
CLINICAL CANCER RESEARCH | CLINICAL TRIALS: TARGETED THERAPY

Ceralasertib (AZD6738), an Oral ATR Kinase Inhibitor, in
Combination with Carboplatin in Patients with Advanced
Solid Tumors: A Phase I Study
Timothy A. Yap1, Matthew G. Krebs2, Sophie Postel-Vinay3, Anthony El-Khouiery4, Jean-Charles Soria3,
Juanita Lopez1, Alienor Berges5, S.Y. Amy Cheung5, Itziar Irurzun-Arana5, Andrew Goldwin6,
Brunella Felicetti6, Gemma N. Jones7, Alan Lau8, Paul Frewer9, Andrew J. Pierce7, Glen Clack6,
Christine Stephens6, Simon A. Smith6, Emma Dean6, and Simon J. Hollingsworth10

ABSTRACT
◥

Purpose: This study reports the safety, tolerability, MTD, recom-
mended phase II dose (RP2D), pharmacokinetic/pharmacodynamic
profile, and preliminary antitumor activity of ceralasertib com-
bined with carboplatin in patients with advanced solid tumors. It
also examined exploratory predictive and pharmacodynamic
biomarkers.

Patients andMethods: Eligible patients (n¼ 36) received a fixed
dose of carboplatin (AUC5) with escalating doses of ceralasertib
(20 mg twice daily to 60 mg once daily) in 21-day cycles. Sequential
and concurrent combination dosing schedules were assessed.

Results:Two ceralasertibMTDdose schedules, 20mg twice daily
on days 4–13 and 40mg once daily on days 1–2, were tolerated with
carboplatin AUC5; the latter was declared the RP2D. The most
common treatment-emergent adverse events (Common Terminol-
ogy Criteria for Adverse Events grade ≥3) were anemia (39%),
thrombocytopenia (36%), and neutropenia (25%). Dose-limiting

toxicities of grade 4 thrombocytopenia (n¼ 2; including one grade 4
platelet count decreased) and a combination of grade 4 thrombo-
cytopenia and grade 3 neutropenia occurred in 3 patients.
Ceralasertib was quickly absorbed (tmax �1 hour), with a terminal
plasma half-life of 8–11 hours. Upregulation of pRAD50, indicative
of ataxia telangiectasia mutated (ATM) activation, was observed in
tumor biopsies during ceralasertib treatment. Two patients with
absent or low ATM or SLFN11 protein expression achieved con-
firmed RECIST v1.1 partial responses. Eighteen of 34 (53%)
response-evaluable patients had RECIST v1.1 stable disease.

Conclusions: The RP2D for ceralasertib plus carboplatin was
established as ceralasertib 40 mg once daily on days 1–2 adminis-
tered with carboplatin AUC5 every 3 weeks, with pharmacokinetic
and pharmacodynamic studies confirming pharmacodynamic
modulation and preliminary evidence of antitumor activity
observed.

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

kinase involved in DNA repair in response to DNA damage and
replication stress (1, 2). During normal replication, ATR is recruited to
stalled replication forks and causes cell-cycle arrest, thereby preventing
the formation of double-strand breaks (DSB) while DNA is
repaired (3). Inhibiting normal ATR function leads to increasing
accumulation of DSBs, particularly in genomically unstable tumor
cells with preexisting replication stress, resulting in further genomic
instability, mitotic catastrophe, and cell death. Targeting ATR is,
therefore, a relevant strategy for the development of novel anticancer
agents.

Ceralasertib (formerly AZD6738) is an oral potent selective inhibitor
ofATR (4, 5) in development as a novel antitumor agent in patients with
solid or hematologic malignancies. In nonclinical studies, ceralasertib
displayed synergistic activity when combined with cytotoxic treatments
such as chemotherapyornovelDNAdamage response (DDR) inhibitors
because of a dependence onATR in tumor cells, with a rise in replication
stress and genomic instability (6, 7). Putative predictive biomarkers of
ceralasertib include ataxia telangiectasia mutated (ATM), for which a
synthetic lethal interaction with ATR is thought to exist (8), while
phospho-RAD50 is a pharmacodynamic biomarker of ATR inhibi-
tion (9). Schlafen 11 (SLFN11) is a recently discovered biomarker that
blocks stressed replication forks independently from ATR and whose
loss of expression is associated with treatment resistance (10).
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Platinum agents, such as cisplatin and carboplatin, are cytotoxic
chemotherapies used to treat numerous cancers, including ovarian,
lung, cervix, and other solid tumors. Their full potential is, however,
limited by the development of drug resistance and cumulative toxic-
ity (11, 12). As such, there is an overarching need to develop novel
combination regimens that can increase the activity of platinum agents
while overcoming intrinsic or acquired resistance.

Preclinical evidence supporting synergy between platinum agents
and ceralasertib was shown in in vitro and in vivo patient-derived
xenograft (PDX) combination studies in nude mice, whereby orally
dosed ceralasertib showed dose-dependent synergistic potentiation of
platinum agents that led to enhanced tumor growth inhibition and
regression (ref. 7 and Supplementary Preclinical Data). In vitro,
combination cell killing with carboplatin was seen at 0.3 mmol/L
ceralasertib but not at 0.1 mmol/L. Greater cell killing with carbo-
platin was reached at 1 mmol/L ceralasertib, which is close to the
90% inhibitory concentration (IC90) for ATR inhibition in cells of
0.67 mmol/L (4).

Preclinical experiments that investigated distinct dosing schedules
guided the clinical schedule of carboplatin and ceralasertib dosing in
this clinical trial. For example, in a TP53-mutant triple-negative breast
cancer PDX murine model, 3 days of ceralasertib (at 25 mg/kg) with
carboplatin administered concurrently on day 1 of ceralasertib yielded
optimal tumor control (6). Schedules in which carboplatin was dosed
concurrently with ceralasertib on day 2 or 3 resulted in growth
inhibition rather than tumor control. In the rat, which is believed to
be a better model of bone marrow toxicity than the mouse, dosing of
ceralasertib directly after carboplatin was poorly tolerated. To preserve
efficacy while ensuring tolerability, it was necessary to introduce gaps
between carboplatin and the start of ceralasertib dosing, with a 3-day
gap predicted to be tolerable and efficacious in human trials (Supple-
mentary Preclinical Data).

We report here the first results from the phase I clinical trial,
which assessed the administration of oral ceralasertib in combi-
nation with carboplatin chemotherapy in patients with advanced
solid tumors. Data are presented on the clinical experience of this
rational combination, including the safety and tolerability, recom-
mended phase II dose (RP2D), pharmacokinetics (PK), pharma-
codynamics, and preliminary antitumor activity of ceralasertib and

carboplatin chemotherapy and predictive biomarkers of response
to this combination.

Patients and Methods
Study design and participants

The phase I study was a two-part, open-label, modular dose-
escalation and dose-expansion study (NCT02264678). To date, three
modules have enrolled patients, each comprising ceralasertib dose
escalation in a rolling-six design in combination with an anticancer
agent to determine an RP2D (part 1), as well as optional expansion
cohorts at the declared RP2D (part 2). The rolling-six design was
employed to improve the efficiency of recruiting into dose cohorts by
recruiting at least 3 and up to 6 per cohort to reduce the need for late
replacement of patients who became nonevaluable during the dose-
limiting toxicity (DLT) assessment period (13). We report here the
final results from module 1 (data cutoff April 10, 2018), which
evaluated ceralasertib in combination with carboplatin.

The trial was conducted in accordance with the Declaration of
Helsinki and the Guidelines for Good Clinical Practice. The trial
protocol and the final version of the Informed Consent Form, and
any other written information provided to trial participants, were
approved by an ethics committee or an Institutional Review Board
depending upon the country location of the study center. This trial was
registered in ClinicalTrials.gov with the identifier NCT02264678 and
EudraCT number 2014-002233-66.

Eligible patients were ≥18 years old with histologic or cytologic
confirmation of advanced malignancy considered suitable for study
treatment and an Eastern Cooperative Oncology Group (ECOG)
performance status of 0 or 1. Key exclusion criteria included a
diagnosis of ataxia telangiectasia, any unresolved toxicities from prior
therapy, and recent treatment with cytotoxic, corticosteroid, or any
investigational medicinal product. Full eligibility criteria are listed in
Supplementary Table S1.

Procedures
Patients received ceralasertib as oral tablets on various explored

doses and schedules in combination with carboplatin administered
intravenously at a fixed AUC5 dose on day 1 of each 21-day cycle. The
ceralasertib starting dose and schedule, selected on the basis of
preclinical modeling, was 20 mg twice daily. Patients received a single
dose (cycle 0 day 1), then twice daily dosing for up to 5 days before
beginning cycle 1 treatment for pharmacokinetic assessment of cer-
alasertibmonotherapy. For the starting dose and schedule, carboplatin
AUC5 was administered on cycle 1 day 1, with ceralasertib re-
introduced in cohort 1 at 20 mg twice daily on days 4–20 in 21-day
cycles. Patients received combination treatment until disease progres-
sion, unacceptable toxicity, withdrawal of consent, or completion of up
to six cycles of chemotherapy, at which point ceralasertib was also
stopped. The dose of ceralasertib in subsequent cohorts was based on
emerging safety and pharmacokinetic data, the daily dose, and the
number of days that dosing was escalated or de-escalated accordingly.
The MTD was defined as the highest dose at which ≤1 in 6 evaluable
patients experienced a DLT (Supplementary Table S2). Dose inter-
ruptions or reductions were permitted for patients experiencing
clinically significant toxicity. Tumor response was assessed by CT or
MRI at baseline and during the combination phase every 6 weeks until
disease progression. Venous blood for ceralasertib pharmacokinetic
and pharmacodynamicmeasurements was collected during cycle 0 (on
day 1 after a single dose and day 6 after repeat dosing) and the
combination phase at cycle 1 (on the first and last dosing days of

Translational Relevance

Carboplatin is a cytotoxic chemotherapy for treating patients
with solid cancers, including those of the ovary, lung, and cervix. Its
utility, as with other platinum agents, is limited by its cumulative
toxicity and the fact that most patients eventually develop resis-
tance. There is a need, therefore, to develop chemotherapy com-
binations, which increase efficacy and help defer or overcome
resistance. Ceralasertib is a potent and selective orally available
inhibitor of ataxia telangiectasia and Rad3-related kinase that is
apical in the cellular response to DNA damage, especially repli-
cation stress. Preclinical efficacy studies have shown that addition
of ceralasertib to carboplatin enhances the antitumor activity of
carboplatin in vitro and in vivo. Here, we report the results of a
multicenter phase I study of ceralasertib plus carboplatin in
patients with advanced solid cancers, providing a recommended
phase II dose, pharmacokinetic profile, preliminary evidence of
antitumor activity, and an exploratory assessment of novel pre-
dictive and pharmacodynamic biomarkers.
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ceralasertib in cycle 1). Optional tumor biopsies for biomarker anal-
yses were collected from patients with accessible tumors during cycle 0
at any time between days 2 and 6 and up to 24 hours after the last dose
of ceralasertib in that cycle.

IHC
All IHC used 4- to 5-mm-thick sections of formalin-fixed paraffin-

embedded clinical tissues. ATM IHC was performed as described in
Villaruz and colleagues (14). pRAD50 IHCwas performed as described
in Jones and colleagues (9). SLFN11 IHC was performed using a Leica
Bond RX staining platform, the steps of which included dewaxing,
pH9 antigen retrieval (ER2) for 25 minutes, protein blocking with
SignalStain (Cell Signaling Technology), staining with 2.5 mg/mL
anti-SLFN11 ab121731 antibody (Abcam), detection using the
Polymer Refine Detection Kit (Leica), and counterstaining with hema-
toxylin (Leica). Appropriate control tissues and matched isotype con-
trolswere used during each staining run. Slideswere digitalized using an
Aperio AT2 scanner and pathology H-scores generated. H-scores are a
product of the intensity of expression (0–3þ) and percentage of cells
stained. ForATMandSLFN11,which areboth expressed in thenucleus,
internal tissue control staining (e.g., lymphocytes) must be of 2þ or
higher intensity for the sample to be deemed evaluable. A single
pathologist performed the scoring at 20�magnification and the entire
sample was assessed.

Outcomes
The primary objective was to assess the safety and tolerability of

ceralasertib in combination with carboplatin and to establish an
MTD and recommend a suitable phase II dose by continual
monitoring of adverse events [AE; according to Common Termi-
nology Criteria for Adverse Events (CTCAE) v4.03], laboratory
data, vital signs, and ECG parameters. Secondary objectives includ-
ed an assessment of preliminary antitumor activity by tumor
response according to RECIST v1.1 and pharmacokinetic and
pharmacodynamic parameters. Pharmacokinetic measurements
included area under the plasma concentration–time curve (AUC),
maximum concentration (Cmax), time to maximum concentration
(tmax), and terminal half-life (t1/2). Exploratory endpoints to deter-
mine the clinical or biological activity of ceralasertib alone or in
combination with carboplatin included analysis of ATM and
SLFN11 (8, 15) in tumors by IHC as potential predictors of
response, as well as pRAD50 induction as a pharmacodynamic
biomarker of ATR inhibition (9).

Statistical analysis
Data are presented descriptively by cohort; no formal statistical

analysis was conducted. To determine an MTD for ceralasertib,
cohorts of 3–6 evaluable patients were required. The safety set
comprised all patients who received ≥1 dose of ceralasertib, and the
evaluable-for-response set comprised all dosed patients with mea-
surable disease at baseline. The pharmacokinetic set comprised all
dosed patients with reportable ceralasertib plasma concentrations
and no important AEs or protocol deviations that could impact
pharmacokinetics. The pharmacodynamic set encompassed all
patients who provided biological samples.

Data-sharing statement
Data underlying the findings described in this article may be

obtained in accordance with AstraZeneca’s data-sharing policy
described at: https://astrazenecagrouptrials.pharmacm.com/ST/
Submission/Disclosure.

Results
Patient characteristics

Thirty-six patients were enrolled betweenOctober 2014 andAugust
2016 at four study centers in three countries (UnitedKingdom, France,
and United States). All patients received ceralasertib, and 35 patients
also received carboplatin chemotherapy; 1 patient in cohort 2 dis-
continued from the study before the first carboplatin dose. Median
patient agewas 63 years, and themost commonprimary tumor site was
colorectal (25% of patients). The majority of patients had received
prior chemotherapy (89%); the median number of prior regimens was
4. Patient demographics and baseline disease characteristics are shown
in Table 1. Eleven patients completed the planned number of cycles of
carboplatin and therefore stopped all study treatment (chemotherapy
and ceralasertib). The remaining 25 patients discontinued treatment
because of disease progression (n ¼ 19, 53%) or an AE (n ¼ 5, 14%),
and 1 patient with EGFR-mutantmixed cell–type lung cancer switched
to an alternative (EGFR inhibitor) cancer therapy of their choice after
cycle 2 because of insufficient response (in the absence of radiologic or
clinical progression). AEs leading to discontinuation included grade 3
cerebral venous thrombosis (cohort 2) and grade 2 lower respiratory
tract infection (cohort 2), which were believed unrelated to study
treatment; grade 3 platelet count decreased (cohort 7); and two cases of
grade 4 thrombocytopenia (cohorts 4 and 5), each of which was at least
possibly related to carboplatin or ceralasertib. One patient, who was
diagnosed with squamous cancer of the cervix and discontinued
treatment because of recurrent grade 4 thrombocytopenia, died within

Table 1. Patient demographics and baseline disease
characteristics (safety analysis set).

Total
(N ¼ 36)

Median age, years (range) 63 (34–83)
Gender, n (%)

Female 21 (58)
Male 15 (42)

Median number of prior chemotherapy regimens (range) 4 (1–≥6)a

Previous treatment
Immunotherapy 4 (11)
Hormonal therapy 2 (6)
Chemotherapy 32 (89)
Systemic therapyb 7 (19)
Other 11 (31)
Radiotherapy 20 (56)

ECOG performance status,c n (%)
0 18 (50)
1 18 (50)

Primary tumor site, n (%)
Colorectald 9 (25)
Ovary 7 (19)
Lung 6 (17)
Cervix 4 (11)
Mesothelioma 3 (8)
Prostate 2 (6)
Othere 5 (14)

aThree patients unknown in total: 1 in cohort 2 and 2 in cohort 7.
bIncludes chemotherapy, anti-VEGF inhibitors, targeted antibodies, and inves-
tigational agents.
c0, fully active; 1, restricted in physically strenuous activity.
dIncludes colon, colorectal, colorectal carcinoma, rectal, and sigmoid.
eOther: esophagus, pancreas, parotid gland, small bowel, stomach.
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the 30-day follow-up period from disease progression. Patient dispo-
sition is summarized in Supplementary Table S3.

Safety and tolerability
Ceralasertib and carboplatin were investigated across seven dose

cohorts (Fig. 1; Supplementary Table S4). All 36 patients experienced
≥1 treatment-emergent AE (TEAE; Table 2), most commonly anemia
and thrombocytopenia (each n ¼ 25 patients, 69.4%), nausea (21,
58%), fatigue (17, 47%), and neutropenia (13, 36%). TEAEs of grade≥3
were observed in 27 (75%) patients, most commonly anemia
(14 patients, 39%), thrombocytopenia (13, 36%), and neutropenia
(9, 25%).

No clinically significant findings were observed in any clinical
chemistry laboratory variables, vital signs or ECG parameters, and
no AEs with a fatal outcome were reported. TEAEs, as determined by
the investigator, are shown in Supplementary Table S5.Overallmedian
(range) total treatment duration for ceralasertib was 2.6 (0.13–5.0)
months. Altogether, 11 (31%) patients had treatment interruptions, 9
(25%) had dose reductions, and 17 (47%) had dose modifications in
cycle 1 and beyond.

In cohort 1 (N ¼ 2), ceralasertib was dosed at 20 mg twice daily on
days 4–20. The 3-day gap between carboplatin and ceralasertib was
prospectively scheduled to ameliorate the expected hematologic toxi-
cities predicted from preclinical modeling studies. Both patients
experienced grade 1–2 fatigue in cycle 1; one required an interruption
in cycle 1 dosing of ceralasertib on day 19 because of grade 3
thrombocytopenia, delaying the start of cycle 2 by 7 days (Supple-

mentary Table S4). The second patient could not start cycle 2 at the
scheduled time because of grade 1 thrombocytopenia, grade 2 anemia,
and grade 2 fatigue; clinical suspicion of disease progression triggered
an early CT scan, which confirmed disease progression. Cohort 1 was
declared intolerable based on the toxicities observed in the first 2
patients, and the number of days of ceralasertib dosing was reduced
from17 to 10 in cohort 2. Therewere noDLTs in 7 evaluable patients in
cohort 2, but 1 patient required a dose reduction to 7 days’ dosing in
cycle 2 and subsequently to 4 days in cycle 3 because of grade 2
thrombocytopenia. Cohort 2 was declared tolerated according to the
protocol definition. In cohort 3, the daily dose of ceralasertib was
escalated to 40mg twice daily for 10 days, and 3 patientswere recruited.
All 3 patients required a reduction to 7 days’ dosing (2 patients in cycle
2, 1 in cycle 4) because of grade 2, 3, and 4 thrombocytopenia. While
there were no DLTs, cohort 3 was declared intolerable because of the
required reduction in the number of dosing days. In cohort 4,
ceralasertib was dosed at 40 mg twice daily for 7 days to mirror the
dose reductions in cohort 3. There was a DLT of grade 4 thrombo-
cytopenia and grade 3 neutropenia (in the same patient) among 3
patients dosed. All 3 patients required delays to cycle 2 and beyond
because of grade 3–4 thrombocytopenia, and all had their dose reduced
to 20 mg twice daily ceralasertib for 7 days plus carboplatin AUC4;
cohort 4 was therefore declared intolerable. In cohort 5, ceralasertib
dose was reduced to 60 mg once daily for 7 days; 8 patients were
recruited, but only 6 were evaluable for DLTs because of missed doses
in cycle 1 (due to non-drug–related toxicity, n¼ 1) and cycle 0 (due to
dosing error, n ¼ 1). Of these 6 patients, one DLT of grade 4

Module 1 Carboplatin dose

Cohort 1 20 mg BID
17 days + carboplatin

Cohort 2 20 mg BID
10 days + carboplatin

Cohort 3 40 mg BID
10 days + carboplatin

Cohort 4 40 mg BID
7 days + carboplatin

Cohort 5 60 mg QD
7 days + carboplatin

Cohort 6 60 mg QD
3 days + carboplatin

Cohort 7 40 mg QD
2 days + carboplatin

Ceralasertib dose No dose

17 days

10 days

10 days

7 days

7 days

3 days

2 days

Figure 1.

Dose cohorts. BID, twice daily; QD, once daily.
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thrombocytopenia was observed. Of the 8 patients dosed in cohort 5, 5
required dose delays after cycle 1 and 4 had dose reductions. Overall,
the safety review committee deemed that cohort 5 was not tolerated
because of these chronic toxicities requiring dose delays and
reductions.

The mounting evidence for intolerability of the tested sequential
schedules led to a change of clinical trial strategy from cohort 6 to
concurrent dosing of ceralasertib (60 mg once daily) with carboplatin
given on day 1, with further doses of ceralasertib on days 2–3 (allowing
more time for bone marrow recovery) and removal of cycle 0 dosing,
aside from a single dose for pharmacokinetic sampling on day �7.
Seven patients were recruited in cohort 6 and there were no DLTs, but
the regimen was not tolerated beyond cycle 1, with dose delays and
reductions due to a mixture of grade 2–3 neutropenia and grade 2–4
thrombocytopenia. In cohort 7, ceralasertib was reduced to 40mg once
daily for days 1–2, and 6 patients were recruited. Of these 6, only one
DLT of grade 4 platelet count decreased resulted. Overall, this cohort
required fewer dose delays, and only 1 patient needed a dose reduction
(to 1-day dosing at 40mg once daily and carboplatin AUC4 because of
grade 4 platelet count decreased and grade 3 neutropenia). Cohort 7
was declared safe and well tolerated and established as the MTD and
schedule.

Antitumor activity
Thirty-four patients were included in the evaluable-for-response

set; 2 were excluded as they had no measurable target lesions at
baseline. Overall, 2 patients (both in cohort 6) had confirmed RECIST
v1.1 partial responses (PR), and a further 2 (1 in cohort 3, another in
cohort 7) had unconfirmed RECIST v1.1 PRs. Eighteen of 34 (53%)
patients had a best RECIST v1.1 response of stable disease (SD) for
≥35 days (including the two unconfirmed PRs), and 12 (35%) had a
best response of progressive disease (PD). Two patients had no follow-
up assessments after baseline. The maximum percentage reduction in
sum of target lesions for all patients is shown in Fig. 2.

Of the 2 patients with confirmed RECIST v1.1 PRs from cohort 6, 1
achieved a PR of 55% reduction in the sum of her target lesions and a
duration of response of 125 days. This patient had stage IV metastatic
squamous cell carcinoma of the cervix with recurrent disease in her
lymph nodes. Prior anticancer therapy comprised chemoradiotherapy
with four cycles of carboplatin, paclitaxel, and cediranib or placebo
administered in a blinded clinical trial approximately 4 years prior to
starting this study. The patient achieved a PR to the prior therapy, and
disease progression was observed 5 months before commencing study
treatment. The second confirmed response was in a patient with stage
IIIB colorectal cancer. This patient had received oxaliplatin-based
adjuvant chemotherapy approximately 7 years prior to commencing
study treatment and six lines of chemotherapy in themetastatic setting.
Treatment in the metastatic setting included 5-fluorouracil, bevaci-
zumab, irinotecan, and oxaliplatin-based regimens, with SD as the best
response to the most recent oxaliplatin-containing regimen. Study
treatment commenced 1 month after completing the sixth line of
chemotherapy. A 48% reduction in the sum of target lesions was
observed that was maintained for 96 days, with progression as a result
of new lesions in the liver, adrenal gland, and bone.

The patient in cohort 3 with an unconfirmed PR completed four
cycles of study treatment and achieved a 35% tumor reduction. There
was disease progression at the follow-up scan. This patient was
diagnosed with locally advanced lung adenocarcinoma and had
received four prior lines of chemotherapy, including cisplatin and
pemetrexed, erlotinib, docetaxel, andAZD5363 (novelAKT inhibitor).
The response to the most recent therapy (AZD5363) was SD, with a

best response of PD to the three preceding lines. The second patient
with an unconfirmed response had poorly differentiated clear cell
ovarian cancer with metastasis to the spleen. Two cycles of combi-
nation treatment resulted in a 43% tumor reduction, and the patient
discontinued study therapy for surgery.

Pharmacokinetic assessments
Ceralasertib was quickly absorbed when administered as a single

dose (median tmax 1.00–1.03 hours) and in combination (1.05–1.07
hours; Supplementary Table S6). Plasma concentrations declined in a
generally biphasic manner after reachingCmax, with amean half-life of
8.14–10.57 hours when administered alone and 5.14–7.22 hours in
combination. No notable difference in between-patient variability was
observed when ceralasertib was administered concurrently with car-
boplatin compared with ceralasertib alone, which is expected given the
different routes of metabolism. Overlaying the plasma concentration
profiles of ceralasertib with the IC90 for ATR enzyme (4) revealed that
ceralasertib exposure only briefly reached IC90 at the RP2D of 40 mg
once daily (Fig. 3; Supplementary Fig. S1).

We compared the exposure of ceralasertib at the RP2D in combi-
nation with carboplatin with the exposure achieved by berzosertib
(M6620, VX-970, Merck KGaA), an intravenously administered ATR
inhibitor, in combination with carboplatin using their respective
concentrations for 50% growth inhibition (GI50) for the LoVo cell
line (0.44 and 0.09 mmol/L, respectively) as an indication of potency. A
total of 1,000 simulations at single-dose 90 mg/m2 berzosertib were
performed with a recently published population pharmacokinetic
model (16) and superimposed onto the plasma concentration profile
for a single dose of 40 mg ceralasertib (Supplementary Fig. S2). For
consistent comparison, each pharmacokinetic profile was normalized
by molecular weight, unbound fraction, and growth inhibition thresh-
old (GI50). The graphical comparison showed that ceralasertib
achieves favorable cover over the GI50 compared with berzosertib at
the RP2D.

Pharmacodynamic biomarker analysis
Induction of pRAD50 following ATR inhibition may occur as a

result of ATM pathway induction (9). In the analysis of paired tumor
biopsies (n ¼ 5 collected; n ¼ 4 evaluable) obtained in this trial, all
biopsies were positive for ATM protein expression by IHC. There was
variable expression of pRAD50 at baseline, with H-scores ranging
from 20 to 90 (Fig. 4A). However, clear increases in pRAD50
expression were observed following treatment with ceralasertib in all
four biopsy pairs assessed, indicative of ATR target and pathway
engagement. The largest increase in pRAD50 expression was observed
in 2 patients with relatively low baseline levels of ATM (20% and 13%)
treated in cohort 7, for whom pRAD50 expression increased by 400%
(H-scores of 20–80) and 220% (H-scores of 50–110), respectively,
although the latter was after combination treatment. Three of the four
biopsies were taken from patients who had PD as best response, with
the fourth from a patient who completed four cycles of combination
treatment and had PD approximately 6 months later.

Predictive biomarker analysis
Archival tumor samples were available for 25 patients, as well as

paired fresh biopsies from 4 patients dosed in cohorts 1 and 3 and 2 in
cohort 7. This study did not include provisions for DNA sequencing of
tumor DNA. Analysis of the archival samples by IHC revealed that 21
(95%) of 22 evaluable tumors had ATM expression, while SLFN11
showed a bimodal distribution, with 8 (53%) of 15 evaluable tumors
displaying SLFN11 expression (Fig. 4B). There was no apparent
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correlation between ATM and SLFN11 expression, although the
numbers were too small to draw conclusions. When ATM was
correlated with antitumor response (Fig. 4C), it was notable that the
2 patients who had confirmed RECIST v1.1 PRs had among the lowest
ATM-expressing tumors, with one having zero detectable nuclear
expression. No formal statistical analysis has been conducted given the
small sample sizes. For SLFN11, data were available from 14 (41%)
patients evaluable for response, including only one of the confirmed
responders (Fig. 4D); this patient had an absence of nuclear SLFN11
expression [although they had low (�20%) nuclear expression of
ATM].

Discussion
This phase I dose-escalation study in patients with advanced solid

tumors determined the safety, tolerability, MTD, RP2D, pharmaco-
kinetics, pharmacodynamics, and preliminary antitumor activity of
the ATR inhibitor, ceralasertib, in combination with carboplatin.

While the ceralasertib and carboplatin combination had few
protocol-defined DLTs, dose interruptions were needed between
cycles at higher ceralasertib exposures to allow bone marrow recovery.
Drug-related toxicities, including those of grade ≥3, were consistent
with the known safety profiles of single-agent ceralasertib (17) and
carboplatin. Synergistic hematologic toxicity was anticipated, espe-
cially thrombocytopenia, which did not recover to grade 1 or better by
the end of the 21-day cycle, limiting the administration of carboplatin
and ceralasertib to the desired schedule. Neutropenia was noticeably
more common (together with thrombocytopenia) in cohorts 6 and 7
when ceralasertib was dosed with carboplatin. An RP2D of 40 mg
ceralasertib once daily on days 1 and 2with carboplatinAUC5 on day 1
was established. However, continuation of the combination into an

expansion cohort was not supported because of the low doses of
ceralasertib achieved in this combination and a strategic decision to
focus development on non-chemotherapy combinations. Notably,
patients received a median of four lines of chemotherapy before study
entry, whichmay have compromised bonemarrow reserve. Additional
clinical exploration of ceralasertib combined with less aggressive
platinum administration in a platinum-experienced patient popula-
tion, for example, carboplatin AUC4 versus AUC5 and/or a 28-day
versus 21-day administration cycle to reduce bonemarrow toxicity and
support post-dosing bone marrow recovery, could be considered in
future studies, although such a strategy may be suboptimal in
compromising the chemotherapy backbone.

Preclinical efficacy studies of ATR inhibitors in combination with
DNA-damaging chemotherapy, including ceralasertib with carbopla-
tin, showed synergistic efficacy by scheduling the dosing of both drugs
either concurrently with or sequentially after chemotherapy (6). Fur-
thermore, the number of days that ceralasertib was dosed after
carboplatin also influenced the degree of antitumor efficacy, with
2 days inducing tumor control and 3 days driving tumor regression in a
triple-negative breast cancer PDXmodel (6). Similar conclusions were
reached with the intravenously administered ATR inhibitor, berzo-
sertib (M6620, VX-970;Merck KGaA). Berzosertib was efficacious as a
single dose delivered 12–24 hours after chemotherapy and reportedly
did not affect the tolerability of the chemotherapy (18). The challenge
with oral ceralasertib was delivering a sufficient dose, sustained for
several days, without causing intolerable toxicity. Preclinical data
suggested that dosing of ceralasertib to reach the IC90 for ATR
inhibition on 3 consecutive days was needed to drive efficacy, but
this was associated with weight losses in mice during the dosing
interval that were regained during the “off period.” Experiments in
rats, which may be a more appropriate tolerability model for cytotoxic
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Figure 2.

Waterfall plot of response-evaluable patients showing best percentage change from baseline. Tumor type and percentage nuclear staining of ATM and SLFN11 are
shown in the table. Meso, mesothelioma; N/D, no data available; sm, small.
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agents, suggested that a gap of 3 days between carboplatin and the
onset of ceralasertib dosing was required for improved tolerability.
This drove the clinical investigation of the initially tested sequential
schedule in this study, with two clear “ceralasertib-free” days between
carboplatin and ceralasertib followed by a prolonged (17-day) period
of continuous ceralasertib dosing tomaximize efficacy. The number of
ceralasertib dosing days was reduced from 17 to 7 to improve
tolerability (cohort 2), and the daily dose was escalated (cohort 3) to
achieve higher ceralasertib exposure. At ceralasertib 40 mg twice daily
(cohorts 3 and 4) and 60 mg once daily (cohort 5), coverage over the
IC90 was reached with multiple dosing (≥6 hours), with evidence of

ATR inhibition in cohorts 1 and 4 (from on-treatment biopsies). The
limited tolerability of this sequential schedule, demonstrated by the
need for repeated delays to successive treatment cycles, and the short
duration of coverage over the IC90 precluded its further investigation.

The strategy of concurrently administering ceralasertib and carbo-
platin evolved significantly over the course of this study in response to
emerging clinical findings. Limited-duration concurrent dosing of
ceralasertib with carboplatin produced better tolerability than sequen-
tial schedules of overall longer-duration ceralasertib exposure. Prom-
isingly, we observed two confirmed RECIST v1.1 responses in cohort 6
(with 3-day dosing at 60 mg once daily) and an unconfirmed RECIST
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v1.1 response in cohort 7 (2-day dosing with 40 mg once daily) using
this concurrent dosing strategy. Interestingly, there was anecdotal
evidence of pharmacodynamic ATR modulation in tumor biopsies
from a patient treated in cohort 7 (demonstrated by an increase in
pRAD50 in paired tumor biopsies), suggesting ATR inhibition at this
dose level.

In the recently published phase I trial of berzosertib in combination
with carboplatin, there were similar challenges associated with sched-
ule-limiting hematologic toxicities, leading to dose delays and reduc-
tions (19). Berzosertib was dosed on days 1 and 8 every 21 days, with
carboplatin AUC5 on day 1. The starting dose (240 mg/m2) of
berzosertib was half the recommended monotherapy dose, but this
was not tolerated because of grade 3/4 neutropenia in all 3 patients and
the dose of berzosertib was subsequently reduced to 90 mg/m2, which
was tolerated. More recently, berzosertib was combined with topote-
can in small cell lung cancer at a dose of 210mg/m2 berzosertib on days
2 and 5 with topotecan given on days 1–5 in a 21-day cycle, with
evidence of clinical activity beyond that expected by topotecan
alone (20). A comparison of the ceralasertib RP2D achieved with
carboplatin with the berzosertib RP2Ds in combination with carbo-
platin and topotecan demonstrate that we achieved at least as good
target inhibition with ceralasertib in combination with carboplatin as
that obtained with berzosertib with either of carboplatin or topotecan
(Supplementary Fig. S2). This analysis suggests that while the dose of
ceralasertib in combination with carboplatin was relatively low com-
pared with doses achieved with ceralasertib monotherapy, it is com-
parable with berzosertib doses and is meaningful to take into future
phase II studies.

Other potential strategies to improve the tolerability of ceralasertib
in combination with chemotherapy may be to lengthen the treatment
cycle and to consider the choice of cisplatin over carboplatin. Studies of
ceralasertib in monotherapy and combination with olaparib (PARP
inhibitor) and durvalumab (anti-PD-L1 antibody) all required an
intermittent dosing schedule with a treatment break of at least 14 days
with every 28-day cycle for optimal bone marrow recovery (17, 21). In
this study, we were reluctant to extend the cycle length from 21 to
28 days, as 21 days is the standard of care for carboplatin andwedid not
want to compromise the efficacy of the approved chemotherapy.
Nevertheless, as most treatment delays lasted 7 days, extending the
cycle length may have resulted in improved tolerability and may
potentially be acceptable in a platinum-experienced patient popula-
tion. The choice of platinum agent may also influence the outcome as
cisplatin has a lower risk of myelosuppression, albeit with higher rates
of nausea, vomiting, and nephrotoxicity (22). Ceralasertib has also
been combined with the approved weekly dose of paclitaxel with
acceptable tolerability at the monotherapy RP2D of ceralasertib (23).

Notably, our experience with ceralasertib is similar to that with
olaparib, a PARP inhibitor, in combination with platinum, with which
hematologic toxicity was also observed. Here, tolerable combination
dose schedules were achieved by starting at lower doses of carboplatin
(AUC3 or AUC4) and limiting the number of dosing days or dose of
olaparib compared with the monotherapy dose and schedule (24, 25).
Our study also highlights the potential challenges of combining
platinum-based chemotherapy with other DDR inhibitors that have
related but distinctmechanisms of action, such as CHK1 andDNA-PK
inhibitors. Synergistic toxicity and efficacy should be expected and
consideration of how to schedule the DDR agent to manage toxicity
built into phase I studies to deliver optimal schedules for novel DDR–
chemotherapy combinations.

This phase I trial also provided evidence of preliminary antitumor
activity of the combination of ceralasertib and carboplatin in this

population of patients with advanced tumors, with two confirmed and
two unconfirmed RECIST v1.1 responses observed. Interestingly, both
patients with confirmed RECIST v1.1 responses had low or absent
ATM nuclear staining in their tumors, suggesting that the responses
may be driven by a synthetic lethal interaction betweenATR andATM.
Furthermore, one of these tumors also had low expression of SLFN11, a
recently discovered biomarker that blocks stressed replication forks
independently from ATR and whose loss of expression is associated
with treatment resistance to DNA-damaging chemotherapy, DNA
synthesis inhibitors, and PARP inhibitors (10). This tumor occurred in
a patient with cervical cancer who had a response to prior platinum
therapy approximately 4 years earlier. While this study found no
definitive association between ATM and SLFN11 expression and
antitumor response to the combination of ceralasertib and carboplatin
in our limited series of patients tested, data from this study and
others (19) support the further investigation of ATM defects and
SLFN11 expression (10) as putative predictive biomarkers of response
to ATR inhibitor–based therapies. This study explored ATM expres-
sion by IHC but a separate study (NCT04564027) of ceralasertib
monotherapy is investigating ATM as a selection biomarker that
includes investigation of ATM gene mutation and protein expression
to determine which has greatest utility.

Although the combination of ceralasertib and carboplatin was
not further investigated in expansion cohorts, the study provided
the first insights into the toxicity, pharmacokinetic, and pharma-
codynamic profiles for the combination, highlighted the challenges
in combining an oral ATR inhibitor with DNA-damaging chemo-
therapy, and suggested a possible route to a tolerable dose/schedule
combination.
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