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Abstract
EP4, a prostaglandin E2 receptor, has shown an immunosuppressive activity on cancer 
cells. This first- in- human study evaluated ONO- 4578, a highly selective EP4 antago-
nist, as monotherapy and in combination with nivolumab in patients with advanced 
or metastatic solid tumors. A daily dose ranging from 30 mg to 100 mg of ONO- 4578 
monotherapy and that ranging from 2 mg to 60 mg of ONO- 4578 with biweekly 
nivolumab 240 mg were administered. A total of 31 patients were enrolled, 10 receiv-
ing monotherapy and 21 receiving combination therapy. Overall, 26 patients expe-
rienced treatment- related adverse events. Dose- limiting toxicities were observed in 
three patients; one of six patients receiving 100 mg monotherapy developed grade 3 
duodenal ulcer and two of six patients receiving 60 mg combination therapy devel-
oped either grade 3 erythema multiforme or grade 3 increased amylase and grade 4 
increased lipase. One patient with small- cell lung cancer who received 40 mg combi-
nation therapy had a partial response, and three patients with monotherapy and six 
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1  |  INTRODUC TION

Immunotherapy, which activates patients’ inherent immune surveil-
lance system, is a recent breakthrough in cancer treatment. Immune 
checkpoint inhibitors, such as the anti- PD- 1 Abs nivolumab and pem-
brolizumab, have established favorable efficacy and safety in vari-
ous cancer types1– 5 and have been approved in over 65 countries.6 
However, it has also become evident that only a limited number of 
patients have responded to currently approved ICIs and that certain 
cancer types do not respond to current ICIs.5– 8 Tumors in nonre-
sponders to current ICIs could evade the immune surveillance sys-
tem through mechanisms other than immune checkpoint pathways.9

The signaling pathway of PGE2 and the PGE2 receptor EP4 sub-
type would be a promising therapeutic target for cancer immuno-
therapy with a different mode of action than ICIs. Prostaglandin E2 
is widely produced in the body and is an important mediator of fever, 
pain, and inflammation.10,11 EP4 is a G- protein- coupled receptor for 
PGE2 that is found in the cell membrane of gastrointestinal epithelial 
cells, vascular smooth muscle cells, and other cells.12,13 Prostaglandin 
E2 and its primary receptor EP4 have shown an elevated expression 
in cancer patients and to have immunosuppressive activity by induc-
ing the differentiation of immune- suppressive cells and by blocking 
T cell activation.12,14– 16

ONO- 4578 is a highly selective small- molecule EP4 antagonist. 
A preclinical study in tumor- bearing mice has reported that ONO- 
4578 reduces infiltration of M2 macrophages in tumors when com-
pared with control mice and had potent antitumor activity. When 
ONO- 4578 and anti- mouse PD- 1 Abs were given concomitantly, 
tumor- bearing mice had a higher complete response rate and longer 
survival than those receiving either ONO- 4578 or anti- mouse PD- 1 
Abs alone. The AUC for 24 h of ONO- 4578 at the effective dose 
of 3 mg/kg twice a day in tumor- bearing mice was estimated to be 
10.1 μg·h/ml. Toxicity tests on rats and monkeys showed a manage-
able safety profile.

In this first- in- human phase I study (ONO- 4578- 01 study), we 
evaluated ONO- 4578 as a monotherapy and in combination with 
nivolumab in patients with advanced or metastatic solid tumors. 
Here we report the results of the dose- escalation parts of the 

ONO- 4578- 01 study, including DLTs, the MTD, safety, efficacy, 
pharmacokinetics, and pharmacodynamics.

2  |  MATERIAL S AND METHODS

2.1  |  Study design

The dose- escalation parts of the open- label ONO- 4578- 01 study 
were undertaken at a single institute (National Cancer Center 
Hospital, Tokyo, Japan). In part A, patients were given 30, 60, or 
100 mg ONO- 4578 orally every day in 28- day cycles (ONO- 4578 
monotherapy cohorts). The initial dose of ONO- 4578 at 30 mg 
was set considering the findings of preclinical pharmacology and 
toxicology of ONO- 4578; estimated pharmacokinetics in humans 
predicted that a dose of 30 mg was roughly equal to the human 
equivalent dose of the effective dose in mice and less than one- 
sixth of the HNSTD. Part B evaluated a combination therapy of 
ONO- 4578 and nivolumab. The dose- escalation design of part B 
was amended to take into account the pharmacokinetic results of 
ONO- 4578 in humans in part A, and patients were treated with 
2, 5, 10, 20, 40, or 60 mg ONO- 4578 orally every day and 240 mg 
nivolumab intravenously every 2 weeks. The initial dose of ONO- 
4578 in part B was set at 2 mg on the basis of the pharmacokinetics 
of ONO- 4578 observed in part A as well as the results of preclinical 
pharmacology and toxicology studies of ONO- 4578 with anti- PD- 1 
Ab. This dose was deemed greater than the modified human equiva-
lent dose of the effective dose in mice, and the calculated AUC for 
24 h of ONO- 4578 at 2 mg was sufficiently less than the AUC at the 
HNSTD. Considering the results in preclinical toxicity studies and in 
part A, a dose of 60 mg was selected as the maximum dose tested 
in part B. The minimum number of patients in each monotherapy 
and combination therapy cohort was one and three, respectively; 
the dose for the next cohort was determined using the continual 
reassessment method. The treatment was continued until showing 
PD according to RECIST 1.1,17 the experience of unacceptable tox-
icities, or withdrawal of informed consent. Because gastrointestinal 
disorders such as erosions and ulcers were observed in preclinical 

patients with combination therapy had stable disease. Pharmacodynamics analyses 
showed that ONO- 4578 had EP4 antagonistic activity at doses as low as 2 mg. In 
conclusion, the maximum tolerated dose of ONO- 4578 alone or in combination with 
nivolumab was not reached. ONO- 4578 was well tolerated at the tested doses and 
showed signs of antitumor activity. Considering safety, efficacy, and pharmacokinet-
ics/pharmacodynamics results, ONO- 4578 40 mg daily with nivolumab 240 mg bi-
weekly was selected as the recommended dose for future clinical trials. (Registration: 
JapicCTI- 173,496 and NCT03155061).
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studies of ONO- 4578, and EP4 antagonists may disrupt the secre-
tion of mucin and HCO3

−, which protect epithelial cells and mucosa 
from acid peptic injury,18 PPIs were allowed to be used in the treat-
ment and prophylaxis of gastrointestinal disorders.

2.2  |  Patients

Patients with histologically or cytologically confirmed advanced or 
metastatic solid tumors were eligible in this study. Eligible patients 
were aged 20 years or older, had one or more measurable lesions 
according to RECIST 1.1 (only for the combination therapy cohorts), 
were refractory or intolerant to standard therapy or had no standard 
therapy, other than nivolumab in case of patients in the combination 
therapy cohorts, and had an ECOG performance status score of 0 or 
1, a life expectancy of at least 3 months, and adequate organ func-
tion. Patients with asymptomatic brain metastases were eligible if no 
treatment was required.

2.3  |  Assessments

UGT1A1 is a uridine diphosphate glucuronosyltransferase that was 
considered the major metabolic enzyme for ONO- 4578. UGT1A1 
polymorphisms UGT1A1*6 and UGT1A1*2819 were assessed using 
serum samples collected before the first treatment with the study 
drugs.

Adverse events that appeared by 28 days after discontinua-
tion of the study drugs were assessed and graded using the NCI's 
Common Terminology Criteria for Adverse Events, version 4.0.20 
Possible links between AEs and the study treatment were suggested 
by investigators. Prespecified DLTs that occurred during the first 28- 
day cycle were grade 3 thrombocytopenia requiring platelet trans-
fusion, grade 4 thrombocytopenia, grade ≥3 febrile neutropenia 
without supportive care with G- CSF preparation, grade 4 neutrope-
nia lasting ≥8 days without supportive care with G- CSF preparation, 
grade ≥2 central nervous system symptoms, grade ≥2 uveitis requir-
ing systemic therapy, and grade ≥3 nonhematologic toxicity.

Computed tomography and MRI of the chest, abdomen, and 
pelvis were carried out before the enrollment and every 4 weeks by 
8 weeks, every 8 weeks by 56 weeks, and every 12 weeks thereafter. 
Measurable lesions were assessed according to RECIST 1.1, and the 
best overall response was graded as a complete response, PR, SD, 
or PD.

For pharmacokinetic analyses of ONO- 4578, blood samples 
were collected before and 0.5, 1, 2, 3, 4, 6, 8, 12, and 24 h after 
treatment on days 1 and 28 of cycle 1. Plasma concentrations of 
ONO- 4578 were determined in a central laboratory by liquid chro-
matography and tandem mass spectrometry. The pharmacokinetic 
parameters were determined with the Phoenix WinNonlin software 
version 7.0 (Certara).

2.4  |  Pharmacodynamic evaluation

Lipopolysaccharide- stimulated production of TNF- α was inhib-
ited by PGE2,21,22 and EP4 was found to be involved in this inhibi-
tory pathway.23 Thus, EP4 antagonism counteracts this inhibitory 
pathway, increasing TNF- α production. The ex vivo TNF- α release 
assay24 was chosen to assess the target engagement for EP4 an-
tagonism. Whole blood samples were collected before ONO- 4578 
treatment (baseline) and 4 h after treatment on day 1, and before 
treatment on days 2 and 28. Diclofenac was added at 10 μM to the 
whole blood samples. The blood samples were stimulated by 1 ng/
ml LPS, and PGE2 was added to a final concentration of 10 nM. The 
samples were incubated at 37°C for 4 h followed by centrifugation 
to collect the plasma. The TNF- α concentrations were determined 
using Quantikine ELISA Human TNF- α Immunoassay (R&D Systems) 
according to the manufacturer's protocol. The ex vivo TNF- α release 
assay was done in triplicate, and the mean value was calculated.

To evaluate PGEM in plasma, whole blood was collected before 
ONO- 4578 treatment on days 1 and 28, mixed with EDTA- 2 K an-
ticoagulant, and kept on ice. Indomethacin, a COX inhibitor, was 
immediately added to the blood sample at a final concentration of 
18 μg/ml to prevent further production of PGE2 and PGEM during 
sample preparation. Plasma samples were prepared by centrifuga-
tion at 4°C before being applied to an Oasis MAX cartridge (Waters). 
The cartridges were washed with ammonium acetate solutions, 
methanol, ethyl acetate, and hexane/ethyl acetate solutions, and 
analytes were eluted with ethyl acetate/formic acid solutions. The 
concentration of the PGEM, 13, 14- dihydro- 15- keto prostaglandin 
E2, was measured using a triple- quadrupole linear ion trap mass 
spectrometer (QTRAP6500; AB Sciex) equipped with HPLC (Nexera 
UHPLC; Shimadzu).

To assess PGE2 metabolites (tetranor- PGEM) in urine, urine was 
collected continuously for 24 h before ONO- 4578 treatment on day 
1 and day 28, and stored in a polypropylene bottle at 2°C– 8°C. The 
urine volume was calculated using the total urine weight and the 
urine- specific gravity. Urine samples (150 μl) were applied to Oasis 
HLB μElution plates, the plates were washed with 0.1% acetic acid, 
and the analytes were eluted with methanol and 0.1% acetic acid. 
The urinary concentration of tetranor- PGEM was measured by a 
triple- quadrupole mass spectrometer (API5000; AB Sciex) equipped 
with HPLC (NANOSPACE system; Shiseido). The amount of urine 
tetranor- PGEM was calculated using the concentration and the total 
urine volume.

2.5  |  Statistics

Adverse events were assessed in all patients who received at least 
one dose of the study drugs. Efficacy, pharmacokinetics, and phar-
macodynamics were evaluated in patients with available data as of 
September 27, 2020.
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3  |  RESULTS

3.1  |  Patient demographics and disposition

Between April 18, 2017, and January 8, 2020, 31 patients were en-
rolled in three monotherapy (N = 10) and six combination therapy 
cohorts (N = 21). In the overall population, the most common cancer 
types were pancreatic cancer (19%), bile duct cancer (16%), and colo-
rectal cancer (16%); 22 patients (71%) had received three or more 
prior regimens (Table 1). At the date of data cut- off (April 26, 2021), 
all patients discontinued the study drug, primarily due to disease 
progression (28 patients, 90%).

3.2  |  Safety

The duration of treatment is summarized in Table S1. No DLTs were 
observed in the 30 mg or 60 mg monotherapy cohorts, whereas one 
DLT (grade 3 duodenal ulcer) was observed in one of six patients re-
ceiving 100 mg monotherapy (Table 2). Two of the six patients in the 
60 mg combination therapy cohort experienced DLTs (one patient 
with grade 3 erythema multiforme and the other patient with grade 
3 increased amylase and grade 4 increased lipase). Although MTD 
was not reached in either monotherapy (30– 100 mg) or combination 
therapy (2– 60 mg), the combination of ONO- 4578 40 mg daily with 
nivolumab 240 mg biweekly was chosen as the recommended dose 
for the next trials, in part because the 60 mg combination therapy 
caused DLTs, and the 60 mg monotherapy developed grade 2 duo-
denal ulcer (Table 2).

In the overall cohort, 26 (84%) patients experienced TRAEs 
(Table 2). The most frequent TRAEs were anemia (26%) and rash 
(23%). In the monotherapy cohorts, one patient on 60 mg discon-
tinued the study drug due to grade 2 gastrointestinal disorders 
(duodenal ulcer, duodenitis, and gastritis), and two patients on 
100 mg had dose delay due to grade 3 anemia and grade 3 du-
odenal ulcer. In the combination therapy cohorts, two patients 
on 60 mg discontinued due to grade 2 gastritis and grade 3 er-
ythema multiforme, and two patients on 60 mg had dose delays 
due to either grade 2 gastric ulcer or grade 4 increased lipase and 
grade 3 increased amylase. No AEs led to death; 23 patients (74%) 
died by the date of data cut- off, primarily (n = 22) due to tumor 
progression.

The study drug was continued in all three patients with grade 2 du-
odenal ulcer along with PPIs. The patient with a grade 3 duodenal ulcer 
was cured of the DLT by dose delay of the study drug and treatment 
with PPIs. One of the 11 patients who received prophylactic PPIs during 
the study drug administration developed grade 2 gastric ulcer, while 
six of the 20 patients who did not receive prophylactic PPIs developed 
gastritis (3 patients), duodenitis (1), gastric ulcer (1), and/or duodenal 
ulcer (4); except for two patients with gastritis, five patients underwent 
endoscopy at the first onset of gastric or duodenal inflammation.

3.3  |  Efficacy

Responses were assessed in a total of 27 patients. Across all 
cohorts, one patient with small- cell lung cancer who received 
the 40 mg combination therapy had the best overall response 
of PR; the time to and duration of the response was 0.92 and 
17.15 months, respectively (Figure 1A). Figure 1B shows com-
puted tomography images of the patient with PR. One patient 
with pancreatic cancer who received the 2 mg combination ther-
apy experienced a 34% reduction in the target tumors before 
treatment discontinuation due to newly developed brain metasta-
ses (Figure S1). Stable disease occurred in nine patients (29%; one 
patient each in the 30, 60, and 100 mg monotherapy cohorts, and 
two, one, and three patients in the 2, 5, and 60 mg combination 
therapy cohorts, respectively).

TA B L E  1  Baseline demographics and disease characteristics of 
patients with solid tumors treated with ONO- 4578

Monotherapy
N = 10

Combination therapy
N = 21

Median age, years 
(range)

57 (41– 73) 59 (33– 73)

Male, n (%) 5 (50) 13 (62)

ECOG PS, n (%)

0 3 (30) 12 (57)

1 7 (70) 9 (43)

Cancer type, n (%)

Bile duct 1 (10) 4 (19)

Breast 0 (0) 2 (10)

Colorectal 2 (20) 3 (14)

Ovarian 1 (10) 0 (0)

Pancreatic 1 (10) 5 (24)

Prostate 1 (10) 0 (0)

Small cell lung 0 (0) 1 (5)

Other solid tumors 4 (40)a 6 (29)b

Number of prior regimens, n (%)

0 0 (0) 1 (5)c

1 0 (0) 1 (5)

2 2 (20) 5 (24)

3 3 (30) 3 (14)

≥4 5 (50) 11 (52)

Prior radiotherapy 4 (40) 9 (43)

Abbreviation: PS, performance status.
aIncluded alveolar soft part sarcoma, cervical cancer, medulloblastoma, 
and urothelial cancer.
bIncluded ameloblastoma, apocrine adenocarcinoma, cervical cancer, 
gallbladder cancer, thymic cancer, and uterine body cancer.
cA patient with ameloblastoma had not received a prior therapy due to 
the lack of standard therapy.
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3.4  |  Pharmacokinetics

On day 1 of cycle 1, the plasma concentration of ONO- 4578 
peaked at 4 h, and then decreased with a mean terminal half- life of 
22– 53 h (Table S2). Repeated treatment accumulated ONO- 4578, 
and on day 28 of cycle 1, Cmax and the AUC for 24 h in the 100 mg 
monotherapy cohort reached a mean of 14.5 μg/mL and 292 μg·h/
mL, respectively. (Figure 2, Table S2). The Cmax and AUC for 24 h 
increased in proportion to dose (Figure S2), and the mean time to 
Cmax and the mean terminal half- life were comparable across all 
cohorts.

An exploratory subgroup analysis showed that the Cmax and AUC 
for 24 h were comparable between patients who received PPIs con-
currently and those who did not (Figure S3). Although quantitative 

comparisons were limited due to data limitation, a trend of higher 
Cmax and AUC in heterozygous and homozygous carriers of a UGT1A1 
polymorphism, UGT1A1*6 and/or UGT1A1*28, was observed.

3.5  |  Pharmacodynamics

Tumor necrosis factor- α production stimulated by LPS/PGE2 was in-
creased in whole blood isolated after ONO- 4578 treatment, but no 
dose dependency was observed (Figure 3A). The plasma concentra-
tion of PGEM and the excretion of tetranor- PGEM in urine increased 
in 24/27 (89%) and 27/29 (93%) patients, respectively, after repeated 
treatment with ONO- 4578; however, a dose– response relationship 
was not clearly observed (Figure 3B,C).

TA B L E  2  Adverse events (AEs) in patients with solid tumors treated with ONO- 4578 alone or in combination with nivolumab

ONO- 4578 dose

Monotherapy Combination therapy

30 mg
n = 1

60 mg
n = 3

100 mg
n = 6

2 mg
n = 3

5 mg
n = 3

10 mg
n = 3

20 mg
n = 3

40 mg
n = 3

60 mg
n = 6

Any AEs 1 (100) 2 (67) 6 (100) 3 (100) 3 (100) 2 (67) 2 (67) 3 (100) 6 (100)

Grade 3– 4 0 (0) 1 (33) 3 (50) 1 (33) 0 (0) 1 (33) 0 (0) 3 (100) 3 (50)

Any TRAEs 1 (100) 2 (67) 6 (100) 2 (67) 2 (67) 2 (67) 2 (67) 3 (100) 6 (100)

Grade 3– 4 0 (0) 0 (0) 2 (33) 0 (0) 0 (0) 0 (0) 0 (0) 1 (33) 2 (33)

Action taken because of TRAEs

Discontinuation 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (33)

Grade 3– 4 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17)

Dose delay 0 (0) 0 (0) 2 (33) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (33)

Grade 3– 4 0 (0) 0 (0) 2 (33) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17)

TRAEs in ≥2 patients in any cohorts and any grade 3– 4 TRAEs

Anemia 0 (0) 0 (0) 2 (33) 1 (33) 0 (0) 1 (33) 2 (67) 1 (33) 1 (17)

Grade 3– 4 0 (0) 0 (0) 2 (33) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Rash 0 (0) 0 (0) 1 (17) 0 (0) 1 (33) 0 (0) 0 (0) 2 (67) 3 (50)

Erythema multiforme 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17)

Grade 3– 4 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17)a

Amylase increased 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17)

Grade 3– 4 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17)a

ALT increased 0 (0) 0 (0) 2 (33) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (33)

AST increased 0 (0) 0 (0) 2 (33) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 3 (50)

Lipase increased 0 (0) 0 (0) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 0 (0) 2 (33)

Grade 3– 4 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (17)a

Lymphocyte count 
decreased

0 (0) 0 (0) 1 (17) 0 (0) 0 (0) 0 (0) 1 (33) 1 (33) 0 (0)

Grade 3– 4 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (33) 0 (0)

White blood cell count 
decreased

0 (0) 0 (0) 2 (33) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0) 0 (0)

Duodenal ulcer 0 (0) 2 (67) 1 (17) 0 (0) 0 (0) 1 (33) 0 (0) 0 (0) 0 (0)

Grade 3– 4 0 (0) 0 (0) 1 (17)a 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Note: Data are shown as n (%).
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; TRAE, treatment- related AE.
aDose- limiting toxicities.
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4  |  DISCUSSION

This first- in- human study evaluated ONO- 4578, a selective EP4 
antagonist, as monotherapy and in combination with nivolumab in 

patients with advanced or metastatic solid tumors. The MTD was not 
reached in either monotherapy (30– 100 mg) or combination therapy 
(260 mg). In the monotherapy cohorts, one of six patients receiv-
ing 100 mg had a DLT. When three patients receiving 100 mg have 

F I G U R E  1  (A) Swimmer plot showing 
the duration of treatment with ONO- 4578 
alone or in combination with patients with 
solid tumors treated with nivolumab in 
patients with solid tumors. (B) In a patient 
with small- cell lung cancer, computed 
tomography highlighted metastatic 
tumors at the right hilar lymph node 
and the left adrenal gland before and 
11.7 months after treatment with 40 mg 
combination therapy. PD, progressive 
disease; PR, partial response

(A)

(B)

F I G U R E  2  Plasma concentration of 
ONO- 4578 at day 28 of cycle 1 in patients 
with solid tumors treated with ONO- 4578 
monotherapy or in combination with 
nivolumab. Mean value of each patient's 
data is shown. Error bars represent 
standard deviation. In the 60 and 100 mg 
monotherapy cohorts and the 5 and 
60 mg combination therapy cohorts, some 
patients' data were missing

n n

n

n

n

n

n

n

n
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completed the tolerability assessment, 200 mg is the recommended 
dose for the next cohort, according to the continual reassessment 
method. However, given the occurrence of AEs including DLT, and 
the fact that the exposure of ONO- 4578 after repeated doses of 
100 mg (AUC for 24 h, 84.6 μg·h/ml) was sufficiently high compared 
to the steady- state exposure of ONO- 4578 at the effective dose in 
tumor- bearing mice (AUC for 24 h, 10.1 μg·h/ml), the dose escalation 
to 200 mg was deemed unnecessary, and three more patients were 
added at 100 mg to complete the dose escalation. In the combina-
tion therapy cohorts, two of six patients receiving 60 mg ONO- 4578 
had DLTs despite having comparable pharmacokinetic and pharma-
codynamic parameters to those in the other patients. Although the 
dose of 60 mg was deemed tolerable, the dose was not increased to 
more than 60 mg per the predetermined dose- escalation plan.

Gastrointestinal TRAEs such as duodenal ulcer, duodenitis, gas-
tric ulcer, and gastritis were common. Prostaglandin E2 and EP4 
stimulated the secretion of gastrointestinal mucin, which is a high- 
molecular- weight glycoprotein that protects epithelial cells.12,18,25 
HCO3

− secretion has also been shown to protect the duodenum 
mucosa from acid peptic injury and to be inhibited by an EP4 an-
tagonist.12,18,26 ONO- 4578 likely inhibited these protective roles of 
PGE2 and EP4, similarly to NSAIDs, which can cause gastrointesti-
nal TRAEs. Anemia observed in this study could be caused by pep-
tic ulcers, as gastrointestinal injuries caused by NSAID treatments 
have been linked to occult blood loss and anemia.27 Nonetheless, 
ONO- 4578- related gastrointestinal TRAEs, like NSAID- induced 
gastrointestinal disorders, were manageable with PPI treatment. 
Notably, concomitant administration of PPIs did not affect the 

F I G U R E  3  Pharmacodynamic 
parameters in patients with solid tumors 
treated with ONO- 4578 monotherapy or 
in combination with nivolumab. (A) Tumor 
necrosis factor- α (TNF- α) release in whole 
blood samples collected on days 1, 2, 
and 28 were divided by baseline. Change 
in the median fold is shown. Error bars 
represent minimum and maximum values. 
(B, C) Plasma prostaglandin E2 metabolites 
(PGEM) (B) and tetranor- PGEM in urine 
(C) of individual patients are shown. Data 
were missing in some patients due to 
discontinuation of study treatment before 
the completion of the 28- day cycle or 
technical difficulties in the analysis

(A)

(B)

(C)
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pharmacokinetics of ONO- 4578, which could be attributed to the 
increased solubility of ONO- 4578 in higher pH solutions. As the 
incidence of gastric or duodenal inflammation was 30% in patients 
who did not receive prophylactic PPIs, compared to 9% in patients 
who did receive prophylactic PPIs, prophylactic administration of 
PPIs could be considered in ONO- 4578 therapy, which should be 
confirmed in future studies.

Tumor necrosis factor- α release in LPS- stimulated whole 
blood and urinary tetranor- PGEM alteration with ONO- 4578 
treatment were evaluated to assess an on- target pharmacody-
namic modulation by ONO- 4578. Increase in the ex vivo TNF- α 
release was observed in almost all patients, suggesting that ONO- 
4578 showed EP4 antagonistic activity at a dose as low as 2 mg. 
Although the plasma concentration of ONO- 4578 appeared to 
increase as the dose increased, no clear dose dependency was ob-
served in the pharmacodynamic analysis. Because the efficiency 
of ex vivo TNF- α release observed in this study was comparable 
to that observed with other EP4 inhibitors, such as LY3127760 
and CJ- 042794,24,28 the lowest dose of ONO- 4578 tested in this 
study might be high enough to induce the ex vivo TNF- α release. 
Alternatively, the sensitivity of this assay could be insufficient to 
detect the dose- dependency of ONO- 4578. In urine, tetranor- 
PGEM is the major metabolite of PGE2. Some clinical studies have 
found a link between urinary PGEM levels and cancer progres-
sion.29,30 A recent study evaluated the pharmacological profiles 
of a selective EP4 antagonist, LY3127760, and a COX- 2 inhibitor, 
celecoxib, in healthy people.24 LY3127760 increased the excre-
tion of PGEM while celecoxib inhibited urinary PGEM excretion. 
Similarly, ONO- 4578 treatment enhanced the excretion of urinary 
tetranor- PGEM in cancer patients. This observation suggests that 
ONO- 4578 target modulation possibly leads to a feedback mecha-
nism that promotes the production of PGE2 and/or the metabolism 
of the accumulated free PGE2 as a result of the EP4 antagonis-
tic activity of ONO- 4578, but the detailed mechanism needs to 
be further elucidated. In summary, we demonstrated on- target 
pharmacodynamic modulation of ONO- 4578 in cancer patients, 
thereby supporting the recommended dose selection of 40 mg 
ONO- 4578 in future clinical trials.

Although their best overall responses were SD, two patients in 
monotherapy cohorts experienced tumor shrinkage, suggesting a 
promising efficacy of ONO- 4578 monotherapy. One patient with 
small- cell lung cancer who received 40 mg ONO- 4578 in combina-
tion with nivolumab showed PR and remained on the study drug for 
more than 18 months. One unconfirmed PR was also observed in a 
patient with pancreatic cancer who received 2 mg ONO- 4578 with 
nivolumab. In recent phase III trials, nivolumab has failed to demon-
strate survival benefits in patients with small- cell lung cancer,31,32 and 
pancreatic cancer is thought to be more resistant to ICIs.33,34 Although 
we cannot rule out the possibility that these observed responses are 
solely due to nivolumab, ONO- 4578 could have an additive effect 
on improving the immunosurveillance tumor microenvironment. As a 
result, similar to a combination therapy of nivolumab with ipilimumab 
that showed promising efficacy for multiple advanced malignant 

tumors including melanoma, non- small- cell lung cancer, and malig-
nant pleural mesothelioma,35– 37 nivolumab plus ONO- 4578 would 
warrant further investigation in future clinical trials.

In conclusion, treatment with ONO- 4578 was well tolerated in 
patients with advanced or metastatic solid tumors. Given the occur-
rence of AEs, including DLTs, as well as the results of efficacy, phar-
macokinetics, and pharmacodynamics, a combination of ONO- 4578 
40 mg daily and nivolumab 240 mg biweekly was selected as the rec-
ommended dose and will be evaluated in future clinical trials.
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