to Albumin Nanoparticles Strongly Enhances Drug Transport into the Brain. J. Pharmacol. Exp. Ther. 2006, 317,
1246-1253. [CrossRef]

Gaillard, PJ.; Visser, C.C.; de Boer, A.G. Targeted Delivery across the Blood-Brain Barrier. Expert Opin. Drug Deliv. 2005, 2, 299-309.
[CrossRef]

Shao, K,; Huang, R.; Li, J.; Han, L.; Ye, L.; Lou, J.; Jiang, C. Angiopep-2 Modified PE-PEG Based Polymeric Micelles for
Amphotericin B Delivery Targeted to the Brain. . Control. Release 2010, 147, 118-126. [CrossRef]

Johnsen, K.B.; Bak, M.; Melander, F.; Thomsen, M.S.; Burkhart, A.; Kempen, PJ.; Andresen, T.L.; Moos, T. Modulating the
Antibody Density Changes the Uptake and Transport at the Blood-Brain Barrier of Both Transferrin Receptor-Targeted Gold
Nanoparticles and Liposomal Cargo. J. Control. Release 2019, 295, 237-249. [CrossRef]

Kolhar, P.; Anselmo, A.C.; Gupta, V.; Pant, K.; Prabhakarpandian, B.; Ruoslahti, E.; Mitragotri, S. Using Shape Effects to Target
Antibody-Coated Nanoparticles to Lung and Brain Endothelium. Proc. Natl. Acad. Sci. USA 2013, 110, 10753-10758. [CrossRef]
Sepand, M.R.; Ghavami, M.; Zanganeh, S.; Stacks, S.; Ghasemi, F.; Montazeri, H.; Corbo, C.; Derakhshankhah, H.; Ostad, S.N;
Ghahremani, M.H.; et al. Impact of Plasma Concentration of Transferrin on Targeting Capacity of Nanoparticles. Nanoscale 2020,
12, 4935-4944. [CrossRef]

Kristensen, K.; Miinter, R.; Kempen, P.J.; Thomsen, M.E.; Stensballe, A.; Andresen, T.L. Isolation Methods Commonly Used to
Study the Liposomal Protein Corona Suffer from Contamination Issues. Acta Biomater. 2021, 130, 460-472. [CrossRef]
Kristensen, K.; Urquhart, A .J.; Thormann, E.; Andresen, T.L. Binding of Human Serum Albumin to PEGylated Liposomes: Insights
into Binding Numbers and Dynamics by Fluorescence Correlation Spectroscopy. Nanoscale 2016, 8, 19726-19736. [CrossRef]
Kristensen, K.; Engel, T.B.; Stensballe, A.; Simonsen, ]J.B.; Andresen, T.L. The Hard Protein Corona of Stealth Liposomes Is Sparse.
J. Control. Release 2019, 307, 1-15. [CrossRef]

Dos Santos Rodrigues, B.; Lakkadwala, S.; Kanekiyo, T.; Singh, J. Dual-Modified Liposome for Targeted and Enhanced Gene
Delivery into Mice Brain. J. Pharmacol. Exp. Ther. 2020, 374, 354-365. [CrossRef]

Dos Santos Rodrigues, B.; Arora, S.; Kanekiyo, T.; Singh, J. Efficient Neuronal Targeting and Transfection Using RVG and
Transferrin-Conjugated Liposomes. Brain Res. 2020, 1734, 146738. [CrossRef]

Dos Santos Rodrigues, B.; Kanekiyo, T.; Singh, J. In Vitro and in Vivo Characterization of CPP and Transferrin Modified Liposomes
Encapsulating PDNA. Nanomedicine 2020, 28, 102225. [CrossRef]

Mojarad-Jabali, S.; Farshbaf, M.; Hemmati, S.; Sarfraz, M.; Motasadizadeh, H.; Shahbazi Mojarrad, ].; Atyabi, F.; Zakeri-Milani, P,;
Valizadeh, H. Comparison of Three Synthetic Transferrin Mimetic Small Peptides to Promote the Blood-Brain Barrier Penetration
of Vincristine Liposomes for Improved Glioma Targeted Therapy. Int. ]. Pharm. 2022, 613, 121395. [CrossRef]

Bien-Ly, N.; Yu, Y.J.; Bumbaca, D.; Elstrott, J.; Boswell, C.A.; Zhang, Y.; Luk, W.; Lu, Y.; Dennis, M.S.; Weimer, R.M.; et al.
Transferrin Receptor (TfR) Trafficking Determines Brain Uptake of TfR Antibody Affinity Variants. J. Exp. Med. 2014, 211, 233-244.
[CrossRef]

Toth, A.E.; Holst, M.R.; Nielsen, M.S. Vesicular Transport Machinery in Brain Endothelial Cells: What We Know and What We Do
Not. Curr. Pharm. Des. 2020, 26, 1405-1416. [CrossRef]

Haqgani, A.S.; Delaney, C.E.; Brunette, E.; Baumann, E.; Farrington, G.K; Sisk, W.; Eldredge, J.; Ding, W.; Tremblay, T.L,;
Stanimirovic, D.B. Endosomal Trafficking Regulates Receptor-Mediated Transcytosis of Antibodies across the Blood Brain Barrier.
J. Cereb. Blood Flow Metab. 2018, 38, 727-740. [CrossRef]

Haqgani, A.S.; Delaney, C.E.; Tremblay, T.L.; Sodja, C.; Sandhu, J.K.; Stanimirovic, D.B. Method for Isolation and Molecular
Characterization of Extracellular Microvesicles Released from Brain Endothelial Cells. Fluids Barriers CNS 2013, 10, 4. [CrossRef]


http://doi.org/10.1073/pnas.96.21.12079
http://doi.org/10.1016/S0021-9258(18)38267-X
http://doi.org/10.3389/fphys.2020.00398
http://doi.org/10.1097/01.WCB.0000135592.28823.47
http://doi.org/10.1016/j.jconrel.2010.11.014
http://www.ncbi.nlm.nih.gov/pubmed/21087646
http://doi.org/10.1038/s41598-017-11220-1
http://www.ncbi.nlm.nih.gov/pubmed/28871203
http://doi.org/10.7150/thno.25228
http://www.ncbi.nlm.nih.gov/pubmed/29930740
http://doi.org/10.1177/0271678X15608201
http://doi.org/10.1124/jpet.105.097139
http://doi.org/10.1517/17425247.2.2.299
http://doi.org/10.1016/j.jconrel.2010.06.018
http://doi.org/10.1016/j.jconrel.2019.01.005
http://doi.org/10.1073/pnas.1308345110
http://doi.org/10.1039/C9NR08784B
http://doi.org/10.1016/j.actbio.2021.06.008
http://doi.org/10.1039/C6NR05455B
http://doi.org/10.1016/j.jconrel.2019.05.042
http://doi.org/10.1124/jpet.119.264127
http://doi.org/10.1016/j.brainres.2020.146738
http://doi.org/10.1016/j.nano.2020.102225
http://doi.org/10.1016/j.ijpharm.2021.121395
http://doi.org/10.1084/jem.20131660
http://doi.org/10.2174/1381612826666200212113421
http://doi.org/10.1177/0271678X17740031
http://doi.org/10.1186/2045-8118-10-4

Pharmaceutics 2022, 14, 2237 17 of 17

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Moos, T.; Gudbergsson, ].M.; Johnsen, K.B. Transport of Transferrin Receptor-Targeted Antibodies through the Blood-Brain
Barrier for Drug Delivery to the Brain. AAPS Adv. Pharm. Sci. Ser. 2022, 33, 527-549. [CrossRef]

Kucharz, K.; Kutuzov, N.; Zhukov, O.; Mathiesen Janiurek, M.; Lauritzen, M. Shedding Light on the Blood-Brain Barrier Transport
with Two-Photon Microscopy In Vivo. Pharm. Res. 2022, 39, 1457-1468. [CrossRef]

Nagy, Z.; Peters, H.; Huttner, I. Fracture Faces of Cell Junctions in Cerebral Endothelium during Normal and Hyperosmotic
Conditions. Lab. Investig. 1984, 50, 313-322.

Elegbede, A.L; Banerjee, J.; Hanson, A J.; Tobwala, S.; Ganguli, B.; Wang, R.; Lu, X,; Srivastava, D.K.; Mallik, S. Mechanistic
Studies of the Triggered Release of Liposomal Contents by Matrix Metalloproteinase-9. J. Am. Chem. Soc. 2008, 130, 10633-10642.
[CrossRef]

Zhao, B.Q.; Wang, S.; Kim, H.Y; Storrie, H.; Rosen, B.R.; Mooney, D.J.; Wang, X.; Lo, E.H. Role of Matrix Metalloproteinases in
Delayed Cortical Responses after Stroke. Nat. Med. 2006, 12, 441-445. [CrossRef]

Bruch, G.E.; Fernandes, L.F; Bassi, B.L.T.; Alves, M.T.R.; Pereira, 1.O.; Frézard, F.; Massensini, A.R. Liposomes for Drug Delivery
in Stroke. Brain Res. Bull. 2019, 152, 246-256. [CrossRef]

Muralikrishna Adibhatla, R.; Hatcher, ].E.; Dempsey, R.J. Phospholipase A2, Hydroxyl Radicals, and Lipid Peroxidation in
Transient Cerebral Ischemia. Antioxid. Redox Signal. 2003, 5, 647—-654. [CrossRef]

Heidari, P; Blayney, S.; Butler, J.; Hitomi, E.; Luby, M.; Leigh, R. The Relationship Between Penumbral Tissue and Blood-Brain
Barrier Disruption in Acute Stroke Patients Presenting in an Extended Time Window. Front. Neurol. 2020, 11, 582994. [CrossRef]
Olsman, M.; Sereti, V.; Miihlenpfordt, M.; Johnsen, K.B.; Andresen, T.L.; Urquhart, A.].; de Lange Davies, C. Focused Ultrasound
and Microbubble Treatment Increases Delivery of Transferrin Receptor-Targeting Liposomes to the Brain. Ultrasound Med. Biol.
2021, 47, 1343-1355. [CrossRef]

Hall, C.N.; Reynell, C.; Gesslein, B.; Hamilton, N.B.; Mishra, A.; Sutherland, B.A.; O’Farrell, EM.; Buchan, A.M.; Lauritzen,
M.; Attwell, D. Capillary Pericytes Regulate Cerebral Blood Flow in Health and Disease. Nature 2014, 508, 55—60. [CrossRef]
[PubMed]

Grubb, S.; Lauritzen, M.; Aalkjeer, C. Brain Capillary Pericytes and Neurovascular Coupling. Comp. Biochem. Physiol. Part A Mol.
Integr. Physiol. 2021, 254, 110893. [CrossRef] [PubMed]

Marcos-Contreras, O.A.; Greineder, C.F; Kiseleva, R.Y.; Parhiz, H.; Walsh, L.R.; Zuluaga-Ramirez, V.; Myerson, ].W.; Hood, E.D.;
Villa, C.H.; Tombacz, L; et al. Selective Targeting of Nanomedicine to Inflamed Cerebral Vasculature to Enhance the Blood-Brain
Barrier. Proc. Natl. Acad. Sci. USA 2020, 117, 3405-3414. [CrossRef] [PubMed]

Bourassa, P.; Alata, W.; Tremblay, C.; Paris-Robidas, S.; Calon, F. Transferrin Receptor-Mediated Uptake at the Blood-Brain Barrier
Is Not Impaired by Alzheimer’s Disease Neuropathology. Mol. Pharm. 2019, 16, 583-594. [CrossRef]


http://doi.org/10.1007/978-3-030-88773-5_17/FIGURES/3
http://doi.org/10.1007/s11095-022-03266-2
http://doi.org/10.1021/ja801548g
http://doi.org/10.1038/nm1387
http://doi.org/10.1016/j.brainresbull.2019.07.015
http://doi.org/10.1089/152308603770310329
http://doi.org/10.3389/fneur.2020.582994
http://doi.org/10.1016/j.ultrasmedbio.2021.01.014
http://doi.org/10.1038/nature13165
http://www.ncbi.nlm.nih.gov/pubmed/24670647
http://doi.org/10.1016/j.cbpa.2020.110893
http://www.ncbi.nlm.nih.gov/pubmed/33418051
http://doi.org/10.1073/pnas.1912012117
http://www.ncbi.nlm.nih.gov/pubmed/32005712
http://doi.org/10.1021/acs.molpharmaceut.8b00870

	Introduction 
	Passaging of Large Molecules through the Blood–Brain and Blood–CSF Barriers 
	The Transferrin Receptor as Target for Drug Delivery 
	Specific Proteins Expressed by Brain Endothelial Cells Enhance the Binding and Uptake of Antibodies from the Circulation 
	Specific Proteins Expressed by the Brain Endothelium also Facilitate the Binding and Uptake of Targeted Nanoparticles 
	Anti-Transferrin Receptor Antibodies Weakened in Affinity or Lowered in Avidity Facilitate Nanoparticle Transport through BECs 
	A Mechanistic Approach to an Understanding of Trafficking of Transferrin Receptor-Targeting Liposomes Based on Studies of Iron-Transferrin and Unconjugated Anti-Transferrin Receptor Antibody Trafficking in BECs 
	Blood to Endothelium Transport 
	Endothelium to Brain Transport 

	Post-Capillary Venules Denote an Alternate Route for Transport 
	Targeting Nanoparticles to the Brain Endothelium in Pathological Conditions 
	Conclusions 
	References

