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Abstract

Background. The antitumor efficacy of human epidermal growth factor receptor 2 (HER2)-targeted therapies,
such as humanized monoclonal antibody trastuzumab (Herceptin®, Roche), in patients with breast-to-brain cancer
metastasis is hindered by the low permeability of the blood-brain barrier (BBB). NEO100 is a high-purity version
of the natural monoterpene perillyl alcohol, produced under current good manufacturing practice (cGMP) regu-
lations, that was shown previously to reversibly open the BBB in rodent models. Here we investigated whether
NEO100 could enable brain entry of trastuzumab to achieve greater therapeutic activity.

Methods. An in vitro BBB, consisting of human astrocytes and brain endothelial cells, was used to determine
trastuzumab penetration in the presence or absence of NEO100. For in vivo studies, we administered intrave-
nous (IV) trastuzumab or the trastuzumab-drug conjugate ado-trastuzumab emtansine (T-DM1; Kadcyla®, Roche),
to mouse models harboring intracranial HER2+ breast cancer, with or without BBB opening via IA NEO100. Brain
and tumor tissues were examined for the presence of trastuzumab and infiltration of immune cells. Therapeutic
impact was evaluated based on overall survival.

Results. NEO100 greatly increased trastuzumab penetration across an in vitro BBB. In vivo, IA NEO100-
mediated BBB opening resulted in brain tumor-selective accumulation of trastuzumab, without detectable
presence in normal brain tissue, along with increased presence of immune cell populations. IV delivery of
trastuzumab or T-DM1 achieved significantly greater overall survival of tumor-bearing mice when combined
with IA NEO100.

Conclusion. IA NEO100 facilitates brain tumor entry of trastuzumab and T-DM1 and significantly enhances their
therapeutic efficacy, along with increased antibody-dependent immune cell recruitment.
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1. Intra-arterially administered NEO100 opens the BBB in a preclinical HER2+ brain

cancer model.

2. BBB opening by NEO100 enables IV trastuzumab and T-DM1 to accumulate in brain
tumors.

3. Trastuzumab and T-DM1 achieve therapeutic impact against HER2+ brain tumors

after BBB opening.

Importance of the Study

The blood-brain barrier (BBB) prevents many potential
therapeutic agents from exerting their activity against
central nervous system (CNS) malignancies. Therefore,
there is an urgent medical need for drug delivery
methods that support increased brain entry of thera-
peutics. Intra-arterial (IA) NEO100, a highly pure version
of the natural monoterpene perillyl alcohol, has shown
preliminary evidence of its ability to transiently open
the BBB, enabling brain entry of therapeutic agents
of different molecular sizes. In the present study, we

The majority of morbidity and mortality from breast cancer
is associated with metastatic disease." Once tumor cells
have entered the brain, prognosis becomes particularly
poor. Treatment options for brain-metastatic lesions often
are restricted to cranial radiotherapy and surgical resection,
although surgery is not always possible and radiotherapy
comes at the expense of potential neurological toxicity
via radiation necrosis and other side effects. The impact of
chemotherapy is severely limited by the blood-brain bar
rier (BBB), which prevents brain entry of most drugs. In
micrometastases (<1 mm), the BBB retains its normal func-
tion, whereas in larger brain lesions, its barrier capacity
may be compromised along the so-called blood-tumor
barrier (BTB).3* Yet even in this latter scenario, increased
“leakiness” of the BTB is insufficient to support effective
therapeutic access to brain lesions.>® Furthermore, some
malignant foci appear to grow around preexisting blood
vessels with intact BBB—a process called co-option—which
also shields them from the reach of circulating drugs.”
Despite the introduction of better treatments for breast
cancer in general, the incidence of brain metastasis from
breast cancer has increased in recent years."® Local and
extracranial malignancies can be treated more effectively,
which results in longer survival of patients. However, can-
cerous seeds in the brain, for the most part, are protected
from systemic therapeutic intervention and eventually
trigger cancer recurrence. This is particularly evident in
the case of HER2-positive (HER2+) breast cancer, a sub-
type that displays overexpressed epidermal growth factor
receptor 2 (EGFR2/HER2/Neu) and has a predilection to
spread to the brain.>® Median survival times for patients
with HER2+ brain-metastatic breast cancer are highly var-
iable with a range of 6-34 months,'>"* depending on a
number of factors, as considered by breast cancer-specific

demonstrate that this approach can achieve effective
therapeutic activity in preclinical models of intracranial
HER2+ breast cancer, where mice received intravenous
trastuzumab or T-DM1, two commonly used targeted
therapies for HER2+ breast cancer. These observations
bode well for future clinical application in HER2+ breast
cancer patients with brain metastases and hold the
promise to expand the therapeutic reach of these tar-
geted therapies from the periphery into the CNS.

prognostic models''® and the treatment regimen that is
applied.?3"7 The poor prognosis for these patients is com-
pounded by the high risk of significant morbidity due to
potentially progressive neurologic deficits that lead to di-
minished quality of life.

Several HER2-targeted therapies are approved for the
treatment of metastatic HER2+ breast cancer, including
small-molecule inhibitors such as lapatinib, neratinib, and
tucatinib, antibodies such as trastuzumab, pertuzumab,
and margetuximab, and antibody-drug conjugates (ADC)
such as ado-trastuzumab emtansine/T-DM1 and fam-
trastuzumab deruxtecan. While these targeted treatments
have been successfully integrated into the combination
treatment of patients with HER2+ breast cancer and have
incrementally improved control of systemic disease, their
therapeutic impact on brain metastases has been muted
due to insufficient penetration of the BBB.3'8'% As a result,
the incidence of breast cancer patients suffering from met-
astatic spread to the brain has increased, and novel treat-
ment approaches are required to address this substantial
medical need.

To overcome the BBB obstacle and achieve better brain
entry of systemically circulating therapeutics, different ap-
proaches can be considered, but they generally involve
significant risks and limitations. The best-known clinical
method to open the BBB consists of the intracarotid in-
jection of mannitol. However, this procedure has led to
variable and unpredictable responses in BBB breakdown,
seizures, risk of brain embolism, and catastrophic bleeds.?°
As a result, the use of intracarotid mannitol is restricted to
specialized centers and has not found widespread accept-
ance. Transcranial focused ultrasound coupled with intra-
venously delivered microbubbles is currently explored as
another BBB disruption technique,?' and clinical trials of
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this approach have been initiated.* At this time, it is not yet
clear whether this procedure will become clinically useful.
As well, the effects of radiation on BBB permeability have
long been recognized,?? but many details, including time
course and magnitude of increased opening, still remain to
be established.*

In our studies, we are developing intra-arterial (IA) in-
jection of NEO100 as a novel means to reversibly and
safely open the BBB. NEO100 is a high-purity version of
the natural monoterpene perillyl alcohol (POH), a natu-
rally occurring monoterpene and metabolite of limonene
found in the peel of citrus fruits and many other botanical
sources.?® A large number of Phase | and Il clinical studies
using oral POH explored its activity against numerous solid
cancers, but the results were generally disappointing.?
Clinical trials in Brazil are investigating an intranasally de-
livered formulation of POH in malignant glioma patients,?*
and NEO100, produced under current good manufacturing
practices (cGMP), is undergoing clinical testing as an
intranasal formulation for recurrent glioblastoma in the
United States [ClinicalTrials.gov Identifier: NCT02704858].

Delivering POH/NEO100 via the intranasal route showed
that it was very well tolerated, even after several years of
four-times daily application.2* In addition, this molecule’s
amphipathic nature, high partition coefficient, and its
presumed interaction along the acyl-lipid tails of the cell
membrane bilayer?>?6 indicated to us that it might be able
to safely and reversibly open the BBB. We therefore inves-
tigated this hypothesis in mouse models where we per-
formed a sequence of two injections: the first injection
administered NEO100 by IA delivery, with the objective to
open the BBB; the second injection administered a non-
BBB permeable tracer or drug via intravenous (1V) delivery,
with the expectation that now these agents would be able
to enter the brain from the systemic circulation. Indeed,
our prior study established that IA injection of NEO100 is
feasible and able to safely and reversibly open the BBB,
enabling brain entry of different-sized molecules present
in the systemic circulation.?” In the following, we now
present data addressing the critical question as to whether
this novel method can achieve superior therapeutic
outcomes. We used preclinical models of intracranial
HER2+ breast cancer, where we opened the BBB with IA
NEO100, followed by IV delivery of therapeutic antibodies,
trastuzumab or T-DM1, and evaluation of their distribution
and activity against the malignant brain lesions.

Materials and Methods
Cell Isolation and Culture

Human tissues were obtained following written informed
consent from patients in accordance with the Declaration
of Helsinki guidelines and the Institutional Review Board
at the Keck School of Medicine of University of Southern
California (USC). Brain endothelial cells (BECs) were iso-
lated as previously described?® and used between passages
3-8. Human astrocytes were purchased from ScienCell
Research Laboratories (Carlsbad, CA, USA). Details of the
two mouse mammary tumor lines, D2F2 and 4T1, and

verification of their HER2+ status, as well as culture con-
ditions for all cells are included in the Supplementary
Materials.

In Vitro BBB Model

Primary cultures of astrocytes (1.5 x 10%insert) and BECs
(1.5 x 10%insert) were co-seeded on top of 0.4-um pore-size
Transwell inserts (Millipore, Temecula, CA) pre-coated with
Matrigel (Corning, New York, NY) and grown to complete
confluence to mimic BBB conditions. Inserts were placed
in 24-well plates with glass coverslips at the bottom.
These coverslips had been coated with 1% gelatin (Sigma-
Aldrich, St. Louis, MA, USA) and seeded with 4T1-HER2+
or D2F2-HER2+ cells at a density of 5 x 10 cells/well (see
sketch in Figure 1A). Trastuzumab was added to the top
chamber in the presence or absence of NEO100. An equiv-
alent volume of dimethyl sulfoxide (DMSO, Sigma-Aldrich)
was used as vehicle control for NEO100. After 10 min of in-
cubation, top inserts (BBB cells) were removed and bottom
glass coverslips (HER2+ tumor cells) were processed for
immunostaining.

NEO100, Trastuzumab, and T-DM1

NEO100 is 99% pure POH manufactured under compliance
with cGMP regulations, as set by the US Food and Drug
Administration (FDA). It was produced at Norac Pharma
(Azusa, CA, USA) as described in the Supplementary
Materials. A working solution of 0.3% was made by mixing
pure NEO100 and 0.9% sodium chloride (obtained as
Sodium Chloride Injection, USP, sterile and nonpyrogenic,
from Fresenius Kabi, Lake Zurich, IL, USA) and vortexing
the solution immediately before use. (Additional details are
provided in the Supplementary Materials). Trastuzumab
and T-DM1 were obtained as Herceptin and Kadcyla, re-
spectively, from the USC/Norris Comprehensive Cancer
Center Pharmacy in powder form and reconstituted in
aqueous solution as described in the Supplementary
Materials.

Experimental Animals and Brain Tissue
Collection

All animal protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of USC. About 6-
to 8-week-old male and female BLAB/c mice (The Jackson
Laboratory, Bar Harbor, ME, USA) were used. A syngeneic
brain metastasis model was established by intracranial im-
plantation of 1 x 104 4T1 or 4T1-HER2+ murine breast cancer
cells. Some cell lines harbored firefly luciferase to enable
noninvasive monitoring of tumor development by optical
imaging. Animal survival times were determined starting
from the date at which tumor cells were implanted. For sur-
vival experiments, body weight and clinical scores were
monitored on a regular basis to avoid death as an endpoint
criterion.?® Mice were euthanized in compliance with appli-
cable standard operating procedures for rodent euthanasia
and as approved by IACUC. At the time of euthanasia,
mice were perfused with saline to eliminate circulatory
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Fig.1 NEO100 facilitates blood-brain barrier (BBB) penetration of trastuzumab. (A) Left: lllustration of in vitro Transwell BBB set up. Brain endo-
thelial cells (BEC) + astrocytes formed the BBB, whereas HER2+ cells at the bottom represented the target for trastuzumab binding. Right panels:
Representative confocal pictures of 4T1-HER2+ and D2F2-HER2+ cells after immunostaining with red fluorophore-conjugated anti-human IgG
antibody (detecting trastuzumab). As indicated, the top chambers received vehicle, trastuzumab, NEO100, or a combination of trastuzumab +
NEQ100. Concentration of NEO100 was 1 mM, which was confirmed to be non-cytotoxic (not shown). After 10 min, HER2+ cells were removed and
stained. Red fluorescent staining denotes trastuzumab bound to cells; blue staining (DAPI) identifies nuclei. Scale bar, 50 um. (B) Red fluorescent
staining was quantitated and presented in bar graphs, representing the average of three independent experiments performed in triplicate. Left:
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components. Brains were collected, immediately frozen in
Clear Frozen Section Compound (VWR, Radnor, PA, USA),
and stored at —80°C until further analysis.

IA and IV Injections

IA injection of 40 pL NEO100 (0.3%, v/v in 0.9% so-
dium chloride) was accomplished by ultrasound-guided
intracardiac injection into the left ventricle, as previ-
ously described.?’” Additional details are provided in the
Supplementary Materials. IV injections of 40 pL trastuzumab
(8 mg/kg) or 40 pL T-DM1 (3.6 mg/kg) were performed via
tail vein catheter, which was put in place before the mice
were subjected to the IA procedure. IV injection was per-
formed right after completion of 1A injection of NEO100.

Immunostaining

Detailed protocols for immunohistochemistry and immu-
nocytochemistry were described elsewhere.3%3' The pri-
mary antibodies and their catalog numbers are provided
in the Supplementary Materials, along with details of pic-
ture acquisition. Three independent experiments were per-
formed, and images were analyzed and quantitated using
ImageJ software of the National Institutes of Health.

Statistical Analyses

Statistical analyses were performed using GraphPad Prism
7. A Pvalue <.05 was considered significant. Two-tailed t-test
or 1-way ANOVA followed by Dunnett’s or Tukey’s multiple
comparison tests were used, accordingly. For in vitro ex-
periments with primary cell cultures, each patient-derived
sample was considered the unit of analysis and accounted
for an independent value, assayed in triplicate. At least three
different patient-derived samples were used per experiment.
Data were presented as mean + standard deviation (SD).

Results

NEO100 Enhances BBB Penetration of
Trastuzumab

For our in vitro studies, we used a BBB model that con-
sisted of co-cultures of patient-derived BECs and astro-
cytes that were seeded into the upper Transwell inserts
of a 2-chamber system.3? The bottom of the lower
chamber contained 4T1 or D2F2 murine breast cancer

cells overexpressing human HER2 (Figure 1A). To deter-
mine barrier permeability, trastuzumab was added to the
upper chamber in the presence or absence of NEO100,
and antibody penetration through the BBB was analyzed
by detecting trastuzumab that had bound to the HER2+
cells in the bottom chamber. Trastuzumab was visualized
by immunostaining with a fluorescently labeled goat an-
tibody recognizing human immunoglobulin G (IgG). As
shown in Figure 1A, B, after the addition of trastuzumab to
the upper chamber, its binding to HER2+ cells in the lower
chamber could be detected. However, the extent of bound
trastuzumab was significantly (P < .0001) increased in the
presence of NEO100, indicating greater permeability of the
BBB as a result of NEO100 addition.

To investigate whether a similar effect could be achieved in
vivo, we performed a single intracardiac injection of NEO100
into the left ventricle of a mouse as a means to target NEO100
to the cerebral arteries, ie, to the proximity of the BBB.This IA
injection was immediately followed by IV (tail vein) injection
of trastuzumab. We hypothesized that any BBB-opening ef-
fect of NEO100 would allow circulating trastuzumab to enter
the brain.To simulate a HER2+ brain-metastatic breast cancer
model, we implanted 4T1-HER2+ cells into the brains of mice.
Two weeks after implantation, the mice received IA NEO100
in combination with IV trastuzumab. Twenty-four hours later,
mice were euthanized. Perfused brains were collected, and
sections were analyzed by immunochemistry with anti-human
IgG and anti-trastuzumab antibodies. As shown in Figure 1C,
D, brain tumor sections from mice that were co-treated with
NEO100 and trastuzumab showed strong positive staining for
trastuzumab, whereas sections from mice that had received
trastuzumab in the absence of NEO100 showed very little
trastuzumab positivity. Combined, the results shown in Figure
1 indicate that NEO100 enabled trastuzumab to cross the BBB
and bind to its HER2+ target sites.

Trastuzumab Preferentially Accumulates Within
Tumor Tissue After BBB Opening

We next investigated the general distribution of
trastuzumab after NEO100-mediated BBB opening in
mouse brains harboring HER2+ breast cancer lesions. As
before, trastuzumab was delivered IV immediately after
IA delivery of NEO100 (or vehicle control). The next day,
brains were collected and stained for the presence of
trastuzumab, as well as for the proliferation marker Ki-67
to distinguish tumor tissue from normal brain tissue. As
before, brain tissues from mice receiving IV trastuzumab
in combination with IA NEO100 revealed the prominent
presence of the humanized antibody. Trastuzumab staining
principally overlapped with staining for Ki-67, but was

D2F2-HER2+ cells; right: 4T1-HER2+ cells. (C) Balb/c mice bearing intracranial 4T1-HER2+ cells were treated with intra-arterial (IA) NEO100 (or
vehicle), inmediately followed by intravenous (IV) trastuzumab, or remained untreated (control). Twenty-four hours later, perfused brains were
collected and sections were subjected to immunostaining with a biotinylated antibody recognizing trastuzumab (right panel; brown stain), or a
fluorescently labeled antibody recognizing human IgG (second panel from left; red stain). DAPI was used as the counterstain. Representative
confocal images are shown. (Brain sections from mice treated with NEO100 alone are not shown, as they yielded results identical to untreated
control.). Scale bar, 50 um. (D) Red fluorescent staining (indicating cell-bound trastuzumab) from C was quantitated and presented in bar graphs,

representing the averages from multiple independent images.
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noticeably absent from Ki-67-negative brain regions (Figure
2A), demonstrating that trastuzumab highly selectively ac-
cumulated in tumor tissue over normal brain tissue.

The strongly elevated presence of trastuzumab within
brain tumor tissue in response to co-treatment with IA
NEO100 + IV trastuzumab correlated with significantly
(P = .0042) decreased Ki-67 staining, as compared to IV
trastuzumab treatment alone (Figure 2B, C).This finding sug-
gested that the increased presence of the humanized anti-
body at the tumor target site might exert therapeutic activity.

BBB Opening by NEO100 Enables Trastuzumab
to Unfold Its Therapeutic Activity in the Brain

In order to test the veracity of our hypothesis that BBB
opening by NEO100 can enable brain-targeted therapeutic
impact of systemically delivered trastuzumab, we deter-
mined survival times of mice with HER2+ breast cancer
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NEO100 only, (ii) IV trastuzumab only, (iii) IA NEO100 fol-
lowed by IV trastuzumab, and (iv) no treatment (control).
Following a one-time treatment, survival of animals was
monitored (Figure 3A). Animals in groups (i), (ii), and (iv)
rapidly succumbed to disease, with median overall sur-
vival (mOS) of 25, 29, and 25 days, respectively. In partic-
ular, there was no difference in survival between untreated
animals and those that had received trastuzumab without
NEO100 (P = .26). In contrast, animals in the combination
group (iii) survived much longer, with mOS of >80 days
(P=.0001).

As an additional control, we performed a similar in
vivo experiment with intracranially implanted parental
4T1 cells, ie, cells lacking transfected HER2. In this case,
however, combination treatment of IA NEO100 with
IV trastuzumab did not result in detectable survival
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Fig. 2 Trastuzumab accumulates within tumor tissue, rather than normal brain tissue. Balb/c mice bearing intracranial 4T1-HER2+ cells were
treated with intra-arterial (IA) NEO100 (or vehicle), immediately followed by intravenous (IV) trastuzumab, or remained untreated (control).
Twenty-four hours later, brains were collected and sections were subjected to immunostaining with fluorescently labeled antibodies recognizing
Ki-67 (green) or human IgG (red). DAPI was used as the counterstain (blue). (A) Representative confocal images are shown (scale bar, 50 um). (B)
Quantification of green anti-Ki-67 fluorescence (averages from multiple independent images). (C) Quantification of red anti-human IgG fluores-

cence (averages from multiple independent images).
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Fig. 3 NEO100-facilitated brain entry of trastuzumab prolongs survival of mice with intracranial HER2+ breast cancer. Mice were implanted
intracranially with 4T1-HER2+ cells. Seven days later, the animals received a single round of treatment, consisting of intra-arterial (IA) NEO100
alone, intravenous (V) trastuzumab alone, or a combination of the two. Some mice remained untreated (control). Shown is Kaplan-Meier survival
plot with overall survival of animals in the different treatment groups and Pvalues added.

benefit, ie, these mice died as rapidly as mice in the un-
treated control group (results not shown). Thus, unlike
mice harboring HER2+ tumors, mice harboring tumors
without transfected human HER2 did not reap the ben-
efit of NEO100-mediated antitumor trastuzumab activity
in the brain. This outcome further confirmed the speci-
ficity of this treatment, ie, that therapeutic activity was
dependent on the interaction of the humanized antibody
with its HER2 target.

NEO100-Mediated Brain Entry of Trastuzumab
Triggers Enhanced Immune Response

Innate and adaptive immune mechanisms are emerging
as contributing players in the modulation of the ef-
fects of HER2-targeted therapeutic antibodies.3%% To
gain some preliminary insight into how BBB opening by
NEO100 might affect these mechanisms, we investigated
the presence of different immune effector cells in HER2+
brain tumor lesions. Tumor-bearing animals received a
single dose of IV trastuzumab, with or without prior BBB
opening by IA NEO100, or IA NEO100 alone, or remained
untreated. Twenty-four hours later, brains were collected
and analyzed for the presence of natural killer (NK) cells
(CD57+), macrophages (F4/80+), and T cells (CD3+, CD4+,
CD8+) (Figure 4). As compared to untreated animals, there
was an increase in several markers for these immune ef-
fector cells in mice treated with trastuzumab alone or
NEO100 alone. In comparison, however, the combination
treatment resulted in the highest accumulation of all five
markers, which was greater (P < .05) than what resulted
from individual treatments. These results indicate that BBB
opening by NEO100, combined with the administration of
trastuzumab, triggers an enhanced immune response, ie,
substantially increased recruitment of immune effector
cells to the brain-localized tumor.

NEO100 Enhances T-DM1 Accumulation and
Apoptosis in Brain Tumor Tissue

The ADC T-DM1 represents a new generation of cytotoxic
drugs. However, similar to trastuzumab, it has revealed se-
verely limited ability to reach brain tumor lesions from the
systemic circulation. We therefore investigated whether I1A
NEO100 would facilitate brain entry and intracranial thera-
peutic activity of this ADC, similar to what we documented
with trastuzumab above. Mice with HER2+ brain lesions
were treated with a single dose of IVT-DM1, with or without
prior BBB opening by IA NEO100. A control group of mice
received no treatment. Twenty-four hours later, perfused
brains were collected, and sections were analyzed by im-
munochemistry with anti-human IgG and anti-trastuzumab
antibodies. As shown in Figure 5A, B, brain tumor sections
from mice that were co-treated with NEO100 and T-DM1
showed strong positive staining for trastuzumab, whereas
sections from mice that had receivedT-DM1 in the absence
of NEO100 showed barely detectable trastuzumab posi-
tivity (P=.0008).

Brain tissue sections were further subjected to TUNEL
staining as an indicator of apoptotic cell death. Results in
Figure 5C, D show that combination treatment achieved
significantly (P=.0036) higherTUNEL positivity thanT-DM1
treatment in the absence of NEO100. Combined, the results
in Figure 5 indicate that the presence of NEO100 enabled
T-DMT1 to cross the BBB, bind to its HER2+ target sites, and
trigger tumor cell death.

BBB Opening by NEO100 Enables T-DM1 to
Unfold Its Therapeutic Activity in the Brain

Lastly, we determined therapeutic activity of TDM1 with
or without prior BBB opening by NEO100. Mice harboring
HER2+ breast cancer cells in their brains were randomly
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Fig. 4 NEO100-facilitated brain entry of trastuzumab enhances the recruitment of immune cells. (A) Mice harboring intracranial 4T1-HER2+
tumors received a single dose of intra-arterial (IA) NEO100 alone, intravenous (IV) trastuzumab alone, a combination of the two, or remained un-
treated (control). Twenty-four hours later, perfused brains were collected and sections were subjected to immunohistochemical analysis with
antibodies against CD3, CD4, and CD8 to detect T lymphocytes, against CD57 to detect mature natural killer (NK) cells, and against F4/80 to detect
macrophages. Sections were also processed in the absence of primary antibodies (shown as Negative control). Scale bar, 50 um. (B) The number
of positive cells per field was determined in multiple sections, and averages (+SD) are shown in the bar graph. Statistical comparisons were done
between tissues from mice treated with IV trastuzumab alone and those from mice treated with IV trastuzumab in combination with A NEO100. In
all cases, the combination treatment resulted in the greater presence of immune cells (P<.05).

separated into four treatment groups: (i) IVT-DM1 only, (ii)
IV -DM1 preceded by IA NEO100, (iii) trastuzumab pre-
ceded by IA NEO100, and (iv) no treatment (control). After
a one-time treatment, survival of animals was monitored
(Figure 6). IV T-DM1 alone was unable to generate a sur-
vival benefit, ie, these animals succumbed to disease as
quickly as untreated animals. In stark contrast, when mice
received T-DM1 in combination with NEO100, their survival
was prolonged to a median of 58 days, as compared to
29 days of -DM1-only treated mice (P = .0067). Group (iii),
treated with NEO100 in combination with trastuzumab,

also presented with significantly (P = .0266) increased
survival as compared to the untreated control group
(mOS = 24 days), although their mOS of 44 days was less
than the 58 days in response toT-DM1 with NEO100.

Because in this experiment, we used 4T1-HER2+ cells
that harbored luciferase, it was possible to monitor tumor
take and development over time. The imaging results
(Figure 6B) were consistent with the outcome shown in
the Kaplan-Meier plot and further confirmed that brain-
targeted activity of both therapeutic antibodies was signifi-
cantly improved by IV NEO100.
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Fig. 5 Intra-arterial (IA) NEO100 enhances brain entry of T-DM1 and tumor cell apoptosis. Mice harboring intracranial 4T1-HER2+ tumors re-
ceived a single dose of IA NEO100 alone, intravenous (IV) T-DM1 alone, a combination of the two, or remained untreated (control). Twenty-
four hours later, perfused brains were collected and sections were analyzed. (A) The presence of T-DM1 was detected by IHC staining with a
biotinylated antibody recognizing trastuzumab (right panel; brown stain), or a fluorescently labeled antibody recognizing human IgG (second
panel from left; red stain). DAPI was used as the counterstain. Representative confocal images are shown. (Brain sections from mice treated
with NEO100 alone are not shown, as they yielded results identical to untreated control.). Scale bar, 50 um. (B) Quantification of red fluorescent
staining of conjugated trastuzumab (averages from multiple independent images). (C) Brain sections were subjected to TUNEL staining to detect
apoptotic cells (green), with DAPI (blue) as the counterstain. Shown are representative images from the brain area harboring tumor tissue. Scale
bar, 50 pm. (D) Quantification of green fluorescent TUNEL staining (averages from multiple independent images).

because new targeted treatments more effectively control
Discussion peripheral disease, but do not effectively cross the BBB to
also attack brain lesions. Many small-molecule inhibitors,
The incidence of brain metastases in HER2+ breast cancer ~ Such as lapatinib, are substrates for different efflux pumps
has increased over the past two decades, primarily that are highly active in the BBB, whereas water-soluble
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Fig. 6 NEO100-facilitated brain entry of T-DM1 prolongs survival of mice with intracranial HER2+ breast cancer. Mice were implanted intra-
cranially with 4T1-HER2+ cells. Eight days later, the animals received a single round of treatment, consisting of intravenous (IV) T-DM1 (alone or
combined with intra-arterial (IA) NEO100), a combination of IV trastuzumab with IA NEO100, or remained untreated (control). (A) Shown is Kaplan-
Meier survival plot with overall survival of animals in the different treatment groups, along with statistical analysis of significance (Pvalues). (B)
Tumor cells harbored firefly luciferase and therefore noninvasive optical imaging of tumors could be performed on a regular basis. Shown are

imaging results from the group of mice described in A.

antibodies, such as trastuzumab, are hindered due to
their large surface area.'”?' While the challenge of effec-
tive brain delivery of therapeutic agents is not restricted
to central nervous system (CNS) lesions of HER2+ breast
cancer, we have used this cancer type as a preclinical
model to determine whether BBB opening by our novel
method of IA NEO100 delivery would enable brain-
targeted therapeutic activity of large therapeutic mol-
ecules present in the systemic circulation. In the present
study, we were able to provide proof of principle that BBB
opening by IA NEO100 enabled access of IV trastuzumab
and IVT-DM1 to intracranial HER2+ tumor tissue, resulting
in striking anticancer activity. In the absence of NEO100,
both antibody-based therapeutic regimens were inactive,
consistent with their known inability to cross the BBB.

In our mouse models, we used intracardiac injection
as a means for |A delivery of NEO100. While this method
represents the most appropriate and suitable IA approach

for small rodents, it would not generally be feasible in
patients. To translate this method to human patients, we
envision cannulation of the femoral artery with selective
threading to the tumor-feeding intracranial arteries (per-
formed by interventional neuroradiology), representing an
appropriate human equivalent of intracardiac injections in
mice. This approach constitutes a routine procedure that is
commonly performed by endovascular neurosurgeons in
the clinic in the context of cerebral angiograms, aneurysm
coiling, tumor embolization, and thrombectomies.3® In
comparison to intracarotid injection of mannitol, it repre-
sents a technique that is much more common, associated
with significantly lower risk, and not restricted to highly
specialized medical centers. As such, IA NEO100 has the
potential to become a safer, easier, and more widely avail-
able method to open the BBB of patients.

It is noteworthy that we used a one-time application of
this method to deliver a single dose of trastuzumab orT-DM1
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to the brain. The resulting significant increase in survival of
HER2+ tumor-bearing animals with IA NEO100 is even more
striking in view of the many repeat applications that are per-
formed in the clinic with IV trastuzumab alone. For meta-
static breast cancer, trastuzumab is given weekly, whereas
T-DM1 is given in 3-week cycles. The pronounced benefit of
our single dose is highly encouraging because it points to
the possibility that intracranial effectiveness of these thera-
peutic antibodies in patients might be achievable with only
very few applications. Although transfemoral IA cannulation
is a standard procedure, it still is more invasive than simple
IV infusion, and as such, it would be desirable to keep its
application infrequent. It will require further detailed studies
of trastuzumab neuro-pharmacokinetics to shed light on its
surprisingly strong benefit after a single application. One
might speculate that perhaps antibody turnover in the brain
is slower than in the periphery.

Furthermore, innate and adaptive immune mechan-
isms are emerging as contributing players in the mod-
ulation of the effects of HER2-targeted therapeutic
antibodies.?33% In this context, we found that BBB
opening by NEO100 increased the recruitment of CD8+
T cells, mature NK cells, and macrophages to the tumor
microenvironment, and this effect was compounded
in the presence of trastuzumab. Here as well, the dy-
namics of these immune effector cells and their poten-
tial continued presence requires further study, which
may contribute to understand the mechanism behind the
pronounced therapeutic benefit of single trastuzumab
dosing in the brain.

In summary, our study presents proof of principle that IA
NEO100 can enable access of IV therapeutic antibodies to
intracranial tumor lesions, resulting in pronounced ther-
apeutic activity. These observations bode well for future
clinical applications in HER2+ breast cancer patients with
brain involvement and hold the promise to expand the
therapeutic reach of targeted therapies from the periphery
into the CNS. Toward this goal, additional supportive
studies are required along the translational path. For in-
stance, additional safety studies are required to validate
that BBB opening by NEO100 is well tolerated and without
significant long-term detrimental sequelae. Combination
approaches with other established therapeutic agents, as
currently used for peripheral disease in the clinic, should
be explored for potentially further optimized anticancer
activity. We are optimistic that our current study will serve
as a solid platform from which such important next steps
can be initiated.
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Supplementary material is available at Neuro-Oncology
online.
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