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ABSTRACT
◥

Purpose: Ceralasertib is a potent and selective oral inhibitor of
the serine/threonine protein kinase ataxia telangiectasia and Rad3-
related (ATR) protein.

Patients and Methods: Eligible patients with solid tumors,
enriched for melanoma, received ceralasertib in combination with
a fixed dose of paclitaxel (80 mg/m2 on D1, D8, D15) in 28-day
cycles. The dose of ceralasertib was escalated to reach an MTD in a
rolling 6 design. The starting dose of ceralasertib was 40 mg QD.
Fifty-seven patients (33 patients with melanoma who failed prior
PD1/L1 treatment) were enrolled in 7 dose cohorts ranging from
40 mg QD to 240 mg BD plus weekly paclitaxel.

Results: The RP2D was established as ceralasertib 240 mg BD
days 1–14 plus paclitaxel 80 mg/m2 on D1, D8, D15 every 28 days.
The most common toxicities were neutropenia (n ¼ 39, 68%),

anemia (n ¼ 25, 44%), and thrombocytopenia (n ¼ 21, 37%).
In the full analysis set of 57 patients, the overall response rate
(ORR) was 22.6% (95% CI, 12.5–35.3). In 33 patients with
melanoma, resistant to prior anti-PD1 therapy, the ORR was
33.3% (95% CI, 18.0–51.8). In the melanoma subset, the mPFS
was 3.6 months (95% CI, 2.0–5.8), the median duration of
response was 9.9 months (95% CI, 3.7–23.2), and the mOS was
7.4 months (95% CI, 5.7–11.9).

Conclusions: Ceralasertib in combination with paclitaxel was
well tolerated in patients with advanced malignancies and showed
evidence of antitumor activity. Durable responses were observed in
patients with advanced cutaneous, acral, and mucosal melanoma
resistant to anti-PD1/L1 treatment.

See related commentary by Ashworth, p. 4667

Introduction
Ataxia telangiectasia–mutated (ATM) and ataxia telangiectasia and

Rad3-related protein kinase (ATR) are essential components of the
cellular DNA damage response (DDR) in human cells (1). ATM is
involved in the response to DNA double-stranded breaks (DSB), and
ATR is activated by replication stress resulting in single-strandedDNA
breaks. In tumor cells, the expression of oncoproteins, such as mutant
RAS isoforms, the Myc family of oncoproteins, and overexpression of
Cyclin E, disrupt normal cell-cycle regulation and cause replication

stress (2). Previous studies have shown that inhibition of ATR is
selectively toxic to tumor cells, with high levels of oncogene-induced
replication stress (3–6). Hence, these studies provide support for the
development of ATR inhibitors as a therapy in patients with cancer.

Ceralasertib is a potent, selective oral inhibitor of the serine/
threonine-specific protein kinase ATR, with goodmargin of selectivity
against PI3Ks and other phosphatidylinositol 3-kinase–related kinase
family members, including mTOR, ATM, and DNA-PK (7, 8). Kinase
biochemical and cell assay screening data showed excellent selectivity for
ATR over 400 other kinases; the nearest hit was mTOR with a GI50 of
5.7mmol/L basedonp70S6K (detectionof pSer235/236) inMDAMB-468
cells (8), and thus is not relevant at maximum clinical doses. Ceralasertib
inhibits ATR and suppresses the replication stress response induced by
DNA damage in the S-phase of the cell cycle in tumor cells. Preclinical
studies with ceralasertib have demonstrated antitumor activity in com-
bination with DNA-damaging anticancer therapies, and clinical studies
testing these hypotheses are ongoing (9). Paclitaxel, an antimicrotubule
agent, is a widely used chemotherapeutic that is a standard of care in
several cancer types, including gastric cancer, lung cancer, breast cancer,
sarcoma, and ovarian cancer (10–15). Paclitaxel disrupts microtubules,
which causes chromosome mis-segregation and thus prevents mitosis in
M-phase of the cell cycle (16–18). Although paclitaxel does not directly
damage DNA, a replication-independent role for ATR has recently been
described in preventing chromosomal mis-segregation in M-phase (19).
An additive effect of weekly paclitaxel and ceralasertib has been shown in
an in vitro synergy panel, including in a subset of gastric cancer cell lines
(4 of 14 cell lines) aswell as in in vivomodels of breast cancer cell lines 4T1
and BT-474 (unpublished data). Another rationale for combination
treatment is that compromised Aurora B activation by ATR inhibition
mayweaken the spindle assembly checkpoint and promotemicronuclea-
tion along with that already induced by taxane (19).
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The purpose of this open-label, phase I study (ClinicalTrial.gov
identifier: NCT02630199) was to evaluate the safety, tolerability,
pharmacodynamics, and preliminary efficacy of ceralasertib in com-
bination with paclitaxel in patients with advanced solid tumors. The
original goal of achieving the RP2D was to test the efficacy of the
combination in gastric cancer in the umbrella VIKTORY trial (20), but
the development plan was amended to include patients withmetastatic
melanoma who failed prior immunotherapy."

Patients and Methods
Study design and treatments

This trial was a single-center, open-label, non-randomized phase I
study at the Samsung Medical Center (Seoul, Korea), recruiting
patients between February 2016 and July 2019. The data cutoff for
this publicationwasAugust 29, 2020. Patientswere enrolled in a rolling
6 dose-escalation design, with subsequent cohort escalation or expan-
sion up to an additional 12 patients per cohort based on review of the
safety data and dose-limiting toxicities (DLT) during the first cycle of
treatment. The trial was conducted in accordance with the Declaration
of Helsinki and the Guidelines for Good Clinical Practice. The trial
protocol was approved by the Institutional Review Board of Samsung
Medical Center (Seoul, Korea), and all patients provided written
informed consent before enrollment.

Ceralasertib was administered for between 7 and 21 days beginning
on day 1 of cycle 1 in combination with a fixed dose of paclitaxel
(80 mg/m2) on days 1, 8, and 15 of every 28-day treatment cycle. In
addition, this was preceded by 5 days in cycle 0 in which ceralasertib
was dosed once on day 1 with intensive pharmacokinetic (PK)
sampling on days 1 to 5 to determine single-dose PK. The starting
dose of ceralasertib was 40-mg once daily (QD) days 1 to 21 (D1–21) in
cohort 1 based on the experience of ceralasertib in the PATRIOT
(NCT02223923) investigator-initiated monotherapy study that was
ongoing at the time of protocol development, inwhich the daily dose of
ceralasertib explored was 40 to 480 mg (9, 20). The dose, number of
doses per day, and number of days of ceralasertib dosing per cycle in
subsequent cohorts was determined on the basis of the emerging safety
and tolerability data. The dose levels of ceralasertib tested in each
cohort were as follows: Cohort 1, 40 mg QD D1–21; cohort 2, 60 mg
QD D1–21; cohort 3, 80 mg QD D1–21; cohort 4, 160 mg QD D1–7;
cohort 5a, 240 mg QD D1–7; cohort 5b, 160 mg QD D1–14; cohort 6,
160 mg twice daily (BD) D1–14; and cohort 7, 240 mg BD, D1–14
(Fig. 1). Note that cohort 5 tested two different schedules in parallel,
where the daily dose was escalated in cohort 5a (from 160 to 240 mg
QD) and the number of days dosing was escalated in cohort 5b (from 7
to 14 days). Paclitaxel was concomitantly administered with cerala-
sertib for up to 4 cycles, and continuation beyond cycle 4 was
dependent on investigator discretion.

DLT was evaluated during cycle 1 (28 days) for each patient. At the
end of each dose cohort, the safety and tolerability data were reviewed
for DLT evaluation and the decision whether to escalate the dose, de-

escalate, and/or expand a cohort was made. A dose was considered
non-tolerated and dose escalation ceased if ≥2 of up to 6 evaluable
patients experienced a DLT at a dose level. The primary objective of
this studywas to assess the safety and tolerability of the combination, to
determine theMTD and recommend a dose (RP2D) to take into phase
2 studies. Secondary objectives included assessment of the antitumor
activity of the combination, characterization of the PK of ceralasertib,
and pharmacodynamics of ATR inhibition.

Patients
Eligible patients were ages >19 years with metastatic solid cancer

andmeasurable disease according to RECIST version 1.1 (21). Patients
must have received standard-of-care chemotherapy, be Eastern Coop-
erative Oncology Group (ECOG) performance status of 0 or 1, and
have adequate hematologic parameters (hemoglobin ≥9 g/dL, ANC
≥1,500 per mL, and platelets ≥75,000 per mL), hepatic (ALT and AST
≤2.5 � institutional upper limit of normal unless liver metastases are
present in which case it must be ≤5x ULN), and renal functions
(estimated creatinine clearance ≥45 mL/min). Although it was not a
requirement for study entry, all patients with metastatic melanoma
undergoing palliative immune-chemotherapy received annual brain
MRI as a screening for asymptomatic brain metastases. Key exclusion
criteria were prior receipt of more than four chemotherapy regimens or
previous treatment with an ATR inhibitor or paclitaxel. Patients must
not have received any palliative chemotherapy or investigational ther-
apies within 14 days of the first administration of study drugs, and were
excluded if they had symptomatic brain metastases requiring local
therapy. From cohort 5 onwards, based on encouraging preliminary
efficacy, the study population was enriched for patients with metastatic
melanoma who had received prior anti–PD-L1 therapy. Patients with
melanomawith primary resistance to anti–PD-L1 [defined according to
SITC recommendations (ref. 22) as having≥6 weeks drug exposure and
best response of progressive disease (PD) or stable disease (SD)
<6months] or had anti-PD1/L1 secondary resistance [defined as having
drug exposure ≥6months and best response of complete response (CR)
or partial response (PR) or SD for >6 months, then progressed] were
included in the study population. Archival pathology blocks were
collected from all enrolled patients for genomic analysis of tumorDNA.

Definition of DLT
DLT was defined as any event of grade 4 neutropenia (ANC <500

cells/mm3) lasting longer than 4 consecutive days, febrile neutropenia or
grade 3 neutropenia with documented infection, grade 3 thrombocy-
topenia with bleeding requiring medical intervention, and other hema-
tologic toxicities ≥ grade 4 (by CTCAE v4.03). Non-hematologic DLTs
included any toxicity of ≥ grade 3, QTc prolongation of >500ms, or any
other toxicity that was worse than at baseline, and was clinically
significant and/or unacceptable, and did not respond to supportive care.

Study assessments
At baseline, the medical history, physical examination, blood tests,

urinalysis, electrocardiography, echocardiogram, and chest, abdomen,
and pelvis CT scan results of the patients were reviewed for eligibility.
Physical examinations, vital signs, ECOG performance status, and
blood tests were repeated before beginning each cycle of therapy. Safety
assessments included treatment-emergent adverse events (AE), occur-
rence of DLTs, blood tests, electrocardiogram, and vital signs. AEs and
DLTs were reported using NCI-CTCAE version 4.03, recorded from
the first study drug administration to 28 days after study drug
administration, whereas DLT events were recorded until the end of
treatment cycle 1. Safety information was used to inform dose-
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expansion/escalation decisions at the Safety Review Committee. In
addition, in order for a patient to be evaluable forDLT assessment, they
must have received at least 75% of the specified dose of ceralasertib
during cycles 0 and 1, or experienced a DLT during the same period.
Tumor responses were evaluated every 2 cycles for the first 10 cycles,
followed by every 3 cycles until progression using computed tomog-
raphy according to the RECIST 1.1 criteria.

Blood for PK assessment was collected during cycle 0 day 1
(pre-dose, 30, 60, and 90 minutes, 2, 4, 8, and 12 hours), and days 2
to 5. Limited PK sampling was also obtained during cycle 1 on days
1, 8, and 15 pre-doses of ceralasertib, end of each paclitaxel infusion,
and 3 and 6 hours after the end of each paclitaxel infusion.
Ceralasertib bioassay was performed using an established assay
(Covance). PK samples were collected and banked should bioana-
lysis be required on the basis of data collected elsewhere in the
program. To date, PK samples have been analyzed after a single dose
of ceralasertib in cohorts 1 to 4. Optional biopsies were collected
from consenting patients with biopsiable disease at baseline, on
treatment, and at progression.

NGS using a custom panel
Next-generation sequencing (NGS) was performed on formalin-

fixed, paraffin-embedded (FFPE) specimens using the extensively
validated OCA v2 platform (Thermo Fisher Scientific; www.thermo
fisher.com). The methods for DNA/RNA extraction and for sequenc-
ing/reporting/validation of the assay were carried out according to
previously published reports (23).

IHC for ATM
Representative tumors from each participant were obtained from

FFPE archival biopsy samples. The tissue was arranged in a new

recipient paraffin block (tissue array block) using a trephine apparatus
(Superbiochips Laboratories). Immunohistochemical staining was
performed using an automatic immunostainer (DAKO) according to
the manufacturer’s instructions. Anti-ATM antibody was used as the
primary antibody (Y170). Loss of ATM expression was defined as a
greater than 80% loss of nuclear staining. Multiplex immunofluores-
cence was kindly performed by J Tau be at Johns Hopkins University
(Baltimore, MD).

cfDNA sequencing
All exons from a custom panel of 601 cancer-related genes were

enriched and sequenced with a minimum of �446 coverage as
described previously (24). Raw data were curated to exclude technical
and biological artifacts and single-nucleotide variants and short
insertions and deletions (no more than 50 bp) called with a limit of
detection of 0.2%.

Statistical analysis
The number of patients enrolled was based on the desire to obtain

adequate tolerability, safety, PK, and pharmacodynamic data while
exposing as few patients as possible to the investigational product and
procedures. The rolling 6 study design was adopted for the review of
DLTs and determination of the MTD. The safety analysis set included
all patients who received at least one dose of ceralasertib (n¼ 57). The
full analysis set included all patients who received at least one dose of
ceralasertib or paclitaxel (n ¼ 57) and was used for the reporting of
efficacy endpoints. Descriptive statistics were applied to summarize
patient characteristics. Categorical variables are presented as frequen-
cies, and continuous variables are summarized by medians. All
analyses to evaluate the association between genetic alterations and
responses to ceralasertib plus paclitaxel were performed using R, and
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other analyses were carried out using the Statistical Package for the
Social Sciences (SPSS), version 19.0 (SPSS Inc.).

Results
Patient demographics

Fifty-seven patients were recruited into 7 dose-cohorts at a single
site. The baseline demographics and disease characteristics are shown
inTable 1. For cohorts 1 to 4, patients were recruited irrespective of the
primary site and histology of their tumor. From cohort 5 onwards, only
patients with metastatic melanoma were recruited, all of whom had

received prior immunotherapy with an anti-PD1/L1 agent. This
followed preliminary evidence of durable responses in patients with
melanoma recruited into cohorts 1 to 4. All enrolled patients failed
prior standard chemotherapy for metastatic solid cancer (median
number of lines of prior treatment 2; range, 1–4). 75% of the patients
(43 of 57) received two or more prior lines of palliative systemic
therapy before enrollment. Of the total recruited, 33 hadmelanoma, 15
had gastric cancer, 4 sarcoma, 3 colon cancer, 1 neuroendocrine, and 1
hepatocellular cancer. The melanoma subtypes included cutaneous
melanoma (n ¼ 11), mucosal melanoma (n ¼ 11), acral melanoma
(n ¼ 10), and unknown (n ¼ 1). Among the 57 patients, 35 patients
(61.4%) received prior anti-PD1/L1 therapy; all of those with mela-
noma received immunotherapy as part of their prior standard of care.

Dose-escalation and safety analysis
Fifty-seven patients received at least one dose of ceralasertib and

were evaluable for safety analysis. No DLTs were observed in cohorts 1
to 3, but an increase in ≥G3 AEs, especially hematological, was
observed in cohort 3 (2 events of G3 anemia and 1 of G4 neutropenia
in cohort 3 comparedwith only 1 event of G3 neutropenia in cohort 1).
This triggered a change in the dosing schedule of ceralasertib fromdays
1 to 21 in cohorts 1 to 3, to days 1 to 7 in cohort 4, but at a higher dose of
160 mg QD. This change, with a longer “off period” for ceralasertib,
was intended to allow for an increased period of recovery for the bone
marrow before beginning the next cycle while increasing the daily dose
of ceralasertib. There were no DLTs in cohort 4 and ceralasertib was
escalated to 240 mg QD days 1 to 7 for cohort 5a (n ¼ 3) and 160 mg
QD days 1 to 14 for cohort 5b (n ¼ 3). No DLTs were observed in
cohort 5a or 5b, and ceralasertib was escalated to 160 mg BD for
14 days in cohort 6. Clinical data generated elsewhere in the cerala-
sertib program suggested that a 14-day drug holiday was necessary for
bone marrow recovery; therefore, a “14 day on–14 day off” schedule
was adopted. A single DLT of grade 3 neutropenic fever was observed
in cohort 6 (160 mg BD ceralasertib days 1–14 plus weekly paclitaxel)
that required IV antibiotics and G-CSF support. The patient recovered
from neutropenia 6 days after the occurrence but elected to withdraw
from further participation in the trial. As per protocol, the dose of
ceralasertib was escalated to 240 mg BD days 1 to 14 in Cohort 7. A
DLT of grade 3 neutropenic fever was observed in Cohort 7, and the
patient subsequently died due to septic shock, attributed to a pre-
existing disseminated melanoma-related wound infection present at
study entry. Unfortunately, this patient refused all further medical
treatment, including IV antibiotics and fluid resuscitation; thus, the
death was not considered a grade 5 drug-related event in this study.
Although cohort 7 was declared tolerated, it was decided not to
increase the dose of ceralasertib further because at 240 mg BD and
above we do not see proportionate increases in exposure, presumably
due to the limited solubility of the current formulation of ceralasertib.
Of 57 patients receiving study drugs, the median number of cycles of
paclitaxel was 3 (range, 1–18), and 24 patients continued to receive
paclitaxel beyond cycle 4.

The most common treatment-emergent AEs (all causality, all
grades) were anemia (n ¼ 27, 47%) and neutropenia, including
neutrophil count decreased (n ¼ 24, 42%; Table 2). Most patients
were neutropenic only and there were only two cases of febrile
neutropenia, both of which were G3. Other toxicities (with frequency
≥ 10%) included anorexia (n ¼ 17, 30%), nausea (n ¼ 17, 30%),
alopecia (n ¼ 15, 26%), fatigue/general weakness (n ¼ 10, 17%),
thrombocytopenia, including platelet count decreased (n ¼ 7, 12%),
pruritis (n ¼ 7, 12%), vomiting (n ¼ 7, 12%), and rash (n ¼ 7, 12%).
The main toxicities of grade 3 or higher were neutropenia (n ¼ 17,

Table 1. Patient characteristics.

Variable N (%)

All patients (N ¼ 57)
Age

Median (range) 58.5 (35–75)
Gender

Male 27 (47.4)
Female 30 (52.6)

Tumor types
Gastric cancer 15 (26.3)
Colon cancer 3 (5.3)
Sarcoma 4 (7.0)
Hepatocellular carcinoma 1 (1.7)
Neuroendocrine carcinoma 1 (1.7)
Melanoma 33 (57.9)

Prior lines of chemotherapy
1 regimen 25 (43.8)
2 regimens 18 (31.6)
≥3 regimens 14 (24.6)

Metastatic site
Liver 24 (42.1)

Prior anti-PD1 therapy 35 (61.4)
Melanoma patients (N ¼ 33)

Prior anti–PD-L1 33 (100.0)
Prior anti-CTLA4 therapy 0
Prior RAF inhibitor 6 (18.1)
Prior lines of chemotherapy

1 regimen 14 (42.4)
2 regimens 19 (57.6)

LDH expression
≤ULN 5 (15.2)
>ULN to ≤2x ULN 10 (30.3)
>2x ULN 18 (54.5)

Stage, M category (AJCC 8th)
M1a 4 (12.1)
M1b 5 (15.1)
M1c 21 (63.8)
M1d 3 (9.0)

Best response to prior anti–PD-1/L1
CR or PR 4 (12.1)
SD 16 (48.5)
PD 13 (39.4)

BRAF mutation 3 (9.0)
NRAS mutation 6 (18.2)
Brain metastasis 3 (9.0)
Melanoma subtypes

Acral 10 (30.3)
Cutaneous 11 (33.3)
Mucosal 11 (33.3)
Unknown 1 (3.1)

Stage IV melanoma 33 (100.0)
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30%), anemia (n¼ 13, 23%), and thrombocytopenia (n¼ 5, 9%). Two
patients in cohort 6 had a dose reduction of ceralasertib due to toxicity,
one due to G4 neutropenia and required 2 successive dose reductions
(from160mgBD to 160mgQDduring cycle 1, then to 80mgQDat the
beginning of cycle 2) and another patient due toG2 fatigue at the end of
cycle 1. Two patients in cohort 7 required dose reductions, one in cycle
6 and another in cycle 5 (both from 240 mg BD to 160 mg BD) due to
infection of the ear (otitis media) and neutropenia, respectively. One
patient discontinued treatment in cycle 1 due to variceal bleeding that
was unrelated to either ceralasertib or paclitaxel and there were no
treatment-related deaths. There were no clinically meaningful TEAEs
related to ceralasertib identified from vital signs or ECG parameters.
An MTD was not established as dose escalation was stopped
following Cohort 7, which was tolerated. Therefore, per protocol,
the RP2D was declared as 240 mg BD ceralasertib, days 1 to 14 plus
paclitaxel 80 mg/m2 on days 1, 8, and 15 every 28 days.

PK analysis
PK data after a single dose of ceralasertib are available for the first 3

cohorts and 6 patients in cohort 4 (Supplementary Fig. S1). The PK
data showed dose proportionality and were consistent with the PK
concentrations from other company-sponsored studies, indicating
that there is no meaningful difference in PK between patients of
European and Asian ancestry. Ceralasertib PK shows a rapid Tmax

(1.5–2 hours) and a terminal half-life of 12–16 hours.

Efficacy analysis
In the efficacy set (of 57 patients who received at least one dose of

ceralasertib or paclitaxel), there was 1 CR (1.8%, melanoma), 12
confirmed PRs [12/57 (21.1%); 2 gastric, 10 melanoma, all of the
melanoma cases having received prior immunotherapy], 18 patients
with a best response of SD (31.6%), 22 patients with PD, and 4 were
non-evaluable (Fig. 2A; Supplementary Table S1). The four non-
evaluable patients (not included in Fig. 2A) discontinued treatment in
cycle 1 for reasons other than disease progression and toxicity (1 due to
an unrelated AE and 3 withdrew consent). At the data cutoff of August
29, 2020, three patients were still receiving study drugs (Fig. 2B). In the
subgroup of patients with melanoma (n ¼ 33), the overall response
rate (ORR) was 33.3% (95% CI, 18.0–51.8) and the DCR was 60.6%
(95% CI, 42.1%–77.1%). The median PFS for the patients with
melanoma was 3.6 months (95% CI, 2.0–5.8), the median duration
of response was 9.9 months (95% CI, 3.7–23.2), and mOS was
7.4 months (95% CI, 5.7–11.9). Twenty-three of the 33 patients with

melanoma had died. Responses did not appear related to the baseline
level of LDH (there were 8 responders from 28 with LDH >ULN) or
PD-L1 expression (there were 6 responders from 12 with PD-L1
expression ≤5%). Furthermore, responses were observed across all
histological subtypes of melanoma, including in 3 of 11 cutaneous, 3
of 10 acral, and 5 of 11mucosal. Two of the patients withmelanomawho
responded to study treatment had responses to prior PD-1 immuno-
therapy; 6 had SDas the best response and3 hadPDas the best response.

Biomarker analysis
NGS was performed on archival tumor tissue biopsies before

treatment from 48 patients. Although patients’ tumors showed diverse
mutation profiles, there was no significant correlation between the
mutational profiles and tumor response (Fig. 3). Two patients with
responses, including the CR, had missense mutations in ATM (ATM
T2035P;ATM I2888T), but neither of thesemutations were thought to
be pathogenic. IHC for ATM was performed on tumor samples from
33 patients with melanoma (Supplementary Fig. S2). Loss of ATM,
defined by ≤20% tumor nuclei staining, was observed in 3 of the 33
patients with melanoma, and occurred in patients with a best response
of PR, SD, and non-evaluable for efficacy.

We obtained baseline and on-treatment tumor biopsies from one
patient who had a substantial metabolic response (assessed by FDG-
PET) to the combination regimen in cohort 7 after 2 cycles of
treatment. This patient, who did not have mutations in BRAF or
RAS, was refractory to prior pembrolizumab with progression of
multiple liver lesions and disseminated skin lesions. After 2 cycles of
240 mg BD ceralasertib days 1–14 plus weekly paclitaxel at 80 mg/m2,
the patient achieved a PR (46% tumor reduction) with a significant
decrease in metabolic activity as demonstrated in serial PET-CT
images (Fig. 4A). The patient maintained PR until cycle 8 as the
target lesion continued to shrink (maximum target lesion reduction,
63%). Paired biopsies from this patient were used to examine PD-L1
expression, and an increase from 1.65% at baseline to 12.9% at cycle
5 day 1was observed (Fig. 4B). Phosphorylated RAD50 (pRAD50) has
been reported as a novel biomarker of ceralasertib inhibition in tumors
expressing ATM (25).We examined pRAD50 by IHC and observed an
increase in expression from 5% at baseline to 70% (of cells positive) at
cycle 5 (Fig. 4C) consistent with target engagement within the tumor.

Circulating free DNA (cfDNA) was isolated from plasma for 53
patients, and baseline and on treatment samples were sequenced with
up to 2,700x coverage for a custom panel of 601 genes as previously
described (24). Longitudinal analysis was prioritized for patients that

Table 2. Treatment-emergent AEs occurring in >10% of patients in the safety analysis set by CTCAE grade.

All patients and doses
(N ¼ 57)

160 mg BD melanoma
(N ¼ 6)

240 mg BD melanoma
(N ¼ 9)

Any grade Grade ≥3 Any grade Grade ≥3 Any grade Grader ≥3
n (%) n (%) n (%) n (%) n (%) n (%)

Patients with any AE 57 (100%) 28 (49.1%) 6 (100%) 4 (67%) 5 (56%) 5 (56%)
Anemia 27 (47%) 13 (23%) 5 (83.3%) 3 (50%) 2 (22.2%) 2 (22.2%)
Neutropenia and neutrophil count decreased 24 (42%) 17 (30%) 4 (83.3%) 4 (67%) 5 (56%) 5 (56%)
Anorexia 17 (30%) 0 2 (33.3%) 0 2 (22.2%) 0
Nausea 17 (30%) 1 (2%) 2 (33.3%) 0 3 (33.3%) 0
Alopecia 15 (26%) 0 2 (33.3%) 0 0 0
Fatigue 10 (17%) 0 1 (17%) 0 3 (33.3%) 0
Platelet count decreased and thrombocytopenia 7 (12%) 5 (9%) 1 (17%) 1 (17%) 4 (44.4%) 3 (33.3%)
Pruritus 7 (12%) 0 2 (33.3%) 0 4 (44.4) 0
Vomiting 7 (12%) 1 (2%) 1 (17%) 0 2 (22.2%) 0
Rash 7 (12%) 0 2 (33.3%) 0 1 (11.1%) 0
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responded. In two patients who were responders in cohorts 6 and 7, a
number of mutant alleles were identified in baseline cfDNA that were
cleared from plasma within 2 cycles of treatment, consistent with
reduction of target lesions (Supplementary Figs. S3 and S4).

Discussion
This study explored the safety, tolerability, PK, pharmacodynamics,

and efficacy of ceralasertib in combination with paclitaxel in patients

Figure 2.

The drug-efficacy data. A, Waterfall plot of best percentage of change in sum of target lesions in the full analysis set. The y-axis represents the percentage of
maximum tumor reduction assessed according to RECIST v1.1 criteria. M, melanoma. The bars are coded by best overall response; B, Swimmer plot showing duration
of treatment. The bars are coded by best response as in A. The yellow circle in responders indicates the day of first response. C, PFS (N ¼ 33).
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with advanced solid tumors. On the basis of the observed safety profile,
the combination of ceralasertib and paclitaxel is considered well
tolerated, but an MTD could not be defined according to the protocol.
The RP2D to be taken forward in a future study is ceralasertib 240 mg
BD days 1–14 in combination with paclitaxel at 80mg/m2 on days 1, 8,
and 15, every 28 days. In this combination, ceralasertib could be
administered at the maximum-tolerated monotherapy dose without
compromising the approved weekly dose of paclitaxel. This is in
contrast with other chemotherapy combinations with ceralasertib,
such as with carboplatin, where toxicity prohibited escalation of
ceralasertib (26).

Evidence of antitumor activity was observed in patients who had
failed standard chemotherapy, especially in patients with advanced
melanoma who were resistant immunotherapy. Responses were
observed in patients with high baseline LDH, which is a negative
prognostic indicator in melanoma, suggesting a benefit even in this
group with poor therapeutic outcomes. In addition, as this study was
conducted at a single center in South Korea, we were able to recruit
patients with acral and mucosal melanoma, which occur at a much

lower prevalence than cutaneous melanoma in the Caucasian popu-
lation, and are associated with poorer treatment outcomes (27). We
show that regardless of melanoma subtype, durable responses were
observed. These efficacy data are promising for patients with mela-
noma who have progressed on immunotherapy because existing
treatment options offer poor response rates (typically �15%) with
limited response durability. This study suggests that ceralasertib plus
paclitaxel is worthy of further investigation as a novel treatment for
recurrent melanoma after failure of anti-PD1–based therapies.

ATM and ATR play essential roles in the DDR by facilitating
connections between DNA-damage sensing and DDR effec-
tors (28, 29). ATR participates in functional interactions between
repair proteins, especially ATM, during DDR (30). Published preclin-
ical experiments revealed that ceralasertib inhibited the growth of
gastric cancer cell lines with ATM deficiency (31). The ATM gene
comprises a 4 kilobase-pair coding sequence with many mutations,
some of which have been annotated as pathogenic. In our analysis with
NGS and ATM IHC, there was no clear correlation between specific
genomic alterations or loss of ATM expression and response to

Figure 3.

Pathologic–genomic landscapeof 48patients from the full analysis set. The top shows the clinical characteristics of thepatients, includingbest response (BR), disease
type, and progression-free survival. The middle bottom shows alterations in select genes, derived from sequencing archival tumor DNA. Genes are grouped by
pathway or function, and frequency across sequenced patients. The bottom summarizes the pathway alterations in each patient sample. CN, copy number;
Amplification, 4< CN; Gain, 3<CN≤4; Deletion, CN<1; NA, not available.
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treatment, which suggests that multiple factors may underlie response
to treatment.

DDR inhibitors such as ATR, ATM, and PARP inhibitors could
promote the priming of the anticancer immune response and
enhance a Th1-based response as well as modulate the immune

microenvironment (32–34). DDR inhibitor-mediated catastrophic
DNA damage is a favorable factor for immunotherapy (35). In one
scenario, exposure to DDR inhibitors triggers induction of the STING
pathway to promote antitumor immunological response (36). Con-
sistent with this hypothesis, in an exploratory analysis of one set of
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Figure 4.

Pharmacodynamic study from a dramatic responder to AZD6738/paclitaxel. This patient was refractory to prior pembrolizumab with rapid progression to liver and
skin lesions (A, left). After 2 cycles of 240-mg BD ceralasertib days 1–14 plus weekly paclitaxel at 80 mg/m2, the patient achieved a PR with a significant decrease in
metabolic activity as demonstrated in follow-up PET-CT images (right). Paired biopsies from this patient were used to examine PD-L1 expression, and an increase
from 1.65% at baseline to 12.9% at cycle 5 day 1 was observed (B). pRAD50 was increased in expression from 5% at baseline to 70% (of cells positive) at cycle 5,
consistent with target engagement within the tumor (C).
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paired biopsies in this study from a patient with a significant radio-
graphic response, we found evidence for the induction of PD-L1
expression relative to baseline. Currently, PD-L1 expression by IHC
is a widely used biomarker to predict the response to immunotherapy
with PD1/L1 checkpoint inhibitors; however, its use in melanoma is
controversial (37, 38). The upregulation of PD-L1 is mainly driven by
inflammation, and thus the degree of PD-L1 expression could reflect
the status of the tumor immunemicroenvironment (39). In preclinical
models, it was observed that PARP inhibition induced PD-L1 upre-
gulation (40), which is consistent with the findings of this study. These
findings are being further explored in a phase II trial of durvalumab
and ceralasertib in gastric cancer and immunotherapy-resistant mel-
anoma (NCT03780608), with the collection of paired biopsies for
analysis of PD-L1 expression and other immune biomarkers. Future
work should evaluate potential biomarkers that are predictive of
response to ceralasertib, including immune fitness to identify patients
most likely to benefit from ceralasertib treatment.

In conclusion, this phase I study demonstrated that ceralasertib in
combination with paclitaxel was well tolerated with evidence for
antitumor activity in patients with advanced solid tumors, especially
those with recurrent melanoma resistant to prior immunotherapy
treatment, and established an RP2D for future studies. Further clinical
evaluation, mechanistic studies, and identification of biomarkers
predictive of response to ceralasertib are required to understand and
refine the patient population most likely to benefit from this combi-
nation treatment.
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