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Therapeutic antibody drug development is a rapidly growing sector of the
pharmaceutical industry. However, antibody drug development for the brain is
a technical challenge, and therapeutic antibodies for the central nervous system
account for ~3% of all such agents. The principal obstacle to antibody drug
development for brain or spinal cord is the lack of transport of large molecule
biologics across the blood-brain barrier (BBB). Therapeutic antibodies can be
made transportable through the blood-brain barrier by the re-engineering of the
therapeutic antibody as a BBB-penetrating bispecific antibody (BSA). One arm of
the BSA is the therapeutic antibody and the other arm of the BSA is a transporting
antibody. The transporting antibody targets an exofacial epitope on a BBB
receptor, and this enables receptor-mediated transcytosis (RMT) of the BSA
across the BBB. Following BBB transport, the therapeutic antibody then
engages the target receptor in brain. RMT systems at the BBB that are
potential conduits to the brain include the insulin receptor (IR), the transferrin
receptor (TfR), the insulin-like growth factor receptor (IGFR) and the leptin
receptor. Therapeutic antibodies have been re-engineered as BSAs that target
the insulin receptor, TfR, or IGFR RMT systems at the BBB for the treatment of
Alzheimer’s disease and Parkinson’s disease.
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1 Introduction

Therapeutic monoclonal antibodies (MAb) are the fastest growing sector of the
pharmaceutical industry (Lu et al, 2020). As of June 2022, a total of 162 therapeutic
antibodies had been approved world-wide (Lyu et al, 2022). The majority of the approved
therapeutic antibodies treat cancer or immune-related diseases, and only ~3% of approved
therapeutic antibodies treat the central nervous system (CNS) (Lyu et al, 2022). The
development of therapeutic antibodies for the CNS is made difficult by the presence of
the blood-brain barrier (BBB), and to the lack of therapeutic antibody transport across the
BBB. The BBB is localized to the endothelial wall of the capillaries perfusing the brain.
Therapeutic antibodies can be made transportable through the BBB following the re-
engineering of the antibody as a BBB-penetrating bispecific antibody (BSA). One
antibody arm of the BSA is the therapeutic antibody and the other antibody arm of the
BSA is an antibody that penetrates the BBB via receptor-mediated transcytosis (RMT). The
RMT antibody acts as a molecular Trojan horse to ferry the therapeutic antibody across the
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BBB to reach target sites within the CNS. The RMT antibody targets
certain endogenous peptide receptors on the BBB that serve to
mediate the uptake by brain of circulating peptides, such as insulin,
transferrin (Tf), the insulin-like growth factors (IGF), or leptin. The
expression of an insulin receptor (INSR or IR), a Tf receptor (TfR),
an IGF receptor (IGFR), or a leptin receptor (LEPR) on the human
BBB was identified over 25 years ago with capillaries isolated from
human brain (Pardridge et al, 1985; Pardridge et al, 1987a; Duffy
et al, 1988; Golden et al, 1997). These brain endothelial receptors
enable the RMT of the cognate peptides through the BBB as
discussed below in Section 3.1.

The need to re-engineer a therapeutic antibody for the CNS as a
BBB-penetrating BSA might be questioned owing to a) the fact that
several therapeutic antibodies are already FDA approved drugs for
the brain, and b) there is purported to be evidence that therapeutic
antibodies cross the BBB. In Section 2 below, the view will be
presented that the current FDA approved therapeutic antibodies
either do not have a site of action within the CNS, or do not cross the
BBB in the absence of BBB disruption; Section 2 will also review
current methodologies used to assess BBB transport of therapeutic
antibodies, and will emphasize how the misinterpretation of these
methods can lead to the conclusion that a therapeutic antibody
enters the parenchyma of brain from blood when, in fact, the
antibody does not cross the BBB. In Section 3.3 below, the
engineering of BBB-penetrating BSAs will be reviewed for
therapeutic antibodies that target Abeta amyloid, beta secretase 1
(BACE1), or triggering receptor for myeloid cells 2 (TREM2), for the
treatment of Alzheimer’s disease (AD), and therapeutic antibodies
that target α-synuclein (SYN), or tropomyosin receptor kinase B
(trkB), for the treatment of Parkinson’s disease (PD).

2 Development of therapeutic
antibodies for the CNS without blood-
brain barrier drug delivery technology

2.1 FDA approved therapeutic antibodies for
the CNS

2.1.1 Therapeutic antibodies for multiple sclerosis
Several therapeutic antibodies have been approved for treatment

of relapsing multiple sclerosis (MS) since natalizumab was
introduced in 2004 (Cadavid et al, 2013). However, none of these
approved antibodies for MS has a site of action within the CNS
beyond the BBB, as all work on the immune system within the blood
compartment. Natalizumab binds α-4 integrins, and suppresses the
uptake of activated lymphocytes by brain via inhibition of
lymphocyte adhesion to the blood side of the brain endothelium
(Engelhardt and Coisne, 2011). Alemtuzumab suppresses
lymphocyte function in blood by binding the CD52 receptor on
lymphocytes, which triggers Fc receptor (FcR)-mediated effector
function to causes antibody dependent cell-mediated cytotoxicity
(ADCC) (Voge and Alvarez, 2019). Similar to rituximab,
ocrelizumab targets the CD20 receptor on lymphocytes (Voge
and Alvarez, 2019), but is engineered with multiple amino acid
substitutions in the Fc region that selectively enhance complement
mediated cytotoxicity (CDC) of lymphocytes in blood (Saxena and
Wu, 2016). Ublituximab suppresses blood lymphocytes via glyco-

engineering of the Fc region of the antibody (Voge and Alvarez,
2019; Lee, 2023). This antibody is expressed in a specific host cell line
that produces a carbohydrate region deficient in fucose (Pereira et al,
2018). Antibodies deficient in core fucose have increased affinity for
the FcγRIIIa (Ferrara et al, 2011), which results in increased ADCC
(Kanda et al, 2006). Therapeutic antibodies that target receptors
within the CNS and behind the BBB are not expected to be effective
in the treatment of MS, owing to lack of antibody transport across
the BBB. This is illustrated in the failed clinical trial of opicinumab in
MS, even at the very high dose of 100 mg/kg (Kramer and Wiendl,
2022). This antibody inhibits leucine-rich repeat and
immunoglobulin-like domain-containing Nogo receptor-
interacting protein 1 (LINGO1), a protein that is selectively
expressed on oligodendrocytes and neurons in brain (Kramer
and Wiendl, 2022), which are behind the BBB.

2.1.2 Therapeutic antibodies for brain cancer
Bevacizumab suppresses tumor blood vessel growth by binding

vascular endothelial growth factor (VEGF) in blood, and was
approved for second line treatment of recurrent glioblastoma
multiforme (GBM) in 2009 (Han et al, 2014). Bevacizumab does
not cross the intact BBB (Liu et al, 2016), and works via the
sequestration of VEGF in the brain capillary compartment, which
suppresses tumor angiogenesis (Keunen et al, 2011). The VEGF
receptor 1, also known as Flt-1, is expressed at the brain
microvascular endothelium, as demonstrated with a BBB
genomics study (Li et al, 2001). Suppression of tumor
angiogenesis, which produces regions of hypoxia, can have a
paradoxical effect to enhance tumor growth (Keunen et al, 2011).
Bevacizumab treatment does not increase the overall survival in
GBM (Fu et al, 2016), and confers no benefit over temozolomide
therapy (Han et al, 2014). The BBB is disrupted in certain regions of
GBM (Sarkaria et al, 2018). However, significant parts of a GBM
tumor are perfused by capillaries with an intact BBB, and these
treatment-resistant regions of the GBM give rise to tumor
recurrence (Sarkaria et al, 2018). With respect to metastatic
cancer to brain, up to 50% of HER2 positive breast cancer results
in brain metastasis (Zimmer et al, 2022). Trastuzumab is a primary
treatment for HER2-positive breast cancer, but trastuzumab does
not cross the BBB (Kinoshita et al, 2006). The BBB is generally intact
in breast cancer metastasis to brain (Bailleux et al, 2021), and
trastuzumab therapy does not effectively treat breast cancer
metastases to brain (Bria et al, 2008).

2.1.3 Therapeutic antibodies for Alzheimer’s
disease
2.1.3.1 Anti-Abeta amyloid therapeutic antibodies in
Alzheimer’s disease

The dementia of AD correlates with the deposition in brain of
amyloid plaque (Cummings and Cotman, 1995; Naslund et al,
2000). The amyloid plaque that forms around brain blood vessels
and in brain extracellular space in AD is derived from a peptide of
40–43 amino acids in length (Glenner and Wong, 1984; Masters
et al, 1985), known as the Aβ amyloid peptide. Amino acid
composition analysis of the Aβ amyloid isolated from meningeal
vessels (Glenner and Wong, 1984), neuritic plaque (Masters et al,
1985), or intra-cortical parenchymal vessels (Pardridge et al, 1987b)
of AD brain all show a single threonine (Thr) residue, and the only

Frontiers in Drug Delivery frontiersin.org02

Pardridge 10.3389/fddev.2023.1227816

https://www.frontiersin.org/journals/drug-delivery
https://www.frontiersin.org
https://doi.org/10.3389/fddev.2023.1227816


Thr in the Aβ peptide is at position 43 (Kang et al, 1987). Anti-Aβ
amyloid antibodies (AAA) disaggregate Aβ fibrils in vitro (Solomon
et al, 1997). The intra-cerebral injection of an early AAA, the
3D6 antibody, into the brain of AD transgenic mice resulted in
the clearance of amyloid plaque at the injection site in brain, which
was followed by local repair of dystrophic neurites (Lombardo et al,
2003). A humanized version of the murine 3D6 antibody,
bapineuzumab, entered into clinical trials for AD, where the
AAA was administered by intravenous IV) infusion every
3 months at an infusion dose (ID) of 0.5, 1, or 2 mg/kg
(Salloway et al, 2014). The ID of 2 mg/kg was discontinued
owing to the presence of amyloid relating imaging abnormalities-
edema (ARIA-E) observed with magnetic resonance imaging (MRI).
As discussed below, ARIA-E represents AAA induced brain edema
associated with BBB disruption, and is observed following the
administration of an AAA in both AD patients (Cogswell et al,
2022; Nehra et al, 2022) and AD transgenic mice (Blockx et al, 2016).
The brain uptake of the murine precursor of bapineuzumab in the
mouse (Bard et al, 2012) is very low, 0.07% ID/Gram, which is
consistent with entrapment of the antibody in the blood volume of
brain (Sumbria et al, 2013a). It is proposed that the lack of transport
of bapineuzumab through an intact BBB played a pivotal role in the
bapineuzumab clinical trial failure (Pardridge, 2019).

Despite the failure of the bapineuzumab trial, over a dozen
AAAs entered into clinical trials for the treatment of AD (Pardridge,
2020). One of these antibodies, aducanumab, resulted in a dose-
dependent reduction in the brain amyloid plaque, as quantified with
florbetapir PET scanning (Sevigny et al, 2016). In 2021, aducanumab
was the first AAA approved by the FDA for the treatment of AD,
albeit amid controversy (Liu and Howard, 2021). Aducanumab as a
treatment for AD was rejected by the healthcare community
(Bauchner and Alexander, 2022). Aducanumab was approved
despite the lack of evidence that this therapeutic antibody crossed
the intact BBB. Aducanumab was said to cross the BBB (Sevigny
et al, 2016), but the negligible brain uptake of aducanumab was
demonstrated to represent entrapment of the antibody in the brain

blood volume (Pardridge, 2019), as discussed below in Section 2.2.2.
The reduction of the amyloid plaque in brain caused by aducanumab
treatment of patients with AD (Sevigny et al, 2016) indicated the
antibody did gain access to brain via transport across the BBB. The
mechanism by which aducanumab enters the brain in AD was
suggested by the finding that aducanumab resulted in ARIA of the
brain (Sevigny et al, 2016), which is indicative of BBB disruption
(Blockx et al, 2016; Cogswell et al, 2022; Nehra et al, 2022). An
analysis of the aducanumab reduction in brain amyloid and
induction of ARIA showed there was a linear relationship
between these parameters (Pardridge, 2019), as shown in
Figure 1. This near linear relationship between amyloid reduction
and ARIA development suggests aducanumab enters the brain
following antibody treatment induced BBB breakdown leading to
ARIA. This hypothesis was subsequently confirmed by the finding of
a correlation in AAA clinical trials between brain amyloid plaque
reduction and induction of ARIA-E for aducanumab, donanemab,
lecanemab, and gantenerumab (Wang et al, 2022). In support of
these findings, cerenezumab, which does not reduce amyloid plaque
in brain in AD, also does not cause ARIA-E (Ostrowitzki et al, 2022).
ARIA-E (edema) and ARIA-H (hemorrhage) is caused by the
leakage into brain of plasma and red blood cells, respectively
(Cogswell et al, 2022). The leakage of red blood cells is associated
with the parallel leakage of plasma so that ARIA-E co-exists with
ARIA-H (Cogswell et al, 2022). The development of ARIA-E, or
ARIA-H, and BBB disruption following the administration of an
AAA to AD subjects is analogous to the cerebral micro-hemorrhage
observed in AD mice following the treatment with high doses of the
AAA (Wilcock and Colton, 2009). ARIA is also detected by MRI of
brain following chronic administration of the 3D6 AAA in PDAPP
transgenic mice (Blockx et al, 2016). In the absence of AAA
treatment, the BBB is intact in AD, even to small molecule
imaging agents, as determined by PET (Schlageter et al, 1987),
contrast computed tomography (Caserta et al, 1998), and contrast
MRI (Starr et al, 2009).

In 2023, a second AAA, lecanemab, received accelerated
approval from the FDA for AD (Cummings et al, 2023). The
primary clinical endpoint in the lecanemab trial was the Clinical
Dementia Rating-Sum of Boxes (CDR-SB). The CDR-SB scale
encompasses 18 points, and lecanemab treatment resulted in an
improvement of 0.45 points (Van Dyck et al, 2023). This is a fairly
meager pharmacologic effect, as a clinical meaningful change in the
CDR-SB is at least one to two points (Andrews et al, 2019).
Lecanemab treatment causes both ARIA-E and ARIA-H, and the
warning of these side effects is part of the drug label (Mahase, 2023).
Themechanism of how lecanemab crosses the non-disrupted BBB to
gain access to amyloid plaque is not discussed in the lecanemab drug
development process (Cummings et al, 2023). Lecanemab, also
known as BAN2401, is a humanized version of the murine
mAb158. The brain uptake in the mouse of mAb158 is very low,
0.028% ID/Gram (Hultqvist et al, 2017), which is consistent with
entrapment of the antibody within the plasma volume of brain
without BBB transport. The mAb158 has been re-engineered as a
BBB-penetrating BSA as discussed below in Section 3.3.1.

Donanemab is another AAA for AD, which is near FDA
approval (Gueorguieva et al, 2023). Donanemab is a humanized
version of the pE3 MAb. pE3 is Aβ3-42, where the amino terminal
Asp1-Ala2 is cleaved producing an N-terminal Glu3, which cyclizes

FIGURE 1
Near linear correlation between ARIA-E and plaque reduction in
AD subjects treated with 1–10 mg/kg doses of aducanumab.
Reproduced with permission from Pardridge (2019).
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to the pyroglutamate form (Demattos et al, 2012). The primary
endpoint in the donanemab trial for AD was the sponsor’s
Integrated AD Rating Scale (iADRS), where the CDR-SB was the
secondary endpoint (Mintun et al, 2021). Reduction in brain
amyloid was only observed at the high dose, 10 mg/kg, of
donanemab administered monthly for 72 weeks (Lowe et al,
2021). This treatment produced a very high plasma concentration
of the AAA of ~1 uM (Gueorguieva et al, 2023), which is nearly 1%
of all IgG in plasma. The effect of donanemab treatment on the
CDR-SB is modest, 0.7 points on the 18-point scale, and treatment
with this AAA causes ARIA-E/ARIA-H in 31% of subjects (Travis,
2023). These results for donanemab are similar to the lecanemab and
aducanumab trials discussed above. Medicare coverage for these
AAAs for AD is restricted (Brockmann et al, 2023), and the Centers
for Medicare and Medicaid Services requires that prescribing
doctors must participate in a health agency registry, a limitation
generally used byMedicare for medical devices, not pharmaceuticals
(Steenhuysen, 2023).

2.1.3.2 Anti-tau therapeutic antibodies in Alzheimer’s
disease

Intracellular insoluble aggregates accumulate in neurons in AD
to form neurofibrillary tangles (Kuchibhotla et al, 2014), which are
derived from abnormal processing of the tau microtubule protein.
Therapeutic antibodies against the tau protein monomer or fibril,
with or without phosphorylation, are currently in clinical trials
(Pardridge, 2020; Ji and Sugurdsson, 2021). Anti-tau antibodies
include semorinemab, and ABBV-8E12, also known as tilavonemab,

and these antibodies have been recently reported to have no efficacy
in AD (Teng et al, 2022; Florian et al, 2023). Failure of the early tau
antibody trials in AD is said to be reminiscent of the failures of the
early Abeta amyloid antibody trials in AD (Imbimbo et al, 2023).
The difference is that anti-tau antibodies, unlike anti-Abeta amyloid
antibodies, do not cause ARIA-E, and do not disrupt the BBB, and
thus have no mechanism to gain access to brain tissue from blood.

In summary, the therapeutic antibodies that have been FDA
approved to date for the CNS either do not have a site of action
within the CNS, as in the case of the antibodies for MS or glioma, or
gain access to brain via BBB disruption, as in the case of the anti-
amyloid antibodies for AD. Nevertheless, there are numerous other
therapeutic antibodies currently in clinical trials for CNS disease,
and the rationale for these trials is that therapeutic antibodies have a
low, but pharmacologically significant, transport across the BBB.
This rationale will be examined in the following section, where the
methodologies used to assess transport of therapeutic antibodies
into brain are reviewed.

2.2 Methods used to assess transport of
therapeutic antibodies through the blood-
brain barrier

2.2.1 Cerebrospinal fluid
It is widely believed that therapeutic antibodies have low, but

significant, rate of penetration through the BBB, and that this brain
uptake of the antibody produces a brain concentration on the order

FIGURE 2
The 2 barriers in brain are the blood-brain barrier (BBB) and the blood-cerebrospinal fluid (CSF) barrier. (Left panel) The BBB is formed by the
endothelium of capillaries that perfuse brain parenchyma as shown by the inverted image of an India ink infusion of the human brain. The brain endothelia
are joined by tight junctions with high electrical resistance of 8,000 Ω cm2, and the brain/plasma ratio of IgG is very low, <0.01%. (Right panel) The blood-
CSF barrier is formed by the choroid plexus epithelium lining the floors of the 4 cerebral ventricles, and the 2 lateral ventricles are shown. The
choroid plexus epithelium is a relatively leaky cellular barrier with a low electrical resistance of 26 Ω cm2. The CSF/plasma ratio of IgG is ~0.2% (Table 1).
Reproduced from Pardridge (2020).
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of 0.2% of the plasma concentration (Atwal et al, 2011; Bohrmann
et al, 2012). In fact, this estimate is not based on measurement of
antibody penetration of brain, but rather is derived from the
observation that the level of therapeutic antibody in
cerebrospinal fluid (CSF) is 0.2% of the plasma level following IV
infusion. That is, the 0.2% estimate does not represent IgG uptake by
brain, but rather IgG uptake by CSF. The use of drug distribution
into CSF assumes the CSF compartment can be used as a surrogate
of the brain interstitial fluid (ISF) compartment. This assumption on
the equivalence of CSF and ISF in brain tissue overlooks important
aspects of brain transport. CSF is not a surrogate of the ISF
compartment, because the CSF is separated from blood by the
choroid plexus epithelium, which forms the blood-CSF barrier.
In contrast, ISF is separated from blood by the brain capillary
endothelium of brain parenchyma, which forms the BBB. These
2 barriers in brain have fundamentally different properties as
illustrated in Figure 2. The BBB is present at virtually all
capillaries in the brain (Figure 2, left panel). Since the capillaries
are separated by about 40 microns (Duvernoy et al, 1981), virtually
all neurons are perfused by an individual capillary. In contrast, the
blood-CSF barrier is localized only to the choroid plexus, which lines
the floor of the 4 cerebral ventricles in brain. The choroid plexus at
the floor of the 2 lateral ventricles is shown in Figure 2 (right panel).
The BBB, at the brain capillary endothelium, and the blood-CSF
barrier, at the choroid plexus, are distinct cellular barriers. The BBB
is a tight barrier, with an electrical resistance of ~8,000 Ω cm2,
whereas the choroid plexus is a leaky barrier with an electrical
resistance of 26Ω cm2 (Pardridge, 2016). The relative leakiness of
the choroid plexus, as compared to the BBB, is also reflected in the
rate of transport into CSF of plasma proteins across the choroid
plexus. As shown in Table 1, the CSF/serum ratio of albumin and
IgG in humans is 0.58% and 0.25%, respectively (Kay et al, 1987).
That is, all IgG in plasma normally transfers to the CSF
compartment, owing to the relative leakiness of the choroid
plexus. In contrast, the level of IgG in primate brain following IV
administration is <0.01% of the plasma concentration (Yadav et al,
2017). The distribution of a therapeutic antibody into CSF is the
expected consequence of the relatively leaky choroid plexus, and
CSF measurements should not be used as an index of antibody
transport across the BBB into brain parenchyma. The idea that CSF
is a measure of brain ISF dates back to 1913, when the location of the
BBB was erroneously assumed to be the choroid plexus (Pardridge,
2016).

2.2.2 Brain plasma volume
Aducanumab was said to cross the intact BBB, because the brain

concentration of the antibody was higher following the
administration of a high injection dose (ID) as compared to the

brain concentration of antibody following administration of a low
ID (Sevigny et al, 2016). The aducanumab brain volume of
distribution (VD), which is the ratio of the brain concentration,
in ng/Gram, divided by the plasma concentration, in ng/uL, was only
~1 uL/Gram, following washout of the brain (Sevigny et al, 2016).
That is, the brain concentration of aducanumab was 1,000-fold
lower than the plasma concentration. The brain VD of aducanumab,
1 uL/Gram, is 5% of the brain plasma volume in the mouse, which is
~20 uL/g (Boswell et al, 2014). Therefore, this brain aducanumab
concentration would be expected if 5% of the plasma volume was
retained in brain following washout of the vasculature. If a
therapeutic antibody, or any drug, is retained in brain within the
plasma volume, then that drug is present in brain, per se, but has not
crossed the BBB. This is illustrated by the histochemistry of mouse
brain following the IV administration of horseradish peroxidase
(HRP), as shown in Figure 3. HRP is a 40 kDa protein that does not
cross the BBB, and does not enter brain, except in tiny regions of the
brain, designated circumventricular organs (CVO), which lack a
BBB (Miyata, 2015). One CVO is the median eminence at the base of
the third ventricle, and the uptake of HRP in this region of brain is
shown in Figure 3. If a homogenate of the brain shown in Figure 3
was prepared, then HRP would be measurable, and it might be
concluded that HRP crosses the BBB, providing the role of the brain
plasma volume was not considered. The role of the brain plasma
volume (Vo) can generally be ignored in the development of small
molecule drugs that have a VD in brain that is high relative to the
Vo. However, in the case of drug development of biologics, where
the brain VD approximates the Vo, it is crucial to account for drug
sequestration in the plasma volume of brain, before concluding that
a given biologic crosses the BBB. If the brain VD of a therapeutic

TABLE 1 Concentration of IgG and albumin in human cerebrospinal fluid.

Compartment IgG (mg/mL) Albumin (mg/mL)

CSF 0.025 ± 0.010 0.22 ± 0.05

serum 9.8 ± 2.2 38 ± 4

CSF/serum 0.25% 0.58%

From Kay et al, 1987.

FIGURE 3
The brain plasma volume is illustrated in this coronal section of
mouse brain after the IV injection of horseradish peroxidase (HRP), a
40 kDa protein that does not cross the BBB. Four tiny areas of brain,
circumventricular organs (CVO), lack a BBB (Miyata, 2015), and
one CVO, the median eminence at the base of the third ventricle (V), is
shown in this section. The HRP is sequestered within the plasma
compartment of brain without passage across the BBB. However, if a
homogenate of brain was produced, then HRP in brain would be
measurable. This image is a kind gift of Dr. Milton W. Brightman, and is
reproduced from Pardridge (2022b).
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antibody is not greater than the brain plasma volume, Vo, then the
antibody does not cross the BBB.

2.2.3 Brain microdialysis
Microdialysis of brain was originally developed to measure

the distribution of small molecules into the ISF of brain, and
employed the intra-cerebral implantation of a dialysis fiber with
an outer diameter of ~500 microns and a molecular weight cutoff
(MWCO) of 20 kDa (Benveniste et al, 1989). Early work showed
that the insertion of a dialysis fiber into brain causes local brain
injury leading to BBB disruption to both small molecules
(Morgan et al, 1996; Groothuis et al, 1998) and to large
molecules such as albumin (Westergren et al, 1995), and to the
formation of a glial scar around the fiber (Hascup et al, 2009).
Recently, brain microdialysis has been applied to the brain
delivery of monoclonal antibodies, where special fibers are
used that have a MWCO of 1,000,000 Da (Chang et al, 2018;
Sopko et al, 2020; LePrieult et al, 2021; Van De Vyver et al, 2022).
The assumption with this methodology is that the antibody
distribution into the dialysate is a measure of antibody
transport into the brain ISF. However, the dialysate is only a
measure of the ISF within a region of <1,000 microns surrounding
the fiber (Mak et al, 1995). This peri-fiber region of brain is a
model of a brain penetration injury, owing to the local stab wound
caused by implantation of the fiber (Jaquins-Gerstl and Michael,
2009; Nesbitt et al, 2013; Varner, et al, 2016). The introduction of
a fiber, which has an outer diameter of ~500 microns (Chang et al,
2018), into brain tissue causes local ischemia around the fiber
(Jaquins-Gerstl and Michael, 2009; Nesbitt et al, 2013; Varner,
et al, 2016). The peri-fiber ischemia develops because the
diameter of the fiber, ~500 microns, is more than 10-fold
greater than the inter-capillary distance, 40 microns, in brain
(Duvernoy et al, 1981). The IV administration of 0.1 micron
fluorescent microspheres in parallel with fiber implantation
shows the brain capillaries adjacent to the dialysis fiber are not
perfused (Jaquins-Gerstl and Michael, 2009). Owing to the BBB
disruption caused by the implantation of the dialysis fiber within
the region of brain surrounding the dialysis fiber, the use of this
method will over-estimate the extent to which a therapeutic
antibody crosses the BBB to enter brain parenchyma. Dialysate
measurements represent antibody distribution in brain across a
disrupted BBB within hypoxic, injured brain tissue.

In summary, therapeutic antibodies do not cross the intact BBB.
Therefore, if the antibody target resides in the brain behind the BBB,
the antibody must be enabled to penetrate the BBB. This is possible
by re-engineering the therapeutic antibody as a BBB-penetrating
bispecific antibody (BSA), where one antibody domain of the BSA is
the therapeutic antibody and the other antibody domain of the BSA
is a transporting antibody. The latter is an antibody that targets a
receptor-mediated transcytosis (RMT) system at the BBB. These
RMT pathways normally serve to mediate the brain uptake of
specific peptides in blood. The BBB RMT systems may also
mediate the brain uptake of receptor-specific MAbs that bind
exofacial epitopes on the receptor extracellular domain. The
RMT uptake of peptides, and receptor-specific MAbs, are
reviewed in Sections 3.1 and 3.2, respectively. The re-engineering
of therapeutic antibodies as BSAs that penetrate the BBB via these
RMT pathways is reviewed in Section 3.3.

3 Receptor-mediated transport of
biologics through the blood-brain
barrier

3.1 Receptor-mediated transport of peptides
through the blood-brain barrier

3.1.1 Blood-brain barrier insulin receptor
The existence of receptor-mediated transcytosis (RMT)

pathways at the BBB for circulating peptides was proposed
following the identification of peptide RMT systems expressed in
capillaries isolated from human and animal brain (Pardridge, 1986).
The insulin receptor (INSR or IR) on the human BBB was identified
with capillaries isolated from human autopsy brain, radio-receptor
assays with [125I]-insulin, and affinity cross-linking of insulin to the
IR at the human BBB (Pardridge et al, 1985). The high affinity KD of
insulin binding to the BBB human insulin receptor (HIR) was 1.2 ±
0.5 nM. Affinity cross-linking studies showed the molecular weight
(MW) of the insulin binding site was 127 kDa, and the solubilized
BBB HIR bound to wheat germ agglutinin (WGA) indicating the
presence of N-acetylglucosamine residues within the receptor
carbohydrate moiety. In contrast, the HIR on brain cell
membranes, depleted of brain capillaries, had a lower MW of
115 kDa, and did not bind to WGA (Pardridge et al, 1985).
There are 2 HIRs, derived from a common gene. The short form
receptor, isoform A, or HIR-A, lacks the domain expressed by exon
11, and is primarily expressed in neurons, whereas the long form
receptor, isoform B, or HIR-B, contains the domain expressed by
exon 11, and is primarily expressed in peripheral tissues and liver
(Belfiore et al, 2009; Pomytkin et al, 2018). The HIR isoform
expressed at the endothelium of brain may be the short form, or
HIR-A. HIR-A has high affinity for insulin-like growth factor (IGF)-
2, but not for IGF-1, whereas HIR-B has low affinity for IGF2
(Belfiore et al, 2017). IGF-2 partially suppresses insulin binding to
the HIR at the human BBB (Duffy et al, 1988), which suggests the IR
at the human BBB may be HIR-A.

The HIR at the human brain capillary mediates insulin
endocytosis and exocytosis (Pardridge et al, 1985), and these
observations gave rise to the hypothesis that insulin undergoes
receptor-mediated transcytosis (RMT) across the BBB following
binding to the luminal IR (Pardridge, 1986). This hypothesis was
confirmed by internal carotid artery infusion of [125I]-insulin
followed by emulsion autoradiography of brain in the rabbit
(Duffy and Pardridge, 1987). Reverse phase HPLC of acid
ethanol extracts of brain showed the radioactive species in brain
tissue following carotid artery infusion was unmetabolized insulin.
The brain uptake of the [125I]-insulin was completely saturated by
high concentrations of unlabeled insulin (Duffy and Pardridge,
1987). The only binding site for insulin at the BBB that is
saturable is the IR (Pardridge et al, 1985), indicating the IR on
the BBBmediates the brain uptake of insulin. The transport of [125I]-
insulin across the BBB in vivo was assessed by internal carotid artery
infusion, and not by intravenous injection, because the plasma T1/2

of insulin is only about 5 min (Duckworth et al, 1998). This rapid
peripheral degradation of [125I]-insulin results in the entry of [125I]-
tyrosine into the circulation, since iodination labels tyrosine
residues. Tyrosine is a large neutral amino acid that can traverse
the BBB via transport on the large neutral amino acid transporter 1
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(LAT1) that is highly expressed at the BBB (Boado et al, 1999). The
IV injection of [125I]-insulin can lead to radioactivity in brain that
arises from the BBB transport of [125I]-tyrosine, in parallel with the
transport of [125I]-insulin.

3.1.2 Blood-brain barrier transferrin receptor
High expression of the transferrin receptor (TfR) at the brain

capillary endothelium was demonstrated by immunohistochemistry
(IHC) of rat brain with the murine OX26 MAb against the rat TfR,
and of human brain with the murine B3/25 MAb against the human
TfR (Jefferies et al, 1984). Binding of the B3/25 antibody to the
human TfR was originally described by Trowbridge and Omary
(1981). Transferrin binding and endocytosis via the TfR at the
human BBB was identified with isolated human brain capillaries and
radio-receptor assays with [125I]-holo-Tf (Pardridge et al, 1987a).
Holo-Tf bound to the human brain capillary with high affinity and a
KD of 5.6 ± 1.4 nM, and the [125I]-holo-Tf was endocytosed into the
brain capillaries via a temperature-dependent process. The
expression of the TfR in the isolated human brain capillaries was
confirmed with immunocytochemistry using a mouse MAb against
the human TfR (Pardridge et al, 1987a). The RMT of [125I]-holo-Tf
across the BBB in the rat was demonstrated with an arterial infusion
method (Fishman et al, 1987). Subsequently, the brain uptake of
[125I, 59Fe]-holo-Tf was measured in rats for up to 6 h after IV
injection, and there was selective enrichment in brain of the 59Fe
relative to the 125I (Taylor et al, 1991). These data, in conjunction
with pre-embedding electron microscopic immunochemistry of
brain showing absence of the TfR on the abluminal membrane of
the capillary endothelium (Roberts et al, 1993), gave rise to the retro-
endocytosis model of BBB transport of holo-Tf. In this model, it was
posited that holo-Tf undergoes receptor-mediated endocytosis at the
luminal membrane, followed by separation of iron and apo-Tf
within the intracellular compartment of the endothelium,
followed by retro-endocytosis of apo-Tf across the luminal
endothelial membrane back to blood. However, the detection of
abluminal receptors on the brain endothelium is limited with the
pre-embedding labeling methods used by Roberts et al (1993), as
abluminal receptors at the brain endothelium are best detected with
post-embedding labeling methods (Vorbrodt, 1989). The expression
of the TfR on the abluminal membrane of the endothelium was
confirmed with confocal microscopy of freshly isolated rat brain
capillaries (Huwyler and Pardridge, 1998). The selective enrichment
of 59Fe, relative to 125I, at 6 h following IV injection (Taylor et al,
1991), is compatible with a model of RMT of holo-Tf across the BBB,
uptake of the holo-Tf by brain cells, dissociation of iron in brain
cells, and reverse transcytosis of apo-Tf from brain back to blood
across the BBB. The selective reverse transcytosis of apo-Tf from
brain to blood was demonstrated with the Brain Efflux Index
method, and these studies showed the T1/2 of apo-Tf exodus
from brain to blood was 49 ± 4 min (Zhang and Pardridge, 2001).

There are 2 TfRs, TfR1 and TfR2 (Kawabata et al, 1999). TfR1 is
enriched in spleen relative to liver, and TfR2 is enriched in liver
relative to spleen (Wallace et al, 2005). TfR1 is encoded by a 5–6 kb
mRNA, and TfR2 is encoded by a 2.8 kb mRNA (Kawabata et al,
1999). The TfR expressed at the BBB is TfR1, as demonstrated by an
early BBB genomics study (Li et al, 2001). The plasma concentration
of Tf is very high, 45,000 nM (Schmaier, 2020), and about 40% of the
total Tf in plasma is apo-Tf, about 30% is diferric holo-Tf, and about

30% is monoferric holo-Tf (Eckenroth et al, 2011). Apo-Tf does not
bind the TfR at neutral pH, and the affinity of diferric holo-Tf for the
TfR is about 6-fold greater than the affinity of mono-ferric holo-Tf
(Mason et al, 2009). The complex of holo-Tf and the TfR is a
tetramer comprised of 2 TfRs and 2 holo-Tfs (Eckenroth et al, 2011).
Holo-Tf binds to the protease-like and helical domains of the TfR
(Eckenroth et al, 2011). Although holo-Tf does not bind the apical
domain of the TfR, the binding of holo-Tf to the protease-like and
helical domains causes a conformational change in the apical
domain of the TfR (Eckenroth et al, 2011; Kleven et al, 2018).
The conformational change in the apical domain caused by Tf
binding to the TfR is important with respect to TfRMAb binding
to the TfR, as these antibodies bind the apical domain of the TfR, as
discussed in section 3.2.3.

3.1.3 Blood-brain barrier insulin-like growth factor
receptor

The insulin-like growth factor (IGF) receptor at the human BBB
was characterized with isolated human brain capillaries using radio-
receptor assays with [125I]-IGF1 and [125I]-IGF2 and affinity cross-
linking of the IGFs to the human brain capillary plasma membrane
(Duffy et al, 1988). Binding of the IGFs to the human BBB was high
affinity and the KD of binding of IGF1 and IGF2 was 2.1 ± 0.4 nM
and 1.1 ± 0.1 nM, respectively. Subsequent to receptor binding, the
IGFs were rapidly endocytosed into the human brain capillary.
IGF1 binds with high affinity to the IGF1 receptor (IGF1R), but
does not bind to the insulin receptor or to the IGF2 receptor
(IGF2R). The IGF2R is also known as the cation independent
mannose 6-phosphate receptor (CI M6PR), and binds mannose
6-phosphorylated lysosomal enzymes (Pardridge, 2022a).
IGF2 binds with high affinity to the IGF1R, the IGF2R, and the
type A (short form) insulin receptor (Jiracek and Zakova, 2017). The
IGF1R and insulin receptors are hetero-tetameric tyrosine kinases,
whereas the IGF2R is a monomeric 250 kDa protein (Van Beijnum
et al, 2017). Both IGF1 and IGF2 bind to a saturable binding site at
the human BBB that has a MW of 140 kDa, which is size of the alpha
subunit of the IGF1R, and there is no detectable 250 kDa binding site
at the human BBB for IGF2 (Duffy et al, 1988). The absence of the
IGFR2/CI M6PR at the human BBB underlies the lack of BBB
transport of lysosomal enzymes, which are mannose 6-
phosphorylated (Pardridge, 2022a).

The BBB IGF1R mediates the saturable transport of both
IGF1 and IGF2 across the BBB in vivo, as demonstrated with an
internal carotid artery infusion in rats of [125I]-IGF1 and [125I]-IGF2
in buffer without serum (Reinhardt and Bondy, 1994). The brain
uptake of [125I]-IGF1 or [125I]-IGF2 would not be measurable
following IV administration, because the IGFs are >99% bound
by IGF binding proteins (IGF BP) (Clemmons, 2018). IGF1 and
IGF2 binding to the IGFBPs sequester the IGFs in the blood
compartment, which explains the long T1/2 of the IGFs in blood
of 10–16 h (Livingstone and Borai, 2014). In contrast, the T1/2 of
insulin in blood is 4–5 min (Duckworth et al, 1998). There is no
specific binding of either IGF1 or IGF2 to IGF1R on isolated human
brain capillaries in the presence of human serum (Duffy et al, 1988).
The avid binding of the IGFs to serum IGFBPs explains the lack of
BBB transport of an IGF2 fusion protein (Kan et al, 2014). IGF2 is
synthesized locally at the brainmicrovasculature as demonstrated by
a BBB genomics study of isolated rat brain capillaries (Li et al, 2001).

Frontiers in Drug Delivery frontiersin.org07

Pardridge 10.3389/fddev.2023.1227816

https://www.frontiersin.org/journals/drug-delivery
https://www.frontiersin.org
https://doi.org/10.3389/fddev.2023.1227816


3.1.4 Blood-brain barrier leptin receptor
The leptin receptor (LEPR), also called the obesity receptor

(Ob-R), was identified at the human BBB with isolated human
brain capillaries and radio-receptor assays with [125I]-leptin
(Golden et al, 1997). The KD of binding of leptin to the BBB
LEPR was 5.1 ± 2.8 nM, and leptin binding was not inhibited by
either insulin or IGF1 (Golden et al, 1997). Reverse transcriptase
polymerase chain reaction (PCR) with RNA freshly isolated from
rat brain capillaries showed the predominant Ob-R at the BBB
was the short form of the receptor, Ob-Ra (Boado et al, 1998),
which has a truncated intracellular domain (Gorska et al, 2010).
The selective expression of the LEPR at the BBB in brain is shown
by the IHC study in Figure 4A, where frozen sections of rat brain
were immune-stained with an antibody against the LEPR (Boado
et al, 1998). The continuous immune-staining of the brain
microvasculature is indicative of an endothelial origin of the
LEPR. In contrast a discontinuous immune staining of a capillary
antigen generally indicates the cellular origin of the antigen is
either the microvascular pericyte or microvascular astrocytic
endfeet.

The BBB LEPRmediates the brain uptake of circulating leptin as
demonstrated with carotid artery infusion of [125I]-leptin
(Kurrimbux et al, 2004). Leptin penetrated the parenchyma of
brain faster than the peptide entered into CSF (Kurrimbux et al,
2004). BBB transport of leptin was suppressed following selective
knockout of the brain capillary endothelial LEPR (Di Spezio et al,
2018). The demonstration of receptor-mediated transport of [125I]-
leptin following IV administration is made difficult owing to the
short half-time, 40 min, of leptin in plasma (Burnett et al, 2017).
Degradation of [125I]-leptin results in the rapid formation of [125I]-
tyrosine in plasma, and this large neutral amino acid is a substrate
for the BBB LAT1 transporter (Boado et al, 1999). BBB transport of
leptin has been assessed by fluorescent microscopy following the IV
injection of leptin conjugated with a fluorophore (Harrison et al,
2019). The delivery of leptin to brain was detected in regions with a
leaky vasculature, such as the choroid plexus or a CVO (Harrison
et al, 2019). Transfer of leptin from blood to brain parenchyma
behind the BBB with a microscopic method is made difficult by the
marked dilution the peptide undergoes in transfer from the intra-
endothelial volume of brain to the post-vascular volume of brain.
The post-vascular space of brain, 700 uL/Gram, is ~1,000-fold larger
than the intra-endothelial volume, 0.8 uL/Gram (Pardridge, 2022b).

3.1.5 Other receptors
Immunohistochemistry (IHC) of brain shows the insulin,

transferrin, IGF, and leptin receptors are expressed both at the
BBB and on cells within brain parenchyma, as depicted in Figure 4B.
IHC of brain with receptor-specific antibodies shows continuous
immune staining of the brain with antibodies against the IR
(Pardridge et al, 1995; Kurata et al, 2013), the TfR (Jefferies et al,
1984; Bickel et al, 1994; Huwyler and Pardridge, 1998), the IGF1R
(Garcia-Segura, 1997), and the LEPR (Boado et al, 1998). In contrast,
IHC of brain shows several receptors, which have been targeted for
RMT across the BBB with peptide-based delivery agents, are
expressed on brain cells, but not at the endothelium, as shown in
Figure 4B. The low-density lipoprotein (LDL) receptor (LDLR) is
expressed on neurons but not endothelium (Kurata et al, 2013). The
LDLR related protein 1 (LRP1) is expressed on pericytes (Candela
et al, 2015; Ma et al, 2018) and astrocytes (Liu et al, 2017) but not
endothelium of brain. The nicotinic acetyl choline receptor
(nAChR) is expressed on neurons and astrocytes in brain but not
on endothelium (Gahring et al, 2004). The N-methyl D-aspartate
receptor (NMDAR) is expressed on pericytes but not endothelium
(Mapelli et al, 2017). IHC of brain shows the IR, TfR, LEPR, and
IGF1R are also expressed within brain cells. The IR is expressed on
neurons and astrocytes (Pomytkin et al, 2018), the TfR is expressed
on neurons (Moos et al, 1998), the LEPR is expressed on neurons
and astrocytes (Mutze et al, 2006; Fujita and Yamashita, 2019), and
the IGF1R is expressed on neurons and astrocytes (Garcia-Segura,
1997). Therefore, targeting the IR, TfR, LEPR, or IGF1R could
deliver therapeutic antibodies to the intracellular compartment of
brain. Pathologic aggregates accumulate in the intracellular
compartment of brain, such as neurofibrillary tangles in AD
(Kuchibhotla et al, 2014) or α-synuclein aggregates in PD
(Peelaerts and Baekelandt, 2023). In contrast, the development of
antibodies that target the LDLR, the LRP1, the nAChR, or the
NMDAR, may not result in significant uptake of the antibody by
brain, as these receptors are not expressed on the luminal membrane

FIGURE 4
(A) Immunohistochemistry (IHC) of rat brain with an antiserum
against the leptin receptor (LEPR) shows high expression of the LEPR
at the brain microvasculature. The continuous immune staining is
indicative of an endothelial origin of the immunoreactive LEPR.
Reproduced with permission from Boado et al (1998). (B) Schematic
showing expression of the insulin receptor (INSR), the transferrin
receptor 1 (TfR1), the LEPR, and the insulin-like growth factor receptor
(IGFR) at both the BBB and on brain cell membranes. Conversely, brain
IHC shows the low density lipoprotein (LDL) receptor (LDLR), the LDLR
related protein 1 (LRP1), the nicotinic acetyl choline receptor (nAChR),
and the N-methyl D-aspartate receptor (NMDAR) are expressed on
brain cells but not on the luminal membrane of the brain capillary
endothelium. Reproduced from Pardridge (2022a).
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of the brain capillary endothelium. An antibody specific for the
LRP1 is not transported into brain following IV administration
(Zuchero et al, 2016). Other receptors at the BBB that have been
proposed as potential targets for RMT delivery include basigin
(Christensen et al, 2021) and CD98hc (Zuchero et al, 2016).
However, both basigin and CD98hc are not RMT systems, but
rather are members of the Solute Carrier (SLC) gene family of
carrier-mediated transporters (Schumann et al, 2020). Basigin, also
known as CD147, forms a hetero-dimer with the monocarboxylic
acid transporter, MCT1 (SLC16A1) (Wilson et al, 2002). CD98hc,
also known as 4F2hc, is SLC3A2 and forms a hetero-dimer with the
large neutral amino acid transporter 1, LAT1 (SLC7A5). The LAT1/
4F2hc hetero-dimer, and the MCT1/CD147 hetero-dimer, form
trans-membrane transport cavities (Yan et al, 2019; Wang et al,
2021) and do not undergo endocytosis (Pardridge, 2022b).

3.1.6 Differential distribution of insulin and
transferrin receptors at the blood-brain barrier

The local capillary concentration of the IR and TfR at the BBB is
24 nM and 40 nM, respectively (Pardridge, 2021). The plasma
concentration of insulin, 0.3 nM (Bar et al, 1976), is only 1% of
the capillary IR concentration. Therefore, over 80% of the IR at the
BBB is the free IR not occupied by insulin (Pardridge, 2021). In
contrast, the concentration of holo-Tf in plasma, 25,000 nM
(Schmaier, 2020), is nearly 1,000-fold greater than the
concentration of the TfR at the BBB (Pardridge, 2021).
Therefore, the concentration of the free TfR, unoccupied by Tf,
at the BBB is effectively zero, and all of the TfR at the BBB is in the
form of a hetero-tetrameric complex of 2 Tf molecules and
2 receptors. Most of the endothelial TfR resides within the
intracellular compartment participating in the transcytosis of Tf,
and the concentration of the TfR-Tf complex at the luminal
membrane of the brain endothelium is estimated to be 2 nM
(Pardridge, 2021). The fact that a TfRMAb antibody targets the
TfR-Tf complex in vivo at the BBB, and not the unoccupied TfR, is
important to TfRMAb discovery. This is because binding of holo-Tf
to the TfR causes conformational changes in the apical domain of
the TfR (Eckenroth et al, 2011; Kleven et al, 2018), and it is the apical
domain of the TfR where virtually all TfRMAbs bind. Therefore, the
affinity of a TfRMAb for the TfR should be assessed for both the
unoccupied TfR and the holo-Tf/TfR complex. Since the affinity for
the TfR of diferric Tf is about 6-fold greater than monoferric Tf
(Mason et al, 2009), it is important to use a complex of the TfR and
diferric Tf when measuring the affinity of a TfRMAb for the TfR.

3.2 Receptor-mediated transport of
monoclonal antibodies through the blood-
brain barrier

3.2.1 Insulin receptor monoclonal antibodies
Amurine MAb that binds the extracellular domain (ECD) of the

alpha subunit of the human insulin receptor (HIR), and designated
the HIRMAb, was observed to bind with high affinity to isolated
human brain capillaries with a KD of 0.45 ± 0.10 nM (Pardridge
et al, 1995). HIRMAb binding to human brain capillaries was
minimally affected by insulin and the concentration of insulin
that caused a 50% inhibition of HIRMAb binding

was >2,000 nM. Subsequent to binding, the HIRMAb was rapidly
endocytosed by the human brain capillary. IHC with primate brain
showed the HIRMAb cross-reacted with the IR in Old World
primates, such as the Rhesus monkey, but not the IR in New
World primates, such as the squirrel monkey. The HIRMAb was
radio-iodinated and injected IV in the adult Rhesus monkey. The
brain uptake of the HIRMAb by the primate brain was 2.5–3.8%ID/
100 g (Pardridge et al, 1995). Brain uptake was expressed per 100 g,
because the weight of the primate brain is 100 g (Pardridge et al,
1995). This level of brain uptake of the HIRMAb in the primate is
high and is comparable to the brain uptake of a lipid soluble small
molecule. Fallypride is a lipid soluble small molecule dopamine
receptor agonist, and the brain uptake of fallypride in the primate is
4%ID/100 g (Mukherjee et al, 2001). The murine HIRMAb was
genetically engineered as a human/mouse chimeric antibody
(Coloma et al, 2000). The chimeric HIRMAb was radio-labeled
by conjugation with diethylenetriaminepentaacetic acid (DTPA)
followed by chelation of the 111-indium radionuclide. The brain
uptake of the [111In-DTPA]-chimeric HIRMAb in the Rhesus
monkey was 2.0 ± 0.1 %ID/100 g at 2 h after IV administration.
Film autoradiography of the primate brain removed 2 h after
injection showed global distribution of the chimeric HIRMAb
throughout the brain with higher uptake in gray matter as
compared to white matter (Coloma et al, 2000), owing to the
higher vascular density in gray matter (Pardridge et al, 1995).

A fusion protein of the chimeric HIRMAb was genetically
engineered where the mature iduronate 2-sulfatase (IDS) enzyme
was fused to the carboxyl terminus of both heavy chains. IDS is a
lysosomal enzyme mutated in Mucopolysaccharidosis Type II

FIGURE 5
(A, B) Film autoradiography of coronal sections of Rhesus
monkey brain removed 2 h after the IV injection of [125I]-HIRMAb-IDS
fusion protein (A) or [125I]-IDS (B). Reproduced with permission from
Boado et al (2013a) (C, D) Phosphorimager scans of sagittal
sections of Rhesus monkey brain removed 2 h after the IV injection of
[125I]-HIRMAb-IDUA fusion protein (C) or [125I]-IDUA (D). Reproduced
with permission from Boado and Pardridge (2017). Fusion of the IDUA
or IDS enzyme to the HIRMAb enables broad penetration of the
enzyme into the brain parenchyma. Uptake in gray matter is higher
than in white matter owing to the greater vascular density in gray
matter. The IDS (B) or IDUA (D) alone does not cross the BBB and is
confined to the plasma volume of brain.
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(MPSII), which affects the CNS (Pardridge, 2022a). The brain
uptake of the IDS alone or the HIRMAb-IDS fusion protein was
measured in Rhesus monkeys at 2 h after IV administration of the
enzyme or fusion protein radio-labeled with the [125I]-Bolton-
Hunter reagent. The brain uptake of the IDS and HIRMAb-IDS
fusion protein was 0.026 ± 0.007%ID/100 g and 1.0% ± 0.2% ID/
100 g (Boado et al, 2013a), respectively. The brain VD of the IDS was
9 ± 2 uL/Gram, which is no different from the plasma volume.
Therefore, the IDS enzyme does not cross the BBB, and the brain
uptake of IDS, 0.026 ± 0.007 %ID/100 g, represents enzyme
entrapment in the brain plasma volume (Boado et al, 2013a).
Film autoradiography of the primate brain at 2 h after IV
injection is shown in Figure 5A and 5B for the HIRMAb-IDS
fusion protein and IDS, respectively (Boado et al, 2013a). Similar
to the global uptake by primate brain of the murine or chimeric
HIRMAb alone (Pardridge, et al, 1995; Coloma et al, 2000), there is
broad distribution in primate brain of the HIRMAb-IDS fusion
protein (Figure 5A). Conversely, there is no brain uptake of the IDS
alone (Figure 5B). In a parallel study, the lysosomal enzyme mutated
in MPSI, α-L-iduronidase (IDUA), was fused to the carboxyl
terminus of both heavy chains of the chimeric HIRMAb (Boado
and Pardridge, 2017). The IDUA alone and the HIRMAb-IDUA
fusion protein were separately labeled with the [125I]-Bolton-Hunter
reagent, and injected IV in the Rhesus monkey. The brain VD of the
HIRMAb-IDUA fusion protein was 736 ± 59 uL/Gram, which
corresponded to a brain uptake of 1.2% ± 0.2% ID/100 g.
Conversely, the brain VD of the IDUA alone, 14 ± 1 uL/Gram,
was no different from the brain plasma volume (Boado and
Pardridge, 2017). Phosphor imaging of the primate brain at 2 h
after IV injection is shown in Figures 5C, D for the HIRMAb-IDUA
fusion protein and IDUA, respectively (Boado et al, 2013a). Similar
with the HIRMAb-IDS fusion protein, there is global uptake by
brain of the HIRMAb-IDUA fusion protein, with higher uptake in
gray matter as compared to white matter. The images in Figure 5
illustrate the extent to which a biologic, which alone does not cross
the BBB, can be re-engineered with a HIRMAb to enable brain
uptake of the biologic.

The robust brain uptake of the HIRMAb-enzyme fusion
proteins shown in Figures 5A, C would not be observed if the
high affinity, bivalent HIRMAb was sequestered within the brain
capillary endothelium without exocytosis into the brain
parenchyma. If this were the case, then the brain uptake of the
HIRMAb fusion protein would be at the background level observed
for the IDS and IDUA alone (Pardridge, 2021). This is because the
volume of the capillary endothelium in brain, 0.8 uL/Gram (Gjedde
and Christensen, 1984), is nearly 1,000-fold smaller than the
extravascular volume of brain, 700 uL/Gram (Pardridge, 2022b).
Owing to this tiny volume of the intracellular space of the capillary
endothelium in brain, the sequestration of the HIRMAb within the
endothelium, without exocytosis into post-vascular brain, would
produce only a background level of brain uptake (Pardridge, 2021).
The rapid transcytosis of HIRMAb fusion proteins across the
primate BBB was confirmed with the capillary depletion method
(Boado et al, 2013a; Boado and Pardridge, 2017), and by light
microscopic emulsion autoradiography of primate brain (Boado
et al, 2013b).

The safety pharmacology and toxicology of HIRMAb fusion
proteins was tested in over 70 Rhesus monkeys following chronic IV

administration at doses up to 30 mg/kg weekly for 6 months
(Pardridge, 2022a). The only adverse event was hypoglycemia
following rapid IV infusion of a high dose, 30 mg/kg, of the
HIRMAb-IDUA fusion protein in saline without dextrose, and
this hypoglycemia was eliminated by addition of dextrose to the
infusate (Pardridge, 2022a). Chronic treatment of primates for
6 months with 30 mg/kg weekly caused no impairment in
glycemic control (Pardridge, 2022a). A detailed neuropathologic
exam of the brains of all monkeys showed no neurodegeneration,
based on hematoxylin and eosin staining or fluoro-Jade B
fluorescent microscopy, and no astrogliosis based on glial
fibrillary acidic protein (GFAP) IHC (Pardridge, 2022a) The first
clinical trial with a BBB Trojan horse antibody was reported by
Giugliani et al (2018). The HIRMAb-IDUA fusion protein,
designated valanafusp alfa, was infused primarily at doses of
1–3 mg/kg weekly for 1 year in 11 pediatric subjects with MPSI.
Treatment stabilized the decline in Developmental Quotient (DQ)
and brain atrophy associated with CNS involvement in MPSI. The
incidence of mild infusion related reactions or hypoglycemia
was <2% over the course of 52 weeks of treatment (Giugliani
et al, 2018). The HIRMAb was used to produce the first BBB-
penetrating BSA of a therapeutic antibody as described in
Section 3.3.1.

3.2.2 IGF1 receptor monoclonal antibodies
A IGF1RMAb was isolated as a camelid VHH nanobody

following immunization of a llama with recombinant human
IGF1R ECD (Yogi et al, 2022). The camelid VHH bound to the
human IGF1R with high affinity, KD = 0.4–1.1 nM, across species.
However, there was, on average, an 18-fold reduction in affinity of
the VHH following humanization of the nanobody framework
regions. The non-humanized camelid VHH, which has a MW of
15 kDa, was fused to the carboxyl terminus of both chains of human
Fc to produce an 80 kDa Fc-VHH fusion protein, which was injected
IV in rats at a dose of 15 mg/kg. At 24 h after injection, the CSF/
serum ratio of the antibody was 0.3% and the brain antibody
concentration was 11 nM (Yogi et al, 2022). Based on the
injection dose, the brain concentration of 11 nM corresponds to
a brain uptake of 0.04%ID/Gram, which suggests the IGF1R at the
BBB was saturated by the high ID of 15 mg/kg of the high affinity Fc-
VHH fusion protein.

A single chain (scFv) antibody against the human IGF1R was
isolated following screening of a human scFv library with human
IGF1R ECD (Shin et al, 2022). Affinity maturation of the scFv
produced an antibody, designated Grabody B, with a KD of binding
to the human IGF1R of 1–6 nM across several species, as determined
by surface plasmon resonance. The concentration of antibody that
produced 50% binding to the IGF1R, or EC50, as determined by
ELISA, was 0.13–0.4 nM for the Grabody B (Shin et al, 2022). The
Grabody B was then used to produce a BSA that targets the IGF1R
on the BBB, and α-synuclein as the therapeutic antibody, as
discussed in Section 3.3.4.

3.2.3 Transferrin receptor monoclonal antibodies
The murine OX26 MAb against the rat TfR binds the brain

capillary endothelium as shown by IHC of rat brain (Jefferies et al,
1984). The extent to which the OX26 antibody crosses the BBB in
vivo was tested in rats following tritiation of the antibody with [3H]-
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sodium borohydride (Pardridge et al, 1991). In parallel, the isotype
control antibody, mouse IgG2a, was radio-iodinated. The brain VD
of the mouse IgG2a was 11 ± 1 uL/Gram, which indicates this
control IgG is confined to the brain plasma volume. In contrast, the
brain VD of the OX26 TfRMAb was 200 ± 10 uL/Gram, and
capillary depletion studies showed the OX26 antibody
transcytosed across the rat BBB in vivo (Pardridge et al, 1991).
The neuropharmacologic activity of the OX26 antibody as a BBB
Trojan horse delivery agent was tested with in vivo cerebral blood
flow (CBF) assays in rats (Bickel et al, 1993). Vasoactive intestinal
peptide (VIP) is a potent vaso-dilator of brain vessels following
topical administration. However, VIP does not cross the BBB, and
the intra-carotid arterial infusion of VIP caused no change in CBF,
although the arterial infusion of the peptide increased thyroid blood
flow by 89% (Bickel et al, 1993).When the VIP was conjugated to the
OX26 antibody via an avidin-biotin linker, a 65% increase in CBF
was observed following infusion of the VIP-OX26 conjugate (Bickel
et al, 1993). The ID of the VIP was 12 ug/kg and the ID of the OX26-
avidin conjugate was 0.43 mg/kg (Bickel et al, 1993). These studies
showed that high affinity, bivalent TfRMAbs, such as OX26, could
induce in vivo pharmacologic effects in the brain following the RMT
of the antibody-drug complex across the BBB. In another early
pharmacologic study, nerve growth factor was chemically
conjugated to the OX26 antibody and this conjugate was
neuroprotective in an intra-ocular neural transplant model in the
rat (Friden et al, 1993). The RMT of a conjugate of the OX26 MAb
and 5 nm gold was assessed by electron microscopy, which showed
the antibody was delivered through the endothelium within
50–100 nm vesicles, followed by exocytosis into brain ISF (Bickel
et al, 1994). The rapid RMT of either holo-Tf or the OX26 antibody
across the BBB in the rat was demonstrated with internal carotid
artery infusion followed by capillary depletion or light microscopic
emulsion autoradiography (Skarlatos et al, 1995). Both holo-Tf and
the OX26 antibody rapidly entered brain ISF within just 5 min of
carotid arterial infusion at comparable rates of transcytosis
(Skarlatos et al, 1995). The rapid RMT of either holo-Tf or the
OX26 antibody across the BBB is due, in part, to the minimal
thickness of the brain capillary endothelium, which is only 300 nm
thick (Cornford et al, 1998). In contrast, the thickness of the choroid
plexus epithelium, 10 microns (Liddelow et al, 2010), is over 30-fold
greater than the thickness of the BBB. The genes encoding the
variable region of the heavy chain (VH) and variable region of the
light chain (VL) of the OX26 MAb were cloned and sequenced to
produce the amino acid sequences of the VH and VL of the
OX26 antibody (Li et al, 1999).

The OX26 antibody is active only in the rat, and does not
recognize the mouse TfR (Lee et al, 2000). The 8D3 or RI7-217 rat
antibodies against the mouse TfR rapidly enter mouse brain after IV
injection. The mouse brain uptake of the 8D3 and RI7-217
antibodies at 60 min after administration was 3.1 ± 0.4 %ID/
Gram and 1.6 ± 0.2 %ID/Gram (Lee et al, 2000), respectively. In
contrast, the distribution of the OX26 antibody in mouse brain was
confined to the plasma volume, and the brain uptake was only 0.06 ±
0.01 %ID/Gram. The brain uptake of the high affinity 8D3 TfRMAb
in the mouse was nearly 90% saturated by an intravenous ID of
4 mg/kg (Lee et al, 2000). Following the determination of the amino
acid sequence of the heavy and light chains of the 8D3 antibody, the
rat VH and VL were grafted on to constant domains of mouse

IgG1 heavy chain and mouse kappa light chain to produce a rat/
mouse chimeric form of the 8D3 antibody (Boado et al, 2009). The
high affinity binding of the chimeric 8D3 antibody to the mouse TfR
was retained following the genetic engineering as the EC50 of
binding of the 8D3 antibody and the chimeric antibody was
2.3 ± 0.3 nM and 2.6 ± 0.3 nM, respectively (Boado et al, 2009).
The brain uptake of the chimeric TfRMAb is comparable to the
brain uptake of the 8D3 antibody in the mouse, and both antibodies
have a brain uptake of 2%–3% ID/Gram (Boado et al, 2010). This
level of brain uptake of the TfRMAb in the mouse is high and
approximates the brain uptake of a lipid soluble small molecule,
diazepam, which has a brain uptake in the mouse of ~5% ID/Gram
(Greenblatt and Sethy, 1990).

A variable domain of the new antigen receptor (VNAR) single
domain antibody against the TfR1, designated TXB2, was isolated
following the screening of a phage library of nurse shark VNAR with
human TfR1 ECD (Stocki et al, 2021). The VNAR antibody was
fused to the amino terminus of human Fc to produce a bivalent
VNAR-derived TfRMAb. The VNAR-hFc bound with high affinity
to human, cynomolgus monkey, mouse, and rat TfR1, as determined
by surface plasmon resonance, and the KD ranged from 0.28 nM, for
the monkey, to 1.2 nM for the rat. The brain uptake in the mouse
was high and peaked at 6 nM following the IV injection of
1.9 mg/kg, which is equivalent to a brain uptake of 0.65 %ID/
Gram, and transcytosis of the high affinity, bivalent TfRMAb
across the BBB was confirmed with the capillary depletion
method (Stocki et al, 2021).

3.2.4 Affinity and valency of transferrin receptor
monoclonal antibodies

The affinity of genetically engineered TfRMAbs, which have
been developed by multiple laboratories as BBB Trojan horse
delivery agents, varies over 4 log orders of magnitude. High
affinity TfRMAbs have a binding KD of 0.1–10 nM (Boado et al,
2009; Pardridge et al, 2018; Sonoda et al, 2018; Do et al, 2020; Stocki
et al, 2021), moderate affinity TfRMAbs have a binding KD of
10–50 nM (Niewoehner et al, 2014; Yu et al, 2014; Do et al, 2020),
low affinity TfRMAbs have a binding KD of 50–1,000 nM (Yu et al,
2011; Kariolis et al, 2020; Ullman et al, 2020), and very low affinity
TfRMAbs have a binding KD of 1,000–2,000 nM (Kariolis et al,
2020; Van Lengerich et al, 2023). Yu et al (2011) hypothesized that a
low affinity TfRMAbwas a preferred BBB delivery agent, relative to a
high affinity TfRMAb, because the high affinity TfRMAb was said to
be sequestered within the brain endothelium, following endocytosis
from blood. This hypothetical sequestration was said to cause
minimal exocytosis of the TfRMAb from the endothelium to
brain ISF. This hypothesis was based on two lines of evidence.
First, the brain uptake of a low affinity TfRMAb was greater than the
brain uptake of a high affinity TfRMAb following the administration
of a very high ID of 30–50 mg/kg (Yu et al, 2011). This high ID,
30–50 mg/kg, was considered a ‘therapeutic dose,’ whereas an ID of
4 mg/kg was considered a ‘low dose.’ However, the higher brain
uptake of a low affinity TfRMAb at an ID of 30–50 mg/kg is the
expected result. It was shown over 10 years earlier that the brain
uptake of a high affinity TfRMAb was saturated by an ID of 4 mg/kg
(Lee et al, 2000). Moreover, a therapeutic dose of a high affinity,
bivalent TfRMAb is only 1 mg/kg, as discussed below. Therefore, an
ID of 30–50 mg/kg, which is 10-fold higher than the ID that fully
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saturates brain uptake of a high affinity TfRMAb, is not expected to
produce higher brain uptake for the high affinity TfRMAb, whereas
the brain uptake of a low affinity TfRMAb is not saturated by the
high ID of 30–50 mg/kg. Second, IHC of brain detected the TfRMAb
only in the brain endothelium, and not in the post-vascular
compartment of brain, a finding reported previously for the
OX26 TfRMAb (Bickel et al, 1994). It is difficult to detect the
distribution of the TfRMAb into the post-vascular space of brain
with IHC. The sharp contrast between the IHC signal over the brain
endothelium vs. the post-vascular brain parenchyma arises from the
nearly 1,000-fold difference in the volume of the brain capillary
intra-endothelial space, which is 0.8 uL/Gram (Gjedde and
Christensen, 1984), and the post-vascular space of brain, which is
700 uL/Gram (Pardridge, 2022b). As the TfRMAb passes out of the
very small endothelial volume to enter the post-vascular volume of
brain, the concentration of the antibody is diluted nearly 1,000-fold
rendering it difficult to detect the antibody microscopically in the
post-vascular brain. The detection of antibody accumulation in
brain is possible with light microscopy in cases where the
antibody is sequestered within focal regions of the post-vascular
volume of brain such as amyloid plaques. This focal sequestration
produces high local concentrations of the antibody in the post-
vascular space of brain.

The hypothesis of Yu et al (2011) that high affinity TfRMAbs
undergo minimal exocytosis into brain ISF ignores conflicting data,
such as early work with carotid arterial infusion followed by capillary
depletion and light microscopic emulsion autoradiography, which
showed that the high affinity OX26MAb undergoes rapid exocytosis
into brain ISF at a rate comparable to holo-Tf (Skarlatos et al, 1995).
If there wasminimal exocytosis of a TfRMAb into brain ISF, then the
high brain uptake of the high affinity TfRMAb could not be
observed. Sequestration of the TfRMAb within the intra-
endothelial volume, which is 1,000-fold smaller than the post-
vascular volume of brain, would produce only background levels
of brain uptake of the TfRMAb (Pardridge, 2021). TfRMAbs, which
have been genetically engineered for low affinity, do not produce
higher brain uptake. Affinity dematuration of complementarity
determining regions (CDRs) of the OX26 antibody produced a
variant, designated OX26-174, with low affinity for the TfR and a
KD of 174 nM (Thom et al, 2018). However, no specific brain uptake
of the OX26-174 variant was observed in the rat (Chang et al, 2021).
Affinity dematuration produced a variant, designated OX26-76,
with a low affinity for the rat TfR and a KD of 76 nM (Thom
et al, 2018). The brain uptake of the OX26-76 was compared to the
brain uptake of the wild type OX26 antibody, designated OX26-5,
which had high affinity for the TfRMAb and a KD of 5 nM
(Bonvicini et al, 2022). The brain uptake in the rat of the OX26-
5 was 10-fold higher than the brain uptake of the OX26-76, which
was at the background level (Bonvicini et al, 2022). The low affinity
variants of the OX26 antibody were produced by mutations of
amino acids within the CDRs of the variable regions of the
OX26 antibody (Thom et al, 2018). No primary source of the
amino acid sequences of the OX26 CDRs is reported, although
the CDR sequences used are identical to that originally reported by
Li et al (1999). A high level of brain uptake of a high affinity, bivalent
VNAR-hFc TfRMAb is observed in the mouse following the IV
injection of 1.9 mg/kg of the TfRMAb (Stocki et al, 2021), which
parallels earlier reports on the brain uptake of a high affinity

TfRMAb (Boado et al, 2009; Pardridge et al, 2018; Sonoda et al,
2018).

Developers of TfRMAb BBB delivery agents also propose that a
monovalent TfRMAb is preferred over a bivalent TfRMAb. It is
hypothesized that the bivalent TfRMAb triggers clustering of the
TfR within the brain endothelium, which leads to triage of the
complex to the lysosomal compartment and decreased TfR recycling
to the membrane, and decreased TfR on the luminal endothelial
membrane (Niewoehner et al, 2014). This hypothesis is based either
on cell culture studies or on in vivo work where very high injection
doses (ID), 50 mg/kg, of a high affinity TfRMAb is administered
(Bien-Ly et al, 2014; Yu et al, 2014). With respect to the cell culture
experiments, proponents of the intracellular TfR clustering
hypothesis (Ullman et al, 2020; Morrison et al, 2023) cite cell
culture work with a TfRMAb-avidin fusion protein (Ng et al,
2002; 2006) or a polyvalent form of Tf (Marsh et al, 1995).
Owing to oligomerization caused by the avidin domain, the
TfRMAb-avidin fusion protein forms a 400 kDa tetravalent
complex (Ng et al, 2002; Boado et al, 2008), and is not
representative of a bivalent TfRMAb. The polyvalent Tf used to
demonstrate TfR clustering was an aggregate of Tf10 decamer
(Marsh et al, 1995), and is not a physiologic ligand for the TfR.
With respect to increased TfR degradation in brain following
administration of a high affinity bivalent TfRMAb, this was
observed following the IV injection of a very high ID of
50 mg/kg of the TfRMAb in the mouse (Bien-Ly et al, 2014; Yu
et al, 2014). The IV administration of an ID of 50 mg/kg of a high
affinity TfRMAb is a toxic dose, and is 50-fold greater than a
therapeutic dose of a TfRMAb, which is 1 mg/kg as discussed
below. Following the administration of 3–4 mg/kg of a high
affinity TfRMAb, there is no suppression of the TfR either at the
luminal membrane of the brain endothelium, or of the TfR
concentration in brain parenchyma. A fusion protein of the high
affinity bivalent chimeric 8D3 antibody and glial derived
neurotrophic factor (GDNF) was administered IV to mice at an
ID of 4 mg/kg/week for 12 weeks (Zhou et al, 2011a). The BBB
permeability-surface area (PS) product of the TfRMAb-GDNF
fusion protein, which is a measure of the abundance of the TfR
on the brain endothelial luminal membrane, was unchanged at the
end of 12 weeks of chronic dosing relative to the PS product for the
fusion protein observed at the start of the chronic dosing study
(Zhou et al, 2011a). Chronic dosing of 3 mg/kg every other day for
4 weeks of the high affinity bivalent chimeric 8D3 antibody to mice
produced no change in the levels of either the TfR or iron in brain
(Castellanos et al, 2020). Similarly, a 1.9 mg/kg IV dose of the high
affinity, bivalent TXB2-hFc bivalent VNAR TfRMAb caused no
decrease in the concentration of the TfR in brain (Stocki et al, 2021).

If high affinity bivalent TfRMAbs were sequestered within the
brain capillary endothelium in vivo, as hypothesized by Yu et al
(2011) and Niewoehner et al (2014), then the TfRMAb would not
engage brain cells beyond the BBB, and it would not be possible to
produce CNS pharmacologic effects with these antibodies. However,
therapeutic effects in multiple mouse models of CNS disease were
reported over 10 years ago with fusion proteins derived from a high
affinity, bivalent TfRMAb. A TfRMAb-GDNF fusion protein was
administered every other day at an ID of 1 mg/kg for 3 weeks via IV
injection in a 6-hydroxydopamine model of PD in the mouse, and
this treatment resulted in a 272% increase in striatal tyrosine
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hydroxylase (TH) enzyme activity that correlated with a 45%
reduction in abnormal motor behavior induced by either
apomorphine or amphetamine (Fu et al, 2010). The tumor
necrosis factor receptor (TNFR) ECD, the active domain in
etanercept, was fused to the carboxyl terminus of each heavy
chain of the high affinity bivalent TfRMAb, and mice with
experimental PD were treated every other day for 3 weeks with
IV injections of saline, 1 mg/kg etanercept, or 1 mg/kg of the
TfRMAb-TNFR fusion protein (Zhou et al, 2011b). Treatment
with the TfRMAb-TNFR fusion protein produced a 130%
increase in striatal TH enzyme activity, which correlated with a
75% reduction in abnormal motor behavior induced by
apomorphine or amphetamine (Zhou et al, 2011b). Conversely,
treatment with etanercept had no effect on striatal TH enzyme
activity or motor function, as etanercept does not cross the BBB. The
adult MPSI (Hurler) mouse was treated with a fusion protein of
IDUA and the high affinity bivalent TfRMAb (Boado et al, 2011).
The mice were treated twice weekly for 8 weeks with 1 mg/kg of the
TfRMAb-IDUA fusion protein, and this treatment caused a 73%
decrease in lysosomal inclusion bodies in the brain of the MPSI mice
(Boado et al, 2011). High affinity bivalent TfRMAb fusion proteins
were also neuroprotective in models of acute neural disease such as
stroke. Experimental ischemia was induced in mice with a transient
reversible middle cerebral artery occlusion (MCAO). Delayed IV
treatment with 1 mg/kg of the TfRMAb-TNFR fusion protein
caused a 45% reduction in cortical stroke volume, which
correlated with a 48% reduction in neural deficit (Sumbria et al,
2012). Conversely, delayed treatment with 1 mg/kg etanercept IV
had no therapeutic effect (Sumbria et al, 2012), because etanercept
does not cross the BBB, and the BBB is intact in the early hours after
stroke, when neuroprotection is still possible (Pardridge, 2022b).
The TfRMAb-GDNF fusion protein was also neuroprotective in the
reversible MCAO model in mice (Sumbria et al, 2013b). Delayed
treatment with an IV dose of 1 mg/kg of the TfRMAb-GDNF fusion
protein produced a 30% reduction in cortical stroke volume, and the
combined delayed treatment of 1 mg/kg of the TfRMAb-GDNF and
1 mg/kg of the TfRMAb-TNFR fusion proteins produced a 69%
reduction in cortical stroke volume in the reversible MCAO model
of stroke in mice (Sumbria et al, 2013b). A TfRMAb-AβScFv BSA
reduced brain amyloid, without cerebral microhemorrhage, in APP-
PS1 AD transgenic mice with either twice-weekly IV injections of
1 mg/kg of the BSA (Zhou et al, 2011c), or daily subcutaneous (SQ)
injections of 5 mg/kg of the BSA (Sumbria et al, 2013a), as discussed
below in Section 3.3.1. No first injection reactions were observed in
any of the mice investigated in these acute and chronic treatment
studies with the high affinity bivalent TfRMAb.

Therapeutic effects in mouse models of neural disease are
produced with IV doses of 1 mg/kg or SQ doses of 5 mg/kg using
fusion proteins derived from a high affinity bivalent TfRMAb. The
doses used in these models are a log order of magnitude lower than
the therapeutic doses, 30–50 mg/kg, proposed by developers of low
affinity, monovalent TfRMAb delivery agents (Yu et al, 2011). The
therapeutic effects in multiple models of neural disease of 1 mg/kg
doses of the fusion proteins derived from the high affinity, bivalent
TfRMAb are consistent with early work showing that high affinity
bivalent TfRMAbs undergo rapid transcytosis across the BBB in vivo
(Skarlatos et al, 1995). Similar therapeutic effects in CNS disease
models may be produced with low affinity, monovalent TfRMAbs,

but at the expense of an ID that is 10- to 50-fold higher than that
used for a high affinity bivalent TfRMAb. The higher ID required for
a low affinity TfRMAbmay reduce the therapeutic index of the drug,
and increase the potential for toxicity from chronic administration
of large doses of a TfRMAb.

3.3 BBB penetrating bispecific antibodies for
CNS disease

A tetravalent BSA is formed from 2 separate heavy chains (HC)
and 2 separate light chains (LC). Expression of a BSA in a host cell
that is transfected with 2 HC genes and 2 LC genes presents multiple
problems with respect to correct pairing of hetero-dimeric HCs in
parallel with pairing of each HC with the cognate LC. Several
strategies have been developed to minimize the expression of
homo-dimeric antibodies and to maximize expression of the
appropriate hetero-dimer. With the knob-in-hole (KiH) strategy,
mutations of amino acids in the CH3 region are introduced to
maximize pairing of the hetero-dimeric HCs, along with the
expression of a single LC used by both antibody arms of the BSA
(Ridgway et al, 1996). Amino acid mutations in the CH3 region of
each HC create a “knob” in the CH3 region of antibody A and a
“hole” in the CH3 region of antibody B. Mis-pairing of HCs is still a
problem with the KiH approach, which prompted the original
developers of the KiH strategy to add the engineering of an
inter-chain disulfide linker following the insertion of cysteine
(Cys) residues near the carboxyl terminus of the CH3 region
(Merchant et al, 1998). Given the challenges of the KiH approach
with respect to suppression of formation of homo-dimers, an
electrostatic steering (ESS) strategy was developed (Gunasekaran
et al, 2010; Wang F. et al, 2020), where amino acids in the
CH3 region were mutated to form salt bridges between the
CH3 regions of the different HCs. For example, E356K/D399K
mutations in the CH3 region of the HC of antibody A (HC-A)
forms salt bridges with K439D/K409E mutations in the CH3 region
of the HC of antibody B (HC-B). Proper pairing of the HC-A with
the LC-A, in parallel with pairing of the HC-B and LC-B was favored
by introduction of an additional HC-LC disulfide formed following
HC-F126C and LC-S121C mutations (Wang F. et al, 2020).

The KiH or ESS strategies produce a BSA where both antibody A
and antibody B are engineered in a monovalent format. This
obligates the developer of such a BSA to the use of moderate
affinity, monovalent antibodies at both arms of the BSA. A
tetravalent BSA, where both antibody A and B are engineered in
a high affinity bivalent format, is made possible when either
antibody A or B is engineered in a single chain design. As
described by Coloma and Morrison (1997), a single chain Fv
(ScFv) form of antibody A is fused to the carboxyl terminus of
the HC of a second antibody B. This ‘Morrison antibody’ approach
produces a hetero-tetrameric BSA following the transfection of the
host cell with a single HC-ScFv fusion gene and a single LC gene.
ScFv antibodies can form multimers (Wu et al, 2001). Multimer
formation can be minimized or eliminated by insertion of a long 25-
amino acid linker between the VH and VL domains of the ScFv, in
parallel with mutations that insert Cys residues within FR2 of the
VH domain and within FR4 of the VL domain of the ScFv (Schanzer
et al, 2011). This intra-chain/inter-domain disulfide in a ScFv
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antibody was described by Reiter et al (1995). In lieu of a ScFv
antibody, a single chain Fab (scFab) antibody, or a single domain
antibody can be used such as a camelid VHH nanobody or a shark
VNAR antibody, as discussed below. Alternatively, a dual variable
domain (DVD) BSAmay be engineered where the VH of antibody A
is fused to the amino terminus of the VH region of antibody B, and
the VL of antibody A is fused to the amino terminus of the VL region
of antibody B (Jakob et al, 2010). The carboxyl terminus of the VH of
antibody B is fused to the CH1-hinge-CH2-CH3 HC constant
region, and the carboxyl terminus of the VL of antibody B is
fused to the constant region of the light chain (CL). One
potential issue with the DVD BSA is steric hindrance in binding
of the “inner” antibody B to its cognate antigen caused the presence
of the “outer” antibody A, as discussed below. Yet another strategy to
BSA engineering is the production of a Fcab BSA, where several non-
continuous amino acids in the CH3 region of antibody A are
mutated so as to create a new antibody B binding site within the

Fc region of antibody A. In this format, antibody A targets antigen A
at the classical VH and VL domains at the amino terminus of the
BSA (Wozniak-Knopp et al, 2010).

3.3.1 Bispecific antibodies for Alzheimer’s disease
derived from anti-Abeta amyloid antibodies

The first BBB-penetrating BSAs were reported for the HIRMAb
(Boado et al, 2007) and for the TfRMAb (Boado et al, 2010). An anti-
Abeta amyloid antibody (AAA), targeting the amino terminal part of
the Aβ1-43 peptide, was converted to a single chain Fv (ScFv)
antibody with a 17 amino acid linker joining the VH and VL of
the AAA, and this AβScFv was fused to the carboxyl terminus of
each HC of the HIRMAb or TfRMAb, as depicted in Figure 6A. The
ScFv derived tetravalent BSA is shown as Model 1 in Figure 7. The
HIRMAb-AβScFv was radio-iodinated, and the intact 150 kDa AAA
was tritiated with [3H]-N-succinimdyl proprionate, and the
antibodies were co-injected IV in the Rhesus monkey. The brain

FIGURE 6
(A)Design of high affinity, tetravalent bispecific antibody (BSA) formed by fusion of a single chain Fv (ScFv) antibody, which targets the Aβ amyloid of
AD, to the carboxyl terminus of the heavy chain of either a human/mouse chimeric antibody that targets the human insulin receptor (INSR) (Boado et al,
2007), and designated the HIRMAb-AβScFv BSA, or to the carboxyl terminus of the heavy chain of the rat/mouse chimeric 8D3 antibody that targets the
mouse TfR1 (Boado et al, 2010), and designated the TfRMAb-AβScFv BSA. Drawing produced with Biorender.com. (B) The HIRMAb-AβScFv BSA was
radio-iodinated, and the parent anti-AβMAb was tritiated and co-injected IV in the Rhesus monkey. The brain volume of distribution (VD) of the anti-Aβ
MAb in either the total brain homogenate, or in the post-vascular supernatant, was 10 uL/Gram, which indicates the MAb does not cross the BBB and is
confined to the brain plasma volume. Conversely, the brain VD of the HIRMAb-AβScFv BSA in either the homogenate or the post-vascular supernatant is
high, 200 uL/Gram, which indicates the BSA crosses the BBB in vivo in the primate. The brain was removed 2 h after IV injection in the monkey and film
autoradiography of coronal sections of midbrain (C) and hindbrain (D) shows global penetration of the [125I]-BSA into brain parenchyma with higher
uptake in graymatter as compared to whitematter. Panels B, C, and D reproduced with permission fromBoado et al (2007). (E) Brain uptake, measured as
% injection dose (ID)/G brain, of the rat 8D3 MAb against the mouse TfR, the rat/mouse 8D3-derived chimeric TfRMAb, the TfRMAb-AβScFv BSA, or the
mouseOX26MAb against the rat TfR, is measured at 60 min after IV administration in themouse. Reproduced with permission from Boado et al (2010) (F,
G) Inverted image of fluorescent microscopy of AD transgenic mouse brain immune-stained with the 6E10 MAb against Aβ fibrils following 12 weeks of
treatment with either saline (F) or 5 mg/kg of daily subcutaneous administration of the TfRMAb-AβScFv BSA (G). Panels F and G reproduced with
permission from Sumbria et al (2013a).
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VD of the [3H]-AAA was 10 uL/Gram (Figure 6B), which is equal to
the brain blood volume, indicating the AAA alone does not cross the
BBB. In contrast the brain uptake of the [125I]-HIRMAb-AβScFv
BSA was enhanced to produce a VD of 120 uL/Gram (Figure 6B).
Film autoradiography of the primate brain removed at 2 h after IV
injection showed global penetration of the brain by the BSA with
higher uptake in gray matter as compared to white matter (Figures
6C, D). The HIRMAb-AβScFv retained high affinity binding to the
HIR ECD with a KD of 1.0 ± 0.1 nM, as compared to the KD of the
HIR antibody, 0.53 ± 0.02 nM (Boado et al, 2007). The HIRMAb-
AβScFv BSA caused disaggregation of Abeta amyloid fibrils in vitro
and in vivo in the APPswe/PS1dE9 AD transgenic mouse, also known
as the APP-PS1 mouse. A 20 pmol dose of the HIRMAb-AβScFv
BSA, or saline, was injected into the cortex or hippocampus of the
AD mouse and the brain amyloid plaque was quantified 48 h later
with confocal microscopy following brain staining with thioflavin-S,
which binds mature amyloid plaques. BSA treatment caused a 39%
reduction in mature plaque compared to saline (Boado et al, 2007).

The APP-PS1 AD mice could not be treated with the HIRMAb-
AβScFv BSA via the IV route, because the HIRMAb does not
recognize the murine insulin receptor (Zhou et al, 2012). To
generate an anti-amyloid BSA that penetrates the BBB of the
mouse following IV administration, the anti-Abeta ScFv was
fused to the carboxyl terminal of the HCs of the 8D3 chimeric
TfRMAb (Boado et al, 2010). The 8D3 chimeric TfRMAb is
designated the cTfRMAb and the BSA formed from the
cTfRMAb and the AβScFv is designated cTfRMAb-AβScFv. The
cTfRMAb antibody and the cTfRMAb-AβScFv BSA were radio-
labeled with the [125I]-Bolton-Hunter reagent, and injected IV in
control mice. The brain uptake of the cTfRMAb-AβScFv BSA was
3% ID/Gram, which is comparable to the brain uptake in the mouse
of either the 8D3 MAb or the engineered cTfRMAb (Figure 6E). In
contrast, the brain uptake in themouse of the OX26MAb against the
rat TfR is very low, as this antibody is entrapped in the brain plasma
volume without BBB penetration (Figure 6E). OX26 does not cross
the mouse BBB because the OX26 antibody is specific for the rat TfR

FIGURE 7
Ten models of BBB-penetrating bispecific antibodies (BSAs). Model 1 is a tetravalent BSA formed by fusion of a single chain Fv (ScFv) form of a
therapeutic antibody to the carboxyl terminus of both heavy chains (HC) of the HIRMAb (Boado et al, 2007) or TfRMAb (Boado et al, 2010). Model 2 is a
bivalent/monovalent BSA formed by fusion of a single chain Fab antibody against the TfR to the carboxyl terminus of one heavy chain of a therapeutic
antibody, where knob-in-hole (KiH) technology is used to promote the formation of the hetero-dimer (Niewoehner et al, 2014). The KiH is depicted
by the yellow bar in the CH3 regions of the half-antibodies. Model 3 is a tetravalent BSA formed by fusion of a ScFv antibody against the TfR to the carboxyl
termini of both light chains (LC) of the therapeutic antibody (Hultqvist et al, 2017). Model 4 is a tetravalent dual variable domain BSA formed by fusion of the
VH and VL of the therapeutic antibody to the amino terminus of the VH and VL of the TfRMAb (Karaoglu et al, 2018; Do et al, 2020). Model 5 is a dual
monovalent BSA where the half-antibodies, with the cognate LC, against either the TfR or the therapeutic target, were produced separately in either
bacteria (Yu et al, 2011) or CHO cells (Yu et al, 2014), purified separately, and paired by reductive annealing. Formation of hetero-dimers was promoted
with KiH technology (yellow bar in CH3 region). Model 6 is monovalent/bivalent Fcab BSA where a TfR binding site is engineered in the CH3 region of a
half-antibody against the therapeutic target. The other half antibody is directed only against the therapeutic target, and has no TfR binding site. The
formation of the hetero-dimer of the half antibodies is promoted with KiH technology (Kariolis et al, 2020; Van Lengerich et al, 2023), as indicated by the
yellow bar in the CH3 region. The TfR binding site engineered in the CH3 region of one half-antibody is depicted by the red bar in Model 6. Model 7 is a
dual monovalent BSA formed by fusion of a camelid VHH nanobody against the TfR to the amino terminus of an Fc fragment, which is hetero-dimerized
with a half antibody against the therapeutic target with KiH technology, as indicated by the yellow bar in the CH3 region (Wouters et al, 2022). Model 8 is
monovalent/tetravalent BSA formed by fusion of a ScFv against the TfR to the carboxyl terminus of one HC of the therapeutic antibody, which has double
VH domains in the HC and double VL domains in the light chain for tetravalent binding to the therapeutic target. Formation of the hetero-dimers is
promoted by electrostatic steering (ESS), as indicated by the red bar in the CH3 region (Zhao et al, 2022). Model 9 is a monovalent/bivalent BSA formed by
fusion of a ScFv antibody against the IGF1R to the carboxyl terminus of a therapeutic half-antibody, which is paired with the other half antibody lacking the
ScFv using KiH technology, as indicated by the yellow bar in the CH3 region (Shin et al, 2022). Model 10 is a tetravalent BSA formed by fusion of a shark
VNAR nanobody targeting the TfR to the amino terminus of the HC of the therapeutic antibody (Sehlin et al, 2020; Clarke et al, 2022).
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and does not recognize the mouse TfR (Lee et al, 2000). The effect of
chronic treatment with the cTfRMAb-AβScFv BSA on brain
amyloid was examined in APP-PS1 AD transgenic mice (Zhou
et al, 2011c; Sumbria et al, 2013a). In the first study, 12-month
old APP-PS1 mice were treated for 12 weeks with twice-weekly
injections of either saline or 1 mg/kg IV of the cTfRMAb-AβScFv
BSA (Zhou et al, 2011c). Treatment caused a 40% decrease in
immunoreactive Aβ1-42 in brain with no change in plasma Aβ1-42.
Prussian blue histochemistry showed no cerebral microhemorrhage
(Zhou et al, 2011c). In a second study, 12-month old APP-PS1 AD
mice were treated daily for 12 weeks with either saline or the
cTfRMAb-AβScFv BSA at dose of 5 mg/kg administered
subcutaneously (SQ). The BSA is bioavailable following SQ
administration, as the 24-h plasma area under the concentration
curve (AUC) of a cTfRMAb fusion protein following a SQ injection
in the mouse is comparable to the 1-h plasma AUC after an IV
administration (Sumbria et al, 2013c). Following 12 weeks of
treatment of the AD mice, the mature amyloid plaque was
quantified with confocal microscopy following staining of cortex
and hippocampus with thioflavin-S, and the amyloid fibrils was
quantified with confocal microscopy following immune staining of
the cortex and hippocampus with the 6E10 MAb (Sumbria et al,
2013a). The amyloid fibrils were reduced 56%–61% and the amyloid
mature plaque was reduced 43%–48%. The 6E10 immune staining of
the cortex of the ADmice treated with either saline or the cTfRMAb-
AβScFv BSA is shown in Figures 6F, G, respectively. The
disaggregation of amyloid plaque in the AD mouse caused by
chronic treatment is evidence that the high affinity bivalent
TfRMAb arm of the BSA enables RMT across the BBB followed
by engagement of the therapeutic target in brain by the AAA arm of
the BSA (Sumbria et al, 2013a). Prussian blue histochemistry of
brain showed no cerebral microhemorrhage following 12 weeks of
daily treatment with the 5 mg/kg SQ dose of the cTfRMAb-AβScFv
BSA (Sumbria et al, 2013a).

A BSA targeting the TfR and the Abeta amyloid was engineered
by fusion of a single chain Fab (scFab) antibody derived from aMAb
against either the mouse or human TfR to the carboxyl terminus of
the heavy chain of the mAb31 AAA, which is a humanized antibody
against the Abeta amyloid peptide (Niewoehner et al, 2014). The
scFab against the TfR was fused either to a single HC, designated
sFab, or to both HCs, designated dFab, of the mAb31. The sFab was
a moderate affinity monovalent TfRMAb, while the dFab was a high
affinity bivalent TfRMAb. The affinity of the dFab binding to the
TfR was 5-9-fold higher than the affinity of the sFab binding to the
TfR. Based on cell culture studies, or in vivo uptake in mice at high
IDs, 13–17 mg/kg, which saturate the TfR for a high affinity
TfRMAb, it was concluded that a monovalent form of the
antibody arm targeting the TfR was preferred over a bivalent
form (Niewoehner et al, 2014). The brain concentration in mice
of the sFab was 2.6 nM at 8 h after the IV administration of a
13 mg/kg dose of the sFab antibody (Niewoehner et al, 2014), which
is equivalent to a low brain uptake of 0.03% ID/Gram brain. The
BSA was engineered where the monovalent scFab, targeting the TfR,
was fused to the carboxyl terminus of a single HC of the mAb31,
using KiH technology, as depicted in Model 2 of Figure 7. The BSA
formed from the mAb31 AAA and the scFab against the human TfR
is also known as trontinemab, or RO7126209 (Alzforum, 2023a),
and is the first BBB penetrating BSA to enter clinical trials. Following

completion of a trial in healthy volunteers (NCT04023994),
trontinemab is now being tested in an ascending dose clinical
trial in subjects with AD (NCT04639050). Trontinemab
represents a re-engineering of the AAA, gantenerumab.
Gantenerumab was originally developed for AD (Bohrmann et al,
2012), but failed in clinical trials (Alzforum, 2023b).

A BSA targeting the Abeta amyloid and the TfR was engineered,
where a scFv form of the 8D3 TfRMAb was fused with an 11 amino
acid linker to the carboxyl terminus of each LC of the AAA, mAb158
(Hultqvist et al, 2017), as shown as Model 3 in Figure 7. The
mAb158 is the mouse precursor to the humanized form,
BAN2401, now known as lecanemab, as discussed in section
2.1.3.1. The 8D3scFv was fused to the carboxyl terminus of the
LC rather than the HC, as it was hypothesized that fusion of the scFv
to the light chain would eliminate bivalent binding of the 2 TfRMAb
arms of the BSA to the TfR homo-dimer (Hultqvist et al, 2017). No
supporting data was provided for the monovalent binding
hypothesis other than a reduction in affinity measured by ELISA.
However, the EC50 of binding of the 8D3scFv domain of the
mAb158-8D3scFv BSA was still in the high affinity range, 8 nM
(Hultqvist et al, 2017). The antigen used in the ELISA was the mouse
TfR ECD, which includes the receptor stalk domain that forms a
disulfide linked homo-dimer between 2 TfR units. Fusion of the
8D3scFv to the C-terminus of the light chain of the
mAb158 antibody would produce monovalent binding to the TfR
only if this fusion engineered a separation of the paired scFvs that
was either too wide, or too narrow, to enable bivalent binding to each
receptor of the TfR homo-dimer. The distance between antibody
arms that enables bivalent binding to 2 epitopes is fairly wide, and
only a 2-fold variation in avidity is observed over a separation range
of 7–20 nm for an IgG1 antibody (Jendroszek and Kjaergaard, 2021).
This distance between 2 arms of an antibody engaged in bivalent
binding of 2 epitopes encompasses the 9–10 nm width of the
extracellular domain of the TfR1 dimer (Fuchs et al, 1998).
Therefore, the high affinity binding of the mAb158-8D3scFv to
the mouse TfR likely arises from bivalent binding of the BSA to the
TfR homo-dimer.

The brain uptake of the lecanemab precursor, mAb158, in the
mouse is low, 0.028% ID/Gram (Hultqvist et al, 2107), which
represents antibody sequestration in the brain plasma volume.
However, the brain uptake of the mAb31-8D3scFv BSA was high,
2.2% ID/Gram (Hultqvist et al, 2107). The brain uptake of this high
affinity mAb31-8D3scFv BSA was saturated by an IV dose of
10 mg/kg of the 8D3 TfRMAb (Hultqvist et al, 2107). Lecanemab
preferentially binds protofibrils, which are soluble Abeta oligomers
(Cummings et al, 2023). The mAb31-8D3scFv BSA retains high
affinity binding to Aβ oligomers, and the engagement by the
mAb31-8D3scFv BSA of Abeta protofibrils in the brain of the
ArcSwe AD transgenic mouse was demonstrated following the IV
administration of 5 mg/kg of this BBB-penetrating BSA (Rofo et al,
2022).

An alternative form of a tetravalent BSA is the DVD format
shown as Model 4 in Figure 7. A DVD BSA was engineered where
1 antibody arm targeted the mouse TfR, and the other antibody arm
was derived from the sequence of the 3D6 AAA (Karaoglu et al,
2018). Either short, five to six amino acid, or long, 11–12 amino acid,
linkers were placed between the 2 VH and 2 VL domains. With the
DVD format, there is an ‘inner’ antibody and an ‘outer’ antibody as
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shown inModel 4 (Figure 7). The outer antibody is expected to cause
steric hindrance of the binding of the inner antibody to the target
antigen, which may be minimized by the insertion of a longer linker
between the 2 variable domains of the HC and LC. When the
TfRMAb is used as the inner antibody, the affinity of DVD binding
to the mouse TfR is reduced compared to the parent TfRMAb
(Karaoglu et al, 2018). The model TfR-3D6 BSA was designated
anti-Aβ-LS-anti-TfR1 (AB221), where the 3D6 anti-Aβ antibody is
placed in the outer domain and the anti-TfR1 is placed in the inner
domain. The Aβ-LS-anti-TfR1 (AB221) DVD had a 10-fold reduced
affinity for the TfR, as compared to the parent TfRMAb, but was still
in the high affinity range with an EC50 of 1.2 nM (Karaoglu et al,
2018). This DVD was not tested in an AD mouse model. A similar
DVD BSA was engineered with the 8D3 TfRMAb and the
13C3 MAb against Aβ protofibrils (Do et al, 2020). BSAs were
engineered in the aglycosylated form with the N289A mutation to
reduce effector function of the antibody (Do et al, 2020). The KD of
binding to the mouse TfR was 0.33 nM when the 8D3 antibody was
placed in the outer domain of the DVD, and designated TBTI2;
conversely, the KD of binding to the mouse TfR was 15 nMwhen the
8D3 antibody was placed in the inner domain of the DVD, which
was designated TBTI1 (Do et al, 2020). The affinity of the
TBTI1 antibody for the TfR was further reduced by affinity
dematuration of CDRs, based on the assumption that a reduced
affinity TfRMAb was the preferred agent for BSA delivery to brain.
These mutated DVDs were designated TBTI3, TBTI4, TBTI5, and
TBTI6, which had a KD of binding to the TfR of 6.9 nM, 9.0 nM,
29 nM, and 20 nM, respectively (Do et al, 2020). Of the 6 TBTI
BSAs, 4 have an affinity for the TfR that would be considered high
affinity, where KD = 0.4–9 nM, and 2 have an affinity that would be
consideredmoderate affinity, where KD = 20–29 nM. The BSA brain
concentration was measured at 24 h after an IV injection of
~15 mg/kg of the 6 TBTI BSAs, TBTI1-6 (Do et al, 2020).
Analysis of the brain uptake data for these 6 BSAs shows an
inverse relationship between KD and brain concentration (R =
0.75). The lower the affinity of the DVD for the TfR, i.e., the
higher the KD of binding, then the lower the brain concentration
of the BSA. The study shows that affinity dematuration to reduce the
affinity of the TfRMAb for the TfR had an adverse effect on brain
uptake of the BSA.

3.3.2 Bispecific antibodies for Alzheimer’s disease
derived from anti-BACE1 antibodies

The beta-site amyloid precursor protein cleaving enzyme 1
(BACE1) mediates the near carboxyl terminal cleavage of the
amyloid precursor protein (APP) to generate monomeric forms
of the Aβ1-40/43 peptide, which aggregates to form the amyloid plaque
in AD (Hampel et al, 2021). A major objective within the
pharmaceutical industry is the development of small molecule
BACE1 inhibitors. However, there are no approved small
molecule BACE1 inhibitors as the clinical trials in AD of the lead
candidates have failed owing to toxicity or poor drug penetration of
the BBB (Pardridge, 2020). An alternative strategy is the
development of an anti-BACE1 MAb. However, these agents do
not cross the BBB (Yadav et al, 2017), andmust be re-engineered as a
BBB-penetrating BSA. A BSA of an anti-human BACE1 MAb and a
TfRMAb was produced using KiH technology (Yu et al, 2011). Both
the BACE1 antibody and the TfR antibody of the BSA were

engineered as monovalent arms as shown by Model 5 of
Figure 7. Both TfRMAb and BACE1 half antibodies were
expressed as aglycosylated antibodies in E. coli, and were
annealed to form the hetero-dimer following purification.
Engineering the TfRMAb as a monovalent antibody produced
the expected reduction in affinity for the TfR. A high affinity
bivalent TfRMAb, specific for the mouse TfR, was engineered
with a KD of 1.7 nM. However, when this high affinity TfRMAb,
designated TfRA, was engineered as the monovalent arm of the BSA,
the affinity of the TfRA arm of the BSA for the mouse TfR was
reduced with a KD of 45 nM (Yu et al, 2011). The high affinity
bivalent TfRMAb, TfRA, was affinity dematured to produce TfRB,
TfRC, and TfRD, and these variants bound to the TfR with a KD of
6.9 nM, 65 nM, and 111 nM, respectively. The brain uptake of the
TfRA and TfRD was compared following an injection of antibody
dose of 4 mg/kg, which was considered a “low dose” and an antibody
dose of 20–50 mg/kg, which was considered a “therapeutic dose.”
Since a dose of 4 mg/kg fully saturates the brain uptake of a high
affinity TfRMAb (Lee et al, 2000), the brain uptake was expectedly
higher at doses of 20–50 mg/kg for the low affinity TfRMAb (Yu
et al, 2011). The low affinity TfRD antibody, with a KD of 111 nM of
binding to the TfR, was said to be the preferred BBB delivery agent
(Yu et al, 2011). A 50 mg/kg dose of the anti-TfR/BACE1 BSA
reduced brain Aβ1-40 levels in mouse brain, but at this very high ID,
the anti-BACE1 alone also reduced brain Aβ1-40 (Yu et al, 2011). The
same group engineered an anti-TfR/BACE1 BSA specific for the
human TfR, and the TfRMAb cross reacted with the cynomolgus
monkey TfR (Yu et al, 2014). The N297G mutation was used to
reduce effector function of the aglycosylated BSA (Yu et al, 2014).
The TfRMAb and BACE1 antibodies were separately expressed in
Chinese hamster ovary (CHO) cells, and the two half-antibodies
were combined to form the hetero-dimer following reductive
annealing (Yu et al, 2014). Two variants of the BSA were
engineered and designated TfR1/BACE1 and TfR2/BACE1. The
TfR1/BACE1 had a KD for the human and primate TfR of
10 nM and 37 nM, whereas TfR2/BACE1 had a KD for the
human and primate TfR of 270 nM and 810 nM, respectively (Yu
et al, 2014). The higher affinity BSA, which has a KD of 10 nM for
the human TfR, was said to be the preferred delivery agent, and not
the low affinity BSA, which had a KD of 270 nM (Yu et al, 2014). A
20 mg/kg dose of the high affinity BSA was observed to cause a
decrease in brain TfR in the mouse, but did not reduce the brain TfR
in the primate (Yu et al, 2014). The study of Yu et al (2014) proposes
the optimal KD of the TfRMAb for the TfR is 10 nM, as opposed to
the prior study of Yu et al (2011), which proposed the optimal KD of
the TfRMAb was 10-fold lower, 111 nM.

A low affinity TfRMAb/BACE1 BSA was engineered (Kariolis
et al, 2020), which employed the Fcab technology (Wozniak-Knopp
et al, 2010). To reduce effector function, the L234A/L235A (LALA)
mutations (Wines et al, 2000) were inserted in the upper hinge/
CH2 region of the heavy chains (Kariolis et al, 2020). The bivalent
BACE1 antibody was engineered with a TfR binding site in the
CH3 region of one of the BACE1 antibody heavy chains as depicted
by Model 6 in Figure 7. This low affinity TfR binding site was
produced by mutating 9 discontinuous amino acids in the distal part
of the CH3 region of one of the BACE1 antibody heavy chains. The
hetero-dimer was formed with KiH technology (Kariolis et al, 2020).
This TfRMAb/BACE1 BSA had a low affinity for the human TfR,
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KD = 120 nM, and a very low affinity for the cynomolgus monkey
TfR, KD = 1,900 nM (Kariolis et al, 2020). These KD values were
determined by surface plasmon resonance using a recombinant
form of the apical domain of the human TfR. Given the marked
loss of affinity of this BSA for the cynomolgus monkey TfR, it is not
clear if safety pharmacology/toxicology studies in the primate can be
extrapolated to humans (Kariolis et al, 2020).

A TfRMAb camelid VHH nanobody/BACE1 BSA was
engineered following immunization of an alpaca with either the
human TfR ECD, or the mouse TfR ECD, and isolation of a VHH
nanobody specific for the human TfR, designated Nb188, or the
mouse TfR, designated Nb62 (Wouters et al, 2022). The 15 kDa
Nb62 VHHwas fused to the carboxyl terminus of the light chain of a
BACE1 murine antibody, designated 1A11WT, to form a tetravalent
BSA with a bivalent TfRMAb, and this BSA was designated
1A11WT-2xNb62. The affinity of the monovalent Nb62 for the
mouse TfR was moderate with a KD of 18 nM. However, the affinity
of the bivalent 1A11WT-2xNb62 for the mouse TfR was high with a
KD of 2.4 nM. The affinity of the monovalent Nb188 for the human
TfR was high with a KD of 6.4 nM (Wouters et al, 2022). Working
under the assumption that a monovalent TfRMAb was preferred
over a bivalent TfRMAb, the Nb188 was fused to the amino
terminus of a human Fc, which was paired with humanized anti-
BACE1 half antibody to generate a BSA designated 1A11AM-
Nb188, and this BSA is represented by Model 7 in Figure 7. The
2 chains of the 1A11AM-Nb188 BSAwere paired to form the hetero-
dimer with the Bipod method (Nesspor et al, 2020). The affinity of
the 1A11AM-Nb188 BSA for the human TfR was not reported. This
BSA was tested in transgenic mice where the apical domain of the
human TfR was knocked in to replace the apical domain of the
mouse TfR. Administration of a high dose, 20 mg/kg, but not a low
dose, 2 mg/kg, of the this BSA resulted in a modest reduction in the
Aβ1-40 levels in brain of the transgenic mice (Wouters et al, 2022).
The lack of reduction of brain Aβ1-40 levels with the 2 mg/kg dose is
attributed to the low affinity of this BSA that is monovalent for
the TfR.

3.3.3 Bispecific antibodies for Alzheimer’s disease
derived from TREM2 agonist antibodies

The triggering receptor for myeloid cells 2 (TREM2) is expressed
on microglial cells, and TREM2 activation leads to phagocytosis of
oligomeric Aβ fibrils (Griciuc et al, 2019). Therefore, a
TREM2 agonist MAb could be therapeutic in AD, should the
antibody be made transportable through the BBB. A
TREM2 agonist antibody, AL002 (Wang S. et al, 2020), is
currently in clinical trials for AD with a primary endpoint of
improvement in the CDR-SB score (NCT04592874). AL002 was
taken to clinical trial based on the rationale that this therapeutic
antibody crossed the BBB. The model used by the AL002 drug
developers (Wang S. et al, 2020) was the same model used by the
aducanumab drug developers (Sevigny et al, 2016), which is that
higher amounts of the antibody were detected in brain homogenate
when the injection dose was increased. However, higher plasma
concentrations of the antibody are produced at higher injection
doses. If the antibody is confined to the brain plasma volume,
visualized in Figure 3, and if the plasma compartment is
incompletely cleared by intra-cardiac saline infusion, then
measurable amounts of the antibody will be detected in a

homogenate of brain, without any passage of the antibody across
the BBB. The maximal plasma concentration of the AL002 antibody
was 59, 351, and 1,014 ug/mL after the intra-peritoneal (IP)
administration of 5, 20, and 60 mg/kg; the corresponding
maximal brain concentration of the antibody was 1.8, 7.6, and
23.8 ng/mg protein in the mouse (Wang S. et al, 2020).
Assuming 100 mg protein per Gram brain (Dunlop et al, 1994),
the brain/plasma concentration ratio, which is the brain VD of
AL002, is two to three uL/Gram, which is about 10% of the brain
plasma volume in the mouse (Section 2.2.2). It is possible that the
AL002 measured in brain homogenate represents contamination of
the brain by plasma due to a washout of only 90% of the brain
plasma. One could measure the albumin concentration in brain
homogenate to test for residual plasma in the brain homogenate, but
this is not done.

Working on the view that a TREM2 agonist antibody needs to be
re-engineered to enable BBB penetration, a BSA derived from a
TfRMAb and a TREM2 agonist antibody was engineered (Zhao et al,
2022). A TREM2 agonist ScFv antibody was isolated by screening a
human ScFv library with the murine TREM2 ECD, and a lead ScFv
was identified (Zhao et al, 2022). The VH and VL of several
candidates were grafted on to human IgG1, resulting in the
identification of a lead agonist antibody, Ab18. However, the
agonist activity of this antibody was not optimal. Therefore, a
DVD of the Ab18 was engineered, as shown in Model 8 of
Figure 7. The DVD design increased the potency of the
TREM2 antibody as the EC50 of agonist activity was reduced to
0.42 nM following engineering of this antibody that has tetravalent
binding to TREM2. To enable BBB penetration of the
TREM2 tetravalent DVD, a ScFv form of an antibody against the
mouse TfR was fused to the carboxyl terminus of one heavy chain of
the TREM2 DVD, as shown in Model 8 of Figure 7. Owing to this
BSA design, the 2 heavy chains arise from different genes, and the
formation of the hetero-dimeric heavy chains was enhanced with
electrostatic steering (ESS) technology (Zhao et al, 2022). The origin
of the sequence of the ScFv against the mouse TfR is not given (Zhao
et al, 2022). A monovalent format of the TfRMAb was used, as it was
believed that a bivalent TfRMAb is entrapped in the endothelium
without entry into brain parenchyma based on prior hypotheses
reported in the literature (Yu et al, 2011; Niewoehner et al, 2014; Yu
et al, 2014). However, the hypothesis that low affinity, monovalent
TfRMAbs are preferred BBB delivery agents is based on questionable
premises, and the exclusion of contrary data, as reviewed in Section
3.2.4. The use of a monovalent format of the TfRMAb obligates the
drug developer to a log order increase in injection dose, relative to a
high affinity TfRMAb. Indeed, mouse treatment studies with the
TREM2 DVD-TfRScFv employed weekly injections of 20 mg/kg in
5XFAD transgenic mice (Zhao et al, 2022). This treatment resulted
in a decrease in brain Aβ amyloid in parallel with an increase in
synaptic density. This finding of a repair of dystrophic neurites
following local clearance of amyloid plaque replicates the effects of
an intra-cerebral injection of an AAA into the brain of an AD
transgenic mouse (Lombardo et al, 2003).

A BBB-penetrating TREM2 agonist antibody suitable for clinical
trials has recently been described (Van Lengerich et al, 2023). The
design of this BSA, designated ATV:TREM2, where ATV = antibody
transport vehicle, replicates Model 6 of Figure 7. A MAb against
human TREM2 was produced following immunization of rodents
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with the human TREM2 ECD. This MAb against hTREM2 bound
with high affinity to human TREM2, KD = 2.0 nM, but did not bind
murine TREM2 (Van Lengerich et al, 2023). Using Fcab technology,
a monovalent TfR binding site was engineered in the CH3 region of
one heavy chain of the anti-hTREM2, and the 2 half-antibodies were
hetero-dimerized with the KiHmethod. To reduce effector function,
the LALAmutations were inserted in the upper hinge/CH2 region of
the heavy chains (Van Lengerich et al, 2023). This project extends
the use of low affinity TfRMAbs to new lows, as the KD of binding of
ATV:TREM2 to the human TfR was 1,430 nM (Van Lengerich et al,
2023), or 3 log orders of magnitude lower than a conventional high
affinity TfRMAb. Bioactivity of the ATV:TREM2 was assessed in a
double transgenic mouse, hTREM2 tg; TfRmu/hu, where the apical
domain of the murine TfR was replaced with the apical domain of
the human TfR (Van Lengerich et al, 2023). The intravenous
administration of 10 mg/kg of the ATV:TREM2 BSA in the
transgenic mice produced a peak brain concentration of 3 nM
(Van Lengerich et al, 2023), which corresponds to a brain
antibody uptake of 0.15% ID/Gram. A similar, if not identical,
ATV:TREM2 BSA, is currently in phase one clinical trials in
healthy volunteers (NCT05450549). This trial is being performed
in the Netherlands, and not in the U.S. The FDA placed a clinical
hold on the IND application for the ATV:TREM2 in the U.S. owing
to concerns about preclinical toxicology related to this therapeutic
product (Alzforum, 2023c).

3.3.4 Bispecific antibodies for Parkinson’s disease
derived from anti-α-synuclein antibodies

PD is associated with the formation of intracellular α-synuclein
(SYN) aggregates (Volpicelli-Daley et al, 2011) and an antibody that
disaggregates SYN inclusions could be therapeutic for PD. One anti-
SYN antibody is the Syn-02 antibody, which binds SYN aggregates,
but not soluble SYN (Vaikath et al, 2015). A ScFv form of the
8D3 antibody to the mouse TfR was fused to the carboxyl terminus
of each light chain of an engineered form of the Syn-02 antibody,
and this BSA was designated AbSynO2-scFv8D3 (Roshanbin et al,
2022), which conforms to Model 3 in Figure 7. The biologic activity
of the AbSynO2-scFv8D3 BSA was tested in the L61 mouse, which is
derived from a transgenic mouse line that over-produces human
SYN aggregates (Rockenstein et al, 2002). The L61/SYN mice were
treated with 10 mg/kg of either the Syn-02 antibody alone or the
AbSynO2-scFv8D3 BSA on days 1, 2, and 4, and euthanized on day
5. This short course produced a modest decrease in brain SYN
oligomers (Roshanbin et al, 2022). It is anticipated that a longer
course of treatment will produce further decreases in brain SYN
oligomers with such BBB-penetrating BSAs directed against α-SYN.

A BBB-penetrating BSA directed against α-synuclein was
engineered with an anti-IGF1R MAb, designated Grabody B
(Shin et al, 2022). A human ScFv library was screened with the
human IGF1R ECD, and affinity maturation of initial candidates
produced Grabody B, which had a high affinity for the IGF1R across
species (Shin et al, 2022). The KD in surface plasmon resonance
studies was in the 1–6 nM range, and the EC50 in ELISAs was in the
0.12–0.4 nM range. In parallel, a MAb against human SYN,
designated M30103, was produced (Shin et al, 2022). A BSA,
designated B30104, was formed by fusion of the IGF1R ScFv to
the carboxyl terminus of one heavy chain of the M30103 antibody,
and the 2 half-antibodies were hetero-dimerized with KiH

technology. This BSA conforms to Model 9 of Figure 7. Brain
B30104 concentration was linearly related to the intravenous ID
and increased to 30 nM as the ID was increased from 10 to 60 mg/kg
in the rat (Shin et al, 2022). A brain BSA concentration of 30 nM at
an ID of 60 mg/kg corresponds to a brain uptake of 0.08 %ID/Gram.
A mouse model of PD was produced following the intra-cerebral
injection of pre-formed fibrils (PFF) of human SYN (Volpicelli-
Daley et al, 2011). Treatment of mice was started 1 week following
the PFF injection and continued with weekly intra-peritoneal (IP)
injections of 15–18 mg/kg of either theM30103 anti-Syn antibody or
the B30104 BSA for 6 months. Treatment of the mice with the BSA
caused a reduction in SYN aggregates in brain. However, at these
high injection does, administration of the M30101 antibody alone
also caused a reduction in SYN aggregates in brain (Shin et al, 2022).
Re-engineering of this BSA as a tetravalent BSA that has bivalent
binding to both the IGF1R and to SYN aggregates would increase the
affinity of the BSA for the IGF1R, which would enable the
administration of a lower ID, e.g., 1 mg/kg. This reduced dose of
the tetravalent BSA may lower SYN aggregates in brain, whereas
there may no effect on SYN aggregates following the administration
of a 1 mg/kg dose of the M30301 antibody alone.

3.3.5 Bispecific antibodies for Parkinson’s disease
derived from TrkB agonist antibodies

A potential treatment of neurodegeneration is the delivery to
brain of neurotrophic factors, such as brain derived neurotrophic
factor (BDNF). Over 25 years ago, a clinical trial in amyotrophic
lateral sclerosis (ALS) investigated the therapeutic effects of chronic
treatment with BDNF, where the neurotrophin was administered by
SQ injection. The clinical trial failed (BDNF Study Group, 1999), as
BDNF does not cross the BBB (Pardridge, 2022b). The BDNF
receptor is trkB. An alternative approach to neurotrophin
therapy of neurodegeneration is the delivery to brain of a trkB
agonist antibody. One such trkB agonist antibody is the
29D7 antibody, which binds with high affinity to both the
murine and human trkB in an ELISA with an EC50 =
10–100 pM, and exerts trkB agonist activity in cell culture assays
(Qian et al, 2006). The BBB transport of the 29D7 trkB agonist
antibody was enabled by the re-engineering of this antibody as a
BBB-penetrating BSA. A single chain, single domain shark VNAR
antibody against the TfR was fused to both heavy chains of the
29D7 antibody (Clarke et al, 2022). The anti-TfR VNAR is
designated TXB4, which was derived from an early VNAR,
designated TXB2 (Stocki et al, 2021). TXB2 was converted to
TXB4 by mutagenesis of the CDR3 of the VNAR (Clarke et al,
2022). TXB2 was first used to engineer a BSA, where the TXB2 was
fused to the amino terminus of both heavy chains of the
bapineuzumab anti-amyloid antibody (Sehlin et al, 2020), and
this BSA corresponds to Model 10 in Figure 7. The TXB4-
derived BSA was engineered by placement of the TXB4 VNAR at
the amino terminus of both heavy chains of the 29D7 antibody, and
this format was designated the HC2N BSA. Owing to concerns about
steric hindrance of binding to trkB of the inner 29D7 antibody by the
outer VNAR TfR antibody, a second BSA was engineered where the
VNAR was placed between the hinge region and CH1 of both heavy
chains of the 29D7 antibody, and this format was designated the
HV2N BSA. It is not clear why the VNAR against the TfR was not
fused to the carboxyl termini of the 29D7 antibody, as this would
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eliminate steric hindrance of binding of the amino terminal end of
the BSA to the trkB receptor. The HC2N BSA had a 3-fold higher
affinity for the mouse or human TfR1 as compared to HV2N,
although both BSAs bound the TfR with high affinity and an
EC50 of 0.7–2.3 nM in the TfR1 ELISA (Clarke et al, 2022). The
HV2N BSA was more active in a trkB bio-assay with an EC50 of
0.91 nM, as compared to the EC50 of the HC2N BSA, which had an
EC50 of 6.9 nM. Therefore, subsequent in vivo studies were
performed with the HV2N BSA, designated the TXB4-TrkB
(Clarke et al, 2022). The therapeutic effect of the TXB4-TrkB
BSA was examined in experimental PD produced by the intra-
striatal injection of the neurotoxin, 6-hydroxydopamine. Mice were
treated with SQ injections of either saline or 2.5–5 mg/kg of the
TXB4-TrkB BSA at days −1 and +7 relative to toxin administration.
This dose of toxin produces a partial lesion of the nigral striatal tract
in mice, and the number of cells immunoreactive for tyrosine
hydroxylase (TH) was reduced 27% in the substantia nigra on
the lesioned side compared to the contralateral side in the saline
treated mice. There was only a 3% reduction in TH-immunoreactive
cells in the mice treated with the TXB4-TrkB BSA (Clarke et al,
2022). Given the design of this study, where the TXB4-TrkB BSA
was administered 24 h before the toxin injection, it is not clear if
delayed treatment with the TXB4-TrkB BSA is neuroprotective in
experimental PD, but this issue can be resolved with future
investigations.

4 Pharmacokinetics and toxicology

There is little information on the plasma pharmacokinetics (PK)
of a BBB-penetrating BSA compared to the plasma PK of the original
therapeutic antibody. The plasma clearance of a therapeutic
antibody that does not target an RMT system is slow, e.g., the
plasma half-life (T1/2) of donanemab is 10.5 days at an IV dose of
10 mg/kg (Lowe et al, 2021). Fusion of a therapeutic antibody to a
transporting antibody that targets an RMT system such as the IR,
TfR, or IGF1R, is expected to cause an increase in plasma clearance
of the BSA, relative to the therapeutic antibody, as demonstrated for
the PK of an Abeta therapeutic antibody and the HIRMAb-AβScFv
BSA (Boado et al, 2007). If the plasma clearance of the BSA was
increased 5- to 10-fold, compared to the native antibody, then the
plasma T1/2 would be reduced to 1–2 days. In this case, the optimal
route of administration of a BBB-penetrating BSA for treatment of a
CNS disease may be the SQ route with twice weekly administration,
as opposed to once- or twice-monthly IV infusions of a therapeutic
antibody. The optimal therapeutic dose of a BBB-penetrating BSA
derived from a high affinity transporting antibody may be 3 mg/kg
administered via SQ injection.

Doses of a BBB-penetrating BSA above 3 mg/kg may have
toxicologic side effects. Anemia associated with reduced
reticulocytes was produced in primates following the twice
weekly IV infusions of a high affinity bivalent TfRMAb at a dose
of 30 mg/kg, but not at doses of 3–10 mg/kg (Pardridge, et al, 2018).
This study replicates the early findings in the mouse describing
anemia induced by the administration of a low affinity TfRMAb
(Couch et al, 2013). The anemia was partially ameliorated in a FcγR
knockout mouse, and the effect of TfRMAb on blood counts was
caused by both antibody-dependent cytotoxicity (ADCC) and

complement medicated cytotoxicity (CDC) (Couch et al, 2013).
The IgG-mediated effector functions are reduced with the L234A/
L235A (LALA) mutations (Wines et al, 2000), which reduce ADCC,
and the P329G (PG) mutation, which reduces CDC, and these
mutations are designated LALA-PG (Lo et al, 2017). The LALA
mutations reduce IgG binding to the FcγR, but not the neonatal Fc
receptor, FcRn (Wines et al, 2000). TfRMAb-derived fusion proteins
may not express the same effector function as the parent antibody. A
high affinity bivalent TfRMAb induced CDC, but not ADCC in
human cells; however, following fusion of the IDS lysosomal enzyme
to this TfRMAb, no CDC was observed with the TfRMAb-IDS
fusion protein (Yamamoto et al, 2021). FcγRs are also expressed in
the human brain, on both microglia and neurons (Fuller et al, 2014).
The effect of IgG administration on effector function in the CNS is
not observed with therapeutic antibodies, because these agents do
not cross the BBB. However, a TfRMAb that activates effector
function would cross the BBB and access FcγRs within the brain.
Chronic administration of a TfRMAb to Rhesus monkeys induced
astrogliosis and microglial activation (Pardridge et al, 2018). This
antibody was not mutated to eliminate effector function.
Nevertheless, it is important to perform neuropathologic exams
of brain in primates following chronic administration of a new BBB-
penetrating BSA early in the course of drug development.

5 Conclusion

This review advances 2 themes. First, therapeutic antibodies
do not cross the intact BBB. Second, therapeutic antibodies can
be re-engineered as BBB-penetrating bispecific antibodies
(BSAs), which target endogenous receptor-mediated transport
(RMT) systems within the BBB. The conclusion that therapeutic
antibodies do not cross the BBB would seem to be at odds with the
FDA approval of therapeutic antibodies for the treatment of
multiple sclerosis (MS), glioma, and Alzheimer’s disease (AD).
However, as discussed in Section 2.1, the therapeutic antibodies
that have been approved by the FDA for the CNS either have a
site of action within the blood compartment, as with the case of
antibodies for MS or glioma, or enter the brain following
antibody-induced BBB disruption, as with anti-amyloid
antibodies (AAA) for AD. The BBB disruption is associated
with the amyloid related imaging abnormalities (ARIA) as
detected with MRI in subjects with AD following the
administration of AAAs. The absence of brain uptake of a
therapeutic antibody that does not target an endogenous RMT
system at the BBB, and confinement of the therapeutic antibody
to the brain plasma volume, is shown in Figure 6B for the monkey
and in Figure 6E for the mouse. The data showing entrapment of
a therapeutic antibody within the brain plasma volume is
discussed in section 2.1.3.1 for aducanumab or bapineuzumab,
and in section 3.3.3 for AL002, a TREM2 agonist antibody. These
data confirm early reports on the lack of brain uptake of
immunoglobulin G (Kobayashi et al, 1989), or of a [111In]-
labeled MAb (Eigenmann et al, 2017). An illustration of the
lack of BBB transport of a therapeutic antibody is the study
showing that BBB disruption induced by focused ultrasound-
microbubble treatment is required to detect brain uptake of a
therapeutic antibody (Janowicz et al, 2019).
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A BBB-penetrating BSA is formed by fusion of a therapeutic
antibody and a transporting antibody. The latter undergoes RMT
across the BBB following the antibody binding to an endogenous
peptide receptor on the BBB. These peptide receptors include the
insulin receptor (IR), transferrin receptor (TfR), insulin-like growth
factor receptor (IGFR), or leptin receptor (LEPR). Since the first
description of a BBB penetrating BSA that targeted the human IR
(Boado et al, 2007) or mouse TfR (Boado et al, 2010), a broad array
of BSAs have been engineered for BBB delivery, as outlined in
Figure 7. The engineering of these BSAs is derived from 2 different
approaches. In the first approach, the host cell is transfected with a
single heavy chain (HC) gene and a single light chain (LC) gene
followed by the expression of a tetravalent BSA that binds bivalently
with both the therapeutic target and the BBB target. This is possible
by fusion of a single chain Fv (ScFv) antibody A to the carboxyl
terminus of the HC or LC of antibody B (Model 1 for HC fusion and
Model 3 for LC fusion, Figure 7), as originally described by Coloma
and Morrison (1997), and refined by Schanzer et al (2011).
Alternatively, the ScFv can be replaced by a single chain Fab
(scFab) antibody (Hust et al, 2007), a single domain camelid
VHH or a single domain shark VNAR. Tetravalent BSAs may
also be engineered where the variable domains of both antibodies
are placed at the amino terminus of the BSA, as in the case of a dual
variable domain BSA (Model 4, Figure 7), or fusion of a single chain
antibody A to the amino terminus of antibody B (Model
10 Figure 7). In the case of Models 1, 3, 4, and 10, the
therapeutic antibody and the transporting antibody are both
engineered as a bivalent antibody. In the second approach, the
host cell is transfected with 2 HC genes and a single LC gene, and the
HC hetero-dimer formation is promoted with knob-in-hole (KiH)
technology (Models 2, 5, 6, 7, and 9, Figure 7), or with electrostatic
steering (ESS) technology (Model 8, Figure 7). For the Model 5 BSA,
the host cell must be transfected with either a single LC that is shared
by both the therapeutic antibody and the transporting antibody, or
with 2 LC genes. When separate LC genes are expressed, then the
host cell is transfected with 4 genes (2 HC genes, 2 LC genes), and
the pairing of the cognate HC and LC for the therapeutic antibody
and the transporting antibody is promoted by engineering new
disulfide bridges between the HC and LC (Wang F. et al, 2020). In
the case of Models 2, 5, 6, 7, 8, and 9, the therapeutic antibody is
engineered as a bivalent antibody, and the transporting antibody is
engineered as a monovalent antibody.

The use of a monovalent transporting antibody is based on the
hypothesis that a monovalent antibody is preferred over a bivalent
antibody, and this hypothesis is derived from use of a TfRMAb
transporting antibody. A high affinity, bivalent TfRMAb is said to be
sequestered within the brain endothelium leading to reduced
exocytosis into brain ISF, and diminished BBB transport (Yu
et al, 2011; Niewoehner et al, 2014; Ullman et al, 2020).
However, if the bivalent TfRMAb was sequestered within the

endothelium, then the high brain uptake of a high affinity
bivalent TfRMAb observed in the mouse (Figure 6E) or the
primate (Pardridge et al, 2018) would not be possible.
Sequestration of the antibody within the brain endothelium
would produce a background level of brain uptake of the
antibody because the intracellular volume of the endothelium is
1,000-fold smaller than the post-vascular volume of brain
(Pardridge, 2021). The hypothesis that a bivalent TfRMAb is not
effectively transcytosed through the BBB ignores the therapeutic
effects in multiple models of neural disease, including PD, AD,
MPSI, and stoke, which are produced following the administration
of low doses, 1 mg/kg, of fusion proteins derived from a high affinity,
bivalent TfRMAb (Section 3.2.4). The use of a low affinity,
monovalent TfRMAb requires the administration of doses of the
BSA, e.g., 15–50 mg/kg (Yu et al, 2011; Kariolois et al, 2020), that are
a log order greater than the therapeutic dose used for a high affinity
bivalent TfRMAb, e.g., 1 mg/kg. The engineering of a BSA with
reduced affinity for binding to the BBB RMT system obligates the
drug developer to the administration of a higher dosage of the BSA.
Such high doses may reduce the therapeutic index of the drug, and
produce unwanted side effects from BSA treatment.

Author contributions

WP is the sole author responsible for the manuscript.

Funding

The work was supported, in part, by NIH grant R01-AG-032244.

Conflict of interest

The author is inventor on patents related to receptor-mediated
transport of biologics through the blood-brain barrier.

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

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.

References

Alzform (2023b). Gantenerumab falls short in phase 3. Available at: https://www.alzforum.
org/news/research-news/gantenerumab-falls-short-phase-3-0 (Accessed May 11, 2023).

Alzforum (2023c). DNL919. Available at: https://www.alzforum.org/therapeutics/
dnl919 (Accessed May 11, 2023).

Alzforum (2023a). Trontinemab. Available at: https://www.alzforum.org/
therapeutics/trontinemab (Accessed May 11, 2023).

Andrews, J. S., Desai, U., Kirson, N. Y., Zichlin, M. L., Ball, D. E., and Matthews, B. R.
(2019). Disease severity and minimal clinically important differences in clinical

Frontiers in Drug Delivery frontiersin.org21

Pardridge 10.3389/fddev.2023.1227816

https://www.alzforum.org/news/research-news/gantenerumab-falls-short-phase-3-0
https://www.alzforum.org/news/research-news/gantenerumab-falls-short-phase-3-0
https://www.alzforum.org/therapeutics/dnl919
https://www.alzforum.org/therapeutics/dnl919
https://www.alzforum.org/therapeutics/trontinemab
https://www.alzforum.org/therapeutics/trontinemab
https://www.frontiersin.org/journals/drug-delivery
https://www.frontiersin.org
https://doi.org/10.3389/fddev.2023.1227816


outcome assessments for Alzheimer’s disease clinical trials. Alzheimers Dement. (N Y) 5,
354–363. doi:10.1016/j.trci.2019.06.005

Atwal, J. K., Chen, Y., Chiu, C., Mortensen, D. L., Meilandt, W. J., Liu, Y., et al. (2011).
A therapeutic antibody targeting BACE1 inhibits amyloid-beta production in vivo. Sci.
Transl. Med. 3, 84ra43. doi:10.1126/scitranslmed.3002254

Bailleux, C., Eberst, L., and Bachelot, T. (2021). Treatment strategies for breast cancer
brain metastases. Br. J. Cancer 124, 142–155. doi:10.1038/s41416-020-01175-y

Bar, R. S., Gorden, P., Roth, J., Kahn, C. R., and De Meyts, P. (1976). Fluctuations in
the affinity and concentration of insulin receptors on circulating monocytes of obese
patients: Effects of starvation, refeeding, and dieting. J. Clin. Invest. 58, 1123–1135.
doi:10.1172/JCI108565

Bard, F., Fox, M., Friedrich, S., Seubert, P., Schenk, D., Kinney, G. G., et al. (2012).
Sustained levels of antibodies against Aβ in amyloid-rich regions of the CNS following
intravenous dosing in human APP transgenic mice. Exp. Neurol. 238, 38–43. doi:10.
1016/j.expneurol.2012.07.022

Bauchner, H., and Alexander, G. C. (2022). Rejection of aducanumab (aduhelm) by
the health care community: Lessons learned and the path ahead.Med. Care 60, 392–393.
doi:10.1097/MLR.0000000000001716

BDNF Study Group (1999). A controlled trial of recombinant methionyl human
BDNF in ALS: The BDNF Study Group (Phase III). Neurology 52, 1427–1433. doi:10.
1212/wnl.52.7.1427

Belfiore, A., Frasca, F., Pandini, G., Sciacca, L., and Vigneri, R. (2009). Insulin receptor
isoforms and insulin receptor/insulin-like growth factor receptor hybrids in physiology
and disease. Endocr. Rev. 30, 586–623. doi:10.1210/er.2008-0047

Belfiore, A., Malaguarnera, R., Vella, V., Lawrence, M. C., Sciacca, L., Frasca, F., et al.
(2017). Insulin receptor isoforms in physiology and disease: An updated view. Endocr.
Rev. 38, 379–431. doi:10.1210/er.2017-00073

Benveniste, H., Hansen, A. J., and Ottosen, N. S. (1989). Determination of brain
interstitial concentrations by microdialysis. J. Neurochem. 52, 1741–1750. doi:10.1111/j.
1471-4159.1989.tb07252.x

Bickel, U., Kang, Y. S., Yoshikawa, T., and Pardridge, W. M. (1994). In vivo
demonstration of subcellular localization of anti-transferrin receptor monoclonal
antibody-colloidal gold conjugate in brain capillary endothelium. J. Histochem
Cytochem 42, 1493–1497. doi:10.1177/42.11.7930531

Bickel, U., Yoshikawa, T., Landaw, E. M., Faull, K. F., and Pardridge, W. M. (1993).
Pharmacologic effects in vivo in brain by vector-mediated peptide drug delivery. Proc.
Natl. Acad. Sci. U. S. A. 90, 2618–2622. doi:10.1073/pnas.90.7.2618

Bien-Ly, N., Yu, Y. J., Bumbaca, D., Elstrott, J., Boswell, C. A., Zhang, Y., et al. (2014).
Transferrin receptor (TfR) trafficking determines brain uptake of TfR antibody affinity
variants. J. Exp. Med. 211, 233–244. doi:10.1084/jem.20131660

Blockx, I., Einstein, S., Guns, P. J., Van Audekerke, J., Guglielmetti, C., Zago, W., et al.
(2016). Monitoring blood-brain barrier integrity following amyloid-beta
immunotherapy using gadolinium-enhanced MRI in a PDAPP mouse model.
J. Alzheimers Dis. 54, 723–735. doi:10.3233/JAD-160023

Boado, R. J., Zhang, Y., Zhang, Y., Xia, C. F., and Pardridge, W. M. (2007). Fusion
antibody for Alzheimer’s disease with bidirectional transport across the blood-
brain barrier and abeta fibril disaggregation. Bioconjug Chem. 18, 447–455. doi:10.
1021/bc060349x

Boado, R. J., Golden, P. L., Levin, N., and Pardridge, W. M. (1998). Up-regulation of
blood-brain barrier short-form leptin receptor gene products in rats fed a high fat diet.
J. Neurochem. 71, 1761–1764. doi:10.1046/j.1471-4159.1998.71041761.x

Boado, R. J., Hui, E. K., Lu, J. Z., Sumbria, R. K., and Pardridge, W. M. (2013a).
Blood-brain barrier molecular trojan horse enables imaging of brain uptake of
radioiodinated recombinant protein in the rhesus monkey. Bioconjug Chem. 24,
1741–1749. doi:10.1021/bc400319d

Boado, R. J., Hui, E. K., Lu, J. Z., Zhou, Q. H., and Pardridge, W.M. (2011). Reversal of
lysosomal storage in brain of adult MPS-I mice with intravenous Trojan horse-
iduronidase fusion protein. Mol. Pharm. 8, 1342–1350. doi:10.1021/mp200136x

Boado, R. J., Li, J. Y., Nagaya, M., Zhang, C., and Pardridge, W. M. (1999). Selective
expression of the large neutral amino acid transporter at the blood-brain barrier. Proc.
Natl. Acad. Sci. U. S. A. 96, 12079–12084. doi:10.1073/pnas.96.21.12079

Boado, R. J., Lu, J. Z., Hui, E. K., Sumbria, R. K., and Pardridge, W. M. (2013b).
Pharmacokinetics and brain uptake in the rhesus monkey of a fusion protein of
arylsulfatase a and a monoclonal antibody against the human insulin receptor.
Biotechnol. Bioeng. 110, 1456–1465. doi:10.1002/bit.24795

Boado, R. J., and Pardridge,W.M. (2017). Brain and organ uptake in the rhesusmonkey in
vivo of recombinant iduronidase compared to an insulin receptor antibody-iduronidase
fusion protein. Mol. Pharm. 14, 1271–1277. doi:10.1021/acs.molpharmaceut.6b01166

Boado, R. J., Zhang, Y., Wang, Y., and Pardridge, W. M. (2009). Engineering and
expression of a chimeric transferrin receptor monoclonal antibody for blood-brain
barrier delivery in the mouse. Biotechnol. Bioeng. 102, 1251–1258. doi:10.1002/bit.22135

Boado, R. J., Zhang, Y., Zhang, Y., Xia, C. F., Wang, Y., and Pardridge, W. M. (2008).
Genetic engineering, expression, and activity of a chimeric monoclonal antibody-avidin
fusion protein for receptor-mediated delivery of biotinylated drugs in humans.
Bioconjug Chem. 19, 731–739. doi:10.1021/bc7004076

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

Bohrmann, B., Baumann, K., Benz, J., Gerber, F., Huber,W., Knoflach, F., et al. (2012).
Gantenerumab: A novel human anti-aβ antibody demonstrates sustained cerebral
amyloid-β binding and elicits cell-mediated removal of human amyloid-β.
J. Alzheimers Dis. 28, 49–69. doi:10.3233/JAD-2011-110977

Bonvicini, G., Syvanen, S., Andersson, K. G., Haaparanta-Solin, M., Lopez-Picon, F.,
and Sehlin, D. (2022). ImmunoPET imaging of amyloid-beta in a rat model of
Alzheimer’s disease with a bispecific, brain-penetrating fusion protein. Transl.
Neurodegener. 11, 55. doi:10.1186/s40035-022-00324-y

Boswell, C. A., Mundo, E. E., Ulufatu, S., Bumbaca, D., Cahaya, H. S., Majidy, N., et al.
(2014). Comparative physiology of mice and rats: Radiometric measurement of vascular
parameters in rodent tissues. Mol. Pharm. 11, 1591–1598. doi:10.1021/mp400748t

Bria, E., Cuppone, F., Fornier, M., Nistico, C., Carlini, P., Milella, M., et al. (2008).
Cardiotoxicity and incidence of brain metastases after adjuvant trastuzumab for early
breast cancer: The dark side of the moon? A meta-analysis of the randomized trials.
Breast Cancer Res. Treat. 109, 231–239. doi:10.1007/s10549-007-9663-z

Brockmann, R., Nixon, J., Love, B. L., and Yunusa, I. (2023). Impacts of FDA approval
and Medicare restriction on antiamyloid therapies for alzheimer’s disease: Patient
outcomes, healthcare costs, and drug development. Lancet Reg. Health Am. 20, 100467.
doi:10.1016/j.lana.2023.100467

Burnett, L. C., Skowronski, A. A., Rausch, R., Leduc, C. A., and Leibel, R. L. (2017).
Determination of the half-life of circulating leptin in the mouse. Int. J. Obes. (Lond) 41,
355–359. doi:10.1038/ijo.2016.238

Cadavid, D., Jurgensen, S., and Lee, S. (2013). Impact of natalizumab on ambulatory
improvement in secondary progressive and disabled relapsing-remitting multiple
sclerosis. PLoS One 8, e53297. doi:10.1371/journal.pone.0053297

Candela, P., Saint-Pol, J., Kuntz,M., Boucau, M. C., Lamartiniere, Y., Gosselet, F., et al.
(2015). In vitro discrimination of the role of LRP1 at the BBB cellular level: Focus on
brain capillary endothelial cells and brain pericytes. Brain Res. 1594, 15–26. doi:10.1016/
j.brainres.2014.10.047

Caserta, M. T., Caccioppo, D., Lapin, G. D., Ragin, A., and Groothuis, D. R. (1998).
Blood-brain barrier integrity in Alzheimer’s disease patients and elderly control
subjects. J. Neuropsychiatry Clin. Neurosci. 10, 78–84. doi:10.1176/jnp.10.1.78

Castellanos, D. M., Sun, J., Yang, J., Ou, W., Zambon, A. C., Pardridge, W. M., et al.
(2020). Acute and chronic dosing of a high-affinity rat/mouse chimeric transferrin
receptor antibody in mice. Pharmaceutics 12, 852. doi:10.3390/pharmaceutics12090852

Chang, H. Y., Morrow, K., Bonacquisti, E., Zhang, W., and Shah, D. K. (2018).
Antibody pharmacokinetics in rat brain determined using microdialysis. MAbs 10,
843–853. doi:10.1080/19420862.2018.1473910

Chang, H. Y., Wu, S., Li, Y., Zhang, W., Burrell, M., Webster, C. I., et al. (2021). Brain
pharmacokinetics of anti-transferrin receptor antibody affinity variants in rats
determined using microdialysis. MAbs 13, 1874121. doi:10.1080/19420862.2021.
1874121

Christensen, S. C., Hudecz, D., Jensen, A., Christensen, S., and Nielsen, M. S. (2021).
Basigin antibodies with capacity for drug delivery across brain endothelial cells. Mol.
Neurobiol. 58, 4392–4403. doi:10.1007/s12035-021-02421-x

Clarke, E., Stocki, P., Sinclair, E. H., Gauhar, A., Fletcher, E. J. R., Krawczun-
Rygmaczewska, A., et al. (2022). A single domain shark antibody targeting the
transferrin receptor 1 delivers a TrkB agonist antibody to the brain and provides
full neuroprotection in a mouse model of Parkinson’s disease. Pharmaceutics 14, 1335.
doi:10.3390/pharmaceutics14071335

Clemmons, D. R. (2018). Role of IGF-binding proteins in regulating IGF
responses to changes in metabolism. J. Mol. Endocrinol. 61, T139–T169. doi:10.
1530/JME-18-0016

Cogswell, P. M., Barakos, J. A., Barkhof, F., Benzinger, T. S., Jack, C. R., Jr., Poussaint,
T. Y., et al. (2022). Amyloid-related imaging abnormalities with emerging alzheimer
disease therapeutics: Detection and reporting recommendations for clinical practice.
AJNR Am. J. Neuroradiol. 43, E19–E35. doi:10.3174/ajnr.A7586

Coloma, M. J., Lee, H. J., Kurihara, A., Landaw, E. M., Boado, R. J., Morrison, S. L.,
et al. (2000). Transport across the primate blood-brain barrier of a genetically
engineered chimeric monoclonal antibody to the human insulin receptor. Pharm.
Res. 17, 266–274. doi:10.1023/a:1007592720793

Coloma, M. J., and Morrison, S. L. (1997). Design and production of novel tetravalent
bispecific antibodies. Nat. Biotechnol. 15, 159–163. doi:10.1038/nbt0297-159

Cornford, E. M., Hyman, S., Cornford, M. E., Landaw, E. M., and Delgado-
Escueta, A. V. (1998). Interictal seizure resections show two configurations of
endothelial Glut1 glucose transporter in the human blood-brain barrier. J. Cereb.
Blood Flow. Metab. 18, 26–42. doi:10.1097/00004647-199801000-00003

Couch, J. A., Yu, Y. J., Zhang, Y., Tarrant, J. M., Fuji, R. N., Meilandt, W. J., et al.
(2013). Addressing safety liabilities of TfR bispecific antibodies that cross the blood-
brain barrier. Sci. Transl. Med. 5, 181–112. 183ra157. doi:10.1126/scitranslmed.3005338

Cummings, B. J., and Cotman, C. W. (1995). Image analysis of beta-amyloid load in
Alzheimer’s disease and relation to dementia severity. Lancet 346, 1524–1528. doi:10.
1016/s0140-6736(95)92053-6

Frontiers in Drug Delivery frontiersin.org22

Pardridge 10.3389/fddev.2023.1227816

https://doi.org/10.1016/j.trci.2019.06.005
https://doi.org/10.1126/scitranslmed.3002254
https://doi.org/10.1038/s41416-020-01175-y
https://doi.org/10.1172/JCI108565
https://doi.org/10.1016/j.expneurol.2012.07.022
https://doi.org/10.1016/j.expneurol.2012.07.022
https://doi.org/10.1097/MLR.0000000000001716
https://doi.org/10.1212/wnl.52.7.1427
https://doi.org/10.1212/wnl.52.7.1427
https://doi.org/10.1210/er.2008-0047
https://doi.org/10.1210/er.2017-00073
https://doi.org/10.1111/j.1471-4159.1989.tb07252.x
https://doi.org/10.1111/j.1471-4159.1989.tb07252.x
https://doi.org/10.1177/42.11.7930531
https://doi.org/10.1073/pnas.90.7.2618
https://doi.org/10.1084/jem.20131660
https://doi.org/10.3233/JAD-160023
https://doi.org/10.1021/bc060349x
https://doi.org/10.1021/bc060349x
https://doi.org/10.1046/j.1471-4159.1998.71041761.x
https://doi.org/10.1021/bc400319d
https://doi.org/10.1021/mp200136x
https://doi.org/10.1073/pnas.96.21.12079
https://doi.org/10.1002/bit.24795
https://doi.org/10.1021/acs.molpharmaceut.6b01166
https://doi.org/10.1002/bit.22135
https://doi.org/10.1021/bc7004076
https://doi.org/10.1021/mp900235k
https://doi.org/10.3233/JAD-2011-110977
https://doi.org/10.1186/s40035-022-00324-y
https://doi.org/10.1021/mp400748t
https://doi.org/10.1007/s10549-007-9663-z
https://doi.org/10.1016/j.lana.2023.100467
https://doi.org/10.1038/ijo.2016.238
https://doi.org/10.1371/journal.pone.0053297
https://doi.org/10.1016/j.brainres.2014.10.047
https://doi.org/10.1016/j.brainres.2014.10.047
https://doi.org/10.1176/jnp.10.1.78
https://doi.org/10.3390/pharmaceutics12090852
https://doi.org/10.1080/19420862.2018.1473910
https://doi.org/10.1080/19420862.2021.1874121
https://doi.org/10.1080/19420862.2021.1874121
https://doi.org/10.1007/s12035-021-02421-x
https://doi.org/10.3390/pharmaceutics14071335
https://doi.org/10.1530/JME-18-0016
https://doi.org/10.1530/JME-18-0016
https://doi.org/10.3174/ajnr.A7586
https://doi.org/10.1023/a:1007592720793
https://doi.org/10.1038/nbt0297-159
https://doi.org/10.1097/00004647-199801000-00003
https://doi.org/10.1126/scitranslmed.3005338
https://doi.org/10.1016/s0140-6736(95)92053-6
https://doi.org/10.1016/s0140-6736(95)92053-6
https://www.frontiersin.org/journals/drug-delivery
https://www.frontiersin.org
https://doi.org/10.3389/fddev.2023.1227816


Cummings, J., Apostolova, L., Rabinovici, G. D., Atri, A., Aisen, P., Greenberg, S., et al.
(2023). Lecanemab: Appropriate use recommendations. J. Prev. Alz. Dis. doi:10.14283/
jpad.2023.30

Demattos, R. B., Lu, J., Tang, Y., Racke, M. M., Delong, C. A., Tzaferis, J. A., et al.
(2012). A plaque-specific antibody clears existing beta-amyloid plaques in Alzheimer’s
disease mice. Neuron 76, 908–920. doi:10.1016/j.neuron.2012.10.029

Di Spiezio, A., Sandin, E. S., Dore, R., Muller-Fielitz, H., Storck, S. E., Bernau, M., et al.
(2018). The LepR-mediated leptin transport across brain barriers controls food reward.
Mol. Metab. 8, 13–22. doi:10.1016/j.molmet.2017.12.001

Do, T. M., Capdevila, C., Pradier, L., Blanchard, V., Lopez-Grancha, M., Schussler, N.,
et al. (2020). Tetravalent bispecific tandem antibodies improve brain exposure and
efficacy in an amyloid transgenic mouse model. Mol. Ther. Methods Clin. Dev. 19,
58–77. doi:10.1016/j.omtm.2020.08.014

Duckworth, W. C., Bennett, R. G., and Hamel, F. G. (1998). Insulin degradation:
Progress and potential. Endocr. Rev. 19, 608–624. doi:10.1210/edrv.19.5.0349

Duffy, K. R., and Pardridge, W. M. (1987). Blood-brain barrier transcytosis of insulin
in developing rabbits. Brain Res. 420, 32–38. doi:10.1016/0006-8993(87)90236-8

Duffy, K. R., Pardridge, W. M., and Rosenfeld, R. G. (1988). Human blood-brain
barrier insulin-like growth factor receptor.Metabolism 37, 136–140. doi:10.1016/s0026-
0495(98)90007-5

Dunlop, D. S., Yang, X. R., and Lajtha, A. (1994). The effect of elevated plasma
phenylalanine levels on protein synthesis rates in adult rat brain. Biochem. J. 302,
601–610. 601. doi:10.1042/bj3020601

Duvernoy, H. M., Delon, S., and Vannson, J. L. (1981). Cortical blood vessels of the
human brain. Brain Res. Bull. 7, 519–579. doi:10.1016/0361-9230(81)90007-1

Eckenroth, B. E., Steere, A. N., Chasteen, N. D., Everse, S. J., and Mason, A. B. (2011).
How the binding of human transferrin primes the transferrin receptor potentiating iron
release at endosomal pH. Proc. Natl. Acad. Sci. U. S. A. 108, 13089–13094. doi:10.1073/
pnas.1105786108

Eigenmann, M. J., Fronton, L., Grimm, H. P., Otteneder, M. B., and Krippendorff, B.
F. (2017). Quantification of IgG monoclonal antibody clearance in tissues. MAbs 9,
1007–1015. doi:10.1080/19420862.2017.1337619

Engelhardt, B., and Coisne, C. (2011). Fluids and barriers of the CNS establish
immune privilege by confining immune surveillance to a two-walled castle moat
surrounding the CNS castle. Fluids Barriers CNS 8, 4. doi:10.1186/2045-8118-8-4

Ferrara, C., Grau, S., Jager, C., Sondermann, P., Brunker, P., Waldhauer, I., et al.
(2011). Unique carbohydrate-carbohydrate interactions are required for high affinity
binding between FcgammaRIII and antibodies lacking core fucose. Proc. Natl. Acad. Sci.
U. S. A. 108, 12669–12674. doi:10.1073/pnas.1108455108

Fishman, J. B., Rubin, J. B., Handrahan, J. V., Connor, J. R., and Fine, R. E. (1987).
Receptor-mediated transcytosis of transferrin across the blood-brain barrier.
J. Neurosci. Res. 18, 299–304. doi:10.1002/jnr.490180206

Florian, H., Wang, D., Arnold, S. E., Boada, M., Guo, Q., Jin, Z., et al. (2023).
Tilavonemab in early alzheimer’s disease: Results from a phase 2, randomized, double-
blind study. Brain 146, 2275–2284. doi:10.1093/brain/awad024

Friden, P. M., Walus, L. R., Watson, P., Doctrow, S. R., Kozarich, J. W., Backman, C.,
et al. (1993). Blood-brain barrier penetration and in vivo activity of an NGF conjugate.
Science 259, 373–377. doi:10.1126/science.8420006

Fu, A., Zhou, Q. H., Hui, E. K., Lu, J. Z., Boado, R. J., and Pardridge, W. M. (2010).
Intravenous treatment of experimental Parkinson’s disease in the mouse with an IgG-
GDNF fusion protein that penetrates the blood-brain barrier. Brain Res. 1352, 208–213.
doi:10.1016/j.brainres.2010.06.059

Fu, P., He, Y. S., Huang, Q., Ding, T., Cen, Y. C., Zhao, H. Y., et al. (2016).
Bevacizumab treatment for newly diagnosed glioblastoma: Systematic review and
meta-analysis of clinical trials. Mol. Clin. Oncol. 4, 833–838. doi:10.3892/mco.2016.816

Fuchs, H., Lucken, U., Tauber, R., Engel, A., and Gessner, R. (1998). Structural model
of phospholipid-reconstituted human transferrin receptor derived by electron
microscopy. Structure 6, 1235–1243. doi:10.1016/s0969-2126(98)00124-5

Fujita, Y., and Yamashita, T. (2019). The effects of leptin on glial cells in neurological
diseases. Front. Neurosci. 13, 828. doi:10.3389/fnins.2019.00828

Fuller, J. P., Stavenhagen, J. B., and Teeling, J. L. (2014). New roles for Fc receptors in
neurodegeneration-the impact on Immunotherapy for Alzheimer’s Disease. Front.
Neurosci. 8, 235. doi:10.3389/fnins.2014.00235

Gahring, L. C., Persiyanov, K., and Rogers, S. W. (2004). Neuronal and astrocyte
expression of nicotinic receptor subunit beta4 in the adult mouse brain. J. Comp. Neurol.
468, 322–333. doi:10.1002/cne.10942

Garcia-Segura, L. M., Rodriguez, J. R., and Torres-Aleman, I. (1997). Localization of the
insulin-like growth factor I receptor in the cerebellum and hypothalamus of adult rats: An
electron microscopic study. J. Neurocytol. 26, 479–490. doi:10.1023/a:1018581407804

Giugliani, R., Giugliani, L., De Oliveira Poswar, F., Donis, K. C., Corte, A. D., Schmidt,
M., et al. (2018). Neurocognitive and somatic stabilization in pediatric patients with
severe mucopolysaccharidosis type I after 52 weeks of intravenous brain-penetrating
insulin receptor antibody-iduronidase fusion protein (valanafusp alpha): An open label
phase 1-2 trial. Orphanet J. Rare Dis. 13, 110. doi:10.1186/s13023-018-0849-8

Gjedde, A., and Christensen, O. (1984). Estimates of Michaelis-Menten constants for
the two membranes of the brain endothelium. J. Cereb. Blood Flow. Metab. 4, 241–249.
doi:10.1038/jcbfm.1984.33

Glenner, G. G., and Wong, C. W. (1984). Alzheimer’s disease: Initial report of the
purification and characterization of a novel cerebrovascular amyloid protein. Biochem.
Biophys. Res. Commun. 120, 885–890. doi:10.1016/s0006-291x(84)80190-4

Golden, P. L., Maccagnan, T. J., and Pardridge, W. M. (1997). Human blood-brain
barrier leptin receptor. Binding and endocytosis in isolated human brain microvessels.
J. Clin. Invest. 99, 14–18. doi:10.1172/JCI119125

Gorska, E., Popko, K., Stelmaszczyk-Emmel, A., Ciepiela, O., Kucharska, A., and
Wasik, M. (2010). Leptin receptors. Eur. J. Med. Res. 15, 50–54. Suppl 2. doi:10.1186/
2047-783x-15-s2-50

Greenblatt, D. J., and Sethy, V. H. (1990). Benzodiazepine concentrations in brain
directly reflect receptor occupancy: Studies of diazepam, lorazepam, and oxazepam.
Psychopharmacol. Berl. 102, 373–378. doi:10.1007/BF02244106

Griciuc, A., Patel, S., Federico, A. N., Choi, S. H., Innes, B. J., Oram, M. K., et al.
(2019). TREM2 acts downstream of CD33 in modulating microglial pathology in
alzheimer’s disease. Neuron 103, 820–835.e7. e827. doi:10.1016/j.neuron.2019.06.010

Groothuis, D. R., Ward, S., Schlageter, K. E., Itskovich, A. C., Schwerin, S. C., Allen, C.
V., et al. (1998). Changes in blood-brain barrier permeability associated with insertion
of brain cannulas andmicrodialysis probes. Brain Res. 803, 218–230. doi:10.1016/s0006-
8993(98)00572-1

Gueorguieva, I., Willis, B. A., Chua, L., Chow, K., Ernest, C. S., Shcherbinin, S., et al.
(2023). Donanemab population pharmacokinetics, amyloid plaque reduction, and
safety in participants with alzheimer’s disease. Clin. Pharmacol. Ther. 113,
1258–1267. doi:10.1002/cpt.2875

Gunasekaran, K., Pentony, M., Shen, M., Garrett, L., Forte, C., Woodward, A., et al.
(2010). Enhancing antibody Fc heterodimer formation through electrostatic steering
effects: Applications to bispecific molecules and monovalent IgG. J. Biol. Chem. 285,
19637–19646. doi:10.1074/jbc.M110.117382

Hampel, H., Vassar, R., De Strooper, B., Hardy, J., Willem, M., Singh, N., et al. (2021).
The beta-Secretase BACE1 in Alzheimer’s Disease. Biol. Psychiatry 89, 745–756. doi:10.
1016/j.biopsych.2020.02.001

Han, K., Ren, M., Wick, W., Abrey, L., Das, A., Jin, J., et al. (2014). Progression-free
survival as a surrogate endpoint for overall survival in glioblastoma: A literature-based
meta-analysis from 91 trials. Neuro Oncol. 16, 696–706. doi:10.1093/neuonc/not236

Harrison, L., Schriever, S. C., Feuchtinger, A., Kyriakou, E., Baumann, P., Pfuhlmann,
K., et al. (2019). Fluorescent blood-brain barrier tracing shows intact leptin transport in
obese mice. Int. J. Obes. (Lond) 43, 1305–1318. doi:10.1038/s41366-018-0221-z

Hascup, E. R., Af Bjerken, S., Hascup, K. N., Pomerleau, F., Huettl, P., Stromberg, I.,
et al. (2009). Histological studies of the effects of chronic implantation of ceramic-based
microelectrode arrays and microdialysis probes in rat prefrontal cortex. Brain Res. 1291,
12–20. doi:10.1016/j.brainres.2009.06.084

Hultqvist, G., Syvanen, S., Fang, X. T., Lannfelt, L., and Sehlin, D. (2017). Bivalent
brain shuttle increases antibody uptake by monovalent binding to the transferrin
receptor. Theranostics 7, 308–318. doi:10.7150/thno.17155

Hust, M., Jostock, T., Menzel, C., Voedisch, B., Mohr, A., Brenneis, M., et al. (2007).
Single chain Fab (scFab) fragment. BMC Biotechnol. 7, 14. doi:10.1186/1472-6750-7-14

Huwyler, J., and Pardridge, W. M. (1998). Examination of blood-brain barrier
transferrin receptor by confocal fluorescent microscopy of unfixed isolated rat
brain capillaries. J. Neurochem. 70, 883–886. doi:10.1046/j.1471-4159.1998.
70020883.x

Imbimbo, B. P., Balducci, C., Ippati, S., andWatling, M. (2023). Initial failures of anti-
tau antibodies in Alzheimer’s disease are reminiscent of the amyloid-beta story. Neural
Regen. Res. 18, 117–118. doi:10.4103/1673-5374.340409

Jakob, C. G., Edalji, R., Judge, R. A., Digiammarino, E., Li, Y., Gu, J., et al. (2013).
Structure reveals function of the dual variable domain immunoglobulin (DVD-Ig)
molecule. MAbs 5, 358–363. doi:10.4161/mabs.23977

Janowicz, P. W., Leinenga, G., Gotz, J., and Nisbet, R. M. (2019). Ultrasound-
mediated blood-brain barrier opening enhances delivery of therapeutically relevant
formats of a tau-specific antibody. Sci. Rep. 9, 9255. doi:10.1038/s41598-019-45577-2

Jaquins-Gerstl, A., and Michael, A. C. (2009). Comparison of the brain penetration
injury associated with microdialysis and voltammetry. J. Neurosci. Methods 183,
127–135. doi:10.1016/j.jneumeth.2009.06.023

Jefferies, W. A., Brandon, M. R., Hunt, S. V., Williams, A. F., Gatter, K. C., andMason,
D. Y. (1984). Transferrin receptor on endothelium of brain capillaries. Nature 312,
162–163. doi:10.1038/312162a0

Jendroszek, A., and Kjaergaard, M. (2021). Nanoscale spatial dependence of avidity in
an IgG1 antibody. Sci. Rep. 11, 12663. doi:10.1038/s41598-021-92280-2

Ji, C., and Sigurdsson, E. M. (2021). Current status of clinical trials on tau
immunotherapies. Drugs 81, 1135–1152. doi:10.1007/s40265-021-01546-6

Jiracek, J., and Zakova, L. (2017). Structural perspectives of insulin receptor isoform-
selective insulin analogs. Front. Endocrinol. (Lausanne) 8, 167. doi:10.3389/fendo.2017.
00167

Frontiers in Drug Delivery frontiersin.org23

Pardridge 10.3389/fddev.2023.1227816

https://doi.org/10.14283/jpad.2023.30
https://doi.org/10.14283/jpad.2023.30
https://doi.org/10.1016/j.neuron.2012.10.029
https://doi.org/10.1016/j.molmet.2017.12.001
https://doi.org/10.1016/j.omtm.2020.08.014
https://doi.org/10.1210/edrv.19.5.0349
https://doi.org/10.1016/0006-8993(87)90236-8
https://doi.org/10.1016/s0026-0495(98)90007-5
https://doi.org/10.1016/s0026-0495(98)90007-5
https://doi.org/10.1042/bj3020601
https://doi.org/10.1016/0361-9230(81)90007-1
https://doi.org/10.1073/pnas.1105786108
https://doi.org/10.1073/pnas.1105786108
https://doi.org/10.1080/19420862.2017.1337619
https://doi.org/10.1186/2045-8118-8-4
https://doi.org/10.1073/pnas.1108455108
https://doi.org/10.1002/jnr.490180206
https://doi.org/10.1093/brain/awad024
https://doi.org/10.1126/science.8420006
https://doi.org/10.1016/j.brainres.2010.06.059
https://doi.org/10.3892/mco.2016.816
https://doi.org/10.1016/s0969-2126(98)00124-5
https://doi.org/10.3389/fnins.2019.00828
https://doi.org/10.3389/fnins.2014.00235
https://doi.org/10.1002/cne.10942
https://doi.org/10.1023/a:1018581407804
https://doi.org/10.1186/s13023-018-0849-8
https://doi.org/10.1038/jcbfm.1984.33
https://doi.org/10.1016/s0006-291x(84)80190-4
https://doi.org/10.1172/JCI119125
https://doi.org/10.1186/2047-783x-15-s2-50
https://doi.org/10.1186/2047-783x-15-s2-50
https://doi.org/10.1007/BF02244106
https://doi.org/10.1016/j.neuron.2019.06.010
https://doi.org/10.1016/s0006-8993(98)00572-1
https://doi.org/10.1016/s0006-8993(98)00572-1
https://doi.org/10.1002/cpt.2875
https://doi.org/10.1074/jbc.M110.117382
https://doi.org/10.1016/j.biopsych.2020.02.001
https://doi.org/10.1016/j.biopsych.2020.02.001
https://doi.org/10.1093/neuonc/not236
https://doi.org/10.1038/s41366-018-0221-z
https://doi.org/10.1016/j.brainres.2009.06.084
https://doi.org/10.7150/thno.17155
https://doi.org/10.1186/1472-6750-7-14
https://doi.org/10.1046/j.1471-4159.1998.70020883.x
https://doi.org/10.1046/j.1471-4159.1998.70020883.x
https://doi.org/10.4103/1673-5374.340409
https://doi.org/10.4161/mabs.23977
https://doi.org/10.1038/s41598-019-45577-2
https://doi.org/10.1016/j.jneumeth.2009.06.023
https://doi.org/10.1038/312162a0
https://doi.org/10.1038/s41598-021-92280-2
https://doi.org/10.1007/s40265-021-01546-6
https://doi.org/10.3389/fendo.2017.00167
https://doi.org/10.3389/fendo.2017.00167
https://www.frontiersin.org/journals/drug-delivery
https://www.frontiersin.org
https://doi.org/10.3389/fddev.2023.1227816


Kan, S. H., Aoyagi-Scharber, M., Le, S. Q., Vincelette, J., Ohmi, K., Bullens, S., et al.
(2014). Delivery of an enzyme-IGFII fusion protein to the mouse brain is therapeutic for
mucopolysaccharidosis type IIIB. Proc. Natl. Acad. Sci. U. S. A. 111, 14870–14875.
doi:10.1073/pnas.1416660111

Kanda, Y., Yamane-Ohnuki, N., Sakai, N., Yamano, K., Nakano, R., Inoue, M., et al.
(2006). Comparison of cell lines for stable production of fucose-negative antibodies with
enhanced ADCC. Biotechnol. Bioeng. 94, 680–688. doi:10.1002/bit.20880

Kang, J., Lemaire, H. G., Unterbeck, A., Salbaum, J. M., Masters, C. L., Grzeschik, K.
H., et al. (1987). The precursor of Alzheimer’s disease amyloid A4 protein resembles a
cell-surface receptor. Nature 325, 733–736. doi:10.1038/325733a0

Karaoglu Hanzatian, D., Schwartz, A., Gizatullin, F., Erickson, J., Deng, K., Villanueva, R.,
et al. (2018). Brain uptake of multivalent and multi-specific DVD-Ig proteins after systemic
administration. MAbs 10, 765–777. doi:10.1080/19420862.2018.1465159

Kariolis, M. S., Wells, R. C., Getz, J. A., Kwan,W., Mahon, C. S., Tong, R., et al. (2020).
Brain delivery of therapeutic proteins using an Fc fragment blood-brain barrier
transport vehicle in mice and monkeys. Sci. Transl. Med. 12, eaay1359. doi:10.1126/
scitranslmed.aay1359

Kawabata, H., Yang, R., Hirama, T., Vuong, P. T., Kawano, S., Gombart, A. F., et al.
(1999). Molecular cloning of transferrin receptor 2. A new member of the transferrin
receptor-like family. J. Biol. Chem. 274, 20826–20832. doi:10.1074/jbc.274.30.20826

Kay, A. D., May, C., Papadopoulos, N. M., Costello, R., Atack, J. R., Luxenberg, J. S.,
et al. (1987). CSF and serum concentrations of albumin and IgG in Alzheimer’s disease.
Neurobiol. Aging 8, 21–25. doi:10.1016/0197-4580(87)90053-4

Keunen, O., Johansson,M., Oudin, A., Sanzey,M., Rahim, S. A., Fack, F., et al. (2011). Anti-
VEGF treatment reduces blood supply and increases tumor cell invasion in glioblastoma.
Proc. Natl. Acad. Sci. U. S. A. 108, 3749–3754. doi:10.1073/pnas.1014480108

Kinoshita, M., Mcdannold, N., Jolesz, F. A., and Hynynen, K. (2006). Noninvasive
localized delivery of Herceptin to the mouse brain by MRI-guided focused ultrasound-
induced blood-brain barrier disruption. Proc. Natl. Acad. Sci. U. S. A. 103, 11719–11723.
doi:10.1073/pnas.0604318103

Kleven, M. D., Jue, S., and Enns, C. A. (2018). Transferrin receptors TfR1 and
TfR2 bind transferrin through differing mechanisms. Biochemistry 57, 1552–1559.
doi:10.1021/acs.biochem.8b00006

Kobayashi, Y., Kobayashi, N., Minaga, T., Aihara, M., and Shigematsu, A. (1989). The
metabolism and kinetics of 125I-labeled human intravenous IgG preparation (C-425) in
rats and rabbits. I. Blood clearance, excretion into urine and feces, and brain uptake.
Eur. J. Drug Metab. Pharmacokinet. 14, 35–42. doi:10.1007/BF03190840

Kramer, J., and Wiendl, H. (2022). What have failed, interrupted, and withdrawn
antibody therapies in multiple sclerosis taught us? Neurotherapeutics 19, 785–807.
doi:10.1007/s13311-022-01246-3

Kuchibhotla, K. V., Wegmann, S., Kopeikina, K. J., Hawkes, J., Rudinskiy, N.,
Andermann, M. L., et al. (2014). Neurofibrillary tangle-bearing neurons are
functionally integrated in cortical circuits in vivo. Proc. Natl. Acad. Sci. U. S. A. 111,
510–514. doi:10.1073/pnas.1318807111

Kurata, T., Miyazaki, K., Morimoto, N., Kawai, H., Ohta, Y., Ikeda, Y., et al. (2013).
Atorvastatin and pitavastatin reduce oxidative stress and improve IR/LDL-R signals in
Alzheimer’s disease. Neurol. Res. 35, 193–205. doi:10.1179/1743132812Y.0000000127

Kurrimbux, D., Gaffen, Z., Farrell, C. L., Martin, D., and Thomas, S. A. (2004). The
involvement of the blood-brain and the blood-cerebrospinal fluid barriers in the
distribution of leptin into and out of the rat brain. Neuroscience 123, 527–536.
doi:10.1016/j.neuroscience.2003.08.061

Le Prieult, F., Barini, E., Laplanche, L., Schlegel, K., and Mezler, M. (2021). Collecting
antibodies and large molecule biomarkers in mouse interstitial brain fluid: A
comparison of microdialysis and cerebral open flow microperfusion. MAbs 13,
1918819. doi:10.1080/19420862.2021.1918819

Lee, A. (2023). Ublituximab: First approval. Drugs 83, 455–459. doi:10.1007/s40265-
023-01854-z

Lee, H. J., Engelhardt, B., Lesley, J., Bickel, U., and Pardridge, W. M. (2000). Targeting
rat anti-mouse transferrin receptor monoclonal antibodies through blood-brain barrier
in mouse. J. Pharmacol. Exp. Ther. 292, 1048–1052.

Li, J. Y., Boado, R. J., and Pardridge, W. M. (2001). Blood-brain barrier genomics.
J. Cereb. Blood Flow. Metab. 21, 61–68. doi:10.1097/00004647-200101000-00008

Li, J. Y., Sugimura, K., Boado, R. J., Lee, H. J., Zhang, C., Duebel, S., et al. (1999).
Genetically engineered brain drug delivery vectors: Cloning, expression and in vivo
application of an anti-transferrin receptor single chain antibody-streptavidin fusion
gene and protein. Protein Eng. 12, 787–796. doi:10.1093/protein/12.9.787

Liddelow, S. A., Dziegielewska, K. M., Vandeberg, J. L., and Saunders, N. R. (2010).
Development of the lateral ventricular choroid plexus in a marsupial, Monodelphis
domestica. Cerebrospinal Fluid Res. 7, 16. doi:10.1186/1743-8454-7-16

Liu, C. C., Hu, J., Zhao, N., Wang, J., Wang, N., Cirrito, J. R., et al. (2017). Astrocytic
LRP1 mediates brain Aβ clearance and impacts amyloid deposition. J. Neurosci. 37,
4023–4031. doi:10.1523/JNEUROSCI.3442-16.2017

Liu, H. L., Hsu, P. H., Lin, C. Y., Huang, C. W., Chai, W. Y., Chu, P. C., et al. (2016).
Focused ultrasound enhances central nervous system delivery of bevacizumab for
malignant glioma treatment. Radiology 281, 99–108. doi:10.1148/radiol.2016152444

Liu, K. Y., and Howard, R. (2021). Can we learn lessons from the FDA’s approval of
aducanumab? Nat. Rev. Neurol. 17, 715–722. doi:10.1038/s41582-021-00557-x

Livingstone, C., and Borai, A. (2014). Insulin-like growth factor-II: Its role in
metabolic and endocrine disease. Clin. Endocrinol. (Oxf) 80, 773–781. doi:10.1111/
cen.12446

Lo, M., Kim, H. S., Tong, R. K., Bainbridge, T. W., Vernes, J. M., Zhang, Y., et al.
(2017). Effector-attenuating substitutions that maintain antibody stability and reduce
toxicity in mice. J. Biol. Chem. 292, 3900–3908. doi:10.1074/jbc.M116.767749

Lombardo, J. A., Stern, E. A., Mclellan, M. E., Kajdasz, S. T., Hickey, G. A., Bacskai, B.
J., et al. (2003). Amyloid-beta antibody treatment leads to rapid normalization of
plaque-induced neuritic alterations. J. Neurosci. 23, 10879–10883. doi:10.1523/
JNEUROSCI.23-34-10879.2003

Lowe, S. L., Willis, B. A., Hawdon, A., Natanegara, F., Chua, L., Foster, J., et al. (2021).
Donanemab (LY3002813) dose-escalation study in Alzheimer’s disease. Alzheimers
Dement. (N Y) 7, e12112. doi:10.1002/trc2.12112

Lu, R. M., Hwang, Y. C., Liu, I. J., Lee, C. C., Tsai, H. Z., Li, H. J., et al. (2020).
Development of therapeutic antibodies for the treatment of diseases. J. Biomed. Sci. 27,
1. doi:10.1186/s12929-019-0592-z

Lyu, X., Zhao, Q., Hui, J., Wang, T., Lin, M., Wang, K., et al. (2022). The global
landscape of approved antibody therapies. Antib. Ther. 5, 233–257. doi:10.1093/abt/
tbac021

Ma, Q., Zhao, Z., Sagare, A. P., Wu, Y., Wang, M., Owens, N. C., et al. (2018). Blood-
brain barrier-associated pericytes internalize and clear aggregated amyloid-β42 by
LRP1-dependent apolipoprotein E isoform-specific mechanism. Mol. Neurodegener.
13, 57. doi:10.1186/s13024-018-0286-0

Mahase, E. (2023). Alzheimer’s disease: FDA approves lecanemab amid cost and
safety concerns. BMJ 380, 73. doi:10.1136/bmj.p73

Mak, M., Fung, L., Strasser, J. F., and Saltzman, W. M. (1995). Distribution of drugs
following controlled delivery to the brain interstitium. J. Neurooncol 26, 91–102. doi:10.
1007/BF01060215

Mapelli, L., Gagliano, G., Soda, T., Laforenza, U., Moccia, F., and D’angelo, E. U.
(2017). Granular layer neurons control cerebellar neurovascular coupling through an
NMDA receptor/NO-dependent system. J. Neurosci. 37, 1340–1351. doi:10.1523/
JNEUROSCI.2025-16.2016

Marsh, E. W., Leopold, P. L., Jones, N. L., and Maxfield, F. R. (1995). Oligomerized
transferrin receptors are selectively retained by a lumenal sorting signal in a long-lived
endocytic recycling compartment. J. Cell Biol. 129, 1509–1522. doi:10.1083/jcb.129.6.
1509

Mason, A. B., Byrne, S. L., Everse, S. J., Roberts, S. E., Chasteen, N. D., Smith, V. C.,
et al. (2009). A loop in the N-lobe of human serum transferrin is critical for binding to
the transferrin receptor as revealed by mutagenesis, isothermal titration calorimetry,
and epitope mapping. J. Mol. Recognit. 22, 521–529. doi:10.1002/jmr.979

Masters, C. L., Simms, G., Weinman, N. A., Multhaup, G., Mcdonald, B. L., and
Beyreuther, K. (1985). Amyloid plaque core protein in Alzheimer disease and Down
syndrome. Proc. Natl. Acad. Sci. U. S. A. 82, 4245–4249. doi:10.1073/pnas.82.12.4245

Merchant, A. M., Zhu, Z., Yuan, J. Q., Goddard, A., Adams, C. W., Presta, L. G., et al.
(1998). An efficient route to human bispecific IgG. Nat. Biotechnol. 16, 677–681. doi:10.
1038/nbt0798-677

Mintun,M. A., Lo, A. C., Duggan Evans, C.,Wessels, A.M., Ardayfio, P. A., Andersen,
S. W., et al. (2021). Donanemab in early alzheimer’s disease. N. Engl. J. Med. 384,
1691–1704. doi:10.1056/NEJMoa2100708

Miyata, S. (2015). New aspects in fenestrated capillary and tissue dynamics in the
sensory circumventricular organs of adult brains. Front. Neurosci. 9, 390. doi:10.3389/
fnins.2015.00390

Moos, T., Oates, P. S., and Morgan, E. H. (1998). Expression of the neuronal transferrin
receptor is age dependent and susceptible to iron deficiency. J. Comp. Neurol. 398, 420–430.
doi:10.1002/(sici)1096-9861(19980831)398:3<420:aid-cne8>3.0.co;2-1
Morgan, M. E., Singhal, D., and Anderson, B. D. (1996). Quantitative assessment of

blood-brain barrier damage during microdialysis. J. Pharmacol. Exp. Ther. 277,
1167–1176.

Morrison, J. I., Metzendorf, N. G., Rofo, F., Petrovic, A., and Hultqvist, G. (2023). A
single-chain fragment constant design enables easy production of a monovalent blood-
brain barrier transporter and provides an improved brain uptake at elevated doses.
J. Neurochem. 165, 413–425. doi:10.1111/jnc.15768

Mukherjee, J., Christian, B. T., Narayanan, T. K., Shi, B., and Mantil, J. (2001).
Evaluation of dopamine D-2 receptor occupancy by clozapine, risperidone, and
haloperidol in vivo in the rodent and nonhuman primate brain using 18F-fallypride.
Neuropsychopharmacology 25, 476–488. doi:10.1016/S0893-133X(01)00251-2

Mutze, J., Roth, J., Gerstberger, R., Matsumura, K., and Hubschle, T. (2006).
Immunohistochemical evidence of functional leptin receptor expression in neuronal
and endothelial cells of the rat brain. Neurosci. Lett. 394, 105–110. doi:10.1016/j.neulet.
2005.10.031

Naslund, J., Haroutunian, V., Mohs, R., Davis, K. L., Davies, P., Greengard, P., et al.
(2000). Correlation between elevated levels of amyloid beta-peptide in the brain and
cognitive decline. JAMA 283, 1571–1577. doi:10.1001/jama.283.12.1571

Frontiers in Drug Delivery frontiersin.org24

Pardridge 10.3389/fddev.2023.1227816

https://doi.org/10.1073/pnas.1416660111
https://doi.org/10.1002/bit.20880
https://doi.org/10.1038/325733a0
https://doi.org/10.1080/19420862.2018.1465159
https://doi.org/10.1126/scitranslmed.aay1359
https://doi.org/10.1126/scitranslmed.aay1359
https://doi.org/10.1074/jbc.274.30.20826
https://doi.org/10.1016/0197-4580(87)90053-4
https://doi.org/10.1073/pnas.1014480108
https://doi.org/10.1073/pnas.0604318103
https://doi.org/10.1021/acs.biochem.8b00006
https://doi.org/10.1007/BF03190840
https://doi.org/10.1007/s13311-022-01246-3
https://doi.org/10.1073/pnas.1318807111
https://doi.org/10.1179/1743132812Y.0000000127
https://doi.org/10.1016/j.neuroscience.2003.08.061
https://doi.org/10.1080/19420862.2021.1918819
https://doi.org/10.1007/s40265-023-01854-z
https://doi.org/10.1007/s40265-023-01854-z
https://doi.org/10.1097/00004647-200101000-00008
https://doi.org/10.1093/protein/12.9.787
https://doi.org/10.1186/1743-8454-7-16
https://doi.org/10.1523/JNEUROSCI.3442-16.2017
https://doi.org/10.1148/radiol.2016152444
https://doi.org/10.1038/s41582-021-00557-x
https://doi.org/10.1111/cen.12446
https://doi.org/10.1111/cen.12446
https://doi.org/10.1074/jbc.M116.767749
https://doi.org/10.1523/JNEUROSCI.23-34-10879.2003
https://doi.org/10.1523/JNEUROSCI.23-34-10879.2003
https://doi.org/10.1002/trc2.12112
https://doi.org/10.1186/s12929-019-0592-z
https://doi.org/10.1093/abt/tbac021
https://doi.org/10.1093/abt/tbac021
https://doi.org/10.1186/s13024-018-0286-0
https://doi.org/10.1136/bmj.p73
https://doi.org/10.1007/BF01060215
https://doi.org/10.1007/BF01060215
https://doi.org/10.1523/JNEUROSCI.2025-16.2016
https://doi.org/10.1523/JNEUROSCI.2025-16.2016
https://doi.org/10.1083/jcb.129.6.1509
https://doi.org/10.1083/jcb.129.6.1509
https://doi.org/10.1002/jmr.979
https://doi.org/10.1073/pnas.82.12.4245
https://doi.org/10.1038/nbt0798-677
https://doi.org/10.1038/nbt0798-677
https://doi.org/10.1056/NEJMoa2100708
https://doi.org/10.3389/fnins.2015.00390
https://doi.org/10.3389/fnins.2015.00390
https://doi.org/10.1002/(sici)1096-9861(19980831)398:3<420:aid-cne8>3.0.co;2-1
https://doi.org/10.1111/jnc.15768
https://doi.org/10.1016/S0893-133X(01)00251-2
https://doi.org/10.1016/j.neulet.2005.10.031
https://doi.org/10.1016/j.neulet.2005.10.031
https://doi.org/10.1001/jama.283.12.1571
https://www.frontiersin.org/journals/drug-delivery
https://www.frontiersin.org
https://doi.org/10.3389/fddev.2023.1227816


Nehra, G., Bauer, B., and Hartz, A. M. S. (2022). Blood-brain barrier leakage in
Alzheimer’s disease: From discovery to clinical relevance. Pharmacol. Ther. 234, 108119.
doi:10.1016/j.pharmthera.2022.108119

Nesbitt, K. M., Jaquins-Gerstl, A., Skoda, E. M., Wipf, P., and Michael, A. C. (2013).
Pharmacological mitigation of tissue damage during brain microdialysis. Anal. Chem.
85, 8173–8179. doi:10.1021/ac401201x

Nesspor, T. C., Kinealy, K., Mazzanti, N., Diem,M. D., Boye, K., Hoffman, H., et al. (2020).
High-throughput generation of Bipod (Fab × scFv) bispecific antibodies exploits differential
chain expression and affinity capture. Sci. Rep. 10, 7557. doi:10.1038/s41598-020-64536-w

Ng, P. P., Dela Cruz, J. S., Sorour, D. N., Stinebaugh, J. M., Shin, S. U., Shin, D. S., et al.
(2002). An anti-transferrin receptor-avidin fusion protein exhibits both strong
proapoptotic activity and the ability to deliver various molecules into cancer cells.
Proc. Natl. Acad. Sci. U. S. A. 99, 10706–10711. doi:10.1073/pnas.162362999

Ng, P. P., Helguera, G., Daniels, T. R., Lomas, S. Z., Rodriguez, J. A., Schiller, G., et al.
(2006). Molecular events contributing to cell death in malignant human hematopoietic
cells elicited by an IgG3-avidin fusion protein targeting the transferrin receptor. Blood
108, 2745–2754. doi:10.1182/blood-2006-04-020263

Niewoehner, J., Bohrmann, B., Collin, L., Urich, E., Sade, H., Maier, P., et al. (2014).
Increased brain penetration and potency of a therapeutic antibody using a monovalent
molecular shuttle. Neuron 81, 49–60. doi:10.1016/j.neuron.2013.10.061

Ostrowitzki, S., Bittner, T., Sink, K. M., Mackey, H., Rabe, C., Honig, L. S., et al. (2022).
Evaluating the safety and efficacy of crenezumab vs placebo in adults with early
alzheimer disease: Two phase 3 randomized placebo-controlled trials. JAMA Neurol.
79, 1113–1121. doi:10.1001/jamaneurol.2022.2909

Pardridge, W. M., Eisenberg, J., and Yang, J. (1987a). Human blood-brain barrier
transferrin receptor. Metabolism 36, 892–895. doi:10.1016/0026-0495(87)90099-0

Pardridge, W. M. (2022b). A historical review of brain drug delivery. Pharmaceutics
14, 1283. doi:10.3390/pharmaceutics14061283

Pardridge, W. M. (2019). Alzheimer’s disease: Future drug development and the blood-
brain barrier. Expert Opin. Investig. Drugs 28, 569–572. doi:10.1080/13543784.2019.1627325

Pardridge, W. M. (2022a). Blood-brain barrier delivery for lysosomal storage
disorders with IgG-lysosomal enzyme fusion proteins. Adv. Drug Deliv. Rev. 184,
114234. doi:10.1016/j.addr.2022.114234

Pardridge, W. M., Boado, R. J., Patrick, D. J., Ka-Wai Hui, E., and Lu, J. Z. (2018).
Blood-brain barrier transport, plasma pharmacokinetics, and neuropathology following
chronic treatment of the rhesus monkey with a brain penetrating humanized
monoclonal antibody against the human transferrin receptor. Mol. Pharm. 15,
5207–5216. doi:10.1021/acs.molpharmaceut.8b00730

Pardridge,W.M., Buciak, J. L., and Friden, P. M. (1991). Selective transport of an anti-
transferrin receptor antibody through the blood-brain barrier in vivo. J. Pharmacol.
Exp. Ther. 259, 66–70.

Pardridge, W. M. (2016). CSF, blood-brain barrier, and brain drug delivery. Expert
Opin. Drug Deliv. 13, 963–975. doi:10.1517/17425247.2016.1171315

Pardridge, W. M., Eisenberg, J., and Yang, J. (1985). Human blood-brain barrier
insulin receptor. J. Neurochem. 44, 1771–1778. doi:10.1111/j.1471-4159.1985.tb07167.x

Pardridge, W. M., Kang, Y. S., Buciak, J. L., and Yang, J. (1995). Human insulin
receptor monoclonal antibody undergoes high affinity binding to human brain
capillaries in vitro and rapid transcytosis through the blood-brain barrier in vivo in
the primate. Pharm. Res. 12, 807–816. doi:10.1023/a:1016244500596

Pardridge, W. M. (2021). Kinetics of blood-brain barrier transport of monoclonal
antibodies targeting the insulin receptor and the transferrin receptor. Pharm. (Basel) 15,
3. doi:10.3390/ph15010003

Pardridge, W. M. (1986). Receptor-mediated peptide transport through the blood-
brain barrier. Endocr. Rev. 7, 314–330. doi:10.1210/edrv-7-3-314

Pardridge, W. M. (2020). Treatment of alzheimer’s disease and blood-brain barrier
drug delivery. Pharm. (Basel) 13, 394. doi:10.3390/ph13110394

Pardridge, W. M., Vinters, H. V., Yang, J., Eisenberg, J., Choi, T. B., Tourtellotte, W.
W., et al. (1987b). Amyloid angiopathy of alzheimer’s disease: Amino acid composition
and partial sequence of a 4,200-dalton peptide isolated from cortical microvessels.
J. Neurochem. 49, 1394–1401. doi:10.1111/j.1471-4159.1987.tb01005.x

Peelaerts, W., and Baekelandt, V. (2023). ⍺-Synuclein structural diversity and the
cellular environment in ⍺-Synuclein transmission models and humans.
Neurotherapeutics 20, 67–82. doi:10.1007/s13311-023-01365-5

Pereira, N. A., Chan, K. F., Lin, P. C., and Song, Z. (2018). The "less-is-more" in therapeutic
antibodies: Afucosylated anti-cancer antibodies with enhanced antibody-dependent cellular
cytotoxicity. MAbs 10, 693–711. doi:10.1080/19420862.2018.1466767

Pomytkin, I., Costa-Nunes, J. P., Kasatkin, V., Veniaminova, E., Demchenko, A., Lyundup,
A., et al. (2018). Insulin receptor in the brain: Mechanisms of activation and the role in the
CNS pathology and treatment. CNS Neurosci. Ther. 24, 763–774. doi:10.1111/cns.12866

Qian, M. D., Zhang, J., Tan, X. Y., Wood, A., Gill, D., and Cho, S. (2006). Novel agonist
monoclonal antibodies activate TrkB receptors and demonstrate potent neurotrophic
activities. J. Neurosci. 26, 9394–9403. doi:10.1523/JNEUROSCI.1118-06.2006

Reinhardt, R. R., and Bondy, C. A. (1994). Insulin-like growth factors cross the blood-
brain barrier. Endocrinology 135, 1753–1761. doi:10.1210/endo.135.5.7525251

Reiter, Y., Brinkmann, U., Jung, S. H., Pastan, I., and Lee, B. (1995). Disulfide
stabilization of antibody Fv: Computer predictions and experimental evaluation. Protein
Eng. 8, 1323–1331. doi:10.1093/protein/8.12.1323

Ridgway, J. B., Presta, L. G., and Carter, P. (1996). Knobs-into-holes’ engineering of
antibody CH3 domains for heavy chain heterodimerization. Protein Eng. 9, 617–621.
doi:10.1093/protein/9.7.617

Roberts, R. L., Fine, R. E., and Sandra, A. (1993). Receptor-mediated endocytosis of
transferrin at the blood-brain barrier. J. Cell Sci. 104, 521–532. Pt 2. doi:10.1242/jcs.104.
2.521

Rockenstein, E., Mallory, M., Hashimoto, M., Song, D., Shults, C. W., Lang, I., et al.
(2002). Differential neuropathological alterations in transgenic mice expressing alpha-
synuclein from the platelet-derived growth factor and Thy-1 promoters. J. Neurosci. Res.
68, 568–578. doi:10.1002/jnr.10231

Rofo, F., Meier, S. R., Metzendorf, N. G., Morrison, J. I., Petrovic, A., Syvanen, S., et al.
(2022). A brain-targeting bispecific-multivalent antibody clears soluble amyloid-beta
aggregates in alzheimer’s disease mice. Neurotherapeutics 19, 1588–1602. doi:10.1007/
s13311-022-01283-y

Roshanbin, S., Julku, U., Xiong, M., Eriksson, J., Masliah, E., Hultqvist, G., et al.
(2022). Reduction of αSYN pathology in a mouse model of PD using a brain-penetrating
bispecific antibody. Pharmaceutics 14, 1412. doi:10.3390/pharmaceutics14071412

Salloway, S., Sperling, R., Fox, N. C., Blennow, K., Klunk, W., Raskind, M., et al.
(2014). Two phase 3 trials of bapineuzumab in mild-to-moderate Alzheimer’s disease.
N. Engl. J. Med. 370, 322–333. doi:10.1056/nejmoa1304839

Sarkaria, J. N., Hu, L. S., Parney, I. F., 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, 184–191. doi:10.1093/neuonc/nox175

Saxena, A., and Wu, D. (2016). Advances in therapeutic Fc engineering - modulation
of IgG-associated effector functions and serum half-life. Front. Immunol. 7, 580. doi:10.
3389/fimmu.2016.00580

Schanzer, J., Jekle, A., Nezu, J., Lochner, A., Croasdale, R., Dioszegi, M., et al. (2011).
Development of tetravalent, bispecific CCR5 antibodies with antiviral activity against
CCR5monoclonal antibody-resistant HIV-1 strains.Antimicrob. Agents Chemother. 55,
2369–2378. doi:10.1128/AAC.00215-10

Schlageter, N. L., Carson, R. E., and Rapoport, S. I. (1987). Examination of blood-brain
barrier permeability in dementia of the Alzheimer type with [68Ga]EDTA and positron
emission tomography. J. Cereb. Blood Flow. Metab. 7, 1–8. doi:10.1038/jcbfm.1987.1

Schmaier, A. H. (2020). Transferrin: A blood coagulation modifier. Cell Res. 30,
101–102. doi:10.1038/s41422-020-0275-z

Schumann, T., Konig, J., Henke, C., Willmes, D. M., Bornstein, S. R., Jordan, J., et al.
(2020). Solute carrier transporters as potential targets for the treatment of metabolic
disease. Pharmacol. Rev. 72, 343–379. doi:10.1124/pr.118.015735

Sehlin, D., Stocki, P., Gustavsson, T., Hultqvist, G., Walsh, F. S., Rutkowski, J. L., et al.
(2020). Brain delivery of biologics using a cross-species reactive transferrin receptor
1 VNAR shuttle. FASEB J. 34, 13272–13283. doi:10.1096/fj.202000610RR

Sevigny, J., Chiao, P., Bussiere, T., Weinreb, P. H., Williams, L., Maier, M., et al.
(2016). The antibody aducanumab reduces Aβ plaques in Alzheimer’s disease. Nature
537, 50–56. doi:10.1038/nature19323

Shin, J. W., An, S., Kim, D., Kim, H., Ahn, J., Eom, J., et al. (2022). Grabody B, an
IGF1 receptor-based shuttle, mediates efficient delivery of biologics across the blood-
brain barrier. Cell Rep. Methods 2, 100338. doi:10.1016/j.crmeth.2022.100338

Skarlatos, S., Yoshikawa, T., and Pardridge, W. M. (1995). Transport of [125I]
transferrin through the rat blood-brain barrier. Brain Res. 683, 164–171. doi:10.1016/
0006-8993(95)00363-u

Solomon, B., Koppel, R., Frankel, D., andHanan-Aharon, E. (1997). Disaggregation of
Alzheimer beta-amyloid by site-directed mAb. Proc. Natl. Acad. Sci. U. S. A. 94,
4109–4112. doi:10.1073/pnas.94.8.4109

Sonoda, H., Morimoto, H., Yoden, E., Koshimura, Y., Kinoshita, M., Golovina, G.,
et al. (2018). A blood-brain-barrier-penetrating anti-human transferrin receptor
antibody fusion protein for neuronopathic mucopolysaccharidosis II. Mol. Ther. 26,
1366–1374. doi:10.1016/j.ymthe.2018.02.032

Sopko, R., Golonzhka, O., Arndt, J., Quan, C., Czerkowicz, J., Cameron, A., et al.
(2020). Characterization of tau binding by gosuranemab. Neurobiol. Dis. 146, 105120.
doi:10.1016/j.nbd.2020.105120

Starr, J. M., Farrall, A. J., Armitage, P., Mcgurn, B., and Wardlaw, J. (2009). Blood-
brain barrier permeability in alzheimer’s disease: A case-control MRI study. Psychiatry
Res. 171, 232–241. doi:10.1016/j.pscychresns.2008.04.003

Steenhuysen, J. (2023). Medicare will require data on patient use for approved
Alzheimer’s drugs. Available at: https://www.reuters.com/business/healthcare-
pharmaceuticals/medicare-cover-new-alzheimers-drug-after-full-approval-2023-06-
01/#:~:text=June%201%20(Reuters)%20%2D%20The,they%20gain%20full%20U.S.%
20approval (Accessed June 2, 2023).

Stocki, P., Szary, J., Rasmussen, C. L. M., Demydchuk, M., Northall, L., Logan, D. B.,
et al. (2021). Blood-brain barrier transport using a high affinity, brain-selective VNAR
antibody targeting transferrin receptor 1. FASEB J. 35, e21172. doi:10.1096/fj.
202001787R

Frontiers in Drug Delivery frontiersin.org25

Pardridge 10.3389/fddev.2023.1227816

https://doi.org/10.1016/j.pharmthera.2022.108119
https://doi.org/10.1021/ac401201x
https://doi.org/10.1038/s41598-020-64536-w
https://doi.org/10.1073/pnas.162362999
https://doi.org/10.1182/blood-2006-04-020263
https://doi.org/10.1016/j.neuron.2013.10.061
https://doi.org/10.1001/jamaneurol.2022.2909
https://doi.org/10.1016/0026-0495(87)90099-0
https://doi.org/10.3390/pharmaceutics14061283
https://doi.org/10.1080/13543784.2019.1627325
https://doi.org/10.1016/j.addr.2022.114234
https://doi.org/10.1021/acs.molpharmaceut.8b00730
https://doi.org/10.1517/17425247.2016.1171315
https://doi.org/10.1111/j.1471-4159.1985.tb07167.x
https://doi.org/10.1023/a:1016244500596
https://doi.org/10.3390/ph15010003
https://doi.org/10.1210/edrv-7-3-314
https://doi.org/10.3390/ph13110394
https://doi.org/10.1111/j.1471-4159.1987.tb01005.x
https://doi.org/10.1007/s13311-023-01365-5
https://doi.org/10.1080/19420862.2018.1466767
https://doi.org/10.1111/cns.12866
https://doi.org/10.1523/JNEUROSCI.1118-06.2006
https://doi.org/10.1210/endo.135.5.7525251
https://doi.org/10.1093/protein/8.12.1323
https://doi.org/10.1093/protein/9.7.617
https://doi.org/10.1242/jcs.104.2.521
https://doi.org/10.1242/jcs.104.2.521
https://doi.org/10.1002/jnr.10231
https://doi.org/10.1007/s13311-022-01283-y
https://doi.org/10.1007/s13311-022-01283-y
https://doi.org/10.3390/pharmaceutics14071412
https://doi.org/10.1056/nejmoa1304839
https://doi.org/10.1093/neuonc/nox175
https://doi.org/10.3389/fimmu.2016.00580
https://doi.org/10.3389/fimmu.2016.00580
https://doi.org/10.1128/AAC.00215-10
https://doi.org/10.1038/jcbfm.1987.1
https://doi.org/10.1038/s41422-020-0275-z
https://doi.org/10.1124/pr.118.015735
https://doi.org/10.1096/fj.202000610RR
https://doi.org/10.1038/nature19323
https://doi.org/10.1016/j.crmeth.2022.100338
https://doi.org/10.1016/0006-8993(95)00363-u
https://doi.org/10.1016/0006-8993(95)00363-u
https://doi.org/10.1073/pnas.94.8.4109
https://doi.org/10.1016/j.ymthe.2018.02.032
https://doi.org/10.1016/j.nbd.2020.105120
https://doi.org/10.1016/j.pscychresns.2008.04.003
https://www.reuters.com/business/healthcare-pharmaceuticals/medicare-cover-new-alzheimers-drug-after-full-approval-2023-06-01/#:%7E:text=June%201%20(Reuters)%20%2D%20The,they%20gain%20full%20U.S.%20approval
https://www.reuters.com/business/healthcare-pharmaceuticals/medicare-cover-new-alzheimers-drug-after-full-approval-2023-06-01/#:%7E:text=June%201%20(Reuters)%20%2D%20The,they%20gain%20full%20U.S.%20approval
https://www.reuters.com/business/healthcare-pharmaceuticals/medicare-cover-new-alzheimers-drug-after-full-approval-2023-06-01/#:%7E:text=June%201%20(Reuters)%20%2D%20The,they%20gain%20full%20U.S.%20approval
https://www.reuters.com/business/healthcare-pharmaceuticals/medicare-cover-new-alzheimers-drug-after-full-approval-2023-06-01/#:%7E:text=June%201%20(Reuters)%20%2D%20The,they%20gain%20full%20U.S.%20approval
https://doi.org/10.1096/fj.202001787R
https://doi.org/10.1096/fj.202001787R
https://www.frontiersin.org/journals/drug-delivery
https://www.frontiersin.org
https://doi.org/10.3389/fddev.2023.1227816


Sumbria, R. K., Boado, R. J., and Pardridge, W. M. (2012b). Brain protection from
stroke with intravenous TNFα decoy receptor-Trojan horse fusion protein. J. Cereb.
Blood Flow. Metab. 32, 1933–1938. doi:10.1038/jcbfm.2012.97

Sumbria, R. K., Boado, R. J., and Pardridge,W.M. (2013b). Combination stroke therapy in
the mouse with blood-brain barrier penetrating IgG-GDNF and IgG-TNF decoy receptor
fusion proteins. Brain Res. 1507, 91–96. doi:10.1016/j.brainres.2013.02.022

Sumbria, R. K., Hui, E. K., Lu, J. Z., Boado, R. J., andPardridge,W.M. (2013a). 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, 3507–3513. doi:10.1021/mp400348n

Sumbria, R. K., Zhou, Q. H., Hui, E. K., Lu, J. Z., Boado, R. J., and Pardridge, W. M.
(2013c). Pharmacokinetics and brain uptake of an IgG-TNF decoy receptor fusion
protein following intravenous, intraperitoneal, and subcutaneous administration in
mice. Mol. Pharm. 10, 1425–1431. doi:10.1021/mp400004a

Taylor, E. M., Crowe, A., and Morgan, E. H. (1991). Transferrin and iron uptake by
the brain: Effects of altered iron status. J. Neurochem. 57, 1584–1592. doi:10.1111/j.
1471-4159.1991.tb06355.x

Teng, E., Manser, P. T., Pickthorn, K., Brunstein, F., Blendstrup, M., Sanabria
Bohorquez, S., et al. (2022). Safety and efficacy of semorinemab in individuals with
prodromal to mild alzheimer disease: A randomized clinical trial. JAMA Neurol. 79,
758–767. doi:10.1001/jamaneurol.2022.1375

Thom, G., Burrell, M., Haqqani, A. S., Yogi, A., Lessard, E., Brunette, E., et al. (2018).
Enhanced delivery of galanin conjugates to the brain through bioengineering of the anti-
transferrin receptor antibody OX26. Mol. Pharm. 15, 1420–1431. doi:10.1021/acs.
molpharmaceut.7b00937

Travis, J. (2023). ‘It’s not a miracle drug’: Eli Lilly’s antibody shows Alzheimer’s
disease but safety issues linger. Available at: https://www.science.org/content/article/it-
s-not-miracle-drug-eli-lilly-antibody-slows-alzheimer-s-disease-safety-issues-linger
(Accessed May 11, 2023).

Trowbridge, I. S., and Omary, M. B. (1981). Human cell surface glycoprotein related
to cell proliferation is the receptor for transferrin. Proc. Natl. Acad. Sci. U. S. A. 78,
3039–3043. doi:10.1073/pnas.78.5.3039

Ullman, J. C., Arguello, A., Getz, J. A., Bhalla, A., Mahon, C. S., Wang, J., et al. (2020).
Brain delivery and activity of a lysosomal enzyme using a blood-brain barrier transport
vehicle in mice. Sci. Transl. Med. 12, eaay1163. doi:10.1126/scitranslmed.aay1163

Vaikath, N. N., Majbour, N. K., Paleologou, K. E., Ardah, M. T., Van Dam, E., Van De
Berg, W. D., et al. (2015). Generation and characterization of novel conformation-
specific monoclonal antibodies for α-synuclein pathology. Neurobiol. Dis. 79, 81–99.
doi:10.1016/j.nbd.2015.04.009

Van Beijnum, J. R., Pieters, W., Nowak-Sliwinska, P., and Griffioen, A. W. (2017).
Insulin-like growth factor axis targeting in cancer and tumour angiogenesis - the
missing link. Biol. Rev. Camb Philos. Soc. 92, 1755–1768. doi:10.1111/brv.12306

Van De Vyver, A. J., Walz, A. C., Heins, M. S., Abdolzade-Bavil, A., Kraft, T. E.,
Waldhauer, I., et al. (2022). Investigating brain uptake of a non-targeting monoclonal
antibody after intravenous and intracerebroventricular administration. Front.
Pharmacol. 13, 958543. doi:10.3389/fphar.2022.958543

Van Dyck, C. H., Swanson, C. J., Aisen, P., Bateman, R. J., Chen, C., Gee, M., et al. (2023).
Lecanemab in early alzheimer’s disease.N.Engl. J.Med. 388, 9–21. doi:10.1056/NEJMoa2212948

Van Lengerich, B., Zhan, L., Xia, D., Chan, D., Joy, D., Park, J. I., et al. (2023). A
TREM2-activating antibody with a blood-brain barrier transport vehicle enhances
microglial metabolism in Alzheimer’s disease models. Nat. Neurosci. 26, 416–429.
doi:10.1038/s41593-022-01240-0

Varner, E. L., Jaquins-Gerstl, A., and Michael, A. C. (2016). Enhanced intracranial
microdialysis by reduction of traumatic penetration injury at the probe track. ACS
Chem. Neurosci. 7, 728–736. doi:10.1021/acschemneuro.5b00331

Voge, N. V., and Alvarez, E. (2019). Monoclonal antibodies in multiple sclerosis:
Present and future. Biomedicines 7, 20. doi:10.3390/biomedicines7010020

Volpicelli-Daley, L. A., Luk, K. C., Patel, T. P., Tanik, S. A., Riddle, D. M., Stieber, A., et al.
(2011). Exogenous α-synuclein fibrils induce Lewy body pathology leading to synaptic
dysfunction and neuron death. Neuron 72, 57–71. doi:10.1016/j.neuron.2011.08.033

Vorbrodt, A. W. (1989). Ultracytochemical characterization of anionic sites in the
wall of brain capillaries. J. Neurocytol. 18, 359–368. doi:10.1007/BF01190839

Wallace, D. F., Summerville, L., Lusby, P. E., and Subramaniam, V. N. (2005). First
phenotypic description of transferrin receptor 2 knockout mouse, and the role of
hepcidin. Gut 54, 980–986. doi:10.1136/gut.2004.062018

Wang, D., Kowalewski, E. K., and Koch, G. (2022). Application of meta-analysis to
evaluate relationships among ARIA-E rate, amyloid reduction rate, and clinical
cognitive response in amyloid therapeutic clinical trials for early alzheimer’s disease.
Ther. Innov. Regul. Sci. 56, 501–516. doi:10.1007/s43441-022-00390-4

Wang, F., Tsai, J. C., Davis, J. H., Chau, B., Dong, J., West, S. M., et al. (2020a). Design
and characterization of mouse IgG1 and IgG2a bispecific antibodies for use in syngeneic
models. MAbs 12, 1685350. doi:10.1080/19420862.2019.1685350

Wang, N., Jiang, X., Zhang, S., Zhu, A., Yuan, Y., Xu, H., et al. (2021). Structural basis
of human monocarboxylate transporter 1 inhibition by anti-cancer drug candidates.
Cell 184, 370–383.e13. doi:10.1016/j.cell.2020.11.043

Wang, S., Mustafa, M., Yuede, C. M., Salazar, S. V., Kong, P., Long, H., et al. (2020b).
Anti-human TREM2 induces microglia proliferation and reduces pathology in an
Alzheimer’s disease model. J. Exp. Med. 217, e20200785. doi:10.1084/jem.20200785

Westergren, I., Nystrom, B., Hamberger, A., and Johansson, B. B. (1995).
Intracerebral dialysis and the blood-brain barrier. J. Neurochem. 64, 229–234.
doi:10.1046/j.1471-4159.1995.64010229.x

Wilcock, D. M., and Colton, C. A. (2009). Immunotherapy, vascular pathology, and
microhemorrhages in transgenic mice. CNS Neurol. Disord. Drug Targets 8, 50–64.
doi:10.2174/187152709787601858

Wilson, M. C., Meredith, D., and Halestrap, A. P. (2002). Fluorescence resonance
energy transfer studies on the interaction between the lactate transporter MCT1 and
CD147 provide information on the topology and stoichiometry of the complex in situ.
J. Biol. Chem. 277, 3666–3672. doi:10.1074/jbc.M109658200

Wines, B. D., Powell, M. S., Parren, P. W., Barnes, N., and Hogarth, P. M. (2000). The IgG
Fc contains distinct Fc receptor (FcR) binding sites: The leukocyte receptors Fc gammaRI and
Fc gamma RIIa bind to a region in the Fc distinct from that recognized by neonatal FcR and
protein A. J. Immunol. 164, 5313–5318. doi:10.4049/jimmunol.164.10.5313

Wouters, Y., Jaspers, T., Rue, L., Serneels, L., De Strooper, B., and Dewilde, M. (2022).
VHHs as tools for therapeutic protein delivery to the central nervous system. Fluids
Barriers CNS 19, 79. doi:10.1186/s12987-022-00374-4

Wozniak-Knopp, G., Bartl, S., Bauer, A., Mostageer, M., Woisetschlager, M., Antes,
B., et al. (2010). Introducing antigen-binding sites in structural loops of
immunoglobulin constant domains: Fc fragments with engineered HER2/neu-
binding sites and antibody properties. Protein Eng. Des. Sel. 23, 289–297. doi:10.
1093/protein/gzq005

Wu, A. M., Tan, G. J., Sherman, M. A., Clarke, P., Olafsen, T., Forman, S. J., et al.
(2001). Multimerization of a chimeric anti-CD20 single-chain Fv-Fc fusion protein is
mediated through variable domain exchange. Protein Eng. 14, 1025–1033. doi:10.1093/
protein/14.12.1025

Yadav, D. B., Maloney, J. A., Wildsmith, K. R., Fuji, R. N., Meilandt, W. J., Solanoy, H.,
et al. (2017). Widespread brain distribution and activity following i.c.v. infusion of anti-
beta-secretase (BACE1) in nonhuman primates. Br. J. Pharmacol. 174, 4173–4185.
doi:10.1111/bph.14021

Yamamoto, R., Yoden, E., Tanaka, N., Kinoshita, M., Imakiire, A., Hirato, T., et al.
(2021). Nonclinical safety evaluation of pabinafusp alfa, an anti-human transferrin
receptor antibody and iduronate-2-sulfatase fusion protein, for the treatment of
neuronopathic mucopolysaccharidosis type II. Mol. Genet. Metab. Rep. 27, 100758.
doi:10.1016/j.ymgmr.2021.100758

Yan, R., Zhao, X., Lei, J., and Zhou, Q. (2019). Structure of the human LAT1-4F2hc
heteromeric amino acid transporter complex. Nature 568, 127–130. doi:10.1038/
s41586-019-1011-z

Yogi, A., Hussack, G., Van Faassen, H., Haqqani, A. S., Delaney, C. E., Brunette, E.,
et al. (2022). Brain delivery of IGF1R5, a single-domain antibody targeting insulin-like
growth factor-1 receptor. Pharmaceutics 14, 1452. doi:10.3390/pharmaceutics14071452

Yu, Y. J., Atwal, J. K., Zhang, Y., Tong, R. K., Wildsmith, K. R., Tan, C., et al. (2014).
Therapeutic bispecific antibodies cross the blood-brain barrier in nonhuman primates.
Sci. Transl. Med. 6, 261ra154. doi:10.1126/scitranslmed.3009835

Yu, Y. J., Zhang, Y., Kenrick, M., Hoyte, K., Luk, W., Lu, Y., et al. (2011). Boosting
brain uptake of a therapeutic antibody by reducing its affinity for a transcytosis target.
Sci. Transl. Med. 3, 84ra44. doi:10.1126/scitranslmed.3002230

Zhang, Y., and Pardridge, W. M. (2001). Rapid transferrin efflux from brain to blood
across the blood-brain barrier. J. Neurochem. 76, 1597–1600. doi:10.1046/j.1471-4159.
2001.00222.x

Zhao, P., Xu, Y., Jiang, L., Fan, X., Li, L., Li, X., et al. (2022). A tetravalent
TREM2 agonistic antibody reduced amyloid pathology in a mouse model of
Alzheimer’s disease. Sci. Transl. Med. 14, eabq0095. doi:10.1126/scitranslmed.abq0095

Zhou, Q. H., Boado, R. J., Hui, E. K., Lu, J. Z., and Pardridge, W. M. (2011a). Chronic
dosing of mice with a transferrin receptor monoclonal antibody-glial-derived
neurotrophic factor fusion protein. Drug Metab. Dispos. 39, 1149–1154. doi:10.1124/
dmd.111.038349

Zhou, Q. H., Boado, R. J., and Pardridge, W. M. (2012). Selective plasma
pharmacokinetics and brain uptake in the mouse of enzyme fusion proteins derived
from species-specific receptor-targeted antibodies. J. Drug Target 20, 715–719. doi:10.
3109/1061186X.2012.712132

Zhou, Q. H., Fu, A., Boado, R. J., Hui, E. K., Lu, J. Z., and Pardridge, W. M. (2011c).
Receptor-mediated abeta amyloid antibody targeting to Alzheimer’s disease mouse
brain. Mol. Pharm. 8, 280–285. doi:10.1021/mp1003515

Zhou, Q. H., Sumbria, R., Hui, E. K., Lu, J. Z., Boado, R. J., and Pardridge, W. M.
(2011b). Neuroprotection with a brain-penetrating biologic tumor necrosis factor
inhibitor. J. Pharmacol. Exp. Ther. 339, 618–623. doi:10.1124/jpet.111.185876

Zimmer, A. S., Van Swearingen, A. E. D., and Anders, C. K. (2022). HER2-positive
breast cancer brain metastasis: A new and exciting landscape. Cancer Rep. Hob. 5, e1274.
doi:10.1002/cnr2.1274

Zuchero, Y. J., Chen, X., Bien-Ly, N., Bumbaca, D., Tong, R. K., Gao, X., et al. (2016).
Discovery of novel blood-brain barrier targets to enhance brain uptake of therapeutic
antibodies. Neuron 89, 70–82. doi:10.1016/j.neuron.2015.11.024

Frontiers in Drug Delivery frontiersin.org26

Pardridge 10.3389/fddev.2023.1227816

https://doi.org/10.1038/jcbfm.2012.97
https://doi.org/10.1016/j.brainres.2013.02.022
https://doi.org/10.1021/mp400348n
https://doi.org/10.1021/mp400004a
https://doi.org/10.1111/j.1471-4159.1991.tb06355.x
https://doi.org/10.1111/j.1471-4159.1991.tb06355.x
https://doi.org/10.1001/jamaneurol.2022.1375
https://doi.org/10.1021/acs.molpharmaceut.7b00937
https://doi.org/10.1021/acs.molpharmaceut.7b00937
https://www.science.org/content/article/it-s-not-miracle-drug-eli-lilly-antibody-slows-alzheimer-s-disease-safety-issues-linger
https://www.science.org/content/article/it-s-not-miracle-drug-eli-lilly-antibody-slows-alzheimer-s-disease-safety-issues-linger
https://doi.org/10.1073/pnas.78.5.3039
https://doi.org/10.1126/scitranslmed.aay1163
https://doi.org/10.1016/j.nbd.2015.04.009
https://doi.org/10.1111/brv.12306
https://doi.org/10.3389/fphar.2022.958543
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1038/s41593-022-01240-0
https://doi.org/10.1021/acschemneuro.5b00331
https://doi.org/10.3390/biomedicines7010020
https://doi.org/10.1016/j.neuron.2011.08.033
https://doi.org/10.1007/BF01190839
https://doi.org/10.1136/gut.2004.062018
https://doi.org/10.1007/s43441-022-00390-4
https://doi.org/10.1080/19420862.2019.1685350
https://doi.org/10.1016/j.cell.2020.11.043
https://doi.org/10.1084/jem.20200785
https://doi.org/10.1046/j.1471-4159.1995.64010229.x
https://doi.org/10.2174/187152709787601858
https://doi.org/10.1074/jbc.M109658200
https://doi.org/10.4049/jimmunol.164.10.5313
https://doi.org/10.1186/s12987-022-00374-4
https://doi.org/10.1093/protein/gzq005
https://doi.org/10.1093/protein/gzq005
https://doi.org/10.1093/protein/14.12.1025
https://doi.org/10.1093/protein/14.12.1025
https://doi.org/10.1111/bph.14021
https://doi.org/10.1016/j.ymgmr.2021.100758
https://doi.org/10.1038/s41586-019-1011-z
https://doi.org/10.1038/s41586-019-1011-z
https://doi.org/10.3390/pharmaceutics14071452
https://doi.org/10.1126/scitranslmed.3009835
https://doi.org/10.1126/scitranslmed.3002230
https://doi.org/10.1046/j.1471-4159.2001.00222.x
https://doi.org/10.1046/j.1471-4159.2001.00222.x
https://doi.org/10.1126/scitranslmed.abq0095
https://doi.org/10.1124/dmd.111.038349
https://doi.org/10.1124/dmd.111.038349
https://doi.org/10.3109/1061186X.2012.712132
https://doi.org/10.3109/1061186X.2012.712132
https://doi.org/10.1021/mp1003515
https://doi.org/10.1124/jpet.111.185876
https://doi.org/10.1002/cnr2.1274
https://doi.org/10.1016/j.neuron.2015.11.024
https://www.frontiersin.org/journals/drug-delivery
https://www.frontiersin.org
https://doi.org/10.3389/fddev.2023.1227816

	Receptor-mediated drug delivery of bispecific therapeutic antibodies through the blood-brain barrier
	1 Introduction
	2 Development of therapeutic antibodies for the CNS without blood-brain barrier drug delivery technology
	2.1 FDA approved therapeutic antibodies for the CNS
	2.1.2 Therapeutic antibodies for brain cancer
	2.1.3 Therapeutic antibodies for Alzheimer’s disease
	2.1.3.1 Anti-Abeta amyloid therapeutic antibodies in Alzheimer’s disease
	2.1.3.2 Anti-tau therapeutic antibodies in Alzheimer’s disease

	2.2 Methods used to assess transport of therapeutic antibodies through the blood-brain barrier
	2.2.1 Cerebrospinal fluid
	2.2.2 Brain plasma volume
	2.2.3 Brain microdialysis


	3 Receptor-mediated transport of biologics through the blood-brain barrier
	3.1 Receptor-mediated transport of peptides through the blood-brain barrier
	3.1.1 Blood-brain barrier insulin receptor
	3.1.2 Blood-brain barrier transferrin receptor
	3.1.3 Blood-brain barrier insulin-like growth factor receptor
	3.1.4 Blood-brain barrier leptin receptor
	3.1.5 Other receptors
	3.1.6 Differential distribution of insulin and transferrin receptors at the blood-brain barrier

	3.2 Receptor-mediated transport of monoclonal antibodies through the blood-brain barrier
	3.2.1 Insulin receptor monoclonal antibodies
	3.2.2 IGF1 receptor monoclonal antibodies
	3.2.3 Transferrin receptor monoclonal antibodies
	3.2.4 Affinity and valency of transferrin receptor monoclonal antibodies

	3.3 BBB penetrating bispecific antibodies for CNS disease
	3.3.1 Bispecific antibodies for Alzheimer’s disease derived from anti-Abeta amyloid antibodies
	3.3.2 Bispecific antibodies for Alzheimer’s disease derived from anti-BACE1 antibodies
	3.3.3 Bispecific antibodies for Alzheimer’s disease derived from TREM2 agonist antibodies
	3.3.4 Bispecific antibodies for Parkinson’s disease derived from anti-α-synuclein antibodies
	3.3.5 Bispecific antibodies for Parkinson’s disease derived from TrkB agonist antibodies


	4 Pharmacokinetics and toxicology
	5 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


