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Introduction

Magnetic resonance-guided focused ultrasound (MRgFUS) pro-
vides completely noninvasive thermal therapy for cancer. To address
systemic cancers, such local therapies are augmented with chemo-
therapy or immunotherapy. In addition, at tumor margins and near
blood vessels or vulnerable structures, practical ablative protocols
may not be fully effective. Thus, there are multiple motivations and
precedents for combining systemic and local therapies; for example,
radiation therapy combined with neoadjuvant chemotherapy reduc-
es risk of local recurrence in breast-conserving surgery (1, 2). Fur-
thermore, the efficacy of radiofrequency (RF) ablation is improved
by preablation thermosensitization (3) and coadministration of
ablation and chemotherapy (4-6), suggesting that combining abla-
tion with drug therapy may also increase coagulation diameter and
reduce recurrence using MRgFUS. The purpose of this study is to
determine whether a practical ablation strategy in which the tumor
margin is incompletely treated to preserve sensitive surrounding tis-
sue can be locally curative in mammary carcinoma.

MRgFUS ablation involves the application of a pattern of abla-
tion foci across the desired volume of interest. Clinical strategies
for ablation of large regions are realized by scanning the ultrasound
focus in a circular pattern or creating a grid pattern of overlapping
ablation points (7, 8). Treatment is monitored by magnetic reso-
nance thermometry, which typically makes use of the temperature
dependence of the proton resonance frequency (9, 10). This can be
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Magnetic resonance-guided focused ultrasound (MRgFUS) facilitates noninvasive image-guided conformal thermal therapy

of cancer. Yet in many scenarios, the sensitive tissues surrounding the tumor constrain the margins of ablation; therefore,
augmentation of MRgFUS with chemotherapy may be required to destroy remaining tumor. Here, we used ‘Cu-PET-CT,

MRI, autoradiography, and fluorescence imaging to track the kinetics of long-circulating liposomes in immunocompetent
mammary carcinoma-bearing FVB/n and BALB/c mice. We observed a 5-fold and 50-fold enhancement of liposome and

drug concentration, respectively, within MRgFUS thermal ablation-treated tumors along with dense accumulation within the
surrounding tissue rim. Ultrasound-enhanced drug accumulation was rapid and durable and greatly increased total tumor drug
exposure over time. In addition, we found that the small molecule gadoteridol accumulates around and within ablated tissue.
We further demonstrated that dilated vasculature, loss of vascular integrity resulting in extravasation of blood cells, stromal
inflammation, and loss of cell-cell adhesion and tissue architecture all contribute to the enhanced accumulation of the liposomes
and small molecule probe. The locally enhanced liposome accumulation was preserved even after a multiweek protocol of
doxorubicin-loaded liposomes and partial ablation. Finally, by supplementing ablation with concurrent liposomal drug therapy, a
complete and durable response was obtained using protocols for which a sub-mm rim of tumor remained after ablation.

used to generate maps of thermal dose with the thermal isoeffect
measure cumulative equivalent minutes at 43°C (CEM43) (11). As
CEM43 increases rapidly with temperature, high temporal resolu-
tion is particularly important for ablative strategies that utilize high
temperature and short heating time, but minimize toxicity to sur-
rounding tissue (12). By modeling the thermal dose and comparing
this to the experimental results, the effect of ablation on delivery
can be assessed at microscopic and macroscopic scales both within
and surrounding the ablated region. The impact of such scanning
protocols on coadministered chemotherapeutics has not been eval-
uated in previous studies. Single-point and grid insonation patterns
have been proposed as protocols for enhanced drug delivery or
immunotherapy, where treatment can be repeated and potentially
combined with adjuvants (13, 14). Complete ablation can also be
achieved with circular insonation or tightly spaced grid protocols.

We used small animal MRI and nuclear imaging to track
the biodistribution and pharmacokinetics of small molecules
and nanoparticle therapy, respectively, in conjunction with
MRgFUS. Integration of ®Cu PET labels within liposomes was
achieved by the use of 6-[p-(bromoacetamido)benzyl]-1,4,8,11-
tetraazacyclotetradecane-N,N',N",N""-tetraacetic acid (BAT),
which demonstrates excellent stability in vitro and in vivo (15). The
4Cu radiotracer is particularly appropriate for labeling nanopar-
ticles, as its half-life of 12.7 hours is comparable to the circulating
half-life of long-circulating liposomes (LCL).

A mechanistic understanding of the interaction between abla-
tion and chemotherapeutic delivery is key to improving therapy.
Combining ablation with chemotherapy has been hypothesized
to improve the therapeutic outcome by enhancing delivery and
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lethality in regions of sublethal hyperthermia (11). Hyperthermia
enhances local accumulation of nanoparticles due to enhanced
blood flow, changes in the effective pore size of vasculature, and
release of inflammatory and vasodilatory substances from ablated
mast cells or endothelial cells (4-6, 16-20). While ultrasound-
induced mild hyperthermia alone can enhance the accumulation of
nanotherapeutics, the accumulation has been shown to be depen-
dent on the tumor phenotype (21). Moreover, the use of an abla-
tion protocol is attractive, as it provides the opportunity to debulk
large tumors while enhancing accumulation. Here, we test whether
such a strategy enhances accumulation in multiple tumor cell phe-
notypes. Further, burns are known to induce the release of factors
such as histamine and VEGF, which can induce local edema and
enhance accumulation of nanoparticles (17-20, 22). Thermal inju-
ry can also reduce interstitial fluid pressure (23), which has been
shown to enhance accumulation of nanoparticles in cancer (21),
and modulate immune cell migration and oxygen tension (24-26).
Unlike other modes of thermal therapy, ultrasound also induces
mechanical tissue effects (27), which enhance local accumulation
of drugs, antibodies, and nanoparticles (28-30). Mechanisms for
these changes include radiation force, microstreaming, and oscil-
lating gas bubbles within tissue and vasculature (31).

Nanoparticle formulation improves efficacy of systemic che-
motherapy. Encapsulation of chemotherapeutics within lipo-
somes enhances solubility, reduces systemic toxicity, prevents
degradation, and changes drug pharmacokinetics (32). Most long-
circulating nanoparticle formulations (including LCL) accumulate
within tumors due to the enhanced permeability and retention
(EPR) effect (33); however, EPR-mediated accumulation varies
with tumor site and is often heterogeneous. Therefore, enhancing
this effect is desirable. Alternatively, activatable nanotherapeutics
release their cargo in response to changes in pH, temperature, or
other stimuli (12). Temperature-sensitive liposomes (TSL) have
been paired with ultrasound hyperthermia (34, 35) and shown to
increase drug accumulation in the insonified tumor. Temperature-
sensitive formulations were less effective than long-circulating
drug carriers when combined with RF ablation (36); however,
few data are available on the combination of TSL and ultrasound-
mediated ablation.

This study makes use of 2 syngeneic, orthotopic breast can-
cer models: the neu exon deletion line (NDL) model of epithelial,
focal, mammary adenocarcinoma and the 4T1 model of invasive
and metastatic mammary adenocarcinoma. NDL tumors were
generated in FVB/n mice expressing an activated form of ERBB2/
neu with the mouse mammary tumor virus long-terminal repeat
promotet, a system modeling human HER2-amplified breast can-
cer (37, 38). These tumors were then transplanted into the mam-
mary fat pads of wild-type (WT) FVB mice. 4T1 cells were pur-
chased from ATCC and injected into the mammary fat pads of WT
BALB/c mice. Use of this cell line in an orthotopic model provides
a highly proliferative model of breast cancer with an increase in
the EPR effect relative to the NDL model.

Our ultimate goal is to use MRgFUS within curative protocols.
Curing mice with ultrasound ablation is challenging, as the skin is
highly absorptive and is near the tumor; also, critical organs are
nearby. Thus, the mouse is a useful model for evaluating strategies
to augment ablation with drug delivery near sensitive structures
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and to determine where delivery is enhanced. We first applied
ultrasound to a single point at the center of the tumor to assess
the surrounding nanoparticle accumulation, with temperatures
greater than 65°C. This protocol recapitulates direct thermal
toxicity at the tumor center, surrounded by a shell of sublethal
hyperthermia, where we expected enhanced nanoparticle accu-
mulation. We also applied a scanned circular pattern and a grid
protocol of ultrasound exposure in order to quantify nanoparticle
accumulation within these ablated regions and the surrounding
rim. We assessed the sequestration of nanoparticles on a macro-
and microscopic basis and used contrast-enhanced T1-weighted
MRI (CET1IwMRI) to compare this with the accumulation of the
small molecule gadoteridol following MRgFUS in a mouse mod-
el of mammary carcinoma. We further explored whether ultra-
sound-mediated enhancement of accumulation persisted through
multiple applications of ablation and chemotherapy. Finally, the
combination of ablation and chemotherapy delivery was shown to
enhance survival in this model system.

Results

MRgFUS accurately controlled the desived temperature increase with-
in each protocol. We first set out to apply PET-CT to assess drug
accumulation over 48 hours after ablation and LCL injection in
the NDL tumor model (Figure 1A). The spatial distribution of heat
was mapped and controlled by MRgFUS (Figure 1, B-F), and the
instantaneous verbal map was used to visualize the region treated
in the single-point (Figure 1, B and E), grid (Figure 1, D and E), or
circular protocol (Figure 1, C and F). For the grid protocol, indi-
vidual treatment points were sequentially directed to the tumor
and the region was allowed to cool between insonations (Figure
1D); therefore, the instantaneous thermal map was identical to
that for the single-point insonation (Figure 1E). We also simulated
the temperature increase for our parameters in order to ensure
that values obtained by MR thermometry matched the conditions
(Figure 1, G-J). In each study, thermometry validated a peak tem-
perature greater than 65°C and a CEM43 exceeding 5,000.

With the application of a single ablation point, the spatial
extent of an instantaneous temperature above 55°C was predicted
and measured to be 1 to 2 mm in radius (Figure 1G and Supple-
mental Figure 1, A and B; supplemental material available online
with this article; doi:10.1172/JCI183312DS1) and approximately 3
mm in depth. For the scanned (circle) ablation, the extent of the
55°C temperature was approximately 5 mm in radius and depth,
resulting in a greater deposition of heat (Figure 1H) and expanded
region of cell death (Supplemental Figure 1C). The experimen-
tally observed distribution corresponded well with simulations of
the ultrasound beam and heat deposition, with small differences
noted in the spatial extent and magnitude of heating (Figure 1,
E-]). Therefore, we find that MRgFUS can reproducibly create the
desired local thermal dose.

PET-CT confirmed the enhanced accumulation within the ablated
NDL tumors. The effect of MRgFUS on ®Cu-LCL distribution was
confined to the region of insonation and immediately surround-
ing tissue. Without MRgFUS ablation, PET-CT imaging of mice
with bilateral NDL tumors at 3 hours after injection with ¢*Cu-LCL
revealed a vascular distribution of liposomes, with greater activ-
ity in the heart, jugular veins, and liver (Figure 1K). At 20 and 48
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Figure 1. MRgFUS ablation enhanced accumulation of **Cu-LCL in NDL mammary carcinoma. (A) Three weeks after tumor implantation, tumors were
ablated and imaged with pre- and postablation TIw-MRI. Mice were then injected with i.v. ®*Cu-LCL and imaged with PET-CT at 3, 20, and 48 hours after
treatment. Control treatment was no ultrasound (no US). (B-J) MRgFUS protocols and temperature profiles. TIw images localize ultrasound for (B) single-
point, (C) circle, and (D) grid protocols. MR thermometry images following (E) 20 seconds single-point or (F) 60 seconds circle protocol MRgFUS. Tempera-
ture of measured and simulated ultrasound focus is plotted after (G) 20 seconds single-point or (H) 60 seconds circle protocol. Temperature distribution
was simulated following (1) 20 seconds single-point or (J) 60 seconds circle protocol. Grid protocol shown in D and M-0 is equivalent to E and G repeated in
grid pattern, due to sequential application of ablation points and cool-down period. (K) PET-CT maximum intensity projection images of *Cu-LCL without
ablation. White arrows indicate tumors; yellow arrowheads indicate jugular vein (JV), heart (H), and liver (L). (L) At 3, 20, and 48 hours following single-
point ablation (blue arrows), liposome accumulation is enhanced as compared with that in contralateral tumors (white arrows) in PET-CT images. ®Cu-LCL
PET image-derived volume of interest analysis plotted as (M) maximum voxel intensity, (N) average activity, and (0) AUC,,. Significance is analyzed with
1-way ANOVA followed by Tukey's test. For M-0, n = 4, 3,12, 19, and 6 mice for grid, circle, single point, contralateral tumors (contra), and no treatment.
Scale bars: 1cm. Thermometry color bars range from 70°C to 40°C; PET color bar ranges from 25%ID/cc to 0%ID/cc. *P < 1x 107* vs. untreated tumors;

P < 0.05 vs. single-point ablation. Data are pooled from 5 experiments.

hours after ablation, the radioactivity in the heart, liver, and jugu-  and L). At 48 hours, whole-body radioactivity had decreased,

lar veins decreased and radioactivity associated with the ablated
tumors increased relative to the vascular and tissue background
(Figure 1L). Radioactivity associated with clearance organs (gut
and bladder) was also increased at later time points (Figure 1, K

although activity within and surrounding the ablated tumor

remained comparable to that observed at 20 hours (Figure 1L).
With all MRgFUS protocols, at 3, 20, and 48 hours after abla-

tion, the mean and maximum accumulation greatly increased in
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Figure 2. Ablation greatly enhances **Cu-LCL accumulation in tumor rim and remaining viable tumor in the NDL tumor model. (A-T) Comparison of
H&E-stained frozen sections (A, F, K, and P), autoradiography (B, G, L, and Q), and PET image slices (C-E, H-}, M-0, R-T) acquired at 3 hours, 20 hours,
and 48 hours from tumors sectioned 48 hours after MRgFUS treatment with grid, circle, single-point ablation, or no ultrasound. Grid and circle MRgFUS
exposures increased accumulation of #*Cu-LCL in rims surrounding ablation (dark purple rim on A and F corresponds with black rim on B and G). Limited
resolution of PET images blurs rim in C-E and H-}, but also shows blood and lymphatic radioactivity in C-E, H-}, and M-0. Single-point ablation also
increased accumulation of liposomes (L-0). Accumulation in untreated tumor was homogeneous and low (Q-T). (U and V) Region of interest analysis of
autoradiography (rectangular black box was plotted as line profile) demonstrating that central accumulation in tumors treated with (U) grid protocol and
(V) circle protocol is comparable to that in untreated tumors in 5 of 6 tumors. n = 4, 3,12, 19, and 6 mice for grid, circle, single point, contralateral tumors,
and no treatment. Scale bars: 5 mm. Color bar scaled from 25%ID/cc to 0%ID/cc. Data are representative of 5 experiments.

the insonified tumor and peritumoral region (blue arrows, Fig-
ure 1L) compared with that in the contralateral controls. With the
exception of the insonified tumor, a similar volume of distribution
was observed in the untreated and insonified mice (Figure 1, Kand
L), and accumulation in the contralateral tumor was not signifi-
cantly changed from that of the untreated mice at any time point
(white arrows, Figure 1, K and L). Additional PET images from the
study are provided in Supplemental Figure 2.

Quantification of the accumulation verified that MRgFUS
enhanced accumulation of ¢*Cu-LCL as compared with both
untreated and contralateral controls (Figure 1, M and N). Enhanced
tumor accumulation from MRgFUS ablation primarily occurred less
than 3 hours after insonation and persisted through 48 hours, with
more than 80% of the highest observed accumulation present at 3
hours after insonation. The increase in the spatial maximum accu-
mulation in the treated versus control tumors was larger than the
change in the mean accumulation, as might be expected for a local
therapy (Figure 1, M and N). The greatest spatial maximum accu-
mulation was observed at 3 hours after insonation, with accumula-
tion 0f 39.7 £ 8.6,33.8 £1.9,27.4 £ 2.1, and 8.6 + 0.8 percent injected
dose per cc of tissue (%ID/cc, mean * SEM) in circle, grid, single-
point protocols, and untreated tumors, respectively (Figure 1M).
The spatial mean accumulation at 3 hours was 9.8 £ 0.5,9.2£ 0.7, 8.5
1 0.4,and 3.8 £ 0.3%ID/cc in circle, grid, single-point protocols, and
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untreated tumors, respectively (Figure 1N). Further, the mean accu-
mulation at 20 and 48 hours was similar to that in the earlier time
points. Clearance in the clinically relevant circle and grid protocols
was small; the decrease from the peak to the 48-hour accumulation
was 5.4%, 1.8%, 13.6%, and 17.2% in the circle, grid, single-point
protocols, and no-treatment groups, respectively.

Based on the 48-hour PET data, the AUC over 48 hours
(AUC,,) for tumors treated with grid, circle, and single-point pro-
tocols of MRgFUS was significantly greater than that for untreat-
ed tumors (P=1.2 x 1075, P =1.25 x 1075 P = 1.54 x 107%). Further,
the AUC; for grid and circle application of MRgFUS was signifi-
cantly greater than that achieved with the single-point ablation (P
= 0.025 and 0.041), while the AUC, for grid and circle protocols
did not significantly differ (Figure 10) and did not correlate with
tumor size (Supplemental Figure 1E). A linear regression of tumor
volumes and tumor accumulation at 3 hours demonstrated a slope
of -0.0074 %ID/cc tumor accumulation per 0.01 cc tumor vol-
ume with a Pearson’s R? of 0.14 and with the smallest and largest
tumors measuring 0.0087 cc (4 mm longest diameter) and 0.10 cc
(6 mm longest diameter), respectively (Supplemental Figure 1E).

Biodistribution validates the macroscopic imaging finding of
enhanced accumulation. Biodistribution at 48 hours confirmed that
the effect of MRgFUS ablation on **Cu-LCL distribution was con-
fined to the tumor (Supplemental Figure 3A). Accumulation was
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greater in treated compared with untreated tumors; however, as
expected, the differences were smaller at 48 hours compared with
the PET data corresponding to earlier time points (Figure 1N, Sup-
plemental Figure 3A). Radioactivity was greatest (>4%1D/g) in the
urine, liver, kidneys, spleen, and tumors of treated and untreated
mice. Moderate activity (between 2 and 4%ID/g) was observed
in blood, heart, lung, and intestine, while very little activity
(<1%ID/g) was observed in muscle, bone, and brain.
Accumulation within the ablated region and surrounding rim
was visualized in the NDL model by microscopic scale imaging using
histology and autoradiography. Microscopic examination of tumor
sections revealed the extent of tumor damage produced by MRg-
FUS and the resulting local accumulation of radioactivity within
remaining tumor (Figure 2). The bulk of the tumor was destroyed
in tumors treated with grid and circle protocols, with small (<1
mm) rims of viable tumor tissue remaining at the periphery of the
tumor (Figure 2, A and F, and Supplemental Figure 4, B and F).
Radioactivity was enhanced in these rims of viable tissue on auto-
radiography at 48 hours after treatment (Figure 2, B and G), which
compares well to PET imaging (Figure 2, C-E and H-]). ®*Cu-LCL
accumulated in the rim of MRgFUS-treated tumors (Figure 2,
A-0) to a greater degree than in untreated tumors (Figure 2, P-T).
In order to compare the **Cu-LCL accumulation in the tumor
center and periphery between the control and treated tumors, we
present a horizontal line drawn across the autoradiography images
as a 2D line plot (Figure 2, U and V, line plots and corresponding
images). In the tumor periphery, we found that the accumulation
was increased in all circle protocol tumors. Accumulation in the
ablated tumor center was comparable to that observed in contra-

Figure 4. As compared with controls, grid and circular ablation protocols
alter the tumor distribution of a single injection of gadoteridol contrast
agent in the NDL tumor model. Results were similar whether gadoteridol
was injected before or after ablation. Columns represent the same tumor
imaged at 5 minutes (A-E) and 3 hours (F-J) after ablation with the follow-
ing protocols: (A and F) grid, (B and G) circle, (C and H) single point, (D and I)
no ultrasound, gadoteridol before ablation, (E and )) circle ablation with no
gadoteridol. (K) For gadoteridol injection after ablation, ratio of intensity in
ablation region and quadriceps muscle reaches 3.2 + 0.4 at 1.5 hours, n = 4.
(A-)) Representative images with n = 4 each for grid, single-point ablation,
no ultrasound plus gadoteridol (Gd), and circle no gadoteridol, n = 12 for circle
plus gadoteridol. Scale bar: 5 mm. Data are pooled from 2 experiments.
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Figure 3. Mechanisms for enhanced accumulation after ablation at
the boundary between viable and nonviable tissue stained with H&E
in the NDL tumor model. (A) Representative tumor following circle
protocol ablation with orientation dye at boundary and black boxes at
locations of insets. (B) View of heat-fixed tissue central to beam with
surrounding loss of cell-cell adhesion. Necrotic tissue displays loss of
glandular tumor architecture visible in heat-fixed and viable tumor. (C)
View at border of viable (left) and necrotic (right) tumor and (D) view at
border of mammary fat pad with light inflammatory reaction in stroma
(black arrow in D) and necrotic tissue (right). (C and D) Viable fat pad
and tumor tissue demonstrate dilated blood vessels (white arrow in C)
and extravasation of blood cells (black arrow in C), indicating disrup-
tion of vascular integrity. Histology was included in all (n = 117) studies.
Scale bars: 4 mm (A); 200 um (B-D).

lateral and untreated tumors (5 of 6 ablated tumors in Figure 2, U
and V, had equal to or greater accumulation, which is representa-
tive of the study).

Viability staining confirmed the creation of a large nonviable
region by MRgFUS ablation, although small rims of viable tissue
were found 24 hours after MRgFUS treatment (Supplemental Fig-
ure 4). The enhanced accumulation of a fluorescent dye that was
sequestered in the core of the liposomes within the tumor rim fur-
ther validated the enhancement resulting from ablation (Supple-
mental Figure 4).

Histomorphology by H&E demonstrated biologic response to
MRgFUS, including adjacent tissue reaction (Figure 3). At the center
of the treatment area, the tissue appeared heat fixed, with shrunken
but intact nuclei, increased cytoplasmic eosinophilia, and some pres-
ervation of tissue architecture (Figure 3B). Immediately surround-
ing the treated area, the tissue was discohesive and nonviable, with
ghosted and pyknotic nuclei (Figure 3B, left, and Figure 3C, right).
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Figure 5. Single-point MRgFUS ablation continues to enhance tumor accumulation of liposomes in the NDL tumor model after treatment for 2 weeks
with MRgFUS ablation and therapeutic doxorubicin liposomes (Dox-LCL). (A) Mice were treated with weekly ablation (single-point protocol) or control (no
ultrasound) and biweekly Dox-LCL (i.v., 6 mg/kg) for 2 weeks, then treated with ablation or control (no ultrasound) and injected with #Cu-LCL. (B) PET-CT MIP
images of mice treated only with repeated Dox-LCL (LCL) demonstrate heterogeneous tumor accumulation of ®Cu-LCL (white arrows). (C) PET-CT MIP images
of mice treated with ablation plus Dox-LCL (US + LCL) reveal enhanced accumulation in ultrasound-treated tumors (blue arrows). PET image-derived tumor
activity of #*Cu-LCL was obtained by manual segmentation with data plotted as (D) maximum pixel intensity within volume of interest, (E) activity averaged
over volume of interest, and (F) AUC48. n =3 each for US + LCL, contralateral tumors, and LCL. Scale bar: 1cm. PET color bar ranges from 25%ID/cc to 0%ID/cc.

In some areas a viable rim of tumor was observed, with large blue
nuclei, intact tumor structural integrity, and dilated blood vessels
(Figure 3C, left). Necrotic tumor close to the border between viable
and necrotic tissue included extravasated red blood cells (Figure 3C,
right, and Figure 3D, right). Dilated vasculature and an inflamma-
tory reaction was observed within the mammary fat pad bordering
tumor (Figure 3D, left). Dilated vasculature, an inflammatory reac-
tion, discohesive tissue, destruction of tissue architecture, and loss of
vascular integrity resulting in extravasation of blood cells represent
potential mechanisms for enhanced accumulation of nanoparticles.
Validation of the effect of ablation in a second syngeneic tumor
model (4T1) with enhanced vascular permeability. In order to verify
that the enhanced accumulation resulting from ablation is gener-
ally applicable to a range of tumor phenotypes, the study described
above was also performed in the 4T1 mouse model of syngeneic
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cancer (Supplemental Figures 5-7). While the NDL tumors had a
predominantly epithelial phenotype, by morphology, 4T1 tumors
demonstrated a mesenchymal-transition phenotype with highly
proliferative spindle-shaped tumor cells that infiltrated the fat pad
(Supplemental Figure 5A) and the abdominal wall muscle upon
surgical excision. Following ablation, a region of necrosis was
clearly visible, with a small surrounding region of viable tumor
cells (Supplemental Figure 5B).

As expected, the accumulation of LCL was greatly increased
in the region immediately surrounding the ablated site as early as 3
hours after ablation, as demonstrated by PET imaging, autoradiog-
raphy, and PET volume of interest analysis (Supplemental Figures
6 and 7). Differences in the morphology of the necrosis were visible
between the single-point and circle ablation protocols (Supplemen-
tal Figure 6C). In the 4T1 tumor model, at 3 hours after insonation,
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Figure 6. Combination of ablation and doxorubicin encapsulated in LCL (Dox-LCL) or TSL (Dox-TSL) can produce complete local regression in the NDL
tumor model. (A-C) Treatments included weekly single-point ablation (single, n = 8), circle pattern ablation (circle, n = 4), single-point ablation plus Dox-LCL
(single + LCL, n = 4), circle ablation plus Dox-LCL (circle + LCL, n = 4), no ultrasound and no drug (no tx, n = 8), or Dox-LCL only (LCL, n = 4). Dox-LCL (or control
saline) was injected biweekly (4 ablations and 8 injections total). (B) At 180 days after the start of treatment/152 days after completion (study end point),
tumors could not be detected in mice treated with circle ablation plus Dox-LCL. In all other groups, tumor growth was delayed, but a complete response was
not typically achieved. (C) At study end point, all (n = 4) mice treated with circle ablation plus Dox-LCL and 25% (1 of 4) of mice treated with single-point
ablation plus Dox-LCL survived. (D-F) TSL therapy combined with ablation. (D) Treatments included weekly: single-point ablation plus Dox-TSL (single + TSL,
n = 4), circle ablation plus Dox-TSL (circle + TSL, n = 4), circle ablation preceded by hyperthermia and Dox-TSL (hyp + circle + TSL, n = 4), no ultrasound and no

drug (no tx, n = 4), or Dox-TSL only (n = 4) for a period of 4 weeks. (E and F) At study end point, tumors could not be detected in all mice treated with circle
ablation plus Dox-TSL combined with hyperthermia. In all other groups, tumor growth was delayed, and a complete response was also achieved in 75% of
mice treated with circle ablation plus Dox-TSL and 25% of mice treated with single-point ablation plus Dox-TSL. Data are pooled from 6 experiments.

the spatial maximum accumulation in the circle, single-point pro-
tocol, and untreated tumors was 58.7 + 5.16, 53.5 + 3.10, and 18.5
* 2.60%ID/cc (Supplemental Figure 6D). Without treatment, the
accumulation of nanoparticles was greater in the 4T1 than in the
NDL model (likely due to a greater EPR effect). The increased AUC
remained significant in the 4T1 model, and the mean and maxi-
mum accumulation achieved after ablation were larger in the 4T1
than in the NDL tumor model (Supplemental Figure 6D).
Accumulation of small molecule was enhanced on CETIwMRI.
We found that gadoteridol provided a high-contrast image of the
ablated regions. Following a single gadoteridol injection at the
time of ablation (Figure 4), the pattern of ultrasound exposure
was clearly visible at 3 hours after treatment with grid (Figure
4, A and F), circular (Figure 4, B and G), and single-point (Fig-
ure 4, C and H) protocols; here, these general results are shown
in the NDL tumor model. The region of enhancement based on
the small molecule accumulation was smaller than the region of
ablated tissue assessed on histology after 48 hours. For example,
Figure 4G is a typical image resulting from the circle ablation
protocol; Figure 3A represents the typical histological finding for

the same protocol. No local enhancement was observed without
ablation (Figure 4, D and I) or gadoteridol injection (Figure 4, E
and J). The maximum observed tumor to muscle (T/M) ratio for
gadoteridol injected following ablation was 3.2 * 0.4; the peak
occurred at 1.5 hours after ablation and fell to 1.8 + 0.3 at 6 hours
(Figure 4K). When gadoteridol was administered before ablation,
we found that the peak T/M ratio was 3.4 * 0.2 in the first hours
after ablation and returned to baseline within hours. Thus, no sig-
nificant difference between administration of gadoteridol before
and after ablation was observed.

Enhancement of accumulation persisted over multiple treatments
with chemotherapy. We then added multiple treatments with abla-
tion combined with doxorubicin-containing nanoparticles to
determine whether ablation would continue to enhance chemo-
therapy delivery (Figure 5A). Repeated chemotherapy treatment
with MRgFUS and LCL-encapsulating doxorubicin (Dox-LCL)
did not diminish the enhanced accumulation of *Cu-LCL (Fig-
ure 5). NDL tumor mice treated with Dox-LCL alone for 2 weeks
revealed enhanced splenic activity as well as heterogeneous
tumor accumulation of **Cu-LCL (white arrows, Figure 5B). How-
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ever, enhanced accumulation of ®*Cu-LCL in treated tumors was
observed even in mice treated for 2 weeks with both Dox-LCL
and single-point MRgFUS (blue arrows, Figure 5C). Given that
ablation was applied only in a single point within the center of the
tumor, the maximum accumulation can best quantify the effect.
In this cadre, the spatial maximum of tumor accumulation was
enhanced at all time points, with accumulation of 31.6 + 6.2%ID/
cc and 15.7 £ 2.8%ID/cc in repeated MRgFUS-treated and con-
trol tumors, respectively, at 3 hours after insonation and injection
(Figure 5D). The mean tumor accumulation was also enhanced at
all time points, with accumulation of 8.2 + 0.4%ID/cc and 6.0 *
0.6%ID/cc in repeatedly treated and control tumors, respective-
ly, at 3 hours (Figure 5E). The AUC,; for the repeated combined
treatment was greater than the contralateral and drug-only treat-
ment, but the result was not significant, as repeated treatments
appeared to modestly enhance accumulation in tumors not treat-
ed with ultrasound (Figure 5F).

MRgFUS and Dox-LCL lengthened survival. Since the circular
ablation protocol produced the greatest Dox-LCL accumulation,
survival was compared with this and other control protocols in the
NDL tumor model (Figure 6A). With the combination of circle
ablation and Dox-LCL, tumors were eliminated in all mice and
recurrence was not observed within 180 days (Figure 6B); the
combination of circle ablation and Dox-LCL was the most effec-
tive in enhancing survival (Figure 6C). Median survival times for
untreated, single-point ablation, circle-pattern ablation, and LCL
protocols were all below 50 days, as compared with untreated
tumors, which resulted in survival of less than 17 days (Figure 6C).
The combination of MRgFUS, Dox-LCL, and single-point ablation
increased survival to 111+ 19 days, with recurrence detected in 3 of
4 mice after approximately 120 days and no recurrence detected
in the remaining mouse after 180 days.

Dox-TSL combined with ablation also reduced tumor growth and
achieved a complete response in the NDL model. Liposomes can also
be formulated to release the drug in response to increased temper-
ature, although at a cost of decreased circulation stability. There-
fore, we evaluated whether treatment with the thermally sensitive
doxorubicin liposomal formulations previously developed by our
group (12) were also curative using single-point or circle ablation
(Figure 6, D-F). The synthesis and components were similar to the
LCL used in all other studies, with the exception of the inclusion
of lipids with a lower phase transition temperature; therefore, the
results can be directly compared. As ablation protocols increase
the tissue temperature for a very short time, the addition of a peri-
od of sustained hyperthermia was also evaluated in this survival
study (Figure 6D). In order to release the drug at the site, the lipo-
somes were injected before ablation.

Tumor growth was greatly reduced by combining circle abla-
tion with TSL (Figure 6E); however, without the inclusion of
hyperthermia, regrowth after the end of treatment was observed
in 1 of 4 mice. We found that protocols combining TSL with abla-
tion using the single-point and circle protocols were curative in a
fraction of mice (25% and 75%, respectively). When the ablative
therapy was preceded by a 25-minute application of hyperthermia
designed to release the drug from the particle, 100% of the mice
(4 of 4) achieved a complete response with TSL combined with the
circle ablation protocol and tumors did not recur within 180 days.
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Discussion

As compared with other ablative techniques, MRgFUS provides an
improved opportunity for image guidance of conformal therapy,
as the temperature, thermal dose, and beam location can each be
assessed. Yet adequate treatment of the tumor margins can still
be challenging near sensitive structures, such as nerves and blood
vessels. Therefore, the combination of conformal ablation with
chemotherapy has the potential to enhance local and systemic effi-
cacy. In the preclinical orthotopic and immunocompetent models
studied here, nearby organs and skin limit the ablated region and
provide the opportunity to test clinically relevant protocols.

Our primary goal in this paper was to examine the mechanisms
and ultimate outcome achieved by combining long-circulating
liposomal therapy with ultrasound ablation. Most importantly, we
found that the circular ablation protocol leaving a thin (~200 pm)
rim of viable tissue was locally curative when combined with lipo-
somal therapy. When the remaining rim was larger in diameter (as
with the single-point ablation), the combined treatment extended
survival, but in most cases, tumor growth returned (Supplemen-
tal Figure 1B). While we focused on the use of the circle ablation
protocol for the survival study due to the relative speed and ease
of administration, it is likely that similar results could be obtained
with the grid ablation protocol. The accumulation of drug was simi-
lar between the circle and grid protocols, and a similar elimination
of much of the viable tumor could be achieved with the grid proto-
col. However, the periablative region instantaneously exposed to
hyperthermia was larger, and enhanced accumulation was compa-
rable between the rapid circular and slower grid ablation protocols.
Therefore, the combination of the circle protocol and nanoformu-
lations may be advantageous for enhanced delivery of nanothera-
pies with a short circulation time.

Temperature-sensitive formulations are increasingly under
consideration for inclusion in combination protocols involv-
ing ultrasound hyperthermia and ablation in clinical care (39).
The advantage of such nanoparticles is that the drug is rapidly
released from the particle by heat and therefore becomes avail-
able to both the endothelial and tumor cells. The disadvantage of
this approach is that the particles typically have a shorter circula-
tion half-life as compared with other nanoformulations. We have
previously shown that a highly effective formulation of tempera-
ture-sensitive doxorubicin particles could be synthesized with a
1.5-hour circulation half-life (as compared with an ~20 hour circu-
lation half-life for long-circulating particles) (12, 40). We showed
that the free drug was released only in the presence of heat and
reduced pH and therefore systemic toxicity was reduced. Due to
the relatively short systemic circulation, release of the drug from
temperature-sensitive formulation at the tumor site is required for
treatment efficacy, as it greatly increases accumulation. Here, we
confirmed that an effective therapy could be achieved by combin-
ing ablation with a temperature-sensitive formulation; however,
this treatment protocol was fully curative in the entire cohort only
when adding a brief period (~25 minutes) of hyperthermia to the
protocol. When hyperthermia was used to release the drug prior
to ablation, tumors were eliminated in 100% of the treated mice
within 4 treatments. Although hyperthermia combined with TSL
can be curative for local disease, the addition of ablation is attrac-
tive for poorly perfused tumors, as the released small molecule
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will diffuse and accumulate, highly necrotic tumor can be directly
ablated, and ablation will further increase the accumulation of
particles and drug within the region.

While ultrasound-mediated hyperthermia alone also enhances
the accumulation of LCL in and around tumors, we have previously
demonstrated that the optimal settings for using hyperthermia to
enhance nanoparticle accumulation are dependent on the tumor
biology (21). While low temperatures and pressures increase LCL
accumulation in epithelial tumors, higher temperature can result
in vascular stasis. Alternatively, higher temperatures and pressures
are required for treatment of epithelial-mesenchymal transition
(EMT) tumors (21). Further, the improvement in the accumulation
of LCL with mild hyperthermia was on the order of 1.5-fold, which
is substantially less than that achieved with ablation here. In addi-
tion, ablation can directly reduce the tumor mass and thus syner-
gize with the drug therapy. Therefore, taken together, our studies
indicate that the 2 protocols developed here with circle ablation
and nanotherapy (circle ablation with LCL and circle ablation with
hyperthermia and TSL) are both superior candidates for the treat-
ment of tumors bordering on sensitive structures.

Distribution and mechanisms for combining ablation with liposo-
mal therapy. As a result of the combination of ablation and long-cir-
culation liposomal therapy, nanoparticle accumulation was greatest
within nearby vasculature and the thin rim (approximately 200-300
pm) of viable tumor immediately surrounding the treated region, as
demonstrated by H&E, autoradiography, fluorescence imaging, and
viability staining (Figure 2 and Supplemental Figure 4). Mechanisms
for enhanced nanoparticle delivery included engorged and leaky vas-
culature and a local inflammatory response, as illustrated in Figure
3. Regarding the mechanism for the gadoteridol accumulation in the
center of the ablated region, we hypothesize that edema immediately
following ablation is responsible for carrying and concentrating this
small molecule within the damaged tissue.

Accumulation of model drug and drug carriers. All ablation proto-
cols evaluated here enhanced the accumulation of **Cu-LCL within
tumors, with approximately 80% of the accumulation occurring
within 3 hours after ablation and less than 10% cleared within 48
hours using the clinically relevant grid and circle protocols. Further,
gadoteridol accumulated in the ablated region within 1.5 hours after
ablation, providing a clear image of the central ablation focus.

Quantification of enhanced accumulation confirmed the
potential significance of pairing ablation and nanodelivery. In the
4T1 mouse model, administration of free doxorubicin without
ablation resulted in tumor accumulation on the order of 1%ID/cc
(41); nanoparticle formulations improved this by increasing circu-
lation time and facilitating accumulation only in regions with leaky
vasculature. The NDL orthotopic mammary tumor has a signifi-
cantly lower native EPR effect than that the 4T1 (41); in our hands,
the mean accumulation in NDL tumors has averaged 5%-6%ID/
cc in many studies. Ablation further increased nanoparticle accu-
mulation. At 3 hours after insonation, the spatial maximum accu-
mulation of nanoparticles in the NDL tumors was 39.7 + 8.6, 33.8
+1.9,274 2.1, and 8.6 + 0.8%ID/cc in circle, grid, single-point
protocols, and untreated tumors, respectively, and therefore the
local accumulation of doxorubicin could be greatly increased.
Similarly, in the 4T1 tumor model, at 3 hours after insonation, the
spatial maximum accumulation in the circle, single-point proto-
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col, and untreated tumors was 58.7 + 5.15, 53.5 + 3.10, and 18.5 +
2.60%ID/cc. Taken together, as compared with the administra-
tion of free drug in the 4T1 model, the results indicate that drug
accumulation within regions of viable tumor near the ablated zone
can be enhanced on the order of 50-fold by coupling nanoparticles
and ablation.

As the resolution of PET is on the order of 1 mm and autora-
diography is not fully quantitative, the peak accumulation within
this thin rim may exceed the PET estimates. Therefore, the thera-
peutic impact of this enhancement within the remaining tumor
rim may be even more significant than the macroscale PET accu-
mulation measures would predict.

While the spatial maximum accumulation increased greatly,
the tumor mean accumulation also increased, e.g., a single “grain
of rice size” point of ablation increased the mean accumulation
within an approximately 5-mm tumor. This is likely due both to
the direct effect of ablation on tumor vessels and to diffusion of
heat resulting in mild hyperthermia in the remainder of the tumor.
We questioned whether the application of the grid or circular pro-
tocols would reduce drug delivery within the ablated region as
compared with that of control (untreated) tumors and regions. We
found that in most cases, the LCL accumulation at 48 hours and
gadoteridol accumulation at 3 hours were not reduced within the
ablated tissue (Figure 2, U and V, and Figure 4). This likely results
from transport from injured vessels to the lesion in the early time
points after ablation.

Enhancement persists through repeated administration of MRg-
FUS ablation and Dox-LCL. Previous studies of multiple expo-
sures to MRgFUS have been limited. Here, we demonstrated that
ultrasonic enhancement of nanoparticle accumulation persisted
following repeated administration of MRgFUS ablation and Dox-
LCL in the NDL model. This finding supports combining ablation
with nanoparticle chemotherapy in palliation and the treatment of
locally advanced disease. However, much work remains to be done
to develop an optimal dosing strategy for this combination therapy.

Accumulation of the small molecule peaked within 1.5 hours; 80%
of nanoparticle accumulation occurred within 3 hours. **Cu-LCL
PET tracers are a highly sensitive and quantitative method for
tracking nanoparticles and provide the opportunity to track the
kinetics of accumulation. Advances in PET/MR point to the clini-
cal potential of **Cu-LCL in conjunction with nanoparticle che-
motherapy for therapeutic guidance, dosimetry, and assessment
(42). The regional accumulation observed for both the liposomes
and gadoteridol occurs rapidly, with the greatest changes within
the first 3 hours after treatment. These observations support the
concept of an enhanced drug delivery time window immediately
after thermal ablation and may be important in choice of adju-
vant chemotherapy, delivery vehicle, and dosing regimen. The
rapid accumulation of the nanoparticle is important for 2 reasons:
the tumor drug exposure over time is increased, and the tumor
accumulation of targeted nanoparticles (which often have a short
circulation half-life) will be enhanced. Based on the gadoteridol
results, we further postulate that a targeted small molecule would
accumulate after ablation and the targeting moiety could prevent
subsequent clearance.

Strategies for enhanced drug delivery using thermal therapy are
in clinical trials; for example, strategies incorporating TSL are being
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evaluated in breast cancer. This MRgFUS-triggered accumulation
of small molecule gadolinium contrast may be useful for early ther-
apeutic assessment. Further, preclinical work in our laboratory and
others has indicated that a complete response can be obtained with
asmall number of treatments, even in aggressive cancers (12). MRg-
FUS provides a well-controlled environment to guide such therapy
and the opportunity for conformal treatment; however, the logis-
tics for the incorporation of such strategies in clinical practice are
challenging. In most centers, facilities for treatment with ablation
or hyperthermia are not colocated with infusion clinics. Optimal
treatment results will be obtained with infusions administered prior
to or at the time of thermal therapy, and therefore, optimization of
clinical logistics will be important.

Protocols. We included 3 MRgFUS ablation protocols with a
goal of comparing model therapeutic accumulation within and
surrounding the ablated region. The accumulation was particu-
larly intense for the circular and grid protocols and was least for
the single-point ablation. A circular MRgFUS protocol has been
shown to be a useful strategy for rapid delivery of high-intensity
focused ultrasound to large tissue volumes (7). Continuous appli-
cation of ultrasound to create a scanned circular geometry can
save treatment time, but necessitates careful planning and ther-
mal monitoring, particularly when treating larger tumor volumes
(43). Here, we observe that the circular ablation protocol was capa-
ble of coagulating a large region of tumor, with a rapid, 60-sec-
ond treatment time and, when augmented with chemotherapy,
was curative. Alternatively, the application of multiple treatment
points in a grid is applied in the ExAblate clinical system (44, 45)
and from phased treatment arrays (46). Sequential treatment of
multiple points requires rest periods for tissue cooling as well as
frequent mechanical repositioning of the ultrasound transducer;
therefore, we observed that a circular protocol provides substan-
tial time savings in our model.

We predicted that the diameter of the spherical region of cell
death would be approximately 5 mm with the circular ablation pro-
tocol (Figure 1G). We found that the region of cell death was simi-
lar to or slightly larger than expected (Figure 2F and Supplemental
Figure 4, F and G). The smaller volume ablated with the single-
point treatment also corresponded with the predicted dimensions.

We do not anticipate that replicating the results obtained here
with a 3-MHz center frequency will be problematic for organ sys-
tems that are currently accessible to ultrasound ablation. High-
intensity focused ultrasound systems intended for treatment of
uterine fibroids operate near 1 MHz, balancing thermal absorption
and the size of the focal region with the need to penetrate deeply
into the abdomen; however, ultrasound frequencies ranging from
0.8 to 10 MHz have been used for ultrasound thermal therapy (47)
and 3 MHz transducers have been used for prostate cancer therapy,
as in the Sonoblate 500 (48). In this study, we employed a 3-MHz
transducer due to the smaller focal volume obtained as compared
with a lower frequency. This was desirable to facilitate compari-
son of single-spot, grid, and circle ablation protocols in addition
to avoiding gross heating of the mouse, severe skin burns, and
insonation of the mouse intestine. Our similar results using grid and
circle protocols (which do not have an equal rate of heating) suggest
that enhancement of nanoparticle chemotherapy is not dependent
upon the rate of heating. The effect of ultrasound on biological tis-
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sue is characterized by the thermal and mechanical effects, and
the use of a higher frequency in this study ensures that mechanical
effects of ultrasound are unlikely to contribute to the therapeutic
effect achieved here. We used 3.1 MPa peak negative pressure (PNP)
in this study; another recent study using 1.5 MHz demonstrated
that the cavitation threshold at that frequency was greater than 11
MPa (49). Therefore, if the frequency is reduced in ultimate clinical
translation, the acoustic pressure can be greatly increased if needed
to achieve the thermal dose used here without fear of cavitation.
Further, a relatively low acoustic power and short insonation were
sufficient to achieve the enhanced delivery. Thus, achieving similar
results in future human studies should be feasible.

Comparison with previous work. Enhancement of nanoparticle
accumulation in thermally ablated tumors has previously been
demonstrated with minimally invasive RF thermal ablation (4-6).
Previous work with Doxil and RF ablation in a canine sarcoma mod-
el suggested that accumulation is dramatically enhanced within a
peripheral ring of hyperthermia about the central ablated region
(4). Using MRgFUS, a noninvasive and conformal method of abla-
tive thermal therapy, we found that enhancement is not dependent
upon physical damage due to the introduction of a catheter or RF
probe. The circular trajectory applied here is likely to most closely
approximate RF ablation, since a larger (5 mm) region is heated
instantaneously. The circulation time achieved with the liposomes
used here (with or without ablation) was similar to that observed
for Doxil in BALB/c mice with implanted 4T1 tumors without ther-
mal ablation (41). Although all preclinical models differ in the EPR
effect observed, here the peak accumulation of liposomes was
greater following ultrasound ablation than that reported with Doxil
(without ablation) (41).

Application of multiple heat treatments without regard to
lifetime radiation limitations is one potential advantage of ther-
mal ablative therapies. However, previous studies of RF thermal
ablation in combination with LCL have examined a single applica-
tion of heat and liposomes (36). Moreover, previous studies using
MRgFUS in combination with liposomes have primarily focused
on enhanced delivery following hyperthermia (50) as opposed
to ablation. Here, we demonstrate that with noninvasive thermal
ablation by MRgFUS, multiple applications of heat and liposomes
are practical and can lead to durable complete response.

Study limitations. A limitation of this study is the assumption
that the biodistribution of chemotherapeutic liposomes is the same
as that of ®*Cu-LCL. We found that delivery was much more rapid
after ablation, and the presence of drug was unlikely to alter the
effect of ablation. In addition, small differences could be observed
between the multiple methods used to image and quantify nanopar-
ticle accumulation. These can be attributed to partial volume effects
in PET that limit spatial accuracy, to the changes in tissue properties
as aresult of dissection and fixation, and to the challenges of coreg-
istration across in vivo and ex vivo imaging methods.

In summary, PET-based quantification of the enhanced accu-
mulation confirmed the potential significance of pairing ablation
and nanodelivery, achieving high nanoparticle concentrations
within a remaining viable rim. Further, MR-based methods illus-
trated the accumulation of a small molecule probe within the
ablated tumor center. Potential mechanisms for the enhanced
delivery include leaky and engorged vasculature and an inflam-
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matory response. The enhanced accumulation resulting from
ablation persisted following repeated treatment with MRgFUS
ablation and Dox-LCL. Moreover, we observe that for tumors with
an initial diameter of approximately 4 mm, the combination of
doxorubicin-containing liposomes with a single point of thermal
ablation was sufficient to extend survival, confirming the finding
that treatment of a minimal tumor volume enhanced nanoparti-
cle accumulation within the entire tumor. Expanding the ablated
region such that only a thin rim of viable tumor remained and add-
ing doxorubicin-containing liposomes eliminated the local dis-
ease in treated animals. These results suggest that MRgFUS and
doxorubicin liposomes (long circulating or temperature sensitive)
may be successful in palliation, rescue therapy, or debulking of
tumors that are otherwise unresectable due to proximity to vital
structures or tumor volume.

Methods

Preparation of LCL. Lipids and a miniextruder were obtained from
Avanti Polar Lipids Inc.; other reagents were obtained from Sigma-
Aldrich unless otherwise indicated. Liposomes used here included
%Cu-labeled empty LCL, doxorubicin-loaded LCL and TSL, and
Alexa Fluor 555-loaded (A555-loaded) LCL. Dox-LCL was prepared
using copper for stabilization, a formulation that reduces systemic tox-
icity by encapsulating nonbioactive copper-doxorubicin crystals (40)
that dissociate in the low pH of the tumor microenvironment (40, 51).
Copper-doxorubicin TSLs (Dox-TSL) demonstrate increased circulat-
ing stability and similarly reduced systemic toxicity (12). This allows
for reduction of side effects at a given dose, but also potentially for
larger doses of chemotherapy to be given. Liposomes were prepared as
described (40, 52) and are summarized in the Supplemental Methods.

Tumor generation. Female FVB/n mice (6 to 10 weeks old, 15-25
g, Charles River) (Supplemental Table 1) were transplanted with fresh
donor biopsy pieces of NDL syngeneic mammary carcinoma (ca. 1 mm?);
standard techniques were used, and NDL mammary carcinomas were
derived as previously described (53). Approximately 3 weeks later, mice
were divided into treatment groups using a tumor size-stratified random
sample, with tumor size ranging from 4 to 6 mm in the longest dimension
as measured by ultrasound (Sequoia, Siemens Preclinical Solutions).

The NDL cell line was developed within the Borowsky laboratory
(37). 4T1 cells were purchased from ATCC, with additional details of
tumor generation described in Supplemental Methods.

MRgFUS and CETIwMRI protocols. MRgFUS was performed
with a Bruker BioSpec 7T small animal system (Bruker Biospin), MR-
compatible 16-element annular transducer (Imasonic SAS), 3 MHz
central frequency, 300 kHz bandwidth, 120 W peak acoustical power
(where 5 and 10 acoustic Watts were used in this study), 85° aperture,
48 mm diameter, 35 mm radius of curvature, 0.5 mm x 0.5 mm x 1.5
mm full width half max focus size, and MR-compatible transducer
positioning system (Image Guided Therapy). Without loss of general-
ity, a 3 MHz center frequency was selected to provide a narrow focus
and a short axial focal length in order to compare drug delivery aug-
mentation for single-point, grid, and scanned protocols in a mouse
model. Temperature was monitored by proton resonance frequency
shift with Thermoguide software (Image Guided Therapy), with a =
-0.0101 ppm/°C, TE/TR = 4.5/21 ms, calibrated as described (54).
Acoustic pressure was calibrated directly with a fiber optic hydro-
phone (HFO690, Onda Corp.) in a degassed water bath in free-field
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conditions. Temperature was validated with a Luxtron STB fiber
optic probe (Lumasense Technologies). Simulation of heating used a
finite-difference model based on Pennes’ bioheat transfer equation
described in Supplemental Methods. Scan parameters of TE/TR =
12.5/750 ms, FOV = 3.2 cm x 3.2 cm, MTX = 256 x 256, ST/SI = 1/1
mm, and 9 slices were used for T1-weighted imaging. Prior to MRg-
FUS, mice were given 0.05-0.1 mg/kg buprenorphine s.c. and 0.05
mmol/kg of gadoteridol (Bracco Imaging) via i.p. injection. We com-
pared i.p. and i.v. administration as well as injection before and after
ablation with no injection or no ultrasound as control protocols. No
significant differences in distribution were observed. Asi.p. injection
allows for sustained tumor contrast enhancement during the abla-
tion procedure, we used i.p. injection for CETIWMRI immediately
following the ablation procedure, then used i.v. injection for imaging
at later time points.

Mice were first imaged with TIWMRI for tumor localization.
Tumors were either ablated at a single point in the center of the tumor
as identified by TIWMRI, in a grid pattern covering the entire tumor
volume with points separated by 1.5 mm, or in a circular pattern with
a diameter of 2 mm and scan speed of 1 revolution per second. The
grid pattern protocol included a minimum of 30 seconds of cooling
time between ultrasound exposures, with a separate acquisition of
thermometry for each exposure. As a typical tumor received 15 points
of thermal ablation, the time required for the circular protocol was
15-fold less than the grid protocol (1 minute vs. 15 minutes), excluding
the time required for animal handling and MR imaging. Each appli-
cation was designed to induce temperatures greater than 65°C and a
CEM43 of more than 5,000. For the single-spot and grid protocols, we
initially compared a 7-second continuous wave (CW) application of 10
acoustic watts (7.6 MPa PNP) with a 20-second CW application of 5
acoustic watts (3.1 MPa PNP) with no significant difference observed
in temperature or accumulation; therefore, data from these settings
are combined. We chose a 60-second CW application of 5 acoustic
watts (3.1 MPa PNP) for the circular protocol.

For hyperthermia used with TSL, the system and protocol previ-
ously described (12) were applied. One tumor per animal was insoni-
fied for 5 minutes at 42°C prior to administration of drug; the tumor
insonation was continued for an additional 20 minutes at 42°C after
injection. The ultrasound pulses consisted of 100-cycle bursts at 1.5
MHz center frequency and 1.1 MPa PNP, with a variable pulse-repeti-
tion frequency ranging from 100 Hz up to 5 kHz (12).

PET-CT imaging, y count, histology, and autoradiography proto-
cols. Standard methods were used as previously described (52, 55).
Briefly, all PET imaging was performed with 2 mice side by side,
using a microPET Focus 120 scanner (Siemens Preclinical Solutions)
and Siemens Inveon CT scanner. Mice were imaged for 0.5 hours at
each time point (3, 20, and 48 hours) following injection. PET images
were reconstructed with maximum a posteriori algorithm, and tumors
were manually segmented with PET contrast normalized to O and 25
%ID/cc by a single observer with Image] (http://imagej.nih.gov/ij/),
ASIPro, and Inveon Research Workplace software (Siemens Preclini-
cal Solutions). Activity measured within 3D volumes was time decay
corrected and expressed as %ID/cc. Due to the limitations of the PET
isotopes here, the AUC,, was calculated using a trapezoidal approxi-
mation over the 48 hours of data collected, which underestimates the
full AUC, as the clearance of the radiotracer is less than 10% of the
peak at 48 hours in clinically relevant grid and circle protocols.
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Following imaging, mice were euthanized by cervical dislocation;
organs of interest were harvested and weighed, and radioactivity was
measured by Wizard 1470 Automatic Gamma Counter (PerkinElmer).
Tumors were either fixed with 20% neutral buffered formalin,
embedded in paraffin, and stained with H&E or frozen in OCT com-
pound (Tissue-Tek) with dry ice and isopropanol and sectioned; serial
sections were either stained with H&E or used to develop a storage
phosphor screen overnight, which was then read with a Storm 860
phosphor imaging system (GE Healthcare).

Biodistribution of liposomes and gadoteridol. To evaluate liposome
biodistribution, NDL tumor-bearing FVB/n mice were treated once with
MRgFUS ablation (single point, circle, grid, or control no ultrasound),
injected with **Cu-LCL (i.v., 1 mglipid/mouse), imaged with PET-CT and
CET1wMRI at intervals up to 48 hours, then sacrificed for y count, histol-
ogy, and autoradiography (Figure 1A). A second cohort was treated once
with ablation (circle or control no ultrasound) and injected with gadoteri-
dol (i.v. or i.p. and before or after ablation) and imaged with CET1IwMRI
atintervals up to 48 hours. A third cohort was treated once with MRgFUS
ablation (single point, circle, grid, or control no ultrasound) and then
injected with A555-LCL (i.v., 1 mg lipid/mouse). These mice were then
sacrificed at 24 hours, and tumors were harvested for optical imaging and
viability studies. A fourth cohort of mice was treated with weekly ablation
(single point or control no ultrasound) and biweekly Dox-LCL (i.v., 6 mg/
kg) for 2 weeks, then treated with ablation (or control no ultrasound) and
injected with ¢*Cu-LCL. These mice were then imaged with PET-CT at
intervals up to 48 hours and sacrificed for necropsy and biodistribution.
Additional details are provided in the Supplemental Methods.

Survival studies. To evaluate survival following MRgFUS ablation
and Dox-LCL chemotherapy, 6 groups of NDL tumor-bearing mice were
treated weekly with MRgFUS single-point ablation (n = 8), circle proto-
col (n=4), single-point ablation plus Dox-LCL (n = 4), circle ablation plus
Dox-LCL (n = 4), control (no ultrasound and no drug) (1 =8), or Dox-LCL
only (n=4). Mice were injected biweekly with Dox-LCL (or control saline)
for a period of 4 weeks (4 ablations and 8 injections total). Dox-LCL (i.v., 6
mg/kg) was injected in the tail vein immediately after ablation.

To evaluate survival following MRgFUS ablation and Dox-TSL
chemotherapy, 4 groups of NDL tumor-bearing mice were treated
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weekly with MRgFUS ablation (single-point ablation plus Dox-TSL
(n=4), circle ablation plus Dox-TSL (n = 4), circle ablation preceded by
hyperthermia and Dox-TSL (n = 4), no treatment (no ultrasound and
no drug) (n = 4), or Dox-TSL only (n = 4) for a period of 4 weeks. Dox-
TSL (i.v., 6 mg/kg) was injected in the tail vein immediately prior to
ablation in order to release the drug during ablation. In the Dox-TSL
plus hyperthermia group, hyperthermia was established for 5 minutes,
Dox-TSL was injected, hyperthermia was continued for 20 minutes,
and ablation was performed immediately after hyperthermia.

In each case, mice were sized with ultrasound biweekly and sacri-
ficed when tumors reached 2 cm in the longest dimension.

Statistics. Results are presented as mean * SEM. One-way ANOVA
(Microsoft Excel 2010 with Daniel’s XL toolbox version 6.53) was used
to compare AUC,, among contralateral tumors and untreated tumors,
and then 1-way ANOVA followed by Tukey’s test was used to compare
AUC,, among MRgFUS-treated tumors and untreated tumors. P val-
ues of less than 0.05 were considered significant.

Study approval. All animal studies were approved by the UCD
Institutional Animal Care and Use Committee.
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