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ATR Inhibitor AZD6738 (Ceralasertib) Exerts Antitumor
Activity as a Monotherapy and in Combination with
Chemotherapy and the PARP Inhibitor Olaparib
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Gemma N. Jones3, Hannah Bargh-Dawson3, Elaine Brown1, Lucy A. Young2, Mark J. O’Connor2, and
Alan Lau2

ABSTRACT
◥

AZD6738 (ceralasertib) is a potent and selective orally bio-
available inhibitor of ataxia telangiectasia and Rad3-related
(ATR) kinase. ATR is activated in response to stalled DNA
replication forks to promote G2–M cell-cycle checkpoints and
fork restart. Here, we found AZD6738 modulated CHK1 phos-
phorylation and induced ATM-dependent signaling (pRAD50)
and the DNA damage marker gH2AX. AZD6738 inhibited break-
induced replication and homologous recombination repair.
In vitro sensitivity to AZD6738 was elevated in, but not exclusive
to, cells with defects in the ATM pathway or that harbor putative
drivers of replication stress such as CCNE1 amplification. This
translated to in vivo antitumor activity, with tumor control
requiring continuous dosing and free plasma exposures, which
correlated with induction of pCHK1, pRAD50, and gH2AX.
AZD6738 showed combinatorial efficacy with agents associated
with replication fork stalling and collapse such as carboplatin and
irinotecan and the PARP inhibitor olaparib. These combinations
required optimization of dose and schedules in vivo and showed

superior antitumor activity at lower doses compared with that
required for monotherapy. Tumor regressions required at least
2 days of daily dosing of AZD6738 concurrent with carboplatin,
while twice daily dosing was required following irinotecan. In a
BRCA2-mutant patient-derived triple-negative breast cancer
(TNBC) xenograft model, complete tumor regression was
achieved with 3 to5 days of daily AZD6738 per week concurrent
with olaparib. Increasing olaparib dosage or AZD6738 dosing to
twice daily allowed complete tumor regression even in a BRCA
wild-type TNBC xenograft model. These preclinical data provide
rationale for clinical evaluation of AZD6738 as a monotherapy or
combinatorial agent.

Significance: This detailed preclinical investigation, including
pharmacokinetics/pharmacodynamics and dose–schedule optimi-
zations, of AZD6738/ceralasertib alone and in combination with
chemotherapy or PARP inhibitors can inform ongoing clinical
efforts to treat cancer with ATR inhibitors.

Introduction
Ataxia telangiectasia and Rad3-related (ATR) is a serine/threonine

protein kinase involved in coordinating cell-cycle checkpoints and
DNA damage response (DDR) caused by DNA replication–associated
stress (1, 2). Replication stress is defined as the stalling of DNA
replication fork progression, and persistent replication stress leads to
genomic instability and lethality if unrepaired. ATR is recruited and
activated by regions of single-strand DNA coated with replication

protein A (RPA) that are created upon replication fork stalling or
during DNA end resection during double-strand break (DSB) repair.
ATR activation leads to slowing fork progression and stabilization to
prevent its collapse and formation of single-ended DSBs. ATR also
initiates G2–Mcell-cycle arrest through phosphorylation/activation of
CHK1kinase, which provides time to complete repair and prevent cells
from entering mitosis with damaged DNA.

Targeting ATR has shown promising antitumor activity in preclin-
ical models and multiple ATR inhibitors (ATRi) are in phase I/II
clinical development as anticancer agents (3–5). AZD6738 (cerala-
sertib) is an oral and selective inhibitor of ATR (6) in clinical
development as monotherapy or in combination with chemotherapy,
IR, PARP inhibitors or immunotherapy agents. Preclinical studies
have suggested enhanced sensitivity to ATRi in models with DSB
repair defects in particular ATM-loss (7–14), oncogene activation (3),
and genomic instability drivers such as through APOBECs (15, 16),
PBGD5-transposase (17), SWI-SNF (18, 19), or defective transcrip-
tional processing (20, 21). ATR’s role in response to replication stress
also suggests ATRis should mechanistically combine well with repli-
cation-associatedDNA-damaging agents to potentiate their antitumor
activity. Several preclinical studies support this notion andATRis show
combination activity with IR (22–24) and chemotherapy agents such
cisplatin (25), irinotecan (26), bendamustine (27), and gemcita-
bine (28) as well as PARP inhibitors (29, 30).

The rationale of ATR kinase inhibitors is to target cancers suscep-
tible to high replication stress and promoting lethality either as
monotherapy or in combination. Identifying cancers sensitive to ATR
inhibition and optimizing dose schedules are key to their clinical
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success. Here we describe the preclinical activity of the orally bio-
available ATR kinase inhibitor AZD6738 as monotherapy and opti-
mization of dose-schedules in combination agents that cause replica-
tion stress.

Materials and Methods
Cell line culture and compounds

All cell lines were cultured at 37�C, 5% CO2, and authenticated
DNA fingerprinting short tandem repeat assay. All cells lines passed
Mycoplasma and mouse IMPACT tests. The genomics of the cell lines
was acquired from public databases CCLE and COSMIC. AZD6738
and olaparib were made by AstraZeneca.

Cell panel growth inhibition assays
Cells were seeded in 96-well plates at a density to allow for

logarithmic growth during treatment. Cells were treated for 3 days
and cell proliferation measured by MTS CellTiter Proliferation Assay
(Promega). The concentration where growth is inhibited 50% versus
untreated cells (GI50) were determined. Unpaired Mann–Whitney
t test was used to determine statistical differences [GraphPad Prism;
nonsignificant (ns), P > 0.05; �, P ≤ 0.05; ��, P ≤ 0.01; ���, P ≤ 0.001;
����, P ≤ 0.0001].

In vitro combinations and synergy scores
Cancer cell line panel screening has been previously described (31).

Combination synergy scores for each combination were calculated
based on the Loewe model of additivity. Synergy scores of �0 are
indicative of additive effect. Higher synergy scores (>1) indicate greater
enhancement of activity more than expected as monotherapy with
scores 1 to 5 showing overall net antiproliferative or weak synergistic
effect, while scores above a >5 having overall net cell killing effect or
strong synergy.

Break-induced replication and traffic light reporter assays
A549 cells stably expressing a break-induced replication (BIR) report-

er construct (32) or HEK293 cells expressing the traffic light reporter
(TLR) reporter (33), both harboring a Cas9 recognition site, were
transiently transfectedwith amammalian expressionplasmid containing
Cas9 and a BIR or TLR-reporter allele-directing guide-RNA. To induce
homologous recombination repair (HRR) cells were electroporated with
a plasmid containing a GFP donor template. Cells were treated for 24
(HEK293-TLR) or 72 (A549-BIR) hours. Detection of GFP-positive cells
representing the HRR-positive populations or mCherry-positive cells
(TLR) through mutagenic end joining-mediated DSB repair were per-
formed by flow cytometry (BD FACSAria). %GFP-positive cells repre-
senting BIR or gene conversion (TLR) were calculated (FlowJo) and
normalized to the combined S–G2 populations of the vehicle control
to account for impact of treatment on cell-cycle distributions. Statistical
significance was evaluated using an unpaired Mann–Whitney t test
(GraphPad Prism, as above).

Metaphase spread analysis
BRCA1D11q mutant or BRCA1 complemented UWB1.289 ovarian

cancer cells (34) were seeded into 10-cm dishes. Cells were treated for
72 hours. 67 hours posttreatment, cells were incubated with 30 ng/mL
Colcemid (KaryoMAX Colcemid ThermoFisher) for further 5 hours.
Cells were detached then resuspended in hypotonic solution (0.075 M
KCl) and incubated at 37�C for 12 minutes. Cells were fixed with 3
cycles of ice-cold fixative (3:1, methanol:acetic acid; Sigma-Aldrich).
Pellets were washed a further 3x then cell suspensions dropped onto

microscope slides (Superfrost Plus and ColorFrost Plus; VWR) and
stained with 8% Giesma (Sigma-Aldrich). Cover slips were mounted
onto microscope slides using DPX Mountant (Sigma-Aldrich). Chro-
mosomal aberrations described as chromatid or chromosome breaks
and fusions were scored by eye for 25–50 metaphase spreads per
sample using the Metafer 4 system (Metasystems).

In vivo studies
Animal studies were approved and performed in accordance with

local regulations (Home Office, UK), the Animal Scientific Procedures
Act 1986, guidelines established by the internal Institutional Animal
Care andUseCommittee and the AstraZenecaGlobal Bioethics policy.
Data were reported following the ARRIVE guidelines (35). In vivo
tolerability/body weight loss (BWL) and welfare checks were con-
ducted in 6 to 9 week-old female athymic nude mice (n¼ 3/group) at
the dose and schedules indicated. BWL ≥20% relative to the start of
dosing were classified as not tolerated. Tumor xenografts were estab-
lished female athymic nude mice by subcutaneous injection. Animals
were randomized into treatment groups when tumors became palpa-
ble. Tumor volume (TV) was evaluated with a caliper using the
formula TV (mm3) ¼ [length (mm) � width (mm)2]/2. %Tumor
growth inhibition (%TGI) was assessed by comparison of the mean
change in TV for the control versus treated groups. Statistical signif-
icance was evaluated using a one-tailed t test (ns, P > 0.05; �, P ≤ 0.05;
��, P ≤ 0.01; ���, P ≤ 0.001).

AZD6738 was formulated in 10% DMSO/40% Propylene Glycol
(Sigma-Aldrich)/50% deionized water and dosed at 0.1mL/10 g orally.
Carboplatin was administered by intraperitoneal injection at 30mg/kg
once daily every two weeks. Irinotecan was administered by intraper-
itoneal injection at 20 mg/kg once daily every two weeks. Olaparib was
dosed orally at the dose/schedules indicated.

Patient-derived tumor explant models
Human patient-derived tumor explant (PDX) models were previ-

ously established in immunodeficient mice and studies conducted by
Xentech, and previously molecularly and functionally characterized
for PARP inhibitor activity and BRCA/HRR status (36). HBCx-9 is a
triple-negative breast cancer (TNBC) ductal adenocarcinoma with
mutated TP53 (V143 fs25aaTer), ATM (Q1128R) and CDH1 (A617T)
but wild-type (WT) for BRCA1/2, RB1, and PTEN. HBCx-9 is high for
Rad51 foci and considered HR-proficient. The ATM mutation is not
considered deleterious and HBCx-9 has intact ATM signaling and
function (37). HBCx-10 is a TNBC ductal adenocarcinoma with
mutated BRCA2 (Q2036�) and TP53 (V157F), with RB1 and PTEN
deleted. HBCx-10 is low for Rad51 foci and considered HR-deficient.

In vivo pharmacokinetics, Western blots, and
pharmacodynamics

For blood plasma pharmacokinetic analysis, Western blots, and
IHC staining and quantification for gH2AX, CHK1 pSer345, and
Rad50 pSer635 on tumor samples were performed as previously
described (6, 7, 38).

Data were generated by the authors and included in the article or
available on request.

Results
AZD6738 selectively inhibits specific cell lines in vitro

AZD6738 (Fig. 1A) is a sulfoximine morpholino-pyrimidine ATRi
that is currently in phase I/II clinical trials. It is a highly selective,
ATP-competitive inhibitor that is orally bioavailable with high
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aqueous solubility and no CYP3A4 time-dependent inhibition. While
AZD6738 chemical synthesis, kinase selectivity and basic biochemical
properties have been described (6), here we sought to expand these
findings by more comprehensively characterizing the cellular activity
and biological consequences of AZD6738 treatment.

To investigate the in vitro activity, we identified cancer cell lines that
showed sensitivity to single agent AZD6738, within the “on-target”
concentration ranges (IC50–90 ¼ 0.074–0.67 mmol/L; ref. 6). Growth-
inhibitory activity of AZD6738 was assessed across 276 different cancer
cell lines representing different histologies (Fig. 1B). The median 50%

growth inhibition GI50 (1.47 mmol/L) was above ATR cell IC90 for most
cell lines and only 13% of cell lines (n ¼ 38) had GI50 less than median
and 30% below 1 mmol/L. Hematologic cell lines (median GI50 ¼ 0.82
mmol/L) showed generally enhanced sensitivity compared with solid
tumor cells (median GI50 ¼ 1.68 mmol/L).

When comparing “sensitive” (<1 mmol/L) versus “in-sensitive” cell
lines a single unifying molecular aberration could not be identified
explaining sensitivity, althoughmutations in specific diseases did show
statistically significant enrichments. Within this dataset we found
associations with CCNE1 gain/amplifications in breast and ovarian

Figure 1.

In vitro activity of AZD6738 (ceralaser-
tib).A, Chemical structure of AZD6738.
B, Scatter plots of the GI50 values for all
cell lines. Selected cell lines grouped
by C and D, CCNE1 amplification (C) or
ATMsignaling status classification (D).
Each cell line is labeled by a dot and
the median GI50 � 95% CI. E,Western
blot of CHK1 pSer345, ATM signaling
(RAD50 pSer635, KAP1 pSer824), rep-
lication stress (RPA pSer4/8), and
gH2AX 24 hours after AZD6738 treat-
ment at the indicated concentrations
of AZD6738 in LoVo (MRE11Adel) and
HCC1806 (CCNE1amp) cell line. F,
AZD6738 inhibition of BIR inA549-BIR
assay reporter cells. G, AZD6738 inhi-
bition of HRR but not mutagenic end-
joining (mut-EJ) repair in 293T-TLR
assay reporter cells. ��, P ≤ 0.01;
��� , P ≤ 0.001; ���� , P ≤ 0.0001.
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cell lines (Fig. 1C), presumably due to oncogene-induced replication
stress (3). We also observed significant associations with deleterious
(frameshifts/stop) mutations in ARID1A, ATRX, and SETD2. We did
not observe significant associations betweenTP53, BRCA1/2, CCND1,
KRAS, or ATM mutations (Supplementary Fig. S2). The lack of an
association with ATMmutations was surprising as ATM-loss has been
linked to enhancedATRi responses (4).We therefore assessedwhether
these cell lines showed loss of ATM functionality. We defined ATMs
status through a functionality-based assessment by ability to induce
ATMpSer1981 (pATM) andCHK2pThr68 (pCHK2) 30minutes after
6 Gy IR. Cell lines with low total ATM expression and that were unable
to induce pATMand pCHK2were classed asATM-deficient, while cell
lines that did show induction were classed as ATM-proficient (Sup-
plementary Fig. S1). By stratifying cell lines by ATM function, we now
observed a significant association with AZD6738 sensitivity (Fig. 1D).
These data suggest that complete absence of ATM function may be
required for sensitivity to ATRi.

AZD6738 activates the ATM-dependent signaling pathway and
suppresses recombination-mediated DNA repair

Having identified sensitive cell lines, we further investigated the
consequences of ATR inhibition on DDR pathway signaling and
compensation. We treated LoVo (MRE11A-mutant) colorectal and
HCC1806 (CCNE1amp) breast cancer cells with increasing concentra-
tions ofAZD6738 for 24 hours and assessedDDR signaling byWestern
blot (Fig. 1E). We observed concentration-dependent modulation of
ATR and ATM-dependent signaling pathways as well as markers of
DSBs. 24-hour treatment increased CHK1 pSer345 (pCHK1) and
replication-associated DSB marker RPA pSer4/8 (pRPA) with strong
induction above 0.5 mmol/L. AZD6738 also induced robust phosphor-
ylation of ATM-dependent substrates RAD50 pSer635 (pRAD50) and
KAP1 pSer824 (pKAP1) as well as the DSB marker gH2AX. The
induction of these markers are likely a common “on-target” conse-
quence of ATR inhibition (as monotherapy) and not just AZD6738 as
we observed similar activity with a different ATRi BAY-1895344
(Supplementary Fig. S3B). In isogenic paired ATM WT and ATM
knockout FaDu cell lines, we observe induction of ATM-dependent
pathway signaling in the WT cells, but in ATM knockout cells this is
reversed with expression levels of both pCHK1 and pKAP1 elevated at
baseline and inhibited by AZD6738, suggesting a compensatory
signaling by ATR in the absence of ATM (Supplementary Fig. S3C).

To specifically investigate the mechanism of action of AZD6738 on
replication-associated DNA repair processes we employed the BIR
reporter assay to assess impact on replication associated single-ended
DSBs repair and on HRR/mutagenic end-joining using the TLR assay.
Here we observed AZD6738 was able to inhibit both BIR repair
(Fig. 1F) and HRR (Fig. 1G) at concentrations >0.333 mmol/L. These
data indicate ATR regulates repair of broken replication forks by HR
factors shared by BIR and gene conversion.

Together, these data show significant AZD6738 biological activities
against DDR and repair functions are observed at concentrations closer
to cellular ATR IC90 (Supplementary Fig. S3). Importantly these con-
centrations are clinically achievable with free plasma pharmacokinetics
in human phase I dose escalation studies showing that cover above ATR
cell IC90 from 80 to 320 mg AZD6738 daily dose range (39, 40).

AZD6738 in vivo antitumor activity in ATM-DDR defective
xenograft models correlates with drug exposure and DDR
signaling biomarker induction

We next assessed whether in vitro activity translated to in vivo
antitumor activity and modulation of DDR signaling pharmaco-

dynamic biomarkers in xenograft models. We used the Granta-519
mantle cell lymphoma, LoVo colorectal, NCI-H23 non–small cell
lung cancer and FaDu head and neck ATM knockout cancer
models and compared those to the A549 non–small cell lung
cancer and FaDu WT ATM-proficient models (Supplementary
Fig. S1).

LoVo and Granta-519 (Fig. 2A) showed dose dependent efficacy
with significant %TGI at 50 mg/kg once daily, moderate activity at
25 mg/kg and no activity at 10 mg/kg. Compared with 12.5 mg/kg
twice daily dosing the antitumor activity was equivalent to 50 mg/kg
once daily dose. Pharmacokinetic analysis of free plasma concen-
trations of AZD6738 (Supplementary Table S1) at 25 mg/kg
showed Cmax ¼ 8.8 mmol/L/time above IC90 �6 hours, while
50 mg/kg Cmax ¼ 18 mmol/L/time above IC90 �8 hours while
12.5 mg/kg twice daily has lower Cmax but longer time over IC90

�14 hours, confirming duration of cover over IC90 drives antitu-
mor activity. Significant antitumor activity was also observed in
NCI-H23 but not in A549 ATM-proficient model, consistent with
in vitro data. Comparing efficacy of different dosing schedules in
the FaDu ATM knockout xenograft, significant activity is observed
with continuous daily dosing at 25 or 50 mg/kg once daily but
weaker growth inhibition when dosing was reduced to 3-days-on/
4-days-off (Fig. 2B).

We assessed pharmacodynamics biomarkers for ATR and DDR in
tumors. AZD6738 was dosed at 10, 25, or 50 mg/kg once daily for
3 days and tumors collected on day 4 before dosing (0 hours) or at
þ2 hours, þ8 hours, or þ24 hours after dosing on day 4. Tumor
samples were stained for pCHK1, pRAD50, and gH2AX by IHC and a
dose-dependent increase in all three biomarkers was observed
(Fig. 2C). While the trends were similar, differences in the magnitude
of signal were seen with pRAD50 showing largest induction (12%–
18%) followed by gH2AX (8%–12%) and pCHK1 (5%–8%). The
timing of peak induction and duration of signal (Fig. 2D) were also
seen with pCHK1 being inhibited at 2 hours but then increasing by
8 hours before dropping to baseline. pRAD50 peaked by 8 hours and
maintained to 24 hours. gH2AX showed peak at 2 hours and also
remained elevated. Comparing %TGI with pharmacodynamics and
free plasma AUC (Fig. 2E and F) showed a linear positive correlation,
indicating dose- pharmacokinetics-pharmacodynamics are related to
efficacy.

AZD6738 in vivo antitumor activity and modulation of DDR
biomarkers in CCNE1amp xenograft model

In order to assess whether the observed relationships extends
beyond models with DDR defects, we tested in a HCC1806 model,
which harbors CCNE1 amplification. We assessed in vivo xeno-
grafts for dose-dependent efficacy and included comparisons of low
dose 6.25, 12.5, 25 mg/kg twice daily versus high dose 50 mg/kg
once daily (Fig. 3A). We observed a dose-dependent increase in
efficacy with 6.25 mg/kg twice daily showing weak antitumor
activity but incremental improvements in growth inhibition when
increased >12.5 mg/kg twice daily. Note that we were only able to
dose the 25 mg/kg twice daily group for 14 days due to tolerability,
while all other groups continued to full 21 days dosing. Even so, the
best growth inhibition was observed using 25 mg/kg twice daily
while 12.5 mg/kg twice daily and 50 mg/kg once daily similar. In
comparison, the HCC1954 breast cancer xenograft model (Fig. 3B)
showed no response to AZD6738, consistent with the insensitivity
in vitro.

Plasma pharmacokinetics and tumor pharmacodynamics analy-
sis were taken at the end of study (day 21) at 2 and 6 hours after the
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last dose. Free plasma concentrations (Fig. 3C) for AZD6738
showed dose proportionality and 6.25 mg/kg dose drops below
ATR IC90/GI50 level by �5 to 6 hours, a level that was deemed to be
insufficient for robust activity. Both 12.5 mg/kg twice daily and
50 mg/kg once daily groups are above this level for >6 hours.
Comparing the 12.5 mg/kg twice daily and 50 mg/kg once daily

Cmax with their respective %TGI indicate that activity is not driven
by high peak concentrations, as Cmax is�10-fold higher at 50 mg/kg.
Analysis of pRAD50 (Fig. 3E) also showed dose-dependent increase
with AZD6738 and induction with 12.5 mg/kg twice daily being
similar to 50 mg/kg once daily consistent with pharmacokinetics
cover and growth inhibition activity.

Figure 2.

Antitumor in vivo efficacy of AZD6738
acrossmultipleATM-deficient cell line xeno-
graft models. A and B, LoVo (MRE11A),
Granta-519, NCI-H23, 549 (ATM-proficient
control; A) and FaDu ATM knockout (B).
AZD6738 was dosed at the indicated dura-
tion and doses either once daily (qd) or
twice daily (bid). Mean tumor volume �
SEM is shown. C, LoVo xenograft IHC phar-
macodynamics for CHK1 Ser345, gH2AX,
and pRAD50 Ser645 biomarkers. AZD6738
was dosed at the indicated doses once
daily for 3 to 4 days and tumor harvested
at time0 (day4,before the4thdose)or2, 8,
or 24 hours after fourth daily dose. Mean
percentage of positive staining nuclei plus
SD is shown. D, Change in expression for
each biomarker. E, Free plasma AUC versus
%TGI for each biomarker at 8 hours.
F, AZD6738 dose versus %TGI for each
biomarker at 8 hours. ns, nonsignificant;
�� , P ≤ 0.01; ��� , P ≤ 0.001.
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AZD6738 combines synergistically with platinum and
antimetabolite class of chemotherapy agents in vitro

Mechanistically, ATRi should synergize with DNA-damaging
agents, which cause replication stress. To assess the ability of AZD6738
to potentiate the cytotoxic effects of such agents, we tested combina-
tions with chemotherapies across a panel of cell lines in vitro. Here,
AZD6738 was added concurrently with platinum DNA-interstrand
crosslinkers cisplatin, carboplatin, and oxaliplatin, Top1 inhibitors

SN38 (irinotecan) and topotecan, antimetabolites gemcitabine and
pemetrexed, Top2 inhibitors doxorubicin and etoposide, and non–
DNA-damaging agentmicrotubule inhibitor paclitaxel.We observed a
higher degree of combination activity, as measured bymedian synergy
scores, with platinum and antimetabolite agent’s (range 0.83–4.3),
followed by Top1 chemotherapies (0.29–0.38) but little combination
activity with Top2 and microtubule agents (–0.03 to 0.14; Fig. 4A;
Supplementary Fig. S4). Example combination GI50 curve shifts for

Figure 3.

Antitumor in vivo efficacy breast cancer cell line xenograft models. A and B, HCC1806 harboring cyclin E amplification (A) andWT control HCC1954 xenografts (B).
AZD6738 was dosed at the indicated duration and doses either once daily (qd) or twice daily (bid). Mean tumor volume� SEM are shown. End-of-efficacy (day 21)
plasma pharmacokinetics (PK) and tumor pharmacodynamics were assessed for HCC1806. C, Free plasma AZD6738 concentration (PK) plotted against dose at 2 or
6 hours after last AZD6738 dose.D,Pharmacodynamics IHCquantification of percentage of tumor cells positive for pRAD50Ser635 at 2 or 6 hours post last AZD6738
or vehicle dose. Mean percentage of positive staining nuclei plus SD is shown. E, Representative images of the IHC pRAD50 expression 2 hours post last dose. ns,
nonsignificant; �� , P ≤ 0.01; ��� , P ≤ 0.001.
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NCI-H23 and LoVo cells are shown in Fig. 4B. We compared
synergy scores for each combination partner by DDR-proficient or
-deficient status (as defined in Fig. 1 and Supplementary Fig. S1)
but observed no significant enrichment for increased synergy in
DDR-deficient cell lines (Supplementary Fig. S4B), although the
overall dataset is small. These data are broadly consistent with
expected mechanism of action with strongest synergies being
observed with agents that induce replication stress and across cell
lines regardless of DDR status.

Optimal AZD6738 chemotherapy combination antitumor
activity in vivo is dose and schedule dependent

Next, we wanted to test if in vitro combinations translated in vivo
and to provide insights into optimal dose-schedules, which balances
tolerability with efficacy. We established tolerable dose-schedules in
mice in combination with carboplatin. We used a clinically relevant
dose of carboplatin, 100mg/kg by intraperitoneal injection inmice and
addedAZD6738. Compared withmonotherapy, we had to dose reduce
AZD6738 to 25mg/kg once daily and employ an intermittent schedule,
with a maximum of 3 days consecutive dosing in a 2-weekly cycle
(3-days-on/11-days-off) to achieve tolerability. The time off AZD6738
was required for mice to recover and regain body weight before re-
dosing (Supplementary Fig. S5). For antitumor studies we used the
HBCx-9 TNBC PDX model (BRCA WT, TP53 mutant). Carboplatin
and AZD6738 was dosed as either monotherapy or in combination at
different sequence-schedules (Fig. 4C). We compared AZD6738
dosing before (days 1–3), concurrently (days 2–6), or on the days
after (days 5–7) the carboplatin dose (day 4). Clear differences in
growth inhibition were observed. Dosing AZD6738 days before car-
boplatin showed little combination benefit. In contrast, dosing
AZD6738 on the days after carboplatin showed significant improve-
ments in combination activity with tumor regressions achievable.
Dosing AZD6738 1 day before carboplatin or 1 day after carboplatin
gave intermediate activity.When comparing tolerability, the schedules
that showed the best antitumor activity also experienced the most, but
recoverable, body weight losses.

In combination with the Top1 inhibitor irinotecan we established
tolerability with 3 days AZD6738 dosing (days 1–3 and 5–7) in
combination with a clinically relevant 20 mg/kg irinotecan dose (twice
weekly, days 1 and 5). We found that 25 mg/kg once daily AZD6738
was not well tolerated when dosed concurrently (Supplementary
Table S2). However, a dose reduction to 12.5 mg/kg was tolerated.
In addition, a higher 50 mg/kg once daily dose administered on
24 hours after irinotecan (AZD6738 days 2–4, irinotecan days 1 and
5) was also tolerated and we tested these regimens for activity in the
Colo205 colorectal xenograft model (Fig. 4D–F). AZD6738 dosed
after irinotecan did not show any combination activity (Fig. 4D). Once
daily dosing of AZD6738 concurrent with irinotecan did not show any
combination activity either (Fig. 4E). However, switching to twice

daily dosing at 12.5 mg/kg did show significant combination activity
and tumor regressions (Fig. 4F). These data suggest that sustained
ATR inhibition over the first 24 hours is necessary and sufficient to
show combination benefit with irinotecan.

AZD6738 combines synergisticallywith PARP inhibitor olaparib
in BRCA1-mutant cells

We investigated the combination with the PARP1/2 inhibitor
olaparib, which increases single-stranded DNA breaks and traps
PARP1 onto DNA, causing DNA replication stress and activation of
ATR–CHK1 signaling axis (Supplementary Fig. S5; refs. 41, 42). The
in vitro activity of the combination in UWB1.289 BRCA1-mutant cells
and compared with its matched pair in which BRCA1 function has
been restored through reexpression of WT BRCA1 (34). Olaparib
GI50 curve shifts in the absence or presence of low 0.1 mmol/L
AZD6738 (Fig. 5A) showed hypersensitivity of UWB1.289 cells to
the combination with 3-log shift in olaparib GI50. In contrast, in the
UWB1.289þBRCA1 cell line the combination was far less effective.
Notably, AZD6738 monotherapy at 0.1 mmol/L did not show
significant growth inhibition, indicating a lower threshold of ATR
inhibition is sufficient to potentiate the cell killing effects of olaparib
in BRCA-mutant cells.

To further evaluate the mechanisms underlying the combination
activity we compared genome instability using metaphase chromo-
some spread analysis (Fig. 5B). Olaparib is expected to generate
replication fork associated DNA damage and in combination with
ATRi we should increase DSBs formation as well as override the G2–M
cell-cycle checkpoint, leading to progressing into M-phase carrying
chromosomal breaks. In line with this, metaphase spread analysis
showed the combination significantly increased the mean number of
chromosomal aberrations in UWB1.289 cells compared with mono-
therapies (�34 aberrations per spread for combination vs. �11 or�8
for olaparib or AZD6738, respectively). In UWB1.289þBRCA1 cells
themean number of chromosomal aberrations was far lower with only
a modest increase observed (�12 aberrations per spread for combi-
nation vs. �3 or �7 for olaparib or AZD6738, respectively).

AZD6738 in combination with olaparib shows enhanced in vivo
antitumor activity in BRCA-mutant TNBC PDX models

AZD6738 and olaparib combinations were tested for tolerability
and efficacy using different dose-schedules to determine optimal
dosing regimens. We found that the olaparib monotherapy dose of
100 mg/kg once daily was not well tolerated when combined concur-
rently with AZD6738 at >25 mg/kg doses at any schedule tested.
However, dose reduction to 12.5 mg/kg twice daily AZD6738 in up to
2 week ‘blocks’ (14-days-on/14-days-off) was tolerated. We explored
reducing the dose of olaparib to 50 mg/kg once daily and by using an
intermittent 3-days-on/4-days-off or 5-days-on/2-days-off weekly
schedule, which was also tolerated. With these regimens we evaluated

Figure 4.
AZD6738 in combinationwith DNA-damaging chemotherapy.A,Dot plots of in vitro cell line screenwith AZD6738 in combinationwith the indicated DNA damaging
chemotherapies. Combination synergy scores (Loewe) were calculated for each cell line and combination where values greater than 5 are considered overall
synergistic and values between 1 and 5 overall additive. Each cell line is labeled by a dot. B, Representative example of carboplatin GI50 curve shifts by fixed
concentration ofAZD6738 inNCI-H23 andLoVocells in vitro.Efficacy in vivo for carboplatin in combinationwithAZD6738 in humanbreast cancer PDXmodelHBCx-9
at the indicated doses and schedules. C, Antitumor combination efficacy and relative body weight losses are dependent on sequence of AZD6738 administration
relative to carboplatin. Dosing on days after carboplatin is required for efficacy. Mean tumor volume � SEM is shown. Body weight loss for combination with
carboplatin is also dependent on sequence of administration, with animals with dosing on days after carboplatin experiencing more, but recoverable body weight
losses. Mean body weights at time of treatment relative to starting weights are shown. Statistical differences were assessed on day 7 and day 21 nadir’s only. D–F,
Efficacy in vivo for irinotecan in combinationwith AZD6738 in human colorectal cell line xenograft Colo205 using AZD6738 (D) was dosed after irinotecan, low-dose
AZD6738 was dosed once daily concurrently with irinotecan (E), or low-dose AZD6738 (F) was dosed twice daily concurrently after twice weekly irinotecan. Mean
tumor volume � SEM is shown. �� , P ≤ 0.01; ��� , P ≤ 0.001.
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Figure 5.

AZD6738 combination with the PARP inhibitor olaparib. A,
AZD6738 potentiates the activity of olaparib and shows
synergistic growth inhibition of BRCA1-mutant (D11q)
UWB1.289 cells preferentially over UWB1.289þBRCA1–com-
plemented cells. Representative growth inhibition plots are
shown. B, Metaphase spreads for AZD6738 and olaparib
combination shows a synergistic increase in chromosomal
aberrations inUWB1.289 comparedwithUWB1.289þBRCA1–
complemented cells. C and D, In vivo efficacy of olaparib in
combination with AZD6738 in TNBC PDX models using
50 mg/kg once daily olaparib plus 25 mg/kg AZD6738 on
5 days-on/2 days-off weekly schedule (�6) in HBCx-9 BRCA
WT (C) or HBCx-10 BRCA2-mutant model (D). Mean tumor
volume� SEM is shown. Olaparib andAZD6738 combination
pharmacodynamics by IHC in HBCx-9 WT and HBCx-10
BRCA2-mutant models. E–H, Representative images at
6 hours post last dose (left) and quantification (% positive
cells; right) for gH2AX in HBCx-9 (E) or HBCx-10 (F), and
pRAD50 pSer635 in HBCx-9 (G) or HBCx-10 (H) models.
Scale bars, 100 mm. �, P ≤ 0.05; �� , P ≤ 0.01; ��� , P ≤ 0.001;
���� , P ≤ 0.0001.
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combination activity in both HBCx-10 BRCA2-mutant and HBCx-9
BRCAWT TNBC PDXmodels (36). In the HBCx-10 model (Fig. 5C)
we observed significant efficacy with 50mg/kg once daily olaparib plus
25 mg/kg once daily AZD6738 5-days-on/2-days-off weekly schedules
with complete responses by �35 days and with durable tumor
suppression lasting a further�40 days after cessation of dosing before
regrowth. Equivalent monotherapies showed stasis for olaparib while
AZD6738 was inactive. In comparison the HBCx-9 model (Fig. 5D),
combination activity was modest (tumor stasis) but was still signif-
icantly improved compared with equivalent monotherapies. The
differential response to the combination between BRCA-mutant and
WT in vivo models is consistent the differential activity observed
in vitro.

We then assessed how gH2AX and pRAD50 biomarkers were
modulated by the combination. 50 mg/kg once daily olaparib and
25 mg/kg once daily AZD6738 were dosed as monotherapy or in
combination for 7 consecutive days and tumors harvested at 6 hours
and 24 hours after the 7th daily dose. In HBCx-9 model olaparib
monotherapy did not induce gH2AX (Fig. 5E) while AZD6738
monotherapy showeda time-dependent increase that peaked at 6hours
but dropped to baseline by 24 hours. The combination group showed
further increases and was sustained over 24 hours. This pattern of
induction is generally consistent with the relative antitumor activities
in this model (Fig. 5C), with stronger induction of the biomarkers
associated with greater antitumor response. The pattern of gH2AX
induction in the HBCx-10 BRCA-mutant model (Fig. 5F) also fol-
lowed the antitumor response (Fig. 5D), with olaparib monotherapy
showing robust gH2AX induction while AZD6738 showed no
increase and the combination showed further increases, which were
sustained over 24 hours. pRAD50 induction (Fig. 5G and H) showed
a similar pattern but the magnitude was larger than gH2AX. The
lack of induction of gH2AX by AZD6738 alone in the HBCx-10
model in unclear.

AZD6738 and olaparib combination antitumor activity in vivo is
dependent on dose and schedule

We further explored the AZD6738 and olaparib combination
determine optimal dose-schedule-efficacy relationship. In the
HBCx-10 BRCAm PDX model, which was highly responsive to the
combination using a 5-days-on/2-days-off schedule, we wanted to
determine the minimum dose-schedules required for tumor regres-
sion.We compared a shorter 3-days-on/4-days-off AZD6738 schedule
in combination with 5-days-on/2-days-off olaparib or continuous
daily olaparib (Fig. 6A). Using 3 days of AZD6738 we still observed
significant combination activity and tumor regressions, however the
time to tumor stasis was longer compared with the longer 5-day
schedule (Fig. 5C), indicating the additional 2 days AZD6738 dosing
per week conferred an improved responses. In contrast, when olaparib
was increased from 5-days-on/2-days-off to a continuous daily sched-
ule, we observed no difference in%TGI, indicating that additional days
on low-dose olaparib in the absence of AZD6738 adds little benefit.We
then assessed whether increasing the doses of olaparib from 50 mg/kg
to 100 mg/kg and AZD6738 from 25 mg/kg to 50 mg/kg on the short
3-days-on/4-days-off schedule would improve efficacy. To achieve
tolerability we had to dose compounds 8 hours apart (AZD6738 after
olaparib), but even so we were able to observe complete regressions
(Fig. 6B comparable to the longer 5-days-on/2-day-off schedule
Fig. 5C). These data indicate that combination efficacy is also affected
by dose and increasing olaparib and AZD6738 (to levels equivalent to
monotherapy) is able to compensate for the short 3 days dosing in
BRCA-mutant model.

In the less responsive HBCx-9 PDX model we assessed whether we
could improve efficacy by altering dose-schedules. We increased dose
intensity by employing a low 12.5mg/kg twice dailyAZD6738 dose but
on a 14-days-on “block” in combination with continuous olaparib
(Fig. 6C). We observed significant antitumor activity with complete
regressions compared with only tumor growth delay by the mono-
therapies. This combination schedule showed a marked improvement
in efficacy over the 5-days-on/2-days-off weekly schedule (Fig. 5D).
These data demonstrate that in combination with olaparib increasing
the number of AZD6738 doses is able to drive significant improve-
ments in efficacy, even in a BRCA WT setting.

Overall these data confirmBRCA-mutantmodels aremore sensitive
to the combination comparedwith BRCAWTmodels, requiring lower
doses and shorter durations achieve regressions.Moreover, we observe
that AZD6738 is themain determinant of activity for the combination.
A dose-schedule relationship was established whereby higher doses/
shorter durations can give equivalent efficacy to lower doses/longer
durations providing flexibility of dosing in the clinic.

Discussion
Here we report on the biological activity of AZD6738 (ceralasertib),

an orally bioavailable inhibitor of ATR currently being investigated in
early clinical trials (4, 5). AZD6738 modulates ATR/ATM/DNA-PK
signaling and homologous recombination-mediated repair, while
selectively inhibiting the growth of subsets of cancermodels. AZD6738
demonstrated significant antitumor growth control as monotherapy,
whereas tumor regressions can be achieved in combination with
carboplatin, irinotecan or olaparib. Moreover, we provide additional
insights into the optimal dose-schedules for tolerability and efficacy
each of the combinations.

AZD6738 monotherapy activity across in vitro cell line panels
show that not all cells are sensitive ATR inhibition, which was a
safety concern for targeting ATR, which is thought to be an
essential gene for cell survival (3). In fact, we observed a wide
range of responses with GI50’s from 10 nmol/L to >30 mmol/L
(inactive). The selective sensitivity of subsets of cell lines potentially
reveals patient selection opportunities if they can be associated with
specific molecular aberrations. While we were unable to identify a
single unifying gene aberration that explained sensitivity, we did
find significant enrichments (but not limited to) with CCNE1 copy
number, ARID1A, ATRX, and SETD2 mutations as well ATM
loss-of-function. Reassuringly, the links between ATM, ARID1A,
SETD2, and CCNE1 with ATRi sensitivity and/or replication stress
have been previously described (3, 8–11, 18, 43–45), although we
did not observe any association with BRCA1/2 mutations.
AZD6738 showed dose-dependent induction of DSB signaling
(pRAD50, pKAP1, pDNA-PK) and DNA damage markers
(gH2AX, pRPA) in vitro and in vivo. Our findings are broadly
consistent with data recently reported for a different ATRi BAY-
1895344 in preclinical models (Supplementary Fig. S3B; ref. 46)
and in phase I clinical study (47), suggesting these biomarker
inductions are ‘on-target’ common features of single agent ATR
inhibition. These observations suggest a codependency between
ATR inhibition and induction DSB pathways such as through
ATM. Analysis of cell line panels for sensitivity and any ATM
mutation did not reveal a significant correlation, but only when
functional assessments (ATM-deficient) were performed was the
association revealed. This supports the notion that some ATM
mutations, e.g., missense or monoallelic, are insufficient to confer
ATRi sensitivity. While out-of-scope for the work described here, it
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Figure 6.

AZD6738 combination with the PARP inhibitor olaparib efficacy using alternative dose schedules. A, HBCx-10 BRCA-mutant TNBC PDX efficacy when AZD6738 is
dosed 3 days-on/4 days-off in combinationwith low-dose olaparib either on a 5 days-on/2 days-off or continuous daily dosing backbone. B, HBCx-10 BRCA-mutant
TNBC PDXwhen AZD6738 is dosed on 3 days-on/4 days-off in combinationwith high-dose olaparib on a 5 days-on/2 days-off schedule. C,HBCx-9 BRCAWT TNBC
PDXmodel efficacy when low-dose AZD6738 is dosed twice daily in combination with high-dose olaparib on continuous daily schedule. Mean tumor volume� SEM
is shown. �� , P ≤ 0.01; ��� , P ≤ 0.001.
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could have important implications for selecting patients and suggest
care should be taken by only considering biallelic deleterious
mutations and/or ATM-null expression.

While we observe significant in vivo antitumor efficacy with
AZD6738 monotherapy the best responses are typically tumor con-
trol/stasis. In order to improve efficacy, ATRis could be used in
combination with DNA damaging agents such as carboplatin
or irinotecan. When used in these combinations lower doses
and durations of AZD6738 could be used that achieves significantly
better efficacy than monotherapies. However, a major challenge to
implement this successfully will be normal tissue toxicity. One strategy
to widen the therapeutic margin is identifying tumor-specific molec-
ular vulnerabilities that show enhanced sensitivities to combinations
such as ATM loss with cisplatin (25) or BRCA/ATM with ola-
parib (29, 30). Another, complementary approach described here is
to optimize the dose schedules and determine the minimum
target coverages required for efficacy while managing tolerability.
Targeting the right tumor genetics along with optimized dose–
sequence schedules will likely be key to clinical success for ATRi.

We find that AZD6738 is generally tolerated when dosed for
�3 days in combination with chemotherapy before a dosing holiday
needs to be introduced. The recovery time varied between agents used
and efficacy was highly dependent on the AZD6738 schedule. The
most efficacious schedule was to dose AZD6738 concurrently with
chemotherapy. For carboplatin it was also important to continue
AZD6738 dosing on the days after carboplatin to show tumor regres-
sions. In contrast, for irinotecan concurrent dosing over day 1 was
necessary and sufficient for tumor regressions. Dosing AZD6738
before chemotherapy did not confer benefit and confirmsATR activity
is only relevant following DNA damage. Together these data highlight
the importance of studies assessing the dose-sequence for each indi-
vidual chemotherapy partner, which may inform combination strat-
egies in the clinic.

Olaparib combinations also showed dose-schedule dependency
but was overall better tolerated allowing greater dose intensities
and responses. BRCA-mutant TNBC PDX models also conferred
enhanced sensitivity toward the combination, which is consistent with
previous reports in ovarian cancer models (29). In our studies we
compared different dose-schedules in both BRCA-mutant and WT
TNBC PDX models. Duration of dosing was a major determinant of
efficacy and by increasing AZD6738 doses from 3 to ≥5 days improved
responses. This was particularly apparent in BRCA WT HBCx-9
model where only longer durations of AZD6738 dosing achieved
tumor regressions. The ability of AZD6738 to inhibit BIR and HRR
pathways is intriguing and, for BIR, which primarily repairs collapsed
replication forks, could be expected but as far as we are aware this is the
first time this has been directly reported. Whether the level of HR

suppression we observed is sufficient to induce a “BRCAness” phe-
notype and contributes towards sensitivity to olaparib combination
remains to be elucidated.

Here we demonstrate the preclinical activity of AZD6738 as mono-
therapy and in combination with chemotherapy and olaparib while
providing insights into the dose-scheduling requirements. A large
number of clinical trials with AZD6738 and other ATRis are currently
underway.
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