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ABSTRACT
The effective treatment of brain tumors is a considerable challenge
in part because of the presence of the blood-brain barrier (BBB)
that limits drug delivery. Glioblastoma multiforme (GBM) is an
aggressive and infiltrative primary brain tumor with an extremely
poor prognosis after standard-of-care therapy with surgery, radio-
therapy (RT), and chemotherapy. DNA damage response (DDR)
pathways play a critical role in DNA repair in cancer cells, and inhi-
bition of these pathways can potentially augment RT and chemo-
therapy tumor cell toxicity. The ataxia telangiectasia and Rad3-
related protein (ATR) kinase is a key regulator of the DDR network
and is potently and selectively inhibited by the ATR inhibitor berzo-
sertib. Although in vitro studies demonstrate a synergistic effect of
berzosertib in combination with temozolomide, in vivo efficacy
studies have yet to recapitulate this observation using intracranial
tumor models. In the current study, we demonstrate that delivery
of berzosertib to the brain is restricted by efflux at the BBB. Berzo-
sertib has a high binding affinity to brain tissue compared with
plasma, thereby leading to low free drug concentrations in the

brain. Berzosertib dis-tribution is heterogenous within the tumor,
wherein concentrations are substantially lower in normal brain and
invasive tumor rim (wherein the BBB is intact) when compared
with those in the tumor core (wherein the BBB is leaky). These
results demonstrate that high tissue binding and limited and heter-
ogenous brain distribution of berzosertib may be important factors
that influence the efficacy of berzosertib therapy in GBM.

SIGNIFICANCE STATEMENT
This study examined the brain delivery and efficacy of berzoser-
tib in patient-derived xenograft models of glioblastoma multi-
forme (GBM). Berzosertib is actively effluxed at the blood-brain
barrier and is highly bound to brain tissue, leading to low free
drug concentrations in the brain. Berzosertib is heterogeneously
distributed into different regions of the brain and tumor and, in
this study, was not efficacious in vivo when combined with temo-
zolomide. These factors inform the future clinical utility of berzo-
sertib for GBM.

Introduction
Glioblastoma multiforme (GBM) is the most common adult

primary brain tumor and has a dismal prognosis and limited
treatment options. GBMs are highly infiltrative and therefore
not surgically curable. Tumor cells invade surrounding brain

regions in a diffuse nature, making complete surgical resection
impossible (Parrish et al., 2015). The current standard
approach to GBM therapy includes surgery followed by concur-
rent radiotherapy (RT) with temozolomide (TMZ), a DNA alky-
lating agent (Tan et al., 2020). A major limitation in the
treatment of all brain tumors is the presence of the blood-brain
barrier (BBB), which acts as both a physical and functional
barrier to central nervous system drug delivery. Because of
the infiltrative nature of GBM, tumor cells can penetrate deep
into normal brain tissue and reside in an environment that is
“protected” from effective drug delivery by the BBB.
DNA damage response (DDR) is a collective term that

describes a complex signaling network responsible for surveil-
lance, recruitment, and completion of DNA lesions and
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mass spectrometry; MGMT, O6-methylguanine methyltransferase; NCA, noncompartmental analysis; PDX, patient-derived xenograft; P-gp,
P-glycoprotein; RED, rapid equilibrium dialysis; RT, radiotherapy; t1/2, half-life; TMZ, temozolomide; U251-CV, U251 empty control vector;
UPLC, ultra-performance liquid chromatography; Vd, volume of distribution.
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associated coordination of cell cycle arrest and induction of cell
death (Bindra et al., 2017). The cytotoxic effects of both RT
and chemotherapy in brain tumors ultimately stem from unre-
paired DNA damage; thus, inhibitors of the DDR can poten-
tially enhance RT and chemotherapy cytotoxic effects
significantly. One of the key regulators of DDR is the ataxia
telangiectasia mutated and Rad3-related protein (ATR)
kinase, which is activated by single-stranded DNA breaks and
is essential for recovery from these lesions commonly formed
at stalled replication forks or other forms of replication stress.
In this context, ATR inhibition can increase the sensitivity of
cells to DNA-damaging chemotherapies or radiotherapy,
which suggests that ATR inhibitors may be effective sensitiz-
ing agents for a variety of cancers (Bradbury et al., 2020).
Tumor cell recovery from RT and TMZ is dictated by an effec-

tive DDR, and many GBM have endogenous elevation of DDR
signaling because of endogenous replication stress and eleva-
tion of ATR signaling (Morgan and Canman, 2018). Therefore,
there is a strong rationale to study ATR inhibitors for the treat-
ment of GBM. Additionally, Ahmed et al. (2015) recently dem-
onstrated the importance of ATR signaling in GBM stem-like
cell survival after DNA-damaging agent exposure (Carruthers,
2018). Importantly, GBMs commonly have dysregulation of
DDR pathways, including inactivation of p53 and O6-methyl-
guanine-methyltransferase (MGMT) through mutation or dele-
tion and promoter methylation, respectively (Majd et al., 2021).
ATR acts as a cell cycle checkpoint regulator and activates p53
in the case of single-strand DNA breaks, leading to DNA repair.
Loss of p53 signaling can further drive reliance on ATR in
response to DNA damage, which can be exploited by the use of

ATR inhibitors to prevent DNA repair (Reaper et al., 2011)
(Fig. 1A). DNA damage induced by TMZ is repaired by MGMT.
Methylation of the promoter region of the gene encoding
MGMT leads to its inactivation and thereby confers an
increased sensitivity to TMZ. MGMT methylation is therefore
directly linked to enhanced efficacy of TMZ in patients with
GBM (Hegi et al., 2005) (Fig. 1B). Additionally, TMZ-induced
DNA damage robustly activates the ATR pathway (Aasland
et al., 2019; Ferri et al., 2020) and sensitizes MGMT-deficient
tumor cells to ATR inhibitors (Caporali et al., 2004; Jackson,
2019). Therefore, understanding the impact of p53 and
MGMT status in GBM with respect to the combination of
TMZ and ATR inhibitors is an important focus.
Berzosertib (formerly M6620, VX-970) is a highly potent

and selective, first-in-class ATR inhibitor currently in clinical
trials for a variety of cancers in combination with DNA-dam-
aging agents (Fokas et al., 2012; Gorecki et al., 2020; Konstan-
tinopoulos et al., 2020; Middleton et al., 2021). Given the
importance of ATR signaling for recovery from RT and TMZ,
berzosertib may be a useful drug in GBM. However, a wide
range of small-molecule anticancer-targeted agents tested for
treatment of brain tumors have been found to be substrates of
active efflux transporters at the BBB, which results in
severely limited brain delivery of these agents. In GBM specif-
ically, heterogeneous disruption of the BBB within the tumor
and the genetic heterogeneity of tumors pose significant chal-
lenges in identifying drugs that may be effective in treating
brain tumors (Van Tellingen et al., 2015; Sarkaria et al., 2018;
Becker et al., 2021). Therefore, this study evaluated the brain
delivery of berzosertib and examined the role of major efflux

Fig. 1. Importance of p53 and MGMT status for berzosertib and TMZ combination in GBM. (A) Increased sensitivity to berzosertib in the case of
p53 mutation downstream of the ATR pathway and (B) increased sensitivity to TMZ in the case of MGMT methylation and inactivation, both con-
tributing to prevention of DNA repair and thereby contributing to tumor cell death.
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transporters, P-glycoprotein (P-gp) and breast cancer resis-
tance protein (Bcrp), on its brain distribution. Additionally, we
performed a preclinical evaluation of berzosertib in combina-
tion with TMZ in patient-derived xenograft (PDX) models for
patients with GBM to evaluate free versus total drug distribu-
tion of berzosertib in different tumor regions. This study iden-
tified factors limiting brain delivery and thereby berzosertib
efficacy in an orthotopic xenograft model of patient-derived
GBM. These data provide critical insights into the factors to
be considered for the clinical development of ATR inhibitors
for the treatment of GBM.

Materials and Methods
Chemicals and Reagents

Berzosertib (3-[3-[4-(methylaminomethyl)phenyl]-1,2-oxazol-5-yl]-5-
(4-propan-2-ylsulfonylphenyl)pyrazin-2-amine) and TMZ (3-methyl-4-
oxoimidazo[5,1-day][1,2,3,5]tetrazine-8-carboxamide) were provided by
the National Cancer Institute (Bethesda, MD). Dasatinib (N-(2-chloro-
6-methylphenyl)-2-[[6-[4-(2-hydroxyethyl)piperazin-1-yl]-2-methylpyri-
midin-4-yl]amino]-1,3-thiazole-5-carboxamide) was purchased from
LC Laboratories (Woburn, MA). Elacridar (N-[4-[2-(6,7-dimethoxy-3,4-
dihydro-1H-isoquinolin-2-yl)ethyl]phenyl]-5-methoxy-9-oxo-10H-acri-
dine-4-carboxamide) was purchased from Toronto Research Chemicals
(Toronto, ON, Canada). All other chemicals and reagents were high-
performance liquid chromatography–grade and purchased from
Thermo Fisher Scientific (Waltham, MA). Cell culture reagents were
purchased from Invitrogen (Carlsbad, CA). A rapid equilibrium dialy-
sis (RED) device consisting of a 96-well base plate and RED mem-
brane inserts (8-kDa molecular mass cutoff cellulose membrane) were
purchased from Thermo Fisher Scientific.

Lentiviral Vector and Cell Transduction
MGMT was overexpressed using a lentivirus vector, pGIPZ-MGMT-

Puro, in which the turbo green fluorescent protein tag of pGIPZ (Open
Biosystems) was replaced with human MGMT cDNA. Lentiviral par-
ticles were packaged in human embryonic kidney 293T cells that were
cotransfected with lentiviral vector and helper plasmids (psPAX2 and
pMD2.G encoding Gag/Pol and vesicular stomatitis virus glycopro-
tein, respectively). Transduction to U251 cells was performed in the
presence of 5 mg/ml polybrene (MilliporeSigma, Jaffrey, NH) as previ-
ously described (Gupta et al., 2014), and stably transduced U251 cells
expressing MGMT or empty control vector (U251-CV) were selected in
5 mg/ml puromycin.

Cell Culture and Cell Viability Experiments
U251, U87, GBM 12, and GBM 22 cells were maintained as previ-

ously described (Nadkarni et al., 2012; Gupta et al., 2014). Five hun-
dred to 2000 cells/well were seeded in 96-well plates and exposed to
0–300 mM TMZ and 0–1000 nM berzosertib for 7 or 9 (GBM22) days
until confluent. At endpoint, media were discarded, and plates were
rinsed with 1× PBS and stored at �80�C until analysis. CyQUANT
cell proliferation assay was performed in accordance with the manufac-
turer’s instructions (Thermo Fisher Scientific, Waltham, MA). Back-
ground CyQUANT values were subtracted from all cell viability data.

Synergy Assessment
CyQUANT cell proliferation assay results were uploaded into the

MacSynergy II software, and synergy was calculated without adjust-
ment (Prichard and Shipman, 1990; Smee and Prichard, 2017). Three-
dimensional interactions that fell above or below the baseline were
graphically plotted using this software. Interpretable values referred
to as the volume of synergy were generated at 95% confidence limits
for berzosertib (concentrations in nanomolar) and TMZ (concentra-
tions in micromolar) data. The guidelines for the volumes of the

synergy determinations expressed as mM × nM unit % at a 95% confi-
dence level were as follows: 0–25 unit %, insignificant; 25–50 unit %,
minor but significant synergy; 50–100 unit %, moderate synergy; and
>100 unit %, strong synergy with possibly significant effects in vivo
(Ilyushina et al., 2008).

Tumor-Bearing Animals and In Vivo Efficacy Studies
All studies using animals were approved by the Institutional Ani-

mal Care and Use Committee, Mayo Clinic (Rochester, MN). All ani-
mals were housed in a standard 12-hour light/dark cycle with
unlimited access to food and water. Studies involving tumor implanta-
tion used female athymic nude mice (Hsd:athymic Nude-Foxn1nu;
Envigo, Indianapolis, IN) at age 4–5 weeks.

Mice with intracranial tumors were enrolled into vehicle, TMZ (50
mg/kg daily for 5 days), or the TMZ/berzosertib combination (50 mg/kg
TMZ 1 60 mg/kg berzosertib daily for 5 days) arms. Treatment began
on day 14 after injection of GBM 22 cells, and mice were monitored
daily until moribund.

Non–Tumor-Bearing Animals
In vivo pharmacokinetic studies were conducted using an equal

number of male and female Friend leukemia virus strain B (FVB)
wild-type, Bcrp1–/–,Mdr1a/b–/–, and Mdr1a/b–/–Bcrp1–/– mice (Taconic
Biosciences, Inc., Germantown, NY) at the age of 8–12 weeks. Breeder
pairs were sourced from Taconic Biosciences, Inc., and animal colonies
were maintained following an established breeding protocol in the
Research Animal Resources animal housing facility at the Academic
Health Center, University of Minnesota, Minneapolis, MN, USA. Ani-
mal genotypes were routinely verified by conducting tail snip for gene
expression (TransnetYX, Cordova, TN). All animal experiments were
approved by the University of Minnesota Institutional Animal Care
and Use Committee and conducted in accordance with the Guide for
the Care and Use of Laboratory Animals established by the US
National Institutes of Health (Bethesda, MD).

In Vitro Binding Assays for Determination of Free (Unbound)
Fractions of Berzosertib

The free fractions in plasma from wild-type, Bcrp1–/–, Mdr1a/b–/–,
and Mdr1a/b–/–Bcrp1–/– mice; brain homogenates from wild-type,
Bcrp1–/–, Mdr1a/b–/–, and Mdr1a/b–/–Bcrp1–/– mice; and serum-con-
taining medium (Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum) were determined using RED as per the manufac-
turer’s protocol. Briefly, brain homogenates were prepared by adding
three volumes of PBS (pH 7.4), which were followed by homogeniza-
tion (PowerGen 125; Thermo Fisher Scientific). Each matrix was
spiked with berzosertib to a final concentration of 5 mM containing
0.475% DMSO. Three hundred microliters of the spiked matrix was
loaded into the sample chamber, and then 500 ml of blank (drug-free)
PBS (pH 7.4) with 0.475% DMSO was loaded into the corresponding
receiver chamber. The base plate was sealed with an adhesive cover-
ing and incubated at 37�C for 24 hours on an orbital shaker (600 rpm;
ShelLab, Cornelius, OR). After the 24-hour incubation, samples were
collected from both chambers and stored at �80�C until liquid chro-
matography–tandem mass spectrometry (LC-MS/MS) analysis.

Brain Distribution of Berzosertib after Intravenous Bolus
or Single Oral Administration

A single intravenous bolus dose (tail vein injection) or oral dose
(oral gavage) of 20 mg/kg berzosetib (vehicle: 5% w/v Captisol, 3% w/v
mannitol, pH adjusted to 5.5 using acetate buffer) was administered
to FVB wild-type, Bcrp1–/–, Mdr1a/b–/–, and Mdr1a/b–/–Bcrp1–/– mice.
After euthanasia using CO2, brain and blood samples were collected
from 0.167 to 16 hours; n 5 4 at each time point (additional 24- and
48-hour time points were added for oral dose in Mdr1a/b–/–Bcrp1–/–

mice). Blood was collected using heparinized syringes via cardiac punc-
ture and stored in heparinized tubes, which was followed by
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centrifugation at 3500 rpm at 4�C for 15 minutes to separate plasma.
Whole brain was removed and dipped in ice-cold saline, which was fol-
lowed by removal of superficial meninges by blotting with tissue.
Plasma and brain samples were stored at �80�C until LC-MS/MS
analysis.

Steady-State Organ Distribution of Berzosertib
Alzet osmotic pumps (1003D; Durect Corporation, Cupertino, CA)

were implanted into the intraperitoneal cavity of FVB wild-type and
Mdr1a/b–/–Bcrp1–/– mice to release berzosertib at a constant rate of
10 mg/h for 48 hours (n 5 5) as described previously (Agarwal et al.,
2010). Briefly, berzosertib was loaded into the pumps at a concentra-
tion of 10 mg/ml in DMSO and primed at 37�C overnight in sterile
saline. Mice were anesthetized using isoflurane, and after surgical
implantation, the osmotic pumps were inserted into the intraperito-
neal cavity, which was followed by suturing the membrane and closing
the skin incision using surgical clips. After 48 hours, the mice were
sacrificed, and blood, brain, heart, kidney, liver, and muscle were iso-
lated. Samples were stored at �80�C until LC-MS/MS analysis.

Pharmacological Inhibition of P-gp and Bcrp Using Elacridar
Elacridar, a dual inhibitor of P-gp and Bcrp, was formulated in a

microemulasion as described previously (Sane et al., 2013). Cremo-
phor EL, Carbitol, and Captex 355 were combined in a 6:3:1 w/w ratio.
Elacridar was added to this premix and sonicated to formulate a
3-mg/ml solution, which was diluted with water to form a 1-mg/ml
microemulsion for dosing. Elacridar was administered at a dose of
10 mg/kg intraperitoneally, and berzosertib was administered simulta-
neously at a dose of 20 mg/kg via oral gavage. Brain and plasma sam-
ples were harvested at 2 and 8 hours (n 5 5 at each time point) after
administration of elacridar and berzosertib and were stored at �80�C
until LC-MS/MS analysis.

Regional Distribution of Berzosertib in Tumor-Bearing
Mouse Brains

Mice with established GBM 12—enhanced GFP (eGFP)—firefly
luciferase 2 (fLuc2) intracranial tumors (18 days after implantation)
were treated with a single oral dose of 20 mg/kg or 60 mg/kg berzoser-
tib, which was followed by euthanasia at 2 and 8 hours (n 5 5 per
time point). Blood- and tumor-bearing brain samples were collected,
and whole brains were immediately flash-frozen. Plasma was sepa-
rated by centrifuging the blood samples at 3500 rpm at 4�C for 15
minutes. A fluorescence-guided punch biopsy technique (Gampa et al.,
2020) was employed for isolation of tumor core, tumor rim (brain adja-
cent to tumor), and normal brain (non–tumor-bearing) regions from
brain samples. An acrylic adult mouse brain matrix was used to
obtain 1-mm thick coronal brain sections of the eGFP-FLUC2–labeled
tumor-bearing brains. The tumor regions were identified by relative
fluorescence signal (Nikon AZ100M microscope, Nikon, Japan), and
biopsy punches were used to isolate tumor core (tumor region with
fluorescence signal 5-fold or higher relative to background signal) and
rim (region adjacent to tumor core with fluorescence signal 3- to 5-fold
higher relative to background). Both the plasma and individual brain
region samples were stored at �80�C until LC-MS/MS analysis.

LC-MS/MS Analysis of Berzosertib
The samples from different regions of the brain isolated as described

previously were homogenized with three volumes of 5% bovine serum
albumin using a homogenizer (PowerGen 125; Thermo Fisher Scien-
tific). Drug concentration of berzosertib in these plasma and homoge-
nized-brain samples was determined using an LC-MS/MS assay.
Twenty-five microliters of plasma and 50 ml of brain homogenate sam-
ples were spiked with 50 ng of the internal standard (dasatinib), which
was followed by liquid-liquid extraction using 1× volume of cold pH 11
buffer and 5× volumes of ice-cold ethyl acetate. The sample tubes were
then shaken vigorously for 5 minutes and centrifuged at 7500 rpm and

4�C for 10 minutes. After centrifugation, the organic supernatant layer
was collected and dried under nitrogen flow, which was followed by
reconstitution of dried powder residue in 100 ml of freshly prepared
mobile phase. An ACQUITY ultra-performance liquid chromatography
(UPLC) system (Waters Corporation, Milford, MA) with an ACQUITY
UPLC BEH-C18 column (1.7 mm, 2.1 × 50 mm; Waters Corporation,
Milford, MA) was used for the chromatographic analysis of samples. An
isocratic method with a runtime of 4 minutes was used with the mobile
phase consisting of 70% distilled and filtered water with 0.1% formic
acid (A) and 30% acetonitrile with 0.1% formic acid (B) supplied at a
constant flow rate of 0.2 ml/min. The column effluent from the UPLC
system was monitored by a Micromass Quattro Ultima mass spectrom-
eter (Waters, Milford, MA). The electrospray probe in positive-ionization
mode functioning at a collision energy of 18 V and cone voltage of 35 V
was used in this analytical method. The mass-to-charge transitions
were 464.24 > 433.03 for berzosertib and 488.21 > 400.99 for dasatinib
(internal standard). The retention time was 1.71 minutes for berzoser-
tib and 1.41 minutes for dasatinib. The calibration curve was sensitive
and linear over the range of 1–2000 ng/ml (weighting factor of 1/Y2)
with a coefficient of variation of <20%. All measured concentrations fell
within the range of the calibration curve for each sample analysis.

Pharmacokinetic Modeling and Simulation
A five-compartment pharmacokinetic model with a central compart-

ment, normal brain compartment, tumor core compartment, tumor
rim compartment, and peripheral (other tissues) compartment was
created using STELLA (iSEEE systems, Lebanon, NH). The model
parameters were obtained from the in vivo studies in FVB wild-type
mice after a single oral dose and the brain regional distribution stud-
ies in tumor-bearing mice. The brain and tumor compartments were
linked to the plasma by distributional clearances (bidirectional passive
clearance and unidirectional active efflux by P-gp and Bcrp). The
peripheral compartment was linked to the plasma compartment by a
bidirectional passive clearance. Simulations were performed to obtain
plasma, brain, tumor core, and tumor rim concentrations for two dose
levels given as single oral dose—20 mg/kg and 60 mg/kg.

Calculations. Unbound fraction (fu) values of berzosertib in
plasma and media were calculated using the ratio of buffer concen-
tration to matrix concentration. For the brain homogenates, the cal-
culation of free fraction accounted for dilution resulting from
homogenate preparation (dilution factor, D 5 4) as shown here (Kal-
vass and Maurer, 2002):

fu brain ¼ 1=D
1

fu, diluted � 1
� �

þ 1
D

(1)

A tissue partition coefficient (e.g., brain-, organ-, or tumor-to-
plasma ratio), or Kp, was quantified as the ratio of total tissue concen-
tration to total plasma concentration at steady state for tumor core
and rim (at two time points) or the ratio of area under the curve from
time 0 to infinity (AUC0-1) for brain (AUC0-1,brain) to AUC0-1 for
plasma (AUC0-1,plasma) for single oral and intravenous bolus doses.

Kp, brain ¼ AUCð0!1Þbrain
AUCð0!1Þplasma

(2)

Kp ¼ Css organ
Css plasma

¼ C tumor core=rim
C plasma

(3)

The unbound (free) derivative of Kp (Kpuu) was determined by:

Free brain partition coefficient Kpuubrainð Þ ¼

Kp x
fu brain
fu plasma

(4)

Relative drug exposure in the brain between wild-type and knock-
out (Mdr1a/b�/�, Bcrp1�/�, and Mdr1a/b�/� Bcrp1�/�) mice was
compared using the free distribution advantage (DAfree).
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DAfree ¼ Kpuu knockout
Kpuu wild type

(5)

Total drug concentrations measured from in vivo pharmacokinetic
studies using LC-MS/MS were multiplied by the corresponding matrix
(plasma, brain homogenate, and media) fu values that were determined
using in vitro binding assay to obtain free drug concentrations (Liu et al.,
2008).

Pharmacokinetic Data Analysis
Noncompartmental Analysis. Noncompartmental analysis

(NCA) was performed using Phoenix WinNonlin version 8.3 (Certara
USA, Inc., Princeton, NJ) to obtain pharmacokinetic parameters from
the concentration-time profiles in plasma and brain. Linear trapezoi-
dal integration method was used to calculate the area under the con-
centration-time curves (AUCs) for plasma and brain. The AUC
extrapolation from last time point to infinity was calculated by divid-
ing the last concentration measured by the terminal elimination rate
constant, which was determined by the last three to four points in the
concentration-time profiles. The percent AUC extrapolation from last
time point to infinity was <10%, which indicated that our designed
time course was able to capture the majority of the exposure. Other
pharmacokinetic parameters, including half-life (t1/2), systemic clear-
ance (CL), and volume of distribution (Vd) for intravenous dose and
apparent volume of distribution for oral dose, were calculated using
NCA. The standard errors around the means of AUC0-1 were deter-
mined as described previously (Yuan, 1993). The oral bioavailability
was calculated using:

Oral bioavailability ¼ AUC 0!1ð Þ, plasma
� �

oral

AUC 0!1ð Þ, plasma
� �

IV

( )
DoseIV
Dose oral

� �
(6)

Statistical Analysis
The mean estimated free fraction was compared between specimens

using unpaired t tests. Median survival was estimated by the Kaplan-
Meier method and compared using the log-rank test. Data presenta-
tion and statistical tests were completed using GraphPad Prism
(Version 8; GraphPad Software, La Jolla, California). Comparisons
between two groups were made using an unpaired t test. Comparisons

between multiple groups were made using a one-way ANOVA, which
was followed by Bonferroni’s multiple comparison test. All experimen-
tal data are presented as mean ± S.D. In all cases, P < 0.05 was con-
sidered statistically significant.

Results
In Vitro Synergy of TMZ and Berzosertib in GBM

Cell Lines. Combination studies of berzosertib (0–1000 nM)
and TMZ (0–300 mM) in established GBM cell lines U87 (p53
wild-type, MGMT methylated) and U251 (p53 mutant, MGMT
methylated) both showed marked synergy (>100), with a
stronger synergy in the U251 cells compared with that in U87
cells (Fig. 2, A and B). In the GBM PDX cell line GBM22 (p53
mutant, MGMT methylated), the combination also showed
marked synergistic activity (>100) (Fig. 2C). Transduced
U251 cells that overexpress MGMT showed moderate synergy
(Fig. 2D) compared with that in U251-CV, which showed
strong synergy (Fig. 2E). Across all cell lines, berzosertib con-
centrations from 100–300 nM show potent synergistic activity
in combination with TMZ. In contrast, concentrations <100
nM demonstrate additivity or antagonism, and concentrations
above 300 nM show decreased cell viability because of concen-
tration-related toxicity. Therefore, 100–300 nM was deemed to
be a reasonable target in vitro concentration for effective ber-
zosertib combinations with TMZ.
In Vivo Efficacy of TMZ and Berzosertib in Ortho-

topic GBM 22 Xenografts. Based on the strong in vitro
synergy results for GBM 22 cells, in vivo efficacy of the berzo-
sertib/TMZ combination was evaluated using intracranial
models. We found that the addition of berzosertib (60 mg/kg
per day via oral gavage for 5 days) to TMZ (50 mg/kg per day
via oral gavage for 5 days) did not improve median survival
(61 vs. 59 days, P 5 0.82; Fig. 3). These negative in vivo
results contrast with our in vitro data, which prompted us to
speculate that the location of the tumor in the brain may

Fig. 2. In vitro synergy studies of berzosertib and TMZ combination in established GBM cell lines. Increasing concentrations of berzosertib
(0–1000 nM) and TMZ (0–300 mM) combinations tested for in vitro synergy in (A) U87, (B) U251, (C) GBM22, (D) U251-CV, and (E) U251 MGMT
overexpressing cell lines (U251-MGMT). (F) MGMT status, p53 status, and synergy scores for all the tested cell lines.
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affect the berzosertib/TMZ combination efficacy and the effect
of delivery of berzosertib across the BBB into the brain and
that the intracranial tumor is a critical factor that influences
its lack of in vivo intracranial efficacy.
Binding of Berzosertib in Plasma, Brain Homoge-

nate, and Media. In vitro binding studies were conducted
using RED after a 24-hour (time to reach equilibrium deter-
mined from pilot studies) incubation to determine the fu of ber-
zosertib in different matrices. Binding of berzosertib was
studied in plasma and brain homogenate matrices from FVB
wild-type, Bcrp1–/–, Mdr1a/b–/–, and Mdr1a/b–/–Bcrp1–/–

mice to determine the effect of genotype on drug binding. The
fu values of berzosertib in plasma and brain homogenate are
summarized in Table 1. The fu of berzosertib in the plasma of
FVB wild-type mice was 8.1% ± 0.4% as compared to the
extremely low fu in the brain homogenate of 0.14% ± 0.12%.
The free fraction of bersozertib was 58-fold higher in plasma
compared with that in brain. This indicates that berzosertib is
highly bound in the brain compared with plasma, and this will
have an impact on its free concentration in the brain. Since we
used brain homogenate to determine brain free fractions in
RED, we cannot determine the exact composition of drug bind-
ing sites within the brain. No significant difference was
observed in either plasma or brain homogenate binding across
different genotypes (P > 0.05). Binding was also calculated in
10% FBS containing media that was used in the in vitro syn-
ergy studies, and was found to be 36.4% ± 3.5%. The free frac-
tion of berzosertib in media is 4.5-fold higher compared with
that in plasma and 260-fold higher compared with that in
brain. These binding results will be critical in determining
“free or unbound” concentrations from the in vitro and in vivo
studies and relating them to the observed efficacy.

Brain Distribution of Berzosertib after a Single
Intravenous Dose. The plasma and brain concentration-
time profiles and the brain-to-plasma ratios after administra-
tion of 20 mg/kg of berzosertib via a single intravenous bolus
dose are depicted in Fig. 4. Plasma concentrations in FVB
wild-type, Bcrp1–/–, Mdr1a/b–/–, and Mdr1a/b–/–Bcrp1–/– mice
were similar to each other (Fig. 4A), whereas the brain concen-
trations vary hugely among the four genotypes, with the wild-
type mice having the lowest brain concentrations at all time
points, which were followed by Bcrp1–/–, Mdr1a/b–/–, and
Mdr1a/b–/–Bcrp1–/– mice (Fig. 4B). The brain-to-plasma ratios
at each time point are the highest in the Mdr1a/b–/–Bcrp1–/–

mice, which were followed by the Mdr1a/b–/–, Bcrp1–/–, and
wild-type mice (Fig. 4C). The pharmacokinetic parameters
after NCA are summarized in Table 1. The AUC 0�1ð Þ, plasma
was similar across all genotypes (P > 0.05), whereas the
AUC 0�1ð Þ, brain was the highest in Mdr1a/b–/–Bcrp1–/– mice,
which were followed by the Mdr1a/b–/–, Bcrp1–/–, and wild-
type mice. The AUC 0�1ð Þ, brain was significantly different in the
Mdr1a/b–/– and Mdr1a/b–/–Bcrp1–/– mice compared with the
wild-type mice (P < 0.0001); however, the AUC 0�1ð Þ, brain was
similar in the Bcrp1–/– mice compared with that in the wild-
type mice (P > 0.05). Therefore, the brain-to-plasma AUC ratios
in the wild-type, Bcrp1–/–, Mdr1a/b–/–, and Mdr1a/b–/–Bcrp1–/–

mice were 0.64, 0.84, 2.36, and 17.13, respectively (Table 3).
These values indicate that efflux by P-gp is the major restrictive
factor in delivery of berzosertib across the BBB. Although
Bcrp has an insignificant efflux contribution in the presence
of P-gp, in the absence of both P-gp and Bcrp, the Kp in
Mdr1a/b–/–Bcrp1–/– mice is markedly higher than the Kps of
Bcrp1–/– and Mdr1a/b–/– mice alone, which indicates a compen-
satory functional interaction between P-gp and Bcrp in restrict-
ing the brain delivery of berzosertib. The wild-type, Bcrp1–/–,
Mdr1a/b–/–, and Mdr1a/b–/–Bcrp1–/– mice had similar terminal
elimination t1/2, Vd, and CL (Table 1), which indicates that
there were no differences in the systemic disposition of berzo-
sertib across all four genotypes.
Brain Distribution of Berzosertib after a Single

Oral Dose. The plasma and brain concentration-time profiles
and the brain-to-plasma ratios (Kp,brain) after administration
of 20 mg/kg of berzosertib via a single oral dose are depicted
in Fig. 5. Plasma concentrations in FVB wild-type and
Mdr1a/b–/–Bcrp1–/– mice were similar to each other (Fig. 5A),
whereas the brain concentrations and the Kp,brain in the
Mdr1a/b–/–Bcrp1–/– mice were significantly higher than those
in wild-type mice at each time point (Fig. 5, B and C).
The AUC 0�1ð Þ, plasma was similar in FVB wild-type and Mdr1a/
b–/–Bcrp1–/– mice (P > 0.05), whereas the AUC 0�1ð Þ, brain was

TABLE 1
The pharmacokinetic parameters of berzosertib in FVB wild-type, Bcrp1–/–, Mdr1a/b–/–, Mdr1a/b–/– Bcrp1–/– mice after administration of a single
intravenous bolus dose of 20 mg/kg

Parameter Units
Wild-type Bcrp1–/– Mdr1a/b–/– Mdr1a/b Bcrp1–/–

Plasma Brain Plasma Brain Plasma Brain Plasma Brain

t1/2 hour 4.16 3.51 5.27 4.4 4.31 3.80 4.88 5.47
AUC0-1 hr*ng/ml 4860 ±

121
3097 ±

78
6524 ±
487

5500 ±
434

5562 ±
756

13,167 ±
1354

5372 ±
358

92,068 ±
11,145

Vd L/kg 22.6 — 22 — 21.7 — 20.2 —
CL L/hr/kg 4.1 — 3.0 — 3.6 — 3.7 —
fu 0.081 ±

0.004
0.0014 ±
0.0002

0.072 ±
0.004

0.0016 ±
0.0002

0.08 ±
0.01

0.0015 ±
0.0002

0.07 ±
0.008

0.0014 ±
0.0002

Fig. 3. In vivo efficacy studies in GBM 22 orthotopic [intracranial (IC)]
tumors treated with 50 mg/kg TMZ for 5 days with and without 60 mg/
kg berzosertib. Kaplan-Meier curves for GBM 22 intracranial xeno-
grafts (n 5 7–8) show no difference in survival with the addition of ber-
zosertib to TMZ (P 5 0.82).
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significantly higher in Mdr1a/b–/–Bcrp1–/– mice compared
with that in wild-type mice (P < 0.0001). Therefore, the
brain-to-plasma AUC ratios in the wild-type and Mdr1a/
b–/–Bcrp1–/– mice were 0.80 and 13.9, respectively (Table 3).
The systemic oral bioavailability was calculated in both
wild-type and Mdr1a/b–/–Bcrp1–/– mice as 67% and 74%,
respectively (Table 2). Similarity in the oral bioavailabilities
across genotypes indicates that P-gp and Bcrp both do not
have a significant influence on the systemic bioavailability
of berzosertib, even though P-gp– and Bcrp-mediated efflux
at the BBB is critical in limiting its brain delivery.

Steady-State Distribution of Berzosertib. The organ
distribution of berzosertib at steady state was determined after a
constant rate infusion at 10 mg/h for 48 hours. Figure 6A depicts
the concentrations at steady state in plasma, brain, heart, kid-
ney, liver, and muscle in wild-type and Mdr1a/b–/–Bcrp1–/–

mice. The only organ showing a significant concentration differ-
ence was the brain (P < 0.01). Similarly, the organ-to-plasma
ratios in Fig. 6B indicate that the only statistically significant
increase in the ratio was seen in the brain (P < 0.0001) between
wild-type and Mdr1a/b–/–Bcrp1–/– mice. The Kp,brain obtained
using the ratio of concentration at steady state was 0.8 and 14.0,
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Fig. 4. Pharmacokinetic profiles of berzosertib in FVB wild-type,
Bcrp1�/�, Mdr1a/b�/�, and Mdr1a/b�/� Bcrp1�/� mice after intrave-
nous administration. Plasma concentrations (A), brain concentrations
(B), and brain-to-plasma concentration ratios (C) of berzosertib in FVB
wild-type, Bcrp1�/�, Mdr1a/b�/�, and Mdr1a/b�/� Bcrp1�/� mice
after administration of a single intravenous bolus dose of 20 mg/kg.
Data represent mean ± S.D., n 5 4.
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Fig. 5. Pharmacokinetic profiles of berzosertib in FVB wild-type and
Mdr1a/b�/� Bcrp1�/� mice after oral administration. Plasma concen-
trations (A), brain concentrations (B), and brain-to-plasma concentra-
tion ratios (C) of berzosertib in FVB wild-type and Mdr1a/b�/�

Bcrp1�/� mice after administration of a single oral dose of 20 mg/kg.
Data represent mean ± S.D., n 5 4.
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respectively, in wild-type and Mdr1a/b–/–Bcrp1–/– mice. This
study indicates that the distribution of berzosertib is unaffected
in the absence of P-gp– and Bcrp-mediated efflux to other critical
organs except the brain.
Impact of Pharmacological Inhibition of P-gp and

Bcrp on the Brain Distribution of Berzosertib. The
effect of inhibition of the efflux transporters on enhancing the
brain disposition of berzosertib was studied by administering 10
mg/kg elacridar (dual inhibitor of P-gp and Bcrp) intraperitone-
ally with 20 mg/kg berzosertib given orally. Plasma concentra-
tions were similar at both 2 and 8 hours (P > 0.05; Fig. 7A).
Brain concentration was significantly higher at 2 hours (P <

0.01; Fig. 7B) but was not different at 8 hours (P > 0.05; Fig. 7B).
This is because the half-life of elacridar is 4.3 hours after intra-
peritoneal administration (Sane et al., 2012), and therefore, at
8 hours almost 75% of the administered elacridar was cleared
from systemic circulation, thereby reducing its extent of efflux
inhibition. Kp,brain was significantly higher at both 2 (P< 0.005;
Fig. 7C) and 8 hours (P < 0.01; Fig. 7C). A moderate 2-fold
increase in the brain accumulation of berzosertib was observed at
both 2 and 8 hours after coadministration of elacridar.
Total versus Free Brain Partitioning of Berzoser-

tib. Comparison of brain partitioning of berzosertib in FVB
wild-type, Bcrp1–/–, Mdr1a/b–/–, and Mdr1a/b–/–Bcrp1–/–

mice after intravenous administration and in FVB wild-type
and Mdr1a/b–/–Bcrp1–/– mice after oral and steady-state
administration has been summarized in Table 3. The Kp,brain
estimates were consistent and robust regardless of the route of

administration and method of calculation (AUC ratio or
steady-state concentration ratio). Additionally, unbound brain-
to-plasma ratio (Kpuu,brain) values calculated by eq. 3 are also
summarized in Table 3. Factoring the extent of berzosertib
binding in the brain and plasma and determining the free
brain partitioning clearly indicate a significant reduction in
the Kpuu,brain values. The Kpuu,brain in the wild-type, Bcrp1–/–,
Mdr1a/b–/–, and Mdr1a/b–/–Bcrp1–/– mice were 0.011, 0.019,
0.044, and 0.3426, respectively, after an intravenous dose. Simi-
lar Kpuu,brain values were observed after oral and steady-state
administration of berzosertib (Table 3). The Kpuu,brain in the
Mdr1a/b–/–Bcrp1–/–,Mdr1a/b–/–, and Bcrp1–/– mice were 31.15-
fold, 4-fold, and 1.73-fold higher than that in the wild-type mice,
as indicated by the DAfree in Table 3. These values clearly indi-
cate that, although P-gp–mediated efflux is dominant in the
brain delivery of berzosertib, the absence of both P-gp and Bcrp
shows an additional increase in the brain accumulation of berzo-
sertib, which indicates a functional cooperativity of these trans-
porters at the BBB. These results also indicate that in addition
to efflux considerations mediated by P-gp and Bcrp, the high
extent of berzosertib binding in brain and plasma severely
restricts the availability of the free concentration in the brain.
Heterogenous Regional Distribution of Berzosertib

in Orthotopic GBM 12 PDX Tumors. Determination of
orally administered berzosertib distribution within the brain
of an orthotopic GBM PDX mouse model is an important fac-
tor to consider. To reliably isolate brain tumor from brains of
mice, we used a PDX with similar molecular characteristics as

TABLE 2
The pharmacokinetic parameters of berzosertib in FVB wild-type and Mdr1a/b�/� Bcrp1�/� mice after administration of a single oral dose of 20
mg/kg

Parameter Units
Wild-Type Mdr1a/b�/� Bcrp1�/�

Plasma Brain Plasma Brain

t1/2 h 4.1 5.73 6.22 7.93
Tmax h 1 2 1 8
Cmax ng/ml 403.8 200.5 373.7 2375.8
AUC0-1 h*ng/ml 3252 ± 245 2294 ± 140 4017 ± 211 55,909 ± 3359
CL/F l/h/kg 6.14 — 4.98 —
Vd/F l/kg 36.4 — 44.7 —
Oral bioavailability 0.67 0.74

CL/F, apparent clearance; Tmax, time at the maximum drug concentration; Vd/F, apparent volume of distribution.
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Fig. 6. Pharmacokinetics of berzosertib in FVB wild-type and Mdr1a/b�/� Bcrp1�/� mice after intraperitoneal infusion to steady state. (A) Con-
centrations and (B) organ-to-plasma partition coefficients of berzosertib after an intraperitoneal infusion to steady state at a rate of 10 mg/h in
FVB wild-type and Mdr1a/b�/� Bcrp1�/� mice. Data are presented as mean ± S.D., n 5 5. **P < 0.01 and ****P < 0.0001.

350 Talele et al.

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


GBM22 (GBM12, TP53 mutant, MGMT methylated) but had
also been stably transduced with a lentiviral construct for
expression of fLuc2-eGFP. Using this fluorescent tumor line,
mice with established intracranial tumors were dosed with 20
mg/kg and 60 mg/kg berzosertib orally, and plasma and brain
were harvested at 2 and 8 hours postdose. Doses of 20 mg/kg
and 60 mg/kg were selected to match the in vivo pharmacoki-
netic study and efficacy study dosing. Fluorescence-guided
punch biopsy was used to separate different brain regions—
normal brain, tumor rim, and tumor core (Fig. 8A). At both
dose levels, the results indicate a heterogenous distribution of

berzosertib, with higher drug concentrations in the tumor core
compared with those in normal brain. Additionally, the deliv-
ery of berzosertib is restricted in the invasive tumor-rim
region compared with that in the tumor core. The rank order
of brain concentrations and brain region–to-plasma concentra-
tion ratios for the 20-mg/kg dose at both 2 and 8 hours is
tumor core > tumor rim 5 normal brain (Fig. 8, B and C).
Similarly at the 60-mg/kg dose, the concentration and the
region-to-plasma concentration ratio were the highest in the
tumor core, which was followed by similar concentrations in
the tumor rim and normal brain (Fig. 8, D and E). At both
dose levels, the total concentration of berzosertib was over 100
nM, an efficacious concentration of berzosertib determined in
the in vitro synergy studies with TMZ. This picture, however,
changed drastically when the total concentrations were con-
verted to free concentrations (Fig. 9). Plasma and brain free
fractions from wild-type mice were multiplied to each respec-
tive concentration to obtain free concentrations. The unbound
fraction in the tumor core and rim was not calculated sepa-
rately, but the free fraction determined in the brain was used
for these regions. The total effective concentration of 100 nM
determined from in vitro synergy study was multiplied by the
free fraction determined in the media, and therefore, the free
effective target concentration in vitro was 36 nM. At both 20
mg/kg and 60 mg/kg, all the normal-brain, tumor-core, and
tumor-rim concentrations were below this target free effective
concentration. Although we recognize the limitation of the
analysis performed in different PDXs for efficacy and delivery,
similar suboptimal and severely restricted delivery of berzo-
sertib into orthotopic GBM22 tumors could contribute to the
lack of observed efficacy in vivo.
Pharmacokinetic Modeling and Simulations Explain-

ing Lack of Efficacy of Berzosertib/TMZ Combination
in GBM PDX Models. Concentrations and pharmacokinetic
parameters obtained from in vivo pharmacokinetic studies
and regional distributional studies in tumor-bearing mice
were used to develop a model to predict the concentration of
berzosertib in plasma, normal brain, tumor rim, and tumor
core (Fig. 10A). Systemic pharmacokinetic parameters like
elimination rate constant, t1/2, Vd, and CL were obtained from
intravenous and oral studies discussed earlier (Tables 1 and
2). The partitioning into normal brain, tumor rim, and tumor
core was obtained from the regional tumor distribution study
(Fig. 8). Predictivity of the model simulation was confirmed by
overlaying plasma and brain concentration data obtained from
the oral administration of berzosertib in FVB wild-type mice.
The overlay of the experimental data with the simulated con-
centrations matched visually (Fig. 10B). This model was then
used to simulate total concentrations in the plasma, normal
brain, tumor rim, and tumor core at 20 mg/kg and 60 mg/kg
(Fig. 10, C and D). The simulated profiles at the 60-mg/kg
dose showed that the total berzosertib concentration in all
these regions was above the total effective concentration for
about 16 hours. However, upon converting the total concentra-
tion to free concentration, the concentrations in the normal
brain, tumor rim, and tumor core did not reach the free effec-
tive target concentration of 36 nM at the dose of 60 mg/kg
(Fig. 10E). These simulations verify our experimental observa-
tions, and this model can therefore be a valuable tool to simu-
late concentration-time profiles for a variety of doses and
dosing regimens to determine an effective dosing regimen to
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Fig. 7. The effect of a pharmacological inhibitor of efflux transport, elacri-
dar, on the plasma and brain concentration of berzosertib. (A) Concentra-
tions in plasma and brain at 2 and 8 hours postdose with and without
coadministration of elacridar. (B) Brain-to-plasma ratio at 2 and 8 hours
postdose with and without coadministration of elacridar. Data are presented
as mean ± S.D., and n 5 5 for each group. **P < 0.01 and ***P < 0.005.

Brain Distribution of Berzosertib: An ATR Inhibitor 351

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


maintain an effective free concentration in vivo for a prolonged
duration for the berzosertib/TMZ combination.

Discussion
Despite the current multimodal treatment approach of sur-

gery, TMZ, and RT for GBM, the median survival of patients

is dismal, with most patients succumbing to their disease in
<24 months (Stupp et al., 2018). Therefore, development of
effective radio- or chemo-sensitizing strategies is a significant
unmet medical need. DNA repair pathways have been widely
studied in the last 2 decades with multiple molecules now in
clinical trials. Among these pathways, ATR is a key orchestra-
tor in the DDR after therapy-induced replication stress. In

TABLE 3
Total and free brain partition coefficients summarizing the pharmacokinetic studies of berzosertib in FVB wild-type, Bcrp1�/�, Mdr1a/b�/�, and
Mdr1a/b�/� Bcrp1�/� mice

I.V. P.O. Steady State

Wild-Type Bcrp1�/� Mdr1a/b�/�
Mdr1a/b�/�

Bcrp1�/� Wild-Type
Mdr1a/b �/�

Bcrp1�/� Wild-Type
Mdr1a/b�/�

Bcrp1�/�

Kp,brain 0.64 0.84 2.36 17.13 0.70 13.9 0.8 14.0
Kpuu,brain 0.011 0.019 0.044 0.3426 0.012 0.278 0.014 0.28
DAfree 1 1.73 4 31.15 1 23.16 1 20
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Fig. 8. Spatial distribution of berzoser-
tib in different regions of the brain
after oral administration in mice with
GBM 12 intracranial tumors. Data rep-
resent mean ± S.D., n 5 4–5. *P <
0.05 and **P < 0.01. (A) Representa-
tive image of a mouse brain slice
marked with tumor core and rim
regions. (B) Total concentrations in
plasma, normal brain, tumor rim, and
tumor core and (C) concentration ratios
in brain, tumor rim, and tumor core
with respect to plasma after a dose of
20 mg/kg. (D) Total concentrations in
plasma, normal brain, tumor rim, and
tumor core and (E) concentration ratios
in brain, tumor rim, and tumor core
with respect to plasma after a dose of
60 mg/kg.
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this study, we evaluated the brain delivery of berzosertib, a
potent ATR inhibitor, and its potential chemosensitization
with TMZ for the treatment of GBM.
In vitro synergy studies performed in multiple GBM cell

lines demonstrated synergistic activity for the berzosertib/
TMZ combination with marked synergy when berzosertib
concentrations were between 100 and 300 nM. Thus, 100 nM
was established as the minimum effective concentration that
would be necessary for effective chemosensitization in vivo
with TMZ. Combination synergy scores were enhanced in
p53 mutant and MGMT methylated cell lines, which suggests
the possibility of increased sensitivity of berzosertib with
TMZ in these subsets of GBM PDX cell lines. These results
align with previous studies demonstrating that the absence
of wild-type p53 confers greater sensitivity to berzosertib in a
variety of cancers, and MGMT-deficient glioma cells showed
enhanced sensitivity to the berzosertib/TMZ combination
(Middleton et al., 2018; Jackson, 2019; Gorecki et al., 2020).

In vivo efficacy studies conducted in orthotopic (intracra-
nial) GBM 22 PDX models demonstrated a lack of survival
improvement after berzosertib/TMZ treatment. These in
vivo data contrasted with our in vitro synergy data in these
same models, and Jackson et al. have previously demon-
strated the efficacy of an ATR inhibitor and TMZ combina-
tion in flank tumor models derived from both LN229 and
GBM22 cell lines in vivo (Jackson, 2019). Collectively,
these findings suggest the possibility that drug delivery
may be impaired in intracranial tumors. Subsequent brain
distribution studies were conducted to investigate this
possibility.
In vivo pharmacokinetic studies were conducted after single

intravenous, oral, and steady-state infusion dosing. An intrave-
nous dose of berzosertib was administered to wild-type and trans-
porter knockout mice to determine systemic pharmacokinetic
parameters and the role of the efflux transporters P-gp and Bcrp
in limiting its brain delivery. Oral-dose pharmacokinetics were
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Fig. 9. Free/unbound spatial distribution of berzosertib in different regions of the brain after oral administration in mice with GBM 12 intracra-
nial tumors. Data represent mean ± S.D., n 5 4–5. *P < 0.05 and **P < 0.01. (A) Free/unbound concentrations in plasma, normal brain, tumor rim, and
tumor core and (B) free/unbound concentration ratios in brain, tumor rim, and tumor core with respect to plasma after a dose of 20 mg/kg. (C) Free/
unbound concentrations in plasma, normal brain, tumor rim, and tumor core and (D) free/unbound concentration ratios in brain, tumor rim, and tumor
core with respect to plasma after a dose of 60 mg/kg.
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studied because the route of administration in the in vivo efficacy
studies was oral. Our in vivo studies clearly indicate that P-gp
plays a major role in restricting delivery of berzosertib into brain.
Although Bcrp does not play a significant role on its own (in the
presence of P-gp) in limiting the delivery of berzosertib, Mdr1a/
b–/–Bcrp1–/– mice had a total Kp,brain value that was greater
than the additive Kp from Bcrp1–/– and Mdr1a/b–/– mice, which
indicates a functional compensation in the role of these two major
efflux transporters, P-gp and Bcrp, at the BBB. This compensa-
tion of P-gp and Bcrp at the BBB has been described for a variety
of compounds (Polli et al., 2008; Chen et al., 2009; Kodaira et al.,
2010; Agarwal et al., 2012; Laramy et al., 2018). The oral bio-
availability in wild-type mice was 67%, indicating that oral dos-
ing was feasible for in vivo efficacy studies. The oral
bioavailability was similar in Mdr1a/b–/–Bcrp1–/– mice (74%),
indicating that the efflux transporters in the intestine did not
affect drug absorption, as opposed to their restrictive effect in the
brain. A possible reason for this might be the high intestinal
lumen concentrations of berzosertib at the current dose compared
with those in the plasma, which may have led to the saturation
of the intestinal transporters (Lin and Yamazaki, 2003). Steady-
state infusion studies indicated that the efflux transporters signif-
icantly restricted the delivery of berzosertib to the brain and not
to other organs tested like the heart, kidney, liver, and muscle.
This is an important finding considering that understanding
delivery to these organs is critical in toxicological considerations
for the clinical translation of berzosertib.

Although the delivery of berzosertib was restricted by P-
gp and Bcrp, the Kp in brain in wild-type mice was 0.7
(after a single oral dose). This, however, is an incomplete
picture, since a Kp value close to unity does not necessarily
mean that drug in plasma effectively permeates across the
BBB. These “high” Kp values (close to unity) can be misin-
terpreted as efficient brain delivery of a drug and therefore
may not be an accurate predictor of its efficacious concen-
tration to the brain. Differences in relative binding affinity
of a drug to plasma and brain that can lead to change in
free drug partitioning across the BBB is an additional fac-
tor that needs to be considered. According to the free drug
hypothesis, only free drug is available to move across cell
membranes, and evaluation of BBB penetration requires a
critical understanding of parameters that influence the
movement of free/unbound drug across the BBB, including
Kpuu (Hammarlund-Udenaes et al., 2008). We found that
berzosertib is highly bound to brain tissues compared with
the plasma (�58-fold higher). We also found that the there
was no difference in binding in the plasma and brain of
wild-type and knockout mice of all genotypes. Extremely
high binding of berzosertib in brain compared with that in
the plasma led to a low Kpuu,brain value of 0.011 in wild-
type mice. The importance of measuring the relative drug
binding in plasma and brain is critical to explain this dis-
agreement between Kp and Kpuu.

Fig. 10. Pharmacokinetic modeling to predict exposure of berzosertib in plasma and different regions of the brain. (A) Schematic of the pharmaco-
kinetic model. (B) Simulated plasma and brain concentrations overlayed with observed pharmacokinetic data for 20-mg/kg dose. (C) Simulated
plasma, brain, tumor rim, and tumor core total concentrations for 20-mg/kg dose. (D) Simulated plasma, brain, tumor rim, and tumor core total
concentrations for 60-mg/kg dose. (E) Simulated plasma, brain, tumor rim, and tumor core free concentrations for 60-mg/kg dose.
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The use of elacridar, a dual inhibitor of P-gp and Bcrp, in
combination with berzosertib showed a modest 2-fold increase
in brain accumulation. This indicates that coadministration of
a transporter inhibitor might not be an effective option to
improve the brain accumulation of berzosertib.
We also determined the concentrations of berzosertib within

different regions of intracranial tumor—tumor core, tumor
rim, and normal brain—to determine whether our purported
effective concentration was achieved from the dosage regimen
employed in the in vivo efficacy study. The drug distribution
around the tumor was heterogeneous, with the rank order of
tumor core > tumor rim 5 normal brain. Although the total
drug concentrations achieved in all the regions were above
100 nM for the 60-mg/kg dose as used in the efficacy study
(Fig. 8), when the total concentration was converted to free
concentration by incorporating the brain and plasma binding
data, none of the brain regions had achieved the efficacious in
vitro free concentration of 36 nM (adjusted for binding in the
media used for in vitro synergy studies) (Fig. 9). The concen-
trations in the tumor core, tumor rim, and normal brain were
all multiplied by the free fraction obtained from the normal
brain in this case since we were not able to determine binding
in tumor core and rim separately. However, an earlier pub-
lished study for ponatinib, an epidermal growth factor recep-
tor inhibitor, indicated that the binding of the drug in tumor
core was lower than that in the tumor rim, which was similar
to the normal brain (Laramy et al., 2017). This indicates that

our assumption might not be ideal; however, in the case of
GBM, the tumor core is usually surgically resected, and there-
fore, drugs must reach the invasive tumor rim and normal
brain to prevent tumor regrowth. Similarity in the binding
between tumor rim and the normal brain, therefore, might
be a reasonable conservative assumption for berzosertib.
Utilizing data from our in vivo pharmacokinetic studies and

the tumor drug distribution study, we developed a pharmaco-
kinetic model for berzosertib that would be able to simulate
concentration-time profiles in the plasma, normal brain, tumor
rim, and tumor core. In simulated concentration-time profiles
for the in vivo efficacy study dose of 60 mg/kg, the free concen-
tration-time profiles in all the brain regions were well below
the free efficacious target concentration of 36 nM throughout
the entire time course of the dose (Fig. 10E). Assuming linear-
ity, this model can therefore be used to predict concentration-
time profiles for different dosing regimens and to aid in deter-
mining an efficacious dosing regimen of berzosertib in combi-
nation with TMZ.
In conclusion, the berzosertib/TMZ combination showed syn-

ergy in vitro in GBM cell lines and PDXs but not in orthotopic
tumors. Key factors driving this observation include restricted
brain delivery of berzosertib due to efflux at the BBB, a high
extent of brain binding, and heterogeneous drug distribution
within the tumor; however, further exploration is warranted
since mechanisms impacting efficacy are diverse and BBB
penetration is one aspect of drug delivery. Other factors

Fig. 11. Factors involved in the observed lack of efficacy of berzosertib for GBM.
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include the maturity of the vascular bed, expression of efflux
transporters, integrity of the intercellular junctions, and per-
fusion within the tumor. As noted earlier, a previous study
showed a significant improvement in efficacy with the berzo-
sertib/TMZ combination in a flank tumor model of GBM 22
(Jackson, 2019). However, in this study, a 5-mg/kg dose of
TMZ was used compared with our TMZ dose of 50 mg/kg, and
the berzosertib/TMZ combination was not administered con-
currently. This suggests that dose, duration, and sequencing
of the combination are key parameters that must be consid-
ered when testing ATR inhibitors like berzosertib in combina-
tion with TMZ (Fig. 11). Determining efficacious synergistic
doses of TMZ is a key factor for the efficacy of this combina-
tion. In the case of berzosertib, dosing regimens should be
designed to ensure that the efficacious free concentrations can-
not only be achieved in vivo but also can be maintained over a
prolonged period to ensure inhibition of ATR. Determining the
effective dose of a combination therapy from in vitro synergy
studies, understanding the brain delivery of ATR inhibitors,
and using in vivo pharmacokinetic data to guide dosing regi-
mens in the in vivo efficacy studies in GBM PDXs form a
framework for the future preclinical testing of ATR inhibitors
in combination with DNA-damaging agents for the treatment
of GBM.
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