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ABSTRACT

Purpose Tumor vascular normalization by antiangiogenic agents
may increase tumor perfusion but reestablish vascular barrier
properties in CNS tumors. Vascular priming via nanoparticulate
carriers represents a mechanistically distinct atternative. This study
investigated mechanisms by which sterically-stabilized liposomal
doxorubicin (SSL-DXR) modulates tumor vascular properties.
Methods Functional vascular responses to SSL-DXR were in-
vestigated in orthotopic rat brain tumors using deposition of
fluorescent permeability probes and dynamic contrast-enhanced
magnetic resonance imaging. Microvessel density and tumor
burden were quantified by immunohistochemistry (CD-31) and
quantitative RT-PCR (VE-cadherin).

Results Administration of SSL-DXR (5.7 mg/kg iv) inttially (3—
4 days post-treatment) decreased tumor vascular permeability,
kirans (Vascular exchange constant), vascular endothelial cell
content, microvessel density, and deposition of nanoparticu-
lates. Tumor vasculature became less chaotic. Permeability and
perfusion returned to control values 6—7 days post-treatment,
but intratumor SSL-DXR depot continued to effect tumor
vascular endothelial compartment 7—10 days post-treatment,
mediating enhanced permeability.

Conclusions SSL-DXR ultimately increased tumor vascular
permeability, but initially normalized tumor vasculature and
decreased tumor perfusion, permeability, and nanoparticulate
deposition. These temporal changes in vascular integrity result-
ing from a single SSL-DXR dose have important implications for
the design of combination therapies incorporating nanoparticle-
based agents for tumor vascular priming.

KEY WORDS brain tumors - nanoparticulate drug carriers -
sterically-stabilized liposomes - tumor priming - tumor vascular
permeability

ABBREVIATIONS
DCE-MRI dynamic contrast-enhanced
magnetic resonance imaging

dNTP deoxynucleotide triphosphate
DSPC distearoylphosphatidylcholine

DXR doxorubicin

eGFP enhanced green fluorescent protein
PEG-DSPE  distereoylphosphatidylethanolamine

derivatized with polyethylene glycol
PK pharmacokinetic
gRT-PCR  quantitative reverse
transcriptase—polymerase chain reaction
SSL sterically stabilized liposomes

SSL-DXR  sterically stabilized liposomes
containing doxorubicin
INTRODUCTION

Malignant brain tumors are relatively rare but highly fatal.
Approximately 60% of the 22,000 patients diagnosed annu-
ally with brain/CNS cancers succumb (1). Brain tumors
cause 26% of cancer deaths in children, and are second
only to leukemia in incidence (2,3). Duration of remission
and survival has increased for numerous cancers, but primary
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and metastatic brain tumors were as lethal in the 2000’s as in
the 1970’s (4).

Malignant brain tumors are among the most thera-
peutically challenging solid tumors, with frequent recur-
rence within several cm of the resection site (5). Tumor
may be shielded from systemic chemotherapy by poorly-
functioning vasculature and high interstitial pressure,
which results in low drug deposition (6-9). Standard
care includes chemotherapy and radiotherapy in order
to eliminate local extensions of metastatic tumor that
remain following surgery (3,10,11). Median survival of
malignant gliomas treated by surgery, surgery/radiation
or surgery/chemotherapy was 14, 20, and 40-50 weeks,
respectively (11).

Strategies to improve drug delivery could increase the
efficacy of brain tumor therapy, and nanoparticulate drug
carriers have the potential to overcome several factors that
limit therapeutic success. Renal clearance is reduced progres-
sively as carrier diameter increases >6—10 nm, thereby
extending drug circulation lifetime and systemic exposure
considerably (12,13). Confinement of carrier-encapsulated
drugs to the vasculature reduces their volume of distribution
and access to critical normal tissues, permitting higher doses
and potentially overcoming functional resistance (14). Provid-
ed the carrier diameter is <100-120 nm and other physical
properties are appropriate (15-20), circulation half-life for
some carriers can be prolonged to 24-36 h (21,22). Long-
circulating particulate carriers are able to extravasate through
the flawed tumor microvasculature and increase drug deposi-
tion via the enhanced permeability and retention phenome-
non (EPR) that arises because of rapid, chaotic tumor vascular
growth, dysregulated vasculogenesis, and vascular barrier
compromise (13,23-25). Several carrier types have a high
cargo capacity and can convey large quantities of drug to
tumors. Thus nanoparticulate carriers represent an important
strategy to exploit tumor physiology and architecture to im-
prove efficacy.

The pharmacology of drugs encapsulated in particulate
carriers may be altered significantly compared to the
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unencapsulated free drug (21,22). An example is the
clinically-approved product Doxil®, a sterically-stabilized
liposome (SSL) formulation containing doxorubicin (DXR)
gelled in semi-crystalline form in the interior of 65-80 nm
liposomes (26—-28). We observed previously that weekly ad-
ministration of SSL-DXR resulted in a significant increase
in lifespan of rats bearing intracranial brain tumors, whereas
free DXR was ineffective (24). Furthermore, tumor deposi-
tion of SSL-DXR more than doubled if the animals had
received a dose of SSL-DXR one week prior (25), and
disseminated microhemorrhage within tumors increased
in incidence after the 2nd and 3rd weekly doses (23).
Evaluations of intratumor SSL-DXR distribution suggest
that following extravasation, relatively little tumor pen-
etration occurs (24,29), implicating perivascular accumu-
lation as a primary mechanism underlying tumor antivascular
effects.

Vascular compromise and enhanced deposition of
subsequently-administered drugs has been demonstrated
with SSL formulations containing several different drugs
(30,31). Therefore, given the generalizability of these ‘tumor
priming’ effects of carrier-encapsulated drugs, we investigat-
ed the sequence of events that occur in treatment-naive
tumors following administration of SSL-DXR, using an
orthotopic rat model of invasive brain cancer. Dynamic
contrast-enhanced (DCE) magnetic resonance imaging
(MRI) was used to monitor the functional status of tumor
vasculature, and a population-based pharmacokinetic (PK)
approach was employed to estimate tumor vascular perme-
ability and perfusion (32,33) from the data. Immunohisto-
logical analysis and intratumor deposition of @ injected probes
of vascular permeability were employed to examine SSL-
DXR treatment effects upon morphology and functionality
of tumor vasculature.

MATERIALS AND METHODS
Materials

Doxorubicin-HCI and cholesterol were from Sigma (St.
Louis, MO). Distearoylphosphatidylcholine (DSPC) and di-
stereoylphosphatidylethanolamine conjugated with 1900 Da
polyethylene glycol (PEG-DSPE) were from Avanti Polar
Lipids (Alabaster, AL). Dioctadecyl-3,3,3',3'-tetramethylin-
docarbocyanine disulfonate (DilC14(5)-DS) was from Invi-
trogen Inc. (Carlsbad, CA). The 9L cell line designated 9L-
72 was obtained from Dr. Dennis Deen of the University of
California/San Francisco. A stable clonally-selected 9L cell
line expressing enhanced green fluorescence protein (9L-
e¢GFP) was developed by transducing parental 9L cells with
a retroviral vector driving constitutive eGIFP expression
under a cytomegalovirus promoter.

@ Springer



3314

Chaudhuri et al.

Methods
Preparation of SSL-DXR

The remote loading drug encapsulation procedure used
by our lab is described in detail (24,25,34,35). Addition-
al publications describe the general principles and appli-
cations of the procedure (26-28,36-38). Briefly, a thin
film of DSPC:cholesterol: PEG-DSPE (9:5:1 mol ratio)
was hydrated with 250 mM ammonium sulfate, extrud-
ed multiple times through polycarbonate filters (GE
Water & Process Technologies, Trevose, PA) of succes-
sively decreasing pore sizes to a final diameter of
80 nm, dialyzed against isotonic sucrose, and then load-
ed with DXR HCI (10.5 mg/ml, pH 6.4) at 60°C for 1 h ata
drug:lipid ratio of 0.25:1. The final particle diameter as de-
termined by quasi-elastic light scattering was 85—110 nm.
After removal of any unencapsulated DXR by dialysis, phos-
pholipid content was measured (39) and encapsulated drug
was measured by absorbance in acidified ethanol. Typically
95-100% of the drug was encapsulated.

Tumor Implantation and Treatment

Except where noted, 9L tumor cells were grown as sphe-
roids in Dulbecco modified Eagle medium/Ham’s F-12
medium containing 20 ng/mL basic fibroblast growth fac-
tor, 20 ng/mL epidermal growth factor, 50 ng/mL heparin,
and 1x B-27 nutrient supplement (40) (Invitrogen). Under
these conditions, Nestin and Sox2 are up-regulated, and
spheroid-derived tumors are more rapidly growing, aggressive,
and drug resistant (40).

Intracranial 9L tumors were established by stereotaxic
injection of 4x 10" cells in 4 pL into the caudate-putamen
region of 180-200 g male Fisher 344 rats (Harlan Sprague
Dawley, Indianapolis, IN) (23,24). When intracranial
tumors were well-established, a single dose of SSL-DXR
(5.7 mg/kg) was administered w by tail vein injection. For
DCE-MRI studies, tumors were measured by MR imaging
and SSL-DXR was administered when tumors reached 3—
5 mm® (7-9 days after implantation). For qRT-PCR and
immunohistological/fluorescence experiments, tumors were
not staged by MRI, and all animals were treated 7 days after
implantation.

DCE-MR Imaging

MR imaging employed a 4.7 Tesla GE system (Fremont,
CA) incorporating AVANCE digital electronics and Para-
Vision 3.0.2 acquisition software (Briker Medical, Billerica,
MA). A custom-built 45 mm (ID) radiofrequency transceiver
coil (Insight Neuroimaging Systems, Worcester, MA) was
used for acquiring DCE imaging data sets. Prior to imaging,
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a catheter was inserted into the lateral tail vein for admin-
istration of the contrast agent. Animals (»=8-10 per treat-
ment group) were anesthetized with isoflurane, and body
temperature and respiration were monitored continuously
while imaging.

Following scout scans, a multi-slice, T2-weighted fast spin
echo scan was acquired for tumor volume measurement
with the following parameters: trans-axial orientation; field
of view (FOV)=4.5X4.5 cm; slice thickness=1 mm; matrix
size=192%192; effective echo time (TE)=60 ms; repetition
time (TR)=3200 ms; echo train length==8; number of aver-
ages (NEX)=6. For DCE-imaging, a single 1.5 mm thick
slice with the identical FOV was prescribed through the
center of the tumor. Baseline T1 relaxation rates were
measured using an inversion-recovery TrueFISP acquisition
(41) with the following parameters: matrix size=128 X128,
TE/TR=1.5/3.0 ms, flip angle=30°, inversion repetition
time=10 s, segments=16, frames=50. Total acquisition
time for each T1 measurement was 160 s. Following
acquisition of baseline T1 values, Gd-DTPA (diethyle-
netriamine pentaacetate chelate of gadolinium; Bayer
HealthCare Inc., Wayne, NJ) was infused over 7.5 min
using a pump. The total dose was 0.3 mmol Gd**/kg. T
measurements were acquired serially for 50 min after initia-
tion of Gd-DTPA administration.

Image Processing and Analysis

Regions of interest (ROI) capturing the tumor and superfi-
cial temporal veins were created for each data set using
Analyze 7.0 (Analyze Direct, Overland Park, KS). Signal
intensities were extracted from each ROI, and T1 relaxa-
tion rates were calculated according to (41) using routines
developed in-house with MATLAB (Mathworks, Natick,
MA). The concentration of Gd-DTPA ([C/]) at time ¢ was
calculated as:

R1, — Rl

C:
! rl

where R1,is the T1 relaxation rate at ¢, R1g is the baseline
relaxation rate, and 71 is the T1 relaxivity of Gd-DTPA,
measured as 3.1 (mMes)”" at 4.7T, 37°C.

The area-under-the-curve (AUC) of Gd-DTPA in the
tumor ROI was calculated using the trapezoidal rule:

50 min
G, + G,
AUCO*BO min — Z (2—+I)

n=0

(thrl - tn)

where €, 1s the concentration of Gd-DTPA at time ¢,.

A two-compartment population PK model was used to
estimate the first-order transfer coefficient of contrast en-
hancing agent from plasma into the tumor interstitium
(kyans) and the fraction of extracellular volume of tumor
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(v,.' The model employed a nonlinear mixed effects
approach implemented in NONMEM 5.1.1 (University
of California, San Francisco, CA). Statistical analysis
was performed using S-PLUS 7.0 (Insightful Corp.,
Seattle, WA).

Quantification of Vascular Endothelium Content by gqRT-PCR

To provide a quantifiable marker for tumor cell burden in
the harvested tissue, 9L tumor cells were mixed in a 2:1 ratio
with 9L-eGIP cells before implantation so that tumor
growth characteristics remained the same for all experi-
ments. Animals were treated 7 days after implantation with
5.7 mg/kg of SSL-DXR or saline (control), and n=3-5
animals per treatment group were sacrificed on days 2, 4,
7, 9 and 11 after treatment. The brain was removed,
bisected, and the tumor was identified visually and excised.
A sample of normal brain was taken from the same region of
the contralateral hemisphere. The tissue was frozen rapidly
in liquid nitrogen.

The frozen tissue samples were weighed and ground
under liquid nitrogen using a mortar and pestle. Total
RNA was extracted and purified using a kit (SV Total,
Promega, Inc., Madison, WI). The yield and quality of
RNA was determined by absorbance ratios at 260/280
(1.7-2.1) and 260/230 (1.8-2.2). For cDNA synthesis,
mRNA was incubated with 500 ng oligo(dT);5 ;5 at 65°C
for 5 min and then cooled to room temperature. The 10x first-
strand buffer, ANTP mixture (I mM each), RNaseOUT (40
units, Invitrogen) and StrataScript reverse transcriptase (50
units, Agilent, Santa Clara, CA) were incubated together for
1 h at 42°C. The reaction was stopped by heating (90°C for
5 min).

The resulting cDNAs were subjected to PCR quantifica-
tion of a variety of markers for tumor burden and vasculo-
genesis. Markers for vascular endothelial cell content (VE-
cadherin and PECAM-1) (42) changed significantly with
SSL-DXR treatment and are reported here. Amplicon
length and forward/reverse primers were: eGIP (206 bp,
CTTCTTCAAGTCCGCCATGC/
AGACGTTGTGGCTGTTGTAG); VE-cadherin (126 bp,
TGCCCTCATTGTGGACAAGAA/GGCACA-
GATGCGTTGAATAC); PECAM-1 (140 bp, CAG-
CAGGCATCGGCAAA/TGACTGGCAGCTGATACC-
TATGAT). The data were normalized against f actin
(81 bp, AGCCATGTACGTAGCCATCCA/
TCTCCGGAGTCCATCACAATG), Cyclophilin A

' Yang J, Roy Chaudhuri T, Mager DE, Spernyak JA, Straubinger
RM. Application of nonlinear mixed effects analysis to dynamic con-
trast enhanced magnetic resonance imaging in a rat brain tumor
model. Unpublished 2011.

(94 bp, CCAAACACAAATGGTTCCCAGTT/
TGCCTTCTTTCACCTTCCCAAA), and GAPDH
(191 bp, AACGACCCCTTCATTGAC/TCCACGACA-
TACTCAGCAC) (43).

For each marker, relative measures of gene expression
were determined using 50 pl reactions containing 1.5 mM
MgCly, 0.5 uM primer, 200 uM dNTP, 0.5 pl SYBR Green
(17750 dilution) and 0.5 pl 5-carboxy-X-rhodamine (ROX)
dye (17500 dilution), and 1U MasterTaq DNA polymerase
(Promega). The thermocycle consisted of 95°C (5 min), fol-
lowed by 40 cycles of: 95°C (30 s); 60°C (30 s); 72°C (30 s).
Dissociation curve- and electrophoretic analysis confirmed
the presence of a single PCR product. Normalization was
based upon the geometric mean of the control gene panel,
and the gene-stability measure (43) was calculated for all
pairwise combinations of control genes using routines imple-
mented in-house in MATLAB.

Vascular Permeability

Fluorescently-labeled SSL equivalent in size to SSL-DXR
contained 0.1 mole% DilC4(5)-DS, a non-exchangeable
liposome membrane label (44,45) (Dil-SSL), and were used
to probe tumor vascular permeability and intratumor dis-
position. On day 3 or 6 after treatment of tumor bearing
rats with SSL-DXR or saline (control), Dil-SSL (approx.
7 pumol phospholipid) were injected w, and after 24 h, 3
animals per treatment group were exsanguinated by flushing
the vasculature with heparinized saline and the brain was
extracted. The tumor-bearing and contralateral hemispheres
were separated and embedded in OCT (Tissue-tek, Sakura
Finetek, Torrance, CA) and frozen rapidly in liquid propane
over liquid nitrogen. Frozen sections (10 um) were cut for
fluorescence and immunohistochemical evaluation.

A fluorescence microscope (Axiovert 200 M; Carl Zeiss,
Inc, Thornwood, NY) was used to image DilC;g(5)-DS,
using filter set #50 (excitation 640 nm, emission 690). Pan-
oramas encompassing the entire tumor were acquired under
computer control using constant exposure conditions
(100 ms exposure, digital gain 2) and a 20X/0.75 Apochromat
objective lens.

Microvessel Density

Slide-mounted sections were fixed with ice-cold acetone,
washed with phosphate buffered saline (PBS)/0.5% Tween
20, incubated in 3% HyOy in water to inactivate endogenous
peroxidases, and blocked with 6% FBS in PBS. Sections were
incubated with 2 pg/ml mouse anti-rat CD31 (Chemicon,
Billerica, MA) for 1 h at 20°C, washed with PBS, incubated
for 30 min with 2 pg/ml biotinylated rat anti-mouse IgG
(Vector Laboratories, Burlingame, CA), washed, and visual-
ized using diaminobenzidine.
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Statistical Analysis

A single-tailed Student t-test was used for comparison of
treatment and control groups using Prism5.0d (Graphpad
Software, La Jolla, CA).

RESULTS

Previously we demonstrated that repetitive treatment of rats
bearing intracranial 9L tumors at 7-day intervals with SSL-
DXR, but not free DXR, resulted in progressive tumor
vascular barrier compromise, increased tumor deposition
of subsequent SSL-DXR doses, and significant extension
of lifespan (23-25). SSL-DXR at 5.7 mg/kg administered
w weekly for 3 weeks was the maximally-efficacious and
maximum-tolerated dose (24). An equivalent regimen of free
DXR lacked efficacy and showed delayed, lethal toxicity.
Given the lack of insight as to how incorporation of DXR
into nanoparticles alters the functional pharmacology of the
encapsulated agent, we investigated the temporal effects me-
diated by a single dose of SSL-DXR in treatment-naive
animals.

Tumor Vascular Perfusion and Permeability

DCE-MRI was employed for noninvasive assessment of SSL-
DXR effects upon tumor vascular permeability and perfusion.
One day after & administration of 5.7 mg/kg SSL-DXR,
there was no effect upon tumor vascular permeability/perfu-
sion. However, 3 days after treatment, both the rate of Gd-
DTPA deposition in intracranial tumors (Fig. 1a) and tumor
exposure (AUC) (Fig. 1b) were reduced significantly (P<0.05)
compared to saline-treated control animals. No changes in
Gd-DTPA uptake or AUC were observed in normal brain or
other tissues (not shown).

Five or 7 days after SSL-DXR treatment, tumor vascular
perfusion and permeability recovered, and the AUC of Gd-
DTPA was nearly equal in both groups (Fig. 1b). Previously
we observed that 7 days after an SSL-DXR dose, residual
DXR concentrations in tumor exceeded the peak concen-
tration achieved after bolus administration of free DXR,
and tumor deposition of SSL-DXR administered 7 days
after the initial SSL-DXR dose increased two-fold (25).
Thus the residual intratumor drug reservoir may continue to
erode vascular integrity a week after dosing, and as perme-
ability/perfusion recovers in SSL-DXR-treated animals, a
crossover point may exist approx. 7—9 days post-dosing that
marks a transition from reduced tumor vascular perfusion/
permeability to elevated permeability to nanoparticles.

The tumor:vascular fluid exchange parameter (ky.,s) and
the volume fraction of tumor perfused by Gd-DTPA (v,)
were determined by applying a population-based PK model
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to the DCE-MRI data. Both ks (Fig. 1c) and v, (Fig. 1d)
increased in control animals as tumor volume increased.
However, consistent with tumor perfusion data following
SSL-DXR treatment, k.5 and v, were suppressed signifi-
cantly compared to controls (P<0.01) on day 3 after the single
SSL-DXR dose.

Permeability to Nanoparticulates

DCE-MRI data suggested that the initial effect of SSL-
DXR was a reduction in tumor vascular perfusion/perme-
ability. To investigate SSL-DXR effects upon vascular in-
tegrity and permeability to nanoparticle drug carriers,
control- and SSL-DXR-treated animals were injected
with fluorescent 85-110 nm SSL (Dil-SSL) at various times
after treatment. Animals were sacrificed 24 h later, the time of
peak SSL deposition (25). In control animals, tumors dis-
played sporadic and highly intense fluorescence accumula-
tions (Fig. 2a). In contrast, at the same time point 3 days
after SSL-DXR treatment, animals showed fewer intense
fluorescence accretions (Fig. 2b). Seven days after SSL-DXR
treatment, tumor deposition of probe SSL-Dil was similar in
control (Fig. 2¢) and treated (Fig. 2d) animals.

Deposition of Dil-SSL was quantified in both the periph-
eral invasive region and the less vascularized tumor core. In
animals receiving probe liposomes 3 days after SSL-DXR
treatment, Dil-SSL deposition 24 h later was significantly
lower in both the tumor core (P<0.05; Fig. 3a) and invasive
margin (P<0.01; Fig. 3b) of treated animals compared to
controls. Dil-SSL deposition was equivalent in the two groups
when probe liposomes were administered 6 days after treat-
ment, but was lower for both groups compared to deposition
probed 3 days after SSL-DXR administration. The lower
deposition on day 6 compared to day 3 was significant in the
tumor core (P<0.001; Fig. 3a), suggesting declining vascular
function as the tumor expanded within the confines of the
brain and tumor cellular density increased.

The uniformity of Dil-SSL deposition was quantified to
investigate the apparent shift in deposition from fewer,
larger fluorescence accretions in controls (Fig. 2a) to more
numerous, less intense structures in SSL-DXR-treated ani-
mals (Fig. 2b). To accomplish this, the tumor region was
divided into a grid of small sub-regions. Mean fluorescence
in each sub-region was quantified and the variability among
sub-regions was calculated. Animals treated with a single
dose of SSL-DXR had a significantly lower variance in
mean deposition of Dil-SSL compared to controls (P<
0.05) when the DilI-SSL were injected 3 days after treatment
(Fig. 3c), supporting quantitatively the greater apparent
uniformity of deposition following SSL-DXR treatment.
When vascular permeability was probed with Dil-SSL
6 days after SSL-DXR, the variance in Dil-SSL deposition
did not differ between treated and control animals.
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Fig. I Temporal effects of SSL-DXR administration on intracranial 9L tumor vascular perfusion and permeability. Fisher 344 male rats (n=8-10/reatment group)
bearing intracranial 9L tumors were treated iv with a single dose of SSL-DXR (5.7 mg DXR/kg) when tumors reached a volume of 3-5 mm? (79 days after
implantation). Controls received saline. Tumor volume was estimated from high-resolution T2-weighted images and DCE-MRI with Gd-DTPA contrast agent was
performed for vascular permeability and perfusion measurements. T | relaxation rate measurements were acquired before, during, and after Gd-DTPA infusion.
(@) Tumor concentration-time profile of Gd-DTPA 3 days after SSL-DXR (circles, solid line) or saline (squares, dashed line) treatment. Concentration of Gd-DTPA
was determined from T relaxation rates (Methods). Lines through the data represent the best fit of the Michaelis-Menten equation. (b) Gd-DTPA exposure of
treated vs. control tumors on different days after SSL-DXR treatment. Open bars: SSL-DXR-treated animals; hatched bars: control animals. Ordinate: AUCq 5o
(area under Gd-DTPA concentration-time curve) determined for the 50 min following infusion. The 2-fold reduction in AUC for SSL-DXR-treated animals was
significant (*, P < 0.05) on day 3. (c) The tumor:vasculature exchange constant ki Was calculated for Gd-DTPA using a population PK model (Methods). The 3-
fold lower value of ki in treated animals differed significantly (*, P <0.05) from controls on day 3. (d) v, (extracellular volume available to Gd-DTPA) was

significantly (**, P<0.01) lower on day 3 in tumors of treated animals compared to controls.

Microvessel Density

The treatment-mediated changes in the quantity and pat-
tern of DiI-SSL deposition mediated by SSL-DXR treat-
ment suggested effects upon the pattern and density of
tumor microvasculature in SSL-DXR-treated animals
(Fig. 2b). Microvessel density and morphology were there-
fore evaluated. Immunohistochemical staining of CD31-
positive structures showed chaotic and disorganized vascu-
lature in control animals on the day that would be equiva-
lent to day 4 post-SSL-DXR (Fig. 4a). In contrast, numerous
densely-stained, vessel-like structures were observed
throughout the tumor 4 days after animals were treated
with SSL-DXR (Fig. 4b).

Treatment effects upon tumor microvessel density were
quantified. On day 4 after treatment, the density of CD31-
stained elements was significantly lower (P<0.0001) in trea-
ted animals than in controls evaluated on the equivalent day
(Table 1). On day 7 post-treatment, the density of CD31-

stained structures had increased significantly (£<0.001) in
animals treated with SSL-DXR, suggesting rebound expan-
sion of the tumor vasculature (Table 1). Treated and control
groups did not differ significantly from each other on day 7.

Effect of SSL-DXR Treatment on Tumor Microvessel
Content

Responses to a single SSL-DXR treatment suggested a clear
temporal pattern of effects upon tumor vascular permeabil-
ity and perfusion, as well as on microvessel density and
organization. The magnitude and time course of SSL-
DXR treatment effects upon vasculature were evaluated
by qRT-PCR using a panel of vasculogenesis-related
markers. Intracranial 9L tumors are unencapsulated and
invasive. In order to quantify tumor burden in tissue sam-
ples, the initial tumor cell inoculum of parental 9L tumor
cells included a constant proportion of 9L cells constitutively
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Fig. 2 Effect of single SSL-DXR treatment on permeability of intracranial 9L tumors to fluorescently-labeled sterically-stabilized liposomes. Three and 6 days after
treatment with SSL-DXR, animals were injected iv with 85110 nm SSL labeled with 0.1 mole% of the non-exchangeable fluorophore DilC,g(5)-DS and
sacrificed at 24 h. The brain was rapidly removed, frozen, and 10 um sections were cut. Panoramas encompassing the entire tumor region were acquired using
constant exposure conditions (Methods). (a) Tumors of saline-treated controls or (b) SSL-DXR-treated animals injected iv with fluorescent SSL 3 days after
treatment and imaged | day later. Accretions of fluorescent Dil-SSL in tumors of SSL-DXR-treated animals were smaller and less numerous than in control
animals, but contained a larger number of strand-like features resembling perfused vessels. (c) Tumors of controls or (d) treated animals injected iv with Dil-SSL
6 days after SSL-DXR treatment and imaged | day later. The tumor core of both control- and treated animals showed decreased overall Dil-SSL deposition on
day 6—7 compared to day 3—4, but were similar to each other. Bar: 50 um. Image intensity in (c) and (d) was increased to reveal patterns of deposition.

expressing eGIFP (9L-eGFP) to permit visualization and
quantification of tumor cell content.

At intervals over 2 weeks following a single SSL-DXR
treatment, groups of 3-5 treated and control animals were
sacrificed at each time point. The brain region containing
the tumor was identified visually and excised, as was normal
brain from the contralateral hemisphere.

For most angiogenesis-related markers in the panel, there
was no significant difference between treated- and control
groups over the time period surveyed (data not shown). How-
ever, markers for vascular endothelium content differed con-
sistently. Tumor content of VE-cadherin (Fig. 5a) rose
progressively over a week of observation in the tumors of
control rats, confirming the rapid expansion of the vascular
compartment suggested by DCE-MRI (Fig. 1). Notably, a
single dose of SSL-DXR abolished the vascular endothelium
expansion (Fig. 5a), and the difference was significant (P<
0.05) 7 days after treatment.

Based on 9L-eGFP abundance in the tumor sample,
tumor cell density remained relatively constant over the first
week after SSL-DXR treatment (Fig. 5b). In the second
week, tumor cell density rose precipitously in both groups,
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and the single SSL-DXR treatment did not have a discern-
ible effect on tumor progression.

The temporal changes in vascular endothelial cell con-
tent (Fig. 5a) and tumor cell burden (Fig. 5b) appeared to be
correlated. Therefore the VE-cadherin:eGFP ratio for each
individual animal was calculated as an indicator of the
microvessel content of tumor (Fig. 5c). Over the first week
of evaluation, the endothelium:tumor cell ratio rose rapidly
in control animals. The nearly 7-fold elevation in that ratio
for control animals on day 7 after treatment was significant-
ly higher than in SSL-DXR-treated animals (£<0.05), and
the effect of a single SSL-DXR treatment on the endothe-
lium:tumor cell ratio was striking. After approx. 7 days,
tumor cell density increased rapidly (Fig. 5b), causing a
rapid decline in the VE-cadherin:eGFP ratio (Fig. 5c¢).
Overall, the data suggest that the initial, rapid expansion
of tumor microvasculature primed the tumor for rapid
growth and increasingly dense cellularity, and the single
SSL-DXR dose eliminated the expansion of the vascular
endothelial cell compartment.

Data for PECAM-1, a second marker of vascular endo-
thelial content of tissue (42), was consistent with the data for
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Fig. 3 Quantification of SSL-DXR effects on intracranial 9L tumor
vascular permeability to sterically-stabilized probe liposomes. Tumor
deposition of fluorescent Dil-SSL was quantified from images of
|0 um frozen tissue sections encompassing the entire tumor of
control- and SSL-DXR-treated animals (cf. Fig. 2) using Image/. (a)
Deposition of Dil-SSL in the tumor core region of SSL-treated- (open
bars) or control (hatched bars) animals. Ordinate: arbitrary fluores-
cence units per unit area over equal-sized regions-of-interest (ROI).
The difference between SSL-DXR-treated and control groups was
significant for animals injected on day 3 post treatment with Dil-SSL
(*, P<0.05), but not in animals probed on day 6 after treatment. (b)
Deposition of Dil-SSL in the invasive peripheral tumor region at
varying times after SSL-DXR treatment. The difference between
SSL-DXR-treated and control animals was significant for animals
injected on day 3 post treatment with Dil-SSL (**, P<0.01), but
not on day 6. (c) The uniformity of intratumor deposition of Dil-SSL
was quantified for animals injected with the probe liposomes on day
3 or 6 after SSL-DXR treatment or control (saline) administration
(Methods). A higher variability of fluorescence (ordinate) indicates less
uniform deposition in the control group. SSL-DXR treatment reduced
the covariance of fluorescent intensity significantly (**, P<0.01),
indicating more uniform intratumor deposition.
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Fig. 4 Changes in tumor microvessel density and morphology mediated
by SSL-DXR. Microvessel density and morphology were evaluated by
CD31 immunostaining of frozen tumor sections obtained at the same
times that tumor vasculature was probed for permeability (cf. Figs. 2 and
3). (@) Control animals showed chaotic, disorganized tumor microvascula-
ture 4 days after saline treatment. (b) SSL-DXR-treated animals showed
fewer but larger organized, intensely-staining CD3 | -positive structures
4 days after treatment. Bar represents 50 um.

VE-cadherin. However, because of variability in the data
when normalized by control genes, which are present both
in tumor and any residual normal brain tissue included in
the sample, the reduction in PECAM-1 abundance in
tumors of treated vs. control animals did not rise to statistical
significance (not shown). However, with normalization of
PECAM-1 data by the tumor cell content (¢GFP) of the
sample for each individual animal (¢f. Fig. 5c¢), suppression of
PECAM-1 by the SSL-DXR treatment rose to statistical

Table 1 Mean Tumor Microvessel Density

Days Post ~ Control®  (n®  SSL-DXR? (% p
Treatment

4 87.9+28 (4l)  608+17 (290  <0.000]
7 91.1+44  (39) 84351  (4D) 0.3151

?Mean microvessel density per field (= standard error of the mean) based
on CD3 1 immunohistochemical staining

b Number of fields analyzed; each sample set consisted of 3 animals per
treatment group and 3 tissue sections analyzed for each animal

“In SSL-DXR treatment group, the increase in microvessel density from
day 4 to day 7 was significant (P<0.001)
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Fig. 5 Effect of SSL-DXR treatment on tumor content of vascular endothelial >

cells. Changes in tumor content of vascular endothelial cells or tumor cells
mediated by a single dose of SSL-DXR were quantified by RT-PCR. On days 2,
4,7,9and || after SSL-DXR treatment, groups of 3-5 animals treated with
SSL-DXR or saline (controls) were sacrificed. Tumor burden (eGFP expression)
and endothelial cell content (VE-cadherin, PECAM-1) were determined by
gRT-PCR analysis. (@) VE-cadherin expression in tumor as a function of time
after treatment with SSL-DXR (filled circles, solid line) or saline (contral; filled
squares, dashed line). Ordinate: data were normalized against multiple ‘house-
keeping' genes (Methods) and axis represents relative copy number. Treatment
with a single dose of SSL-DXR abrogated the expansion of tumor endothelial
cell content that was observed in control animals. The difference between
control- and treated animals was significant on day 7 (*, P <0.05). (b) Tumor
cell density in harvested tissue samples based on 9L-eGFP cells included in
tumor inoculum. Relative abundance of tumor cells increased as tumors grew
more dense, excluding normal brain cells. () Vascular endothelium:tumor cell
ratio in tissue samples. VE-cadherin expression (@) was normalized for each
individual animal by its corresponding eGFP (tumor) content (b). The 7-fold
suppression of VE-cadherin:eGFP ratio in SSL-DXR-treated animals relative to
controls was statistically significant (¥, P < 0.05). The data are the results of one
complete, representative experiment. The experiment was performed twice,
with at least 5 time points and n=3-5 animals per treatment group at each time
point. The effect of SSL-DXR treatment to suppress peak endothelial cell
expansion was statistically significant in both experiments (¥, P <0.05).

significance (P<0.05) on day 7, thus corroborating the VE-
cadherin data.

DISCUSSION

Novel drug carriers often progress through clinical trial
based upon similarities between the encapsulated agent
and the approved free drug. Doses and administration
schedules usually reflect current clinical practice with the
approved drug, and approval of the drug carrier formula-
tion may hinge upon incremental improvements in toxicity
profile, rather than improvements in efficacy that exceed
what would be expected from dose escalation. Although
expeditious, this strategy may de-emphasize or obscure nov-
el, carrier-mediated alterations in pharmacology that arise
from unique pharmacokinetic or biodistributional charac-
teristics of the drug delivery system. Distinct toxicities of
carrier-associated drugs have been observed clinically, such
as the palmar-plantar erythrodysesthesia mediated by the
nanoparticulate SSL-DXR formulation Doxil® (46), and
this and other observations provide indirect clinical evi-
dence that carrier-based formulations may exert unique
pharmacological actions.

Previously we demonstrated that repeated weekly admin-
strations of SSL-DXR in an intracranial brain tumor model
prolonged survival, increased the tumor deposition of subse-
quent doses, and mediated progressive compromise of tumor
vascular permeability (23-25). The changes observed in vas-
cular permeability, which appear to result from establishment
of an intra-tumor drug depot that is localized to the perivas-
cular space, were not anticipated from prior preclinical or
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clinical reports. More recent investigations with encapsulated
drugs such as irinotecan and vincristine demonstrate that
nanoparticulate formulations containing drugs other than
DXR can also exert effects upon tumor vasculature (30,31),
and suggest that the nanoparticulate carrier system may play a
generalizable role in modulating the observed pharmacology.

The sequence of events by which nanoparticulate drug
carriers mediate vascular compromise is not well understood.
Here we investigated the temporal responses of treatment-
naive tumors to a single dose of an SSL-DXR formulation
that resembles Doxil®. DCE-MRI suggested that the 1nitial
effect of the SSL-DXR dose was a transient but significant
reduction in tumor perfusion, which reached a nadir 3—4 days
after treatment. This effect was tumor specific, as it was not
observed in normal tissues such as contralateral brain or
skeletal muscle. In parallel, qRT-PCR quantification of vas-
cular endothelial cell markers demonstrated that a single SSL-
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DXR dose abrogated the expansion of tumor vasculature
occurring in control animals. Immunohistochemical analysis
of tumor vascular content, employing CD31 as a marker,
demonstrated that at the treatment-mediated nadir of tumor
permeability/perfusion, a striking reduction was observed in
tumor content of chaotic vascular elements. Instead, extensive
organized CD31-positive structures were observed. These
observations are consistent with ‘vascular normalization’
resulting from therapeutic targeting of tumor vasculature
(47-49), in which tortuous, leaky, and immature tumor micro-
vessels undergo remodeling to a ‘normal’ functionality and
morphology. The observed reduction in microvessel density
3—4 days after SSL-DXR administration was statistically sig-
nificant, and occurred in both the tumor core and peripheral
mnvasive areas. Tumor deposition of fluorescent 85-110 nm
SSL-Dil, which was employed as a nanoparticulate probe of
vascular barrier compromise, was altered markedly by the
single SSL-DXR dose. Whereas untreated animals showed
sporadic but highly intense accretions of fluorescence in the
tumor, SSI-DXR-treated animals lacked the intense accre-
tions but appeared to contain a greater number of smaller
fluorescent structures that had a morphology suggesting ex-
travasation from underlying vascular structures without diffu-
sion further into the tumor interstitium.

By 5—7 days after SSL-DXR treatment, tumors of treated
and untreated animals converged to similar perfusion/per-
meability, based on DCE-MRI. Immunohistochemical
analysis suggested that microvessel density in the treated
animals had rebounded and was equal to control levels.
Deposition of probe nanoparticles (SSL-Dil) on days 6-7
post-treatment was reduced significantly in the tumor core
of both treated and control animals compared to day 3—4,
despite the observed increase in microvessel density, suggest-
ing a significant decline of vascular function as tumor pro-
gressed and cellularity increased.

Despite the fact that perfusion and permeability probes
suggested a return to control values in SSL-DXR-treated
animals by day 6—7 post-dose, gqRT-PCR analysis showed
that at day 7, tumor vascular endothelial cell content
remained at a nadir in the SSL-DXR-treated animals. Thus
the pharmacological effects of the single SSL-DXR dose upon
tumor vasculature persisted for atleast 7 days. Our previously-
published data with this tumor model also support the con-
clusion that dynamic changes in the vasculature mediated by
SSL-DXR were persistent: one week after dosing, DXR con-
centrations in tumors of SSL-DXR-treated animals were
higher than the peak levels achieved immediately after bolus
administration of an identical dose of free DXR (25). Vascular
permeability continued to increase in SSL-DXR-treated ani-
mals beyond day 6—7 post-dose: tumor deposition of a second
weekly SSL-DXR dose, which would peak on day 8-9 be-
cause of the long circulating lifetime of the SSL, was 2-fold
higher than in treatment-naive animals (25).

Two alternative hypotheses may explain the observed
effects of SSL-DXR on tumor vascular status. The first is
that extravasation of the initial SSL-DXR dose results in a
persistent intratumor depot of drug that causes progressive
tumor cell death, leading to collapse of the vasculature. The
second is that extravasated liposomes fail to diffuse into the
tumor because of their large radius of hydration, and the
sustained drug release in close proximity to the vascular
lumen is cytotoxic to the endothelial cells, leading to vascu-
lar collapse. The qRT-PCR data provided here would favor
the second hypothesis: (1) the single SSL-DXR dose abolished
a rapid expansion of vasculature that was observed in control
tumors, under conditions in which (it) tumor volume progres-
sion was not yet inhibited significantly by the SSL-DXR dose,
based on qRT-PCR quantification of tumor cells, or tumor
volume measurements by MR imaging, and (iii) the timeframe
of maximum reduction in tumor vascular endothelial content
was offset from the initial events, and corresponded to the
timeframe in which rebound tumor vascular permeability was
observed.

Additional mechanisms unique to the drug carrier system
may contribute to the vascular compromise by SSL-DXR.
The 2-fold reduction in tumor perfusion/permeability after
3—4 days, based on the AUC of Gd-D'TPA in tumor (Fig. 2b),
occurred 24-48 after peak SSL-DXR tumor deposition (25). A
reduction in perfusion of that magnitude would reduce the
clearance of extravasated liposomes (or released free drug)
from the tumor immediately following peak deposition.
Because back-diffusion to the systemic circulation may repre-
sent the most significant mechanism of clearance from tumor
for most drugs (e.g., as opposed to intra-tumor metabolism), a
reduction in drug clearance after the majority of the overall
tumor AUC was achieved could further intensify the effect of
the intratumor SSL-DXR depot.

The temporal sequence of SSL-DXR effects upon tumor
vascular permeability reported here may be difficult to discern
in some tumor models. Deposition of SSI-DXR in advanced
intracranial 9L tumors is just 0.02-0.04% of injected dose
(25). In contrast, deposition of 5—13% of the injected SSL-
DXR dose/g tumor was reported in mice bearing subcutane-
ous LS174T or B16 tumors (50), and deposition of 20% of the
injected SSL-DXR dose/g was reported for subcutaneous
Colon-26 tumors (51). The vascular permeability of s¢c tumors
to nanoparticles may be unrealistically high in many tumor
models. Notably, a comparison of s¢ vs. intracranial glioblas-
tomas demonstrated a significantly lower k.5 in orthotopic
tumors (31). In intracranial brain tumors, where the vascular
barrier represents a significant hindrance to drug delivery, a
two-fold increase in tumor drug deposition achieved with SSL-
DXR, in parallel with a reduction in systemic drug clearance,
could be highly significant therapeutically. However, in
hypervascularized, high-permeability tumor models, such
changes likely would be obscured.
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Several prior reports are consistent with the observed
effects of DXR-containing nanoparticles to reduce tumor
perfusion/permeability. A rapid (<30 min), tumor-selective
reduction in microvessel flow, and a drastic decrease in tumor
microvessel density (624 h post-dose), was observed when
DXR was abruptly and rapidly released from temperature-
triggered liposomes during hyperthermia (52). Here, the lower
but sustained drug release rates from SSL-DXR also reduced
tumor perfusion, but did so on a timescale that permitted the
long-circulating SSL, which have a peak time of deposition of
>24 h, to establish an intra-tumor drug depot before the
perfusion that supports drug delivery was curtailed. Other
investigations also report modulation of tumor vascular status
by SSL-encapsulated drugs. In an s¢c tumor model, 6 weeks of
treatment with a regimen of irinotecan-containing SSL re-
duced the vascular transfer constant ki.,,s and the tumor
density of endothelial cells (30). However, the overall vascula-
ture:tumor ratio was increased, and deposition of a second
administered drug was increased as a result of the increased
perfusion. Another report demonstrated that 3 different drugs
encapsulated in SSL exert vasculature-modulating effects, and
showed that after extended treatment of intracranial tumors,
at highly efficacious doses, both vascular normalization and
restoration of the tumor:blood barrier were observed in an
intracranial brain tumor model (31). Thus with long-term
treatment employing SSL-encapsulated agents, tumor prop-
erties may change in response to the accentuation of thera-
peutic effects in hyperpermeable regions of tumor. Together,
these reports suggest that nanoparticulate drug carriers such
as SSL initiate a dynamic sequence of effects, particularly
upon tumor vasculature. Exploiting these effects would entail
rational design of combination regimens, including non-
standard administration patterns or regimens that are modi-
fied according to patient tumor response characteristics.

The key characteristics of nanoparticulate carriers
required to exert tumor antivascular effects are likely to
include: 7) extended circulation time, so as to promote ex-
travasation, ) stable incorporation of the drug, so that the
carrier is able to convey the drug to tumor, ) an appropri-
ate drug release rate, and @) a particle diameter optimized
for extravasation but retention in proximity to vascular
elements. Previous studies have demonstrated the tradeoffs
among hydrated radius of the carrier, tumor deposition of
the drug/carrier complex, and the tissue penetration of the
carrier-associated drug (13). Other studies demonstrated
that the surface characteristics of SSL promote higher mi-
crovascular permeability compared to conventional lipo-
somes that do not bear the PEG coating (53). Overall, the
optimal values of the physicochemical characteristics re-
quired to achieve the observed antivascular effects of the
drug:carrier complex are not well defined, but nonetheless
these findings are relevant to other nanoparticulate drug
formulations.
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The sequelae that follow SSL-DXR administration have
potentially important clinical ramifications. First, the ad-
ministration of other agents in combination regimens could
be less efficacious against tumor if administered during the
transient period of reduction in tumor perfusion/permeabil-
ity, conditions under which toxicity to critical normal tissues
likely would be undiminished. This would have a deleterious
impact on the therapeutic index. Clinically, non-invasive
imaging could reveal whether a similar reduction of tumor
perfusion occurs in patients administered SSL-DXR, as well
as the duration of the effect. Second, the continuing intra-
tumor effects of the SSL-DXR drug depot, which even-
tually increase tumor vascular permeability, could
increase the efficacy of combination agents if adminis-
tered within the appropriate time frame. Third, because anti-
vascular effects observed with SSL-DXR are also exerted by
mechanistically-distinct anti-cancer agents encapsulated in
similar SSL (31), the emergence of pharmacological resistance
may be combated by substituting an alternative SSL-drug
complex, without loss of the concomitant effects upon the
tumor vasculature.

CONCLUSIONS

The data presented demonstrate that a nanoparticulate
drug/carrier complex that is similar to an FDA-approved
product can exert vascular effects analogous to those ob-
served with molecularly targeted antivascular agents. How-
ever, the pathophysiological mechanisms promoting SSL-
DXR antivascular effects differ from those exerted by
molecularly-targeted agents. Furthermore, the carrier-
released drug appears to affect tumor vascular endothelial
cells, which are not extensively mutated, in addition to the
tumor cells. Therefore, treatment resistance to the antivas-
cular effects of drugs in SSL would not be expected to arise
from the same mechanisms responsible for the eventual
failure of other vascular-targeted therapies (54,55). Finally,
the effects of this drug/carrier complex upon tumor vascular
permeability should be detectable by conventional clinical
imaging modalities such as MRI. Thus, rationally-selected,
patient-specific combination therapies could be designed to
exploit what may be a transient yet significant treatment-
mediated increase in tumor permeability mediated by nano-
particulate agents.
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