Neuro-Oncolo gy

Neuro-Oncology 18(7), 974-981, 2016
doi:10.1093/neuonc/nov318
Advance Access date 26 January 2016

Early treatment of HER2-amplified brain tumors with targeted NK-92
cells and focused ultrasound improves survival

Ryan Alkins, Alison Burgess, Robert Kerbel, Winfried S. Wels, and Kullervo Hynynen

Physical Sciences Platform, Sunnybrook Research Institute, Toronto, Ontario, Canada (R.A., A.B., K.H.); Medical Biophysics, University
of Toronto, Toronto, Ontario, Canada (R.A., R.K., K.H.); Biological Sciences Platform, Sunnybrook Research Institute, Toronto, Ontario,
Canada (R.K.); Georg-Speyer-Haus, Institute for Tumor Biology and Experimental Therapy, Frankfurt am Main, Germany (W.S.W.)

Corresponding Author: Ryan Alkins, MD, PhD, Sunnybrook Research Institute, 2075 Bayview Ave, C713, Toronto, ON M4N 3M5
(ryan.alkins@mail.utoronto.ca).

Background. Malignant brain tumors have a dismal prognosis, with residual tumor remaining after surgery necessitating adjuvant
chemoradiotherapy. The blood-brain barrier hinders many chemotherapeutic agents, resulting in modest treatment efficacy. We
previously demonstrated that targeted natural killer (NK)-92 cells could be delivered to desired regions of the brain using MRI-
guided focused ultrasound and Definity microbubbles. Targeted NK-92 cells have advantages over many systemic therapies in-
cluding their specific cytotoxicity to malignant cells (particularly those expressing the target antigen), ability to spare healthy cells,
and being unaffected by efflux channels.

Methods. We investigated whether longitudinal treatments with targeted NK-92 cells, focused ultrasound, and microbubbles
could slow tumor growth and improve survival in an orthotopic HER2-amplified rodent brain tumor model using a human breast
cancer line as a prototype. The HER2 receptor, involved in cell growth and differentiation, is expressed by both primary and
metastatic brain tumors. Breast cancers with HER2 amplification have a higher risk of CNS metastasis and poorer prognosis.

Results. Early intensive treatment with targeted NK-92 cells and ultrasound improved survival compared with biweekly treat-
ments or either treatment alone. The intensive treatment paradigm resulted in long-term survival in 50% of subjects.

Conclusions. Many tumor proteins could be exploited for targeted therapy with the NK-92 cell line; combined with the mounting
safety evidence for transcranial ultrasound, these results may soon be translatable to a highly targeted treatment option for

patients with brain tumors.
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Malignant brain tumors affect a large number of North Ameri-
cans, with both primary and metastatic tumors having a dismal
prognosis.' ~® Macroscopic or microscopic residual tumor often
remains after surgical resection, necessitating adjuvant
chemo- and/or radiotherapy. Many chemotherapeutic agents
are hindered by the blood-brain barrier (BBB). The BBB, which
normally allows passage of only small lipophilic compounds
into the CNS,” combined with efflux channels (expressed by
both malignant and endothelial cells) acts to severely restrict
the accumulation of many therapeutic agents in the brain.®?
Adjuvant therapies that successfully reach the brain often
result in varying degrees of injury to healthy tissues, both intra-
cranially and extracranially.'® As a result, current intravenously
delivered agents have modest efficacy in the treatment of brain
tumors.

We have recently demonstrated that targeted natural killer
(NK)-92 cells can be delivered to tumors in the brain using
MRI-quided focused ultrasound (FUS) in combination with
microbubble ultrasound contrast agents (Fig. 1).1! Stable cavi-
tation of microbubbles under the influence of submegahertz ul-
trasound frequencies temporarily alters the permeability of the
cerebrovasculature in desired regions by disrupting endothelial
tight junctions, increasing vesicular transport, and altering en-
dothelial cell membrane proteins.'?~1* Additional cell-specific
interactions, which are yet to be characterized, are also likely
to be involved.'* NK cells are cytotoxic lymphocytes involved
in the innate immune response to malignant cells.*® Targeted
NK cells have advantages over other systemic therapies includ-
ing specific cytotoxicity to malignant cells, which is heightened
when encountering those malignant cells possessing the target
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Fig. 1. A schematic representation of the treatment setup, effect, and organization of the study. (A) The focused ultrasound (FUS) treatment setup,
with the focused transducer (551.5 kHz) coupled to the rodent via a bath of degassed water and targeted using MRI. (B) NK-92 cells extravasate from
the cerebrovasculature following interaction with FUS and microbubbles at the site of the tumor 11. (C) NK-92 cells labeled with iron and stained with
Prussian blue following FUS. The cells are tracking toward the tumor, denoted by the star (x). (D) The 2 treatment arms, with the diamonds each
representing a treatment event. In each arm, animals were randomized to receive FUS+Cells, FUS, or Cells for the duration of the study.

cmtigen.16 As such, once these cells gain access to the CNS,
they appear to track to their target without appreciable impact
on nontumor tissue.

Many tumors express proteins that could be exploited for
targeted cellular therapies. One such candidate is the human
epithelial growth factor receptor (HER2) thought to be involved
in signaling pathways regulating cell growth and differentiation
and expressed by a number of epithelial tumors including
breast and glioblastoma.”*® Breast cancers with HER2 amplifi-
cation are more aggressive and have a higher risk of CNS
metastasis and poorer prognosis.'”!? Antibodies targeted to
HER2 have resulted in improved tumor control and survival in
HER2-amplified breast cancers but (along with NK cells) do not
normally cross the BBB.”® 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.'® It has been shown to
localize to both extracranial and, in conjunction with FUS, intra-
cranial HER2-amplified tumors to cause selective tumor
cell death.**'®2% The targeted NK-92 cell line has distinct
advantages over direct antibodies to HER2 as it maintains cyto-
toxicity to HER2-negative tumor subpopulations. It also has
advantages over systemic chemotherapy regimens and whole-
brain radiation because it spares nonmalignant cells.

We hypothesized that multiple combined treatments of
intravenously delivered HER2-specific NK-92 cells and FUS
with microbubbles might control tumor growth and improve
survival in a xenograft HER2-amplified brain metastasis
model using a human metastatic breast cancer cell line as a
prototype. With the recent demonstration of safe blood-brain
barrier disruption (BBBD) with FUS in nonhuman primates,?*
clinical translation of the results may be possible in the
not-too-distant future.

Materials and Methods

Study Design

This was a prospective, randomized, blinded study in athymic
nude rats to determine if targeted NK-92 cells delivered to
the brain could prolong survival in a HER2-amplified breast
metastasis model. All procedures were approved by the Sunny-
brook Research Institute Animal Care and Use Committee and
conformed to the guidelines set out by the Canadian Council on
Animal Care.

Cell Lines and Tumor Implantation

Human HER2-expressing MDA-MB-231 breast tumor cells were
isolated from brain metastases as previously reported and
transfected to express high levels of the HER2 receptor.??
HER2 expression was confirmed by immunocytochemistry
with primary rabbit anti-HER2 (Thermo Fisher Scientific). For
tumor implantation, MDA-MB-231-HER2 cells were combined
with BD Matrigel (BD Biosciences) at a density of 10 cells/p.L,
and 5 plL were injected stereotactically into the right frontal
striatum of 200-250 g male athymic nude rats (Charles River
Laboratories). Treatments began exactly 1 week following cell
implantation.

The human cell line, NK-92 (ATCC), was virally transduced
to stably express a chimeric antigen receptor specific to
HER2.'® The antigen receptor expression was confirmed by
fluorescence-activated cell sorter analysis. Expression of CD45
was evaluated on a smear using mouse anti-human CD45
(R&D Systems). HER2-specific NK-92-scFv(FRP5)-zeta cells were
maintained in X-VIVO 10 medium (Lonza) supplemented with
5% heat-inactivated human serum (Cedarlane), 0.6 mg/mL
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G418 (Wisent), and 100 pg/mL IL-2 (R&D Systems). Cells were
collected, centrifuged, and resuspended in sterile physiological
saline at a concentration of 107 cells/mL for injection in vivo.

Treatment Arms

Thirty-one animals underwent 8 treatment sessions and were
entered into 1 of 2 arms, each with a different schedule. Within
each arm, animals were randomly assigned to receive combined
FUS and targeted NK-92 cells (FUS + Cells), FUS alone (FUS), or
cells alone (Cells). Cell injection consisted of i.v. injection of 10°
targeted NK-92 cells/m? body surface area (estimated from
body weight) on the order of the number of cells delivered in pre-
vious phase 1/2 trials. The first arm (distributed) received treat-
ments twice per week for 4 weeks (Fig. 1D; FUS+Cells N= 7, FUS
N=7, Cells N=16). The second arm (front-loaded) received 5
treatments in the first week, 2 treatments in the second week,
and 1 treatment in the third week (Fig. 1; FUS + Cells N = 4,
FUS N = 3, Cells N = 4). The order in which animals were treated
at each of the 8 sessions was randomly assigned.

MRI-guided Focused Ultrasound

Definity ultrasound contrast (Lantheus Medical Imaging) was
activated at room temperature with the VIALMIX (Lantheus)
agitator, diluted 1:10 in 0.9% saline, and a 20 plL/kg dose was
injected with the onset of sonication. Animals were positioned
supine on an in-house-fabricated sled and transferred between
the 7T MRI and an ultrasound system. The latter consisted
of a 551.5 kHz single-element focused ultrasound transducer
(F=0.8, R=10cm) submerged in a bath of degassed water
and combined with a 3-axis positioning system. The focal spot
size for the transducer, characterized by the full-width at half
maximum of the beam pressure profile, corresponded to a diam-
eter of 3.0 mm in the axial plane by 12.5 mm in the beam direc-
tion. BBBD was performed (10 ms pulses, 2 Hz pulse repetition
frequency, 120 s total duration) using a controller to monitor
acoustic emissions and modulate acoustic power to predeter-
mined ultraharmonic signatures.?® The power was increased
incrementally until this threshold was reached and then
decreased to 60% of peak power for the remaining duration of
sonication (which we had previously found to result in successful
translocation of NK-92 cells into the CNS).*?

All imaging was performed with a 7 T MRI (BioSpec 70/30
USR, Bruker BioSpin) fitted with gradient and shim inserts
(BGA-S, Bruker BioSpin). MR imaging consisted of T2-weighted
(TR=3000 ms, TE = 37.2 ms, flip angle = 180°) and T1-weighted
sequences (TR= 500 ms, TE = 10 ms) enhanced with a gadolin-
ium contrast agent (0.2 mL/kg; Omniscan, GE Healthcare) in at
least 2 perpendicular planes for treatment planning, estimation
of tumor volume, and quantification of BBBD. Follow-up imaging
performed beyond the treatment period consisted of axial and
coronal proton-weighted MRI twice weekly.

Criteria for Study Exit

Animals were euthanized by euthanyl injection when they
showed signs of pain, distress, or when their tumor dimensions
or midline shift exceeded predetermined threshold values. An-
imals were monitored on a daily basis by veterinary technicians
blinded to the study groups. They were also assessed and

weighed by study personnel at the beginning of each treatment
day prior to imaging. Signs of distress were defined as weight
loss >20% in 1 week, lethargy, failure to groom, or the pres-
ence of neurological deficits. Tumor dimensions were followed
with serial imaging, and a maximal tumor diameter of 10 mm,
and/or midline shift >2 mm were taken as cutoffs for euthana-
sia. This was consistent with previous studies in which animals
harboring tumors greater than these thresholds become
rapidly symptomatic.?*

Histological Analysis

The brain was removed following euthanasia, fixed in 10% neu-
tral buffered formalin, and sectioned in 4 wm coronal sections
cut at 250 pm levels. Histological analysis was blinded. A sec-
tion at each level was stained with hematoxylin and eosin
(H&E) for morphological analysis. At each level, a section was
also stained for CD45 to survey for remaining HER2-specific
NK-92 cells. Immunohistochemistry (IHC) using the polymer-
ized reporter-enzyme staining system (Vector Laboratories)
was used to detect CD45 (mouse anti-human, 1:200, R&D Sys-
tems). Sections containing the tumor were also stained for
HER2 (rabbit anti-human HER2, Thermo Fisher Scientific) to ex-
amine whether the HER2-specific NK-92 changed or eradicated
the HER2-amplified tumor populations. Sections were digitized
with a Mirax Scanner (Zeiss) and analyzed using Pannoramic
Viewer (v.1.15, 3DHISTECH).

Statistical Analysis

Graph Pad Prism 6 (Graph Pad Software) was used for statistical
analysis. The enhancement data were analyzed using the
Student t test. Survival data were compared using the Kaplan-
Meier method with log-rank test. The average survival +stan-
dard deviation for each group was also tabulated, and these
were compared using 1-way ANOVA and Tukey post test.
Statistical significance was noted if P<.05.

Results

Cytolytic activity of the targeted NK-92 cell line was confirmed
by flow cytometry. Cell lysis was proportional to the ratio of
effector-to-target cells, consistent with both previously pub-
lished findings and our own prior results.’™'® The success rate
for tumor establishment was 100%, and progression was rapid
as quantitatively assessed by serial MRI (Fig. 3A and E). For both
treatment arms, the contrast enhancement on T1 MRI follow-
ing BBBD was not statistically different between the FUS and
FUS+-Cells groups (distributed arm, P=.10; front-loaded arm,
P=.76). Representative pre- and post-BBBD images are
shown in Fig. 2.

Tumor Surveillance

Tumors began to cause severe mass effect with brain distortion
and surrounding vasogenic edema at sizes nearing that pre-
established for euthanization. The ipsilateral frontal horn of
the lateral ventricle showed progressive effacement, with rela-
tive enlargement of the remaining ventricular system. Solid
growth was seen initially, but cystic components developed
after 2-3 weeks as seen on serial MRI (Fig. 3A and E) and
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Fig. 2. Representative images of blood-brain barrier disruption (BBBD). The contrast enhancement in the tumor before (A) and after BBBD (B
and C) are shown. The focus is larger than the tumor size, so increased permeability is seen in the peritumoral area, favoring the medial
aspect of the tumor due to the curvature of the rat skull. The coronal image (C) shows heterogeneity in the enhancement pattern due to
standing waves. There was no difference in the enhancement after BBBD between the focused ultrasound (FUS) and FUS+Cells groups in
either arm.
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Fig. 3. Comparison of the distributed and front-loaded treatment arms. A and E are representative contrast-enhanced T1 MR images of the tumor
progression at 14 days. (B-D) The tumor volumes, animal weights, and survival data for the distributed arm. (F-H) Same data for front-loaded
arm. Fand H show significant reduction in tumor volume and increase in survival, respectively, achieved with an aggressive treatment schedule. (G)
The front-loaded schedule was taxing on the animals. An initial weight loss was measured in the animals, whereas this was not observed in the
distributed arm. Statistically significant results are denoted by *.
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were subsequently confirmed on histological examination
(Fig. 5A and Q). All animals except for one met the criteria for
euthanasia based on size or mass effect rather than the
appearance of behavioral symptoms.

The long-term survivors in the front-loaded arm were fol-
lowed with MRI (Fig. 4) and did not show any evidence of
tumor progression. A decrease in the volume of the frontal
lobe in the region of the tumor was observed, as suggested
by the prominence of the ipsilateral ventricle. It was impossible
to distinguish whether this tissue loss was due to tumor or
treatment or a combination of the two. The animal depicted
in Fig. 4B had a more prominent “inflammatory” reaction
surrounding the tumor, with significant peritumoral edema
on MR imaging that occurred after the end of BBBD treatments
and resolved spontaneously (but with more ensuing atrophy).

Tumor Progression

In the distributed arm, Kaplan-Meier analysis revealed a signifi-
cant trend with P=.075. Tumor volumes in the FUS+Cells
group appeared to have a slower growth rate initially, but this
was not statistically different from the other groups; the vol-
umes were nearly equivalent at the end of 4 weeks of treat-
ment (Fig. 3B and D).

The front-loaded treatment arm was much more promising,
with the Kaplan-Meier analysis (Fig. 3H) revealing a significant
prolongation of survival in the FUS+-Cells group compared with
the other cohorts. There was also a statistically significant
increase in the mean survival time for the FUS+-Cells group of
the front-loaded arm compared with the remaining groups

Fig. 4. Representative T2-weighted 7T MR images of the long-term
survivors in the focused ultrasound (FUS)+ Cells group of the
front-loaded arm. The tumor location is indicated by the hashed
circle. There is some signal heterogeneity in the frontal striatum and
some tissue loss suggested by the increased prominence of the right
frontal horn of the lateral ventricle. There were no blood products
seen on postmortem examination to explain the MR signal. It is
impossible to distinguish whether the atrophy was due to the
treatment or the tumor. The long-term survivors were completely
asymptomatic until the end of the study.

in both arms (P < .05). There was no difference in survival
between the FUS or Cells groups. The mean tumor volumes
(measured at 28 days) were also significantly reduced in the
FUS+Cells group of the front-loaded arm compared with the
FUS or Cell groups (30457 mm? vs 934+ 53 mm?; P<.05;
Fig. 3F). The long-term survivors in the FUS + Cells group of
the front-loaded arm showed no adverse effects up to the
time of sacrifice, which was chosen to be 150 days.

The front-loaded treatment regimen was intensive and
stressful for the animals and resulted in an arrest in weight
gain for the Cell group and a weight loss in the 2 groups receiv-
ing ultrasound and BBBD (Fig. 3G). However, no animal had an
adverse event related to the treatment schedule, and by 14
days all animals demonstrated parallel increasing growth tra-
jectories. Similar to what was seen in the distributed arm (but
to a lesser extent), approximately half of the animals in the
FUS+Cells group appeared to have little response to the treat-
ment, with survival times similar to the animals in the FUS and
Cell alone groups.

Histological Analysis

There were no signs of hemorrhage or erythrocyte extravasa-
tion on H&E staining within the tumor itself or the surrounding
brain; however, most animals were euthanized a week or more
after the last sonication (Fig. 5A-C, G, and H). Despite the dif-
ferences in survival times for the animals depicted in Fig. 5A-C,
the appearance of the tumor at the time of sacrifice was sim-
ilar, suggesting that our study exit criteria were relatively ro-
bust. Many of the tumors developed large cystic components
that were initially identifiable on MRI surveillance. IHC for
CD45 at the time of animal sacrifice did not reveal any surviving
targeted NK-92 cells in the brain (Fig. 5I). Despite confirming
the parent tumor cell line to be 90% positive for HER2 by IHC
prior to tumor implantation, there was heterogeneous ex-
pression in both treatment arms on postmortem examination,
which was not entirely explained by treatment group (Fig. 5D-
F). In some cases, it did appear that the treated tumor volume
contained a paucity of HER2 expression compared with the
untreated tumor volume (Fig. 5E and F).

Discussion

In the present study, we had a positive impact on survival when
both targeted NK-92 cells and FUS were combined early during
the course of tumor development (front-loaded arm) but were
unsuccessful at achieving any appreciable effect on tumor pro-
gression with FUS or NK-92 cells on their own. Later treatments
in the distributed arm, once tumors reached moderate volume,
appeared to be as ineffective as the control treatments. As
such, the treatment described might be most effective when
combined with a cytoreductive procedure such as surgical re-
section or ablation, which could be accomplished in the same
setting to exploit the thermal mechanisms of ultrasound.?*2°
The combined treatment effect of focused ultrasound, micro-
bubbles, and targeted NK-92 cells was not uniform in the
front-loaded arm, where roughly half of the animals experi-
enced a treatment failure relatively early on. This could be
appreciated to a lesser extent even in the distributed arm. In-
terestingly, a similar phenomenon has been observed in other
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Fig. 5. Histopathological results depicting tumor progression and cell populations in the front-loaded arm. A-C depict H&E stained sections in the
focused ultrasound (FUS) + Cells group (A) and (B) and the Cell group (C). The corresponding higher magnification images of HER2 expression are
shown in D-F. The cystic (%) and necrotic (x) regions are identified in A and C, preventing NK-92 cells from circulating through and accumulating in
parts of the tumor. There are virtually no HER2-positive cells in D, suggesting that this subpopulation was wiped out by the targeted NK-92 cells.
Furthermore, in E, the leptomeningeal disease and the portion of the tumor closest to the skull were more uniformly HER2-positive; these areas
were somewhat sheltered from the FUS treatment due to lensing effects of the rodent skull. The tumor farthest from the skull, more readily
targeted by the FUS, is again void of HER2-positive cells. There was some variability of HER2 expression even in the Cell group (F), where we
didn’t expect the targeted NK-92 cells to have any effect. Representative H&E of one of the long-term survivors (G), with a high-magnification
view of the tumor region in H (field of view 88 wm). The ventricular prominence can again be seen (G) without any evidence of hemorrhage or

residual tumor (G, H). Representative CD-45 staining, showing no evidence of NK-92 cells remaining at the time of sacrifice (I).

studies of FUS and brain tumors in which 2 distinct groups
emerged: 1 with a promising response to the therapy and the
other behaving similarly to the controls.?*

These failures are unlikely to represent more resistant tumor
phenotypes, given that all the tumors were derived from the
same parent cell line. We postulate that these difficulties
were in part associated with scaling BBBD to the rodent. Our re-
sults suggest that FUS+Cells are more effective when delivered
to animals with a small tumor burden, so that an early ineffec-
tive treatment would have a more pronounced effect. At ultra-
sound frequencies in the half-megahertz range, with the

current transducer and rat skull geometry, standing waves
have been detected in up to 25% of animals despite a low-duty
cycle pulse sequence (Fig. 2C).?’ Large aperture hemispherical
arrays are used in humans, in addition to a low-duty cycle, to
reduce the occurrence of standing waves but are difficult to im-
plement in rodent models. Furthermore, in humans the dis-
tance of the focus from any rigid boundary is much greater,
as is the ratio of the internal dimensions of the skull to the
wavelength, making the conditions for standing wave effects
less favorable. In a rodent model, much or even the entire
tumor could be near a node, significantly reducing the treated
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volume. If this occurred early in the treatment when the tu-
mors were small, the entire tumor could have been undertreat-
ed or untreated, compromising the therapeutic response. Even
in larger tumors the effects of standing waves would negatively
affect the delivery of cells.

Further size-dependent effects include the recruitment of
NK-92 cells from within the sonicated region situated outside
of the tumor. The sonicated volume encompassed proportion-
ally more normal brain when the tumors were small, which
may act as somewhat of a reservoir for cells that can be recruit-
ed to the tumor site (as we had observed in our previous
study).’® A further issue related to the small size of the rodent
skull and the lack of a multi-element hemispherical array is the
lensing effect that can occur when the incident ultrasound
wave is not orthogonal to the skull. This would bias the focus
toward the midline in our setup and possibly miss portions of
the tumor closer to the skull (Figs. 2A and 5E). Additional fac-
tors that may have reduced treatment efficacy include the de-
velopment of cystic compartments and necrosis, both of which
negatively affect vascular access to the tumor.

Consistent with work previously published using the HER2-
specific NK-92-scFv(FRP5)-zeta cell line, we found the killing
efficiency increased proportionally with the ratio of effector-
to-target cells.’>'® Extending these in vitro results to the in
vivo scenario, it is likely that as tumors got progressively larger,
and the delivery of targeted NK-92 cells became more variable,
a decreasing ratio of targeted NK-92-to-tumor cells contributed
to the waning efficacy of the treatment. Given that NK-92 cells
do not persist long in the absence of IL-2,?8 it is also not surpris-
ing that none were seen on postmortem examination. Most
animals were examined more than a week after the last injec-
tion of NK-92 cells, much longer the cells would be expected to
survive without supplemental IL-2. We postulate that the
front-loaded group effectively achieved an effector-to-tumor
cell ratio that resulted in appreciable killing, as the daily treat-
ments allowed NK-92 cells to accumulate within the tumor,
while the interval time for tumor growth compared with the
distributed arm was much shorter. In the distributed arm,
most NK-92 cells from the previous treatment would not
have been viable by the time of subsequent treatment, and
the tumor would have also had more interval growth. Concerns
have previously been raised in the literature about the possibil-
ity of an unabated clonal expansion of NK-92 cells, but we did
not detect any clinical evidence of this in the brain, nor did it
impact the endpoints in the current study.

The tumor cell line used in our study was known from our
previous work to be ~90% positive for HER2. In some Cell ani-
mals, where we expected virtually no targeted NK-92 and thus
no selective pressure on HER2-positive cell proliferation, the
tumor was predominantly HER2-negative by the time it was
examined histologically (Fig. 5F). On the other hand, in some
cases it appeared as though the treated regions harbored
fewer HER2-positive tumor cells, and those areas not accessible
to ultrasound expressed the protein more uniformly. In 1 of
the 2 FUS+Cells animals that died early on, leptomeningeal
disease was seen on histological assessment (Fig. 5E). Interest-
ingly, this region of tumor was much more uniformly HER-
positive compared with the parenchymal component that
was targeted by the ultrasound; however, it is difficult to
draw any more concrete conclusions given that this was only

seen in a single animal. Regardless, despite verifying that a
high percentage of cells overexpressed HER? at the onset of ex-
periments, the population evolved with considerable variability.
In the same vein, the HER2-negative subpopulation did not
lead to treatment-resistant HER2-negative tumor as evidenced
by the 50% long-term survival in the front-loaded arm. This
may be explained by the fact that the HER2-specific NK-92
cells maintained cytotoxicity toward HER2-negative tumor
cells as well—albeit with less affinity—so if they managed to
reach the tumor, they had effectively lysed HER2-negative
cells. Furthermore, if it is accepted that treatment is most effec-
tive when the tumor burden is small, as our data suggest, by
the time most tumors were analyzed they would have been
growing unabated for weeks; therefore, any changes might
have been obscured.

We have demonstrated the tumor control and survival ad-
vantages achieved using targeted immune cells combined
with MRI-guided FUS and microbubbles. Our results suggest
that multiple treatments early in the course of tumor develop-
ment are necessary when using the current technique in order
to obtain efficacious effector-to-tumor ratios. This pilot study
was limited by its small sample size and the use of only a single
tumor cell line, owing to the highly resource-intensive nature of
these experiments. Another limitation was scaling the FUS to
the rodent skull geometry. Future work might include optimiza-
tion of effector cell delivery, both in overall numbers and in-
creased spatial uniformity. Other optimizations might involve
the concomitant administration of systemic IL-2 to prolong vi-
ability of the NK-92 cells. We have reluctantly referred to the
FUS treatments as BBBD, as there was little question that the
cerebrovasculature was made more permeable to gadolinium
contrast. The FUS-NK-92 cell transmigration mechanism, how-
ever, may have more to do with interactions at the endothelial
cell membrane rather than disruption of tight junctions. For ex-
ample, Caveolin-1 is upregulated after FUS and is also implicat-
ed in diapedesis.'*?° The exact mechanisms remain unknown,
but elucidating them could be valuable for optimizing the cur-
rent therapy.
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