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Abstract

The blood brain barrier (BBB) segregates the central nervous system from the systemic
circulation. As such, the BBB prevents toxins and pathogens from entering the brain, but also
limits the brain uptake of therapeutic molecules. However, under certain pathological conditions,
the BBB is disrupted, allowing direct interaction between blood components and the diseased site.
Moreover, techniques like focused ultrasound can further disrupt the BBB in diseased regions.
This review focuses on strategies that leverage such BBB disruption for delivering nanocarriers to
the central nervous system (CNS). BBB disruption, as it relates to nanocarrier delivery, will be
discussed in the context of acute pathologies such as stroke and traumatic brain injury, as well as
chronic pathologies such as brain tumors, Alzheimer’s disease, and Parkinson’s disease. Key
aspects of nanocarrier design as they relate to penetration and retention in the CNS are also
highlighted.
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Introduction

The blood-brain barrier (BBB) is formed by brain endothelial cells and segregates blood
components from the central nervous system (CNS) using specialized physical, transport and
metabolic properties [1]. While a subset of small, lipophilic molecules can diffuse readily
through the BBB, nucleic acid, peptide, protein and nanoparticulate therapeutics that could
be highly desirable for treating CNS disorders cannot directly access the CNS. As such,
several strategies to circumvent the BBB to deliver therapeutics are being investigated
including utilizing receptor-mediated machinery to transcytose through brain endothelial
cells[2], implanting therapeutic materials within the CNS[3], administering therapeutics by
intranasal and intrathecal routes[4], among others[5]. These strategies have been reviewed
elsewhere in the literature[2,4-7]. In this review, we will instead focus on emerging
approaches to target therapeutics to the CNS that exploit pathologic or induced BBB
disruption.

Additionally, this review selectively focuses on therapeutic applications that employ
nanocarriers for cargo delivery. Nanocarriers are of particular interest as a drug delivery
platform to treat CNS disease. This class of particles, including but not limited to
nanoparticles and liposomes, have beneficial properties compared to unconjugated small
molecules and therapeutic proteins. These include the ability to employ surface
modifications that can drive desirable CNS penetration, enhance pharmacokinetic properties,
and target specific cells or structures[8]. Additionally, nanocarriers carry concentrated small
molecule and therapeutic protein payloads that result in increased accumulation of drug at
the target site, as well as controlled release of therapeutic payload to reduce off target
adverse events[9,10].

While nanocarrier delivery to the CNS using transcytosis, intranasal and intrathecal delivery
has been discussed elsewhere, this review focuses on targeting nanocarriers to sites of BBB
disruption resulting from neuropathology or medical intervention. We describe evidence that
supports BBB disruption as a means to deliver therapeutic nanocarriers loaded with small
molecules, nucleic acids or proteins to various CNS disease conditions. CNS pathology-
induced BBB disruption can serve as a nanocarrier access point to diseased sites in certain
conditions. In addition, transient BBB disruption by administration of chemical agents or
focused ultrasound can also serve as an access point for nanocarriers to accumulate in
diseased CNS tissue.

Pathologic BBB Disruption

While one most often considers identifying drug delivery strategies that overcome an intact
BBB to access disease tissue (Figure 1a), certain neuropathologies, including acute events
such as stroke and traumatic brain injury as well as chronic events like brain tumors,
Alzheimer’s, and Parkinson’s disease, exhibit partial or complete BBB disruption as a
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pathological hallmark of the diseased site[11-15]. Thus, a therapeutic nanocarrier
administered intravenously, could in theory, directly accumulate in diseased regions
exhibiting pathologically disrupted BBB (Figure 1b). Furthermore, unaffected CNS regions
remain behind an intact BBB limiting CNS contact with blood components, including
therapeutic nanocarriers, and potentially minimizing adverse events related to the therapeutic
cargo. However, pathologic BBB disruption is complex and unique to each disease. For
example, ischemic stroke often exhibits multi-phasic BBB disruption[16]; while in brain
tumors, the BBB tends to exhibit partial disruption that varies from tumor to tumor, even
within a single patient in the case of metastatic tumors[17]. Nonetheless, as data continue to
emerge, it appears that leveraging pathologic BBB disruption for therapeutic nanocarrier
delivery may be an effective strategy in multiple neurological disease states.

Induced BBB Disruption

Not all CNS diseases lead to complete, uniform BBB disruption across the pathologic site.
Thus strategies can be employed to induce BBB permeability to facilitate nanoparticle
delivery. Administration of chemical agents such as mannitol[18] and adenosine Ay
agonist[19] transiently disrupt the BBB through hyperosmolarity and interaction with
adenosine receptor, respectively but lack regiospecific targeting capability. In contrast,
focused ultrasound (FUS) in conjunction with microbubbles also induces temporary BBB
disruption, with sub millimeter precision in a defined region[20-22]. Thus, focused
ultrasound could allow for intravenously administered therapeutic nanocarriers to access a
diseased brain region without exposing substantial healthy CNS tissue to blood components
or drug-loaded nanocarriers.

Considerations in Utilizing BBB Disruption for Nanocarrier Delivery

Conceptually, using pathologic BBB disruption as a mechanism for allowing nanocarrier
access to sites of CNS disease is related to the enhanced permeability and retention (EPR)
effect described as responsible for accumulating nanocarriers in solid peripheral tumors that
have defective vascular architectures. However, while multiple neuropathologies exhibit
some type of enhanced vascular permeability, there is little evidence of retention as a
function of particle size[23,24]. This lack of an observable EPR effect in the CNS could be
due to a variety of causes, some of which may reflect the anatomy of the CNS. For instance,
cerebrospinal fluid (CSF) is completely replaced every 4-6 hours, potentially limiting
nanocarrier retention[25]. Additionally, studies of brain interstitial space indicate that it is
dense and highly charged, thereby limiting the movement of many classes of nanocarriers
within the CNS[26]. Thus, while utilizing BBB disruption to deliver nanocarriers is similar
to exploiting the EPR effect, the anatomical nature of the CNS limits the both the
penetration and retention of nanocarriers throughout the diseased site. This issue can be
circumvented in two major ways. First, deformable, small nanocarriers are formulated with
surface modifications that mask the particle charge thus allowing more uniform brain
penetration. One example of this approach is modifying >50nm liposomes with PEG
chains[8]. Second, modifying a nanocarrier with targeting motif can enhance retention in a
diseased site. Most commonly employed are nanocarriers modified with targeting motifs
with affinity for disease cells or extracellular matrix (ECM) that facilitate accumulation and
retention of a therapeutic within the pathologic site. Thus, disrupted BBB can be targeted
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with nanocarriers that are specially formulated for penetration and retention at the diseased
site.

Below we describe several neurological diseases that have been examined in the context of
leveraging BBB disruption for nanocarrier delivery. For each disease, we will summarize the
evidence that the BBB is disrupted as well as describe the use of pathologically disrupted
BBB or focus ultrasound (FUS) disrupted BBB to deliver nanocarriers to sites of CNS
disease (Table 1 and 2).

Brain Tumors

Evidence for disruption: The evidence for brain tumors inducing pathologic BBB disruption
is complex and can vary by tumor type and from patient to patient[13]. However, several key
pieces of data have emerged. First, primary brain tumors exhibit different patterns of BBB
disruption than metastatic brain tumors[27]. Second, the entire brain tumor, in either primary
or metastatic disease, does not exhibit uniform BBB disruption[13]. Often, the tumor core
demonstrates disrupted BBB, but the invasive tumor margin remains behind intact BBB.
Finally, different brain tumors exhibit differing levels of disruption[28]. For example, in a
mouse presenting with multiple, metastatic brain lesions, only a fraction of tumors exhibit
BBB disruption at a given time point[17]. Thus, the extent, as well as complexity of BBB
disruption, in brain tumors is an ongoing topic of study. Further, utilizing a pathologic BBB
disruption strategy to deliver nanocarriers to brain tumors may require additional strategies
that account for tumor regions behind intact BBB.

Pathologic BBB Disruption: The most common example of exploiting pathologic BBB
permeability as a therapeutic strategy for treating brain tumors comes from administering
nanocarriers displaying only a tumor targeting ligand. Without also harboring a BBB
penetrating moiety, nanocarriers administered intravenously likely exhibit significant brain
tumor accumulation only at sites of pathologic BBB disruption. Common strategies include
administering doxorubicin-loaded or plasmid-loaded nanocarriers modified with peptide or
antibodies targeting upregulated interleukin receptors (IL-4, 6 and 13) in rodent orthotopic
glioma models[29-31]. The size of the nanocarriers in these studies is approximately 100nm
and varied from co-block, self-assembling micelles to pegylated liposomes. In addition,
100nm pegylated liposome nanocarriers loaded with a radioactive isotope (22°Ac), and
displaying avp3 integrin targeting peptide, demonstrate efficacy in a murine model of
glioma[32]. Finally, particles displaying targeting motifs for growth factor receptors
demonstrated a significant survival benefit as demonstrated in a recent study where
polymeric nanocarriers were loaded with a PI3K/mTOR kinase inhibitor and decorated with
an aptamer that binds platelet-derived growth factor receptor B (Gint4.T) were used to treat
an orthotopic murine brain tumor model[33]. Thus, while these data are open to
interpretation of the exact mechanism of tumor delivery, it appears multiple studies
demonstrate the feasibility for utilizing pathologic BBB disruption to access the brain tumor
site.

Induced BBB Disruption: Both mannitol[34] and more recently, A2A agonist[19], have been
used in the context of brain tumors. However, concerns over increased intracranial pressure,
and efficacy, have thus far limited the use of these agents. Alternatively, focused ultrasound
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(FUS) can induce temporary BBB disruption localized to the primary or metastatic brain
tumor volume without the use of disruptive chemicals[21,35]. By combining microbubbles
with low intensity FUS, BBB disruption is induced via cavitation. This approach contrasts to
earlier studies using high intensity ultrasound for thermal tumor ablation[36]. Combining
magnetic resonance imaging (MRI) with FUS allows for precise BBB disruption for
approximately 4-6 hours[37]. For example, MRI FUS was used to increase brain tumor
uptake of intravenously administered 45nm, cisplatin-containing nanocarriers, modified with
PEG chains to increase brain ECM penetration. A significant increase in survival time in rats
bearing orthotopic F98 gliomas was observed using the FUS approach[38]. In addition, gold
nanoparticles functionalized with a peptide to increase cell uptake (PKKKRKYV) and
therefore, retention in the tumor volume, were loaded with cisplatin and increased survival
in mice bearing orthotopic U251 tumors following FUS[35]. Taken together, delivering
nanocarriers via the disrupted brain tumor BBB has been efficacious in preclinical models,
particularly when the nanocarriers also possess functionality for enhanced penetration and
secondary targeting of tumor epitopes or cell uptake for localized retention.

Evidence for disruption: Both ischemic and hemorrhagic strokes induce pathologic BBB
disruption[11]. While hemorrhagic stroke is by definition a breach of the BBB, ischemic
stroke induces BBB disruption in a complex, multi-phasic manner[16]. In ischemic stroke,
the BBB becomes disrupted proximal to the site of the clot 4-6 hours after an ischemic
event, as evidenced by immunoglobulin leakage and tracer studies. Additionally, animal
models and limited human studies suggest the BBB may permeabilize again, or remain
open, 48-72 hours following the ischemic event[39].

Pathologic BBB Disruption: Relatively few studies have utilized BBB disruption as a
strategy for treating stroke with nanocarriers. Pegylated ~100nm liposome nanocarriers
loaded with Fasudil, a Rho-kinase inhibitor, or cyclosporine A, reduced neutrophil invasion
and infarct size in rats that underwent transient middle cerebral artery occlusion (MCAQ)
[40,41]. While the role of the liposomes on pharmacokinetics and increased brain
penetration is unclear in these studies, they do suggest the potential utility of exploiting
pathologic BBB disruption as a mechanism to deliver nanocarriers to brain regions affected
by ischemic stroke.

Induced BBB disruption: Brain-derived neurotrophic factor (BDNF) is a protein that
demonstrates pleiotropic neuroprotective effects. Mechanical disruption of the BBB using
FUS in concert with BDNF-loaded microbubbles results in increased BDNF levels within
damaged white matter and improved functional outcomes in rat model of subcortical stroke
compared to non-FUS or non-BDNF treated controls[42]. Similarly, delivery of
microbubbles loaded with plasmid encoding vascular endothelial growth factor (VEGF)
resulted in decreased infarct areas in murine stroke models following FUS[43]. Thus, post-
stroke administration of nanocarriers loaded with therapeutic proteins could be enhanced by
FUS, resulting in reduced reperfusion injury.
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Traumatic Brain Injury (TBI)

Evidence for disruption: TBI is broadly used to describe any acute incident that causes
damage to brain tissue[12]. Generally this is due to laceration from a stab wound or
hemorrhage resulting from impact of the brain on the skull as in a concussive event[44].
Studies demonstrate substantial BBB disruption using tracers and brain accumulation of
blood components at the sites of stab or impact wound models[45].

Pathologic BBB Disruption: In mice with impact cranial wounds, radiolabeled, 82nm
pegylated liposomes accumulated significantly at the injury site compared to contralateral
brain in the same mouse[46], demonstrating pathologic BBB disruption as a viable
mechanism for nanocarrier access to TBI sites. Additionally, a short peptide sequence
(CAQK) was identified that could be used to target pegylated 20nm silver and 150nm silicon
nanoparticles to the injured mouse brain ECM induced by TBI[44]. Importantly, the CAQK
peptide sequence targeted nanoparticles to sites of TBI in both impact and lacerating murine
models. Thus, pathologic BBB disruption can serve as a mechanism to access a TBI injury
site for nanocarrier-based therapies.

Induced BBB Disruption: Neither chemical nor mechanical mechanisms to induce BBB
disruption are frequently used in the context of TBI. This may be due, in part, to the clear
breaches of brain vasculature that are a hallmark of TBI. Additionally, a primary clinical
concern is normalizing intracranial pressure which could be negatively impacted by
additional BBB disruption in TBI[47].

Neurodegenerative Diseases

Evidence for disruption for Alzheimer’s and Parkinson’s disease: The strongest evidence
that Alzheimer’s (AD) patients have a disrupted BBB is elevated CSF/plasma albumin levels
in AD patients[14]. However, only a subset of patients exhibited an elevated CSF albumin
ratio. Additionally, gadolinium enhanced MRI imaging studies of AD patients do not
demonstrate enhanced sites of BBB leakage compared to age matched controls[48].
However, the gadolinium imaging study of BBB disruption in AD patients did observe a
correlation between BBB disruption and AD progression. Thus, the extent of BBB
disruption in AD remains controversial, and warrants further investigation.

Similar to AD, evidence that Parkinson’s (PD) induces pathologic BBB disruption primarily
derives from patients exhibiting an elevated CSF/plasma albumin ratio[15]. Interestingly, the
effect is only observed in patients with advanced disease, suggesting that BBB disruption in
PD may also be correlated with disease progression. Therefore, the degree of BBB
disruption in AD and PD remains unclear, and the success of a nanocarrier delivery strategy
leveraging BBB disruption may vary significantly based on disease severity at time of
administration[49].

Pathologic BBB Disruption: A few studies have attempted to exploit pathologic BBB
disruption to deliver therapeutic nanocarriers to treat either AD or PD. Administering
polylactide nanocarriers containing L-ascorbic acid resulted in reduced ROS damage in
murine AD model[50]. Similarly, administration of PLGA nanoparticles loaded with
dopamine reduced dopaminergic neuron degeneration in a rat model of PD[51]. However, as
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these studies utilized non-targeted or modified nanocarriers, it is unclear whether the
efficacy resulted from increased delivery due to pathologic BBB disruption or well-known,
beneficial pharmacokinetic (PK) alterations provided by nanocarriers.

Induced BBB Disruption: Multiple studies with the 6-hydroxydopamine (6-OHDA) rat PD
model demonstrate the benefit of utilizing FUS coupled with microbubbles to mechanically
disrupt the BBB. Intravenous administration of microbubbles encapsulating plasmid
encoding for nuclear factor E2-reated factor 2 (NRF2) coupled with FUS reduced neuronal
death in 6-OHDA rat PD model[52]. Additionally, coupling FUS with 50nm pegylated
liposome nanocarrier containing plasmid encoding glial cell-line derived neurotrophic factor
(GDNF) restored dopaminergic neuron density in rat PD model compared to liposomes
loaded with control plasmid[37]. Thus, mechanical disruption of BBB could be an approach
for facilitating nanocarrier delivery and diffusion in PD affected brain regions, and perhaps
could be extended to other neurodegenerative diseases like AD.

Conclusion

The healthy BBB prevents nanocarriers from accessing the CNS, thereby hampering
delivery of therapeutic cargo. However, certain neurological diseases induce pathologic BBB
disruption that may allow nanocarrier access to the diseased site. Utilizing pathologically-
disrupted BBB to deliver nanocarriers loaded with therapeutic small molecules, nucleic
acids, or proteins to the diseased CNS remains an underdeveloped approach for many
neuropathologies. Moreover, inducing BBB disruption through FUS technologies can
augment pathological BBB disruption for nanocarrier accumulation in diseased brain. The
nanomedicine field is clearly beginning to apply designer nanocarriers in the context of
several different neurological diseases. In particular, nanocarriers have been designed to
better penetrate the complex CNS microenvironment and potentially increase uniform
distribution of therapeutic proteins throughout the targeted pathology[8]. Nanocarriers
designed to specifically target CNS structures in the postvascular brain such as tumor cells
or extracellular matrix would enhance the retention of nanocarriers to act as a depot for
protein-based therapeutics. Combining the improvements in nanocarrier penetration and
retention should prove to increase the therapeutic potency of small molecules, nucleic acid
and/or proteins that are loaded into nanocarriers. Future studies focused on developing new
targeting ligands specifically designed to accumulate at sites of pathologic BBB disruption
could offer improvements in exploiting this strategy. Additionally, modification of particle
size could enhance retention[8], while using hot and cold ligand strategies could enhance
penetration of therapeutic nanocarriers into the diseased tissue[25,26,53]. Approaches that
increase penetration may be especially important for diseases like brain tumors where
portions of the tumor at the invasive margins lie behind an intact BBB. Finally, further
understanding of the timing and extent of pathologic BBB disruption could allow for the
customization of targeted nanocarriers to augment existing disease therapies.
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Highlights:
. Highlights pathologic BBB disruption in acute and chronic CNS disease.

. Identifies approaches that use pathologic and induced BBB disruption to
facilitate nanocarrier delivery to diseased brain.

Curr Opin Biotechnol. Author manuscript; available in PMC 2020 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Umlauf and Shusta Page 13

“Nas ““—KY
oo N\
-]

a. b. ,,,,,m

h 21.‘.2""‘“"‘i

Figurel. Impact of BBB disruption on Particle Access to CNS
a) Under normal conditions healthy, intact BBB separates the CNS from blood components

thereby preventing nanocarriers from accessing CNS. b) Under conditions in which a
disease induces pathologic BBB disruption, therapeutic nanocarriers can directly Interact
with disease site. ¢) Focus Ultrasound (FUS) can exert mechanical forces that temporarily
disrupt the BBB allowing therapeutic nanocarriers to directly Interact with the CNS.
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Table 1.
Studies Utilizing Pathologic BBB Disruption | Neuropathology | Particle Type Therapeutic Payload
Madhankumar AB et al. [28] u87 GBM IL-13r targeting Liposomes Doxorubicin
Sattiraju A et al. [29] us7 GBM a,Ps-targeting Liposomes 2550
Sun Z et al. [26] C6 Glioma IL-4r targeting Polylactide NC Doxorubicin
Wang S et al. [27] us7 GBM IL-6r targeting Hispolyplex pING4
Monaco | et al. [30] us7 GBM Pdgfrp targeting Polymeric NC mTOR inhibitor
Fukuta T et al. [37] MCAO Stroke Pegylated Liposome Fasudil
Partoazar A et al. [38] MCAO Stroke Pegylated Liposome Cyclosporine A
Mann AP et al. [41] TBI Peptide targeting Pegylated Au and Si NC | siRNA
Sarkar S et al. [47] AD Polylactide NC L-ascorbic acid
Pahuja R et al. [48] 6-OHDA, PD PLGA NC Dopamine

NC=nanocarrier His=histidine, PLGA=poly(D,L-lactide-co-glycolide), ING4=inhibitor of growth 4, GBM=glioblastoma multiforme,
MCAO=middle cerebral artery occlusion, TBI=traumatic brain injury, 6-OHDA=6-hydroxydopamine, PD=parkinson’s disease
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Table 2.
Studies Utilizing Induced BBB Disruption | Neuropathology Particle Type Therapeutic Payload
Timbie KF et al. [35] F98 Glioma Pegylated Polyaspartic acid | Cisplatin
Coluccia D et al. [32] U251 GBM Peptide targeting Au NC Cisplatin
Rodriguez-Frutos B et al. [39] Subcortical Stroke | Lipid Microbubbles BDNF
Wang H-B et al. [40] MCAO Stroke Lipid Microbubbles pVEGF
Long L et al. [49] 6-OHDA, PD Pegylated Liposomes pNrf2
Mead BP et al. [34] 6-OHDA, PD Pegylated-PEI pGDNF

Page 15

NC=nanocarrier, PEI=poly(ethyleneimine), p=plasmid, BDNF= Brain-derived neurotrophic factor, VEGF=vascular endothelial growth factor,
Nrf2=nuclear factor erythroid 2-related factor 2, GDNF=glial cell-derived neurotrophic factor.
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