
Abstract. Background/Aim: Amino acids are among the
most important nutrients for supplying energy and building
protein blocks in cancers. L-type amino acid transporter
(LAT) 1 is known to play a critical role in cancer growth. We
have completed the first-in-human phase I study using the
LAT1-specific inhibitor JPH203. Patients and Methods: We
evaluated plasma free amino acids (PFAAs), body mass
index (BMI), and efficacy of JPH203 in patients enrolled in
the phase I study. Results: LAT1-substrate PFAAs and
branched chain amino acids (BCAAs) were higher in
patients with biliary tract cancer (BTC) than in those with
other cancers. High inhibition of uptake of LAT1-substrate
PFAAs was associated with survival. BMI of more than the
median was associated with disease control and survival.
BCAAs tended to be associated with BMI. Conclusion:
BCAAs and BMI are useful predictors of the efficacy of
JPH203, which shows promising activity against BTC.

Glucose and amino acids (AA) are major nutrients in animals
and humans. In oncology, increase of glucose metabolism
within cancer cells is one of the most prominent
characteristics. In 1956, Warburg reported that irreversible
switching of glucose metabolism from a high efficiency
pathway for producing ATP through mitochondrial oxidative
phosphorylation to a less efficient glycolytic pathway-
initiated transformation of normal cells to cancer cells, which

is referred to as the ‘Warburg effect’ (1). Although numerous
efforts have been made for several decades, precise
mechanism of the ‘Warburg effect’ in cancer development
have not been established.

In addition to high glucose metabolism in cancer, we
became interested in cancer-specific amino acid metabolism
and aimed to explain its metabolic relationship with
physiological states and pathophysiological cancerous states.
Christensen classified amino acid transporters into three major
groups, System-A, -ASC, and -L according to their
physiological properties in the pre-genome era (2). In 1998, a
novel amino acid transporter belonging to System-L was
identified in rat C6 glioma-derived cell line and referred to as
the L-type amino acid transporter (LAT) 1 (3). Human LAT1,
identified by homology cloning, was highly expressed in
cancerous and fetal tissues, and a very weak expression was
found in limited normal adult tissues like brain, bone marrow,
and reproductive organs (4). LAT1 was expressed in cancer
cell membranes together with its chaperon protein, 4F2hc
(=CD98). LAT1/CD98 can transport eight AAs (LAT1-
substrates) such as histidine, isoleucine, leucine, methionine,
phenylalanine, tryptophan, tyrosine, and valine, among which
all 7 AAs except tyrosine are essential amino acids (EAA)s in
humans. In humans, EAAs consist of 9 AAs, including the
above 7 AAs, lysine, and threonine. Moreover, isoleucine,
leucine, and valine are known as branched-chain amino acid
(BCAA)s. Following identification of LAT1, a second member
of System-L transporters, which is expressed ubiquitously in
normal cells but seldom in cancer cells, was identified. As this
new transporter resembles LAT1 in its molecular structure, it
was named LAT2 (5). LAT2 transports 15 AAs, including the
8 LAT1-substrate AAs and alanine, asparagine, cysteine,
glutamine, glycine, threonine, and serine. 

As predicted, the LAT1 gene and protein are overexpressed
in human cancer-derived cell lines (4) and cancer tissues such
as prostate (6), stomach (7), colorectum (8), pancreas (9),
biliary tract (10), lung (11), and uterus (12). Importantly,
immunohistochemical staining in cancer tissues has been
shown that LAT1 expression is associated with malignancy
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in patients with the respective cancer (6-12). Thus, LAT1
could be used as a diagnostic and prognostic marker in
patients with cancer. This characteristic of LAT1 could also
be exploited to cancer-specific positron emission tomography
(PET) imaging analysis using an AA PET probe, [18F]-
fluorinated alpha-methyl tyrosine ([18F]-FAMT) (13), because
FAMT is taken up by cancer cells via LAT1 (14). In a study
using this LAT1 PET probe, [18F]-FAMT showed no false-
positive results in lung cancer, indicating that normal parts of
the tissues were LAT1-negative in LAT1 PET analysis (15). 

Since LAT1 is a cancer type and LAT2 is a normal type,
LAT1-specific inhibitors have been investigated as potential new
drugs in cancer treatment. Various small molecules inhibitors that
differentiate LAT1 and LAT2, have been synthesized. JPH203
was selected as the most potent inhibitor against LAT1, that did
not inhibit LAT2 (16, 17). Following completion of a series of
translationally necessary non-clinical studies, we have completed
the first-in-human phase I study using the JPH203 formulation.
The study consisted of 17 patients with advanced solid tumors
(18). As a result, partial response (PR) was achieved in a patient
with biliary tract cancer (BTC) and disease control was observed
in 3 of 5 patients with BTC. Therefore, a phase II clinical study
of JPH203 with advanced BTC patients is currently under
ongoing (UMIN000034080). 

The difference in the biology of AAs metabolism between
BTC and other solid tumors remains still unclear. The
purpose of this investigation was to identify predictive
biomarkers for the efficacy of the LAT1 inhibitor JPH203. 

Patients and Methods

Study design and treatment of phase I study. Details of this study,
including inclusion and exclusion criteria, trial design, and dose-
escalation methods have been published previously (18). Briefly, this
study was a single-center, open-label, single-arm, first-in-human
dose-escalation (3+3 design) phase I study of patients with advanced
solid tumors who were refractory to standard chemotherapy. Patients
received JPH203 at doses of 12 mg/m2 (n=4), 25 mg/m2 (n=3), 40
mg/m2 (n=3), 60 mg/m2 (n=6), and 85 mg/m2 (n=1), intravenously
once per day over 90 minutes for 7 days, followed by 21-day rest
periods (one cycle) until tumor progression or unacceptable
toxicities. Before starting this schedule, we first confirmed the drug’s
safety over an observation period of 7 days after a single-dose
administration of JPH203 while the patients were resting. 

This study was approved by the institutional review board at
Kyorin University and conducted in accordance with the
Declaration of Helsinki and good clinical practice. All patients
provided written informed consent. 

Efficacy analysis. Computed tomography was performed after the first
cycle and then every six weeks. Tumor responses were evaluated in
accordance with the Response Evaluation Criteria in Solid Tumors 1.1.
The response rate was defined as the proportion of patients who
experienced a complete response (CR) or PR. The disease control rate
(DCR) was defined as the proportion of patients with CR, PR, or stable
disease (SD). Progression-free survival (PFS) was defined as period

from the date of enrollment in this study to the date of progressive
disease (PD) or death for any reason. Overall survival (OS) was defined
as the period from the date of enrollment in this study to the date of
death from any cause. If PD or death was not observed, the patients
were censored for PFS and OS on the last date of confirming no events.

Plasma free amino acid analyses. Blood samples were collected before
the single-dose treatment and at 25.5 h following this dose treatment,
before the dose administration on day 1, and at 25.5 h after the dose
administration for plasma free amino acids (PFAAs) analysis. Thirty-
nine PFAAs including 20 AAs and AA-related molecules were
measured using Liquid Chromatography/Mass Spectrometry methods.
The precise analytical methods used were as described elsewhere (19).
We investigated the difference in PFAAs due to the site of the cancer
before the dose administration of JPH203, and the association between
changes in the LAT1-substrate PFAA levels and survival. Changes in
the LAT1-substrate PFAA levels were calculated as the difference in
the levels measured before day 1 and after day 7 in cycle 1. If
treatment in cycle 1 needed to be discontinued, the level at
discontinuation was used instead of that after day 7. The degree of
inhibition of uptake of the LAT1-substrate PFAA was divided into the
high inhibition group and low inhibition group by the median.

Body mass index and LAT1 immunohistochemical staining analyses.
The relationship between the body mass index (BMI) of the patients
and the tumor response and survival was investigated. BMI was
divided into a High-BMI group and a Low-BMI group by the
median. We also analyzed the association between the LAT1
immunohistochemical score and the tumor response. We performed
LAT1 immunohistochemical staining by using previously published
methods (6). Briefly, the sections were treated with 0.3% hydrogen
peroxide for 30 minutes and incubated with a mouse monoclonal
antibody against human LAT1 (custom-made by J-Pharma,
Yokohama, Japan) for 1 hour at room temperature. The reaction was
visualized using the Histofine Simple Stain MAX-PO (Multi) Kit
(Nichirei, Tokyo, Japan) according to the manufacturer’s
instructions. Formalin/PFA-fixed paraffin-embedded tissues were
used for immunohistochemistry. We assigned score 0, 1, 2 and 3 to
no staining, weak membrane, moderate complete membrane, and
strong complete membrane staining intensity, respectively.

Statistical analysis. The AA data were expressed as means±standard
deviation and the statistical significance of differences were
determined by a Student’s t-test. OS and PFS were calculated using
the Kaplan-Meier method and differences were evaluated using the
log-rank test. Comparison of the DCR depending on the BMI (High-
BMI and Low-BMI groups) was performed using Fisher’s exact test.
The association between LAT1 expression and the tumor response
was analyzed using a Chi-squared test. Correlations between BMI
and PFAA, and between BMI and BCAA were analyzed using
Spearman’s rank test. A p<0.05 was considered as denoting statistical
significance in all tests. All analyses were performed using IBM
SPSS software (version 22.0; IBM Corp., Armonk, NY, USA).

Results
Patient characteristics and anti-tumor effect. Seventeen
patients were enrolled in this study. Most of the patients
enrolled had gastrointestinal cancers. The number of patients
with colorectal cancer was the highest (6 patients, 35%),
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followed in frequency by patients with BTC (5 patients, 29%)
and pancreatic cancer (PC) (4 patients, 24%). All patients had
been heavily treated prior to this study, with a median number
of 3 prior chemotherapy regimens (range=2-6). The median
follow-up time was 3.7 months (range=1.5-26.8 months). 

Sixteen of 17 patients were evaluated for survival and tumor
responses of JPH203 because one patient with pancreatic
cancer was discontinued due to tumor progression after
administration of a single dose at 12 mg/m2. The results of
overall responses are summarized in Table I. PR was observed
in one patient with BTC at the 12 mg/m2 dose, and the DCR
for BTC was 60%. In other cancers, only two patients with
colorectal cancer had SD (18). All three PC patients together
with one breast and esophagus cancer patients had PD. 

Plasma free amino acids in BTC and non-BTC. To
understand the cancer-specific patterns of PFAA, we
classified PFAAs to 6 groups, and cancers to two groups. As
summarized in Table II, we compared BTC with non-BTC,
and found that both LAT1-substrates and BCAA levels in the
plasma before treatment were higher in BTC than in non-
BTC patients (p<0.05). The difference in BCAA denotes a
higher statistical significance than that in LAT1-substrates.
There were no significant differences in total PFAAs, LAT2-
substrates, non-LAT1 substrates, or non-LAT substrates.

Relationship between LAT1 inhibition and survival in
advanced solid tumor patients. There was not statistically
significant difference in PFS between the higher degree of
uptake inhibition of LAT1-substrate PFAAs (high inhibition

group, >–78.0; range=–75.7- +159.6 nmol/ml) and the lower
degree of uptake of LAT1-substarte PFAAs (low inhibition
group, <–78.0; range=–354.9- –80.2) nmol/ml). The median
PFS was 1.2 months [95% confidence interval (CI)=1.1-1.3]
in the high inhibition group and 1.2 months (95%CI=0.6-1.7)
in the low inhibition group (p=0.450) (Figure 1A).

In contrast, the OS of 10.7 months (95%CI=4.2-17.1) in
the high inhibition group was significantly longer than the
3.7 months in the low inhibition group (95%CI=3.1-4.3)
(p=0.029) (Figure 1B). 

Role of LAT1 substrates in PC and BTC. The results of all 20
PFAAs from the PC and BTC patient groups are shown in
Figure 2A and Figure 3A, respectively. We divided these AAs
into LAT1- and non-LAT1-substrates and depicted them using
redder graphs in Figures 2B, 3B and 2C, 3C. In PC patients,
a single intravenous administration of JPH203 increased
LAT1-substrates in all patients at 25.5 h after the single-dose
administration (Figure 2B), whereas the non-LAT1-substrates
changed non-specifically (Figure 2C). Conversely, the results
from five patients with BTC were quite different in that
JPH203 administration was found to have a decreasing, not
increasing, effect on LAT1-substrates (Figure 3B), and non-
LAT1 substrates changed non-specifically (Figure 3C). 

Table III summarizes the comparison of three kinds of PFAA
(LAT1-substrates, BCAAs, and non-LAT1 substrates) in PC and
BTC. There were clear significant differences between LAT1-
substrates and BCAA (p=0.003 and p=0.002, respectively).
Tables II and III show that BTC differs from PC and non-BTC,
including colorectal cancer (data not shown), not only before
JPH203 treatment but also after JPH203 administration.

Body mass index analysis. There were eight patients whose
BMI was more than 20.5 kg/m2 (High-BMI group), four of
whom had BTC and four colorectal cancer. Five patients out
of the eight achieved disease control, and the DCR was
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Table I. LAT1 immunostaining score and overall response (n=17).

Primary cancer Figure 6 LAT1 intensity Overall response

Colorectal A 3 SD
B 2 PD
C 3 SD
D 3 PD
E 3 PD
F 2 PD

Biliary tract G 2 PR
H 2 SD
I 3 PD
J 1 PD
K 3 SD

Pancreas L 3 NE
M 3 PD
N 3 PD
O 3 PD

Breast P 3 PD
Esophagus Q 3 PD

LAT: L-type amino acid transporter; PR: Partial response; SD: stable
disease; PD: progressive disease; NE: not evaluated.

Table II. Analyses of the plasma free amino acid levels in cases of
biliary and non-biliary tract cancer.

Baseline BTC SD Non-BTC SD p-Value
(PFAA) (n=5) (n=12)

nmol/ml nmol/ml

Total 3155.7         268 2800.7 395.2 0.088
LAT1 substrate 854.8        79.3 699.3 148 0.044
BCAA 516.6      44.17 412.5 118.6 0.019
LAT2 substrate 2385.5         192 2105.6 300.1 0.076
Non-LAT1 substrate 2115.8      206.3 1934.2 254.8 0.180
Non- LAT substrate 588.0        65.4 528.8 111.5 0.289

PFAA: Plasma free amino acids; LAT: L-type amino acid transporter;
BCAA: branched chain amino acids; BTC: biliary tract cancer; SD:
standard deviation. 



62.5%. Conversely, disease control was not achieved in any
of the eight patients whose BMIs were less than 20.5 kg/m2
(Low-BMI group). This exploratory analysis between BMI
and tumor responses was statistically significant (p=0.026).
Furthermore, the median PFS was 2.7 months (95%CI=0.7-
4.6) in the High-BMI group and 1.1 months (95%CI=0.5-1.7)
in the Low-BMI group (p=0.008), thereby indicating a highly
significant difference (Figure 4A). In contrast, there was no
difference in OS between the High-BMI group and the Low-
BMI group. The median OS was 6.5 months (95%CI=5.0-8.0)
in the High-BMI group and 3.5 months (95%CI=1.4-5.6) in
the Low-BMI group (p=0.269) (Figure 4B).

Correlations between body mass index and plasma free
amino acids PFAAs indicate a tendency to be associated with
BMI according to Spearman correlation coefficient (r=0.458,
p=0.064) (Figure 5A). Moreover, the BCAAs of the LAT1-
substrate PFAAs also showed a tendency to be associated
with BMIs based on the Spearman correlation coefficient
(r=0.456, p=0.066) (Figure 5B). However, total PFAAs were
not associated with BMI based on the Spearman correlation
coefficient (r=0.292, p=0.256) (data not shown).

LAT1- immunohistochemical staining analysis. LAT1
immunostaining and tumor response in each patient is shown
in Figure 6 and Table I. The LAT1 immunohistochemical
intensity for patients with BTC with PR was 2. There were

no patients with an intensity of zero. Two of five (40%)
patients with an intensity of 1 or 2 were PR+SD, three of
eleven (27%) with an intensity of 3 were SD. There was no
statistically significant difference in disease control between
intensities of 1 or 2 and 3 (p=0.552).

Discussion

This is the first study in humans that evaluated the
association between the inhibition of LAT1 by JPH203 and
PFAA levels. We found that LAT1-substrate PFAA levels,
including those of BCAAs, were higher in patients with BTC
than in those with other cancers enrolled in this study (Table
II). Miyagi et al. have reported that PFAA profiling has great
potential for improving cancer screening and diagnosis of
several cancers, though no mechanism was discussed (19).
Considering the mechanism of action of JPH203, it would
be reasonable to expect a higher antitumor effect in BTC
patients, who showed high LAT1-substrate PFAA levels,
including BCAA levels before JPH203 treatment, because
there might be sufficient gradient of LAT1-substrates
between the extracellular and intracellular environment.
Patients other than those with BTC, having smaller gradients
of LAT1-substartes might reveal no efficacy of JPH203.

Although changes of PFAA monitored under cancerous
states have been investigated (19, 20), intracellular amino
acid handling has scarcely been examined systematically. In
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Figure 1. Efficacy of JPH203 due to L-type amino acid transporter 1 (LAT1)-substrate inhibition. (A) Progression-free survival. (B) Overall survival.
The degree of inhibition of uptake of the LAT1-substrate plasma free amino acids (PFAAs) was divided into high and low inhibition groups by the
median. Black line, high inhibition group. Dotted line, low inhibition group. CI: Confidence interval.



relation to cell growth regulation, intracellular leucine taken
up by LAT1 stimulates mammalian target of rapamycin
complex 1 (mTORC1) signaling pathway followed by cell
growth (21). Conversely, in our study, the mTORC1 pathway
was inhibited due to attenuation of leucine uptake by JPH203
followed by cell growth inhibition. This could be the
mechanism through which JPH203 significantly improves
OS (Figure 1B). Although it is hard to explain the clinical
evidence from the available data, experimental findings may
support this result due to the long-lasting effect of JPH203
few days or longer periods after treatment termination (22-
24). In addition to our study on PFAAs, clinical studies with
PFAAs, which pertain to individual AAs, have been reported
(25, 26). Furthermore, LAT1 inhibition may prevent cancer-
related cachexia. In a preclinical study, LAT1 inhibition has
been shown to decrease cytokine production (27). Although
this preclinical study was performed on T cells isolated from
healthy subjects, LAT1 inhibition might have a similar effect
in cancer patients (27). We postulate that JPH203 exhibits its
long-term effect by improving OS, not PFS, in patients with
high inhibition of LAT1-substrate uptake.

Hence, our study highlights the important role of LAT1 as
a suitable target for diagnosing cancer malignancy and
developing novel anti-cancer agents. Indeed, several review
articles have been published that enhance our understanding
of amino acid transporters in health and diseases (28, 29).
Recently, in a comprehensive review article, 62 members of
amino acid transporters have been classified and
characterized, all of which are used for transport of any AAs
under physiological and pathophysiological conditions (30).
In our current study, we focus on a cancer-specific AA
transporter, LAT1 (registered by nomenclature committee as
solute carrier 7A5; SLC7A5) consisting of twelve
transmembrane spanning domains and having no
glycosylation sites (3). Although most membrane
transporters are generally glycosylated proteins, LAT1 needs
a glycosylated chaperon protein having a single
transmembrane spanning domain, traditionally named heavy
chain of 4F2 (4F2hc, SLC3A2 same as CD98). With the aid
of CD98, LAT1 can be trafficked to the cell membrane. To
the best of our knowledge, LAT1/CD98 is the first
heterodimer member showing L-type amino acid transporter
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Figure 2. Effect of JPH203 on plasma free amino acids (PFAAs) in pancreatic cancer. (A) Total amino acids (AAs). (B) L-type amino acid transporter
1 (LAT1) substrate AAs. (C) non-LAT1 substrate AAs.



functions. After the discovery of LAT1, five additional
transporters which need CD98 as a chaperon were identified.
These are: y+LAT2 (SLC7A6), y+LAT1 (SLC7A7), LAT2
(SLC7A8), Asc-1 (SLC7A10), and System xCT (SLC7A11).
Since CD98 can bind six proteins, the selection mechanisms
should be of interest and importance for the individually
functional expressions of the six partners. Interestingly,

LAT1 occupies most of the CD98 and other transporters
share minor percentages (30). 

In 2019, the LAT1/CD98 complex was directly visualized
under cryo-electron micrography. The LAT1 molecule is
capped by CD98, and these two molecules bind with a single
S-S bonding (31). Moreover, LAT1 protein is covered by CD98
by their positive-negative charges (32). Thus, large molecules
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Figure 3. Effect of JPH203 on plasma free amino acids (PFAAs) in biliary tract cancer. (A) Total amino acids (AAs). (B) L-type amino acid
transporter 1 (LAT1) substrate AAs. (C) non-LAT1 substrate AAs.

Table III. Plasma free amino acids before and after a single-dose administration of JPH203 to pancreatic and biliary tract cancer.

Pancreatic cancer (n=4) Biliary tract cancer (n=5)

Before single-dose After single-dose p-Value Before single-dose After single-dose p-Value
administration administration (paired) administration administration (paired)

Mean±SD Mean±SD Mean±SD Mean±SD

LAT1 substrates (nmol/ml) 605.8±87.7*** 759.6±94.8 0.025 854.8±79.3*** 743.8±59.7 0.022
BCAA (nmol/ml) 333.2±5.4*** 434.8±80.8 0.021 516.6±44.2*** 432.0±32.4 0.017
Non-LAT1 substrates (nmol/ml) 1859.8±292.3 2107.9±394.0 0.058 2115.8±206.3 1968.7±166.8 0.144

***p<0.005 between pancreatic cancer vs. biliary tract cancer before administration of JPH203. LAT: L-type amino acid transporter; BCAA: branched
chain amino acids; SD: standard deviation.



like antibodies seem to be difficult to bind possible functional
domains because of the overlapped configuration, whereas
small molecules like JPH203 have access. None of the above
studies (31, 32), however, visualized the JPH203 molecule
inside LAT1, though JPH203 was shown as one of the most
potent inhibitors against the LAT1/CD98 complex (31). 

In addition, our study provides important insights into
how efficient and sustainable supply of EAAs is associated
with aggressive growth of individual cancer cells and tumors
by demonstrating the crucial role of LAT1. The evidence
may lead us to easily understand why cancer cells overcome
normal cells. Considering the biological economy of AA
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Figure 4. Efficacy of JPH203 in High- and Low-body mass index (BMI) groups. (A) Progression-free survival. (B) Overall survival. BMI was divided
into a High-BMI group and a Low-BMI group by the median. Black line, High-BMI group. Dotted line, Low-BMI group. CI: Confidence interval.

Figure 5. Correlation between amino acids and body mass index (BMI). (A) Correlation between the L-type amino acid transporter 1 (LAT1)-substrate
plasma free amino acid (PFAA) levels and BMI. (B) Correlation between the plasma levels of branched chain amino acids (BCAAs) and BMI.



transport, as shown in Figures 2, and 3, we need to consider
the affinity of the binding indicated by the Km value of each
LAT1-substrate (4) in comparison with its respective PFAA
concentration (19). As can be seen in Figure 7, a linear

relationship exists between LAT1-substrate PFAA of healthy
humans and Km values of respective AAs. It is conceivable
that 8 LAT1-substrates behave in human cancers as one
group when considering both their import and export through

Figure 6. Continued

in vivo 34: 2595-2606 (2020)

2602



plasma cell membranes. This balanced transport of 8 AAs
might have been established through evolutionary processes.
The differences in the effects resulting of JPH203
administration to patients with PC and BTC (Table III) can
be explained by LAT1 acting as an exchanger to transport 8
AAs inwards or outwards depending on the levels of PFAA
concentrations (Figures 2 and 3), and JPH203 inhibiting the
influx in PC but not in BTC, thereby resulting in no increase.
From the viewpoint of a ‘biologically rational principle’, the
regulation of one system would be more practical than the
regulation of the 8 substrate AAs individually. Similar to the
above rational, one gene knockout may provide a clear
understanding for evaluating whether the 8 LAT1-substrates
behave as unit in human cancers. This notion was
demonstrated in studies by Pouyssegur’s group, which
investigated the main role of LAT1 in maintenance of cancer
state by LAT1 gene knockout, though several proteins like
CD98, ASCT2, xCT and others play additional roles (21,
33). However, further preclinical and clinical studies with
large sample sizes are needed to confirm this. 

This study suggests that BMI may be a useful predictor of
the efficacy of a LAT1 inhibitor. Patients with a high BMI
showed a higher DCR (62.5%). A tendency towards an
association of BMI with the plasma free BCAA levels was

also noted. Therefore, BMI and the plasma BCAAs might be
predictors of the efficacy of JPH203 against advanced solid
tumors. Although a higher DCR and longer PFS were
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Figure 7. Relationship between Km values of L-type amino acid transporter
1 (LAT1) and LAT1-substrates plasma free amino acids (PFAAs). Amino
acids (AAs) surrounded by squares denote branched chain amino acids
(BCAAs).

Figure 6. Cancer type and L-type amino acid transporter 1 (LAT1) immunohistochemical staining. (A-F). Colorectal cancer; (G-K) Biliary tract
cancer; (L-O) Pancreatic cancer; (P) Breast cancer; (Q) Esophageal cancer. Panel D, E, N, O, and P show magnifications of 200×. The others
show magnifications of 400×.



observed in the high BMI group compared with the low BMI
group, these differences in efficacy might be reflective of the
differences in the tumor biology between the two groups
because a low BMI has been reported as a poor prognostic
factor. In brief, tumors may progress more rapidly in patients
with a low BMI (34, 35). 

Indeed, BMI may be a predictive factor of the efficacy of
immune checkponit inhibitors (36). As mentioned above,
because the LAT1 inhibitor may exhibit activated T cell
inhibition (27), it is essential to investigate the association
between baseline BMI and the efficacy of JPH203. We also
recommend that the cut-off values of BMI (20.5 kg/m2) in
this study should be validated with larger numbers of
patients. 

JPH203 is a cytostatic agent that differs from cytotoxic
anti-cancer agents. As LAT1 is also a novel drug target,
combined therapy of JPH203 with other inhibitors could be
considered. In fact, several combined therapies indicate that
additive (37, 38) or synergistic effects could be observed
(39). These results clearly suggest that LAT1 inhibition with
JPH203 may become a new anti-cancer agent in the future.

This study has some limitations. First, the sample size was
small and multivariate analysis could be not performed.
Second, all analyses were performed post-hoc and were not
pre-planned. Third, PFAA analyses could not remove the
influence of nutritional conditions and the amount of food
intake. Finally, this study enrolled patients with different
cancer types and with different rounds of previous
chemotherapy. Therefore, the association between changes in
PFAA levels, BMI, and the anti-tumor effects should be
considered as preliminary data.

In conclusion, the LAT1 inhibitor JPH203 showed
promising activity against BTC and high BMI patients
because of having sufficient gradients of LAT1-substarte
PFAAs, especially BCAAs. Further studies in larger samples
are needed to clarify these biomarkers. 
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