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Abstract

Exposure to radiation during the treatment of CNS tumors leads to detrimental damage of the
blood brain barrier (BBB) in normal tissue. Effects are characterized by leakage of the vasculature
which exposes the brain to a host of neurotoxic agents potentially leading to white matter necrosis,
parenchymal calcification, and an increased chance of stroke. Vasculature of the blood tumor
barrier (BTB) is irregular leading to poorly perfused and hypoxic tissue throughout the tumor that
becomes resistant to radiation. While current clinical applications of cranial radiotherapy use dose
fractionation to reduce normal tissue damage, these treatments still cause significant alterations to
the cells that make up the neurovascular unit of the BBB and BTB. Damage to the vasculature
manifests as reduction in tight junction proteins, alterations to membrane transporters, impaired
cell signaling, apoptosis, and cellular senescence. While radiotherapy treatments are detrimental to
normal tissue, adapting combined strategies with radiation targeted to damage the BTB could aid
in drug delivery. Understanding differences between the BBB and the BTB may provide valuable
insight allowing clinicians to improve treatment outcomes. Leveraging this information should
allow advances in the development of therapeutic modalities that will protect the normal tissue
while simultaneously improving CNS tumor treatments.
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1. Introduction

The role of the blood brain barrier (BBB) is to maintain homeostasis within the central
nervous system (CNS). This is achieved through a unique microvasculature network

that physically blocks and selectively transports specific molecules across the barrier via
combined efforts of endothelial cells, tight junction (TJ) proteins, pericytes, basal lamina,
and astrocytes that make up the neurovascular unit (NVU). When functioning properly, the
NV U creates a tight seal around blood vessel walls that requires adsorptive and carrier
mediated transportation of non-lipid soluble agents [1]. In addition, endothelial cells contain
ATP dependent efflux transporters that actively push foreign material back into the lumen
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[1,2]. Conversely, CNS tumor vasculature, commonly referred to as the blood tumor barrier
(BTB), is prone to irregularities when unregulated and disorganized vasculature growth
causes disruptions in the barrier within glioblastomas (GBM) and secondary metastases
[3-5]. The importance of a well-organized BBB is highlighted when this system fails

to filter foreign material from the blood and it is allowed to enter the brain. We can

observe such failures in the BBB and BTB directly after radiotherapeutic interventions by
measuring leakage into the parenchymal space [6—9]. While preserving the BBB is critical
to maintaining homeostasis within the healthy CNS, exploration into new physical and
chemical treatment options endeavor to therapeutically disrupt the BTB for drug delivery
[10-13].

Current treatment plans for CNS tumors involve surgical resection, irradiation, and
chemotherapeutic regimens. An estimated 86,000 new cases of CNS cancer occurred in
2019. Even with the latest treatment options available, the five-year survival rate for patients
with all types of malignant tumors was 35.8%, while GBMs specifically had a five-year
survival rate of only 6.8% [14]. This low rate of survival is in part attributed to insufficient
drug intervention options due to the relative impenetrability of the BBB and even within

the barrier compromised BTB. In GBM, the integrity of the BTB is not uniform, leaving
regions of the tumor variably exposed to drugs that are readily blocked by the BBB [15,16].
However, even with the compromised vasculature of the BTB, uptake of chemotherapeutic
drugs paclitaxel and doxorubicin exhibit relatively low penetrance within metastatic tumors
[17]. This indicates that while the BTB may be more susceptible to toxic leakage, other
interventions are required to open the vasculature further within the tumor. This is likely the
reason that many chemotherapeutic drugs fail during clinical trials as the variance in BBB
and BTB permeability is not fully understood [18]. Clearly, failure to treat the entire tumor
parenchyma compromises the efficacy of any chemotherapeutic treatment regimen leading
to tumor recurrence, a routine and confounding complication.

To circumvent these limitations, new methods must be implemented to permeabilize the
vasculature of targeted regions to facilitate drug delivery, or to actively assist in denaturing
the semi-intact BTB within the CNS while protecting the surrounding normal tissue. Others
have highlighted the benefits of creating a porous BBB and/or BTB with the use of radiation
[19,20], ultrasound [21,22] and receptor mediated transport [23] to improve drug delivery.
The caveat to these strategies is that permeabilizing the BBB has non-targeted effects in
normal tissues that may lead to indiscriminate damage to the brain. Further studies that
define key differences between the BTB and BBB may provide new insight, allowing for
targeted breakdown of tumor vasculature and improved chemotherapeutic treatment within
the CNS.

This review describes the foundational differences between the BBB and BTB and the
dichotomy between the deleterious effects and therapeutic opportunities that radiotherapy
presents, emphasizing the current efforts to create leakage across the BBB/BTB and its
implications for the penetrance of therapeutic interventions and neurotoxicity.
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Neurovascular unit (NVU)

The NVU is a collection of all cell types that form and regulate the capillary network within
the brain. Primarily the NVVU defines a physical barrier, formed by the binding of endothelial
cells via TJ proteins to create a non-fenestrated capillary wall. Endothelial cells play a
primary role in controlling entry into the brain parenchyma through expression of transporter
proteins. These cells are supported and encased by pericyte cells, the basement membrane,
and astrocytic endfeet that provide additional regulation and feedback from signaling within
the brain. Local neurons also play a regulatory role by controlling nutrient demand and
feedback signals among these cell types to modify molecular, ion and aqueous transport in a
process called neurovascular coupling (NVC) (Fig. 1).

Endothelial cells and tight junction proteins

The microvasculature of the CNS relies primarily on the layer of endothelial cells bound
together by TJ proteins encased within the basement membrane. This endothelial monolayer
creates the interface via which molecules enter the brain. These cells harness carrier

and receptor mediated efflux, organic anion and cation, nucleoside, and large amino acid
transporter systems to maintain gradients and push unwanted waste and metabolites into

the glymphatic waste clearance system. Of particular importance are ATP-driven efflux
pump transporters including the ATP-Binding Cassette (ABC), P-glycoprotein, breast cancer
resistance protein, and multidrug resistance related proteins, as these work to actively
remove chemotherapeutics and xenobiotics [24,25]. Facilitated transporters Glutl and major
facilitator superfamily domain-containing protein 2A (Mfsd2a) are also considered critical
to proper BBB function and overall health. Glutl is responsible for influx of glucose, the
primary fuel for neurons, and Glutl deficiency is known to cause mitochondrial disfunction
and epilepsy in children [26]. Mfsd2a transporters are in part responsible for transport

of essential omega-3 fatty acids in CNS endothelial cells. In transgenic knockout mouse
models of Mfsd2a, levels of docosahexaenoic acid (DHA, an essential omega-3 fatty acid)
are diminished along with leakage of 10 kDa dextran observed from embryonic through
adult stages. Further electron microscopy imaging has indicated that cells and TJ proteins
were structurally intact, indicating a role for Mfsd2a in preventing foreign material from
crossing the BBB [27]. Additionally, loss of Mfsd2a and concomitant reductions in DHA
diminish mitochondrial activity, likely responsible for impaired cognition and ataxia in mice
[28,29].

TJ proteins are essential to creating a sealed barrier between endothelial cells, forcing
molecules to enter the CNS through active transporter mediated mechanisms as opposed to
passive diffusion. This is achieved by a series of proteins that function together to create a
non-fenestrated vasculature. Junctional adhesion molecule 1 (JAM-1) proteins help connect
cells while simultaneously recruiting TJ proteins, including claudin family proteins, ZO-1,
and Occludin, that further tighten the seal between endothelial cells and facilitate cell-cell
signaling [30-32]. Damage to these TJ protein populations can allow larger molecules to
bypass endothelial cell regulatory mechanisms. While cells can lose TJ proteins, repair
mechanisms are in place to maintain structural integrity of the BBB. An in vitro study

of TJ proteins performed under real-time confocal microscopy demonstrated that EGTA
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and laser insults reduced TJ integrity and increased permeability that was actively repaired
by transient localized Rho activation [33]. The dynamic degradation and rapid repair of
TJ proteins provides a brief window of permeability to the BBB, a feature that could be
exploited clinically for drug delivery to the CNS.

2.2. Pericytes

Pericytes play a crucial part of the NVU as they regulate cerebral blood flow, stabilizing
vessels, initiating angiogenesis, and maintaining the BBB. These cells make up a large
portion of the BBB, almost matching the number of endothelial cells [34]. The versatility
of pericytes is due to specialized subpopulations that support and regulate the BBB and
assist angiogenesis within the BBB. Ensheathing pericytes physically control cerebral blood
flow by contracting or relaxing within regions based on metabolic demand [35,36]. This is
achieved through expression of a-smooth muscle actin (a-SMA), tropomyosin, and myosin
[36—-38] that actuate contractile processes.

Defining subpopulations of pericytes can be complicated as there is no defined marker for
each type, rather they are referred to by protein expression that determines functionality

of the particular cell. Further complicating the categorization of pericytes, expression

of these defining proteins can be dependent on tissue-specific cell type, developmental
stage of angiogenesis, or maturity of the cell. Pericytes with the platelet-derived growth
factor-p (PDGFp) receptor are recruited by endothelial cells via PDGFp and transforming
growth factor-p (TGF- B), where they implant within the basement membrane of the blood
vessel to bolster the BBB [34,39]. These pericytes help to stabilize the vasculature [40],
control the cell cycle of endothelial cells [39], control regulation of TJ proteins [34],

and assist in angiogenesis by secreting notch homolog protein 3 (NOTCH3) and vascular
endothelial growth factor (VEGF) [36,40]. Pericyte cells express desmin and a-SMA that
form contractile filaments and allow cells to exhibit control of blood flow by constriction
on the blood vessels. Desmin and a-SMA expression in pericytes are found on venular and
arterioles, while only desmin+ cells are found on capillaries [41,42]. This likely indicates
that these cells have unique abilities that larger blood vessels require, while capillaries
may specifically require desmin+ pericytes only to regulate blood flow. Pericytes have also
been shown to exhibit immuno-regulatory functions through their capability to phagocytose
other cells, respond to inflammatory markers, and present antigens to T cells [43]. In
response to inflammatory cytokines interleukin-1b and tumor necrotic factor-alpha (TNF-a.),
pericytes can express matrix metalloprotease 9 which leads directly to BBB breakdown
[44,45]. Since these cells are an integral part of the BBB, damage to pericytes can have
detrimental effects on the BBB and the homeostasis of the CNS. In that light, loss of
pericytes likely exacerbates several adverse neurological conditions including Alzheimer’s
Disease and ischemia [35,46].

2.3. Astrocytes and the gliovascular unit

Glial cells are an integral part of the NVVU, and are intermediaries between neurons and
the vasculature, defining a smaller subset of the NVU called the gliovascular unit (GVU).
The GVU is primarily responsible for linking the needs of the neuronal population in
which they are embeded and the vasculature system that delivers the required oxygen
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and nutrients into the perivascular space. In vitro studies of astrocytes cocultured with
endothelial cells have suggested that a complex relationship exists between the two cell
types. Endothelial cells have shown increased expression of ABC transporters and TJ
proteins when they are co-cultured with either astrocytes or astrocyte conditioned media [47,
48], suggesting that cytokine signals from astrocytes create a stronger BBB. This could be
due to astrocytic expression of glucagon-like-peptide-1 (GLP-1R) which has been shown to
reduce the permeability of the BBB [49]. Co-culture studies have also shown the importance
of TGFB1, as reduction of this astrocytic-derived signal reduces Msfd2a in endothelial cells,
causing increased permeability [50]. However, astrocytes are also known to secrete vascular
endothelial growth factor VEGF and NFkB that act as pro-inflammatory effectors as well

as metalloproteinases (MMPs), chemokines and cytokines that can directly or indirectly
damage the BBB. Angiogenesis induced by VEGF causes a breakdown of the BBB by
downregulating CLDNS5 and OCLN allowing vascular modifications [51,52]. Leakage of
the BBB has been detected through measurements of FITC labeled dextran crossing into
regions of the CNS undergoing angiogenesis expressing elevated VEGF [53,54]. It has

also been found that over expression of MMP-9 causes the degradation of CLDN5 and
OCLN in vitro [55] and reductions of other TJ proteins in a mouse model of ischemia [56].
Furthermore, blocking MMP-9 prevents the degradation of TJ proteins and preserves the
functional integrity of the BBB in rat models of ischemia [57], suggesting the importance of
this class of proteins for BBB integrity.

2.4. Neurovascular coupling

Being highly specialized cells that require constant metabolic input, neurons act as overseers
of the NVU and regulate blood flow through a process called neurovascular coupling

or cerebral hyperemia. When neurons are activated, metabolic demand is increased to
restore ionic gradients, recycle neurotransmitters, or produce ATP. Increase in this metabolic
demand is largely driven by aerobic metabolism, requiring copious amounts of glucose

and oxygen. Neurovascular coupling is thought to induce vascular dilation via release of
many different vasoactive factors from regions of synaptically active neurons, increasing
access to glucose and oxygen to fuel high metabolic demands. These factors include
neurotransmitters, ions, and metabolic by-products released from neuron projections and
interneurons extending to the vasculature that act directly on the BBB or through distal
paracrine signaling extending to reach upstream arteriole regions of the vasculature (>100
mm) [58,59]. Of special note are the 3 isoforms of nitric oxide synthase (NOS) enzymes
that catalyze nitric oxide (NO), a potent vasodilator, from L-arginine; neuronal NOS (nNOS),
inducible NOS (iNOS), and endothelial NOS (eNOS). All three isoforms of NOS produce
NO and are expressed within the brain. Conflicting reports of NOS1-knockout mice (nNOS)
have shown a lack of dilation during stimulation [60] as well as normal NVC dilation
function [61]. This may indicate that other isoforms of NOS may help stabilize the loss of
neuronal NOS production, but also that neuronal activity is not the sole triggering event to
activate dilation [62].

Control of dilation in the microenvironment of the brain is hypothesized to rely on
retrograde neuronal signaling transmitted to the pial arteries and penetrating arterioles
which are wrapped in contractile smooth muscle cells. Early studies in rabbits showed
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that activation of NMDA receptors led to NO-mediated dilation of upstream pial arterioles
[63]. Since then, a host of other neurotransmitters have been linked to mediation of vascular
changes, including dopamine, substance P, serotonin, -y-aminobutyric acid, noradrenaline,
neuropeptide Y, somatostatin and acetylcholine [64,65]. While no consensus signaling
pathway within the neurovascular unit has emerged, it is likely that these signals can travel
a certain distance (>1 mm) via endothelial hyperpolarization to upstream pial arteries to
modify blood flow [66].

2.5. Glymphatics

Until recently, it was generally believed that the brain was responsible for recycling its
own waste while only a small amount of protein was shed back through the BBB due to
the lack of or of an ill-defined lymphatic system [67]. This idea changed when Iliff et

al. demonstrated clearance of cerebral spinal fluid (CSF) and A protein along perivenous
drainage pathways and reported it to be astrocytic protein aquaporin-4 (AQP4) dependent
[68,69]. Since then, it has been largely accepted that the glymphatic system is responsible
for maintaining and regulating cerebral fluid dynamics, hydrostatic pressure, waste product
removal and ion concentrations.

The glymphatic system facilitates waste clearance in the brain through the several different
mechanisms. Influx of CSF travels through the perivascular space surrounding penetrating
arteries, crossing into the interstitial space through AQP4 channels. Here it mixes with
interstitial fluids (ISF), releasing CSF waste consisting of metabolic byproducts, ions,

and fluids into the parenchyma. The resulting ISF are then drawn from arteries, through
the parenchyma and towards the veins of the paravenous space through a process called
convective flow [70,71]. This exchange of ions and flush of interstitial fluid waste is
regulated by arterial pulsations during deep sleep [69,70,72,73].

Proper waste clearance from the brain appears to be vital as neurodegeneration is being
attributed to glymphatic disfunction in the elderly. One hypothesis attributes age related
reductions of deep REM sleep with decreased arterial pulsations that drive clearance,
creating favorable conditions for A aggregation [70,72,74,75]. Additionally, cardiac health
and systemic blood pressure are the drivers of arterial pulsations, directly controlling
convective flow. This has been observed in murine models of both hypertension and diabetes
where direct reductions in glymphatic function were found [76,77].

3. Blood tumor barrier

The vast majority of brain cancers form due to metastasis of primary tumors of the lungs,
breast and skin [78]. This occurs when cells of the existing primary tumor release and enter
the circulatory system (lymphatics and blood), traverse, infiltrate and implant themselves
within the brain. As newly formed tumor cells grow and proliferate, nutrients are leeched
from the existing blood supply in a process called cooption [52,79,80] while simultaneously
new vasculature is created through the increased expression of VEGF by astrocytes and
pericytes (Fig. 1). Clinically, anti-angiogenic agents fail to stop tumor growth because
tumors have evolved multiple strategies to compensate for hypoxia and localized nutrient
deprivation [81]. However, some studies have shown the benefit of using anti-angiogenic
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agents alongside radiotherapy. It has been shown that as tumors grow past 1-2 mm in
diameter within the parenchyma of the brain, the protective nature of the BBB begins

to diminish, coinciding with the onset of tumor hypoxia [82,83]. Hypoxia triggers hypoxia-
inducible factor (HIF) stabilization that drives VEGF expression, known to promote vascular
permeability along-side its pro-angiogenesis functions, that contribute to irregularities in
the BTB as the tumor vasculature responds to dynamic changes in the microenvironment
[84-86]. However, use of anti-angiogenesis treatments that target VEGF/VEGF2 have

led to mixed results. According to Liu et al. this is likely due to GBM endothelial cell
transformation and genetic reprogramming that allows proliferation and migration even
under conditions of down regulated VEGF [87,88]. This indicates that other unknown
factors are involved in developing irregular, chemo-resistant vasculature of the BTB. Efforts
have also been focused on normalizing the tumor vasculature through the use of angiogenic
stimulators, (for reviews see Refs. [89,90]), with the overarching goal to reduce leakage,
increase oxygenation, and to facilitate immune cell infiltration to enhance sensitivity to
therapeutic intervention.

Tumor-derived angiogenesis plays only one part of BTB permeability as formation of

the tumor vasculature is structurally compromised at many levels. Brain tumors exhibit
altered expression of TJ proteins, contributing to vascular leakage via paracellular diffusion
[91,92]. This is likely due to reductions in Kruppel-like transcription factor 4 (KLF4)
expression, resulting in decreased mRNA production of TJ proteins Claudin5, ZO-1 and
Occludin [92]. Further, measurements of GBM in patients indicate down regulation of

the critical TJ proteins Claudinl, 3, and 5 [91]. While these changes in TJ proteins are
wide spread, resultant vascular permeability is heterogeneous across the BTB, evident from
unequal distribution of low molecular weight compounds within brain tumors [93]. Despite
research focused on manipulating the BTB in efforts to aid drug delivery, realizing bona-fide
improvements in the therapeutic index have been difficult to obtain.

While endothelial cells within the BBB are the first line of defense against intrusion of
foreign materials, their presence in the BTB can be compromised during tumor progression
leading to enhanced leakage. Tumor growth can alter expression and integrity of TJ proteins
while inducing angiogenesis and adversely impact the expression of transporter proteins
that help maintain homeostasis. Mfsd2a, a DHA transporter, downregulated within the
endothelial cells of the BTB, has been found to be attributed to widespread leakage [50].
Significant loss of perivascular astrocytes in the developing BTB and a subsequent decrease
in TGFP1 was speculated to decrease Mfsd2a expression, thereby reducing the protective
properties of endothelial cells in the BTB [50]. Liquid chromatography with tandem mass
spectrometry measurements of GBM vasculature samples show a significant decrease of
facilitator transporter Glutl and efflux transporters ABCB1 And ABCG2 [94]. Disruption of
these transport markers likely play a large part in BTB permeability, as shown in knockout
models showing increased influx of fluorescent labeled 10 kDa dextran into the normal
tissue parenchyma [27].

Reduction in pericyte numbers correlates with increased permeability within the BTB. In
a clinical study following GBM patients, pericyte coverage was inversely correlated to the
prognosis of patients treated with chemotherapeutic drugs [95]. The authors attribute the
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extended life span of these patients to the increase in BTB permeability, allowing enhanced
chemotherapeutic access to the tumors. In breast cancer metastasis of the brain, it was found
that PDGFRB+ pericytes decreased by 75%, while Desmin+ pericyte cell numbers more
than doubled along the BTB [93]. Desmin+ pericytes are less involved with protection of the
BBB than their PDGFRB+ counterparts and are found to migrate and accumulate in newly
forming BTB to promote angiogenesis [96]. While further work is required to determine the
individual roles of these different classes of pericytes, it is interesting to note that the BTB
can alter subpopulations of these cells to actively modulate vascularization.

The transition from a normal to a cancerous cell is a complex process that is incompletely
understood. The brain is particularly susceptible to oxidative damage due to its high
metabolic demands, vascularization, oxygen utilization and lipid content. The collective
generation of reactive oxygen and nitrogen species (ROS and RNS) leads to macromolecule
damage, lipid peroxidation, and reactive aldehydes which promote carcinogenesis and
continue throughout tumorigenic growth. Several studies have revealed that a biproduct

of oxidative stress, 4-hydroxynonenal (4-HNE), is increased in regions of brain tumors and
correlates with poorer prognosis [97-99]. In addition, the GBM stem cell marker CD133 has
been found to co-label with 4-HNE, suggesting that 4-HNE may play a role in cancer stem
cell transitions [100]. Oxidative injury caused by lipid peroxidation and reactive aldehydes
lead to upregulation of matrix metalloproteinases (MMPs), ultimately leading to breakdown
of the extracellular matrix and increases in vascular permeability [101], a pattern that has
been observed within GBM [98]. An in vitro study of rat brain endothelial cells exposed

to 4-HNE exhibited increases in sodium fluorescein permeability by 10 fold within 20 min,
highlighting its ability to modify the extracellular matrix that maintains the vasculature
[102]. Furthermore, 4-HNE has been equated to a growth regulating factor as it is highly
expressed during conditions of sepsis and ischemia within the brain [103]. Drawing on
these studies, it seems likely that 4-HNE is involved in remodeling the stromal and tumor
vasculature, allowing tumors to hijack vessels and nutrients for their growth.

As gliomas grow and co-opt surrounding blood vessels, astrocytic endfeet are displaced
from the vasculature, thereby disrupting homeostasis of the surrounding neurons [80,104—
106]. As gliomas increasingly co-opt the NVVU, they produce VEGF to elicit angiogenesis,
promoting blood vessel dilation and regional NVVU permeability along the BTB [4].
Astrocytic endfeet also play a role in brain metastasis, as activated astrocytes physically
surround the growing lesion to trigger a neuroinflammatory response. Activated astrocytes
have been found to upregulate astrocytic sphigosine-1 phosphate receptor 3 (S1P3) which
was found to inhibit constriction of the BTB. Additionally, by knocking down S1P3 in an
in vitro model of activated or reactive astrocytes, reduced permeability was found within
both the BBB and BTB as well as decreases in secreted chemokines, growth factors and
interleukins [107]. While astrocytes are not as directly involved in forming a physical barrier
as pericytes and endothelial cells, they play key regulatory roles in the secretion of multiple
factors that maintain equilibrium among the collective components of the NVU.

Free Radic Biol Med. Author manuscript; available in PMC 2022 March 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allen and Limoli Page 9

4. Radiation induced changed within the BBB and BTB

Radiotherapy is frequently prescribed for the treatment of CNS tumors and vascular
malformations, inducing damage to the target region as well as to any normal tissue along
the path of the beam. Damage produced by irradiation of tissue is caused by both direct and
indirect pathways. Direct ionization of cellular macromolecules including DNA, RNA, lipids
and proteins can induce lethal or sublethal damage to a cell [108]. lonizing radiation also
indirectly damages cells through the generation of reactive oxygen species that damage
intracellular target molecules [108]. Resultant damage can lead to mitotic catastrophe,
necrosis, apoptosis, autophagy, or senescence (Fig. 2). As a potent radiosensitizer, oxygen
levels play a large role in dictating therapeutic outcomes, and vascular irregularities common
to tumors routinely lead to hypoxia that compromises curative intent. Dose fractionation,
beam modalities, and stereotaxic approaches are used to maximize damage to the tumor
while minimizing exposure to the surrounding normal tissue. However, unavoidable vascular
injury to normal tissues can still impact both acute and late responses to radiotherapy. Of
particular concern to clinicians is the development of edema and the increased risk of stroke,
late effects that transpire in the irradiated brain alongside white matter necrosis, lacunar
infarcts, and parenchymal calcification, although each transpires with temporally distinct
onsets [109].

Shortly after CNS irradiation, injection of radioactive tracers or fluorescent dyes indicate
leakage of the BBB in human clinical trials, and in in vitro and in vivo models [7,110-116].
Within the first 24 h after irradiation, vascular leakage is attributed to radiation-induced

cell death. In one study, a 25 Gy dose resulted in a 15% reduction of endothelial cells

within the CNS 24 h later [117]. Direct irradiation, or subsequent ROS production can
induce apoptosis, typically starting at 4 h post-irradiation and peaking at approximately

12 h, leaving gaps within the barrier [118-120]. An in vitro model of H,O»-induced
oxidative stress indicated that induction of lipid peroxidation in cerebral endothelial cells

led to membrane dysfunction [122]. Furthermore, an in vitro BBB model using 4-HNE

was shown to increase permeability of fluorescein, likely due to a reduction in glutathione,
indicating that oxidative stress was the primary cause [102]. These effects are also observed
in tumors as oxidative stress and subsequent lipid peroxidation of the vasculature can modify
VEGF expression leading to vascular irregularities and leakage in irradiated GBMs [121].
Functional alterations persisting in irradiated endothelial cells that survive exposure can
contribute further to permeability. Interestingly, endothelial cell expression of P-glycoprotein
as well as modified glutathione, which upregulates efflux transporters, has been shown

to increase after radiation exposure [123,124]. Such an effect can compromise treatment
efficacy, as radiation induced overexpression of efflux transporters reduces the half-life of
chemotherapeutics in the tumor.

Radiation exposure has also been shown to induce delayed vascular dilation within the
brain, likely due to an increase in eNOS production [113,114,115]. Over expression of
eNOS has, in part been linked to induction of vasogenic edema [125,126] which can elevate
intracranial pressure leading to white matter necrosis. Breakdown of the BBB allows for
intravascular proteins and fluid exchange into the extracellular space. Areas of white matter
are particularly susceptible due to lowered tissue density, increased number of parallel
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axonal tracts and the ability of fluids to enter and travel along the white matter tracts [127].
Furthermore, vasogenic edema contributes to only a portion of intracranial pressure build up,
as the glymphatic system should work to reduce pressure and remove waste. It is likely that
the glymphatic system is compromised after radiotherapy, however, to date few studies have
directly interrogated glymphatic system function after clinical radiotherapy regimens.

As detailed above, TJ proteins between endothelial cells dictate the integrity of the BBB.
While cranial irradiation leads to minimal changes in TJ protein levels within 24 h,
modifications are found within the subsequent weeks [8,115], where reduced levels of

TJ proteins were observed. Protracted changes in TJ proteins may portend longer-term
cerebrovascular complications such as stroke and edema [128-130]. Of particular interest
is the expression of VEGF, as it has been shown to be upregulated after irradiation and

is known to alter expression and phosphorylation of TJ proteins [52,131,132]. While anti-
VEGF treatments have proved to be relatively ineffective in clinical efforts to forestall
tumor vascularization and growth [133], they may reduce fenestrations and damage to TJs
[134,135].

Pericytes of the BBB are particularly susceptible to radiation induced cell death and could
contribute regions of necrosis in the brain through reduced vasculature homeostasis. In

a post-mortem analysis of normal tissue after GBM treatment, Lee et al. found that
radionecrotic tissues of the BBB were devoid of pericyte support cells even though no
morphological changes to the vasculature were found [136]. The authors posit that the

lack of pericyte support within the cerebral vasculature could be responsible for fibrinoid
necrosis and telangiectasis; However, it could be possible that cell death of these pericytes
is caused by some unknown factor in the regions of necrosis. While this study provides

the first evidence linking pericyte loss to radiation necrosis, it has also been found that

loss of these cells leads to increased neuroinflammation in pericyte deficient mouse models
[137] and permanent vascular constriction [35]. It is therefore pertinent to the field of
radiobiology to further investigate the radio-response of pericyte cells as they may play a
vital role in regulating the neuroinflammatory response post-irradiation. Indeed, strategies
able to augment or recruit pericytes to the BTB could improve GBM therapeutic outcome by
improving vascularization, reducing hypoxia and enhancing radiosensitivity [90, 138].

In addition to cells of the NVU being susceptible to radiation induced apoptosis, senescence
remains a great concern as it initiates persistent injury signatures within the normal tissue.
Endothelial cells that survive radiation exposure may enter senescence which leads to
further breakdown of the vasculature [139-141]. Studies in senescence accelerated mice
(SAMPS8), increases in BBB leakage were found from the initial screening at 3 months

of age until end of life at 12—15 months [142, 143]. Such data suggest that BBB damage
from senescent endothelial cells is not repaired and/or contributes to a senescence associated
secretory phenotype (SASP) and may persist chronically. SASP modified cell expression
alters interleukins, chemokines, growth factors, and proteases that create a protumorigenic
environment by enabling tumor growth and metastasis [144]. In addition to endothelial
cells, radiation-induced senescence of astrocytes is of particular concern as these cells
escape apoptosis and linger within the parenchyma to foster chronic inflammation [145].
Senescent astrocytes have been reported to secrete proinflammatory cytokines I1L-6, IL-1p,
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TNF-a [146,147] which can mediate persistent inflammatory signaling in the irradiated
brain [148,149].

5. Clinical manipulation of the BBB and BTB

The idea that radiation alone or in combination with chemotherapy might provide an avenue
for increasing the efficacy of brain tumor treatments has been a topic explored extensively
[15,90,150]. Under normal, healthy conditions, endothelial cells of the BBB are known to
actively remove anticancer agents by way of ATP dependent efflux transporters, reducing
cytotoxicity [11-13,151]. By using tumor targeted therapies, clinicians could capitalize on
the inherent leakiness of the BTB, while the intact BBB protects the normal tissue from
treatments. While tumor morphology is generally thought to play a role in permeability,

as masses of larger size exhibit more leakage than smaller tumors [83,152,153], some
observations contradict this assertion [114]. To further complicate matters, tumor lineage
must be considered, as phenotypic differences between GBM and metastatic tumors of
various other origins influence success of induced permeabilization. Measurements of
tumors indicated that morphometrically GBMs are far more engrafted into the normal tissue
of the CNS while metastases are generally ovoidal in shape with a clearly defined border.
Both tumor types have similar levels of cerebral blood flow, however GBMs are more

prone to hemorrhaging, indicating potential predisposition to leakage on a greater scale
than secondary tumors [154,155]. One factor to consider is that alterations to metastatic
permeability are likely due to the genetic background of the founding tumor along with
patient specific factors such as sex and age and origin of the metastasis. Differences

in cytokine pattern expression from metastatic tumor origins could potentially lead to
different vasculature phenotypes. One particular observation has shown that edema around
secondary metastatic tumors is far higher when they originated in the lung as compared to
the breast [156], likely due to increased aggressiveness and inflammation in lung cancer.
Unfortunately, current literature lacks critical reviews of vasculature phenotypes of different
metastatic tumors, as it may become clear that bypassing the BTB will require therapeutic
treatment tailored to metastasis origins. Numerous studies have been performed to bypass
the BBB or BTB by use of both physical and chemical interventions to improve efficacy of
drug delivery. While many of these techniques have proven to increase permeability of the
BBB, few have been shown to improve clinical treatment efficacy.

5.1. - Radiation

As described, radiation alters the microenvironment of both tumor and normal tissues
though a variety of mechanisms. The effects of radiation exposure on the BBB have been
studied for decades [157-159], and while numerous animal studies have reported an increase
in BBB permeability, these effects have been difficult to leverage for therapeutic gain when
applied to the BTB. In part this may be due to difficulties in defining a reliable window of
time following irradiation to deliver chemotherapeutic interventions. In studies of radiation
induced BBB openings in mice, a single acute 20 Gy dose induced openings in the BBB

that can manifest anywhere between 24 h and 90 days post irradiation [139,160]. One
particular study suggests that to induce permeability of the BBB, total doses of 20-30 Gy
delivered at 3 Gy/fraction are required [161]; however, to reduce long-term neurotoxicity it

Free Radic Biol Med. Author manuscript; available in PMC 2022 March 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allen and Limoli

Page 12

also been suggested that fraction sizes of under 2 Gy are required [162]. Late responding
tissues (7.e., brain, spinal cord, lung, esophagus, kidney) to radiation toxicities have long
been known to be sensitive to the dose/-fraction. Additionally, the dynamics of radiation
induced BTB permeability follow very different kinetics within a given tumor as they

are heterogeneous, fluctuating with density and distance from sources of oxygen. These
considerations are clearly impacted by tumor size as Teng et al. has found that while small
metastatic tumors exhibit less leakage than larger, they display higher levels of radiation
induced leakage in human patients [6]. Such data suggests limitations in the amount of
radiation induced vascular leakage that can be induced in tumors, prompting the search for
alternative treatments to enhance the potential of this therapeutic strategy.

Radiotherapy fractionation schedules must also account for total dose, number of fractions,
tissue organization, and target volumes to minimize early and late toxicities. While late
toxicities in the brain and other tissues are largely attributed to functional changes in
parenchymal cells involving secondary cascades of oxidative stress and inflammation,
stromal compartments cannot be discounted. Indeed, precisely how different primary and
secondary malignancies in the brain recruit, organize and re-program host stromal cells and
the microenvironment will likely dictate the success of any strategy designed to transiently
permeabilize the BTB. In support of this, other methods of permeabilizing the BTB are
likely required to open the vasculature up enough to support therapeutic gains.

5.2.- Mechanical disruption of the BBB

Hyperosmotic agents and focused ultrasound (FUS) are two primary methods of mechanical
BBB disruptions that increase permeability in the vasculature by exerting pressure on
endothelial cells and TJ proteins. For several decades, osmotic disruption of the BBB

has been studied with mixed results. Initially early studies discovered that injecting
hyperosmaotic solution of urea led to shrinkage of the endothelial cells, breaking TJ bonds
and allowing agents within the blood to pass through paracellular pathways [163,164]. These
principal findings led to the experimental use of mannitol, another hyperosmotic agent,

just prior to chemotherapeutic delivery to prime the BBB and BTB for uptake. Limited
clinical studies of mannitol, delivered via the carotid artery just prior to chemotherapy,

have shown improved delivery of chemotherapeutic agents in both normal and tumor tissue
[165,166]. However, use of hyperosmatic agents lack the specificity to open only the BTB,
ultimately leading to difficulty in leveraging therapeutic gain as tumor and normal tissue
damage from chemotherapeutics will have to be balanced. Additionally, this treatment is
particularly difficult to perform as a surgically implanted intra-arterial cranial catheter is
required, involving an extended hospital stay and the use of general anesthesia and is not
without risk.

One of the more promising and far less invasive methods of mechanical BBB disruption is
the combined use of circulating microbubbles (MB) and FUS. Having first been investigated
to induce thermal lesions within the brain (Lynn et al., 1942), increased permeability of

the BBB was found as a side effect for a brief period of ~24 h [167]. Currently accepted
methods utilize an injection of lipid, albumin, or polymer MB which are then vibrated using
FUS, causing a physical disruption of the vasculature for anywhere between 6 and 24 h
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after treatment [167-169]. Though the exact mechanism of opening the BBB is unknown,
it is hypothesized that rapid expansion and contraction of the microbubbles exerts pressure
against the vessel walls to break the TJs of non-fenestrated capillaries.

While FUS holds promise as a novel technique to aid in drug delivery past the BBB, the
overall safety is still being evaluated. FUS has been used within numerous regions of the
human brain with only mild to moderate side effects [170]; however one of those side
effects, a short lived inflammatory response, has received attention as of late. Upregulation
of gene transcription associated with inflammation has been observed 6 h post-FUS +

MB that returned to baseline within 24 h [171]. Additionally, numerous proinflammatory
markers including in IBA-1, GFAP, CD68, and apoptosis (Tunel+) were found to increase
within the first 24 h [172]. Genomic analysis corroborated these findings as upregulation
of inflammatory genes were correlated to an increase in BBB permeability after receiving
FUS + MB [171]. While FUS + MB induced inflammation is of concern and requires further
interrogation, human clinical studies have continued showing minimal side effects.

5.3.- Manipulation of receptor-mediated transporters

Receptor mediated transporters embedded within endothelial cell of the BBB and BTB
actively work to pull molecules across the vasculature. It has been hypothesized that
manipulation of these transporters using chemical interventions and antigen masking could
allow chemicals to cross into the parenchyma; however, these studies have found limited
success. In one approach, strategies were developed to expose transferrin and insulin
receptors by masking drugs with antibodies that would facilitate transport across the BTB
[173]. Of particular interest to researchers was the manipulation of transferrin receptor as
it has been found that they are over expressed within tumors [174]. Early clinical trials
presented great success in a variety of cancer types [175], however phase-111 trials indicated
high level of toxicity for the transferrin conjugates [176]. Despite tumor overexpression of
transferrin, limitations of this treatment are due to ubiquitous expression of this receptor
throughout the body, allowing for dispersal of toxic drugs in a not specific manner.

Others have experimented using a class of antibodies called “angiopeps” that target
lipoprotein receptor-related protein (LRP-1) [10,177]. Development of a new drug
combining paclitaxel and the angiopep2 protein called ANG1005 was hypothesized to

cross the BBB via LRP-1 mediated transcytosis. One study implementing ANG1005 using
tumor-bearing and tumor-free mice found that it was able to cross both the BBB and BTB,
but uptake was only 30—40% of the expected value in either [178]. The authors speculated
that this was due to either multiple unknown uptake mechanisms or transport played a much
smaller role in transiting these conjugates across the BBB/BTB than anticipated. Phase-II
clinical trial in patients with breast cancer metastasis underwent ANG1005 treatment leading
to an increased treatment effect [179]. Phase-111 trials are underway and are expected to

be completed in 2024. This drug, similar to many other treatments previously discussed

is nonspecifically distributed and requires dose limitations due to normal tissue toxicity.
The lack of tumor specificity in many of these treatments highlights the need to further
understand differences between the BBB and BTB to hopefully lead to the development of
targeted therapeutic treatments.
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5.4. Manipulation of cellular pathways

Upregulation of NOS after radiotherapy leads to secondary side effects of BBB leakage
and edema, as previously mentioned. Reducing the deleterious effects of radiotherapy
through protection of the BBB may well ameliorate radiation-induced neurotoxic leakage
and improve outcomes for survivors of GBM and brain metastases. Pre-clinical studies have
shown the benefits of NOS inhibitors on the rat blood retinal barrier (BRB) by reducing
NO formation and downstream reactive species (/.. peroxynitrite), as well as preserving
occludin expression after electromagnetic pulse radiation exposure [180]. Use of NOS
inhibitors have also proven beneficial in protecting the BBB in rodent models of acute
ischemia [181-183]. Further, given the wealth of preclinical data on the benefits of NOS
inhibition after traumatic brain injury, the drug Ronopterin was developed for human use
to combat vascular disturbances. Recent clinical trials of Ronopterin (VAS203) in patients
with moderate and severe traumatic brain injury showed improved recovery as indicated
by the Glasgow Outcome Scale [184]. However, phase 11 clinical trials have recently been
completed for Ronopterin and have failed to find statistical significance between the placebo
and drug (NCT02794168). On a more positive note, pre-clinical studies of squamous
carcinoma xenografts in mice found that use of a NOS inhibitor, L-NNA, decreased in
tumor blood flow and increased tumor growth control when given alone or when combined
with 4 Gy irradiation [185]. Thus, while previous clinical trials failed to find significant
benefits using NOS inhibitors for traumatic brain injury, their potential utility to minimize
vascular damage and control tumor growth suggest an opportunity for the management of
cancer.

Oxidative stress is an early and key initiator of radiation-induced damage within the CNS, as
antioxidant mechanisms can succumb when faced with a heavy burden of reactive species.
Under normal conditions, cells use glutathione, catalases, and a family of superoxide
dismutase (SOD) enzymes to detoxify reactive species and prevent them from damaging
cellular components, including the CNS vasculature [186]. Given the active metabolic state
of the brain, these protective systems can be compromised after irradiation [187]. Redox-
active and lipophilic cationic compounds that act as SOD mimetics provide one strategy

for minimizing oxidative stress and injury in the CNS, especially given their capability to
cross the BBB and accumulate in the mitochondria [188,189]. Reducing oxidative stress by
increasing SOD activity has proven beneficial to the maintenance of BBB integrity in both in
vivo and in vitro models [190,191]. Manganese porphyrin compounds are a particular class
of SOD mimetics that exert anti-inflammatory effects through the blockade of transcription
factors NF-xB and HIF-1a [192-194]. The manganese porphyrin compound BMX-001,

is currently in a phase 2 trial in combination with temozolomide and radiotherapy for

the treatment of high-grade gliomas or multiple brain metastases, in efforts to ameliorate

the deterioration of cognitive outcomes and quality of life [[188,195], NCT02655601,
NCT03608020]. While these clinical studies focus on quality of life outcomes in brain
tumor survivors, SOD mimetics may also prove helpful in minimizing related vasculature
side effects associated with edema and ischemia.
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6. Conclusions and future perspectives

Radiotherapy is a double-edged sword when treating CNS tumors, while effective at
forestalling tumor growth it invariably damages the delicate normal tissue structures that are
critical to neurocognitive functionality. Despite ever improving radiotherapeutic modalities,
overall survival of GBM patients remains dismal, and normal tissue complications resulting
from cranial irradiation of primary and secondary CNS malignancies still confound quality
of life. The latter is particularly true for childhood brain cancer, where despite success in
eradicating tumors, longer term survival is plagued by neurocognitive and cerebrovascular
complications. Fractionation schedules and stereotactic approaches have been adapted to
reduce the amount of normal tissue damage, however, unintended consequences of treatment
that manifest as cognitive dysfunction, edema, white matter necrosis, lacunar infarcts, and
parenchymal calcification remain unmet medical needs.

This review highlights the limitations of using radiotherapy as a tool to permeabilize the
BTB, where transient and incomplete opening of the tumor vasculature preclude optimal
penetrance of drugs to the tumor parenchyma. While more focused research efforts have
been placed on opening the BTB with radiation, the promise of alternative approaches
involving focused ultrasound and angiopeps, have yet to be optimized. Given the foregoing,
and the limitations of treating cerebral tumors with drugs, radiotherapy will likely remain

a frontline treatment for controlling malignant growth in the brain. Thus, oncologists must
balance curative intent that is largely dependent on delivering higher total doses, against the
cost of elevating normal tissue damage, which becomes increasingly difficult with larger
treatment volumes that may include critical structures.

Modern day radiotherapy reduces normal tissue injury by implementing select fractionation
schemes tailored to tumors residing in early (e.g. Gl) or late (e.g. CNS) responding

normal tissue beds. Fractionation along with advancements in conformal beam delivery
have resulted in significant benefits, but collateral damage remains problematic for

normal tissues, and dictates dose limiting toxicities that define the maximum tolerated
dose that can be prescribed. In this light, evidence does not support the hypothesis

that the vascular compartment is the dominant factor dictating neurocognitive outcomes
following cranial radiotherapy, although for cerebrovascular complications, vascular and
stromal compartments are likely to play prominent roles. Regardless of the target, recent
developments in ultra-high dose rate “FLASH” radiotherapy using instantaneous dose rates
> 10°% Gy/s may provide novel capability to resolve many long-standing issues related to
dose limiting normal tissue toxicities. Central to this emerging radiation modality is that
dose rate modulation can be used for therapeutic gain. Evidence in support of this comes
from multiple preclinical models, but perhaps most convincingly in the CNS. FLASH
radiotherapy has been found to elicit isoefficient tumor kill, but in the relative absence

of normal tissue complications that confound standard-of-care conventional irradiation
protocols using low dose rates of >0.01 Gy/s [196-199]. While recent interest in this new
technique has been robust, to date, only one study has focused on the protective impact of
FLASH radiotherapy on the BBB. In that work, FLASH irradiation was found to preserve TJ
proteins and reduce eNOS dependent vasculature dilation, a beneficial effect not observed
after conventional irradiation [8].
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Given the widespread normal tissue benefits of FLASH radiotherapy, within and peripheral
to the CNS, it is plausible that cells within the NVU exposed to ultra-high dose rate radiation
will undergo reduced apoptosis and/or senescence, thereby aiding in the maintenance

of BBB integrity (Fig. 2-C.). Beyond the CNS, Velalopoulou et al. (2021) has shown
peripheral vascular benefits using proton irradiation delivered at 69 Gy/s (i.e. proton
FLASH) to the hind limb in rodents. Irradiation of the highly vascularized hind limb

by either proton FLASH or conventional proton dose rates produced an equal amount of
low-grade lymphedema approximately 7 weeks later in rats. Conversely, standard dose rate
irradiation, but not proton FLASH, led to severe late onset lymphedema, hypothesized

to have developed from late forming fibrosis [200]. While the extent to which radiation
induced disruptions to glymphatic clearance in the CNS remain uncertain, the study by
Velalopoulou et al. does suggest that protection of lymphatic clearance can be realized by
FLASH. As the mechanism of action behind the protective effects of FLASH on normal
tissue remain incompletely understood, additional studies are warranted to elucidate the
extent of BBB protection and its potential differential impact on the BTB. This underscores
the need for more definitive comparisons between radiation dose rates on the cerebral and
tumor vasculature in efforts to translate this promising technology from the preclinical to
clinical setting.

This review has focused on differences that distinguish the radiobiological effects on the
BBB from those observed for the BTB, highlighting the dysregulated development and leaky
nature of the tumor vasculature that is primarily driven by hypoxia, cell senescence, and loss
of proteins and transporters. While the current state of technology has not produced robust
interventions to improve chemotherapeutic delivery to the tumor parenchyma in the brain,

it remains a task worthy of continued investigation, especially given the adverse clinical
outcomes facing brain tumor patients. Understanding key distinctions between the BBB and
BTB will be critically important to address the efficacy of future interventions targeted to
the vasculature. Ultimately this will lead to a more comprehensive understanding of the
fundamental biological variations between normal and tumor tissues and how they can be
exploited more effectively for therapeutic gain.
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Fig. 1. Comparison of the neurovascular unit of theblood brain barrier and blood tumor barrier.
Normal vasculature of the brain develops from pial arteries to arterioles to capillaries

where transfer of nutrients and oxygen can take place. In the normal tissue, capillaries

are spread out somewhat uniformly to ensure equal distribution. In the BTB, there is a
reduced presence of capillary endings and an irregular overlay creating areas of hypoxic
tumor tissue. (A) In the normal tissue capillaries, the neurovascular unit controls the influx
of materials by forming a non-fenestrated endothelial cell layer that is tightly bound together
with TJ proteins. These are enveloped by pericyte cells and astrocytic endfeet that aid in
maintaining the endothelial cell transport proteins, TJ proteins, induction of angiogenesis,
and influx of ions and fluids. This is controlled by local input as well as neuronal demand
that can interact directly or through astrocytic channels. (B) Within the BTB, integrity is
compromised. Tumor cells attach to the outer vascular wall and induce vascular growth
through VEGF expression. The new capillary bed is irregular and leaves areas of the tumor
hypoxic. The new vasculature becomes the foundation of the BTB and has been found

to have reductions in astrocytic endfeet coverage, pericyte cells, TJ proteins, and neuron
attachment. The resulting capillary wall of the BTB is susceptible to neurotoxic leakage.
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Fig. 2.
Irradiation of the blood brain barrier leads to damage of the neurovascular unit. Vasculature

of the BBB is susceptible to radiotherapy treatment, inducing modifications to protein
expression and apoptosis and senescence of cells that alter homeostasis. (A) Normal BBB
expresses high levels of TJ proteins, sealing gaps between endothelial cells, preventing
paracellular crossing. Expression of efferent pumps on the lumen side of endothelial

cells actively work to remove foreign materials and chemotherapeutic drugs from the

brain. Pericytes embedded within the basement membrane provide support and regulation
over dilation and TJ expression. Astrocytic endfeet express aquaporin protein (AQP4),
regulating fluid transfer across the membrane. (B) Radiotherapy induces leakage of the BBB
through apoptosis and senescence in cells of the NVU. Additionally, declines in TJ protein
expression lead to vascular leakage through paracellular channels. Pericyte subpopulations
respond to BBB damage by reducing expression of PDGFRp and replacing it with desmin.
Astrocytes produce irregular expression of AQP4, contributing directly to dysregulated fluid
transfer into the CNS, causing edema. (C) Ultra-high dose rate FLASH irradiation protects
the vasculature through reduced induction of cellular apoptosis and conservation of TJ
proteins. Due to the normal tissue sparing effect observed in previous FLASH irradiation
studies, we hypothesize that protection of the BBB is due to reduced toxicity to endothelial
cells, pericytes, and astrocytic endfeet.
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