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Abstract

Purpose: The role of blood–brain barrier (BBB) integrity for

brain tumor biology and therapy is a matter of debate.

Experimental Design: We developed a new experimental

approach using in vivo two-photon imaging of mouse brain

metastases originating from a melanoma cell line to investigate

the growth kinetics of individual tumor cells in response to

systemic delivery of two PI3K/mTOR inhibitors over time, and

to study the impact of microregional vascular permeability.

The two drugs are closely related but differ regarding a minor

chemical modification that greatly increases brain penetration

of one drug.

Results: Both inhibitors demonstrated a comparable inhibi-

tion of downstream targets andmelanoma growth in vitro. In vivo,

increased BBB permeability to sodium fluorescein was associated

with accelerated growth of individual brain metastases. Melano-

ma metastases with permeable microvessels responded similarly

to equivalent doses of both inhibitors. In contrast, metastases

with an intact BBB showed an exclusive response to the brain-

penetrating inhibitor. The latter was true for macro- and micro-

metastases, and even single dormant melanoma cells. Nuclear

morphology changes and single-cell regression patterns implied

that both inhibitors, if extravasated, target not only perivascular

melanoma cells but also those distant to blood vessels.

Conclusions: Our study provides the first direct evidence that

nonpermeable brain micro- and macrometastases can effectively

be targeted by a drug designed to cross the BBB. Small-molecule

inhibitors with these optimized properties are promising agents

in preventing or treating brain metastases in patients. Clin Cancer

Res; 22(24); 6078–87. �2016 AACR.

See related commentary by Steeg et al., p. 5953

Introduction

Brain metastases are the most frequent malignant intracranial

tumors in adults, and a devastating complication of solid cancers,

severely affecting survival and quality of life of patients. Melano-

mas have a particularly high propensity to spread to the brain, as

about 50% of patients with metastasized (stage IV) melanoma

suffer from brain metastases at the time of death (1). The inci-

dence of brainmetastases seems to be rising, partly due to the fact

that some novel compounds that can control tumor growth

outside the central nervous system(CNS)donot, or only partially,

penetrate the blood–brain barrier (BBB), as suggested for trastu-

zumab in HER2-positive breast cancer (2). Therefore, tumor cells

that have successfully invaded the brain may not be affected by

these therapeutic agents, making the brain a potential "sanctuary

site" for cancers (3).

There is an ongoing controversy about the role of BBB break-

down in affecting the activity of systemic therapies against brain

metastases (4–6). To make the issue even more complicated, a

considerable heterogeneity of therapeutically relevant BBB break-

down seems to exist: In an experimental brain metastases model

of breast cancer, the majority of lesions showed an at least partial

compromise of the blood–tumor barrier, but only approximately

10% showed an uptake of chemotherapy in cytotoxic concentra-

tions (7). A highly variable uptake of classical and targeted

therapeutic agents was also found in resected brain metastases

from patients (8). In health but also in most CNS diseases, the

different components of the BBB hinder the vast majority of

therapeutic agents to access the brain, which includes endothelial

cells, tight junctions, the basement membrane, pericytes, and

astrocytic end feet and efflux transporters [e.g., glycoprotein

P (P-gp) and other multidrug-resistance proteins, and breast

cancer resistance protein (BCRP; or ABCG2)] that regulate the

extravasation of xenobiotics (9, 10). Several techniques have been

tested to direct therapeutic agents across the BBB, including

disruption of the BBB, modification of drugs, inhibition of efflux

transport, and "Trojan horse" approaches that use endogenous

transporter properties of the BBB (9).

Thus, the BBB might hinder brain penetration of promising

novel therapeutic agents, which includes inhibitors of the PI3K–

1Neurology Clinic and National Center for Tumor Diseases, University Hospital

Heidelberg, Heidelberg, Germany. 2Clinical Cooperation Unit Neurooncology,

German Cancer Consortium (DKTK), German Cancer Research Center (DKFZ),

Heidelberg, Germany. 3Department of Drug Metabolism and Pharmacokinetics,

Genentech, Inc., South San Francisco, California. 4Department of Cancer Sig-

naling and Translational Oncology, Genentech, Inc., South San Francisco,

California.

Note: Supplementary data for this article are available at Clinical Cancer

Research Online (http://clincancerres.aacrjournals.org/).

CorrespondingAuthor: FrankWinkler, Neurology Clinic andNational Center for

Tumor Diseases, University Hospital Heidelberg, Im Neuenheimer Feld 400,

Heidelberg D-69120, Germany. Phone: þ4962-2156-7107; Fax: þ4962-2156-

7554; E-mail: frank.winkler@med.uni-heidelberg.de

doi: 10.1158/1078-0432.CCR-16-1327

�2016 American Association for Cancer Research.

Clinical
Cancer
Research

Clin Cancer Res; 22(24) December 15, 20166078

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

2
/2

4
/6

0
7
8
/2

0
3
5
8
4
5
/6

0
7
8
.p

d
f b

y
 g

u
e

s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2
2



Akt–mTOR (PAM) pathway (11, 12). The PAM pathway plays a

role in cell survival, growth, proliferation, and invasion in many

human cancers, at least under certain circumstances (11). Recent

evidence suggests that both PI3K and mTOR complex 1

(mTORC1) need to be targeted in parallel to exert maximum

effectivity and to overcome resistance (13).

Here, we investigated the potential of the PI3K/mTOR inhibitor

GNE-317 to affect melanoma brainmetastases of different stages,

depending on microregional BBB breakdown. GNE-317, which

has not entered clinical development, is a potent dual PI3K/

mTOR inhibitor (inhibiting both mTORC1 and mTORC2) that

was rationally designed to bypass the two main exclusion trans-

porters constituting the BBB (P-gp and BCRP) and has already

shown effects in preclinical mouse gliomamodels (14, 15). GDC-

0980, a closely related dual PI3K/mTOR inhibitor but a substrate

of P-gp and BCRP (16), was used as a control drug to understand

how the BBB affects antitumor activity of small-molecule inhibi-

tors not optimized for BBB penetration.

Materials and Methods

Cell line

A melanoma cell line was chosen because these tumor entities

do not show angiogenic growth during earlier stages in brain

metastases (17). Angiogenesis with disruption of the BBB would

have influenced the bioavailability of an applied drug, and, thus,

could have interfered with the results of this study. A2058 mela-

noma cells (obtained from the ATCC-CRL-11147, 07/2011) were

kept under standardmedia conditions (DMEM, 10%FBS, P/S); no

further authentication of the cell line hadbeendone, but theywere

regularly checked for Mycoplasma infections by PCR. A2058 cells

were lentivirally transduced with a cytoplasmic RFP [tdTomato,

LeGo-T2 vector, kind gift from A. Trumpp, German Cancer

Research Center (DKFZ)] and a nuclear GFP [pLKO.1-LV-GFP,

Addgene #25999, Elaine Fuchs (HowardHughesMedical Institute

and The Rockefeller University)], as described previously (18), to

illustrate the shape of the metastasizing cells (cytoplasmic signal)

and to allow an exact quantification of nuclei (nuclear signal). To

increase the capability to form brain metastases after cardiac

injection, three brain passages of these cells were performed before

the trial commenced (brains of mice were removed 4 weeks after

intracardiac injection of A2058RFP/H2B-GFP cells and dissociated,

and tumor cells were expanded in vitro and reinjected). In vitro

growth was similar to the nontransfected and non–brain-seeking

parental cells. Furthermore, although having a higher overall

propensity to form brain metastases due to higher efficacy to

master all steps of the metastatic cascade, the single steps of this

brain metastatic cascade did not change during in vivo growth.

Compounds and in vitro studies

GNE-317 [5-(6-(3-methoxyoxetan-3-yl)-7-methyl-4-morpho-

linothieno[3,2-d]pyrimidin-2-yl)pyrimidin-2-amine] and GDC-

0980were synthesized byGenentech, Inc. For IC50 tests, cells were

monitored in an xCELLigence Real-Time Cell Analyzer (RTCA)

system (Roche Diagnostics). A2058 cells were seeded in quad-

ruplets of 2,000 cells each in an RTCA E-plate and treated with

different doses of GNE-317 or GDC-0980 (0.5, 2, 10, and 50

mmol/L) in 0.5% DMSO and culture media. Cells were observed

for 143 hours after application of the compounds, and the

maximum cell index during this time versus concentration was

used for the dose–response curves. For description of the cell

index, see ref. 19. Analysis was performed using the RTCA Soft-

ware 1.2.1.1002 (ACEA Biosciences, Inc.).

For immunoblotting, A2058 cellswere treatedwithGDC-0980,

GNE-317, or vehicle at the indicated dose (10 mmol/L) for 3 or 6

hours, respectively. Preparation of cell lysates and immunoblot

was performed as described previously (20). Membranes were

incubated with polyclonal rabbit anti-phospho-NDRG1Thr346

(1:5,000; Cell Signaling Technology); goat anti-GAPDH (1:1,000;

Linaris); rabbit anti-AKT (1:1,000; Cell Signaling Technology);

goat anti-NDRG1 (1:2,500; Abcam); and PathScan Multiplex

Cocktail I, consisting of Phospho-AKT (S473), Phospho-RPS6

Ser235/236, eIF4E, Phospho-p44/42 MAPK (Erk1/2) (Thr202/

Tyr204), Phospho-p90RSK Ser380 (all rabbit; 1:200; Cell Signal-

ing Technology) overnight at 4�C. Staining with secondary horse-

radish peroxidase–conjugated donkey anti-goat or anti-rabbit

(1:5,000;GEHealthcare)was followed by immunodetectionwith

ECL Plus Western Blotting Detection System (GE Healthcare).

Animals and animal procedures

Eight- to 10-week-old male NMRI-nu/nu mice (20 g, Charles

RiverGermany) received a cranialwindowas described previously

(21). For tumor cell injection, mice were anesthetized with

ketamine/xylazine (100 mg/kg i.p. and 10 mg/kg i.p., respecti-

vely) and laid on their back, and their skinwas disinfected. Tumor

cells (1 � 106 in 0.1 mL) were then slowly injected into the left

cardiac ventricle. Success of the heart injection was controlled by

(i) retrograde blood flow into the syringe and (ii) postinterven-

tional fluorescence control of the brain under a binocular

equippedwith a fluorescence set up (Nikon Intensilight C-HGFI).

Onlymicewith visible tumor cells under the cover glass were used

for further analysis.

For tumor treatment, mice received GNE-317 (25 mg/kg),

GDC-0980 (7.5 mg/kg), or 0.5% methylcellulose/0.2% polysor-

bate (MCT, carrier substance) by oral gavage in a maximum

volume of 0.2 mL every day. The two substances were dissolved

in MCT directly before gavage. In preliminary pharmacokinetic

studies, GDC-0980 administered at 1, 5, or 10 mg/kg presented

exposure (AUC and Cmax) that increased in a dose-proportional

manner (Supplementary Fig. S1). On the basis of the exposure

Translational Relevance

It remains a matter of dispute whether the blood–brain

barrier (BBB) is relevant for treatment of brain tumors with

systemic therapies and at which stages. Here, we show that

corecording of the dynamic brain metastatic process in a

mouse model, and the regional BBB integrity in these metas-

tases, can provide valuable information in this respect. Metas-

tases residing behind an intact regional BBB can effectively be

targeted with a PI3K/mTOR inhibitor that has been modified

to increase its brain penetration, whereas the nonmodified-

related PI3K/mTOR inhibitor only has effects on metastases

with a disturbed BBB. The results of this study have implica-

tions for future development of drugs aiming at improved

therapeutic efficacy in neuro-oncology. They are also infor-

mative for the development of preventive strategies using

systemic drugs for those patients who are at risk of developing

brain metastases but without detectable, permeable macro-

metastases yet.

BBB Integrity and Brain Metastasis
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obtained with GNE-317 at 25mg/kg, the dose for GDC-0980 was

adjusted to 7.5 mg/kg to achieve comparable predicted AUC

(Supplementary Fig. S1; ref. 16). Mice were treated until a weight

loss of 20% or until neurologic symptoms appeared. To reduce

the possibility of initial spontaneous metastases regression, we

waited with the start of treatment until at least brain microme-

tastases had formed. This was very heterogeneous between the

animals and between different metastases in one animal. Sixmice

were treated in both treatment groups, and 4 mice in the MCT

group. The number of metastases that were followed over time

with in vivo two-photonmicroscopywas 19 (GNE-317), 15 (GDC-

0980), and 11 (MCT). The mean treatment per metastasis was

6.68 days for theGNE-317 group and6.33days for theGDC-0980

group (P ¼ 0.406; Kruskal–Wallis one-way ANOVA on ranks).

After death, mice were routinely checked for systemic metastases,

and advanced systemic disease was generally found. All animal

procedures were performed in accordance with the institutional

laboratory animal research guidelines after approval of the Regier-

ungspr€asidium Karlsruhe, Germany (governmental authority).

In vivo two-photon microscopy

For in vivomultiphoton laser-scanningmicroscopy (MPLSM), a

ZEISS LSM 7MP equipped with a Coherent Chameleon Ultra II

laser was used. Images were taken with a 20�/1.0 W-Plan-Apo-

chromat objective (ZEISS). The signals of the used fluorophores

were differentiated by different excitation wavelengths and dif-

ferent filters: FITC dextran (angiograms; 2M MW; FD-2000S;

Sigma-Aldrich), sodium fluorescein (permeability scans; F6377;

Sigma-Aldrich), and tdTomato (tumor cell cytoplasm) were excit-

ed at 750 nm, whereas GFP-labeled nuclei and TRITC dextran

(angiograms; 500 kDa; 52194; Sigma-Aldrich)were excited at 850

nm. A BP500-550 filter was used for the green fluorophores, and

a BP575-610 filter was used for the red fluorophores. Two inde-

pendent images were acquired consecutively at 750 and 850 nm

in two channels to allow an unambiguous detection of the

fluorophores. Laser power was kept as low as possible, and before

the permeability measurements, it was reduced to a minimum to

avoid any laser-induced changes in BBB permeability. Standard

gainswere set between 700 and 750, and standard z-interval was 3

mm. Mice were fixed using a custom-build fixation system with a

titan ring, and body temperature was kept constant by a heating-

pad system. The painless fixation made it possible to use an

isoflurane narcosis with a concentration of 1% to 2%. Mice were

imagedmaximum every 3 days during treatment. Only at the start

of treatment, the permeability of the BBB was measured; at the

other time points, only the cell number was determined. To

relocate the same brain region and same tumor cells in repetitive

measurements over time, both stereotactic coordinates of the

microscope and the superficial blood vessel architecture (that

normally does not change over time and, thus, provides a stable

road map) were used.

Measurement of BBB integrity

Metastases were categorized into permeable versus nonperme-

able metastases by intravenous injection of the low molecular

sodium fluorescein (MW 376.27 g/mol/L; F-6377; Sigma-

Aldrich) during the in vivo imaging procedure via a catheter system

into the tail veins of themice. Prior to this, a very small amount of

high molecular dextran (which does not leak out of the vessels)

had been injected to obtain angiograms for orientation.

(i) For the dynamic sodium fluorescein measurements, the sodi-

um fluorescein signal inside the blood vessel and in the tumor

was measured at the time of sodium fluorescein injection

(different time points starting before, and over amaximumof

30 minutes after sodium fluorescein injection). The ratio of

the sodiumfluorescein signal in the tumor region (outside the

blood vessel) divided by the sodium fluorescein signal inside

the blood vessel was defined as the permeability index that

was used for the correlation with the daily growth rates. For

this analysis, a subpopulation of 23metastases was analyzed,

because multiple nonpermeable metastases in one mouse

could only be analyzed within a limited time frame (approx-

imately 1 hour) to avoid false categorization into the group of

permeable metastases by sodium fluorescein diffusion in the

brain; in 1 of 6 mice with permeable metastases, a second

permeable metastasis could be measured as a second time

point. For the permeability index, we chose a cutoff value of

0.4 to differentiate between permeable and nonpermeable

metastases, because this best reflected the value where bona

fide extravasation of sodium fluorescein (>0.4) versus no such

extravasation (<0.4) could be detected by careful review of the

images obtained.

(ii) To categorize multiple brain metastases in the same animal

into permeable and nonpermeable ones at the start of treat-

ment with GNE-317 or GDC-0980, the extravasation of

sodium fluorescein after intravenous injection was measured

(fluorescein signal/background signal at one time point).

Importantly, for metastases which had been also measured

with the dynamic method, there was a 100% consistency

betweenbothmethods todefinepermeable versus nonperme-

able metastases.

Image processing and quantifications

ZEISS ZEN software was used for image acquisition and pri-

mary image calculation. Then, the images were further analyzed

using ImageJ software (NIH) for the analysis of sodium fluores-

cence intensity inside the tumor tissue and inside the blood vessel,

or images were transferred to Imaris (Bitplane) to calculate and

process 3D images. If necessary, changes in brightness, contrast, or

color balance were made to whole images. In these 3D projec-

tions, cell numbers were calculated for each time point using the

spot function of Imaris. Ratioswere calculated for eachmetastasis,

and daily growth rates were calculated. Micrometastases were

defined as metastases with 3 to 50 cells, whereas metastases with

>50 cells were called macrometastases. For a better description of

the different growth patterns of permeable and nonpermeable

metastases, we measured two diameters: the longest metastasis

diameter ("length") and the longest diameter orthogonally to the

first one ("width"). The ratio between these twodiameters (width/

length) would be near "1" for roundmetastasis and near "0" for a

very thin and longmetastasis. For analyses of treatment response,

allmetastases had been grouped in (i) permeable (¼extravasation

of SF, ball-like growth) or (ii) nonpermeable (¼no extravasation

of SF, co-optive growth)metastases. To assess whether cancer cells

distant from brain microvessels can still be reached by the com-

pounds, wemeasured the distance of a tumor cell apoptotic event

to the nearest blood vessel and the distance of the tumor cell

nucleus most distant from this blood vessel, but not nearer to

another blood vessel. By dividing these two distances, the

"blood vessel proximity index" for apoptotic events was

Osswald et al.
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calculated. That means, a blood vessel proximity index of 0.5

reflects an apoptotic event in a tumor cell in the middle of a

blood vessel supply territory, of 0.0 reflects an apoptotic event

in a tumor cell directly adjacent to a blood vessel, and of 1.0

reflects an apoptotic event in the tumor cell most distant to its

nearest blood vessel. The mean values for groups represent the

overall likelihood of apoptotic events in relation to the nearest

perfused brain microvessel.

Statistical analysis

For statistical analysis of differences between treatment groups

or permeability, SigmaPlot software (Systat Software, Inc.) was

used. Normal distribution was tested by the Shapiro–Wilk test.

For normally distributed data, a two-sided Student's t test or an

ANOVA was used; otherwise a Mann–Whitney rank sum test or a

Kruskal–Wallis one-way ANOVA on ranks was used. For the

correlation between the daily growth rate and the permeability

index, a linear regression was performed. Statistical significance

was stated for P values < 0.05. The used tests are noted in thefigure

legends.

Results

BBB breakdown is associated with faster growth of individual

brain metastases

First, we asked the principal question of whether BBB inte-

grity and the speed of tumor growth are interrelated in indi-

vidual brain metastasis. To optimally address this biologically

important issue, and to later investigate differential drug effects,

we established an animal model that combined in vivo multi-

photon time-lapse imaging of growing hematogeneous mela-

noma brain metastases with corecording of microvascular

permeability in the same metastasis. Tumor cells were injected

intracardially and had to master all steps of the brain metastatic

cascade (17) to grow to micrometastases (defined as 3–50 tu-

mor cells) and, eventually, macrometastases (>50 tumor cells).

BBB integrity was measured by extravasation of the fluorescent

small-molecule sodium fluorescein (22), which has a molec-

ular weight of 376, similar to that of GNE-317 (414), GDC-

0980 (499), and most other small-molecule inhibitors in

clinical use (which are typically below 500). To optimize

morphologic information of melanoma cells and to enable

automated counting of cells in individual metastases over time

we stably transduced the cells with lentiviruses encoding both

tdTomato (for cytoplasmic morphology) and H2B-GFP (for

nuclear morphology).

First, we established a methodology that allowed us to

distinguish two principal subgroups of melanoma brain metas-

tases by their extravasation pattern of sodium fluorescein:

metastases with versus without relevant BBB breakdown at this

site (Supplementary Fig. S2A; for details, see Materials and

Methods). Interestingly, the growth speed of A2058 melanoma

brain metastases with BBB breakdown (permeable metastases;

Fig. 1A–D) was higher than in metastases with an intact BBB

(nonpermeable metastases; Fig. 1E–H and Supplementary Fig.

S2B). Quantification of the growth of 23 single metastases over

time confirmed that the average daily growth rates of permeable

metastases exceeded that of nonpermeable metastases more

than 2-fold (Fig. 1I). Nonpermeable metastases were more

frequent (71.2% of all observed metastases) than permeable

metastases at the time of investigation. The appearance of new

blood vessels over time—that is, true angiogenesis—was

observed in only one very large (>20,000 tumor cells) and

permeable metastasis (Supplementary Fig. S2C). Of note, both

metastases types (permeable and nonpermeable) had a distinct

growth pattern: whereas metastases with a BBB breakdown were

growing ball like and well demarcated toward the surrounding

brain parenchyma, metastases with an intact BBB grew by

Figure 1.

Brain metastases with BBB breakdown grow faster than nonpermeable metastases. Representative growth of a permeable (A–D) and a nonpermeable (E–H)

A2058melanomametastasis over 10 days in the livemouse brain (MCT control mice are shown, sham treatment started at day 0). C andG illustrate the permeability

measurement with sodium fluorescein directly after intravenous injection (one focal plane only). In permeable metastasis, sodium fluorescein rapidly leaked out of

the vessels (C, arrows: border of the metastasis), whereas in nonpermeable metastases, no sodium fluorescein signal appeared outside the blood vessel (G).

Permeable metastases grew faster than nonpermeable metastasis (I, n ¼ 7 permeable metastases from n ¼ 6 animals; n ¼ 16 nonpermeable metastases from

n ¼ 12 animals; � , P ¼ 0.018; Mann–Whitney rank sum test). J, Different growth patterns of permeable and nonpermeable metastases. Nonpermeable

metastases grew linear along preexisting brain microvessels (ratio near "0"), whereas the permeable metastases grew more ball like (ratio near "1") (n ¼ 7

permeable metastases; n ¼ 16 nonpermeable metastases; ��� , P < 0.001; t test. A–J, All images were acquired by in vivo MPLSM; 3D reconstructions of z-stacks

of 57–66 mm (A, B, and D) and 84–87 mm depth (E, F, and H); error bars show SE; scale bars, 30 mm.

BBB Integrity and Brain Metastasis
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co-option of preexisting cerebral microvessels in the brain (Fig.

1D vs. H; quantification, Fig. 1J).

GNE-317 and GDC-0980 similarly inhibit the mTOR

pathway in vitro

Before conducting in vivo experiments, we first tested whether

both compounds have a similar impact on the mTOR pathway

in A2058 melanoma cells and cell proliferation and viability

in vitro. For that purpose, we performed a Western blot analysis

of the downstream targets of mTORC1 (pS6) and mTORC2

[pAkt(S473) and pNDRG1] to evaluate the inhibiting potential

of the compounds used in melanoma cells in vitro. Treatment

with identical doses of GNE-317 and GDC-0980 led to a strong

inhibition of both complexes, as indicated by alteration of their

downstream targets; importantly, there was no detectable dif-

ference between both compounds (Fig. 2A). Accordingly, we

determined the in vitro IC50 of both compounds using an RTCA

and found comparable results (0.53 mmol/L for GDC-0980 and

0.57 mmol/L for GNE-317; Fig. 2B). Finally, bioavailability

studies of both compounds were performed in mice to adjust

the daily dose of GNE-317 to that of GDC-0980 to achieve

comparable drug exposure of brain metastases-bearing mice

(Supplementary Fig. S1).

GNE-317, but not GDC-0980, targets both permeable and

nonpermeable brain micro- and macrometastases

Themajor aimof this studywas to investigate howpermeability

of an individual brain metastasis influences the therapeutic activ-

ity of the BBB-optimized (GNE-317) versus the original (GDC-

0980) PI3K/mTOR inhibitor. The mean start of treatment was

19.3 days after tumor injection for the GNE-317 and the GDC-

0980 groups, and 23.8 days after injection for the MCT control

group (P ¼ 0.322; ANOVA). The starting time point was chosen

that late to minimize the possibility of spontaneous, not therapy-

related, regression of brain micrometastases; in A2058 brain

metastases, spontaneous regression has been shown to be a very

rare event at this time point (17). Before start of treatment, the

daily growth rate for all metastases was not significantly different

across the 3 groups (22.07% for the GNE-317 group, 19.31% for

the GDC-0980 group, and 16.82% for theMCT group; P¼ 0.985;

Kruskal–Wallis one-way ANOVA on ranks), and, thus, metastases

sizes did not differ significantly across the groups either (Supple-

mentary Fig. S3A).

After classification into permeable and nonpermeable metas-

tases (Supplementary Fig. S3B), treatments were initiated. The

daily growth rate of permeable metastases was reduced with

both compounds, leading to a comparable growth rate reduc-

tion (Fig. 3A–H). This confirmed that both compounds were

indeed given in biologically equivalent, efficient doses. Impor-

tantly, only GNE-317 was able to significantly inhibit the

growth of nonpermeable metastases, which was even associat-

ed with a moderate mean shrinkage of those metastases with-

out a BBB breakdown (Fig. 3I–L). In contrast, GDC-0980

therapy had no significant effects on nonpermeable brain

metastases (Fig. 3M–P). The therapeutic effect of GNE-317

stayed significant when analyzed separately for nonpermeable

micro- versus macrometastases (Fig. 4A), but only microme-

tastases shrank, whereas macrometastases still grew. Control

animals treated with the carrier solution alone (MCT control)

did not show any differences in tumor growth rate over time

(Fig. 1; Supplementary Fig. S3C).

In one mouse, we were lucky to detect the rare event of tumor

cell dormancy: a brain microregion with four dormant A2058

melanoma cells could be followed until day 31, with typical

slow movement of dormant melanoma cells in their perivas-

cular niche (Fig. 4B and C; ref. 17). There were no signs of

increased microvascular permeability in this brain region (data

not shown). Of note, we never observed the death/disappear-

ance of single dormant tumor cells more than 30 days after

tumor cell injection (17). Hence, we initiated GNE-317 treat-

ment in this animal at day 31 to investigate whether these

dormant cancer cells can be targeted by the CNS-optimized

small-molecule inhibitor. Indeed, the dormant cells died under

treatment (Fig. 4D and E); at day 39, only cellular remnants of

these cells could be detected (Fig. 4E).

Figure 2.

GNE-317 and GDC-0980 are similarly effective in vitro. A, Western blot analysis showing similar inhibition of downstream targets of mTORC1 (pS6) and

mTORC2 [pAkt(S473) and pNDRG1) for both GNE-317 and GDC-0980 in A2058 melanoma cells, whereas Akt and NDRG1 appear (compensatorily) upregulated.

The compounds were used in a dose of 10 mmol/L. B, Dose–response curves for GNE-317 and GDC-0980; calculated IC50 from RTCA in vitro data were

0.57 mmol/L for GNE-317 and 0.53 mmol/L for GDC-0980.
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Effects of mTOR/PI3K inhibition on nuclear morphology in

melanoma cells in vivo

We finally used the opportunity of our new model to acquire

images of melanoma cell nuclei under treatment to search for

changes in nuclear morphology that are indicative of cellular

apoptosis (23)—that is, condensation and fragmentation of

nuclei. InMCT control animals, nuclearmorphologywas normal,

and frequent mitoses were observed in vivo (Fig. 5A). No nuclear

Figure 3.

GNE-317 targets both permeable and nonpermeable metastases. Permeable brain metastases that were treated with GNE-317 (A–C) showed a significant

reduction in the daily growth rate after start of treatment (D, n¼ 3 metastases from n¼ 3 animals; � , P¼ 0.0241; two-sided t test), as well as permeable metastases

that were treated with GDC-0980 (E–G; quantification H: n ¼ 6 metastases from n ¼ 3 animals; � , P ¼ 0.017; Mann–Whitney rank sum test). Nonpermeable

brain metastases that were treated with GNE-317 (I–K) responded with a significant reduction in their growth rate, even shrinkage (L, n¼ 16 metastases from n¼ 6

animals; ��� , P < 0.001; Mann–Whitney rank sum test), whereas treatment with GDC-0980 (M–O) had no significant effect on their growth rate per day (P, n ¼ 9

metastases from n ¼ 6 animals; P ¼ 0.481; Mann–Whitney rank sum test). All images were acquired by in vivo MPLSM; 3D reconstructions of z-stacks of 69–81 mm

(A-C), 39–57 mm (E–G), 300–438 mm (I–K), and 207–210 mm depth (M–O); error bars show SE; scale bars, 50 mm.
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changes were detectable in nonpermeablemetastases treated with

GDC-0980 either (data not shown), in line with the lack of

efficacy on metastasis outgrowth in this group. In contrast, per-

meable metastases treated with both inhibitors and nonperme-

able metastases treated with GNE-317 showed striking patholo-

gies of nuclear morphology (Fig. 5B–D). A deeper analysis

revealed that the nuclear changes indicative of apoptosis were

not restricted to tumor cells with direct contact to a cerebral

microvessel. To the contrary, tumor cells distant from the nearest

blood vessel (as determined in 3D-image stack analysis) showed

evenmore apoptotic events than those cells thatwere found in the

perivascular space, as indicated by a blood vessel proximity index

of >0.5 for all three conditions (Fig. 5D).

Discussion

In this study, we aimed to investigate the impact of BBB

integrity on the brain metastatic process, particularly the target-

ability of different stages of brain metastases with systemic drugs.

Here, we show that a high heterogeneity in BBB disruption

between individual metastatic lesions is present, and that this

heterogeneity has a significant impact on the therapeutic efficacy

of small-molecule inhibitors.

By using in vivomultiphoton imaging of the dynamic process of

metastases formation in brain microregions, we first discovered

that the integrity of the BBB was closely associated with how fast

these individual metastases grew. It has been clear before that the

majority of brain macrometastases—that is, metastases of more

than a millimeter diameter, which are detectable with common

imaging techniques in patients—show signs of some BBB break-

down, although to a different extent (7, 24–26). In ourmodel, the

BBB was either open or intact in the observed time frame, and we

did not observe the transitionof a nonpermeablemetastasis into a

permeable one or vice versa. The permeability-related character-

istic growth patterns (growth by co-option of preexisting micro-

vessels versus a ball-like growth, respectively) never changed over

time. This dichotomy of either nonpermeable or permeable

metastases made it possible to later study how the BBB affects

drug activities. Whether metastases with a disrupted BBB grow

faster than those with an intact BBB is due to either the better

supply of nutrients or growth factors by BBBdisruption or specific

biological properties of the tumor cells remains an openquestion.

In line with our observation, contrast-enhancing metastases had

larger volumes than nonenhancing ones in an experimental

model of breast cancer brain metastases (26), but there was no

strong correlation betweenbrainmetastases size andpermeability

in five breast cancer mouse models at the time of death of the

animal (27). In another study, brainmetastases of different tumor

entities (melanoma, breast, colon, renal carcinoma) showed no

leakage of sodium fluorescein in early stages, and leakage was

directly correlated with the size; here, two distinct growth patterns

were observed also (28). For the first time, our study was able to

determine the current growth speed of brain metastases on a

microscopic level at the time of permeabilitymeasurement, and it

supports the existence and biological relevance of a positive

correlation of both.

Here, we report that therapy with a PI3K/mTOR inhibitor

modified to optimally penetrate the BBB (GNE-317) leads to a

response in all metastases (independent of BBB integrity), where-

as treatment with the related but non-BBB–permeable agent

GDC-0980 leads to a therapy response in permeable metastases

only. Interestingly, the study also revealed that brain metastatic

tumor cells in the perivascular space (niche) show less apoptotic

events under PI3K/mTOR inhibition than those tumor cells that

are farther away from the nearest blood vessel. This indicates two

things: First, after successful extravasation of the compounds, no

drug delivery problems seem to exist within a brainmetastasis for

the two PI3K/mTOR inhibitors tested, at least none of therapeutic

Figure 4.

GNE-317 targets micrometastases and

dormant tumor cells. A, Subgroup

analysis of GNE-317–treated

metastases, separately for

nonpermeable micro- (n ¼ 10) and

macrometastases (n ¼ 6)

(��� , P < 0.001 and � , P ¼ 0.033; two-

sided t tests).B–E, Treatment response

of single, long-term, nonproliferating

and nonregressing, thus dormant,

melanoma cells. The single cells are

slowly moving during dormancy. After

start of treatment with GNE-317 at D31

(C), the dormant cells regressed within

8 days (E). All imageswere acquired by

in vivo MPLSM; 3D reconstructions of

z-stacks of 156–192 mm depth (B–E);

scale bars, 50 mm.
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relevance. In consequence, this supports a "gatekeeper" function

of the BBB for CNS drug penetration. Second, the perivascular

niche itself seems to provide specific cues for survival and resis-

tance in brain metastasis, which we have proposed before for

brain-metastatic non–small cell lung cancer (NSCLC) and mel-

anoma cell lines (17, 29).

The results of this study suggest that the PAM pathway might

be a promising target to prevent and/or treat brain metastases.

This is particularly interesting in the light of earlier studies that

point toward a specific importance of the PAM pathway for the

brain metastatic process. PI3K was found to be among a couple

of genes that were specifically altered in brain metastases of

various tumor entities when compared with the primary tumor

of individual patients (30), confirming previous reports that

found specific alterations of the PAM pathway in melanoma

(31) and non–small lung cancer (32) brain metastases. Fur-

thermore, PTEN loss (which leads to PAM pathway activation)

was associated with shorter time to brain metastasis, but not

lung, liver, or bone metastasis in stage IIIB/C melanoma (33).

PTEN loss was also enriched in brain metastases in breast

cancer (34, 35). In accordance with this, in a preclinical model

of HER2-positive breast cancer, a brain-permeable PI3K inhib-

itor significantly increased the numbers of mice that were brain-

metastasis free at the end of the experiment (36). Likewise, in

another animal model of triple-negative breast cancer, the

mTOR inhibitor temsirolimus reduced brain micro- and macro-

metastases when given with a low (but not a high) dose in

monotherapy (37). Finally, it was recently confirmed that PI3K

pathway inhibition demonstrates particularly good efficacy

against brain metastatic melanoma cells (38).

Thehigh variability of BBBpermeability found inour study is in

line with previous reports. In brain tumor clinical specimens,

highly variable tumor levels have been found for different ther-

apeutic agents (39). Likewise, a preclinical study found a highly

variable uptake of doxorubicin and paclitaxel in different metas-

tases from the same breast cancer cell line, so that cytotoxic

concentrations were reached in only 10% of the most permeable

metastases (7). In accordance with that, it is widely assumed that

classical chemotherapies with proven activity on systemic metas-

tases of many cancers have very limited, if any, activity on brain

metastases (40), probably with the exception of the primary

chemotherapy of lung cancer brain metastases (41). In contrast,

many of the targeted small-molecule inhibitors do show a rea-

sonable activity in brain metastases (42), including the BRAF

inhibitor dabrafenib in melanoma (43). It remained unclear,

however, which stages of the brain metastatic cascade can effec-

tively be reached, particularly whether asymptomatic microme-

tastases, which are often protected behind an intact BBB, can

effectively be reached. This is particularly relevant for the newer

concept of brain metastasis prevention in patients who are cur-

rently brain-metastasis free but at high risk of developing them

(2, 44, 45). In these patients, single tumor cells (or small groups of

them) that have alreadymetastasized to the brain but are residing

behind an intact BBB need to be targeted to achieve maximum

preventive efficacy. The fact that under GNE-317 treatment, only

those micrometastases with an intact BBB shrank (and not just

reduced their growth speed) might indicate that preventive regi-

mens targeting single tumor cells or micrometastases could be

more effective than the therapy for established macrometastases

at later stages. Finally, the results of our study demonstrate that it

isworthwhile to spend effort on improving the BBBpenetration of

drugs. Here, a rational chemical modification of an established,

non-brain–permeable inhibitor was performed to improve phys-

icochemical properties and reduce efflux by drug transporters

expressed at the BBB, resulting in the brain-penetrant compound

GNE-317 (14, 15).

Figure 5.

Treatment-induced cellular damage is not restricted to the perivascular space. A, Nuclear morphology of A2058 melanoma cells that were treated with the

carrier solution alone; mitotic figures are detectable (arrows); single plane. B, Melanoma cells in a brain metastasis of a mouse 11 days after start of treatment with

GNE-317, with extensive abnormalities of nuclear morphology indicative of apoptosis (arrowheads); single plane. C,Nuclear changes (arrowheads) in a GDC-0980–

treated permeable metastasis 3 days after start of treatment; single plane. D, Distances of nuclei with therapy-induced apoptotic changes from the nearest

blood vessel (nonpermeable, GNE-317–treated metastasis 4 days after start of treatment), as detectable in the 3D-image stack. Arrow 1, distance to an apoptotic

event measured from the nearest blood vessel; arrow 2, distance of the tumor cell nucleus that is most distant from this blood vessel, but not nearer to

another blood vessel. By dividing these two values (1 divided by 2), the "blood vessel proximity index" for apoptotic events was calculated; right side, quantifications

of this index for three experiment groups (n ¼ 12 blood vessels per condition; P > 0.05; ANOVA). The red dotted line marks a blood vessel proximity index

of "0.5," which would represent a situation where therapy-induced changes are equally seen in tumor cells near to and far from perfused microvessels in the brain.

All images were acquired by in vivo MPLSM; 3D reconstruction of a z-stack of 12 mm (D); scale bars, 15 mm.
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A limitation of the study is the use of one melanoma cell line

only. Ourmajor aimwas rather a principle clarification of the BBB

function for brain metastasis biology and therapy. It is likely that

other cell lines and tumor types with higher or lower sensitivity to

PAMpathway interference in the brainmay showdifferent overall

effects on permeable and nonpermeable brain metastases.

In conclusion, this study provides the direct visualization of

how increasedBBBpermeability is associatedwith increasedbrain

tumor growth, and how decreased BBB permeability hinders

effective treatment of those brain metastasis cells that are hidden

behind an intact BBB. Current data link the limited response to

standard chemotherapy and subsequent dismal prognosis that is

seen in some brain tumor subtypes to their particularly low BBB

drug permeability (46). Together, it becomes evident that phar-

macologic strategies that aim to increase drug penetration of the

intact BBB bear the promise of a more positive impact on treat-

ment responses of primary and metastatic brain tumors.
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