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Abstract

HER2-targeting antibodies (i.e. trastuzumab and pertuzumab) prolong survival in HER2-positive 

breast cancer patients with extracranial metastases. However, the response of brain metastases to 

these drugs is poor, and it is hypothesized that the blood-brain barrier (BBB) limits drug delivery 

to the brain. We investigated whether we could improve the response by temporary disruption of 

the BBB using focused ultrasound in combination with microbubbles. To study this, we inoculated 

30 nude rats with HER2-positive cells derived from a brain metastasis of a breast cancer patient 

(MDA-MB-361). The animals were divided into three groups: a control-group that received no 

treatment; an antibody-only group that received six weekly treatments of trastuzumab and 

pertuzumab; and an ultrasound+antibody group that received trastuzumab and pertuzumab in 

combination with six weekly sessions of BBB disruption using focused ultrasound. In two 

animals, the leakiness of the tumors before disruption was evaluated using contrast-enhanced T1-

weighted magnetic resonance imaging and found that the tumors were not leaky. The same 

technique was used to evaluate the effectiveness of BBB disruption, which was successful in all 

sessions.

The tumor in the control animals grew exponentially with a growth constant of 0.042±0.011 mm3/

day. None of the antibody-only animals responded to the treatment and the growth constant was 

0.033±0.009 mm3/day during the treatment period. Four of the ten animals in the ultrasound

+antibody-group showed a response to the treatment with an average growth constant of 

0.010±0.007 mm3/day, compared to a growth constant 0.043±0.013 mm3/day for the six non-
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responders. After the treatment period, the tumors in all groups grew at similar rates. As the 

tumors were not leaky before BBB disruption and there were no responders in the antibody-only 

group, these results show that at least in some cases disruption of the BBB is necessary for a 

response to the antibodies in these brain metastases. Interestingly, only some of the rats responded 

to the treatment. We did not observe a difference in tumor volume at the start of the treatment, nor 

in HER2 expression or in contrast-enhancement on MRI between the responders and non-

responders to explain this. Better understanding of why certain animals respond is needed and will 

help in translating this technique to the clinic. In conclusion, we demonstrate that BBB disruption 

using focused ultrasound in combination with antibody therapy can inhibit growth of breast cancer 

brain metastasis.
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Introduction

Of the patients with breast cancer, 5–15% develop metastases in the central nervous system 

(Leyland-Jones 2009). The prognosis for patients with metastases in the brain is poor: for 

patients with multiple metastases the one-year survival rate is around 25% (Harputluoglu et 

al. 2008), and neurologic disease is the cause of death, or a major factor, in 68% of these 

patients (Boogerd et al. 1993). The incidence of brain metastases seems to be higher in 

patients that overexpress human epidermal growth factor receptor 2 (HER2) and who have 

been treated with trastuzumab (Yau et al. 2006). This HER2-targeting antibody is effective 

in extracranial metastases and prolongs survival, which might be the reason for the higher 

incidence of brain metastases (Pieokowski and Zielinski 2009). It is hypothesized that the 

blood-brain barrier (BBB), or the blood-tumor barrier (BTB), is the reason for the poor 

response of brain metastases to drugs that are effective extra-cranially, such as trastuzumab. 

Most small molecule and essentially all large molecule drugs are prevented from reaching 

the brain parenchyma due to this barrier (Pardridge 2007). Although blood vessels in brain 

metastases are somewhat leaky, this permeability is heterogeneous and mice studies have 

shown that the delivery of chemotherapeutics in breast cancer brain metastases stays below 

therapeutic levels in the vast majority of the brain metastases (Lockman et al. 2010).

Focused ultrasound (FUS) in combination with microbubbles, small gas bubbles used as 

ultrasound contrast agents, has been shown to enable temporarily and focal disruption of the 
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BBB (Hynynen et al. 2001). Preclinical studies have shown that the interaction between 

acoustic pressure waves and microbubbles leads to temporary disassembly of the tight 

junction proteins, making drug delivery past the BBB possible (Sheikov et al. 2008; Sheikov 

et al. 2006; Shang et al. 2011). The advantage of this technique is that it is non-invasive, 

repeatable, and targets only specific regions of the brain and is compatible with approved 

drugs. Two approved therapeutic agents that are effective for HER2-positive breast cancer 

and extracranial metastases are trastuzumab and pertuzumab, which are monoclonal HER2-

recepter targeting antibody therapies. For these drugs to be effective in brain metastases, 

they will need to pass the BBB/BTB. Previously, it has been demonstrated that the delivery 

of trastuzumab to the mouse brain can be enhanced by BBB disruption using FUS in 

combination with microbubbles (Kinoshita et al. 2006). Furthermore, in an animal study 

using nude rats that were injected with human breast cancer cells (BT-474), it was 

demonstrated that median survival time increased by at least 32% in animals that received 

trastuzumab in combination with ultrasound-mediated disruption of the BBB compared to 

animals that were not treated (Park et al. 2012). In four of ten animals treated with FUS and 

trastuzumab, the tumor appeared to be completely resolved in the follow-up MRI. However, 

in that study a cell line was used that was derived from a primary breast tumor that is highly 

sensitive to trastuzumab (Park et al. 2012). Therefore, it might not be the most appropriate 

model for translational studies. Here we evaluate the treatment effect of FUS-induced BBB 

disruption using a HER2-overexpressing human cancer cell line that has been derived from a 

brain metastasis of a breast cancer patient. Similar to the clinic, we use trastuzumab in 

combination with pertuzumab and we kept all animals alive until they met the criteria for 

euthanasia in order to perform a complete survival analysis.

Materials and methods

Study design

In this prospective study the treatment benefit of trastuzumab and pertuzumab in 

combination with FUS-mediated BBB disruption was determined in a breast cancer brain 

metastasis model. The experiments were approved by the Harvard Medical Area Standing 

Committee on Animals. The brain metastasis model was obtained by implanting MDA-

MB-361 HER2-positive human cancer cells in the right brain hemisphere of nude rats. The 

animals were divided in three treatment groups of 10 animals each: group 1 received no 

treatment; group 2 received trastuzumab and pertuzumab treatment; and group 3 received 

trastuzumab and pertuzumab in combination with FUS-mediated BBB disruption. Previous 

studies have demonstrated that FUS-mediated disruption of the blood-brain barrier without 

administration of the drugs has no therapeutic effect on different brain tumor models (Chen 

et al. 2010; Park et al. 2012; Aryal et al. 2013; Treat et al. 2012). For that reason, we did not 

include an arm with FUS mediated BBB-disruption-only. The weekly treatments started five 

weeks after tumor implantation, when the maximum tumor diameter was around 2 mm, and 

lasted six weeks. Comparable to the clinical protocol, trastuzumab and pertuzumab 

(provided by Genentech, South San Francisco, CA) were administered intravenously at a 

dose of 4 mg/kg (loading dose) in the first treatment week and 2 mg/kg during the following 

weeks (maintenance dose). Every other week, the tumor size was monitored with high-

resolution MR-imaging. The animals were euthanized if the tumor diameter exceeded 13 
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mm, the animal showed excessive weight loss, or if there were signs of suffering or poor 

condition. Figure 1 shows the time-line of the experiments. Cell growth assays were 

performed to compare the response of the MDA-MB-361 and BT-474 cell lines to 

trastuzumab and pertuzumab therapy.

Cell growth assays

The HER2-positive human cancer cells BT-474 and MDA-MB-361 were obtained from 

ATCC (Manassas, VA). Variants of these cell lines transfected with the GFP-labeled histone 

H2B (MDA-MB-361-H2B-GFP and BT-474-H2B-GFP) were used to evaluate drug-induced 

growth inhibition over time using a laser scanning cytometer (TTP Labtech, Cambridge, 

MA). Cells were cultured in RPMI 1640 medium containing 10% fetal bovine serum at 

37 °C in 5% CO2. Forty-eight hours before adding the HER2 targeting antibodies, 5·103 

tumor cells/well were seeded in 96-well plates. Trastuzumab, pertuzumab or both antibodies 

were added to the wells at concentrations of 0, 7.47, 22.22, 66.67 or 200 μg/ml, that were 

selected to match the maximum concentration measured in patients (Leyland-Jones 2009). 

To measure cell growth in the presence of each drug and their combination we measured cell 

numbers at day 0, day 3 and day 6 for the MDA-MB-361-H2B-GFP and BT-474-H2B-GFP 

cells. Specifically, we quantified the total area of nuclei (Anuclei) at each time point, and next 

calculated normalized cell growth by dividing Anuclei(day x) by Anuclei(day 0). These 

experiments were executed in duplicates and used to determine which duration of antibody 

therapy was necessary to observe treatment effects. Based on these studies, we decided to 

treat MDA-MB-361 and BT-474 cells for six days. At day 6, the cells were fixed with 4% 

paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) and Hoechst and Propidium Iodide 

(PI, Sigma Adrich) were added to stain cell nuclei and dead cell, respectively. To estimate 

the number of viable cells (total cells – dead cells) we computed the differences between the 

area of all cells (Anuclei) from the Hoechst stain and the area of dead cells (Adead) from the 

PI stain. Using this method we determined growth inhibition due to HER2-targeting 

antibodies for each well as follows:

where Acontrol is the average area of viable cells in the wells that did not receive treatment. 

These experiments were performed in six replicates and for each concentration and drug 

combination the average growth inhibition was determined. The Spearman’s rank correlation 

coefficient between the concentration and inhibition was determined. The differences 

between the growth inhibition at each concentration of the different treatments were 

evaluated using one-way ANOVA with a Tukey’s post-test.

Cell culture and tumor implantation

MDA-MB-361 cells were cultured in Leibovitz’s L-15 Medium (ATCC) with 20% fetal 

bovine serum and 5% penicillin streptomycin at 37 °C without additional CO2. For tumor 

implantations, cells were suspended in cell culture medium at 1·106 cells per 2 μl medium. 

Thirty male nude rats (Charles River Laboratories, Boston, MA) were included in the study. 

One week before tumor implantation, a 17β-estradiol pellet (1.7 mg estrogen/pellet, 
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Innovative Research of America, Sarasota, FL) was implanted subcutaneously using 2% 

isoflurane as anesthetic. As the pellet releases estrogen for 90 days, this procedure was 

repeated every 90 days. For tumor implantation, the animals were anesthetized with a mix of 

80 mg/kg ketamine (Aveco Co., Inc., Fort Dodge, IA) and 10 mg/kg of xylazine (Lloyd 

Laboratories, Shenandoah, IA) via intraperitoneal injection. A 1-mm-diameter hole was 

drilled 2 mm anterior to the bregma and 2 mm to the right of sagittal suture. A 10 μl 

Hamilton syringe with a 27 G needle was used to inject 4 μl of the cell suspension into the 

right frontal lobe at a depth of 3.5 mm relative to the skull surface. During 5 minutes, the 

cells were injected with an infusion pump (Harvard Apparatus, Holliston, MA) positioned in 

a stereotactic positioner. After a 5-minute wait, the needle was slowly withdrawn from the 

brain. The burr hole was closed with sterile bone wax and the skin sutured. Lastly, 2.5 mg/kg 

antibiotic (Baytril®, Bayer Healthcare, Shawnee Mission, KS) and 0.05 mg/kg analgesic 

(Buprenex®, Reckitt Benckiser Pharmaceuticals, Richmond, VA) were administered.

MR-guided ultrasound procedures

Setup—An MR-compatible single-element, spherically-focused transducer (diameter 4.0 

cm, radius of curvature 3.5 cm, frequency 690 kHz) was mounted to a three-axis positioning 

system. The focal region of the transducer had a half-maximum pressure amplitude width of 

3 mm and length of 18 mm. The transducer was placed in a tank with degassed water and 

connected to a matching circuit. The matching circuit was connected to an RF amplifier 

(Model 240L, ENI Inc., Rochester, NY) and arbitrary waveform generator (33220A, 

Agilent, Santa Clara, CA). The electrical power was monitored with a power meter (Model 

E4419B, Agilent, Santa Clara, CA) and a dual-directional coupler (Model C594810-C, 

Werlatone, Patterson, NY). The sonications were performed in a 7T Bruker Biospec animal 

MR-system (Biospec, Bruker, Billerica, MA). A home-built MR-coil was connected to the 

scanner interface and tuned and matched after placement of the first rat in the system for that 

experimental session. The location of the focal point in the MRI coordinate space was found 

before the rat experiments by observing heating in a silicone ultrasound imaging standoff 

pad.

Animal preparation—For the sonications, the animals were anesthetized with a mix of 80 

mg/kg ketamine and 10 mg/kg of xylazine via intraperitoneal injection. The hair on the head 

of the sedated animal was removed. After insertion of the catheter into the tail vein, the 

animal was placed in supine position in the sonication system.

MRI-guidance—The exam started with fast gradient echo images to localize the brain. 

Next, axial T1-weighted (T1w), T2-weighted (T2w) and T2*-weighted (T2*w) images were 

obtained before the sonications (parameters in table 1). T1w imaging in combination with a 

gadolinium-based MRI contrast agent is commonly used to access tumor permeability and to 

confirm BBB disruption. The intact BBB does not allow the agent to extravasate from the 

capillaries. Gadolinium shortens the T1 relaxation time of the tissue, thus extravasation leads 

to a hyper-intense region on post-contrast T1w images, indicating permeability of the brain 

vasculature. In two animals, every week before the sonications, a bolus of 0.25 ml/kg 

gadopentetate dimeglumine (Gd-DTPA, molecular weight 938 Da) (Magnevist, Bayer 

HealthCare Pharmaceuticals Inc., Wayne, NJ, USA) was injected and T1w imaging was 
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repeated to evaluate leakiness of the brain metastasis. After the sonications, T2*w imaging 

was repeated in all animals. Furthermore, all 10 animals received a bolus of 0.25 ml/kg Gd-

DTPA after the sonications and T1w imaging was repeated in the axial and sagittal plane to 

confirm successful BBB disruption.

Sonications—Before the first sonication, trastuzumab and pertuzumab were injected at the 

desired dose. The ultrasound focal point was related to the MR coordinates, and pre-

sonication MR-images were used to obtain tumor coordinates. The complete tumor was 

treated in 4 to 14 sonications that were separated by 1 to 1.5 mm. Before each sonication 

100 μl/kg of the ultrasound contrast agent Optison (GE Healthcare, Milwaukee, WI, USA) 

was injected, which was diluted 10 times with saline. Immediately after injection of the 

microbubbles, 10-ms burst sonications were applied (1 Hz repetition frequency, 60s 

duration). The ultrasound contrast agent was flushed with saline. A delay of two minutes 

between sonications was used to clear most microbubbles from the vasculature. Acoustic 

powers between 0.40 and 0.70 W were used, which corresponds to peak negative pressure 

amplitudes in water between 0.46 and 0.62 MPa.

MRI tumor monitoring

High-resolution T2w images to access tumor volume were obtained every other week on the 

7T Bruker MR-scanner using a phased array coil (Bruker) for signal reception (parameters 

in table 1). The animals were anesthetized with 2% isoflurane for the imaging procedure. 

When the tumor diameter approached 13 mm, the frequency of imaging was increased to 

once a week.

Histology

When the study endpoint was reached (tumor size exceeded 13 mm in diameter or the 

animal showed excessive weight loss, signs of suffering or poor condition), the rat was 

deeply anesthetized with ketamine and xylazine and euthanized by transcardial perfusion of 

100 ml 0.9% NaCl, followed by 250 ml 10% buffered formalin phosphate to fix the brain. 

From three animals in each group, the brains were embedded in paraffin and serially cut in 5 

μm axial sections. Per animal, six sections, 250 μm apart, were stained with hematoxylin and 

eosin (H&E). Furthermore, with five animals, one section was stained with the antibody for 

the HER2-receptor.

Data analysis

On the high-resolution T2w images the tumor was manually segmented in 3D Slicer 

(Fedorov et al. 2012) and the tumor volume was calculated. The growth constant (r) was 

determined by fitting the tumor volumes to the following formula:

where t is the time in days. The growth rate of each tumor was determined for the treatment 

period (week 5 to 11), and for the follow-up period (week 11 till sacrifice). An animal was 

classified as ‘responder’ if r during the treatment period was lower than the mean r of the 
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control animals minus two standard deviations. The tumor volumes of the three groups at 

week 5, when the treatment started, and the growth rates were compared using ANOVA with 

a Tukey posthoc test.

Survival curves were made for the three groups and the median survival times were 

determined. The curves were compared using a log-rank (Mantel-Cox) test and Bonferroni 

correction was applied to correct for multiple comparisons.

To study the permeability of the tumor before the sonication, a square region of interest 

(ROI) was drawn on the slice with the largest tumor diameter. The size of the ROI was 

chosen to fit the tumor and a ROI of the same size was drawn on the contralateral side of the 

brain. The percentage change in signal intensity on pre- and post-contrast T1w imaging was 

determined and the difference in change between the tumor and contralateral ROI was 

determined (ΔSI%). The same analysis to calculate ΔSI% was performed in all 10 rats 

before and after sonication for to quantify BBB disruption.

Next, a qualitative analysis was performed of the T2*w images. The T2*w images were 

inspected for the presence of hypo-intensities in the sonicated region. Hypo-intense regions 

on T2*w images can indicate extravasated erythrocytes, but also hemosiderin, the remains of 

dead erythrocytes. Therefore, the T2*w images obtained before and after the sonications 

were compared and classified as exhibiting: 1) no difference between pre- and post 

sonication T2*w images; 2) minimal differences in hypo-intensity; 3) clearly more hypo-

intense region(s) on the post-sonication T2*w image.

Results

Cell growth assays

Analysis of the cell growth response for the fluorescence-expressing MDA-MB-361-H2B-

GFP and BT-474-H2B-GFP cells in the presence of drugs as a function of time indicated 

that significant differences between control and treatment arms were observed at day 6 in 
vitro (Figure 2A–B). Therefore, we decided to set the experiment duration at 6 days for 

MDA-MB-361 and BT-474 cell lines whose growth could not be monitored in real time and 

were used for the in vivo experiments. As none of the treatments (trastuzumab, pertuzumab 

or the combination) showed a significant correlation between growth inhibition and drug 

concentration, suggesting that even low drug concentrations can have growth-inhibitory 

effects, we present the growth-inhibition results for the median antibody concentration of 

22.2 ug/ml (similar results were observed for higher concentrations). For the endpoint 

measurements (six days of drug treatment), pertuzumab treatment resulted in minimal 

growth inhibition for the BT-474 cells. However, trastuzumab and the combination of both 

antibodies significantly inhibited growth at similar levels (Figure 2C), suggesting that the 

addition of pertuzumab to the antibody drug combination is not providing any growth-

inhibitory benefit for the BT-474 cells. For the MDA-MB-361 cells, all antibody treatments 

inhibited growth, compared to the controls, but no differences among the antibody groups 

were observed (Figure 2D). Furthermore, the inhibition in MDA-MB-361 was less strong 

than for BT-474 cells. When the BT-474-H2B-GFP cells were treated with trastuzumab, the 

cell number at day 6 was lower than the number of cells at day 0 (Figure 2A), indicating this 
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therapy can induce cell death that could potentially result in decreased tumor volume in vivo 
for these cells. This was not the case for MDA-MB-361-H2B-GFP cells, where cell growth 

stabilized after day 3 for trastuzumab and pertuzumab treatment (Figure 2B).

Animal studies

Blood-brain barrier disruption—BBB disruption was successful in all sessions with an 

average ΔSI% of 21.2% (range 4.5 – 77.6%) over all rats and all sessions. There was no 

difference in average ΔSI% between the rats. The mean ΔSI% and standard deviation of the 

two tumors before BBB disruption during the six treatment weeks were 0.4±2.3% and 

0.6±1.4%, indicating that the tumors were not leaky before disruption (Figure 3). There was 

no relation of ΔSI% with time in these two animals. In 37% (22/60) of the sessions, a region 

was present on the post-sonication T2*w images that was clearly more hypo-intense than on 

the pre-sonication image. In the remaining 63% (38/60) of the sessions, no or only a 

minimal difference in hypo-intensity was observed. In one animal, a cyst developed after the 

first treatment (ΔSI=25.7%).

Tumor growth and survival—At the start of the treatment (week 5) the mean tumor 

volume and standard deviation of all animals was 3.7±1.9 mm3 and no significant 

differences in volume were observed at this time point between the treatment groups. The 

mean growth constants during the treatment period (week 5 to week 11) were not 

significantly different with 0.042±0.011, 0.033±0.009 and 0.030±0.020 mm3/day for the 

control, antibody-only and FUS+antibody animals, respectively. In the FUS+antibody group, 

four animals were classified as responders and their average growth constant was 

0.010±0.007 mm3/day, while the growth constant of the six non-responders was 

0.043±0.013 mm3/day (Figure 4). ΔSI% of the responding rats (20.9%±16.1) and the non-

responding rats (21.3%±10.4) were not significantly different. Also the mean tumor volume 

in week 5 was not significantly different between responders (4.1±2.5 mm3) and non 

responders (4.4±2.2 mm3). No animals were classified as responders in the antibody-only 

group.

In the follow-up period (week 11 till sacrifice), growth constants were higher, but not 

significantly different among the treatment groups: 0.065±0.009, 0.055±0.017, and 

0.056±0.012 for controls, antibody-only, and FUS+antibody animals respectively. The four 

animals that were classified as responder in the treatment period had an average growth 

constant of 0.060±0.016 during the follow-up period, indicating that the treatment benefit 

was temporary.

The median survival was 137 days for the control animals, 148 days for the antibody-only 

and 144 day for the FUS+antibody group. The survival curves of the antibody-only and FUS

+antibody animals were significantly different from the control animals, but did not differ 

among themselves (Figure 5).

High-resolution T2w imaging showed that the tumor was homogenous till week 13–15, 

when in most animals cystic and necrotic areas started to develop. The tumors showed also a 

heterogeneous appearance on H&E-stained sections and the entire tumor was HER2-

expressing in the examined brains (Figure 6 and 7).
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Discussion

In this study we have demonstrated that we can slow down growth of brain metastases from 

breast cancer using the HER2-targeting antibodies trastuzumab and pertuzumab in 

combination with FUS-mediated BBB disruption in some cases. Since the tumors were not 

leaky before BBB disruption and there were no responders in the antibody-only group, the 

disruption of the BBB appears to be necessary for drug delivery to these brain metastasis. 

Interestingly, only a portion of the rats responded to the treatment; the other animals had the 

same growth constant as the control-group. After the treatment, the growth constant of these 

animals was similar to the other animals, indicating that the effect is only present for the 

duration of the treatment. Although the treatment lasted only 6 weeks, this was enough to 

observe an improvement in survival compared to animals that were not treated.

Previously, it was demonstrated that median survival time increased by 32% in animals that 

received trastuzumab in combination with ultrasound-mediated disruption of the BBB 

compared to control animals (Park et al. 2012). In four of ten animals that were treated with 

FUS and trastuzumab, the tumor appeared to be resolved in follow-up MRI. In our study, we 

do not observe a decrease in tumor volume, but we did find an inhibition of tumor growth. 

The tumor cells used in the previous study were HER2-expressing BT-474 cells derived 

from a primary breast tumor. It is know that these cells are highly sensitive to trastuzumab 

(e.g. Narayan et al. 2009). Here, MDA-MB-361 cells were used, which were derived from a 

brain metastasis of a breast cancer patient, which might be a more appropriate model for 

translational purposes.

We performed cell growth assays with both cell lines to determine if the differences in 

results could be explained by the different cell lines. In vitro it was demonstrated that the 

response of the BT-474 cells was much stronger to trastuzumab than the response of the 

MDA-MB-361 cells, which is in line with our in vivo results where the response was not as 

impressive as in the study of Park et al. Furthermore, for the BT-474 cells a decrease in 

tumor cells was observed compared to day 0, which is in line with the in vivo observation of 

Park et al. where in the four responders the tumor appeared to be resolved on MR imaging 

after treatment. In clinical practice, the response to these antibodies for extracranial 

metastasis of breast cancer is heterogeneous with the largest number of patients showing a 

partial response, although also complete responses have been observed. (Baselga et al. 

2012). Our study demonstrates that patients with tumors that are less sensitive to 

trastuzumab and/or pertuzumab can also potentially benefit from FUS-mediated BBB 

disruption.

We chose to combine trastuzumab with pertuzumab treatment, as combination of these 

antibodies has shown to improve the response in patients compared to using only 

trastuzumab as antibody (Baselga et al. 2012). Although in our in vitro study no significant 

improvement of the combination was observed compared to trastuzumab alone, MDA-

MB-361 cells responded to both antibodies and the combination seemed to have the best 

effect. In clinical practice, trastuzumab and pertuzumab are combined with docetaxel, an 

anti-mitotic chemotherapeutic (Baselga et al. 2012). We did not include docetaxel in our 

study as our main interest was to demonstrate the effectiveness of FUS-mediated BBB 
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disruption in this tumor model. Adding docetaxel might further improve the response; 

however, the toxic effect of delivery of docetaxel to the brain remains to be studied.

In our study, the median survival of the FUS+antibody animals was longer compared to the 

control group. As the treatment period was only 6 weeks, a longer treatment period might 

further elongate survival. The antibody-only arm also showed improved survival and we did 

not observe a difference in survival between the antibody-only and FUS+antibody arms. It is 

unclear why the animals in the antibody-only group lived longer, as our data suggests that 

tumor vessels were not leaky during the treatment period, and we did not see any cases with 

significant tumor growth inhibition.

Interestingly, in our study as well as studies by Park (Park et al. 2012) an Alkins (Alkins et 

al. 2016) a response was observed only in some of the animals. Both studies used tumor 

model based on HER2-positive cells from a breast cancer patient. There was no obvious 

reason for the difference in response. No difference in tumor volume at the start of the 

treatment was observed, nor were there differences in contrast-enhancement on T1w images 

between the responders and non-responders. Five brains were examined for HER2-

expression, of which one belonged to a responder, and in all cases the whole tumor was 

HER2-expressing. In two rats, we performed additional T1w imaging to study tumor 

leakiness. In both animals, no enhancement of the tumor was observed, suggesting that these 

tumors were not leaky during the treatment period. One rat was classified as responder, 

while the other was not. Although we only studied tumor vascular permeability in two 

animals, these results suggest that leakiness is not the underlying difference between the 

groups. However, a difference in vasculature between the two groups at the time of the 

treatment cannot be eliminated using our MR imaging methods. The effects of FUS in 

combination with microbubbles vary for different vessel sizes. In vessels with a diameter 

around 20–30 um, more vasospasm (Raymond et al. 2007) and faster leakage and higher 

permeability (Nhan et al. 2013) are observed after sonications compared to larger vessels of 

~40–60 um. This means that a potential difference in vessel size between the groups can 

lead to different responses to the FUS-treatment. As the time between treatment and 

sacrifice was long and tumors grew substantially in the meantime, no information on the 

vessel-size distribution at the time of treatment could be obtained with a blood-vessel 

staining in this study. In mice growing subcutaneous MDA-MB-361 tumors, 50% of the 

animals became unresponsive to trastuzumab after three weeks of treatment (Fujimoto-

Ouchi et al. 2010). Similar to our study, no difference in tumor size at the start of the 

treatment was observed and the tumors remained HER2-expressing. However, in their study, 

all animal were responsive at the start of the treatment, which we did not observe. Whether 

the absence of a response in part of the animals is due to a lack of a response to the 

antibodies, is related to the quality of BBB disruption, comes from a difference in micro-

vasculature, or is influenced by a response of the remaining remnant of the immune system 

or has another cause, remains unclear. In a future study, sacrifice directly after the treatment 

period might be preferable in order to investigate underlying differences between tumors that 

respond and do not respond to treatment. In the present study the time between treatment 

and sacrifice was large. As there were changes observed in the appearance of the tumors on 

MR images, we know that the tumors have changed and staining at the moment of sacrifice 

might not be representative for the tumor at the time of treatment. Therefore, it would be 
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interesting to sacrifice and perform additional stainings like a blood-vessel staining (e.g. 

CD31) or HER2-receptor staining immediately after treatment. This hopefully would 

elucidate the difference in response. Better understanding of why certain animals respond is 

needed and will help in translating this technique to the clinic.

Here, we have demonstrated in a clinically relevant model that FUS-mediated BBB 

disruption can inhibit the growth of brain metastases from breast cancer. The duration of this 

growth inhibition was only during the treatment period and the growth constant after 

treatment was similar to the other animals. We could not explain why only a part of the 

animals responded and this remains topic for further research.
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Figure 1. 
Study design.
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Figure 2. 
(A–B) Growth curves (relative cell number to Day0 at days 3 and 6) for fluorescence 

expressing BT-474-HB2-GFP (A) and MDA-MB-361-H2B-GFP (B) cells treated with 

trastuzumab (red), pertuzumab (green) or both antibodies (magenta) at a concentration of 22 

μg/ml. Controls received no treatment (blue).

(C–D) Endpoint measurement of growth inhibition relative to cells without treatment for 

BT-474 cells (C) and MDA-MB-361 (D) after six days of exposure to trastuzumab, 

pertuzumab or the combination at 22 μg/ml.
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Figure 3. 
A) T1w image before contrast administration. The tumor is indicated with the red arrow. B) 

Before the sonications, no difference in tumor enhancement is observed after contrast 

administration (ΔSI=0.4%). C) After focused ultrasound-mediated blood-brain barrier 

disruption, the tumor enhances after contrast administration (ΔSI=30.1%)

Kobus et al. Page 15

J Control Release. Author manuscript; available in PMC 2017 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Tumor volume measurements for each group from the start of the treatment period (day 35) 

till sacrifice. The measurements were obtained every other week. Four rats in the FUS

+antibody group were classified as responder during the treatment period. After treatment, 

their growth curves follow the same pattern as the other groups.

Kobus et al. Page 16

J Control Release. Author manuscript; available in PMC 2017 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Kaplan-Meier survival curves for the three treatment groups.
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Figure 6. 
MRI images and histology of a control animal who did not receive treatment. A) Tumor on 

T2w imaging 5 weeks after implantation. B) Tumor on MR imaging when the animal 

reached the study endpoint. The tumor shows a heterogeneous appearance with cystic 

cavities. C) The hematoxylin & eosin-stained section corresponds well with MR-imaging 

and cysts are present. D) The HER2-stained section demonstrates that the complete tumor is 

HER2-expressing.
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Figure 7. 
MRI images and histology of a FUS+antibody animal who was classified as a responder. A) 

Tumor on MR imaging 5 weeks after implantation. B) Tumor on MR imaging when the 

animal reached the study endpoint. C) The hematoxylin & eosin-stained section has, like the 

MR image, a heterogeneous appearance with cystic areas, which was observed also in the 

other animals at the study endpoint. D) HER2-stained section confirms that the tumor is 

HER2-expressing. The box indicates the location of the enlargements in E (H&E) and F 

(HER2).

Kobus et al. Page 19

J Control Release. Author manuscript; available in PMC 2017 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kobus et al. Page 20

Ta
b

le
 1

M
R

 im
ag

in
g 

pa
ra

m
et

er
s

E
ch

o 
ti

m
e 

(m
s)

R
ep

et
it

io
n 

ti
m

e 
(m

s)
Sl

ic
e 

th
ic

kn
es

s 
(m

m
)

F
ie

ld
 o

f 
vi

ew
 (

m
m

)
M

at
ri

x
N

um
be

r 
av

er
ag

es
Se

qu
en

ce

P
ar

am
et

er
s 

du
ri

ng
 M

R
-g

ui
de

d 
so

ni
ca

ti
on

s:

T
1w

 im
ag

in
g

18
65

1
1

35
 ×

 3
5

12
8 

×
 1

28
4

R
A

R
E

 –
 E

T
L

: 4

T
2w

 im
ag

in
g

65
32

60
1

35
 ×

 3
5

12
8 

×
 1

28
2

R
A

R
E

 –
 E

T
L

: 8

T
2*

 w
 im

ag
in

g
15

49
5

1
35

 ×
 3

5
12

8 
×

 1
28

2
G

ra
di

en
t e

ch
o 

– 
α

=
 3

0

P
ar

am
et

er
s 

fo
r 

hi
gh

-r
es

ol
ut

io
n 

tu
m

or
 m

on
it

or
in

g:

T
2w

 im
ag

in
g

52
35

00
1

30
 ×

 2
5.

6
30

0 
×

 2
52

6
R

A
R

E
 –

 E
T

L
: 1

4

* R
A

R
E

 =
 R

ap
id

 im
ag

in
g 

w
ith

 r
ef

oc
us

ed
 e

ch
oe

s,
 E

T
L

 =
 e

ch
o 

tr
ai

n 
le

ng
th

.

J Control Release. Author manuscript; available in PMC 2017 September 28.


	Abstract
	Graphical abstract
	Introduction
	Materials and methods
	Study design
	Cell growth assays
	Cell culture and tumor implantation
	MR-guided ultrasound procedures
	Setup
	Animal preparation
	MRI-guidance
	Sonications

	MRI tumor monitoring
	Histology
	Data analysis

	Results
	Cell growth assays
	Animal studies
	Blood-brain barrier disruption
	Tumor growth and survival


	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1

