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Abstract

Background: Indoleamine 2,3‐dioxygenase 1 (IDO1) is a heme‐containing enzyme

that degrades tryptophan (Trp) to kynurenine (Kyn), which suppresses effector T

cells and reduces antitumor activity. KHK2455 is a long‐acting selective IDO1 in-

hibitor that blocks the heme component of the IDO holoenzyme. Mogamulizumab is

a humanized immunoglobulin G1 monoclonal antibody targeting CCR4. KHK2455 þ

mogamulizumab demonstrated enhanced antitumor activity in preclinical studies,

which led to a first‐in‐human, two‐part, multicenter, open‐label, phase 1, dose‐
escalation, cohort‐expansion trial (ClinicalTrials.gov identifier NCT02867007)

evaluating the safety/tolerability, pharmacokinetics, and IDO1 activity of KHK2455

alone and in combination with mogamulizumab in patients with treatment‐
refractory advanced solid tumors.

Methods: Patients received oral KHK2455 at fixed doses of 0.3, 1, 3, 10, 30, and

100 mg once daily as run‐in monotherapy for 28 days (cycle 0), and then in com-

bination with 1 mg/kg intravenous mogamulizumab given weekly for cycle 1 and

every 2 weeks from cycle 2 onward.

Results: Thirty‐six patients were enrolled. One patient with an initial diagnosis of

lower esophageal cancer (100‐mg cohort) experienced grade 3 gastrointestinal

necrosis, and did not receive mogamulizumab. Overall, KHK2455þmogamulizumab
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was well tolerated, with manageable adverse events at all doses. KHK2455 þ

mogamulizumab demonstrated dose‐dependent plasma concentration increases and
suppression of IDO1 activity. One patient with advanced bevacizumab‐resistant
glioblastoma demonstrated a durable confirmed Response Evaluation Criteria in

Solid Tumors, version 1.1, partial response, and nine patients achieved a durable

disease stabilization of ≥6 months. On the basis of the preliminary antitumor

response, the cohort expansion was not initiated.

Conclusions: KHK2455 þ mogamulizumab was safe and well tolerated with

manageable toxicities, and resulted in dose‐dependent suppression of IDO1 activity;
signals of antitumor activity were observed.
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indoleamine 2,3‐dioxygenase 1 (IDO1) protein, mogamulizumab, pharmacodynamics,

pharmacokinetics, phase 1 clinical trial, preclinical drug evaluation

INTRODUCTION

Indoleamine 2,3‐dioxygenase 1 (IDO1) is a heme‐containing enzyme
that degrades tryptophan (Trp) to kynurenine (Kyn), which may

suppress effector T cells and activate T‐regulatory cells (Tregs), and

thus reduce antitumor immune responses.1,2 High‐IDO1 expression

in tumors may create a barrier, and prevent penetration of active

effector T cells.3 Thus, IDO1 inhibition may cause antigen‐presenting
cell activation, effector T‐cell tumor penetration, and antitumor im-

mune response activation.4

IDO1 inhibitor monotherapy results have not shown convincing

antitumor activity but preclinical studies of these inhibitors in com-

bination with other immunotherapeutics in multiple cancers have

shown promise. The first IDO1 inhibitor was indoximod, which

demonstrated antitumor activity when combined with pem-

brolizumab in a single‐arm, phase 2 trial of patients with advanced

melanoma.5 Epacadostat, an IDO1 inhibitor that forms a tertiary

IDO1–heme–inhibitor complex, enhanced immunotherapeutics in a

phase 1 study6; however, efficacy was not confirmed in phase 2/3

studies.4 Epacadostat plus pembrolizumab, a programmed cell death

protein 1 inhibitor, demonstrated objective tumor responses in a

phase 1/2 study of patients with advanced solid tumors but did not

improve progression‐free survival (PFS) or overall survival (OS) in a

phase 3 study of unresectable or metastatic melanoma.7,8

Novel IDO1 inhibitors linrodostat and KHK2455 differ from

epacadostat by competing with heme for apoenzyme binding, and

thereby prevent apo‐IDO1 from forming an active complex and

resulting in durable inhibition.9 KHK2455 is a long‐acting, potent,
and selective IDO1 inhibitor that may enhance immunotherapeutic

agents, such as mogamulizumab.10

Mogamulizumab is a recombinant, humanized monoclonal anti-

body of immunoglobulin G1‐κ targeting CCR4.11 CCR4 is expressed

on some T‐cell malignancies, Tregs, and a subset of type 2 helper T

cells.12 Therefore, using mogamulizumab to reduce Tregs may alle-

viate immunosuppression of the tumor microenvironment and

improve antitumor response.11,13 Mogamulizumab was approved by

the Food and Drug Administration and the European Medicines

Authority in cutaneous T‐cell lymphoma (CTCL), and by Japan’s

Ministry of Health, Labor, and Welfare in adult T‐cell lymphoma,
peripheral T‐cell lymphoma, and CTCL. To our knowledge, there are

currently no clinical trials of other anti‐CCR4 antibody therapies.

Combining KHK2455 with mogamulizumab may target Tregs, and

thereby result in enhanced T–effector cell proliferation and IFN‐γ
secretion greater than KHK2455 alone.

On the basis of the preclinical in vitro and in vivo data, the

KHK2455 þ mogamulizumab combination was evaluated in this first‐
in‐human, phase 1, modified 3 þ 3 dose‐escalation, cohort‐expansion
study in patients with locally advanced or metastatic solid tumors to

characterize the safety, tolerability, maximum tolerated dose (MTD),

pharmacokinetics, pharmacodynamics, and preliminary antitumor

activity of oral KHK2455 þ mogamulizumab.

MATERIALS AND METHODS

Preclinical study methods

Supplementary Material S1 contain the preclinical study methods.

Clinical study and design

This was a first‐in‐human, open‐label, phase 1, two‐part, modified
3 þ 3 dose‐escalation, cohort‐expansion study of KHK2455 mono-

therapy followed by combination therapy with mogamulizumab in

patients with advanced solid tumors conducted at four sites in the

United States and European Union (ClinicalTrials.gov identifier

NCT02867007). In part 1, patients received oral KHK2455 at fixed

doses of 0.3, 1, 3, 10, 30, and 100 mg once daily as run‐in mono-

therapy for 28 days (cycle 0), followed by KHK2455 in combination
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with intravenously administered mogamulizumab 1 mg/kg once

weekly for cycle 1 and then every 2 weeks for cycle 2 and beyond.

KHK2455 dose selection was based on nonclinical data in mice and

cynomolgus monkeys (Kyowa Kirin, data on file). Doses were esca-

lated with a modified 3 þ 3 design on the basis of results from the

first three dose‐limiting toxicity (DLT)–evaluable patients in each

dosing cohort. Part 2 of this trial was a planned cohort‐expansion
phase in which patients would be enrolled in cohorts on the basis

of their specific tumor type, and treated with the KHK2455 dose

established in part 1 in combination with mogamulizumab. After a

detailed review of part 1, the sponsor determined that KHK2455 þ

mogamulizumab was safe and tolerable. However, after assessing the

preliminary data from part 1 for potential approval in the future, the

study did not proceed to part 2 of the trial, and was terminated after

the completion of part 1.

Institutional review board (IRB) approval was received from the

Advarra IRB (formerly Chesapeake IRB), Western IRB, University of

Texas MD Anderson Cancer Center, and Comité de Protection des

Personne Tours–Région Centre–Ouest 1 (study reference 2017T1‐
14), and the research was performed in accordance with the current

version of the Declaration of Helsinki. All patients provided written

informed consent before the study.

Patient population

Patients eligible for treatment included those aged ≥18 years with

locally advanced or metastatic solid tumors who had failed available

therapy for their respective cancer and had histological or cytological

evidence of solid malignancy with measurable neoplastic disease

(Response Evaluation Criteria in Solid Tumors, version 1.1 [RECIST

1.1]). Exclusion criteria included the following: previous treatmentwith

an anti‐CCR4 antibody or IDO1 inhibitor, known active central ner-

vous system metastasis (excluding primary brain tumors), immuno-

suppressive medications taken within 14 days of the first study dose,

autoimmune disease history (excluding vitiligo, endocrinopathies, and

alopecia), or a history of organ or allogenic bone marrow transplant.

Outcomes and assessments

The primary objective of this study was to characterize the safety

and tolerability and establish the MTD of KHK2455 administered

orally in combination with mogamulizumab, as assessed by adverse

events (AEs), ophthalmic examination, immunogenicity, 12‐lead
electrocardiogram readings, and clinical laboratory evaluations. Sec-

ondary objectives for KHK2455 administered alone or in combina-

tion with mogamulizumab were to characterize the pharmacokinetic

(PK) profile, assess the effect of treatment on IDO inhibition, and

evaluate the preliminary antitumor activity of this combination.

Exploratory objectives included an evaluation of the effect of

KHK2455, administered alone or in combination with mogamulizu-

mab, on pharmacodynamic (PD) markers; an evaluation of

immunogenicity; an exploration of the PK/PD relationships with

antitumor responses, PD markers, and safety; and an evaluation of

the effect of KHK2455 on serum concentrations of mogamulizumab.

Safety analysis

AEs were encoded according to MedDRA (version 19.0) by system

organ class and preferred term. The intensity of AEs was assessed

and graded with the National Cancer Institute’s Common Terminol-

ogy Criteria for Adverse Events (version 4.03). The MTD was defined

as the highest dose evaluated at which no more than one patient in a

cohort of six experienced a DLT during the 56‐day observation

period. DLTs were defined as the occurrence of any of the following

toxicities considered related to either KHK2455 or mogamulizumab

that had an onset during the first 56 days of treatment: grade 4 AEs,

including immune‐related AEs (excluding grade 4 neutropenia of <5
days and grade 4 lymphopenia of <14 days); grade ≥3 colitis, skin

rash, or eye disorder that did not improve to grade ≤1 within 14 days
of supportive care; grade ≥3 pneumonitis or neurotoxicity; liver

transaminase elevation of >5� the upper limit of normal or total

bilirubin of >3� the upper limit of normal that did not downgrade

to grade <1 or baseline within 14 days; or any other grade ≥3 AE

that did not improve to grade ≤1 within 14 days of supportive care,

with the exception of grade 3 fatigue or thrombocytopenia.

PK analysis

Samples were collected to quantify the plasma concentrations of

KHK2455 as follows. During cycle 1, extensive PK samples were

collected at predose on day 1 and at predose and through 12 h

postdose on day 15. During cycle 2 and beyond, predose PK samples

were collected on days 1 and 15. Samples were analyzed for

KHK2455 plasma concentrations with a high‐performance liquid

chromatography method with a triple‐quadrupole mass spectrometer
equipped with an atmospheric pressure chemical ionization source.

PK parameters were estimated with KHK2455 plasma concentra-

tions via noncompartmental methods. Estimated parameters included

Cmax, Ctrough, tmax, and AUC0–24 for days 1 and 15 of cycle 1.

PD analysis

The PD effects on IDO inhibition after KHK2455 alone or in com-

bination with mogamulizumab were assessed via patient plasma

sampling and ex vivo stimulated peripheral blood mononuclear cells

(PBMCs) with liquid chromatography–mass spectrometry. Circulating

CCR4þ Tregs, activated T cells, and other immune cell populations

were assessed by flow cytometry. Expression of tumor biomarkers,

such as IDO, CCR4, CD8, and FoxP3, in tumor biopsy samples before

and after KHK2455 þ mogamulizumab was evaluated by immuno-

histochemistry. Plasma Kyn, Trp, and 3‐hydroxyl‐Kyn concentrations
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were determined in plasma samples collected after KHK2455 alone

or in combination with mogamulizumab.

PK/PD analysis

To understand the potential relationships between KHK2455 plasma

concentrations and plasma Kyn/Trp (K/T) inhibition, the K/T ratio as

a percentage of baseline was plotted against the observed time‐
matched KHK2455 plasma concentrations.

Efficacy analysis

Response was determined by radiographic evaluation of disease.

Tumor assessments were performed at screening, every 8 weeks (�5

days) in year 1, and then every 16 weeks (�5 days) thereafter or as

clinically indicated, until disease progression or study withdrawal.

The proportion of patients in the efficacy analysis set who achieved a

best response of confirmed complete response (CR) or partial

response (PR) was assessed via RECIST 1.1. The duration of disease

response was measured from time of first reported stable disease

(SD) or better until time of disease progression.

Statistical analysis

The sample size for the dose‐escalation phase was based on a

modified 3 þ 3 dose‐finding design, and depended on toxicity. Up to

six patients could be enrolled per cohort to characterize the safety

profile. Six cohorts were planned (~36 patients). All efficacy analyses

were based on the efficacy analysis set, which included all patients in

the dose‐escalation phase of the study who completed the first cycle

of combination therapy and who had a baseline and at least one post‐
baseline on‐study assessment of response. Objective response rate

and disease control rate (DCR) were calculated with the Clopper–

Pearson method with 95% CIs. Time‐to‐event variables (OS, PFS,

and duration of disease response) were estimated with the Kaplan–

Meier method. All safety analyses were based on the safety anal-

ysis set, which included all patients who received at least one dose of

KHK2455, mogamulizumab, or both. Safety analysis results were

summarized with frequency and percentage for categorical data, and

statistics based on actual and change from baseline values for

continuous variables. Missing values were not estimated but treated

as missing in the statistical evaluation. All statistical analyses were

conducted with SAS, version 9.4.

RESULTS

Preclinical study results

KHK2455 potently inhibited IDO1 with an half‐maximal inhibitory
concentration (IC50) value of 14 nmol/L but did not inhibit

indoleamine 2,3‐dioxygenase 2 and tryptophan 2,3‐dioxygenase ac-

tivities up to 10,000 nmol/L (Table S1). These results indicated that

KHK2455 selectively inhibited IDO1. Preclinical in vitro and in vivo

studies were conducted to assess KHK2455 þ mogamulizumab. In a

coculture of human PBMCs and IDO1‐expressing KATO‐III tumor
cells, KHK2455 þ mogamulizumab showed an enhancement in T‐cell
proliferation and an increase in IFN‐γ levels over KHK2455 alone

(Figure S1). Anti–CTLA‐4 antibody was used as a surrogate antibody

for mogamulizumab in the mouse in vivo studies because this agent

has been shown to deplete Tregs in mice. Compared to anti–CTLA‐4
antibody alone, the combination of KHK2455 and anti–CTLA‐4
antibody exhibited an enhanced antitumor effect in mice bearing

B16‐F10‐Luc tumors (Figure S2).

Patient baseline characteristics

Overall, 36 patients were enrolled across all cohorts (Figure S3).

Baseline demographics, tumor types, disease characteristics, and

representativeness of the study participants are shown in Table 1.

Median patient age was 57 years (range, 27–74 years). Most patients

had an Eastern Cooperative Oncology Group performance status of 1

(64%), and were metastatic (81%) at baseline. The most common

tumor types were head and neck (19%), glioblastoma (17%), and

ovarian (11%). All but one patient received prior systemic therapy,

and all patients had prior surgery. Patients were mainly female (20;

56%), White (30; 83%), and non‐Hispanic or Latino (26; 72%). De-

mographic considerations in patients with advanced solid tumors are

available in Table 2.

Safety

In the safety analysis (N = 36), KHK2455 þ mogamulizumab was well

tolerated overall with manageable AEs at all doses, and the MTD was

not reached. Treatment‐emergent adverse events (TEAEs) occurring

in any cycle by dose are shown in Table 3. Commonly reported TEAEs

included drug eruption (56%), infusion‐related reactions (IRRs; 39%),

nausea (39%), fatigue (33%), headache (33%), and vomiting (31%)

(Table S2). Among all TEAEs that occurred during any cycle, 75% and

81% of patients experienced at least one TEAE determined by in-

vestigators to be related (TRAE) to KHK2455 or mogamulizumab,

respectively. Drug eruption (47% and 50%), IRRs (11% and 39%), and

nausea (17% and 14%) were the most common TRAEs for KHK2455

and mogamulizumab, respectively. All TRAEs attributed to KHK2455

or mogamulizumab were grade ≤3. Overall, five patients experienced
KHK2455‐ or one patient experienced two mogamulizumab‐related
TEAEs resulting in discontinuation of KHK2455 and/or mogamuli-

zumab. The TRAEs that were attributed to KHK2455 or mogamuli-

zumab and led to discontinuation were drug eruption (n = 3),

aspartate aminotransferase (AST) increase (n = 1), fatigue (n = 1), and

ejection fraction (EF) decrease due to myocarditis (n = 1). Before

hospitalization, the patient who experienced myocarditis had an

echocardiogram showing a nonserious grade 3 EF decrease. At the
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TAB L E 1 Baseline characteristics and demographics according to KHK2455 dose levels in combination with mogamulizumab.

Characteristic

Mogamulizumab 1 mg/kg

þ

KHK2455 dose

0.3 mg 1 mg 3 mg 10 mg 30 mg 100 mg Total

Enrolled, No. 5 7 4 5 6 9 36

Age, median (range), years 55 (53–72) 57 (32–73) 54 (45–74) 59 (43–67) 67 (42–72) 52 (27–64) 57 (27–74)

Male, No. (%) 2 (40) 3 (43) 2 (50) 0 2 (33) 7 (78) 16 (44)

Race, No. (%)

White 5 (100) 6 (86) 3 (75) 5 (100) 6 (100) 5 (56) 30 (83)

Asian 0 1 (14) 0 0 0 0 1 (3)

NR 0 0 1 (25) 0 0 4 (44) 5 (14)

Ethnicity, No. (%)

Hispanic or Latino 0 1 (14) 1 (25) 1 (20) 1 (17) 1 (11) 5 (14)

Not Hispanic or Latino 5 (100) 5 (71) 3 (75) 4 (80) 5 (83) 4 (44) 26 (72)

NR 0 0 0 0 0 4 (44) 4 (11)

Unknown 0 1 (14) 0 0 0 0 1 (3)

ECOG PS, No. (%)

0 1 (20) 3 (43) 1 (25) 0 1 (17) 7 (78) 13 (36)

1 4 (80) 4 (57) 3 (75) 5 (100) 5 (83) 2 (22) 23 (64)

Primary tumor type, No. (%)

Head and neck 2 (40) 1 (14) 2 (50) 0 2 (33) 0 7 (19)

Glioblastoma 0 0 0 1 (20) 1 (17) 4 (44) 6 (17)

Ovarian 2 (40) 1 (14) 0 0 0 1 (11) 4 (11)

Gastric 0 2 (9) 0 0 0 1 (11) 3 (8)

Sarcoma 0 1 (14) 1 (25) 1 (20) 0 0 3 (8)

Anal 0 0 0 1 (20) 0 0 1 (3)

Colorectal 0 0 1 (25) 0 0 0 1 (3)

Esophageal 0 0 0 0 0 1 (11) 1 (3)

Melanoma 0 0 0 0 1 (17) 0 1 (3)

Pancreatic 1 (20) 0 0 0 0 0 1 (3)

Prostate 0 0 0 0 1 (17) 0 1 (3)

Renal cell 0 0 0 1 (20) 0 0 1 (3)

Other 0 2 (29) 0 1 (20) 1 (17) 2 (22) 6 (17)

Stage at enrollment, No. (%)

Locally advanced 0 1 (14) 0 1 (20) 1 (17) 4 (44) 7 (19)

Metastatic 5 (100) 6 (86) 4 (100) 4 (80) 5 (83) 1 (11) 29 (81)

Prior therapy, No. (%)

Cancer surgery 5 (100) 7 (100) 4 (100) 4 (100) 6 (100) 9 (100) 36 (100)

Radiation therapy 4 (80) 3 (43) 4 (100) 3 (60) 5 (83) 7 (78) 26 (72)

Systemic therapy 5 (100) 6 (86) 4 (100) 5 (100) 6 (100) 9 (100) 35 (97)

Prior cancer regimens, median (range), No. 4 (3–8) 2 (0–8) 4 (3–8) 5 (3–9) 4 (1–5) 2 (1–5) 4 (0–9)

Abbreviations: ECOG PS, Eastern Cooperative Oncology Group performance status; NR, not reported.
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screening visit, EF was 58%. They were evaluated by a cardio‐
oncologist, underwent cardiac magnetic resonance imaging, and

were diagnosed with nonserious grade 2 myocarditis. Both study

drugs were permanently discontinued because of EF decrease and

myocarditis. The patient discontinued from the study because of

possible cardiac toxicity, as recommended by their physician. The

investigator assessed the nonserious AEs of grade 3 EF decrease and

grade 2 myocarditis as being related to KHK2455 þmogamulizumab.

One patient experienced a DLT during study treatment. This

patient had an initial diagnosis of metastatic esophageal cancer, and

experienced a DLT of grade 3 gastrointestinal necrosis after receiving

treatment with KHK2455 100 mg, and the patient did not move on to

mogamulizumab combination therapy. This DLT was determined by

investigators to be related to KHK2455. Two patients experienced

serious AEs (SAEs) with fatal outcomes (respiratory failure and

general physical health deterioration) but neither was assessed by

the investigator to be related to KHK2455 or mogamulizumab.

Twelve additional patients experienced treatment‐emergent SAEs:

drug eruption was reported in three patients, and nausea and vom-

iting were reported in two patients each; all other SAEs occurred in

one patient each.

No patients exhibited ophthalmic or multifocal electroretinog-

raphy findings after receiving KHK2455 monotherapy or KHK2455þ

mogamulizumab. There also were no meaningful relationships

observed between plasma KHK2455 concentrations and change from

baseline in QTc interval as assessed by 12‐lead electrocardiography.
Eight patients experienced increased AST, and six patients had

raised alanine aminotransferase (ALT). One patient experienced

grade 3 AEs of increased AST and ALT. This patient also had a grade

3 AE of increased bilirubin, which led to discontinuation of the study

drug combination.

Pharmacokinetics

Mean plasma KHK2455 concentration–time profiles after multiple

oral doses in cycle 0 are shown in Figure 1. In cycle 0, plasma

KHK2455 concentrations demonstrated dose‐dependent increases

before reaching steady state by day 8, which resulted in Ra,AUC0–τ
values that ranged from 1.8 to 2.8 and Ra,Ctrough values that ranged

from 1.7 to 3.0 (Table S3). Multiple peaks in plasma concentrations

were observed, and median tmax ranged from 1.0 to 5.9 h. Cmax and

TAB L E 2 Representativeness of study participants.

Cancer type Advanced solid tumors

Considerations related to

Sex In 2017–2019 in the United States, the lifetime probability of being diagnosed with

invasive cancer was slightly higher for men (40.9%) than for women (39.1%).

Age The probability of developing an invasive cancer increases with age. In 2017–2019 in the

United States, the percent probability of developing an invasive cancer was ~6% in adult

males aged 50–59 years compared to ~34% in adult males aged 70 years and older.

Similarly, the percent probability of developing an invasive cancer was ~6% in adult

females aged 50–59 years compared to ~27% in adult females aged 70 years and older.

Race/ethnicity In the United States from 2015 to 2020, overall cancer incidence (rate per 100,000

population) was highest among White people (466.6), followed by American Indian/Alaskan

Native people (456.8) and Black people (453.7). Hispanic/Latino people had an incidence of

352.2.

Geography In 2023, it is estimated that there were 1,958,310 new cancer cases in the United States,

with most cases being female breast cancer (297,790), prostate (288,300), lung and

bronchus (238,340), and colon and rectum (153,020). The states of California (192,770),

Florida (162,410), Texas (139,100), and New York (123,810) have the highest number of

estimated new cases of cancer of all types.

Other considerations Differences in cancer risk vary by age. For example, the rates of new cancer cases in the

United States among individuals aged 20–49 years were 80% higher in females than in

males, whereas among those aged 75 years and older, they were nearly 50% higher in men.

Overall representativeness of this study In this small study of 36 patients, there was a slightly higher percentage of women versus

men enrolled (56% vs. 44%, respectively), which differs somewhat from the overall US

population, which has a slightly higher percentage of men versus women diagnosed with

advanced cancer. The median age in our study was 57 years, and ranged from 27 to 74

years. This age profile was slightly younger than the expected age profile for new cases of

cancer in the United States. Most patients in our study were White (83%), followed by not

reported (14%) and Asian (3%). Our study was limited to three locations in the United

States and one in France, and evaluated a wide range of advanced solid tumors.
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AUC0–τ demonstrated dose‐dependent increases, although statistical

analyses were not completed. The PK results of oral KHK2455 were

similar in the monotherapy run‐in phase and in the combination

phase with mogamulizumab. There were no differences in PK pa-

rameters in cycle 0 compared to cycle 1.

Pharmacodynamics

KHK2455 þ mogamulizumab demonstrated consistent and dose‐
dependent suppression of IDO1 activity as determined by plasma

Kyn and K/T ratio decreases (Figure 2). Near‐complete IDO inhibition

TAB L E 3 Incidence of TEAEs occurring in any cycle by KHK2455 dose in combination with mogamulizumab.

Event

Mogamulizumab 1 mg/kg

þ

KHK2455 dose

0.3 mg 1 mg 3 mg 10 mg 30 mg 100 mg Total

Any TEAE, No. (%) 5 (100) 7 (100) 4 (100) 5 (100) 6 (100) 9 (100) 36 (100)

KHK2455 related 2 (40) 6 (86) 2 (50) 5 (100) 4 (67) 8 (89) 27 (75)

Mogamulizumab related 4 (80) 5 (71) 3 (75) 5 (100) 4 (67) 8 (89) 29 (81)

Any grade ≥3 TEAE, No. (%) 4 (80) 5 (71) 1 (25) 3 (60) 4 (67) 5 (56) 22 (61)

KHK2455 related 1 (20) 1 (14) 0 1 (20) 1 (17) 4 (44) 8 (22)

Mogamulizumab related 3 (60) 1 (14) 0 0 1 (17) 4 (44) 9 (25)

Any serious TEAE, No. (%) 3 (60) 3 (43) 0 2 (40) 1 (17) 5 (56) 14 (39)

KHK2455 related 0 0 0 1 (20) 0 2 (22) 3 (8)

Mogamulizumab related 1 (20) 1 (14) 0 1 (20) 0 2 (22) 5 (14)

D/C due to TEAE, No. (%) 3 (60) 2 (29) 0 1 (20) 1 (17) 2 (22) 9 (25)

TEAE led to KHK2455 D/C 3 (60) 2 (29) 0 1 (20) 1 (17) 2 (22) 9 (25)

TEAE led to mogamulizumab D/C 3 (60) 2 (29) 0 1 (20) 1 (17) 1 (11) 8 (22)

D/C due to related TEAE, No. (%) 2 (40) 0 0 1 (20) 1 (17) 1 (11) 5 (14)

KHK2455 related 1 (20) 0 0 1 (20) 1 (17) 1 (11) 4 (11)

Mogamulizumab related 2 (40) 0 0 1 (20) 1 (17) 1 (11) 5 (14)

Any TEAE with fatal outcome, No. (%) 1 (20) 0 0 0 0 1 (11) 2 (6)

KHK2455 related 0 0 0 0 0 0 0

Mogamulizumab related 0 0 0 0 0 0 0

Abbreviations: D/C, discontinuation; TEAE, treatment‐emergent adverse event.

F I GUR E 1 Mean plasma KHK2455 concentration–time profiles (cycle 0). SD indicates standard deviation and is represented by error bars.
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of Kyn production was also observed in ex vivo stimulated PBMCs.

Mogamulizumab combination therapy led to a reduction in CCR4þ

effector Tregs andCCR4
þ nonsuppressive Tregs, whereas CCR4

þ‐naive
Tregs remained stable.

Pharmacokinetics/pharmacodynamics

Consistent with the dose response, with increasing KHK2455 plasma

concentrations the ratio of plasma K/T decreased in a nonlinear

manner. The reduction plateaued at approximately 20% of baseline,

with concentrations in the range of 5–10 µg/mL and greater

(Figure S4).

Efficacy

Of the 35 evaluable patients, nine (26%) achieved durable SD (≥6
months, as per RECIST 1.1; Table 4): 0.3‐mg cohort (n = 2): salivary

gland carcinoma and squamous cell carcinoma (head and neck

involving the left tonsil); 1‐mg cohort (n = 2): adrenal and ovarian

carcinoma; 3‐mg cohort (n = 1): adenoid cystic carcinoma; 10‐mg
cohort (n = 1): renal cell carcinoma; and 100‐mg cohort (n = 3):

ovarian, glioblastoma, and anterior mediastinal adenocarcinoma. No

patients experienced a RECIST 1.1 CR, and one patient with

bevacizumab‐resistant glioblastoma in the 10‐mg cohort demon-

strated a confirmed RECIST 1.1 PR (44% tumor reduction over a 2‐
year observation period), which yielded a DCR (CR þ PR þ SD) of

29% (95% CI, 14.6%–46.3%) in 10 of the 35 evaluable patients. The

patient experiencing the RECIST 1.1 PR had not progressed at the

time of database lock, and therefore the duration of disease response

was censored at approximately 17.5 months.

DISCUSSION

KHK2455 is a selective IDO1 inhibitor with a novel mechanism that

inhibited Kyn production in preclinical studies and exhibited syner-

gistic inhibition of tumor growth in combination with anti–CTLA‐4
antibody. Preclinical studies also showed that the combination of

F I GUR E 2 Dose‐dependent inhibitory effect of KHK2455 on plasma Kyn production at day 15. Mean percent inhibition of plasma Kyn
concentration (A) and Kyn/Trp ratio (B). Data present the mean percent inhibition � standard error of each dosing group (n = 5, 7, 4, 6, and 9
for 1, 3, 10, 30, and 100 mg, respectively, in the KHK2455 monotherapy phase, day 15). Data for KHK2455 0.3 mg are not shown in the graphs
(values < 0). Kyn indicates kynurenine; Trp, tryptophan.
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KHK2455 plus the anti‐CCR4 antibody mogamulizumab resulted in

increased T‐cell activation. KHK2455 þ mogamulizumab was found

to be generally safe and well tolerated in this first‐in‐human, phase 1
trial, with mostly manageable toxicities. KHK2455 þmogamulizumab

demonstrated dose‐dependent PK plasma concentration increases

and PD suppression of IDO1 activity. The total DCR, including one

PR and nine SDs, was 29%.

Among the most common TEAEs reported with KHK2455 þ

mogamulizumab were IRRs and drug eruptions. In the phase 3

MAVORIC study, which included 184 mogamulizumab‐treated pa-

tients with mycosis fungoides or Sézary syndrome (SS), IRRs and drug

eruptions were reported in 33% and 24% of patients, respectively.11

A post hoc analysis of the MAVORIC study revealed that drug

eruptions associated with mogamulizumab were associated with a

favorable response in patients with SS, and that long‐term re-

sponders (60%) experienced drug eruptions.14 In this study, TEAEs of

drug eruption and IRRs considered to be related to mogamulizumab

occurred at rates of 56% and 39% (N = 36), respectively. Because of

KHK2455 þ mogamulizumab potentially being Treg‐depleting thera-

peutics, cutaneous AEs may develop; however, attributing causality

for drug eruption is challenging.15

KHK2455 100 mg/kg in combination with high‐ultraviolet light
was shown to cause retinal lesions in a nonclinical study in mice.

Importantly, detailed ophthalmic and multifocal electroretinogram

(ERG) examinations conducted in this study found no evidence of

postbaseline ophthalmic or multifocal ERG findings after oral

KHK2455 administration at any dose.

After reviewing part 1 and assessing the preliminary data of

KHK2455 þ mogamulizumab for potential approval in the future, the

study did not proceed to part 2 and was terminated after completion

of part 1, despite adequate safety and tolerability at all doses.

However, oral KHK2455 administration produced plasma Kyn and K/

T ratio decreases and nearly complete IDO inhibition of Kyn

production, which suggested potent dose‐ and concentration‐
dependent IDO inhibition compared to that achieved with other

IDO inhibitors. The inhibitory effect shown by these results warrants

future evaluation of KHK2455 in combination with alternative

immunotherapeutic agents.

In the phase 1 ECHO‐202 study of epacadostat plus pem-

brolizumab, AST and ALT increases occurred in six and four patients,

respectively, with one patient experiencing a grade 3/4 AST in-

crease.7 In the phase 3 ECHO‐301 study, nine patients experienced

grade 3/4 ALT increases, and seven patients experienced grade 3/4

AST increases.8 For patients receiving KHK2455 at any dose, in-

creases in AST and ALT occurred in eight and six patients, respec-

tively, with only one patient experiencing grade 3 increases in both

AST and ALT, which indicates a lack of liver toxicity in patients

receiving KHK2455. This patient was hospitalized with increased

alkaline phosphatase, increased AST, increased ALT, hypo-

phosphatemia, and increased blood bilirubin, and presented with

jaundiced eyes. They were diagnosed with grade 3 cholestatic jaun-

dice due to a hepatic mass. After treatment, the SAE of grade 3

cholestatic jaundice resolved, and the patient was discharged.

These results of KHK2455 þ mogamulizumab showing dose‐
dependent suppression of IDO1 activity by K/T ratio decreases are

consistent with findings from a phase 1 study of epacadostat.16 Dose‐
dependent decreases in Kyn were also observed in a phase 1/2 study

of linrodostat plus nivolumab, although these changes did not

correlate with tumor responses.17 No analysis was completed in this

study to correlate K/T ratio decreases and tumor responses.

Inferences regarding the efficacy of KHK2455þmogamulizumab

are limited by several factors. The small number of included partici-

pants precluded statistical testing of the preliminary antitumor ac-

tivity of this combination. In addition, the lack of a comparator arm

made it difficult to determine the absolute benefit of combination

therapy versus monotherapy with KHK2455 or mogamulizumab.

TAB L E 4 Summary of best overall response by RECIST 1.1.

Mogamulizumab 1 mg/kg

þ

KHK2455 dose

0.3 mg (n = 5) 1 mg (n = 7) 3 mg (n = 4) 10 mg (n = 5) 30 mg (n = 5) 100 mg (n = 9) Total (N = 35)

SD, No. (%) 2 (40) 2 (29) 1 (25) 1 (20) 0 3 (33) 9 (26)

PD, No. (%) 3 (60) 5 (71) 3 (75) 3 (60) 4 (80) 6 (67) 24 (69)

NE, No. (%) 0 0 0 0 1 (20) 0 1 (3)

CR or PR, No. (%)a 0 0 0 1 (20) 0 0 1 (3)

95% CI, 0.1–14.9

CR, PR, or SD, No. (%)a 2 (40) 2 (29) 1 (25) 2 (40) 0 3 (33) 10 (29)

95% CI, 14.6–46.3

Abbreviations: CR, complete response; NE, not evaluable; PD, progressive disease; PR, partial response; RECIST 1.1, Response Evaluation Criteria in

Solid Tumors, version 1.1; SD, stable disease.
aExact two‐sided 95% CIs with the Clopper–Pearson method.
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However, the majority of participants in this study were aged 55

years or older with relapsed/refractory and heavily pretreated solid

tumors, and therefore represent a population with traditionally

worse survival outcomes. Even so, nine patients experienced SD out

of 35 evaluable participants, and the median OS was more than 12

months with KHK2455 þ mogamulizumab. In addition, the included

participants had a wide variety of locally advanced or metastatic solid

tumors, which suggests the potentially broad generalizability of this

therapeutic strategy.

In conclusion, KHK2455 þ mogamulizumab was well tolerated

overall at all tested doses, and demonstrated selective inhibition of

IDO1 while also suppressing Kyn production in a dose‐dependent
and sustained manner, which thereby indicates signs of preliminary

antitumor activity in this study. Although the cohort expansion was

not initiated for this combination, these results support the further

exploration of IDO1 inhibitors in combination with other immuno-

therapeutic agents. Although combination therapy with KHK2455 þ

mogamulizumab is no longer being studied, KHK2455 was also

evaluated in a phase 1 study in combination with avelumab, the

programmed death ligand 1–blocking antibody, in patients with

locally advanced or metastatic urothelial carcinoma (NCT03915405,

KHK2455‐002).
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