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Abstract

Glioblastoma (GBM) is the most common primary malignant astrocytoma characterized by
extensive invasion, angiogenesis, hypoxia and micrometastasis. Despite the relatively leaky nature
of GBM blood vessels, effective delivery of anti-tumor therapeutics has been a major challenge
due to the complications caused by the blood brain barrier (BBB) and the highly torturous nature
of newly formed tumor vasculature (blood tumor barrier-BTB). External beam radiation therapy
was previously shown to be an effective means of permeabilizing central nervous system (CNS)
barriers. By using targeted short ranged radionuclides, we show for the first time that our targeted
actinium-225 labeled a.,B3-specific liposomes (22°Ac-1A-TLs) caused catastrophic double
stranded DNA breaks and significantly enhanced the permeability of BBB and BTB in mice
bearing orthotopic GBMs. Histological studies revealed characteristic a-particle induced double
strand breaks within tumors but was not significantly present in normal brain regions away from
the tumor where BBB permeability was observed. These findings indicate that the enhanced
vascular permeability in these distal regions did not result from direct a-particle induced DNA
damage. Based on these results, in addition to their direct anti-tumor effects, 225Ac-1A-TLs can
potentially be used to enhance the permeability of BBB and BTB for effective delivery of
systemically administered anti-tumor therapeutics.

Keywords

Alpha particle radiotherapy; Blood brain-tumor barrier; Glioblastoma; Integrin a,f3; Drug
delivery

*Addressall correspondence to: Akiva Mintz, MD, PhD, MHA, Wake Forest Baptist Medical Center, 1 Medical Center Blvd,
Winston-Salem, NC 27157. amintz@wakehealth.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sattiraju et al. Page 2

INTRODUCTION

Glioblastoma (GBM) is the most common and aggressive primary malignant astrocytoma
which accounts for nearly 15,000 deaths annually (1). GBMs are characterized by
infiltrating margins, angiogenesis and micrometastasis which result in residual disease that
persists even after treatment, giving rise to aggressive tumors which are often resistant to
standard therapy (2—4). Surgical resection, external beam radiotherapy and conventional
chemotherapy only improve patient survival by a few months. Importantly, many
chemotherapies and systemically administered anti-GBM therapies which have been shown
to be very effective /n vitro are not effective in the clinic due to their poor and non-uniform
distribution within the central nervous system (CNS) (5,6).

The Blood Brain Barrier (BBB) is a protective vascular architecture shown to complicate the
effective diffusion of systemically administered therapies into the CNS for treating various
neurological disorders (7-13). Therefore, significant efforts are being made to design safe
and sophisticated strategies to bypass such barriers for efficient drug delivery (14-17).
Multiple recent studies have shown that exposure to external beam radiation enhances BTB
permeability in mice bearing orthotopic GBMs (18-22). These studies highlight the effect of
ionizing radiation on the permeability of the BTB and the potential of using targeted
molecular radiotherapeutics for this purpose with the added benefit of limiting collateral
damage to healthy brain tissue. a-particle irradiation is characterized by a short range (50—
100pm) and high linear energy transfer (~80keV/um) which causes irreparable DNA double
strand breaks. Actinium (22°Ac) is effective for use in such strategies due to its 10 day half-
life and the release of four a-particles upon its decay (23). Targeting a-particles towards
tumor specific cell surface receptors can spare healthy brain tissue surrounding tumors (24).
While we and others have demonstrated the potential of using targeted p-emitting
radiotherapy (25), its relatively long range energy and significantly lower killing potential
make B-emitting radioisotopes less attractive than a-particle emitters in resistant brain
cancers that exist in the immediate vicinity of normal brain.

Tumors are characterized by extensive accumulation of fluid due to leaky blood vessels
resulting from disorganized angiogenic endothelial cells and lack effective lymphatic
drainage (26). This property of tumors, termed Enhanced Permeability and Retention (EPR),
allows nanoparticles to passively accumulate within tumor tissue. By targeting liposomes,
we can not only deliver nanoparticles to tumor tissue passively by EPR, but also actively
target them to tumor specific cell surface receptors resulting in their retention and
internalization (27-29).

The purpose of this work is to demonstrate the effectiveness of 225Ac-labeled targeted
liposomes (2°Ac-TL) to both enhance the BBB/BTB permeability to systemically delivered
agents as well as to elicit characteristic double stranded DNA breaks in tumors. To
accomplish these goals, we targeted liposomes to the well characterized integrin alpha-V
beta-3 (aB3), which is not only highly expressed on angiogenic endothelial cells but also on
GBM cells at margins of invasion (30,31). We therefore developed a small molecule integrin
antagonist (1A) that we previously reported to strongly bind a3 integrin and is now in
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early stage clinical trials (32-38). We subsequently showed the specificity of our targeted
liposomes towards integrin a, B3 using human glioma cell lines and human umbilical cord
vascular endothelial cells /n vitro. This specificity was reinforced by demonstrating binding
of IA-TLs to the a,f3 expressing M21 human melanoma cell line but lack of binding to the
control matched M21L cell line, which is a stable variant of M21 cell line lacking a.,f3
expression (39). Therefore, for this work, we targeted 22°Ac-labeled liposomes with IA and
examined their effects on enhancing BBB/BTB permeability by evaluating the extravasation
of systemically administered albumin binding dye (Evans Blue dye) and MR contrast
(Gadopentetic acid) into neural and GBM tissue. Extravasation of Evans Blue dye and
gadopentetic acid which have a molecular weight that is similar or higher than that of
commonly used chemotherapeutic agents such as temozolomide indicates that our alpha
particle based strategy could potentially be used to deliver systemic therapies more
effectively to GBMs.

MATERIALS AND METHODS

Animals

Cell culture

Male immunocompetent and athymic nude mice were purchased from Taconic Farms. All
colonies were housed in a pathogen-free facility of the Animal Research Program at Wake
Forest School of Medicine under a 12:12-h light/dark cycle and fed ad libitum. The
institutional IACUC guidelines for the care and use of laboratory animals were followed for
all in vivo experiments.

U87 MG human GBM cell line was acquired from ATCC in 2008 and cultured in DMEM
media (Corning, NY) supplemented with 10% FBS (Invitrogen) and 1% Antibiotic-
Antimycotic (Gibco). Early passage cells were cryopreserved in freezing medium containing
5% DMSO (ThemoFisher Scientific). For our experiments, previously cryopreserved early
passage U87 MG cells were resuscitated and cultured for 2 weeks before being implanted /n
vivo in athymic nude mice.

Partially polymerized liposomes and Actinium-225

The lipids 1,2-di-(10Z,12Z-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine (DiynePE),
1,2-di-(10Z,12Ztricosadiynoyl)-sn-glycero-3-phosphocholine (DiynePC), and 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were purchased from Avanti Polar Lipids.
Inc. (Alabaster, AL) and used without further purification. The radioactive tracer
Actinium-225 was obtained from Washington State University at Saint Louis, MO.
Functional lipids, 1,2-di-(10Z,12Z-tricosadiynoyl)-sn-glycero-3-phosphoethanolamine with
conjugated DOTA (DiynePE-DOTA), 1,2-di-(10Z,12Z-tricosadiynoyl)-sn-glycero-3-
phosphoethanolamine-PEG-integrin antagonist (DiynePE-PEG-1A) were synthesized and
confirmed by mass spectrometry.

Synthesis of IA- and DOTA-attached polymerizable lipids

To synthesize the monovalent polymerizable 1A-lipid, PEG-di(carboxylic acid) linker
(HOOC(CH2CH20)n=2-45COO0OH) (0.21 mmol) in 15 ml dry dichloromethane was treated
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with 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS) to form NHS ester, which was treated with 1,2-di-(10Z,12Z-
tricosadiynoyl)-sn-glycero-3-phosphoethanolamine (DiynePE, 0.1 mmol, Avanti Polar
Lipids). The resulted solution was washed with cold brine and purified by a flash
chromatography to give pure DiynePE-PEGN-NHS. To the lipid solution of DiynePE-PEGn-
NHS (1 mmol) in anhydrous acetonitrile (5 mL), anhydrous dichloromethane (2 mL), and
triethylamine (1 mL), 1A (1.2 mmol) in DMF was added with continuous stirring in the dark
for 24 h. The reaction was complete after stirring at room temperature for 24 hours
according to TLC analysis. The reaction solution was evaporated, diluted with water and
dialyzed against water using a dialysis bag (cut off size 1000 Da) to give pure DiynePE-
PEGn-1A. To synthesize DOTA-attached polymerizable lipid, DiynePE (22.9 umol) and
triethylamine (22.9 pmol) were dissolved in 12 ml of methanol/dichloromethane (10:2, v/v),
and S-2-(4-Isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane tetraacetic acid (pSCN-
Bn-DOTA) (23.0 umol, Macrocyclics) was added. The reaction mixture was kept under
stirring for 24 hours while being protected from light. The reaction solution was washed
with brine, dried and precipitate in cold methanol to give pure DiynePE-DOTA.

Radiolabeling of a,B3 targeted IA-TLs with 225Ac

The lipids used in this study include filler lipids (DiynePC and DPPC) and functionalized
lipids (DiynePE-DOTA, DiynePE-PEG-1A). TLs were prepared using the same procedure as
previously described and the prepared liposomes had a mean diameter of ~ 100 nm. Briefly,
lipids were dissolved in 5 ml of chloroform in a 50 ml flask, evaporated under reduced
pressure to form thin lipid film. The lipid film was rehydrated to form large vesicles. The
lipid solution was then transferred to a 10 ml LIPEX extruder (Northern Lipids Inc., Canada)
equipped with two stacked polycarbonate membranes (100 nm pore size) and extruded 10
times at 45°C. The resulting liposomes were then transferred onto a petri dish sitting on ice
and irradiated under a 254 nm UV light for an hour to produce liposomes. The liposomes
were then filtered using a 220 nm filter followed by purification with Sephadex G50
columns. The nanoparticle size was obtained by dynamic light scattering (DLS) using a
Nanosizer (Malvern, UK). For 225Ac labeling, the prepared IA-TL-DOTA was incubated
with 225A¢ at 70°C for 50 minutes.

Intracranial injection of orthotopic glioblastomas and 225Ac labeled IA-TLs into rodents

Orthotropic GBMs were implanted by stereotactic implantation of 1x10° actively growing
U87 MG human GBM cells in athymic nude mice. Mice were weighed and anesthetized
with a mixture of 114 mg/kg Ketamine and 17 mg/kg xylazine. Mice were then placed in a
stereotactic setup and a hole was made 2.0mm lateral and 0.5mm posterior to the bregma in
the right cerebral hemisphere through a scalp incision. Stereotactic injection was performed
using a Just for Mice stereotaxic apparatus (Harvard Apparatus), with injection of 10-pl
syringe (Hamilton) through the hole to a depth of 3.2mm. A Nanomite programmable
syringe pump (Harvard Apparatus) delivered constant infusion at a rate of 0.5 pl/minto a
total volume of 5 pl.

10 days post tumor implantation, mice received 1uCi of 225Ac-1A-TLs/5ul and 5pg of
unlabeled IA-TLs/5ul intracranially using the same procedures that are mentioned above. All
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mice received an analgesic (Ketaprofen) and were monitored for body weight, ambulatory,
feeding and grooming activities.

Small animal MR imaging

Mice were transported to the Wake Forest small animal imaging facility from the Wake
Forest animal housing facility following IACUC approved protocols and anesthetized using
a mixture of 114 mg/kg Ketamine and 17 mg/kg xylazine. Mice were then placed on a
heating pad and injected with gadopentetic acid intravenously. The mice were then placed on
a bed and scanned using a 7 Tesla (7T) MRI scanner. Respiratory rate and temperature of all
animals was constantly monitored during the procedure.

Intravenous injection of Evans blue dye and PGLA nanoparticles

Athymic nude rats and mice were anesthetized using isoflurane and placed on a heating pad.
The rodent tails were warmed for a few minutes under a heat lamp and Evans Blue dye (2%)
diluted in 1X PBS was injected intravenously along with (1ug/ul) of green fluorescing
PGLA nanoparticles. The animals were then allowed to recuperate under the heat lamp for a
few minutes. After a period of 6 hours, the rodents were anesthetized with a mixture of 114
mg/kg Ketamine and 17 mg/kg xylazine and perfused using IACUC approved protocol.

Extraction and cryopreservation of rodent brains

Anesthetized mice were transcardially perfused with PBS followed by 4% paraformaldehyde
(PFA). Extracted brains were postfixed in 4% PFA, cryoprotected in gradients of sucrose,
covered with tissue embedding medium, snap frozen in liquid nitrogen and stored at —80 °C.

Tissue Sectioning

Serial, 20 pm thick, transverse sections of the frozen tissues were obtained using a cryostat
(Microm HM 500, Zeiss, Germany) at —20°C and were mounted on Super Frost Plus
microscope slides (Thermo Scientific) in series of three and were stored at —20 °C.

Immunohistochemistry

Sections were dried at room temperature for an hour, rehydrated in PBS, permeabilized with
0.5 % Triton X-100 (Sigma) in PBS solution and blocked to saturate non-specific antigen
sites using 5% (vol/vol) goat serum-PBS (Jackson Immunoresearch Labs) overnight at 4°C.
On the next day, the sections were incubated with 0.05% Tween 20 and incubated in anti-
YH2A. X antibody (abcam) for 4 hours. Later, the sections were washed using PBS-T and
incubated with anti-rabbit Alexa flour 647 for 2 hours in the dark. Later, the sections were
imaged on incubated with Hoechst 33342 (nuclear marker). The sections were then mounted
using mounting medium and observed under an inverted fluorescence microscope.

Microscopy

An inverted motorized fluorescent microscope (Olympus 1X81) with an Orca-R2
Hamamatsu CCD camera (Hamamatsu) and a laser scanning confocal microscope (Olympus
FluoView1200) were used for image acquisition. Camera drive and acquisition were
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performed using a MetaMorph Imaging System (Olympus, Japan) and Fluo View Viewer 4.2
software (Olympus, Japan) were used for image acquisition.

Image analysis

Images of PLGA fluorescence indicating the permeabilization of the BTB were analyzed
using Image J software. ROIs for measuring the area and intensity of extravasated Evans
blue dye, PLGA nanoparticles and yH2A.X fluorochrome signal were drawn using Image J
software. Olympus Fluo View Viewer 4.2 imaging software was used to analyze
fluorescence images.

Statistical analysis

Data are represented as means +/—standard error of mean (SEM). One-way ANOVA (for
three or more experimental groups) and Student’s t-test were performed to assess if
experimental groups were significantly different from each other. All statistical analyses and
graphs were generated using GraphPad Prism software. p<0.05 was considered to be
statistically significant (*).

RESULTS

Development and radiolabeling of IA targeted Liposomes (IA-TLs)

We utilized the liposome formulation previously developed by our group (39). To target our
liposomes to GBM and associated vasculature, we conjugated a novel small molecule
integrin antagonist (1A) that has been shown to target a3 with a high affinity and a more
optimal biodistribution compared to peptides (Figure 1A). We used standard DOTA
chelation methods to radiolabel our targeted liposome with 225Ac, as we previously reported
(Figure 1B) (23,24). Our radiolabeled 225Ac-1A-TL demonstrated uniform size and
radiochemical purity (RCP) of 99.6% (Figure 1C).

Cy5.5 labeled IA-TLs show tumor specificity in vivo

To demonstrate GBM-specific targeting of our 22°Ac-1A-TLs, groups of mice (n=3) bearing
ayPB3-expressing orthotopic GBMs were intracranially infused with cy5.5 labeled targeted
and untargeted liposomes. /n vivo binding was measured using fluorescence imaging
performed 2 days (Figure 2A) and 5 days (Figure 2B) post liposome infusion. Intracranially
infused Cy5.5 labeled a3 targeted IA-TL accumulated significantly greater within tumor
tissue in mice bearing orthotopic GBMs when compared to cy5.5 labeled untargeted
liposomes (p< 0.05) (Figure 2C). Importantly, Cy5.5-1A-TLs were found to be abundant
only within GBM tissue but not in the surrounding normal brain (Figure 2D). This result
demonstrated the specificity of targeted IA-TLs towards integrin a3 expressing orthotopic
tumors and their suitability to test the effects of targeted a-particle radiation on the
BBB/BTB permeability.

225Ac-IA-TLs mediates BBB permeability

To examine the targeted a-particle mediated BBB permeability over a period of days, groups
of mice (n=3) intracranially infused with 225Ac-1A-TLs were sacrificed 2 days, 5 days and
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10 days post-infusion after they were intravenously injected with Evans blue dye.
Systemically injected Evans Blue dye does not normally penetrate the BBB and is therefore
used to measure permeability of systemically injected agents. We observed modest BBB
permeabilization after 2 days and more extensive Evans blue dye extravasation after 5 days,
which steadily increased until 10 days post-surgery (Figure 3A). The area of distribution and
intensity of Evans blue dye were significantly higher in mice intracranially infused

with 225Ac-1A-TLs when compared to control mice (Figure 3B and 3C). Control mice
intracranially infused with saline (n=3) only showed minimal Evans Blue dye extravasation
after 2 days, likely due to surgical disruption, which completely disappeared at 10 days
(Figure 3). These results indicate that 22°Ac-1A-TLs cause BBB opening when intracranially
infused /n vivo.

To examine if there was a dose dependent permeability response, we intracranially infused
groups of mice (n=5/dose) with 0.05uCi, 0.1uCi or 0.5uCi of 225Ac-1A-TLs. We observed a
dose dependent increase in the extravasation of intravenously injected gadopentetic acid
(Figure 4A) and Evans Blue dye (Figure 4B). This confirms the potential of using a-particle
mediated BBB permeability to deliver systemically administered agents through the BBB.

2257c labeled IA-TLs enhance BTB permeability in mice bearing orthotopic GBMs

To examine whether a-particle mediated BBB permeability extends to the BTB, we
intracranially infused 225Ac-1A-TLs, unlabeled IA-TLs and saline into tumor tissue of mice
bearing orthotopic GBMs. Groups of mice (n=3) were sacrificed 2 days and 5 days

post 225Ac-1A-TLs infusion, after intravenous injection of Evans Blue dye. We observed
increased BTB permeability in mice infused with 225Ac-1A-TLs when compared to mice
infused with unlabeled IA-TLs (n=3) (Figure 5A). Upon sectioning the brains, we confirmed
the greater area of extravasation of Evans Blue dye in mice intracranially infused with
targeted a-particle therapy compared to mice intracranially infused with either unlabeled
IA-TLs or saline (Figure 5B and 5C).

Systemic delivery of fluorescent PLGA nanoparticles (300nm) to exploit a-particle
enhanced BTB permeabilization

To examine if the a-particle enhanced BTB permeability could be exploited to systemically
deliver larger sized agents, we injected fluorescent PLGA nanoparticles (300nm in diameter)
into orthotopic GBM-bearing mice treated intratumorally with 22°Ac-1A-TLs. Fluorescent
PLGA nanoparticles were intravenously injected prior to sacrifice to quantify the
accumulation of PLGA nanoparticles within GBMs upon BTB permeabilization. We
observed significantly higher accumulation of PLGA nanoparticles within GBM tissue in
mice infused with 22°Ac-1A-TLs when compared to mice infused with unlabeled IA-TLs
(n=3/time point) (p <0.05) (Figure 5D). PLGA fluorescence in and around GBM tissue was
normalized to fluorescence signal from contralateral brain regions before analysis. These
results demonstrate that 225Ac-1A-TLs also significantly enhance BTB permeability to larger
systemically injected agents.
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Alpha particle-induced double-stranded DNA breaks observed at infusion site but not in
regions further away

To examine the biological effect of targeted a-particle therapy on GBMs at the site of
injection and in the surrounding normal brain where we observed enhanced BBB
permeability, we infused mice with 225Ac-1A-TLs and stained for double stranded DNA
breaks, a hallmark of a-particle therapy. We observed an abundance of double stranded
DNA breaks (manifested by y H2A.X staining) at the site of infusion in all mice
intracranially infused with 225Ac-1A-TLs (n=3/time point) but did 770t observe significant
double-stranded DNA breaks in the surrounding regions of normal brain (0.5mm from GBM
border) that demonstrated increased BBB/BTB permeability away from infusion site (Figure
6A and 6B). -y H2A. X nuclear signal was found to be significantly higher around infusion
sites when compared to regions further away (0.5mm from GBM border) at 2 day and 5 day
time points (p <0.05) (Figure 6C). In contrast, we observed negligible presence of -y H2A.X
nuclear signal within untreated orthotopic GBMs in mice (Figure 6C). These results indicate
that the catastrophic double stranded DNA damage only occurred at the site of infusion
(within tumors) but not in the surrounding normal brain where we observed enhanced BBB
permeability, demonstrating the potential of safely exploiting this property for systemically
administered therapies to target the areas of brain surrounding GBMs that contain infiltrating
cells responsible for inevitable recurrences.

DISCUSSION

Effective delivery of systemically administered therapeutics to GBMs is a formidable
challenge due to the blood-brain/tumor barrier, with most small molecules unable to cross
CNS barriers (40-42). Recurrent disease due to micrometastases that escape exposure to
therapeutics is a major driver of patient mortality. Designing strategies that allow drugs to
reach micrometastatic sites and the tumor microenvironment is therefore imperative (43,44).
In this work, we developed a targeted a-particle platform that we demonstrated can target
GBM with lethal a-particles and simultaneously enhance BBB and BTB permeability
towards systemically administered agents.

In this study, we showed the /n vivo specificity of our intracranially infused nanoparticles
towards integrin a3 expressing orthotopic GBMs. Furthermore, we successfully labeled
our nanoparticles with actinium-225, a potent a-particle emitter. After intracranially
infusing our 225Ac labeled a.,f3 targeting nanoparticles (22°Ac-1A-TL) using convection
enhanced delivery (CED), we observed enhanced BBB/BTB permeability to systemically
administered small molecules to larger nanoparticles. CED is a delivery technique that
increases the effective penetration of drugs into GBM by forcing fluid into the parenchyma
and does not rely on the limited diffusion of drug after bolus injection. This technique has
greatly improved over the past few years as novel catheters have been manufactured that
overcome the shortcomings of early CED clinical trials (45). In addition to the added
permeability to the BTB after delivering 22°Ac-IA-TL via CED, we also observed
permeability within surrounding normal brain where the micrometastatic invasive disease
often remains and causes recurrence. Importantly, these areas of normal brain showing
added permeability did nof demonstrate widespread DNA damage caused by targeted a-
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particles, indicating translational relevance. Although tumors are characterized by
disorganized and leaky vasculature, the highly torturous nature of the tumor vessels and
rigidity of tumor associated stroma make it difficult for drugs to extravasate and diffuse into
tumor tissue (46). Our results increase our knowledge of the effects of molecular targeted
radiation on BBB/BTB permeability. Furthermore, we are currently studying the
translational potential of using targeted a-particles to enhance the delivery of systemically
administered drugs which do not cross the BBB, that are currently being used in clinic for
other malignancies.

When we examined for the presence of double strand DNA breaks, we observed greater sub-
nuclear y H2A.X accumulation in GBM cells around the infusion site and an absence of y
H2A.X in distal regions of normal brain (0.5mm from GBM border) where enhanced
vascular permeability was observed. This demonstrates that even though the presence of
double strand DNA breaks are limited to GBM tissue, its effect on BTB/BBB permeability is
extended even to areas further away within the normal brain. While not the focus of this
work, this demonstrates the potential therapeutic effect of our strategy of using 22°Ac-1A-
TLs to elicit double strand DNA breaks in GBM tissue but not within normal brain. Further
studies are now underway to evaluate the direct therapeutic effect of 22°Ac-IA-TLs alone
and in combination with systemically administered therapies.

CONCLUSIONS

225A¢-A-TLs enhanced the permeability of BBB and BTB /n vivo and elicited double
strand DNA breaks within GBMs. These characteristics justify further ongoing studies to
validate 225Ac-1A-TLs as a candidate therapeutic that can potentially be exploited to
effectively deliver other systemic therapeutics across the BBB and BTB to GBM.
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Figure 1. Development of 22°Ac labeled aB3 targeted liposomes (?5Ac-1A-TLS)
(A) PEG-di (carboxylic acid) linker (HOOC(CH2CH20)n=2-45COOH) was conjugated to

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS) to yield pure DiynePE-PEGn-NHS. Monovalent polymerizable
IA-lipid was produced by conjugating IA with lipid solution of DiynePE-PEGn-NHS. (B)
TLC analysis showing production of pure DiynePE-PEGn-IA along with diagrammatic
representation of IA-TLs; prepared liposomes had a mean diameter of ~100 nm. (C)
DiynePE was mixed with S-2-(4-I1sothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane
tetraacetic acid (pSCN-Bn-DOTA) to produce pure DiynePE-DOTA. For 225Ac labeling,
prepared IA-DOTA-TLs were incubated with 225Ac at 70°C for 50 minutes. Radio-TLC
analysis showed effective radiolabeling of targeted liposomes with a radiochemical purity of
99.6%.
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Figure 2. in vivo specificity of cy5.5-A-TLstowardsa,p3
in vivo fluorescence imaging showing tumor accumulation of intracranially infused cy5.5

labeled a.,p3 targeted nanoparticles (cy5.5-1A-TL) (n=3) and cy5.5 labeled untargeted
nanoparticles (n=3) (cy5.5-UnTLs) 2 days (n=3) (A) and 5 days (n=3) (B) post intracranial
infusion. (C) Cy5.5-1A-TLs accumulated within GBM tissue significantly greater than
cy5.5-UnTLs 2 days and 5 days post intracranial infusion. (D) Brain sections from mice
revealed Cy5.5-1A-TLs to be abundant within GBM tissue. Negligible presence of cy5.5-1A-
TLs was found within normal regions of the brain surrounding GBM tissue. Data
represented as mean +/— SEM. Student’s t-test was performed to assess difference between
experimental groups (*p< 0.05(significant); ns= not significant).

Mol Cancer Ther. Author manuscript; available in PMC 2018 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sattiraju et al.

(A)

2 days post infusion

5 days post infusion

Page 15

10 days post infusion

225Ac-|A-TLs

Control 25p¢-1A-TLs

Control

25pc-|A-TLs

Control

(B)

8 8 &8 8
s 5 8 3

Area of EB dye
g

=]

il

- Control

= 25Ac-IA-TLs

5 10

Days

- Control
= 25Ac-|A-TLs

(€)
300000
Q
>
o
ﬁ-j 200000+
L
(=]
.é 100000
n
c
[}
et
E ol
0 5 10
Days

Figure 3. 2257 ¢-| A-TL s causes BBB opening in immunocompetent mice
(A) Extravasation of intravenously injected Evans blue dye shows clear BBB opening in

immunocompetent mice infused with 225Ac-l1A-TLs 2 days, 5 Days and 10 days (n=3) when
compared to immunocompetent mice that were infused with saline (n=3). Yellow arrows
indicate site of intracranial injection. (B) and (C) Area and intensity of extravasated Evans
blue dye was also found to be greater in mice intracranially infused with 225Ac-1A-TLs
when compared to mice intracranially infused with saline upto 10 days post infusion.
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Figure 4. 225Ac-1A-TLs permeabilized BBB in immunocompetent micein a dose dependent
manner

(A) Dose escalation study showed a dose dependent effect of 22°Ac-IA-TLs on BBB
permeability in immunocompetent mice intracranially infused with 225Ac-IA-TLs (n=15;
n=5/dose) indicated by contrast enhancement on MRI. (B) Dose dependent effect of 225Ac-
IA-TLs on BBB permeability was also confirmed by the extravasation of intravenously
injected Evans Blue dye. Immunocompetent mice intracranially infused with saline showed
no BBB opening (n=5). Data represented as mean +/— SEM. Student’s t-test and One-way
ANOVA was performed to assess differences between experimental groups (*p<
0.05(significant)).
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Figureb. 225 -1 A-TL s cause significant enhancement of blood-tumor barrier permeability
(A) Extravasation of intravenously injected Evans blue dye showed clear enhancement of

blood-tumor barrier permeability in nude mice bearing orthotopic glioblastomas that were
intracranially infused with 225Ac-1A-TLs 2 days (n=3) and 5 days (n=3) post infusion when
compared to mice bearing orthotopic glioblastomas that were intracranially infused with
unlabeled IA-TLs. (B) Brain sections showed extensive enhancement of BTB indicated by
the extravasation of Evans blue dye in mice intracranially infused with 225Ac-IA-TLs for a
period of 5 days when compared to mice intracranially infused with unlabeled IA-TLs. (C)
BTB permeability within untreated GBMs, measured using Evans Blue dye permeabilization
was found to be similar in mice intracranially infused with saline and unlabeled 1A-TLs.
Area of extravasation of Evans Blue dye was significantly greater in brains of mice treated
with 225Ac-1A-TLs than in untreated mice. (D) Quantification of systemically injected
fluorescent PLGA nanoparticles showed that a- particle enhanced BTB could potentially be
exploited to deliver diagnostic and therapeutic agents (n=3/group). PLGA fluorescence in
and around GBM tissue was measured. GBM= GBM tissue; N= Normal brain region
surrounding GBM tissue. Data represented as mean +/— SEM. Student’s t-test and One-way
ANOVA was performed to assess differences between experimental groups (*p<

0.001(significant)).
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Figure 6. Double strand DNA breaks present within tumor tissue but absent within surrounding
tissue showing enhanced vascular permeability
Immunohistochemical staining of sectioned mouse brains revealed the presence of yH2A.X

within tumor tissue, indicating a-particle induced tumor cell killing 2 days (n=3) (A) and 5
days (n=3) (B) post intracranial infusion (p.i.) of 22Ac-1A-TLs. (C) Immunohistochemical
staining of sectioned mouse brains also revealed negligible presence of yH2A.X in normal
brain tissue surrounding tumors (0.5mm from GBM border) (n=3), indicating absence of
double strand (ds) DNA breaks within these regions where enhancement in vascular
permeability (extravasation of Evans Blue dye) was observed. Data represented as mean +/—
SEM. Student’s t-test and One-way ANOVA was performed to assess difference between
experimental groups (*p< 0.001(significant)).

Mol Cancer Ther. Author manuscript; available in PMC 2018 October 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Cell culture
	Partially polymerized liposomes and Actinium-225
	Synthesis of IA- and DOTA-attached polymerizable lipids
	Radiolabeling of αvβ3 targeted IA-TLs with 225Ac
	Intracranial injection of orthotopic glioblastomas and 225Ac labeled IA-TLs into rodents
	Small animal MR imaging
	Intravenous injection of Evans blue dye and PGLA nanoparticles
	Extraction and cryopreservation of rodent brains
	Tissue Sectioning
	Immunohistochemistry
	Microscopy
	Image analysis
	Statistical analysis

	RESULTS
	Development and radiolabeling of IA targeted Liposomes (IA-TLs)
	Cy5.5 labeled IA-TLs show tumor specificity in vivo
	225Ac-IA-TLs mediates BBB permeability
	225Ac labeled IA-TLs enhance BTB permeability in mice bearing orthotopic GBMs
	Systemic delivery of fluorescent PLGA nanoparticles (300nm) to exploit α-particle enhanced BTB permeabilization
	Alpha particle-induced double-stranded DNA breaks observed at infusion site but not in regions further away

	DISCUSSION
	CONCLUSIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6



