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Abstract
Natural killer (NK) cells are cytotoxic lymphocytes involved in innate immunity. NK-92, a human
NK cell line, may be targeted to tumor-associated antigens in solid malignancies where it exhibits
antitumor efficacy, but its clinical utility for treating brain tumors is limited by an inability to cross
the blood-brain barrier (BBB). We investigated the potential for focused ultrasound (FUS) to
deliver targeted NK-92 cells to the brain using a model of metastatic breast cancer. HER2-
expressing human breast tumor cells were implanted into the brain of nude rats. The NK-92-
scFv(FRP5)-zeta cell line expressing a chimeric HER2 antigen receptor was transfected with
super-paramagnetic iron oxide nanoparticles before intravenous injection, before and following
BBB-disruption using focused ultrasound (551.5 kHz focused transducer, 0.33 MPa average peak
rarefaction pressure) in the presence of a microbubble contrast agent. Baseline and post-treatment
1.5T and 7T MR imaging was performed, and histology used to identify NK-92 cells post-mortem.
Contrast-enhanced MRI showed reproducible and consistent BBB-disruption. 7T MR images
obtained at 16 hours post-treatment revealed a significant reduction in signal indicating the
presence of iron-loaded NK-92 cells at the tumor site. The average ratio of NK-92 to tumor cells
was 1:100 when NK cells were present in the vasculature at the time of sonication, versus 2:1000
and 1:1000 when delivered after sonication and without BBB-disruption, respectively. Our results
offer a preclinical proof-of-concept that FUS can improve the targeting of immune cell therapy of
brain metastases.
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Introduction
As many as 30% of breast cancer patients develop central nervous system (CNS) metastasis
(1), for which current breast cancer therapies are inadequate (2). Systemic therapies are
hindered by the cerebral capillary endothelium, which is interconnected by tight junctions,
forming the blood-brain barrier (BBB) (3). The BBB normally allows passage of only small
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lipophilic compounds into the CNS. Within the tumor there is a variably more permeable
blood-tumor barrier (BTB), but this still significantly hinders treatment (4). Furthermore, P-
glycoprotein, expressed by cerebral capillaries and tumor cells, results in the efflux of many
chemotherapeutic agents that would otherwise have therapeutic activity (5). As a result,
intravenously delivered agents currently have limited efficacy in the treatment of brain
metastasis (2).

Breast cancers with HER2 amplification are more aggressive, have a higher risk of CNS
metastasis, and poorer prognosis (5,6). The HER2 receptor is thought to be involved in
signalling pathways regulating cell growth and differentiation (6). Antibodies targeted to
HER2 have resulted in improved tumor control and survival in HER2 amplified breast
cancers (7), while the HER2 inhibitor lapatinib has shown improved progression-free
survival in advanced HER2-positive breast cancers (8). Similar targeted treatments have
been investigated in pre-clinical models using natural killer (NK) cells, the cytotoxic
lymphocytes involved in the innate immune response to malignant cells (9). The HER2-
specific NK-92-scFv(FRP5)-zeta cell line is a human NK-92 cell line modified to express a
chimeric HER2 antigen receptor (10). It has been shown to localize to extracranial HER2
amplified breast cancers in animal models and cause selective tumor cell death (10,11,12).
However, neither HER2-targeted antibodies (13,14) nor NK-92 cells are able to cross the
BBB to a significant extent, while lapatinib is susceptible to P-glycoprotein and breast
cancer resistance protein (15).

We investigated the feasibility of delivering HER2-specific NK-92 cells to the brain with
focused ultrasound (FUS) because in contrast to antibodies and inhibitors, these cells are
targeted, possess direct cytolytic activity, and are unaffected by efflux channels (9). Using
ultrasound bursts at sub-megahertz frequencies through the intact skull, in combination with
timed intravenous (i.v.) injections of encapsulated perfluorocarbon microbubbles, the
permeability of the cerebral vasculature can be non-invasively increased in targeted, focal
regions (16,17). Cavitation of microbubbles under the influence of ultrasound appears to
cause temporary mechanical disruption of endothelial tight junctions, and increased para-
and transcellular passage of molecules from the blood into the brain (18,19). Contrast-
enhanced MRI can be used to identify the regions of contrast extravasation and confirm
BBB and BTB disruption (BBBD) (17). This technique has been shown to increase the
penetration of a number of therapeutic agents into the brain in rodent models (20,21,22) and
has recently been shown to be safe in non-human primates (23).

We examined whether HER2-specific NK-92-scFv(FRP5)-zeta cells injected intravenously
could be delivered to the brain using MRI-guided FUS in a xenograft HER2-expressing
breast metastasis model. By transfecting the HER2-specific NK-92 cells with
superparamagnetic iron oxide (SPIO) nanoparticles, we were able to track their
accumulation at the tumor site. Furthermore, we quantified the density of effector-to-tumor
cells in order to confirm that the number was sufficient to successfully treat a tumor, and
assessed the cytolytic function of HER2-specific NK-92 cells following exposure to
ultrasound in vivo.

Materials and Methods
Cell Lines and Culture

Human HER2-expressing MDA-MB-231 breast tumor cells were cells were isolated from
brain metastases, secondary to a primary tumor implanted in a mouse mammary fat pad, and
transfected to express HER2 as previously reported (24). MDA-MB-231-HER2 cells were
maintained in RPMI 1640 media supplemented with 10% fetal bovine serum (Wisent, St.
Bruno, QC Canada). For implantation, cells were collected, centrifuged and resuspended in
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Hanks’ balanced salt solution (HBSS; Wisent) at a concentration of 103 cells/µl. HER2
expression was confirmed using immunocytochemistry. MDA-MB-231-HER2 cells were
plated on 8 well chamber slides (Nunc, Roskilde, Denmark) for 24 hrs and then fixed with
4% paraformaldehyde for 10 min at room temperature. Cells were treated with blocking
solution containing 1% donkey serum for 1 hr followed by incubation with primary rabbit
anti-HER2 (Thermo Fisher Scientific, Nepean, ON Canada) overnight. Slides were washed
and incubated with donkey anti-mouse Cy3 for 1 hr, and coverslipped. Fluorescent images
were captured with a Zeiss Axiovert microscope.

The human cell line, NK-92 (ATCC, Manassas, VA), was virally transduced to stably
express a chimeric antigen receptor specific to HER2 (10). The antigen receptor expression
was confirmed by fluorescence activated cell sorter (FACS) analysis (10). HER2-specific
NK-92-scFv(FRP5)-zeta cells were maintained in X-VIVO 10 medium (Lonza, Basel,
Switzerland) supplemented with 5% heat- inactivated human serum (Cedarlane, Burlington,
ON Canada), 0.6 mg/ml G418 (Wisent, St. Bruno, QC Canada) and 100 µg /ml IL-2 (RnD
systems, Minneapolis, MN USA). Expression of CD45 was evaluated on a cell smear of
targeted cells using mouse anti-human CD45 (RnD systems, Minneapolis, MN USA) and
the procedures described above. Prior to use in vivo, HER2-specific NK-92 zeta cells were
labeled with SPIO nanoparticles (diameter 10–50 nm) as MRI contrast. 100 µg Fe3O4
(Sigma-Aldrich, Oakville, ON Canada) was combined with Lipofectamine transfection
reagent (Invitrogen, Burlington, ON Canada) for 30 min and subsequently added to 106

NK-92 cells in normal media for 24 hrs at 37° (11). Cells were collected, centrifuged and
resuspended in sterile, physiological saline at a concentration of 107 cells/ml for injection in
vivo. Transfection efficiency was estimated using light microscopy to identify SPIO
nanoparticles within the cell cytoplasm.

Tumor Implantation
All procedures were approved by the Sunnybrook Research Institute Animal Care and Use
Committee and conformed to the guidelines set out by the Canadian Council on Animal
Care. General anesthesia was induced and maintained with isofluorane in 250–300 g male
athymic nude rats (Charles River, Sherbrooke, QC Canada). A burrhole was fashioned in the
skull and cells were implanted in the left frontal striatum with a Hamiton syringe guided by
stereotactic frame, at a depth of 4 mm from the cortical surface. MDA-MB-231-HER2 cells
were combined with a 1% agar solution at 37°C to a final density of 103 cells/µL, and 10 µL
were injected (25). Animals underwent serial MRI imaging and the tumors treated once they
had reached 1.5–2 mm in size.

MRI-guided Focused Ultrasound
In preparation for BBBD, animals were anesthetized with ketamine (90 mg/kg) and xylazine
(10 mg/kg). A 22-gauge cannula was inserted into the tail vein and the head of the animal
shaved and chemically depilated. Definity® ultrasound contrast (Lantheus Medical Imaging,
North Billerica, MA) was prepared as directed by the manufacturer by warming to room
temperature and activating in the proprietary agitator (VIALMIX®, Lantheus Medical
Imaging). It was then diluted 1:10 in 0.9% saline. Animals were positioned supine on the in-
house designed 3-axis positioning system (26) and fixed in place with a bite bar and lower
extremity restraints. The head was coupled to a 551.5 kHz single element focused ultrasound
transducer (F=0.8, R=10 cm) through a bath of degassed water and surrounded by an in-
house manufactured 3×5 cm (inner dimensions) rectangular RF surface coil (Figure 1). The
focal spot size for this transducer, characterized by the full-width at half maximum of the
beam pressure profile, corresponded to a diameter of 3.0 mm in the axial plane (x-y plane in
Figure 1) by 12.5 mm in the beam direction (z direction in Figure 1). The tumors were
therefore completely encompassed by the focus.
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Targeting and registration images were acquired with a 1.5T clinical MRI scanner (Signa,
GE Healthcare, Milwaukee, WI). All animals underwent baseline T2- (FOV 6 cm, 128×128
matrix, slice thickness 1 mm, NEX 2, ETL 4, TR 2000 ms, TE 75ms) and T1-weighted
(FOV 6 cm, 128×128 matrix, slice thickness 1 mm, NEX 6, ETL 4, TR 500, TE ~10ms) MR
imaging, including a contrast enhanced (0.2 ml/kg; Omniscan, GE Healthcare, Milwaukee,
WI) sequence, to identify the tumor. Following MRI and ultrasound co-registration, the
computer-controlled 3-axis positioning system allowed the focal spot of the transducer to be
positioned at any location within the brain. BBBD was performed (10 ms pulses, 1 Hz pulse
repetition frequency, 120 s total duration) using a controller to modulate the acoustic power
(0.33 MPa average estimated peak rarefaction pressure in the brain; range 0.32–0.35 MPa)
(27). The estimated in-situ pressure was determined assuming 73% transmission through the
rat skull (28) and an attenuation coefficient of 5.0 Np/m/MHz in brain (16) with an acoustic
path length of 5 mm.

A 60 s infusion of diluted Definity® (0.2 ml/kg) was administered via the tail vein catheter
simultaneously with the onset of the sonication. Post-treatment T2- and contrast-enhanced
T1-weighted sequences were acquired to assess the location and degree of BBBD. To detect
iron oxide-labelled cells, imaging was conducted on a 7T MRI (BioSpec 70/30 USR, Bruker
BioSpin, Billerica, MA) fitted with gradient and shim insert (BGA-S, Bruker BioSpin) and
using a circularly polarized rat brain RF coil (Bruker BioSpin). Both T2- (TR=3000 ms,
TE=37.2 ms, flip angle=180°) and T2*-weighted (8 echo train, TR=1000 ms, TE=24 ms,
flip angle=30°) sequence were performed. The change in signal intensity within the tumor
on T2*-weighted images (19 ms echo) following treatment with SPIO-labelled cells,
compared with pre-treatment, was quantified.

Treatment Groups
Three treatment arms received intravenous injection of 109 targeted NK-92 cells/m2 body
surface area (estimated from body weight), on the order of the number of cells delivered in
previous phase I/II trials (29,30). Group 1 (n=4) received HER2 specific NK-92 cells but no
BBBD. Group 2 (n=4) received HER2 specific NK-92 cells following BBBD. Group 3
(n=5) had HER2 specific NK-92 cells injected immediately prior to BBBD. The
experimental timeline for the three treatment groups is shown in Figure 2.

Histological Analysis
Animals were sacrificed by euthanyl injection 12–16 hrs following treatment. Brains were
removed, fixed in 10% neutral buffered formalin, and serial 4 µm coronal sections cut at 250
µm levels. All sections were stained with Hematoxylin & Eosin (H&E) for morphological
analysis, and Prussian blue for the detection of SPIO nanoparticles (Polysciences, Inc.,
Warrington, USA). IHC using the polymerized reporter enzyme staining system (Vector
Laboratories, Burlingame, USA) was used to detect CD45 (mouse anti-human, 1:200, R&D
Systems, Minneapolis, USA), perforin (mouse anti-human, 1:10, Abcam, Cambridge, USA)
and granzyme B (rabbit anti-human, 1:100, Abcam, Cambridge, USA). Sections were
digitized with a Mirax Scanner (Zeiss, Germany) and analyzed using Pannoramic Viewer (v.
1.15, 3DHISTECH, Budapest, Hungary). For each animal, 4 sequential levels were analyzed
by two blinded investigators. HER2-specific NK-92 cells were identified by CD45
expression and intra-cellular iron on Prussian blue histochemistry performed on serial
sections at each level. Effector cells within the tumor boundary were counted and expressed
as a percentage of the number of tumor cells in each section. Effector cells outside of the
tumor region were ignored for this analysis. The average ratio (effector per 100 tumor cells,
mean ± SEM) was then calculated for each treatment group.
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Cytotoxicity Assay
Cytotoxicity assays were performed to determine the extent of MDA-MB-231-HER2 cell
death achieved using differing effector-to-tumor cell ratios. 106 MDA-MB-231-HER2 cells
were plated and maintained for 2 hrs at 37°. Serial dilutions (106, 105, 104) of HER2-
specific NK-92 cells were prepared in fresh medium and added to the MDA-MB-231-HER2
cell layer (corresponding to effector:tumor cell ratios of 1:1, 1:10 and 1:100). At 2 and 24
hrs, the cells were rinsed, collected and analyzed using Trypan blue cell exclusion dye.
Results were expressed as the ratio of dead cells to the total number of cells counted. Similar
experiments were completed after iron transfection.

Statistical Analysis
GraphPad Prism 5 (GraphPad Software, San Diego, CA) was used for statistical analysis.
Student’s t test was used to compare the means ± SEM of two groups and the means ± SEM
of three or more groups were compared with one-way ANOVA and Tukey’s post-test.
Statistical significance was noted if p < 0.05.

Results
Prior to implantation, HER2 expression in MDA-MB-231-HER2 cells was determined to be
80% using immunohistochemistry (IHC). CD45 expression by HER2-specific NK-92 cells
was found to be 100% using IHC. The average transfection efficiency of HER2-specific
NK-92 cells with SPIO nanoparticle was 80% and did not affect their cytolytic function.

Representative pre- and post-treatment contrast-enhanced T1-weighted MR images are
shown in Figure 3A and 3B. The degree of contrast enhancement following BBBD was
relatively uniform and was double that of the tumor region prior to treatment (34 ± 10%
versus 17 ± 8%, p=0.01). All animals tolerated the cell injection and BBBD without
complication, and recovered from general anesthesia to their pre-treatment condition. No
abnormal behavior was noted in the 16 hour interval between treatment and sacrifice. Post-
treatment 7T MR imaging detected HER2-specific NK-92 cells at the tumor site in group 3
by a −17 ± 4% change in the signal intensity versus a 14 ± 7% change in group 1 (p <
0.001). Representative pre- and post-treatment T2*-weighted sequences are shown in
Figures 3A and 3B. The differences between other groups were not found to be statistically
significant (p > 0.05, Figure 4C).

Following animal sacrifice, H&E stained sections were examined for tissue injury. One
FUS-treated animal had a small region of erythrocyte extravasation adjacent the tumor
(Figure 3C). HER2-specific NK-92 cells were counted using both CD45 expression and the
presence of intracellular iron on Prussian blue stained sections, and expressed as number of
effector cells per 100 tumour cells. Without BBBD, a very small number of HER2-specific
NK-92 cells localized to the tumor (group 1, 0.09 ± 0.11, Figure 5), and almost equally few
reached the tumor when BBBD was done prior to the injection of cells into the circulation
(group 2, 0.21 ± 0.15, Figure 5). In contrast, the ratio of HER2-specific NK-92-to-tumor
cells was increased five-fold when the former were circulating at the time of sonication
compared to injection afterward (group 3, 0.95 ± 0.23, Figure 5). The number of effector
cells accumulating in the sonicated tumors in group 3 corresponds to approximately 0.34%
of the total number of cells injected. This increase was statistically significant when
compared to the former two groups (p < 0.01, Figure 5B). There was no statistical difference
between group 1 and 2. More dense accumulations of cells were observed around arterioles
and venules in group 3, with an effector:tumor ratio significantly greater than the volume-
averaged value (Figure 6A and 6C). Furthermore, cells were identified outside of the tumor
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boundary in a number of sections in group 3 but not counted in the analysis; theoretically
these cells could migrate to the tumor and contribute to a higher effector to tumor cell ratio.

We also examined whether HER2-specific NK-92 cells circulating prior to BBBD would be
negatively affected by interactions with oscillating microbubbles at the ultrasound focus.
Perforin and granzyme B IHC demonstrated that HER2-specific NK-92 cells retained their
function following translocation into the brain. Figure 7A illustrates a targeted NK-92 cell
within the tumor having released granzyme B, which can be identified within the cytoplasm
of surrounding tumor cells. Perforin was similarly seen in the extra-cellular space
surrounding effector cells and within the cytoplasm of tumor cells. Tumor cells undergoing
apoptosis following interaction with HER2-specific NK-92 cells are seen in Figure 7A and
7B.

Cytotoxicity assays were performed to estimate whether a sufficient number of HER2-
specific NK-92 cells accumulated at the tumor sites following BBBD for efficient tumor cell
lysis. At the 2-hr time point there was a higher proportion of dead MDA-MB-231-HER2
cells in the 1:10 and 1:1 NK-92:tumor groups, but at 24 hrs there were no statistically
significant differences between the three different starting ratios (p > 0.05, Figure 7C).

Discussion
HER2-specific immune cells have demonstrated in vivo efficacy against HER2-amplified
extracranial tumors when injected into the blood stream (10,11,12). Intracranially, however,
successful treatment has necessitated direct injection of targeted immune cells into the tumor
through a burrhole in the skull (31,32). In the present study, we have demonstrated for the
first time the feasibility of using MRI-guided FUS to allow intravenously injected HER2-
specific NK-92 cells access to tumors in the brain. SPIO-laden effector cells were detected
at the tumor site with T2*-weighted MRI in group 3. Although an average signal decrease
over the tumor volume was detected, heme breakdown products from the stereotactic
implantation of tumor cells may have complicated the analysis. The presence of intra-
tumoral heme products in human patients could similarly interfere with the in vivo tracking
of SPIO nanoparticle-labeled effector cells.

The order of BBBD and cell injection was found to have a significant impact on the number
of HER-specific NK-92 cells reaching the tumor (Figure 5A and 5B). The exact mechanisms
underlying this increase in HER2-targeted NK-92 cell accumulation in the sonicated tumor
volume are unknown. Despite identical ultrasound exposures, the presence of HER2-
targeted NK-92 cells in the circulation at the time of BBBD resulted in an almost five-fold
increase in the ratio of effector-to-tumor cells. One possibility is that inter-endothelial clefts
may be larger during the sonication, facilitating the extravasation of effector cells present
during BBBD. It is uncertain whether the effect of BBBD on endothelium stimulates or
inhibits diapedesis, but if priming of the endothelium was the sole mechanism responsible
for effector cell extravasation at the tumor site, the order of cell injection should have made
little difference. It has been previously reported that FUS stimulates the release of nitric
oxide (NO) from endothelial cells in vitro (33,34), as well as increases the expression of
caveolin-1 in vivo (35), and thus it is conceivable that BBBD could affect the expression of
proteins involved in leukocyte adhesion. Furthermore, the interaction of ultrasound and
microbubbles with the HER2-targeted NK-92 cells may play a role. Microbubbles
undergoing stable cavitation are known to generate shear stresses (36,37,38), and increased
fluid shear stresses have a number of in vitro effects on activated leukocytes including
increased adhesion (39,40), deformability (41), motility (42), and transmigration (42,43).
Although speculatory, it is possible that circulating HER2-specific NK-92 cells are more
likely to adhere to endothelium and extravasate following exposure to fluid shear stresses
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generated by microbubbles at the ultrasound focus. These in vitro studies typically required
fluid shear stresses in the setting of an activated endothelium, and therefore from the group 2
results (where the endothelium was exposed to FUS but the HER2-specific NK-92 cells
were not) the effect of BBBD on the endothelium alone is one that at least partially
promotes leukocyte extravasation, either by disrupting endothelial tight junctions or through
some unknown mechanism. Finally, there may be direct mechanical effects of the oscillating
microbubbles on the effector cells that have yet to be elucidated.

In addition to the increased accumulation of HER2-specific NK-92 cells in group 3 tumors,
dense accumulations of HER2-specific NK-92 cells around arterioles and venules in group 3
(Figure 6A and 6C). Larger vessels may have permitted greater microbubble activity
(decreased bubble damping compared to capillary sized vessels, or a bubble population with
a mean size closer to the resonant frequency used), or possibly was able to support larger
inter-endothelial openings. Along capillaries, the effector cells were seen to line the
adluminal surface, even in the absence of nearby tumor cells (Figure 6B and 6D). We did
not see any of these features in group 1 or 2 animals. Of particular note in both ultrasound-
treated groups is the absence of erythrocytes amongst extravasated HER2-specific NK-92
cells (there was a small region of erythrocyte extravasation adjacent the tumor absent
effector cells). It is believed this is in keeping with the postulated mechanism for the
increased leukocyte extravasation with BBBD. The inter-endothelial openings, only studied
post-BBBD, have been shown to be on the order of tens to hundreds of nanometers, and thus
much smaller than the diameter of an erythrocyte (18,44). Erythrocytes are typically
dispersed with little adherence to endothelial cells in the face of fluid shear stresses (45),
whereas the reverse is true for leukocytes (39–43).

Of significant concern was whether HER2-specific NK-92 cells circulating at the time of the
BBBD would maintain their cytolytic function. Figure 6A and 6C show a large group of
extravascular HER2-specific NK-92 cells surrounding an extra-tumoral venule. In such a
vessel (outside the tumor but within the ultrasound focus), the direction of extravasation
should be random, but the preferential clustering of cells toward the tumor suggests
preserved bioactivity of the cells. Furthermore, perforin and granzyme B IHC provided
evidence that these mediators of apoptosis were being released into the intercellular space,
and a number of apoptotic cells were identified in close association with HER2-specific
NK-92 cells (Figure 7A and 7B). In addition to preserved biological function, we estimated
that the effector-to-target cell ratios realized would be sufficient to result in efficient tumor
cell lysis (Figure 7C). Because the SPIO nanoparticle transfection efficiency was less than
100%, the calculated densities likely underestimate the actual number of HER2-specific
NK-92 cells reaching the tumors.

We have demonstrated for the first time the feasibility of using targeted immune cells
combined with MRI-guided FUS to treat tumors in the brain. This treatment holds
significant promise as it is specific not only to the environs of the tumor, but also to the
malignant cells themselves, and can be performed non-invasively under MRI guidance.
Furthermore, theoretically the NK-92 cells could be re-targeted to any number of cancer-
associated antigens to allow the treatment of a variety of human malignancies. Future
studies will aim to show a reduction in tumor volume and an improved survival in brain
metastasis-bearing rats, as these are real-world indicators of treatment success. The NK-92
cell line has already been used in early clinical trials (29,30) and with the expanding clinical
testing of FUS, and also the recent demonstration of the safety and repeatability of BBBD in
rhesus macaques (23), this treatment has the potential to benefit patients with brain
metastasis in the foreseeable future.
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Figure 1.
The experimental MRI-guided FUS setup. The anesthetized animal was positioned supine
over an MRI RF surface coil and coupled to the piezo-ceramic focused transducer through a
bath of de-gassed water. The transducer was repositioned with the aid of a computer-
controlled three-axis positioning system, allowing the ultrasound focus to reach any point
within the brain. The entire setup fits in the bore of the 1.5T MR scanner, allowing for
coordinate co-registration, targeting and confirmation of BBBD.
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Figure 2.
Experimental timeline for the three groups. All groups initially underwent baseline imaging
to assess the tumour size and location. In group 1 (control) this was followed by injection of
SPIO nanoparticle labeled HER2-specific NK-92 cells. Follow-up imaging was performed at
16 hours following cell injection and immediately prior to sacrifice. Group 2 underwent
BBBD, followed 5 minutes later by T1-weighted MRI with contrast to assess the change in
contrast extravasation. Cells were then injected approximately 30 s after the completion of
the imaging. In group 3, cells were injected via the tail vein and BBBD initiated 30 s after
the injection. T1-weighted MRI was performed 5 minutes post-BBBD again to assess the
change in contrast extravasation. Both groups 2 and 3 were imaged at 16 hours following the
cell injection and immediately euthanized.
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Figure 3.
The results of blood-brain barrier disruption with FUS. Representative T1-weighted MR
images with Omniscan contrast of the tumor before and after BBBD, A and B respectively.
The average enhancement of untreated tumors was 17 ± 8 % but increased to 34 ± 10 %
following exposure to ultrasound and microbubbles (mean ± SD, p<0.05). A small region of
erythrocyte extravasation was seen in one of the treatment animals, C. There was no further
evidence of tissue injury.
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Figure 4.
HER2-specific NK-92 cell detection with 7T MRI. A baseline axial T2*-weighted MR
image from group 3 is shown with the tumor identified in the left frontal striatum (white
arrow), A. The corresponding post-treatment image demonstrates a signal reduction at the
tumor site (white arrow), B. C shows the average signal intensity change (mean ± SEM) at
the tumor site following treatment. A negative change suggests the accumulation of iron-
labelled effector cells. There was a statistically significant difference between group 3 and
group 1.
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Figure 5.
Histological quantification of HER2-specific NK-92 cells accumulating at the tumor site.
Effector cells were co-localized with CD45 IHC (upper panel) and Prussian blue
histochemistry (lower panel) in the three experimental groups, A. HER2-specific NK-92
cells reaching the tumor were quantitatively assessed (mean ± SEM), B. When NK-92 cells
were injected prior to BBBD, the number reaching the tumor was significantly higher than if
they were injected following or without BBBD (group 3 vs groups 1 and 2: 0.95 ± 0.23 vs
0.09 ± 0.11, 0.21 ± 0.15, p < 0.01). There was no statistical difference between groups 1 and
2. These results are in agreement with the iron-sensitive MR imaging in Figure 4.
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Figure 6.
FUS causes the translocation of HER2-specific NK-92 cells from the vasculature into the
brain and tumor when they are present in the circulation at the time of BBBD. A, CD45 IHC
depicting a vessel from which a large number of cells have extravasated and appear to track
to the tumor (indicated by the star). B, the corresponding Prussian blue stained section is
shown, colocalizing the HER2-specific NK-92 cells. C, a normal capillary adjacent the
tumor but within the sonicated region, shows HER2-specific NK-92 cells forced to the
adluminal surface of the vessel. FUS results in HER2-specific NK-92 cells circumventing
both the BBB and BTB. D, the corresponding Prussian blue section. These cell distributions
were seen exclusively in group 3 animals.
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Figure 7.
HER2-specific NK-92 cells accumulate at the tumor and have preserved function. A, IHC
for granzyme B highlights an NK-92 cell releasing granzyme B into the surrounding extra-
cellular space (white arrows). An adjacent apoptotic tumor cell can be seen (black arrow). B,
granzyme B-containing NK-92 cell (white arrow) causing apoptosis in a tumor cell (black
arrow). At 24 hrs, a 1:100 ratio of effector:tumor cells is statistically no different (p > 0.05)
in causing tumor cell lysis than higher starting ratios, C. This is the ratio of effector-to-tumor
cells that was achieved in vivo in group 3.
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