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Summary
This open-label first-in-human study evaluated JPH203, which is a novel selective L-type amino acid transporter 1 inhibitor. We
also evaluated the association between the N-acetyltransferase 2 phenotype and outcomes. Japanese patients with advanced solid
tumors received daily intravenous JPH203 treatment for 7 days, followed by a 21-day rest period, at escalating doses of 12–
85 mg/m2. Dose-limiting toxicities were evaluated during the first cycle using a 3 + 3 design. The study enrolled 17 patients,
although grade 3 liver dysfunction was detected in one of six patients receiving 60mg/m2 and in the first patient to receive 85mg/
m2. Further enrollment was terminated and the maximum tolerated dose was defined as 60mg/m2. The AUC∞ increased between
12 mg/m2 and 25 mg/m2, although no differences were observed at 25–40 mg/m2. Partial response was observed for one patient
with biliary tract cancer (BTC) at the 12 mg/m2 dose, and disease control was achieved by 3 of 6 patients at the 12 mg/m2 and
25 mg/m2 dose levels. Based on these results, we recommend a phase II dose of 25 mg/m2. The disease control rate for BTC was
60%. Two patients with grade 3 liver dysfunction had the rapid N-acetyltransferase 2 phenotype, and disease control was more
common for the non-rapid phenotype (50% vs. 12.5%). It appears that JPH203 was well-tolerated and provided promising
activity against BTC. The N-acetyltransferase 2 phenotype might help predict the safety and efficacy of JPH203. Clinical trial
registration: UMIN000016546.
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Introduction

Cancer cells require more glucose and amino acids than nor-
mal cells because of their rapid proliferation rate. Therefore,
cancer cells tend to have higher expression of transmembrane
nutrient transporters, such as those for glucose and amino
acids [1]. Hosios et al. recently reported that, in cancer-
related cellular proliferation, the majority of the cell mass
(blocks) is derived from non-glutamine amino acids, while
the consumption of glucose and glutamine is mainly involved
in metabolism (i.e., as energy sources) rather than for the cell
block increase during the proliferation of normal tissues and

cancer growth [2]. Thus, non-glutamine amino acids seem to
be more important in both normal and cancer cell growth,
relative to glucose for normal tissue regeneration, which in-
volves different amino acid uptake processes that are men-
tioned below.

The L-type amino acid transporter (LAT) is responsible for
transporting large neutral amino acids with branched or aro-
matic side chains through the plasma membrane [3]. Various
LATs have been identified, including LAT1, LAT2, LAT3,
and LAT4 [4–7], with the LAT1 protein being originally iso-
lated from C6 rat glioma cells [4]. Various cancer cells have
high expression of LAT1, although high expression is also
observed in human fetal tissues (such as the liver) and low-
to-moderate LAT1 expression is observed in the human pla-
centa, testes, bone marrow, and brain [8]. Several preclinical
studies have shown that inhibition of LAT1 induces cancer
cell apoptosis, which is related to the depletion of amino acids
required for cancer cell growth and the induction of cell cycle
arrest [9–11]. Furthermore, several studies of resected or bi-
opsy samples have identified LAT1 expression as a potential
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prognostic factor in patients with various cancers [12–21].
These findings suggest that LAT1 could be a molecular target
for anticancer therapies, although we are not aware of any
clinical trials that have investigated an LAT1 inhibitor.

The plasma free amino acids (PFAAs) that serve as sub-
strates for LAT1 include leucine, isoleucine, phenylalanine,
methionine, tyrosine, histidine, tryptophan, and valine [4].
Most of these amino acids, with the exception of tyrosine,
are essential amino acids in humans. A novel selective LAT1
inhibitor (JPH203) inhibits cancer cell growth by depleting the
levels of these amino acids in cancer cells. In a nude mice
model, JPH203 inhibited the growth of inoculated HT-29 can-
cer cells, which were derived from a human colon cancer [22].
A preclinical pharmacokinetic study also revealed that
JPH203 is metabolized into N-acetyl JPH203 [23]. When
JPH203 is administered intravenously, it is taken up via or-
ganic anion transporters into liver cells, where it is predomi-
nantly acetylated to N-acetyl-JPH203 (Nac-JPH203) by the
N-acetyltransferase 2 (NAT2) and is passively excreted in bile
[23, 24]. Single nucleotide polymorphisms (SNPs) in the
NAT2 coding region had been identified, with their corre-
sponding alleles and haplotypes: rs1801279 (191G > A),
rs1041983 (282C > T), rs1801280 (341T > C), rs1799929
(481C > T), rs1799930 (590G >A), rs1208 (803A >G), and
rs1799931 (857G > A) [25]. Furthermore, there are three
known NAT2 phenotypes, which can be classified as rapid,
intermediate, and slow acetylators. It has been suggested that
the NAT2 acetylation process is the rate-limiting step in Nac-
JPH203 production, and it is possible that the NAT2 acetylator
phenotypes may help predict the safety and efficacy of
JPH203.

This first-in-human phase I study evaluated JPH203 to de-
termine its safety, maximum tolerated dose (MTD), and rec-
ommended phase II dose (RP2D) among Japanese patients
with advanced solid tumors. We also evaluated the pharmaco-
kinetics (PK), pharmacodynamics (PD), and preliminary anti-
tumor effects of JPH203. Finally, we analyzed the associations
between the NAT2 phenotypes and clinical outcomes in pa-
tients who received JPH203.

Materials and methods

Study design and ethical considerations

This first-in-human study was designed as a single-center,
open-label, single-arm, dose-escalation phase I trial using a
3 + 3 design. The study protocol was approved by the institu-
tional review board at Kyorin University and was registered as
UMIN000016546. All patients provided informed consent be-
fore enrollment. This study was conducted in accordance with
the Declaration of Helsinki and good clinical practice. An
independent data and safety monitoring board reviewed all

safety-related data. Furthermore, we retrospectively examined
the associations between the NAT2 phenotypes and clinical
outcomes using whole-blood samples from the prospective
portion of the study. The retrospective analysis was also ap-
proved by the institutional review board at Kyorin University.

Patients with advanced solid tumors received daily
JPH203 treatments (via a 90-min intravenous infusion)
for 7 days, followed by a 21-day rest period. The
planned dose escalations were 12 mg/m2, 25 mg/m2,
40 mg/m2, 60 mg/m2, and 85 mg/m2. Before starting
this schedule, we confirmed the drug’s safety during a
7-day observation period after the patient received a
single dose of JPH203 and then rested. The starting
dose was determined based on toxicology experiments
using rats, which revealed no clear adverse effects at a
dose of 2 mg/kg, which is equivalent to a human dose
of 12 mg/m2.

The primary endpoints were defined as safety outcomes,
the MTD, dose-limiting toxicities (DLTs), and the RP2D. The
secondary endpoints were defined as PK findings, PD find-
ings, and efficacy outcomes.

Patient population

Patients were considered eligible based on the following
criteria: male or female Japanese patients who were ≥
20 years old, provided informed consent, had histopatho-
logically confirmed advanced or refractory solid tumors,
had no response to standard therapies, had a life expec-
tancy of >90 days, and had an Eastern Cooperative
Oncology Group performance status of 0 or 1. In addition,
patients were required to have adequate bone marrow,
renal, and liver functions: neutrophil count of ≥1500/
mm3, hemoglobin level of ≥9.0 g/dL, platelet count of
≥75,000/mm3, serum creatinine level of ≤1.5× the upper
limit of normal (ULN), serum total bilirubin level of
≤1.5× the ULN, and serum aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) levels of
≤2.5× the ULN (or ≤ 5.0× the ULN for patients with liver
metastasis and/or biliary drainage). The key exclusion
criteria were: severe underlying disorders and/or unstable
complications as judged by the investigator; infection re-
quiring systemic therapy; seropositivity for the HBs anti-
gen, HCV antibodies, or HIV-1 antibodies; clinically sig-
nificant electrocardiographic abnormalities; pleural effu-
sion, pericardial effusion or ascites requiring drainage;
presence of brain metastasis; history of radiation therapy
to >33% of the hematopoietic bone marrow before enroll-
ment; frequent diarrhea or watery stools; pregnancy or
lactation; and receiving regular systemic steroid therapy,
chemotherapy, radiotherapy, or immunotherapy during the
4 weeks before enrollment.
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Safety assessment

Complete hematological tests, blood biochemistry tests, and
urine tests were performed at the screening, before single-dose
treatment, at 25.5 h after the single-dose treatment, and then
on days 1, 4, 7, 14, 21, and 28 of cycle 1, followed by testing
on days 1, 8, 14, 21, and 28 of subsequent cycles, and at the
end of treatment. Physical examinations, including assessment
of vital signs, were performed daily during the course of
JPH203 administration and at the time of patient visits (at least
every 7 days). Adverse events (AEs) were evaluated in accor-
dance with the Common Terminology Criteria for Adverse
Events version 4.0. The withdrawal criteria were: appearance
of a DLT, a clinical or imaging-based diagnosis of disease
progression, occurrence of a serious adverse event, patient
refusal of treatment, pregnancy, or treatment discontinuation
based on the investigators’ judgement. We defined DLTs as
AEs for which a causal relationship with JPH203 could not be
ruled out during the first treatment cycle: Grade 3 non-
hematological toxicities, excluding rash acneiform, rash
maculo-papular, urticaria, nausea, vomiting, anorexia, diar-
rhea, constipation, or fatigue, which resolved to grade 1 se-
verity within 7 days after optimal medical treatment; investi-
gator judgement that the drug should be withdrawn; Grade 4
hematological toxicities or Grade ≥ 3 thrombocytopenia re-
quiring transfusion; and febrile neutropenia. If a patient devel-
oped a DLT, other patients were added to the treatment group
until the total reached 6 patients, and we confirmed that no
other patients experienced a DLT before escalating to the next
dose level. If ≥2 patients developed a DLT in any dose group,
that dose was pre-defined as the MTD. The RP2D was deter-
mined based on the DLT results, the PK/PD data, and the
preliminary efficacy data.

Pharmacokinetics and pharmacodynamics

The PK parameters were evaluated based on plasma and
urine JPH203 concentrations. Blood samples were collect-
ed before the single-dose treatment and at 10 subsequent
timepoints: 0.5 h, 1 h, 1.5 h, 2 h, 3 h, 4.5 h, 6 h, 12 h,
25.5 h, and 49.5 h. Furthermore, 11 blood samples were
collected before the first cycle of the repeated-dose treat-
ment and after the first cycle: 1.5 h later on days 1 and 4,
before the dose administration on day 7 as well as 1.5 h,
3 h, 6 h, 12 h, 25.5 h, and 49.5 h later. Urine samples
were collected before the single-dose treatment and at
intervals of 0–3 h, 3–6 h, 6–12 h, and 12–25.5 h. The
concentrations of JPH203 and Nac-JPH203 in both sam-
ple types were determined using a validated liquid
chromatography-mass spectrometry method.

Blood samples for the PFAA analysis were collected before
the single-dose treatment and 25.5 h later.

Efficacy analyses

Computed tomography was performed after the first cycle and
then every 6 weeks after the end of the first cycle. Tumor
responses were evaluated in accordance with the Response
Evaluation Criteria in Solid Tumors version 1.1. The response
rate (RR) was defined as the proportion of patients who expe-
rienced a complete response (CR) or partial response (PR).
The disease control rate was defined as the proportion of pa-
tients with CR, PR, or stable disease (SD).

NAT2 SNP analysis

The NAT2 SNP analysis was performed by BML Inc.
(Tokyo). The patients’ blood samples were subjected to
DNA extraction and analysis to identify SNPs and the
NAT2 phenotype. The presence of rs1495741 was deter-
mined using the TaqMan® SNP Genotyping Assay, in
accordance with the manufacturer’s instructions. The
two-SNP inferred NAT2 acetylator phenotype was identi-
fied based on the presence of rs1041983 (282C > T) and
rs18011280 (341T > C). The three-SNP inferred NAT2
acetylator phenotype was identified based on the presence
of rs1799929 (481C > T), rs1799930 (590G > A), and
rs1799931 (857G > A). The four-SNP inferred NAT2
acetylator phenotype was identified based on the presence
of rs1801279 (191G > A), rs1801280 (341T > C),
rs1799930 (590G > A), and rs1799931 (857G > A). In
these assays, the rapid acetylator phenotype was defined
as the homozygous presence of all normal versions, the
intermediate acetylator phenotype was defined as the het-
erozygous presence of any one of the SNPs, and the slow
acetylator phenotype was defined as the homozygous
presence of one or more SNPs or the heterozygous pres-
ence of two or more SNPs.

Statistical analysis

The PK parameters were expressed as mean ± standard
deviation values. The blood ratio of Nac-JPH203/
JPH203 was calculated for individual patients based on
the AUC∞. The urine ratio of Nac-JPH203/JPH203 was
also calculated for individual patients, using the amounts
of JPH203 and Nac-JPH203 accumulated in the urine at
0–25.5 h after the single-dose treatment. The amino acid
data were expressed as mean ± standard deviation values,
with statistical significance evaluated using Student’s t
test. For all tests, significant differences were identified
based on a P value of <0.05. All analyses were performed
using IBM SPSS software (version 22.0; IBM Corp.,
Armonk, NY).

1497Invest New Drugs (2020) 38:1495–1506



Results

Patient characteristics

Seventeen patients were enrolled between January 2015 and
August 2016. The patients’ characteristics are shown in
Table 1. Most patients had gastrointestinal cancers, with the
most common types being colorectal cancer (35%), biliary
tract cancer (BTC, 29%), and pancreatic cancer (24%). All
patients had received previous treatments, with a median num-
ber of 3 previous chemotherapy regimens (range: 2–6).

Follow-up and safety outcomes

The median follow-up time was 3.7 months (range: 1.5–
26.8 months). The dose escalation summary (12–85 mg/m2)
is shown in Table 2. Grade 3 liver dysfunction occurred in 1 of
6 patients receiving the 60 mg/m2 dose, as well as in the first
patient who received the 85 mg/m2 dose. Although the AEs in
these 2 patients resolved rapidly, further enrollment was ter-
minated because the grade 3 liver dysfunction was deemed a
DLT at the 85 mg/m2 dose. Therefore, the MTD was defined
as 60 mg/m2.

The treatment-related AEs (TRAEs) are summarized in
Table 3. The most common TRAEs were generally grade 1
or 2 elevated ALT, elevated AST, elevated γ-GTP, malaise,
nausea, hypertension, and fever. Grade 3 elevations of ALT,
AST, and γ-GTP were observed in the 60 mg/m2 and 85 mg/
m2 groups, which were considered DLTs. There were no cases

of grade 4 TRAEs or death. The treatment was eventually
discontinued because of tumor progression in 14 of the 17
patients, and because of the grade 3 liver dysfunction in the
other 2 patients. The remaining patient is continuing JPH203
treatment without disease progression for 2 years.

Pharmacokinetics and pharmacodynamics

The PK parameters for JPH203 are shown in Fig. 1. The
maximum plasma concentrations (Cmax) of JPH203 were ob-
served at 1.0 h after a single-dose administration for the
12 mg/m2 and 25 mg/m2 doses, and at 1.5 h for the 40 mg/
m2, 60 mg/m2, and 85 mg/m2 doses. The Cmax values after a
single dose increased between the 12 mg/m2 and 85 mg/m2

dose levels (Fig. 1a). Although the Cmax values also increased
between the 12 mg/m2 and 85 mg/m2 dose levels after repeat-
ed treatments, JPH203 did not accumulate in the plasma (Fig.
1b). The AUC∞ values after single-dose and repeated-dose
administrations are shown Fig. 1c. The AUC∞ values in-
creased between the 12 mg/m2 and 85 mg/m2 dose levels after
a single dose (12 mg/m2: 463.1 ± 64.5 ng・h /mL, 25 mg/m2:
887.8 ± 338.4 ng・h/mL, 40 mg/m2: 1460.5 ± 317.1 ng・h/
mL, 60 mg/m2: 2094.3 ± 932.7 ng・h/mL, 85 mg/m2 [1 pa-
tient]: 3022.5 ng・h/mL). While the AUC∞ values after
repeated-dose administrations increased between the 12 mg/
m2 and 25 mg/m2 dose levels, no difference was observed
between the 25 mg/m2 and 40 mg/m2 dose levels (12 mg/
m2: 183.1 ± 57.1 ng・h/mL, 25 mg/m2: 1426.4 ±
285.1 ng・h/mL, 40 mg/m2: 1290.2 ± 351.5 ng・h/mL,
60 mg/m2: 1948.5 ± 763.5 ng・h/mL).

There were several patients who exhibited broad variations
in their ratio of the Nac-JPH203 and JPH203 concentrations,
regardless of the JPH203 dose level. The Nac-JPH203/
JPH203 ratio in blood exhibited a roughly linear relationship
with the ratio in urine (Fig. 2). Individuals with the rapid
phenotype had higher Nac-JPH203/JPH203 ratios (i.e., higher
production of Nac-JPH203), while patients with the non-rapid
phenotype (slow + intermediate) had lower ratios.

We observed an increase in the LAT1-substrate PFAA
levels at the 12 mg/m2 dose level, but not at the other dose
levels, after single-dose administration (Table 4).

Efficacy

Sixteen of the 17 patients were considered evaluable for treat-
ment response. The remaining patient had pancreatic cancer
and discontinued treatment before starting repeated-dose treat-
ment at the 12 mg/m2 dose level because of tumor progres-
sion. The waterfall plots for response to JPH203 and time
from enrollment are shown Figs. 3 and 4. The RR was 6.3%
and the disease control rate was 31.3%. One patient with BTC
achieved PR, and that patient continued treatment for 2 years
without evidence of disease progression at the cut-off date

Table 1 Characteristics of the 17 patients

Median age, years (range) 68 (47–83)

Sex, n (%)

Male 11 (65)

Female 6 (35)

ECOG performance status, n (%)

0 12 (71)

1 5 (29)

Primary tumor site, n (%)

Colorectal 6 (35)

Biliary tract 5 (29)

Pancreas 4 (24)

Esophagus 1 (6)

Breast 1 (6)

Prior chemotherapies, n (%)

2 6 (35)

3 4 (24)

4 4 (24)

5 1 (6)

6 2 (11)

ECOG Eastern Cooperative Oncology Group
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(May 2017). Disease control was observed in 3 of 5 patients
with BTC and in 2 of 6 patients with colorectal cancer. The
patient who achieved PR was receiving the 12 mg/m2 dose
level, and disease control was observed in 2 of the 3 patients at
this level. No cases of PR were observed at the higher dose
levels. Disease control was observed in 1 of 3 patients at the
25 mg/m2 dose, 1 of 3 patients at the 40 mg/m2 dose, and 1 of
6 patients at the 60 mg/m2 dose.

NAT2 SNP analyses

Sixteen patients provided blood samples for analysis of
the 7 major SNPs (481C > T, 282C > T, 857G > A,

803A > G, 341T > C, 590G > A, and 191G > A). We ob-
served that 4 SNPs (481C > T, 803A > G, 341T > C, and
191G > A) exhibited homozygous normal versions, and 3
SNPs (282C > T, 857G > A, and 590G > A) exhibited het-
erozygous versions or homozygous variants. The allele
frequencies for those SNPs were consistent with those in
the National Center for Biotechnology Information data-
base. Based on the SNP panel results, all patients were
classified according to their NAT2 acetylator phenotype
(rapid, intermediate, or slow), and these classifications
were consistent for each patient across all combinations
of SNPs (2-SNP, 3-SNP, and 4-SNP) and regardless of the
primary tumor site.

Table 3 Treatment-related adverse events for all 17 patients

Adverse event 12 mg/m2 (n = 4) 25 mg/m2 (n = 3) 40 mg/m2 (n = 3) 60 mg/m2 (n = 6) 85 mg/m2 (n = 1) Total n (%)

Grade
1/2

Grade
3

Grade
1/2

Grade
3

Grade
1/2

Grade
3

Grade
1/2

Grade
3

Grade
1/2

Grade
3

Grade
1/2

Grade
3

Malaise 1 0 0 0 0 0 1 0 1 0 3 (18) 0

Nausea 0 0 1 0 0 0 1 0 0 0 2 (12) 0

Fever 1 0 0 0 0 0 0 0 1 0 2 (12) 0

Hypertension 2 0 0 0 0 0 0 0 0 0 2 (12) 0

Constipation 0 0 1 0 0 0 0 0 0 0 1 (6) 0

Diarrhea 1 0 0 0 0 0 0 0 0 0 1 (6) 0

Mucositis 0 0 0 0 0 0 1 0 0 0 1 (6) 0

Dizziness 1 0 0 0 0 0 0 0 0 0 1 (6) 0

Myalgia 0 0 0 0 0 0 1 0 0 0 1 (6) 0

Dermatitis 1 0 0 0 0 0 0 0 0 0 1 (6) 0

Erythema multiforme 1 0 0 0 0 0 0 0 0 0 1 (6) 0

Rash 0 0 0 0 0 0 1 0 0 0 1 (6) 0

Lymphocytopenia 0 1 0 0 0 0 0 0 0 0 1 (6) 0

Thrombocytopenia 0 0 0 0 0 0 1 0 0 0 1 (6) 0

ALT increased 0 0 0 0 1 0 0 1 0 1 1 (6) 2 (12)

AST increased 0 0 0 0 1 0 0 1 1 0 2 (12) 1 (6)

γ-GTP increased 0 1 0 0 0 0 0 1 1 0 1 (6) 2 (12)

ALP increased 1 0 0 0 0 0 1 0 1 0 3 (18) 0

β2 microglobulin
increased

0 0 0 0 0 0 1 0 0 0 1 (6) 0

ALT alanine aminotransferase, AST aspartate aminotransferase, γ-GTP γ-glutamyl transpeptidase, ALP alkaline phosphatase

No grade 4 or greater toxicities were observed in this study

Table 2 Dose escalation
summary Dose (mg/m2) Number of patients Dose-limiting toxicity

12 4* None

25 3 None

40 3 None

60 6 Grade 3 liver dysfunction (1 patient)

85 1 Grade 3 liver dysfunction

* 1 patient was withdrawn from the study after a single dose of JPH230 because of tumor progression
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Fig. 1 Plasma concentrations of JPH203 after single-dose treatment (a) and after repeated-dose treatment (b). The AUC∞ curves for JPH203 after single-
dose and repeated-dose treatment (c)

Fig. 2 Associations between
Nac-JPH203/JPH203 in blood
and urine and the NAT2
phenotypes. There was roughly
linear relationship between the
Nac-JPH203/JPH203 ratio in the
blood and urine. Patients with the
rapid NAT2 phenotype (8/16
patients) were predominantly
distributed toward the upper right
corner of the graph, while patients
with the slow and intermediate
phenotypes (8/16 patients) were
predominantly distributed toward
the lower left corner of the graph.
Nac-JPH203, N-acetyl-JPH203;
NAT2, N-acetyltransferase 2;
DLT, dose-limiting toxicity; γ-
GTP, γ-glutamyl transpeptidase;
ALP, alkaline phosphatase
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Association between the NAT2 phenotypes
and clinical outcomes

Among the 8 patients with the rapid NAT2 phenotype, 4
patients exhibited liver dysfunction and had the highest
Nac-JPH203/JPH203 ratios in the blood and urine, with
2 of these 4 patients judged to have experienced DLTs
(Fig. 2). Disease control was re-analyzed in terms of the

rapid and non-rapid phenotypes (intermediate or slow),
which revealed disease control rates of 50% for the
non-rapid phenotype (4/8 patients) and of 12.5% for the
rapid phenotype (1/8 patients). Among the 5 patients
with BTC, 3 of the 4 patients with the non-rapid pheno-
type experienced disease control (75%), while the 1 pa-
tient with the rapid phenotype had progressive disease
(Tables 5 and 6).

Fig. 3 Waterfall plot of change from baseline to the maximum tumor shrinkage of the target lesions in the efficacy analysis dataset. PR, partial response;
SD, stable disease; PD, progressive disease

Table 4 Differences in plasma free amino acids before and after single-dose treatment in 15 patients

Dose (mg/m2) Number of patients PFAA, nmoL/mL (SD) p value

Before the single-dose treatment After the single-dose treatment

LAT1 substrates 12 3 534.7 (36.6) 698.9 (31.3) 0.043

25 3 758.8 (144.4) 723.9 (108.5) 0.327

40 3 676.0 (120.5) 696.2 (41.4) 0.739

60 6 877.4 (65.9) 754.0 (203.0) 0.257

Non-LAT1 substrates 12 3 1684.6 (170.9) 1974.0 (169.6) 0.119

25 3 1843.0 (91.6) 1833.9 (142.8) 0.911

40 3 2087.9 (149.4) 2210.1 (419.5) 0.549

60 6 2137.5 (221.2) 1996.2 (290.5) 0.335

LAT L-type amino acid transporter, PFAA plasma free amino acids, SD standard deviation
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Discussion

To the best of our knowledge, this is the first-in-human study
of JPH203, which is a potent selective inhibitor of LAT1. The
LAT1 protein was identified and named in 1998 [4], with an
increasing number of reports identifying a relationship be-
tween LAT1 activity and various cancers. For example, sev-
eral studies have evaluated LAT1 as an anti-cancer target [26,
27], evaluated its regulatory and functional role in cancer [28],
and examined its structure, function, and ligand [29]. Thus,
inhibitors of LAT1may be a useful class of anti-cancer agents,
with JPH203 potentially being the first-in-class compound to
be tested in clinical studies.

The LAT1 protein has several unique properties in this
setting. First, LAT1 has 12 transmembrane non-glycosylated
segments, and requires a glycosylated chaperon (4F2hc or
CD98) for its membrane trafficking [4], making it a
heteromeric amino acid transporter. Second, LAT1 is an
oncofetal protein that supports embryological growth through
its high-capacity transport of large and essential amino acids,
as well as during a limited period after gestation [30]. Third,
LAT1 is upregulated when carcinogenesis is induced experi-
mentally, and its high expression in cancer cells is related to
high mortality among cancer patients [13–21]. Fourth, in vitro
and in vivo models have indicated that cancer cell growth is

Fig. 4 Time from enrollment and duration of treatment with JPH203 in the efficacy analysis dataset. Yellow dots indicate the duration of JPH203
treatment in months. The ends of bars without arrows indicate patient death

Table 5 N-acetyltransferase 2 phenotype and response in 16 patients

Dose (mg/m2) Primary tumor site 2-
SNP

3-
SNP

4-
SNP

Response

12 Pancreas R R R PD

Biliary tract S S S PR

Colorectal R R R SD

25 Colorectal R R R PD

Biliary tract S S S SD

Biliary tract R R R PD

40 Pancreas I I I PD

Breast R R R PD

Colorectal S S S SD

60 Esophagus R R R PD

Colorectal S S S PD

Colorectal R R R PD

Biliary tract S S S PD

Colorectal I I I PD

Biliary tract I I I SD

85 Pancreas R R R PD

SNP single nucleotide polymorphism, R rapid, I intermediate, S slow, PR
partial response, SD stable disease, PD progressive disease
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dramatically reduced in LAT1-knockout cells or cells that are
treated using a LAT1 inhibitor [31, 32]. Fifth, although LAT1
is expressed in some human adult tissues (e.g., the bone mar-
row, brain, reproductive organs, and skin), cancer tissues ex-
hibit substantially higher LAT1 expression based on immuno-
histochemical testing and amino acid positron emission to-
mography using an LAT1 tracer (L-[3-18F]-α-methyltyrosine
or 18F-FMT) [33].

This first-in-human study of JPH203 aimed to determine
whether an LAT1-inhibiting small molecule could be used as a
novel anticancer treatment. The results indicate that some sol-
id tumors reacted well to JPH203 treatment, including BTC
and colorectal cancer. This is likely because JPH203 was de-
veloped as a very potent LAT1 inhibitor [34], with tremen-
dously high LAT1 selectivity, and it does not appear to have
functional and/or biological activity against LAT2, which is a
normal neutral amino acid transporter [34]. The JPH203 drug
is formulated for intravenous injection in a sulfobutylether-β-
cyclodextrin complex (JPH203-SBECD), which appears to be
well tolerated as previously predicted, based on the sufficient
safety margin between the MTD (60 mg/m2) and the RP2D
(25 mg/m2). Furthermore, given that JPH203 is metabolized
into N-acetyl-JPH203 by hepatic NAT2, the plasma concen-
trations of JPH203 should depend on hepatic enzyme activity.
Nevertheless, it is important to note that 2 of 17 patients were
removed from the study because they developed liver dys-
function as a DLT. This may be related to the metabolism of
JPH203 into N-acetyl-JPH203 in the liver, with N-acetyl-
JPH203 being excreted in the bile [23, 24]. Therefore, further
studies are needed to directly evaluate how N-acetyl-JPH203
might be related to these episodes of liver dysfunction.

Although the MTD of JPH203 was determined to be
60 mg/m2, the PK profile of JPH203 did not support setting
the RP2D at >25 mg/m2. This is because the plasma levels of
LAT1-substrate PFAAs increased significantly, as expected,
after single-dose administration at the 12 mg/m2 dose level,
with disease control (PR + SD) observed for 3 of 6 patients at
the 12 mg/m2 and 25 mg/m2 dose levels. However, we only
detected SD in 2 of 10 cases at the ≥40 mg/m2 dose levels.
Thus, we recommend 25 mg/m2 as the RP2D, as we suspect
that high-dose JPH203 administration might have a negative
feedback effect on the LAT1 pathway [11].

The present study revealed that JPH203 has promising ac-
tivity in patients with BTC. Interestingly, LAT1 overexpres-
sion is associated with poor outcomes in various cancers
[13–21], with the proportions of overexpression being 22%
for prostate cancer, 29% for lung adenocarcinoma, 43% for
gastric cancer, 43% for breast cancer, and 52.6% for pancre-
atic cancer [14–18]. Two recent studies have also revealed that
LAT1 overexpression was related to a poor prognosis in pa-
tients with BTC [20, 21], with Kaira et al. reporting that LAT1
expression was elevated in 64.0% of resected BTC specimens.
Thus, it appears that LAT1 expression is more likely to be
elevated in BTC than in other cancers. Furthermore, several
in vitro and in vivo studies have demonstrated that LAT1
inhibitors, including JPH203, are effective against BTC [11,
35, 36]. Therefore, based on the elevation of LAT1 expression
in resected samples, the in vivo and in vitro efficacies of LAT1
inhibitors, and our preliminary efficacy data, it appears that
JPH203 might have promising activity against BTC.

The JPH203 molecule is predominantly metabolized into
Nac-JPH203 by NAT2 in liver cells. Furthermore, the meta-
bolic clearance of JPH203 is longer than that of influx clear-
ance, and eventually becomes passive clearance. Thus,
JPH203 uptake appears to be the rate-limiting step for overall
hepatic elimination in rats, while in human hepatocytes the
intrinsic clearance is predicted to be rate-limiting [24]. The
SNP panel assay results for the NAT2 phenotypes were con-
sistent for all 16 individuals and across all combinations of
SNPs. Hein et al. demonstrated that the accuracies for infer-
ring the NAT2 phenotype were 98.4% for the 7-SNP panel,
92.2% for the 2-SNP panel, 92.2% for the 3-SNP panel, and
98.4% for the 4-SNP panel [25], and our results also support
this conclusion. Furthermore, the allele frequencies for each of
the 7 SNPs were consistent with those in the National Center
for Biotechnology Information database, with more than one-
half of the Japanese population having the non-rapid pheno-
type. According to Sabbagh et al., the slow-acetylator type of
NAT2may represent a genetic adaptation to dietary habits and
lifestyle changes throughout the long history of human evolu-
tion. The authors also reported that the rapid phenotype is
predominantly distributed in Asia, while the slow phenotype
is predominantly distributed inWestern Europe, based on data
from 128 groups and 14,679 samples [37]. In the present

Table 6 Summary of the anti-
tumor effects in 16 patients ac-
cording to NAT2 phenotype

NAT2 phenotype Number of patients Disease control rate Treatment response (PR + SD)

All patients 16 31.3% 1 PR + 4 SD

Rapid group 8 12.5% 1 SD

Non-rapid group 8 50.0% 1 PR + 3 SD

Biliary tract cancer 5 60.0% 1 PR + 2SD

Rapid group 1 0%

Non-rapid group 4 75.0% 1 PR + 2 SD

NAT2 N-acetyltransferase 2, PR partial response, SD stable disease
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study, 4 of 8 patients with the rapid phenotype developed liver
dysfunction, and 2 of 4 patients had DLTs, while none of the
patients with the non-rapid phenotype experienced these ef-
fects. Thus, it is possible that the NAT2 phenotype may help
predict the development of AEs, especially liver dysfunction,
after JPH203 treatment. We also speculate, based on our re-
sults, that the non-rapid phenotype is more likely to be linked
to treatment efficacy. This suggests that a lower Nac-JPH203/
JPH203 ratio is critical for maximizing the anti-tumor effect of
JPH203, in which the acetylation of JPH203 into inactive
Nac-JPH203 is slow because of non-rapid NAT2 activity.

This study had some limitations. First, the sample size
was small and only 5 patients had BTC, despite our prom-
ising results in this patient subset. While there are few
options for previously treated BTC, the FOLFOX regimen
(5-FU, leucovorin, and oxaliplatin) plus active symptom
control provided prolonged overall survival among pa-
tients previously treated using gemcitabine plus cisplatin
[38]. On the other hand, a recent clinical trial of immune
checkpoint anti-PD-1 monotherapy revealed modest activ-
ity in BTC patients who were refractory to or could not
tolerate gemcitabine-based treatment, although its combi-
nation with gemcitabine and cisplatin provided a better
outcome [39]. Thus, it may be prudent to carefully consid-
er the use of JPH203 in patients with previously treated
BTC. Second, all patients who were enrolled in the present
study had already failed multiple treatment lines, and
prolonged follow-up was difficult because of their poor
prognosis. Third, we enrolled a heterogeneous group of
patients with different cancer types and previous cancer
treatments.

In conclusion, the PK/PD findings and the antitumor
effects of JPH203 at each dose level indicate that an ap-
propriate RP2D is 25 mg/m2. Furthermore, we found that
JPH203 was well-tolerated at lower doses and provided
promising activity against BTC. Moreover, the findings
suggest that the NAT2 phenotype, which can be evaluated
based on SNP panels, might be useful for predicting the
safety and efficacy of JPH203. Therefore, we are
conducting a placebo-controlled randomized phase II
study of patients with BTC and the non-rapid NAT2 phe-
notype (UMIN000034080).
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