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Abstract

Controversy exists surrounding whether heterogeneous disruption of the blood-brain barrier
(BBB), as seen in glioblastoma (GBM), leads to adequate drug delivery sufficient for efficacy in
GBM. This question is especially important when using potent, targeted agents that have a poor
penetration across an intact BBB. Efficacy of the murine double minute-2 (MDM2) inhibitor
SAR405838 was tested in patient-derived xenograft (PDX) models of GBM. In vitro efficacy of
SAR405838 was evaluated in PDX models with varying MDM2-expression and those with high
(GBM108) and low (GBM102) expression were evaluated for flank and orthotopic efficacy. BBB
permeability, evaluated using TexasRed-3kDa dextran, was significantly increased in GBM108
through VEGFA over-expression. Drug delivery, magnetic resonance imaging (MRI), and
orthotopic survival were compared between BBB-intact (GBM108-vector) and BBB-disrupted
(GBM108-VEGFA) models. MDM2-amplified PDX lines with high MDM2 expression were
sensitive to SAR405838 in comparison to MDM2 control lines in both in vitro and heterotopic
models. In contrast to profound efficacy observed in flank xenografts, SAR405838 was ineffective
in orthotopic tumors. Although both GBM108-vector and GBM108-VEGFA readily imaged on
MRI following gadolinium contrast administration, GBM108-VEGFA tumors had a significantly
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enhanced drug and gadolinium accumulation, as determined by MALDI-MSI. Enhanced drug
delivery in GBM108-VEGFA translated into a marked improvement in orthotopic efficacy. This
study clearly shows that limited drug distribution across a partially intact BBB may limit the
efficacy of targeted agents in GBM. Brain penetration of targeted agents is a critical consideration
in any precision medicine strategy for GBM.
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Introduction

Individualized medicine approaches based on next-generation sequencing (NGS) could
significantly improve the dismal outcome for the most common and aggressive primary
brain tumor, glioblastoma (GBM).(1) However, the majority of targeted agents exhibit
limited partitioning into the brain, which could limit efficacy, especially given the invasive
nature of GBM.(2-6) While essentially all GBM exhibit some accumulation of radiographic
contrast on clinical imaging, whether contrast enhancement translates into meaningful drug
accumulation remains uncertain.(7) Furthermore, image-guided surgical biopsy studies also
demonstrate that most patients have significant tumor burden outside of contrast-enhancing
regions.(8) Therefore, the focus of this study was to evaluate the influence of BBB integrity
on the efficacy of a molecularly-targeted agent with limited brain penetration.

Disruption of the p53 tumor suppressor pathway occurs in the majority of GBM and is
driven by amplification of the murine double minute 2 (MDM2) locus in approximately 14%
of patients.(9) MDM2 is known to be a major regulator of p53, by targeting p53 for
degradation mainly through its intrinsic E3 ubiquitin ligase. As a result, high MDM?2
expression can effectively suppress p53 expression and activity.(10) Reactivation of p53 can
be achieved through diverse pharmacologic strategies, including: suppression of MDM2
expression, inhibition of E3 ubiquitin ligase activity, or inhibition of the p53-MDM2-
proteasome interaction, with the latter approach favored by the current generation of MDM2
inhibitors.(11-13) Among small molecule MDM2 inhibitors, SAR405838 is clinically
advanced in that it is in phase one clinical trials. SAR405838 has a high MDM2 selectivity
based on a fluorescence binding assay, with a Kj;of 0.88 nM, and evidence of anti-tumor
activity in a variety of tumor types.(14) The studies reported herein were designed to assess
the potential use of SAR405838 in MDMZ2-amplified GBM to further the clinical
development of a precision medicine strategy.

The objective of this study was to examine possible reasons for the lack of efficacy in
orthotopic GBM models of an otherwise active compound, the MDM2 inhibitor
SAR405838. We used a PDX GBM model that overexpressed MDMZ2, and investigated the
role of drug delivery across the BBB as a reason for lack of efficacy. Manipulations of the
permeability of the BBB, through VEGFA expression, were tested. The results clearly
indicate that the BBB was a limiting factor in drug delivery and subsequent efficacy.
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Materials and Methods

Cell culture, drugs, and apoptosis

Short-term explant cultures were obtained from a primary, patient derived glioblastoma
panel and were grown in neurobasal media (Life Technologies) as previously described.(15,
16) Cell authentication was performed using STR profiling last performed on 4/5/2015.
Neurosphere formation and Cyquant proliferation assays were performed as previously
described.(15) SAR405838 was obtained from Sanofi (Vitry-sur-Seine, France). Annexin-V
assays were performed as previously described.(17)

TP53 gene Sequencing

Purified genomic DNA (50 ng) was PCR amplified in a 25 pl PCR reaction using primers
that were designed to flank exons 4-8 of TP53 gene. Primer sequences are available in
Supplemental Materials. The products were then submitted to Mayo Clinic Sequencing
facility for Sanger sequencing. Mutations were detected using Mutation Surveyor software
V4.0.9 (Softgenetics, State College, PA).

MDM2 Amplification and RNA expression

RNA was extracted from 20 mg of frozen flank tumor using the Qiagen Puregene Core Kit
A (Cat# 158667) and the Qiagen RNeasy Mini Kit (Cat# 74106), then quantitated on a
Nanodrop 2000. Three tumor samples were used per GBM line.

Real-Time PCR assays

Total RNA was extracted with the RNeasy kit (Qiagen) according to manufacturer’s
instructions and cDNA was synthesized using the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems). TagMan gene expression assays were performed by
using MDM2 (Hs99999008-m1), p21 (Hs00355782-m1), PUMA (Hs00248075) gene-
specific primer/probe sets (Applied Biosystems) for real-time PCR amplification in an
Applied Biosystems 7900 thermocycler. RPL37a was used for normalization using probes
and primers from Applied Biosystems. Relative quantification of mMRNA was calculated by
comparative cycle threshold (AACt) method.

Efficacy studies in vivo

All animal studies were approved by the Mayo Institutional Animal Care and Use
Committee. Subcutaneous xenografts were established by injecting the flank of athymic
nude mice with 1 x 108 cells suspended in Matrigel/PBS. When established tumors reached
150-250 mm3 in size, mice were randomized and treated by oral gavage with placebo
vehicle (98% PEG200: 2% TPGS) or SAR405838 (50 mg/kg per day). Tumor volume was
measured thrice weekly until euthanasia. To prepare cells for orthotopic models, flank tumor
xenografts were harvested, mechanically disaggregated, and grown in short-term cell culture
(5-14 days) in DMEM supplemented with 2.5% fetal bovine serum, 1% penicillin, and 1%
streptomycin. Cells were harvested by trypsinization and injected (3x10° or 1x106 cells per
mouse, suspended in 10 uL) into the right basal ganglia of anesthetized athymic nude mice
(athymic Ncr-nu/nu, National Cancer Institute, Frederick, MD) using a small animal
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stereotactic frame (ASI Instruments, Houston, TX) as previously described.(18) Mice were
randomized and treated with either placebo vehicle or 50mg/kg of SAR405838 per day as
described above on day 29 after the tumor injection. Mice were observed daily and
euthanized upon reaching a moribund state. For pharmacodynamic assessment, tumors were
harvested at 24 hours after the last drug dose.

Brain-to-plasma ratio for SAR405838

In vivo brain-to-plasma ratios were determined in Friend leukemia virus strain B (FVB)
wild-type mice of either sex from an FVB genetic background (Taconic Farms,
Germantown, NYY). Five mice in each genotype were orally dosed with 25 mg/kg
SAR405838 using the same vehicle as was used in the efficacy studies. Animals were
euthanized using a CO5 chamber 1 hr after dosing. Blood was collected by cardiac puncture
in heparinized tubes and plasma was separated after centrifugation at 3500 rpm for 15 min at
4°C. Whole brain was harvested at the same time as the blood collection. Samples were
analyzed by a Micromass Quattro Ultima mass spectrometer coupled with AQUITY UPLC
system (Waters, Milford, MA) to measure the concentration of SAR405838 in plasma and
brain samples. PLX4720 was used as an internal standard. Isocratic elution was used with
45% of acetonitrile as an organic phase and 55% of water with 0.1% formic acid. Total run
time was 8 minutes, and the flow rate was 0.5mL/min. Retention time were 1.95 minutes for
SAR405838 and 5.45 minutes for the internal standard. Mass-to-charge ratio (m/z) transition
was 560 > 305.9 for SAR405838 and 411.9 > 304.86 for the internal standard. The assay
was validated and was precise and linear to determine concentrations in the range observed
in vivo.

VEGFA over-expression

GBM108 cells were transduced with either an empty vector (LVV197, Genecopoeia Inc, Cat#
EX-NEG-Lv197) or a vector containing VEGFA transcript variant 4 (NM_001171626.1,
Cat# EX-20781-Lv197) as previously described.(19)

VEGFA ELISA

Cell lysates from GBM108 parental, GBM108 empty vector, and GBM108 VEGFA
transfected cells were harvested with 1% Triton X in DPBS (Hyclone®, GE Life Sciences,
Logan, Utah) after rinsing with ice cold DPBS. Total cell protein was quantified by the
Pierce® BCA protein assay kit (Thermo Scientific). A human VEGF Quantikine ELISA kit
(R&D Systems, Minneapolis, MN) was used to quantify VEGFA expression in the culture
supernatant. Levels of VEGFA expression were normalized to total cell protein in
corresponding wells. The three lines were compared using one-way ANOVA followed by
Bonferroni’s test for multiple comparisons.

TUNEL Staining

Apoptosis was analyzed by using an ApopTag® Plus peroxidase in situ apoptosis detection
kit (57101, Millipore). GBM108 cells were injected to the mouse flank (n=10). Mice were
randomized into 2 groups of 5 mice when the tumor reached 250-400 mm3. The placebo
group was dosed daily with vehicle, and treatment group was dosed daily with SAR405838,
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50 mg/kg, for 5 days. Tumors were harvested on the fifth day 2 hours after last dose of drug
and flash frozen. Tumors were formalin-fixed, paraffin embedded, and sliced at a thickness
of 5 um for staining. Bright field images were acquired using a Leica DMI16000B inverted
microscope at 40X. Six images were taken for each tumor and apoptotic cells/bodies were
counted blinded with respect to the treatment groups.

Texas Red Imaging to Evaluate BBB Integrity

Tumor-bearing mice were injected with 3 kD dextran conjugated with Texas Red (Molecular
Probes®, Thermo Fisher Scientific) in the tail vein 10 min before CO, euthanasia. Whole
brain was harvested after cardiac perfusion with room temperature 4% PFA in saline. The
brain was frozen on dry ice and stored at —80°C. Cryostat sections of 20 pm were obtained
at —21°C (Leica 3050S), mounted on glass slides and stored at —20°C before imaging.
Whole brain slices were imaged using a Nikon AZ100M macroscope at 16X and Nikon
software compiled individual images. All slides were imaged on the same day using 400 ms
exposure and cresyl violet staining was done to locate the tumor for comparison.

Preclinical MRI acquisition and analysis

MALDI MSI

MRI was performed using a Bruker DRX-300 (300 MHz 1H) 7 Tesla vertical-bore small
animal imaging system (Bruker Biospin, Billerica, MA) according to published protocols.
(20, 21) Throughout imaging, mice were anesthetized by inhalation of 3-4% isofluorane in
air and their respiratory rate monitored. For T1 weighted imaging, mice were administered
gadolinium contrast (Gadavist 1mM, Bayer, Whippany NJ) intraperitoneally (i.p.) at a dose
of 100 mg/kg and imaged after a 15 minute delay.

Mass spectra of mouse brain tissue sections were acquired using a SolariX XR Fourier
transform ion cyclotron resonance mass spectrometer (FT-ICR) (12 T) (Bruker Daltonics,
Billerica, USA). MALDI MSI experiments were acquired with a pixel step size for the
surface raster set to 80 um in Flexlmaging 4.0 software (Bruker Daltonics, Billerica, USA).
The analyses were performed in positive ion mode by continuous accumulation of selected
ions (CASI) in a mass range comprised between m/z 440-620 and a laser intensity set to
40%. Each mass spectrum is the sum of 250 laser shots randomized over 10 positions within
the same spot (25 shots/position) at a laser frequency of 1000 Hz. The MALDI images were
displayed using FlexImaging 4.0. The permeability of SAR405838 through the blood vessel
was visualized following the signal of the drug (m/z 562.2034 + 0.001) and a biomarker of
vasculature (heme at m/z 616.1768 + 0.001), as previously described.(22) Gadavist was
visualized following the signal of one of the isotopologue peaks of the contrast agent at m/z
606.1409 + 0.001.

Immunohistochemistry and quantitative analysis

Staining for human p21 was performed using a rabbit monoclonal antibody 12D1 (Cell
Signaling Technology, Danvers, MA) followed by hematoxylin counterstaining. p21
positivity was determined by adapting the Aperio IHC Nuclear Image Analysis algorithm,
which uses color de-convolution to separate the DAB (positive) from hematoxylin (negative)
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signals, to the nuclei staining patterns and shapes present in these samples. The percent of all
stained nuclei that were positive for the DAB chromogen as a marker of p21 was

quantitated.

Statistical analyses

Results

In vitro data presented are the mean = SE from three or more experiments. Two-tailed
Student t tests and one-way ANOVA were used to measure statistical differences. P-values
<0.05 were considered statistically significant. Statistical analysis of animal survival and
tumor progression was performed using the log-rank test.

In vitro efficacy of SAR405838

The Mayo Clinic has developed a large panel of GBM patient-derived xenograft (PDX)
models, and to identify the most relevant models for studying an MDM2 inhibitor, a series
of studies were used to select models for further analysis. Initially, 55 PDX models were
evaluated for MDMZ2transcript expression by qRT-PCR (Fig. S1), and then 5 lines including
high and low expressing lines were selected for whole exome sequencing to determine
MDM2 amplification and copy status (Fig. S2). These selected lines were further evaluated
for p53 mutation status by Sanger sequencing. The dose response curves for SAR405838 in
these tumor lines were obtained by in vitro neurosphere formation and CyQuant assay to
determine potency (Fig. 1A). SAR405838 had the best potency in GBM108. Treatment with
100 nM SAR405838 significantly reduced neurosphere formation in all 4 wild-type p53
tumor lines, but the reduction in neurosphere formation was significantly more profound in
the MDM2 amplified/over-expressing GBM108 (5.8+1.2% relative to control) and GBM143
(6.4+6.1%) lines as compared with GBM10 (44.6+6.2%) and GBM102 (33.6+17.1%) lines
without MDM2 transcript over-expression (Fig. 1B). In an evaluation of apoptosis induction,
SAR405838 treatment was associated with a significantly increased fraction of Annexin V-
positive cells, relative to control, only in GBM108 (41.5+£9.4% vs 9.4+2.3% p<0.0001) and
GBM143 (23.949.8% vs 9.8+2.0% p=0.003) cells (Fig. 1C). Consistent with robust
disruption of MDM2 activity, 24-hour exposure to 100 nM SAR405838 resulted in marked
induction of p53 transcriptional targets PUMA and p21 (Fig. 1D). In conjunction with
previously published studies, these data support a model in which SAR405838 achieves
cytotoxicity in MDM2 over-expressing tumors through restored p53 function and subsequent
apoptosis.(23)

In vivo efficacy of SAR405838

The efficacy of SAR405838 was evaluated in a series of flank and intra-cranial /in vivo
studies. Consistent with the /n vitro results, SAR405838 induced tumor regression and
uniformly suppressed growth of GBM108 flank tumors for over 6 weeks of therapy (50
mg/kg p.o. qd until euthanasia, Fig. 2A), while drug treatment was ineffective in GBM102
flank tumors (Fig. 2B). This regimen was well-tolerated for the entire treatment course. The
average weight of the mice at the end of treatment was 106 + 4% of the beginning weight. In
the sensitive GBM108 model, SAR405838 treatment for 5 days resulted in a 21-fold
increase in p21 transcript expression and a 7-fold increase in PUMA expression 24 hours
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after drug treatment (Fig. 2C). As a result, SAR405838 treatment increases apoptosis in the
GBM108 model by three-fold relative to placebo treatment, as measured by TUNEL-
positivity (Fig. S3). In contrast to the profound efficacy observed in flank models, the same
SAR405838 dosing regimen was completely ineffective in GBM108 grown as orthotopic
tumors (Fig. 2D), which were established at the same time as the GBM108 flank study.

Drug delivery to orthotopic tumors might be limited by a partially intact BBB, and
consistent with this concept, limited intratumoral accumulation of a BBB-impenetrant Texas
Red-3 kD dextran conjugate was observed in orthotopic GBM108 tumors (Fig. S4).
Moreover, measurement of SAR405838 drug distribution into the brain demonstrated the
brain-to-plasma ratio for SAR405838 was 0.01 £ 0.003 post 1 hour after single oral dosing
in non-tumor bearing mice. Overall, these data suggest that restricted partitioning across a
partially intact BBB in orthotopic tumors might limit SAR405838 efficacy in an otherwise
highly responsive tumor model.

Imaging of BBB integrity

The influence of limited drug delivery across the BBB on treatment efficacy was tested by
manipulating the integrity of the tumoral BBB. VEGFA is a pro-angiogenic cytokine that
drives the development of an immature, leaky vasculature within GBM, and previous studies
have used exogenous delivery of VEGFA to disrupt the BBB.(24-26) Therefore, we used a
lentiviral expression system to over-express VEGFA in GBM108 (GBM108-VEGFA,; Fig.
S5). Importantly, VEGFA over-expression did not meaningfully change the /in vitro
SAR405838 sensitivity of GBM108-VEGFA cells as compared to empty vector transduced
GBM108-Vector cells (Fig. S6). Using these two GBM108 sub-lines, the impact of VEGFA
over-expression on BBB integrity was evaluated by injecting mice 10 minutes prior to
euthanasia with a TexasRed-3 kD dextran conjugate that only accumulates in brain regions
with a physically disrupted BBB. Following sectioning and subsequent processing for
fluorescence microscopy, this allows a visual evaluation of BBB integrity that is inversely
related to red fluorescent intensity. Consistent with limited disruption of the BBB in the
parental PDX model (Fig. S4), faint and heterogeneous red fluorescence is apparent in
GBM108-Vector orthotopic tumors (Fig. 3A). In contrast, the BBB within GBM108-
VEGFA tumors was markedly disrupted with brighter and homogeneous red fluorescence
across the intra-cranial tumors (Fig. 3A). Magnetic resonance imaging (MRI) also provides a
sensitive measure of BBB deregulation in brain tumors. Even minimal disruptions of the
BBB can result in increased fluid accumulation within tissues that can be readily detected on
T2-weighted image sequences, and T1-weighted imaging sequences are highly sensitive for
detecting accumulation of paramagnetic gadolinium contrast agents, which do not cross an
intact BBB. In this context, mice with orthotopic tumors with either GBM108 sub-lines were
subjected to MR imaging (Fig. 3B). Consistent with clinical imaging of GBM, orthotopic
GBM108-Vector tumors were evident on T2- and T1-post contrast MR images, and
consistent with greater disruption of the BBB, the tumor-associated T2- and T1-signals were
more evident in the GBM108-VEGFA tumors. Collectively, these data demonstrate that
GBM108 tumors have a partially intact BBB that is markedly more disrupted in association
with VEGFA over-expression.
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The marked disruption of the BBB in GBM108-VEGFA, as compared to the isogenic
GBM108-Vector model, provides a platform for evaluating the potential impact of the BBB
on imaging, drug delivery, and efficacy in GBM. Accordingly, gadolinium-based contrast
(Gadavist) and SAR405838 distribution into orthotopic tumors were evaluated using matrix-
assisted laser desorption/ionization mass spectrometric imaging (MALDI MSI) (Fig. 3C).
Mice with established GBM108-VEGFA (n=3) or GBM108-Vector (n=3) orthotopic tumors
were euthanized after a single Gadavist and SAR405838 dose and processed for histologic
sectioning and MALDI MSI. As suggested by T1-post contrast imaging, both GBM108-
Vector and GBM108-VEGFA demonstrated intratumoral Gadavist distribution on MALDI
MSI with Gadavist distribution in GBM108-VEGFA being appreciably higher. Consistent
with the limited efficacy of SAR405838 in parental GBM108 orthotopic tumors,
SAR405838 accumulation within GBM108-Vector was relatively low and highly
heterogeneous (Figs. 3C and S7). In contrast, accumulation of SAR405838 in orthotopic
GBM108-VEGFA was much higher and more homogeneous throughout the tumor.

Effect of SAR405838 brain penetration on efficacy

Effective suppression of MDM2-p53 interaction should promote p53 signaling, and
consistent with this expected pharmacodynamic effect on the p53 transcriptional target p21,
daily SAR405838 dosing for 4 days in orthotopic GBM108-VEGFA resulted in an 11.3-fold
increase in the fraction of p21-positve nuclei (Fig. 4A, p21-positive nuclei: 3.2 £ 0.2% with
placebo versus 34.8 £ 3.9% with SAR405838 treatment; p=0.0002). In comparison,
SAR405838 dosing in orthotopic GBM108-Vector only resulted in a 2-fold increase in p21
staining (Fig. 4B, 13.2 + 0.6% versus 26.1 + 6.7%; p=0.006, respectively). Finally, the
influence of enhanced drug delivery on treatment efficacy was evaluated in both GBM108
sub-lines. SAR405838 treatment had limited impact, even though it was statistically
significant (p=0.002), on survival in GBM108-Vector tumors with a 7.5 day increase in
median survival prolongation when compared to placebo (Figure 4C). In contrast,
SAR405838 treatment was markedly more effective in GBM108-VEGFA tumors with a
45day prolongation in median survival as compared to placebo treatment (p<0.0001) (Figure
4D). This observed increase in efficacy in the VEGFA-secreting tumors was even more
remarkable in light of the fact that the VEGFA tumors had a more aggressive growth pattern
(the median survival of GBM108-VEGFA placebo group and GBM108-Vector placebo
group were 32 and 45 days, respectively), undoubtedly due to the stimulation of
angiogenesis in the tumor.(27, 28) The treatment effect was significantly greater in
GBM108-VEFGA than in GBM108-Vector (p<0.0001 by log rank and Wilcoxon test).
While differences in the micro-environment associated with VEGFA expression cannot be
completely discounted, these data strongly suggest that limited drug distribution across a
relatively intact BBB in the parental GBM108 patient-derived xenograft model critically
limits the efficacy of SAR405838.

Discussion

The vital role of MDMZ2 in regulating p53 function makes MDM2 inhibitors an attractive
drug class for further exploration and clinical development. MDMZ2 inhibitors demonstrate
efficacy in a variety of cell types and at least seven novel agents are currently undergoing
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phase | investigation for several solid tumors.(29-31) This study joins a growing body of
literature suggesting that MDMZ2 inhibition also represents a promising therapeutic strategy
for a sub-population of GBM.(32-34) Here we demonstrate that the MDM?2 inhibitor
SAR405838 can induce the expression of downstream p53 targets PUMA and p21 in p53
wild-type/MDM2 over-expressed GBM lines. SAR405838 treatment results in increased
apoptosis and a reduction in neurosphere formation in sensitive lines. /n vivo flank
experiments demonstrate both increased apoptosis and profound suppression of tumor
volume with SAR405838 treatment in a sensitive line (GBM108), suggesting a cytotoxic
mechanism. However, little efficacy was seen in a p53 wild-type line without MDM?2
overexpression (GBM102). In conjunction with a recent study in GBM evaluating another
MDM?2 inhibitor (RG7112), the current study confirms significant resistance to MDM2
inhibition associated with TP53 mutation and robust sensitivity associated with MDM?2
amplification. (34)

This study also highlights the critical role of drug delivery in the successful application of
targeted therapy for GBM. We demonstrate that MDMZ2 inhibition can have profound
efficacy in appropriately selected GBM, but limited drug delivery across the BBB may
severely restrict the intracranial efficacy of SAR405838. Disruption of the BBB through
VEGFA overexpression results in both markedly increased intra-tumoral accumulation of
SAR405838 and increased p21 expression when compared with the empty vector control.
Mice with BBB-disrupted tumors also experienced a survival benefit with SAR405838
treatment while mice with mostly BBB-intact tumors derived no benefit from treatment.
Considering the fact that G108-VEGFA tumors are intrinsically more virulent compared to
G108-Vector due to the effect of VEGFA expression on angiogenesis and hence on
glioblastoma growth, the survival benefit that we have seen here is even more pronounced
with SAR405838 treatment.(27, 28) These data suggest that small-molecule MDM2
inhibitors may have profound efficacy in appropriately selected patients only if a sufficiently
brain-penetrant agent can be identified. Similar correlations with limited brain penetration
for otherwise highly effective drugs suggest that this may be a generalizable phenomenon.
(35-40)

Interestingly, relatively BBB-intact tumors in our study maintained visible levels of contrast
enhancement on T1-weighted MR imaging despite the lack of significant drug accumulation
on MALDI MSI. Though contrast enhancement does indicate a certain degree of BBB
disruption, patient biopsy studies of contrast enhancing brain regions following repeated MR
scans demonstrate that elemental concentrations of gadolinium as low as 0.3 ug/mg (1.9 nM)
are sufficient to generate T1 signal changes.(41-45) Making the assumption that targeted
agents have similar CNS distribution characteristics as gadolinium, such low concentrations
are often below the threshold required for clinical activity. This work seriously calls into
question the likely misguided notion that contrast enhancement as seen on clinical imaging
equates with pharmacologically meaningful drug accumulation of brain impenetrant agents,
such as SAR405838, in GBM.(46) Even in regions of contrast enhancement, drug delivery
into GBM may be limited by a heterogeneously intact BBB, significantly limiting the
efficacy of drug treatment.

Mol Cancer Ther. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kim et al.

Page 10

Issues with brain-penetration for targeted therapies also extend to therapy for brain
metastases. Individualized medicine approaches based upon targeted therapies have
improved systemic disease control in appropriately selected cancer types including
melanomas with BRAF V600E mutations, non-small cell lung cancer (NSCLC) with EML4-
ALK fusions, and colon cancer with wild-type KRAS. Despite these successes in controlling
peripheral disease, CNS metastases remain a substantial problem. Upwards to 60% of
NSCLC patients develop CNS metastases while on crizotinib treatment, while treatment
with trastuzumab in HER2+ breast cancer is associated with a 35% increase in relative risk
of CNS metastases.(47, 48) The likely cause of such isolated CNS failure is poor penetration
of the BBB by these targeted agents.(49) As peripheral disease control improves with new
therapies, strategies for decreasing CNS disease burden may become the primary driver for
overall survival.

Thus far, no phase I11 clinical trials utilizing targeted agents in GBM have resulted in
improved overall survival. Given that many of these agents have limited BBB
permeability(50), our results suggest that selection of a drug with optimal brain distribution
is a critical consideration in designing and implementing future trials using targeted agents
in the context of precision medicine strategies for GBM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Ct?aracteristics of selected PDX GBM lines

A) Summary of MDM2 amplification, expression, and p53 status for select xenograft lines.
B) Relative values of tumor growth with the treatment of SAR405838 (100 nM) compared to
controls are measured either neurosphere formation or CyQuant (CyQuant measurement for
GBM108). SAR405838 (100 nM) has higher inhibition in MDM2 over-expressed, p53 WT
lines (GBM108, GBM143) when compared to MDM2-low lines (GBM10, 12, 102). C)
SAR405838 (0 nM black, 100 nM grey) induces more apoptosis by Annexin V at 72 hrs in
MDM2 over-expressed lines (GBM108, GBM143) when compared to MDM2-low lines
(GBM10, GBM102). D) Relative transcript expression of p21 and PUMA. Short-term
explant cultures were treated with vehicle or 100 nM SAR405838 and then processed for
gRT-PCR. Results represent the mean + SE with p-values for p21 (top) and PUMA (bottom).
* P<0.05, ** P<0.01, *** A<0.001.
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Fig. 2.

In vivo efficacy of SAR405838 in heterotopic and orthotopic models of GBM108
A, B) Average flank tumor volume of surviving mice in placebo (black, n=7) vs.

SAR405838 at 50 mg/kg p.o. qd until euthanasia (grey, n=8). Solid arrows at treatment start
date. Mice were euthanized once tumor exceeded 1800 mms3. C) /n vivo (flank) expression
of p21 and PUMA is increased at 24 h after SAR405838 (50 mg/kg) in GBM108 but not
GBM102. D) SAR405838 at the same dosing regimen does not demonstrate efficacy in an
orthotopic model of GBM108. (Placebo : black (n=12), Treated : grey (n=11)) * /A<0.05, **

£<0.01, *** P<0.001.
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Fig. 3.
BBB permeability and distribution of SAR405838 in GBM108-Vector and GBM108-

VEGFA

A) Comparison of BBB permeability to Texas Red Dextran in GBM108-Vector and
GBM108-VEGFA (scale bar = 1000 um) B) Contrast enhancement on MRI for GBM108-
Vector and GBM108-VEGFA C) Comparison of H&E staining in GBM108-Vector and
GBM108-VEGFA with MALDI mass spectrometry imaging for Gadavist and SAR405838.
Dotted lines on the H&E stained section images delineate GBM108-Vector and GBM108-
VEGFA tumors.
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Vector VEGFA

p=0.127 p=0.001

Placebo SAR405838 Placebo SAR405838

VEGFA

p =0.004

= Placebo
SAR405838

0

20 40 60 80
Days

Improved pharmacodynamic response and orthotopic survival in GBM108-VEGFA

A) p21 expression in GBM108-Vector and GBM108-VEGFA after SAR405838 treatment in
orthotopic tumors (scale bar = 200 um). B) Quantitation of SAR405838 effect on p53
signaling. Mice with established orthotopic tumors were treated with SAR405838 or placebo
and then processed for p21 IHC. The percentage of p21-positive nuclei per high powered
field in GBM108-Vector versus GBM108-VEGFA after placebo or SAR405838 (5 mice per
group) are presented as mean + standard deviation. C, D) Orthotopic survival, GBM108-
Vector (n=10 per group) vs GBM108-VEGFA (n=9 for placebo and n=10 for the treatment
group). SAR405838 was dosed at 50 mg/kg p.o. qd until moribund. * £<0.05, ** £<0.01,

*** £<0.001.
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