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Abstract
Due to the scarcity of large-sized prospective databases, the Japanese Joint 
Committee for Lung Cancer Registry conducted a nationwide prospective registry 
for newly diagnosed and untreated pleural mesothelioma. All new cases diagnosed 
pathologically as any subtype of pleural mesothelioma in Japan during the period be-
tween April 1, 2017, to March 31, 2019, were included before treatment. Data on 
survival were collected in April 2021. The eligible 346 patients (285 men [82.3%]; 
61 women [17.7%]; median age, 71.0 years [range, 44–88]) were included for analy-
sis. Among these patients, 138 (39.9%) underwent surgery, 164 (47.4%) underwent 
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1  |  INTRODUC TION

Pleural mesothelioma (PM) is an aggressive cancer caused by expo-
sure to asbestos. Although many developed countries have banned 
the use of asbestos, middle- and low-income countries continue to 
utilize asbestos.1 The estimated number of global mesothelioma 
deaths is currently up to 38,000 per year and increasing.2

The largest database of PM is the International Association for the 
Study of Lung Cancer (IASLC) database. The IASLC, in collaboration 
with the International Mesothelioma Interest Group (IMIG), developed 
its first international database in 20093,4 to update the IMIG staging 
system introduced in 1994.5 The staging systems based on the first 
and second IASLC databases were accepted in the seventh and eighth 
editions of the Union for International Cancer Control UICC/American 
Joint Commission on Cancer (AJCC) manuals, respectively.3,6–8

The majority of the large number of available retrospective nation-
wide databases9–15 are used for epidemiological purposes, while few 
have complete data on patient treatment, clinical courses, and patient 
outcomes. Retrospective studies focused on patient prognosis fac-
tors,9,16–22 but only a few were prospective, multicenter studies.23,24 
These limitations lead to difficulties in decision-making regarding 
treatment strategies for newly diagnosed/untreated PM patients.

Therefore, in our study, we conducted a nationwide prospective 
registry of newly diagnosed, untreated PM. To the best of our knowl-
edge, this is the first nationwide prospective registry. This study was 
conducted as the ninth project of the Japanese Joint Committee for 
Lung Cancer Registry (JJCLCR).25 JJCLCR has contributed to the 
establishment of the staging system of lung cancer through several 
nationwide registries,26–30 including a prospective one.29

The main study aims were to clarify the following issues in newly 
diagnosed/untreated PM patients in Japan: current status of sur-
gical and non-surgical treatment; surgery completion rate, mortal-
ity and morbidity and survival for all patients undergoing surgical 

intervention; macroscopic complete resection (MCR) as the goal of 
curative-intent surgery; tumor shape, tumor thickness, and the sum 
of three-level thickness (STLT) as possible prognostic factors; and fea-
ture and prognostic power of the seventh and eighth staging systems.

2  |  PATIENTS AND METHODS

2.1  |  Study setting

The JJCLCR conducted a prospective observational cohort study en-
rolling patients first diagnosed with PM between April 1, 2017, and 
March 31, 2019, in Japan.

The study protocol is described in Supplementary File S1.25

2.2  |  Inclusion criteria

All patients newly diagnosed according to pathological (including cy-
tology) findings including any subtype of PM in Japan between April 
1, 2017, and March 31, 2019, were included. Patients were not given 
any treatment before registration.

2.3  |  Variables

The case report form is shown in Supplementary File S2.25 The 
following data were collected and analyzed: (i) demographic char-
acteristics including date of registration, sex, and date of birth; (ii) 
preoperative status including Eastern Cooperative Oncology Group 
performance status (PS), preoperative comorbidities (e.g., asbestos 
exposure and smoking), laboratory values (including tumor markers), 
radiological findings (tumor shape, tumor thickness, and maximum 

non-surgical therapy, and the remaining 44 (12.7%) underwent best supportive care. 
The median overall survival for all 346 patients was 19.0 months. Survival rates at 1, 
2, and 3 years for all patients were, 62.8%, 42.3%, and 26.5%, respectively. Median 
overall survival was significantly different among patients undergoing surgery, non-
surgical treatment, and best supportive care (32.2 months vs. 14.0 months vs. 3.8 
months, p < 0.001). The median overall survival of patients undergoing pleurectomy/
decortication and extrapleural pneumonectomy was 41.8 months and 25.0 months, 
respectively. Macroscopic complete resection resulted in longer overall survival than 
R2 resection and partial pleurectomy/exploratory thoracotomy (41.8 months vs. 32.2 
months vs. 16.8 months, p < 0.001). Tumor shape, maximum tumor thickness, and sum 
of three level thickness were significant prognostic factors. The data in the prospec-
tive database would serve as a valuable reference for clinical practice and further 
studies for pleural mesothelioma.

K E Y W O R D S
chemotherapy, database, pleural mesothelioma, staging system, surgery
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standardized uptake value of the pleura on fluorodeoxyglucose-
positron emission tomography), and respiratory function tests; (iii) 
details of diagnosis (e.g., date of diagnosis, diagnostic method, immu-
nohistochemical evaluation results, histologic type, and clinical stage 
based on both seventh and eighth AJCC/UICC staging systems); (iv) 
surgical treatments, including induction therapy, surgical interven-
tions, combined resection, status of residual tumor, and postopera-
tive morbidity; (v) postoperative pathological diagnosis and stage 
based on both seventh and eighth AJCC/UICC staging systems; (vi) 
chemotherapy regimen; (vii) radiotherapy characteristics, including 
irradiated sites and type of radiation therapy (RT); and (viii) follow-up 
data including date of last follow-up, vital signs and symptoms during 
last follow- up, and date and location of initial relapse.

2.4  |  Definitions

2.4.1  |  Radiological examination

Localized PM was defined according to Allen's criteria.31 All the cases 
were classified into three categories according to the radiological 
appearance of the tumor: minimal, nodular, or rindlike.8 Tumor thick-
ness was measured in accordance with the IASLC report.8 Briefly, 
measurements of tumor thickness perpendicular to the chest wall 
or mediastinum on axial imaging were made, representing the upper, 
middle, and lower third of the hemithorax.8

2.4.2  |  Diagnosis at registration

In the cases where PM was diagnosed by only cytology, the date of 
diagnosis was recorded as the date of thoracentesis. In cases where 
biopsy was performed, the date of diagnosis was the date of biopsy 
regardless of precedent cytological diagnosis.

2.4.3  |  Final diagnosis

In non-surgical cases, diagnosis at registration was the final diagno-
sis. In surgical cases, the final diagnosis was the diagnosis based on 
the surgical specimen collected and the date of the final diagnosis 
was the date of surgery.

2.4.4  |  Surgical nomenclature

Surgical nomenclature was defined according to the IASCL/IMIG 
consensus report.32

In this study, MCR was divided into two subgroups: R0-1 was 
defined as the absence of microscopic tumor cells at the surgical 
margin, while R1 was defined as microscopic residual tumor cells 
confirmed at the surgical margin. R2 resection was defined as com-
pletion of surgery with macroscopic residual disease. Because both 

partial pleurectomy (PP) and exploratory thoracotomy (ET) were in-
dicated as incomplete surgery, they were merged into a PP/ET group.

2.5  |  Assessments of survival and relapse

Overall survival (OS) was defined as the period from the date of di-
agnosis at registration to death. Progression-free survival (PFS), de-
fined as the period from surgery to disease progression or death, was 
calculated in patients who underwent surgery with MCR. Relapse 
pattern was defined according to Kostron et al.33

2.6  |  Enrollment and study periods

Patients were enrolled from April 1, 2017, to March 31, 2019.
The study period was between April 1, 2017, and March 31, 

2026.

2.7  |  Ethics Statement

This study was approved by the institutional review board of Osaka 
University Hospital, where the registry office is located, on October 
11, 2016 (approval number 16038). The registry and the study using 
the registered data were approved by each institutional review 
board of all participating institutions. Written informed consent was 
obtained from all study participants.

This study was registered at the UMIN Clinical Trials Registry 
as UMIN 000024664 (http:// www. umin. ac. jp/ ctr/ index. htm). This 
study adhered to the ethical guidelines for epidemiologic studies 
published jointly by the Japan Ministry of Science, Culture, and 
Education and the Japan Ministry of Health, Labor, and Welfare on 
June 17, 2002, and revised on February 28, 2017.

2.8  |  Data collection and data analysis

The methods of data management have been previously described.25 
Briefly, patient data were retrieved from the JJCLCR website using 
a USB drive with a coded institution-individual serial key. Data on 
survival were collected in April 2021.

2.8.1  |  Statistical analysis

Patients’ characteristics were summarized with median, interquartile 
range (IQR) and range (minimum, maximum) for continuous variables 
and frequencies for categorical variables. For summary statistics, 
two-tailed 95% confidence intervals (CI) were presented. Survival 
functions were estimated using the Kaplan–Meier method and their 
95% CIs were calculated by using the Greenwood variance with 
the complementary log–log transformation. Comparisons among 
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multiple groups were made using the log-rank test, which is referred 
to as the omnibus test. For ordinal groups, the log-rank test with 
the linear scores attached was used, referred to as the trend test. 
Differences between survival functions were evaluated using the 
log-rank method. Statistical analyses were performed after exclud-
ing cases with missing values for relevant variables. No multiplicity 
adjustment was applied and a p-value of less than 0.05 was con-
sidered statistically significant. The SAS version 9.4 (SAS Institute, 
Cary, NC) and R version 4.1.2 (R Core Team; https:// www. R- proje 
ct. org/ ) were used for statistical analyses. To draw the graphs for 
the Kaplan–Meier estimates, the survminer package for R was used.

3  |  RESULTS

3.1  |  Clinical characteristics of patients

Between April 1, 2017, and March 31, 2019, a total of 348 cases of 
PM were registered from 54 institutions. One duplicate case and an-
other case with multiple missing values were removed. The remain-
ing 346 cases were included for analysis (Figure 1).

The clinical characteristics of the 346 patients are shown in 
Table 1. The median age was 71.0 years (range, 44–88 years). The 
cohort included 285 men (82.3%) and 61 women (17.7%). Most pa-
tients (93.7%) had a good PS score (0 or 1). Asbestos exposure was 
detected in 67.1% of the patients, and 73.2% of patients were cur-
rent/former smokers.

3.2  |  Diagnosis and pathological findings

Diagnosis at registration was made using biopsy specimens in 97.4% of 
patietns (337/346) and cell blocks in 2.6% (9/346) (Table 1; Figure 2). 

Methods of biopsy included open surgery (2.1%, 7/337), video-
assisted thoracoscopy under general anesthesia (74.5%, 251/337), 
thoracoscopy under local anesthesia (11.3%, 38/337), needle biopsy 
(8.9%, 30/337), and others (3.3%, 11/337). Histological subtype at 
registration comprised epithelioid (71.5%, 241/337), biphasic (9.5%, 
32/337), sarcomatoid (17.8%, 60/337), and not otherwise specified 
(NOS, 1.2%, 4/337) categories.

Postoperative pathological analysis of surgical specimens was 
performed in all 138 surgical cases. Diagnosis at registration was 
made using cell block specimens in six patients, which turned 
out to be epithelioid (n = 5) and biphasic (n = 1) subtypes defined 
during postoperative analysis. In the remaining 132 cases, diag-
nosis at registration was made using biopsy specimens. We ob-
served and corrected a discrepancy between preoperative and 
postoperative subtype diagnostics in 8.7% of patients (12/132) 
as follows: epithelioid to biphasic (n = 5), epithelioid to sarcoma-
toid (n = 3), biphasic to epithelioid (n = 1), biphasic to sarcomatoid 
(n = 1), biphasic to NOS (n = 1), and sarcomatoid to epithelioid 
(n = 1). Consequently, the final diagnosis of 343 patients who un-
derwent biopsy and/or surgery was epithelioid (70.0%, 240/343), 
biphasic (10.2%, 35/343), sarcomatoid (18.4%, 63/343), and NOS 
(1.5%, 5/343).

3.3  |  Radiological findings

Computed tomography scans and tumor thickness measure-
ments were performed in all cases: 38 (11.0%) localized PM and 
299 (89.0%) diffuse PM. Patients were classified as having minimal 
(n = 68, 19.7%), nodular (n = 96, 27.7%), and rind-like (n = 178, 51.4%) 
tumors (Table 2). The median maximum tumor thickness (MTT) and 
the STLT were 11 mm (IQR: 5.0–21.0) and 22 mm (IQR: 11.0–39.0), 
respectively.

F I G U R E  1  CONSORT diagram. 
Between April 1, 2017, and March 31, 
2019, a total of 348 cases of pleural 
mesothelioma (PM) were registered from 
54 institutions. One duplicate case and 
another case with multiple missing values 
were removed. The remaining 346 cases 
were included for analysis. BSC, best 
supportive care; JJCLCR, Japanese Joint 
Committee for Lung Cancer Registry; 
NOS, not otherwise specified.
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TA B L E  1  Patient's clinical characteristics.

Characteristic Total (n = 346) Surgery (n = 138) Non-surgical Tx (n = 164) BSC (n = 44)

Sex — Number (%)

Female 61 (17.6) 21 (15.2) 33 (20.1) 7 (15.9)

Male 285 (82.4) 117 (84.8) 131 (79.9) 37 (84.1)

Age — Number (%)

40–49 5 (1.4) 1 (0.7) 4 (2.4) 0 (0.0)

50–59 27 (7.8) 13 (9.4) 10 (6.1) 4 (9.1)

60–69 114 (32.9) 66 (47.8) 44 (26.8) 4 (9.1)

70–79 154 (44.5) 51 (37.0) 85 (51.8) 18 (40.9)

80–89 46 (13.3) 7 (5.1) 21 (12.8) 18 (40.9)

Age

Total number 346 138 164 44

Median 71.0 68.5 73.0 78.0

Range 44–88 44–88 45–88 51–88

IQR 66.0–77.0 64.0–73.0 67.0–78.0 71.0–82.0

PS — Number (%)

0 185 (53.5) 103 (74.6) 69 (42.1) 13 (29.5)

1 139 (40.2) 33 (23.9) 89 (54.3) 17 (38.6)

2 16 (4.6) 1 (0.7) 6 (3.7) 9 (20.5)

3 4 (1.2) 0 (0.0) 0 (0.0) 4 (9.1)

4 2 (0.6) 1 (0.7) 0 (0.0) 1 (2.3)

Asbestos exposure — Number (%)

Yes 232 (67.1) 94 (68.1) 107 (65.2) 31 (70.5)

No 71 (20.5) 26 (18.8) 36 (22.0) 9 (20.5)

Unknown 43 (12.4) 18 (13.0) 21 (12.8) 4 (9.1)

Smoking — Number (%)

Never 91 (26.3) 29 (21.0) 46 (28.0) 16 (36.4)

Former 231 (66.8) 95 (68.8) 110 (67.1) 26 (59.1)

Current 22 (6.4) 13 (9.4) 7 (4.3) 2 (4.5)

Unknown 2 (0.6) 1 (0.7) 1 (0.6) 0 (0.7)

Laterality — Number (%)

Right 209 (60.4) 74 (53.6) 109 (66.5) 26 (59.1)

Left 137 (39.6) 64 (46.4) 55 (33.5) 18 (40.9)

Histology at registration— Number (%)

Epithelioid 241 (69.7) 112 (81.2) 106 (64.6) 23 (52.3)

Biphasic 32 (9.2) 9 (6.5) 17 (10.4) 6 (13.6)

Sarcomatoid 60 (17.3) 11 (8.0) 36 (22.0) 13 (29.5)

NOS 4 (1.2) 0 (0.0) 2 (1.2) 2 (4.5)

NA (cytology only) 9 (2.6) 6 (4.3) 3 (1.8) 0 (0.0)

Final histology— Number (%)

Epithelioid 240 (69.4) 111 (80.4) 106 (64.6) 23 (52.3)

Biphasic 35 (10.1) 12 (8.7) 17 (10.4) 6 (13.6)

Sarcomatoid 63 (18.2) 14 (10.1) 36 (22.0) 13 (29.5)

NOS 5 (1.4) 1 (0.7) 2 (1.2) 2 (4.5)

NA (cytology only) 3 (0.9) 0 (0.0) 3 (1.8) 0 (0.0)

Abbreviations: BSC, best supportive care; IQR, interquartile range; NA, not available; NOS, not otherwise specified; Tx, treatment.
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F I G U R E  2  Pathological diagnosis at registration and final diagnosis. Pathological diagnosis at registration and final diagnosis are shown. 
We observed and corrected a discrepancy between preoperative and postoperative subtype diagnostics in 8.7% (12/132). NOS, not 
otherwise specified.

Characteristic Total (n = 346) Surgery (n = 138)
Non-surgical Tx 
(n = 164) BSC (n = 44)

Diffuse/local — Number (%)

Diffuse 299 (86.4) 122 (88.4) 136 (82.9) 41 (93.2)

Localized 38 (11.0) 10 (7.2) 25 (15.2) 3 (6.8)

No data 9 (2.6) 6 (4.3) 3 (1.8) 0 (0.0)

Tumor shape — Number (%)

Minimal 68 (19.7) 32 (23.2) 29 (17.7) 7 (15.9)

Nodular 96 (27.7) 33 (23.9) 49 (29.9) 14 (31.8)

Rind-like 178 (51.4) 71 (51.4) 86 (52.4) 21 (47.7)

Missing data 4 (1.2) 2 (1.4) 0 (0.0) 2 (4.5)

Maximum thickness

Total number 346 138 164 44

Median (IQR) 11.0 (5.0–21.0) 8.0 (4.0–17.0) 14.0 (7.0–25.0) 12.0 (7.5–18.5)

Range 0–89 0–77 0–89 0–80

Sum of three level thickness

Total number 346 138 164 44

Median (IQR) 22.0 (11.0–39.0) 18.0 (8.0–31.0) 29.0 (13.0–46.0) 26.5 (15.0–39.5)

Range 0–232 0–154 0–232 0–118

Maximum SUV on FDG-PET

Total number 234 97 106 31

Median (IQR) 5.8 (3.4–9.6) 4.4 (2.7–7.4) 7.6 (4.0–11.2) 6.5 (3.3–9.5)

Range 0–32 0–23 0–32 0–18

Abbreviations: BSC, best supportive care; FDG-PET, fluorodeoxyglucose-positron emission 
tomography; IQR, interquartile range; SUV, standardized uptake value; Tx, treatment.

TA B L E  2  Radiological findings.

102



    |  513HASEGAWA et al.

3.4  |  Clinical and pathological stages

Clinical stages were defined for all patients. Similarly, for patients 
undergoing surgery, their pathological stages were determined ac-
cording to both the seventh and eighth versions of TNM staging 
systems (Tables 3–5). Stage distribution in the seventh and eighth 
versions of the staging system is shown in Figure 3. Assessment of 

the discrepancy between clinical and pathological stages accord-
ing to the version seventh staging system revealed the following: 
54.3% (75/138) unchanged, 39.9% (55/138) upstaged, and 6.5% 
(9/138) down-staged cancer cases. In contrast, according to the 
version eighth staging system, the results were as follows: 42.8% 
(59/138) unchanged, 52.2% (72/138) upstaged, and 5.1% (7/138) 
down-staged cancer cases.

Characteristic Total (n = 346)
Surgery 
(n = 138)

Non-surgical Tx 
(n = 164)

BSC 
(n = 44)

T (version 7) — Number (%)

T0, T1a 89 (25.7) 56 (40.6) 25 (15.2) 8 (18.2)

T1b 30 (8.7) 9 (6.5) 18 (11.0) 3 (6.8)

T2 54 (15.6) 29 (21.0) 23 (14.0) 2 (4.5)

T3 104 (30.1) 41 (29.7) 47 (28.7) 16 (36.4)

T4 69 (19.9) 3 (2.2) 51 (31.1) 15 (34.1)

N (version 7) — Number (%)

N0 267 (77.2) 123 (89.1) 111 (67.7) 33 (75.0)

N1 12 (3.5) 4 (2.9) 7 (4.3) 1 (2.3)

N2 52 (15.0) 11 (8.0) 35 (21.3) 6 (13.6)

N3 15 (4.3) 0 (0.0) 11 (6.7) 4 (9.1)

M (version 7) — Number (%)

M0 326 (94.2) 137 (99.3) 150 (91.5) 39 (88.6)

M1 20 (5.8) 1 (0.7) 14 (8.5) 5 (11.4)

Stage (version 7) — Number (%)

Stage I 118 (34.1) 64 (46.4) 43 (26.2) 11 (25.0)

Stage II 41 (11.8) 25 (18.1) 16 (9.8) 0 (0.0)

Stage III 108 (31.2) 45 (32.6) 48 (29.3) 15 (34.1)

Stage IV 79 (22.8) 4 (2.9) 57 (34.8) 18 (40.9)

T (version 8) — Number (%)

T0, T1 148 (42.8) 80 (58.0) 57 (34.8) 11 (25.0)

T2 25 (7.2) 14 (10.1) 9 (5.5) 2 (4.5)

T3 104 (30.1) 41 (29.7) 47 (28.7) 16 (36.4)

T4 69 (19.9) 3 (2.2) 51 (31.1) 15 (34.1)

N (version 8) — Number (%)

N0 267 (77.2) 123 (89.1) 111 (67.7) 33 (75.0)

N1 64 (18.5) 15 (10.9) 42 (25.6) 7 (15.9)

N2 15 (4.3) 0 (0.0) 11 (6.7) 4 (9.1)

M (version 8) — Number (%)

M0 326 (94.2) 137 (99.3) 150 (91.5) 39 (88.6)

M1 20 (5.8) 1 (0.7) 14 (8.5) 5 (11.4)

Stage (version 8) — Number (%)

Stage IA 142 (41.0) 77 (55.8) 54 (32.9) 11 (25.0)

Stage IB 87 (25.1) 44 (31.9) 31 (18.9) 12 (27.3)

Stage II 12 (3.5) 5 (3.6) 6 (3.7) 1 (2.3)

Stage IIIA 26 (7.5) 8 (5.8) 16 (9.8) 2 (4.5)

Stage IIIB 59 (17.1) 3 (2.2) 43 (26.2) 13 (29.5)

Stage IV 20 (5.8) 1 (0.7) 14 (8.5) 5 (11.4)

Abbreviations: BSC, best supportive care; Tx, treatment; ver., version.

TA B L E  3  Clinical stages according to 
seventh and eighth TNM staging systems.
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3.5  |  Treatment distribution

Among the enrolled 346 patients, 138 (39.9%) underwent surgery, 
164 (47.4) underwent non-surgical therapy (i.e., chemotherapy with 
or without radiation therapy), and the remaining 44 (12.7%) under-
went BSC.

3.5.1  |  Surgical treatment

One hundred and thirty-eight patients underwent surgery in 35 
experienced centers. Of 138 surgeries, 81 (58.7%) were per-
formed in three high-volume centers. Surgical technique con-
sisted of extrapleural pneumonectomy (EPP, n = 26), pleurectomy/

Characteristic
Total 
(n = 138)

EPP 
(n = 26)

P/D 
(n = 83)

PP/ET 
(n = 26)

Other 
surgery (n = 3)

T (version 7) — Number (%)

T0, T1a 56 (40.6) 8 (30.8) 44 (53.0) 4 (15.4) 0 (0.0)

T1b 9 (6.5) 1 (3.8) 7 (8.4) 1 (3.8) 0 (0.0)

T2 29 (21.0) 7 (26.9) 14 (16.9) 6 (23.1) 2 (66.7)

T3 41 (29.7) 9 (34.6) 18 (21.7) 13 (50.0) 1 (33.3)

T4 3 (2.2) 1 (3.8) 0 (0.0) 2 (7.7) 0 (0.0)

N (version 7) — Number (%)

N0 123 (89.1) 25 (96.2) 75 (90.4) 20 (76.9) 3 (100.0)

N1 4 (2.9) 0 (0.0) 4 (4.8) 0 (0.0) 0 (0.0)

N2 11 (8.0) 1 (3.8) 4 (4.8) 6 (23.1) 0 (0.0)

M (version 7) — Number (%)

M0 137 (99.3) 26 (100.0) 83 (100.0) 25 (96.2) 3 (100.0)

M1 1 (0.7) 0 (0.0) 0 (0.0) 1 (3.8) 0 (0.0)

Stage (version 7) — Number (%)

Stage I 64 (46.4) 9 (34.6) 50 (60.2) 5 (19.2) 0 (0.0)

Stage II 25 (18.1) 7 (26.9) 10 (12.0) 6 (23.1) 2 (66.7)

Stage III 45 (32.6) 9 (34.6) 23 (27.7) 12 (46.2) 1 (33.3)

Stage IV 4 (2.9) 1 (3.8) 0 (0.0) 3 (11.5) 0 (0.0)

T (version 8) — Number (%)

T0, T1 80 (58.0) 14 (53.8) 59 (71.1) 7 (26.9) 0 (0.0)

T2 14 (10.1) 2 (7.7) 6 (7.2) 4 (15.4) 2 (66.7)

T3 41 (29.7) 9 (34.6) 18 (21.7) 13 (50.0) 1 (33.3)

T4 3 (2.2) 1 (3.8) 0 (0.0) 2 (7.7) 0 (0.0)

N (version 8) — Number (%)

N0 123 (89.1) 25 (96.2) 75 (90.4) 20 (76.9) 3 (100.0)

N1 15 (10.9) 1 (3.8) 8 (9.6) 6 (23.1) 0 (0.0)

M (version 8) — Number (%)

M0 137 (99.3) 26 (100.0) 83 (100.0) 25 (96.2) 3 (100.0)

M1 1 (0.7) 0 (0.0) 0 (0.0) 1 (3.8) 0 (0.0)

Stage (version 8) — Number (%)

Stage IA 77 (55.8) 14 (53.8) 56 (67.5) 7 (26.9) 0 (0.0)

Stage IB 44 (31.9) 10 (38.5) 19 (22.9) 12 (46.2) 3 (100.0)

Stage II 5 (3.6) 0 (0.0) 5 (6.0) 0 (0.0) 0 (0.0)

Stage IIIA 8 (5.8) 1 (3.8) 3 (3.6) 4 (15.4) 0 (0.0)

Stage IIIB 3 (2.2) 1 (3.8) 0 (0.0) 2 (7.7) 0 (0.0)

Stage IV 1 (0.7) 0 (0.0) 0 (0.0) 1 (3.8) 0 (0.0)

Abbreviations: EPP, extrapleural pneumonectomy; P/D, pleurectomy/decortication; PP/ET, patrial 
pleurectomy/exploratory thoracotomy; ver., version.

TA B L E  4  Clinical stages for surgical 
cases by seventh and eighth TNM staging 
systems.
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decortication (P/D, n = 83), PP/ET (n = 26), and other surgeries 
(n = 3) (Tables 6 and 7). Surgery alone and surgery as part of a 
multimodality treatment with chemotherapy and/or radiation 
therapy were conducted in 29 and 109 patients, respectively. 
The median age of patients who underwent surgical intervention 
was 68.5 years (IQR: 64.0–73.0). The median value of operation 

time and blood loss were 406.5 min (IQR: 282.5–509.5) and 1210 
g (IQR: 613.8–1855.8). The resection statuses were R0-1 (n = 41), 
R1 (n = 55), and R2 (n = 42), respectively, and MCR (R0-1 and R1) 
was achieved in 69.6% (96/138). Data analysis indicated that 30- 
and 90-day postoperative deaths were 0.7% (1/138, PP/ET group) 
and 4.3% (6/138, EPP: 1, P/D: 2, PP/ET: 3). The causes within the 

Characteristic
Total 
(n = 138)

EPP 
(n = 26)

P/D 
(n = 83)

PP/ET 
(n = 26)

Other 
surgery (n = 3)

T (version 7) — Number (%)

T0, T1a 17 (12.3) 2 (7.7) 12 (14.5) 3 (11.5) 0 (0.0)

T1b 9 (6.5) 0 (0.0) 7 (8.4) 2 (7.7) 0 (0.0)

T2 30 (21.7) 11 (42.3) 16 (19.3) 2 (7.7) 1 (33.3)

T3 61 (44.2) 11 (42.3) 41 (49.4) 7 (26.9) 2 (66.7)

T4 21 (15.2) 2 (7.7) 7 (8.4) 12 (46.2) 0 (0.0)

N (version 7) — Number (%)

N0 107 (77.5) 20 (76.9) 62 (74.7) 22 (84.6) 3 (100.0)

N1 4 (2.9) 1 (3.8) 2 (2.4) 1 (3.8) 0 (0.0)

N2 26 (18.8) 5 (19.2) 18 (21.7) 3 (11.5) 0 (0.0)

N3 1 (0.7) 0 (0.0) 1 (1.2) 0 (0.0) 0 (0.0)

M (version 7) — Number (%)

M0 137 (99.3) 26 (100.0) 83 (100.0) 25 (96.2) 3 (100.0)

M1 1 (0.7) 0 (0.0) 0 (0.0) 1 (3.8) 0 (0.0)

Stage (version 7) — Number (%)

Stage1 26 (18.8) 2 (7.7) 19 (22.9) 5 (19.2) 0 (0.0)

Stage2 25 (18.1) 8 (30.8) 14 (16.9) 2 (7.7) 1 (33.3)

Stage3 64 (46.4) 14 (53.8) 42 (50.6) 6 (23.1) 2 (66.7)

Stage4 23 (16.7) 2 (7.7) 8 (9.6) 13 (50.0) 0 (0.0)

T (version 8) — Number (%)

T0, T1 35 (25.4) 5 (19.2) 25 (30.1) 5 (19.2) 0 (0.0)

T2 21 (15.2) 8 (30.8) 10 (12.0) 2 (7.7) 1 (33.3)

T3 61 (44.2) 11 (42.3) 41 (49.4) 7 (26.9) 2 (66.7)

T4 21 (15.2) 2 (7.7) 7 (8.4) 12 (46.2) 0 (0.0)

N (version 8) — Number (%)

N0 107 (77.5) 20 (76.9) 62 (74.7) 22 (84.6) 3 (100.0)

N1 30 (21.7) 6 (23.1) 20 (24.1) 4 (15.4) 0 (0.0)

N2 1 (0.7) 0 (0.0) 1 (1.2) 0 (0.0) 0 (0.0)

M (version 8) — Number (%)

M0 137 (99.3) 26 (100.0) 83 (100.0) 25 (96.2) 3 (100.0)

M1 1 (0.7) 0 (0.0) 0 (0.0) 1 (3.8) 0 (0.0)

Stage (version 8) — Number (%)

Stage IA 32 (23.2) 4 (15.4) 23 (27.7) 5 (19.2) 0 (0.0)

Stage IB 59 (42.8) 14 (53.8) 35 (42.2) 7 (26.9) 3 (100.0)

Stage II 5 (3.6) 3 (11.5) 2 (2.4) 0 (0.0) 0 (0.0)

Stage IIIA 19 (13.8) 3 (11.5) 15 (18.1) 1 (3.8) 0 (0.0)

Stage IIIB 22 (15.9) 2 (7.7) 8 (9.6) 12 (46.2) 0 (0.0)

Stage IV 1 (0.7) 0 (0.0) 0 (0.0) 1 (3.8) 0 (0.0)

Abbreviations: EPP, extrapleural pneumonectomy; P/D, pleurectomy/decortication; PP/ET, patrial 
pleurectomy/exploratory thoracotomy; ver., version.

TA B L E  5  Pathological stages for 
surgical cases by seventh and eighth TNM 
staging systems.
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90-day mortality range were diagnosed with interstitial pneumo-
nia (two patients) and mesothelioma progression (four patients). 
Of the 37 patients with localized PM, 10 underwent surgery: P/D 
(n = 7), PP (n = 2), and other surgery (n = 1). Of these 10 patients, 
four underwent R0-1 resection, another four underwent R1 re-
section, and two underwent R2 resection.

3.5.2  |  Non-surgical treatment

First-line treatment in 164 patients undergoing non-surgical 
treatment consisted of concurrent chemoradiotherapy (4.3%, 
n = 7), cisplatin plus pemetrexed (51.2%, n = 84), carboplatin plus 
pemetrexed (28.7%, n = 47), pemetrexed alone (6.7, n = 11), and 
others (9.1%, n = 15) (Table 8). Of the 164 patients, 67.7% (n = 111) 
and 17.7% (n = 29) underwent second- and third-line treatment, 
respectively. A total of 43 patients underwent RT. Post-EPP 
hemithoracic RT was performed in 21 patients (45–54 Gy, dose 
unknown in 1). One patient underwent focal adjuvant RT after R2 
resection of P/D. Eight patients underwent RT for postoperative 
recurrence.

3.6  |  Survival analysis

Among 346 patients, 242 patients died during the follow-up pe-
riod. The median follow-up period for the 104 surviving patients 
was 945.5 days (range, 1–1480 days). At the time of data collection 
in April 2021, 229 patients died of PM, 13 died of other diseases 
(seven with PM, six without PM), 85 were alive with PM, and 19 were 
alive without PM. Median OS was 19.0 months (95% CI: 15.4–22.3). 
Survival rates at 1, 2, and 3 years for all patients were 62.8% (95% 
CI: 57.4%–67.6%), 42.3% (95% CI: 37.0%–47.5%), and 26.5% (95% CI: 
21.3%–31.9%), respectively (Figure 4A).

In the surgery group, median OS was 32.2 months. In non-surgi-
cal treatment group, OS was 14.0 months, while in the BSC group, OS 
was only 3.8 months. Survival rates at 1, 2, and 3 years in the surgery 
group were 81.8%, 61.3%, and 41.9%, respectively. Survival rates at 
1, 2, and 3 years in non-surgical treatment group were 56.5%, 32.3%, 
and 17.2%, respectively. Finally, the survival rates in BSC group were 
22.9%, 17.8%, and 11.4%, respectively (Figure 4B). These results 
show significant differences in OS among three groups.

Median OS after multimodality therapy (n = 109) was significantly 
longer than that in the surgery alone group (n = 29): 34.6 months vs. 

F I G U R E  3  Stage distribution in seventh and eighth TNM staging systems. Distributions of clinical stages for all cases are shown in 
Figure 2A,B, respectively. There were 34.3% of c-stage I and 31.2% of c-stage III patients according to the version 7 staging system (A), and 
66.1% cases were classified as c-stage I in the version 8 staging system (B). In surgical cases, 46.4% and 87.7% of cases were classified as 
c-stage I by version 7 and version 8 staging systems, respectively (C, D). Distributions of pathological stages for surgical cases are shown in 
Figure 2E,F: There were 46.4% of p-stage III according to the version 7 staging system (E) and 66.0% of p-stage I patients according to the 
version 8 staging system (F).
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21.0 months (HR = 0.53) (Figure 4C). Median OS by surgical tech-
nique is shown in Figure 4D: 25.0 months for EPP, 41.8 months for 
P/D, and 17.5 months for PP/ET. Survival time of P/D, not EPP, was 
significantly longer than that for PP/ET.

Median OS for R1 resection, R2 resection, and PP/ET were 39.5 
months, 32.2 months, and 16.8 months, respectively (Figure 4E). 
Median OS for R0-1 group was undefined. There was no significant 
difference in OS time between R0-1 and R1 groups. Median OS time 
for the MCR group (R0-1 plus R1) was 41.8 months, which was sig-
nificantly longer than that for R2 resection and PP/ET (Figure 4F).

The trend of survival in each clinical stage is shown in Table 9A 
and Figure 5A,B. A significant difference in survival between stage 
groups was observed using both seventh and eighth staging systems. 
The survival rates at each pathological stage are shown in Table 9B. 
No differences in survival rates were observed using the seventh 
staging system (p = 0.080; Figure 5C). A significant difference was 
observed for pathological stages using the eighth staging system ap-
proach (p = 0.005; Figure 5D).

The median OS for minimal (n = 68), nodular (n = 96), and rind-
like (n = 178) tumor shape groups were 26.7, 21.3, and 15.0 months, 
respectively (Figure 6A). The survival time in minimal and nodu-
lar groups was significantly longer than that in the rindlike group 
(p = 0.007, p = 0.029 respectively). The median OS time (27.0 months) 

was significantly longer in the MTT <5.1 mm group (n = 91) than 
that in the MTT ≥ 5.1 mm group (n = 255) (15.5 months) (p = 0.013) 
(Figure 6B). The median OS time (26.3 months) for the STLT <13 mm 
group (n = 101) was significantly longer than that for the 13 ≤ STLT 
<60 mm group (n = 203) (15.5 months) (p = 0.022) and the STLT 
≥60 mm group (n = 42) (12.0 months) (p = 0.008) (Figure 6C).

3.7  |  Relapse after macroscopic complete resection

Relapse occurred in 74 (77.1%) of the 96 MCR patients and re-
sulted in PM-related death (n = 36), death due to other causes 
with PM (n = 1), and survival with PM (n = 37). Among 22 patients 
without recurrence, four died of other causes, while 18 survived. 
Relapse pattern was described in 71 of 74 relapsed patients. Initial 
relapse sites were local only in 53 (74.6%), distant only in eight 
(11.3%), and both in 10 (14.1%) (Table 10). Distant only metastasis 
was observed in 27.8% (5/18) of EPP patients and 5.9% (3/51) of 
P/D patients.

The PFS time was calculated in 93 of the 96 MCR cases, excluding 
three cases without detailed relapse information. Median PFS and sur-
vival rates at 1, 2, and 3 years for 93 MCR patients were 16.6 months, 
73.1%, 29.3%, and 19.1%, respectively (Figure 7A). Median PFS and 
PFS rates at 1, 2, and 3 years were 13.6 months and 63.6%, 13.6%, and 
13.6% for EPP patients (n = 22), and 19.4 months and 76.2%, 34.4%, 
and 20.7% for P/D patients (n = 68), respectively (Figure 7B).

4  |  DISCUSSION

The JJLCRC generated several nationwide registries to estab-
lish the international staging system of lung cancer.27,29,30 This 
study is the first investigation and analysis of a PM registry by 
JJLCRC. Like previous JJLCRC registries26–30 this study provides 
reliable and critical information with few excluded cases and 
missing values of clinical data. According to the annual report 
of the Japanese Ministry of Health, Labor, and Welfares,34 1555 
and 1512 deaths were associated with PM in 2017 and 2018, re-
spectively. According to the National Clinical Database of Japan, 
622 curative-intent surgeries for PM were performed between 
January 2014 and December 2017.35 Thus, this study represents 
approximately 10% of all PM cases and 50% of surgical cases in 
Japan during the study period.

With the nationwide enrollment prospectively, the present 
study has provided critical information on PM treatment. We 
found that median OS time for non-surgical treatment groups 
and BSC groups were 14.0 months and 3.8 months, respectively. 
These results were in line with a large-scale retrospective study 
in the United States.36 This study revealed that prognosis for un-
resectable PM remains poor. Furthermore, our study provided 
the surgery completion rate, MCR rate, mortality/morbidity rate, 
and postoperative survival rate of all patients undergoing surgery, 
which had been lacking in the literature. Surgery incompletion 

TA B L E  6  Surgical treatments.

Case No

EPP 26

EPP alone 2

EPP + AC 1

EPP + RT 8

EPP + RT + AC 2

NAC + EPP 2

NAC + EPP + RT 11

P/D 83

P/D alone 13

P/D + AC 18

NAC + P/D 31

NAC + P/D + AC 20

NAC + P/D + RT + AC 1

PP/ET 26

PP/ET alone 12

NAC + PP/ET 14

Other surgery 3

Other surgery alone 2

Other surgery + AC 1

Total 138

Abbreviations: AC, adjuvant chemotherapy; EPP, extrapleural 
pneumonectomy; ET, exploratory thoracotomy; NAC, neoadjuvant 
chemotherapy; P/D, pleurectomy/decortication; PP, partial 
pleurectomy; RT, radiation therapy.
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TA B L E  7  Clinical characteristics of patients with PM surgery.

Characteristic Total (n = 138) EPP (n = 26) P/D (n = 83) PP/ET (n = 26) Other surgery (n = 3)

Gender — Number (%)

Female 21 (15.2) 4 (15.4) 10 (12.0) 6 (23.1) 1 (33.3)

Male 117 (84.8) 22 (84.6) 73 (88.0) 20 (76.9) 2 (66.7)

Age — Number (%)

40–49 1 (0.7) 1 (3.8) 0 (0.0) 0 (0.0) 0 (0.0)

50–59 13 (9.4) 4 (15.4) 9 (10.8) 0 (0.0) 0 (0.0)

60–69 66 (47.8) 11 (42.3) 43 (51.8) 11 (42.3) 1 (33.3)

70–79 51 (37.0) 9 (34.6) 27 (32.5) 13 (50.0) 2 (66.7)

80–89 7 (5.1) 1 (3.8) 4 (4.8) 2 (7.7) 0 (0.0)

Total number 138 26 83 26 3

Median (IQR) 68.5 (64.0–73.0) 68.0 (62.0–71.0) 68.0 (64.0–73.0) 71.0 (65.0–75.0) 73.0 (67.0–78.0)

Range 44–88 44–80 55–80 60–88 67–78

Completeness of resection— Number (%)

R0-1 41 (29.7) 10 (38.5) 30 (36.1) 0 (0.0) 1 (33.3)

R1 55 (39.9) 12 (46.2) 41 (49.4) 1 (3.8)a 1 (33.3)

R2 42 (30.4) 4 (15.4) 12 (14.5) 25 (96.2) 1 (33.3)

Surgical time (min.)

Median (IQR) 406.5 393.0 466.0 175.5 274.0

(280.0–510.0) (357.0–487.0) (372.0–554.0) (90.0–233.0) (222.0–290.0)

Range 30–885 177–705 68–885 30–544 222–290

Blood loss (gram)

Median (IQR) 1210.0 1186.0 1450.0 290.0 270.0

(610.0–1861.0) (870.0–1700.0) (860.0–2160.0) (34.0–740.0) (120.0–670.0)

Range 1–25205 300–8036 5–25205 1–4530 120–670

Abbreviations: EPP, extrapleural pneumonectomy; ET, exploratory thoracotomy; IQR, interquartile range; P/D, pleurectomy/decortication; PM, 
pleural mesothelioma; PP, partial pleurectomy.
aLocalized mesothelioma.

TA B L E  8  Non-surgical treatment.

First-line Tx (n = 164) Second-line Tx (n = 111) Third-line Tx (n = 29)

Chemoradiotherapy (n = 7)

CDDP+PEM (n = 84) CDDP+PEM (n = 2) BSC (n = 2)

CBDCA+PEM (n = 8) Others (n = 2), BSC (n = 6)

PEM (n = 5) Others (n = 2), RT (n = 1), BSC (n = 2)

Others (n = 45) CDDP+PEM (n = 1), PEM (n = 1), Others (n = 4), RT (n = 1), BSC (n = 38)

RT (n = 1) Others (n = 1)

BSC (n = 23)

CBDCA+PEM (n = 47) CBDCA+PEM (n = 3) Others (n = 1), BSC (n = 2)

PEM (n = 1) BSC (n = 1)

Others (n = 19) CBDCA+PEM (n = 1), PEM (n = 2), Others (n = 2), BSC (n = 14)

RT (n = 2) Others (n = 1), BSC (n = 1)

BSC (n = 22)

PEM (n=11) Others (n = 5) Others (n = 1), BSC (n = 4)

BSC (n = 6)

Others (n=15) CDDP+PEM (n = 3) Others (n = 3)

CBDCA+PEM (n = 2) Others (n = 1), BSC (n = 1)

PEM (n = 1) BSC (n = 1)

Others (n = 7) CBDCA+PEM (n = 1), Others (n = 2), RT (n = 1), BSC (n = 3)

BSC (n = 2)

Abbreviations: BSC, best supportive care; CBDCA, carboplatin; CDDP, cisplatin; PEM, pemetrexed; RT, radiation therapy; Tx, treatment.
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F I G U R E  4  (Continues)
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rate (i.e., ET/PP) in this study was 18.8%, similar to the result of a 
previous single-center retrospective study.37 However, the found 
rate was relatively high compared to the data from previous pro-
spective studies.38–42 The relatively high surgery incompletion 
rate in this study might have reflected that some of participating 
surgeons were not sufficiently experienced. The ambiguity of sur-
gical nomenclature might also serve as a possible explanation of 
our findings. Since the distinction of R2 resection, PP, and ET in 
surgery-intended cases is not clearly described in the consensus 
paper,32 surgery incompletion rate might vary according to the 
surgeon's definition.

The median OS time (32.2 months) for all surgical cases in the 
present study was longer than that in previous prospective studies 

(up to 24.4 months).38,39,43–47 The recent small-scale phase II clinical 
trial reported an intent-to-treat basis survival of 41.4 months.42 The 
present study demonstrated that the postoperative survival for all 
surgical cases was extending over 30 months.

This study reconfirmed that MCR is a reasonable goal for PM 
surgery. Since any type of curative-intent surgery for PM provides 
R1 resection, MCR has become a surgical goal.48,49 However, some 
experts were critical of the reliability of MCR, which was subject to 
the surgeon's discretion.50 This study revealed that the survival of 
the MCR group was significantly longer than those of the R2 resec-
tion and ET/PP groups. During the planning phase of this study, we 
hypothesized that a part of MCR surgery might be more radical than 
the rest. Thus, we divided MCR into two subcategories: R0-1 and 

F I G U R E  4  Overall survival (OS). (A) Median OS and survival rates at 1, 2, and 3 years for all patients were 19.0 months and 62.8%, 42.3%, 
and 26.5%, respectively. (B) Median OS and survival rates at 1, 2, and 3 years were 32.2 months and 81.8%, 61.3%, and 41.9%, respectively, 
for the surgery group; at 14.0 months and 56.5%, 32.3%, and 17.2%, respectively, for the non-surgical treatment group; and at 3.8 months, 
22.9%, 17.8%, and 11.4% for the BSC group, respectively. (C) Median OS for multimodality therapy (n = 109) was significantly longer than 
surgery alone (n = 29): 34.6 months vs. 21.0 months. (D) Median OS by surgical technique were 25.0 months for EPP, 41.8 months for P/D, 
and 17.5 months for PP/ET. There was a significant difference in OS between P/D and PP/ET. (E) Median OS for R0-1, R1, and R2 resection 
and PP/ET groups were undefined, 39.5 months, 32.2 months, and 16.8 months. OS for R0-1 and R1 resections were significantly longer 
for those of R2 resection and PP/ET. There was no significant difference in OS between R0-1 and R1. (F) The median OS for the MCR 
group was 41.8 months and was significantly longer than those for R2 resection and PP/ET. BSC, best supportive care; EPP, extrapleural 
pneumonectomy; MCR, macroscopic complete resection; OS, overall survival; P/D, pleurectomy/decortication; PP/ET, patrial pleurectomy/
exploratory thoracotomy; Tx, treatment.
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R1. However, R0-1 and R1 groups had similar survival rates. Thus, 
the results confirmed that MCR is a reliable and practical goal of PM 
surgery.

In the present study, P/D, not EPP, showed a significantly longer 
survival than PP/ET. Because this study may contain patient selec-
tion bias, including conversion from P/D to EPP,40 it is not appropri-
ate to draw any conclusion on the comparison of different surgical 
techniques. However, the results of this study might suggest that 
we should be cautious in indicating surgical intervention for EPP.

Our study confirmed the prognostic power of both tumor 
shape and tumor thickness that had been found in the previous 

IASLC registry.8 The reliability of MTT and STLT was previously 
confirmed by single-center studies.51,52 To the best of our knowl-
edge, this study was the first to validate that tumor shape is a 
reliable prognostic variable. Since tumor shape and thickness are 
readily accessible to practicians, they are promising candidates for 
the next T descriptors.

We verified and compared the prognostic power using the sev-
enth and eighth versions of the TNM staging system. Approximately 
two-thirds of patients were categorized as c- and p-stage I in the 
eighth TNM staging system. The results of the present study concur 
with previously reported data of a retrospective study that validated 

F I G U R E  5  Overall survival by clinical and pathological stages. (A, B) A significant survival difference between clinical stage groups 
was observed in both seventh (A) and eighth (B) staging systems. (C) There was not a significant survival difference at the seventh version 
pathological stages. (D) A significant survival difference was observed at the eighth version pathological stages.
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the sixth and eighth TNM staging system using the surveillance, ep-
idemiology, and end results (SEER) database.53 This study revealed 
the “bulky stage I” issue of the eighth version as a task for the ninth 
version of the TNM staging system.

This study has some limitations. First, there may be sampling 
bias because this study did not collect all the Japanese PM cases 

during the study period. This study might have not reflected the 
real-world situation in Japan because the majority of the participat-
ing institutions were academic centers or large hospitals. Second, 
the results of this study might not directly translate to other coun-
tries because of differences in racial composition, cultural habits, 
and medical systems.54 Complimentary periodic medical checkups 

F I G U R E  6  Overall survival (OS) by tumor shape and tumor thickness. (A) Median overall survival for minimal (n = 68), nodular (n = 96), and 
rind-like (n = 178) groups were 26.7, 21.3, and 15.0 months, respectively. Survivals for minimal and nodular groups were significantly longer 
than for the rind-like group. (B) Median OS was significantly longer in the MTT <5.1 mm group (n = 91) than that in the MTT ≥5.1 mm group 
(n = 255): 27.0 months vs. 15.5 months. (C) The median OS for the STLT <13 mm group (n = 101) was significantly longer than those for the 
13 ≤ STLT <60 mm group (n = 203) and the STLT ≥60 mm group (n = 42): 26.3 months vs. 15.5 months and 12.0 months, respectively. MTT, 
maximum tumor thickness; OS, overall survival; STLT, sum of three-level thickness.
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TA B L E  1 0  Relapse pattern and sites.

Relapse pattern

Relapse site (local) Relapse site (distant)

Site No (EPP/PD/Other) Site No (EPP/PD/Other)

Local only (n = 53) Total 53 (11/40/2)

Ipsilateral chest wall 45 (9/34/2)

Ipsilateral diaphragm 1 (1/0/0)

Ipsilateral mediastinal LN 11 (0/11/0)

Ipsilateral axillar/supraclavicular LN 2 (1/1/0)

Pericardium 4 (3/1/0)

Distant only (n = 8) Total 8 (5/3/0)

Contralateral chest wall 3 (2/1/0)

Abdomen 2 (2/0/0)

Contralateral LN 1 (1/0/0)

Intrapulmonary 3 (1/2/0)

Local + distant (n = 10) Total 10 (2/8/0)

Ipsilateral chest wall 6 (2/4/0) Contralateral chest wall 1 (0/1/0)

Ipsilateral diaphragm 1 (0/1/0) Abdomen 1 (0/1/0)

Ipsilateral mediastinal LN 4 (0/4/0) Contralateral LN 1 (1/0/0)

Ipsilateral axillar/supraclavicular LN 1 (1/0/0) Intrapulmonary 8 (2/6/0)

Pericardium 1 (0/1/0)

Abbreviation: EPP, extrapleural pneumonectomy; LN, lymph node; P/D, pleurectomy/decortication.

F I G U R E  7  (Legend on next page)
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for high-risk populations and complimentary medical interventions 
for patients with PM are available in Japan. Third, nivolumab treat-
ment was not considered in the questionnaire of the case report 
form because registration of this study was started in April 2017, 
a year before the approval of nivolumab in Japan. Although most 
of the chemotherapeutic agents listed as “others” were presumed 
to be nivolumab, this cannot be verified. It is also presumed that 
nivolumab had an additional effect on the prognosis of both surgical 
and non-surgical cases.
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Abstract: Pulmonary hypertension (PH) with interstitial lung diseases (ILDs) often causes intractable
conditions. CD26/Dipeptidyl peptidase-4 (DPP4) is expressed in lung constituent cells and may be
related to the pathogenesis of various respiratory diseases. We aimed to clarify the functional roles of
CD26/DPP4 in PH-ILD, paying particular attention to vascular smooth muscle cells (SMCs). Dpp4
knockout (Dpp4KO) and wild type (WT) mice were administered bleomycin (BLM) intraperitoneally
to establish a PH-ILD model. The BLM-induced increase in the right ventricular systolic pressure
and the right ventricular hypertrophy observed in WT mice were attenuated in Dpp4KO mice. The
BLM-induced vascular muscularization in small pulmonary vessels in Dpp4KO mice was milder
than that in WT mice. The viability of TGFβ-stimulated human pulmonary artery SMCs (hPASMCs)
was lowered due to the DPP4 knockdown with small interfering RNA. According to the results
of the transcriptome analysis, upregulated genes in hPASMCs with TGFβ treatment were related
to pulmonary vascular SMC proliferation via the Notch, PI3K-Akt, and NFκB signaling pathways.
Additionally, DPP4 knockdown in hPASMCs inhibited the pathways upregulated by TGFβ treatment.
These results suggest that genetic deficiency of Dpp4 protects against BLM-induced PH-ILD by
alleviating vascular remodeling, potentially through the exertion of an antiproliferative effect via
inhibition of the TGFβ-related pathways in PASMCs.

Keywords: CD26; dipeptidyl peptidase-4; pulmonary hypertension; interstitial lung disease

1. Introduction

Pulmonary hypertension (PH) is defined by elevated mean pulmonary arterial pres-
sure (>20 mmHg [1]). Patients with PH often develop right heart failure if no appropriate
treatment is administered. PH is classified into five clinical phenotypes according to its
pathophysiology. Each phenotypic group requires a different treatment strategy and shows
a different prognosis [2]. Among the five phenotypes, the prognosis of patients with
pulmonary arterial hypertension (PAH) has remarkably improved in recent years with
continuous intravenous prostaglandin I2 therapy [3] and upfront combination therapy with
pulmonary vasodilators [4].

Group III PH develops secondary to chronic lung diseases such as interstitial lung
diseases (ILDs) and chronic obstructive pulmonary disease. A proportion of patients with
ILDs comprises those with chronic progressive lung diseases characterized by varying
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degrees of inflammation and fibrosis in the lung interstitium. Idiopathic pulmonary fibrosis
(IPF) is a clinical phenotype of ILDs that often develops into an intractable condition,
and approximately 8–15% of IPF cases are associated with PH [5]. In general, the effects
of pulmonary vasodilators are limited in PH with ILD (PH-ILD), and patients with PH-
ILD often exhibit clinical worsening with pulmonary vasodilators [6–8], although inhaled
prostaglandin I2 therapy does improve exercise tolerance [9]. Therefore, the prognosis of
patients with PH-ILDs has remained worse than that of patients with PAH [10], and a better
understanding of PH-ILD pathogenesis is necessary to develop new treatment strategies
other than using pulmonary vasodilators.

In patients with PH, the main pathological findings include vascular remodeling of
the small pulmonary arteries [11], partly due to the persistent pressure overload of the
pulmonary circulatory system. They are characterized by thickening of the tunica media
accompanied by an increase in pulmonary artery smooth muscle cells (PASMCs) and
luminal narrowing with cell proliferation of the intima and fibrosis. Plexiform lesions are
sometimes observed as the disease progresses in the final stage of pulmonary circulatory
failure. In Group III PH, which encompasses both pulmonary vascular and parenchymal
lung lesions, the pathology of pulmonary vascular remodeling differs from that of PAH,
and thickening of the tunica media is the primary pathological feature [12].

Bleomycin (BLM) is an anticancer drug used against malignant lymphoma and testic-
ular cancer, which inhibits DNA synthesis and introduces single or double-strand scissions
in DNA. However, BLM is known to cause lung fibrosis as a severe adverse effect [13].
Therefore, it is used to establish not only ILD models in mice and rats [14] but also PH-ILD
models in mice [15]. Intratracheal administration is common for BLM exposure; how-
ever, intravenous, intraperitoneal, and intranasal administration have also been used [14].
Intraperitoneal BLM administration is especially used in establishing a PH-ILD model,
assuming uniform vascular remodeling in the lungs of mice.

CD26/Dipeptidyl peptidase-4 (DPP4) is a protein with a molecular weight of
110 kDa. It is expressed as a type II membrane-bound protein on the surface of multiple
types of human and rodent cells [16]. The soluble form of DPP4 enters blood circula-
tion after shedding from the cell surface. The enzymatic activity of CD26/DPP4, such as
degradation and inactivation of incretins, has been the focus of many studies, and DPP4
inhibitors have been used clinically for the treatment of diabetes mellitus [17]. CD26/DPP4
was originally established as a T-cell activation antigen that participates in immune stim-
ulation [18]. It plays multiple roles, including those in the progression of inflammation
and fibrosis in various diseases [19]. DPP4 inhibitors can not only improve respiratory
diseases [20], such as acute respiratory distress syndrome [21] and ILDs [22], but also
cardiovascular diseases [23], such as left heart dysfunction [24] and atherosclerosis [25].

DPP4 inhibitors could be a new treatment option for patients with PH [26]. These
inhibitors may prevent the pathological progression of PH by influencing pulmonary
vascular cells and lung fibroblasts. In vivo, sitagliptin, a DPP4 inhibitor, mitigated the
elevation of right ventricular systolic pressure (RVSP) in a hypoxia-induced PH rat model
and attenuated pulmonary artery remodeling by decreasing the number of PASMCs in
the media [27]. Moreover, sitagliptin treatment suppressed PDGF-BB-induced migration
of cultured human PASMCs in vitro [28]. Based on the above-mentioned observations,
we speculated that CD26/DPP4 plays mechanistic roles in the pathogenesis of PH-ILD.
Through this study, we aimed to clarify the functional roles of CD26/DPP4 in PH-ILD using
Dpp4-deficient mice in a BLM administration model and using DPP4-siRNA in cultured
human PASMCs.

2. Results
2.1. BLM-Induced Pulmonary Hypertension Was Attenuated in Dpp4KO Mice

First, we evaluated the expression levels of CD26/DPP4 in the cellular components of
the lungs of wild-type (WT) and Dpp4 knockout (Dpp4KO) mice. Real-time quantitative
PCR analysis showed that Dpp4 expression was significantly lower in Dpp4KO mice than
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that in WT mice (Figure 1a). Flow cytometric analysis also showed that CD26/DPP4
expression was substantially low or nearly absent in Dpp4KO mice (Figure 1b,c).

In BLM-administered WT mice, RVSP, cardiac output (CO), and the maximum rate
of pressure rise (Max dP/dt) were higher compared with those in PBS-administered WT
mice (Figure 1d,f,g), although the difference in heart rate (HR) (Figure 1e) was minor.
These hemodynamic changes after the BLM challenge were attenuated in Dpp4KO mice
(WT/BLM versus Dpp4KO/BLM, RVSP: 33.0 versus 26.6 mmHg [p < 0.01], CO: 0.98 versus
0.79 [p = 0.068], and Max dP/dt: 2.55 versus 1.49 [p < 0.05]) (Figure 1d,f,g). Regarding
right ventricular hypertrophy, the weight ratio of the right ventricle to the left ventricle
plus the ventricular septum (RV/LV + S) and RV/body were greater in WT mice after the
BLM challenge. The increase in RV/LV + S was significantly alleviated in Dpp4KO mice
(WT/BLM versus Dpp4KO, 0.39 versus 0.30 [p < 0.05]) (Figure 1h,i). No apparent difference
in mortality was observed either for WT/PBS and DPP4KO/PBS mice or for WT/BLM and
DPP4KO/BLM mice (Supplemental Figure S1a,b).
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Figure 1. Pulmonary hemodynamic evaluation of bleomycin (BLM)-induced pulmonary hyperten-
sion (PH) in wild type (WT) and Dpp4KO mice. CD26/DPP4 expression in whole lung cells of WT 
and Dpp4KO mice was measured using (a) real-time quantitative PCR and (b) flow cytometry. Panel 
(c) shows representative images of dotted plots. The pulmonary hemodynamic parameters evalu-
ated by right heart catheterization were as follows: (d) right ventricular (RV) systolic pressure 
(RVSP), (e) heart rate (HR), (f) cardiac output (CO), and (g) maximal rate of pressure rise (max dP/dt) 
in RV. RV hypertrophy was evaluated by calculating (h) the Fulton index (weight ratio of the right 
ventricle to the left ventricle plus the ventricular septum) or (i) RV/body. ns, not significant; * p < 
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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mice was significantly lower than that in WT/BLM mice (p < 0.05) (Figure 2b), whereas no 
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The expression levels of α-SMA in CD31+CD45− pulmonary cells (partial endothelial-
to-mesenchymal transition cells), evaluated as mean fluorescence intensity (MFI), were 
higher after the BLM challenge (WT/PBS versus WT/BLM: p < 0.05). Notably, the expres-
sion levels were significantly lower in Dpp4KO/BLM than those in WT/BLM (p < 0.05). The 
expression levels of α-SMA in whole lung cells of WT/BLM were not significantly different 
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The BLM challenge caused fibrosis in the lungs and the right ventricle in both WT 
and Dpp4KO mice (Figure 2g,h). The Ashcroft scale, a quantitative lung fibrosis histolog-
ical evaluation, in WT/BLM was more severe than that in WT/PBS (p < 0.001); however, it 
was not significantly different between WT/BLM and Dpp4KO/BLM (p = 0.95) (Figure 2i). 

Figure 1. Pulmonary hemodynamic evaluation of bleomycin (BLM)-induced pulmonary hypertension
(PH) in wild type (WT) and Dpp4KO mice. CD26/DPP4 expression in whole lung cells of WT and
Dpp4KO mice was measured using (a) real-time quantitative PCR and (b) flow cytometry. Panel
(c) shows representative images of dotted plots. The pulmonary hemodynamic parameters evaluated
by right heart catheterization were as follows: (d) right ventricular (RV) systolic pressure (RVSP),
(e) heart rate (HR), (f) cardiac output (CO), and (g) maximal rate of pressure rise (max dP/dt) in
RV. RV hypertrophy was evaluated by calculating (h) the Fulton index (weight ratio of the right
ventricle to the left ventricle plus the ventricular septum) or (i) RV/body. ns, not significant; * p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.2. Media Thickening in Small Pulmonary Vessels Was Attenuated in Dpp4KO Mice

The BLM challenge thickened the media of the small pulmonary vessels in WT mice
(WT/BLM) compared with that in PBS-treated mice (WT/PBS); however, the media thick-
ness was attenuated in BLM-treated Dpp4KO mice (Dpp4KO/BLM) (Figure 2a). As evident
from the quantitative evaluation of vascular muscularization in small pulmonary arteries,
the number of partially or fully muscularized vessels was significantly greater in WT/BLM
mice than that in WT/PBS mice (partially muscularized: p < 0.001 and fully muscularized:
p < 0.05). The total number of muscularized vessels (partially and fully) in Dpp4KO/BLM
mice was significantly lower than that in WT/BLM mice (p < 0.05) (Figure 2b), whereas
no individual differences were observed between WT/BLM and Dpp4KO/BLM (partially
muscularized: p = 0.29 and fully muscularized: p = 0.32) (Figure 2c).

The expression levels of α-SMA in CD31+CD45− pulmonary cells (partial endothelial-
to-mesenchymal transition cells), evaluated as mean fluorescence intensity (MFI), were
higher after the BLM challenge (WT/PBS versus WT/BLM: p < 0.05). Notably, the expres-
sion levels were significantly lower in Dpp4KO/BLM than those in WT/BLM (p < 0.05).
The expression levels of α-SMA in whole lung cells of WT/BLM were not significantly
different from those in Dpp4KO/BLM (p = 0.36) (Figure 2d,e,f).

The BLM challenge caused fibrosis in the lungs and the right ventricle in both WT and
Dpp4KO mice (Figure 2g,h). The Ashcroft scale, a quantitative lung fibrosis histological
evaluation, in WT/BLM was more severe than that in WT/PBS (p < 0.001); however, it was
not significantly different between WT/BLM and Dpp4KO/BLM (p = 0.95) (Figure 2i).
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shown in (a): staining with Elastica van Gieson (EVG) and α-SMA; observed under ×400 magnifi-
cation. The extent of vascular muscularization (n = 5 in each group) is summarized in (b): the total
number of partially and fully muscularized vessels, and in (c): individual number of muscularized
vessels. The mean fluorescence intensity of α-SMA in CD31+CD45− pulmonary vascular endothelial
cells and whole lung cells is shown in (d,e). Representative dot plot images of CD31+CD45− pul-
monary vascular endothelial cells are shown in panel (f). The representative images of four groups are
shown in (g): lung tissues (Masson’s trichrome (MT); ×40 magnification), and in (h): right ventricle
free wall (Masson’s trichrome; ×40 magnification). To evaluate lung fibrosis, the Ashcroft score (n = 5
for each group) was calculated (i). ns, not significant; * p < 0.05, *** p < 0.001, **** p < 0.0001.

2.3. Cell Proliferation and Cytotoxicity Were Reduced by DPP4-siRNA Treatment in
Cultured hPASMCs

Expression levels of CD26/DPP4 in cultured human PASMCs (hPASMCs) treated
with either control-siRNA (Control) or DPP4-siRNA (DPP4 knockdown, DPP4KD) were
examined in vitro. Real-time quantitative PCR revealed that the mRNA expression level of
DPP4 was reduced by DPP4-siRNA (Figure 3a). Flow cytometric analysis also revealed that
the expression levels of CD26/DPP4 were reduced by DPP4-siRNA treatment (Figure 3b,c).

Proliferation and cytotoxicity assays were performed to explore the potential role of
CD26/DPP4 in the proliferation and cytotoxicity of PASMCs. A proliferation assay of
cultured hPASMCs revealed that the enhanced cell viability induced by TGFβ treatment
was suppressed by DPP4-siRNA treatment (Figure 3d). A cytotoxicity assay revealed that
cell damage was unchanged after TGFβ treatment, whereas it was significantly lower in
DPP4-siRNA-treated cells than that in the control cells (Figure 3e).
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Figure 3. Cell viability and damage in cultured hPASMCs were reduced by DPP4 knockdown. Ex-
pression levels of CD26/DPP4 in cultured hPASMCs were evaluated using real-time quantitative PCR
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viability and cytotoxicity were evaluated using (d): Cell Counting Kit-8 assay and (e): LDH assay, re-
spectively. Control: hPASMCs treated with nonspecific control siRNA; DPP4 knockdown (DPP4KD):
hPASMCs treated with DPP4-siRNA; ns: not significant; ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.4. Transcriptome Analysis of Cultured hPASMCs after Treatment with TGFβ and DPP4-siRNA

To explore the potential effects of TGFβ treatment on the transcriptome signature
of cultured hPASMCs, a comparison between Control/PBS and Control/TGFβ groups
was performed. Principal component analysis and heat maps with hierarchical cluster-
ing revealed that gene expression patterns differed between the groups (Figure 4a,b).
Similarly, to reveal the effects of DPP4-siRNA, a comparison between the Control/PBS
and DPP4KD/PBS groups was carried out (Figure 4c,d). Furthermore, to reveal the ef-
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fects of DPP4-siRNA under TGFβ treatment, a comparison between Control/TGFβ and
DPP4KD/TGFβ groups was conducted (Figure 4e,f).
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Figure 4. Transcriptome analysis of cultured hPASMCs treated with TGFβ and DPP4-siRNA. Cultured
hPASMCs were treated as follows (each group: n = 4): Control/PBS (treated with non-specific control
siRNA followed by PBS), Control/TGFβ (treated with non-specific control siRNA followed by TGFβ
treatment), DPP4KD/PBS (hPASMCs treated with DPP4-siRNA followed by PBS), DPP4KD/TGFβ
(hPASMCs treated with DPP4-siRNA followed by TGFβ treatment). Principal component analy-
sis and heat map with hierarchical clustering of differentially expressed genes between the Con-
trol/PBS and Control/TGFβ (a,b), Control/PBS and DPP4KD/PBS (c,d), and Control/TGFβ and
DPP4KD/TGFβ groups (e,f) are shown. mRNA expression levels of TGFβ pathway-related genes in
hPASMCs are shown (g–r). ns; not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Enrichment analysis (gene ontology [GO] and Kyoto Encyclopedia of Genes and
Genomes [KEGG] pathways) comparing the Control/PBS and Control/TGFβ groups
suggested that TGFβ treatment upregulated genes related to smooth muscle cell (SMC)
proliferation and differentiation, growth factor stimulation, further TGFβ production,
augmentation of TGFβ and TGFβ receptor responses, and pulmonary vascular SMC pro-
liferation in hPASMCs (Table 1A). As an intervening pathway of TGFβ treatment, the
genes related to pathways such as Notch, PI3K-Akt, and NFκB signaling pathways were
upregulated according to the KEGG pathway analysis (Table 1B).

Table 1. Enrichment analysis of transcriptomic data (Control/PBS vs. Control/TGFβ).

(A): GO: relevant terms were excerpted

Terms with upregulated genes following TGFβ treatment p-value

Regulation of SMC differentiation (GO: 0051150) 0.0041
Cellular response to growth factor stimulus (GO: 0071363) 0.0051

Regulation of vascular associated SMC migration (GO: 1904754) 0.0057
Regulation of SMC proliferation (GO: 0048660) 0.013

Pathway-restricted SMAD protein phosphorylation (GO: 0060393) 0.020
Response to TGF-beta (GO: 0071559) 0.026

Regulation of TGF-beta production (GO: 0071634) 0.030
Notch signaling pathway (GO: 0007219) 0.030

Regulation of TGF-beta receptor signaling pathway (GO: 0017015) 0.041
Regulation of vascular associated SMC proliferation (GO: 1904707) 0.045

(B): KEGG: relevant pathways were excerpted

Pathways with upregulated genes following TGFβ treatment p-value

PI3K-Akt signaling pathway <0.0001
Cytokine–cytokine receptor interaction 0.013

Notch signaling pathway 0.018
TGF-beta signaling pathway 0.076

NF-kappa B signaling pathway 0.10

DPP4-siRNA treatment seemed to downregulate the genes and pathways that were
upregulated by TGFβ treatment (Table 2). Gene expression levels associated with the
DPP4, the TGF family, and the Notch and NFκB pathways were measured; the results
are summarized in Table 3 and Figure 4g–r. The expression levels of TGFBR1 after TGFβ
treatment were downregulated by DPP4-siRNA (Table 3A and Figure 4i). Additionally,
the expression levels of genes related to the Notch3 and NFκB signaling pathways were
downregulated by DPP4-siRNA (Table 3B,C and Figure 4k–r).

Table 2. Enrichment analysis of transcriptomic data (Control/TGFβ vs. DPP4KD/TGFβ).

(A): GO: relevant terms were excerpted

Terms with downregulated genes following DPP4-siRNA treatment p-value

Cellular response to growth factor stimulus (GO: 0071363) <0.0001
Cellular response to cytokine stimulus (GO: 0071345) <0.0001

Notch signaling pathway (GO: 0007219) 0.0018
Pathway-restricted SMAD protein phosphorylation (GO: 0060389) 0.0031

SMAD protein signal transduction (GO: 0060395) 0.0036
Regulation of TGF-beta receptor signaling pathway (GO: 0017015) 0.029

Regulation of vascular associated SMC differentiation (GO: 1905063) 0.035
Positive regulation of NIK/NF-kappa B signaling (GO: 1901224) 0.040
Regulation of vascular associated SMC migration (GO: 1904754) 0.041

Regulation of SMC proliferation (GO: 0048660) 0.042
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Table 2. Cont.

(B): KEGG: relevant pathways were excerpted

Pathways with downregulated genes following DPP4-siRNA treatment p-value

Cytokine–cytokine receptor interaction 0.0020
PI3K-Akt signaling pathway 0.020

NF-kappa B signaling pathway 0.0036
TGF-beta signaling pathway 0.019

Notch signaling pathway 0.049

Table 3. Differences in gene expression levels in hPASMCs.

(A): Genes related to DPP4 and the TGFβ family

Gene ID Control
/PBS

Control
/TGFβ

DPP4KD
/PBS

DPP4KD
/TGFβ p-value

DPP4 43.50 21.74 0.37 0.81 <0.0001
TGFB1 55.25 80.83 42.85 82.31 <0.0001

TGFBR1 25.78 77.10 28.13 54.63 <0.0001
TGFBR2 116.50 55.40 98.17 52.79 <0.0001

(B): Genes related to the canonical pathway (Notch pathway)

Gene ID Control
/PBS

Control
/TGFβ

DPP4KD
/PBS

DPP4KD
/TGFβ p-value

SMAD2 52.51 39.64 46.69 44.30 0.064
SMAD4 16.08 20.70 11.76 11.93 0.0003
SPHK1 49.69 98.18 44.09 73.12 <0.0001
S1PR3 38.57 113.9 33.89 74.95 <0.0001

NOTCH3 21.81 59.39 24.31 42.56 <0.0001
PDGFB 6.55 21.10 2.59 8.01 <0.0001

(C): Genes related to the non-canonical pathway (NFκB pathway)

Gene ID Control
/PBS

Control
/TGFβ

DPP4KD
/PBS

DPP4KD
/TGFβ p-value

NFKB1 22.19 38.16 19.97 27.27 0.0077
RELA 44.16 49.64 46.41 50.99 0.56

NFKB1A 170.20 170.00 126.10 109.50 <0.0001
IL-1A 38.41 46.95 20.57 18.31 0.0003
IL-6 44.71 134.60 44.34 94.56 <0.0001

CXCL8 939.60 821.60 518.10 360.10 <0.0001

3. Discussion

In the present study, we demonstrated that BLM-induced pulmonary vascular re-
modeling associated with media thickening was attenuated in Dpp4KO mice. In vitro
experiments showed that the TGFβ-enhanced proliferative capacity of cultured hPASMCs
was suppressed by DPP4-siRNA treatment. Transcriptome analysis revealed that TGFβ
treatment of cultured hPASMCs upregulated genes related to pulmonary vascular SMC
proliferation, involving the Notch, PI3K-Akt, and NFκB signaling pathways in cultured
hPASMCs. Conversely, application of DPP4-siRNA to cultured hPASMCs canceled these
TGFβ-induced events. Specifically, TGFBR1 and genes associated with the Notch3 and
NFκB signaling pathways were downregulated by DPP4-siRNA. These results suggest that
genetic deficiency of Dpp4 provides protection against BLM-induced PH-ILD by alleviating
vascular remodeling. This is attributed to the antiproliferative effect achieved via inhibition
of TGFβ-related pathways on PASMCs.

BLM-induced pulmonary vascular remodeling with thickening of media was attenu-
ated in Dpp4KO mice in this study. Because pulmonary vascular remodeling is a hallmark
of structural changes in PH, which comprise the abnormal proliferation of PASMCs and/or
endothelial cells, pulmonary adventitial fibrosis, and inflammatory cell infiltration in
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the vascular walls, CD26/DPP4 could intervene somewhere in these mechanisms. This
study focused on vascular SMC proliferation in PH-ILD models and clearly demonstrated
in vitro that upregulated genes related to SMC proliferation and differentiation can be
suppressed by DPP4 knockdown. These findings suggest that media thickening in small
pulmonary vessels was the main target in Dpp4KO mice. Treatment with sitagliptin, a
DPP4 inhibitor, alleviates pulmonary artery remodeling in BLM-treated rats [28]. DPP4
inhibitors can decrease its enzymatic activity by binding to CD26/DPP4 on the surface of
the lung constituent cells or the soluble form of DPP4 present in the circulating blood [29].
The downregulated CD26/DPP4 enzymatic activity in the targeting cells or in the circu-
lating blood may contribute to the inhibition of pulmonary vascular remodeling in PH
model animals.

The degree of BLM-induced lung fibrosis in this study was similar between the two
genotypes, whereas previous studies have shown that intratracheally administered BLM-
induced lung fibrosis in mice was attenuated by Dpp4 deficiency or treatment with the
DPP4 inhibitor vildagliptin [22,30]. This discrepancy could be explained by the differences
in BLM exposure methods: schedule, doses, and route of administration—especially in-
traperitoneal or intratracheal administration, which was reported to cause greater direct
reactions in lungs [31]. The degree of involvement of Dpp4KO may be different between
the development of PH and lung fibrosis induced by BLM administration.

TGFβ production can be augmented in fibroblasts and macrophages by BLM challenge,
which may play a central role in lung fibrosis and vascular remodeling [32]. To explore
potential functional roles of CD26/DPP4 in PASMC in the BLM-induced PH model, DPP4-
siRNA was used in cultured hPASMCs. The proliferation of hPASMCs was enhanced
by TGFβ treatment, and this enhancement was suppressed by DPP4-siRNA (Figure 4d).
Moreover, sitagliptin, a DPP4 inhibitor, inhibits the proliferation of hPASMCs induced
by PDGF-BB [28]. PDGF-BB is a well-known potent mitogen implicated in proliferation
and migration of PASMCs similar to TGFβ, playing a key role in the progression of PH. A
reduction in DPP4 activity could suppress the proliferation of hPASMCs upon stimulation
with cell growth factor. Moreover, the cytotoxicity assay revealed that LDH release from
hPASMCs was not significantly changed by TGFβ treatment and was reduced by DPP4-
siRNA treatment (Figure 4e). These results suggest that DPP4-siRNA can reduce cell
damage in hPASMCs whereas the decrease in cell numbers, which was seen in proliferation
assay, may also affect LDH concentration.

The molecular mechanisms, by which DPP4-siRNA suppresses SMC proliferation,
were explored via transcriptome analysis of the cultured hPASMCs (Figure 5). The exis-
tence of CD26/DPP4 is essential for TGFβ receptor assembly [33]. This functional aid of
CD26/DPP4 for the TGFβ receptors was observed in human microvascular endothelial
cells and fibroblasts [34,35]. In this study, TGFBR1 expression in hPASMCs was increased
upon TGFβ stimulation, and this increase was suppressed by DPP4-siRNA treatment, indi-
cating the existence of functional association of DPP4 with TGFBR1 in PASMCs. Moreover,
transcriptome analysis showed that cell surface CD26/DPP4 could modulate intracellular
TGF-β signaling via canonical and non-canonical pathways, leading to proliferation of
PASMCs in PH pathobiology.

Enrichment analysis suggested that TGFβ signaling pathways including canonical and
non-canonical pathways were downregulated by DPP4-siRNA treatment. The canonical
pathway of TGFβ/Smad signaling could be related to the onset and development of PH [36],
whereas Smad/Notch3 signaling activated by TGFβ stimulation promotes the proliferation
of PASMCs via upregulation of SphK1/S1P [37]. Moreover, NOTCH3 overexpression in
small pulmonary artery SMCs is a crucial signaling factor associated with the severity of PH
in humans and rodents [38]. In the present study, DPP4-siRNA treatment downregulated
TGFβ signaling possibly by interfering with canonical pathways, especially Notch3 path-
ways, and suppressed the proliferation of hPASMCs. On the contrary, TGFβ stimulation
enhanced intracellular non-canonical pathways, which was suppressed by DPP4-siRNA
treatment. TGFβ stimulation enhances non-canonical pathways including NFκB, RAF-
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MEK-ERK, p38 MAPK, JNK, and PI3K-Akt-mTOR [39]. Among these pathways, NFκB
pathway is known to be associated with monocrotaline-induced PH by promoting vascular
remodeling and increasing inflammation [40]. Furthermore, it has been suggested that
the crosstalk between NFκB and Akt–mTOR signaling pathways may promote hypoxia-
induced PH by increasing DPP4 expression in PASMCs [27]. In this study, enrichment
analysis on gene sets from hPASMCs demonstrated that the upregulation of PI3K-Akt and
NFκB signaling by TGFβ stimulation was downregulated by DPP4-siRNA treatment.
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Figure 5. Conceptual diagram of functional association of CD26/DPP4 with TGFβ via signaling
pathways in hPASMCs. Potential mechanisms of PASMC proliferation are also shown. Transcriptome
analysis of hPASMCs suggested that the functional aid of CD26/DPP4 for TGFβ receptors might
activate canonical and non-canonical pathways, causing PASMC proliferation.

This study has several limitations. First, we focused on the proliferation of PASMCs as
a mechanism of vascular remodeling in this PH-ILD model based on the pathological find-
ings of media thickening. However, various mechanisms, such as endothelial dysfunction,
endothelial-to-mesenchymal transition, extracellular matrix production of fibroblasts, and
release of inflammatory cytokines from macrophages, are related to vascular remodeling in
patients with PH-ILD. Therefore, further evaluation is required to clarify the mechanisms
underlying the in vivo roles of CD26/DPP4, including those in cell–cell interactions and cell

136



Int. J. Mol. Sci. 2024, 25, 748 19 of 24

transformation in endothelial cells, fibroblasts, and macrophages. Second, the molecular
pathways related to hPASMC proliferation were explored using transcriptome analysis
by RNA sequencing. However, verification of mRNA and protein expression should be
performed using real-time quantitative PCR and/or Western blotting, and further indepen-
dent confirmatory experiments to investigate molecular mechanisms are required. Third, it
would be meaningful to explore if PASMC functions are different between patients with PH-
ILD and healthy controls and are associated with CD26/DPP4 expression levels. Finally, it
would be helpful to identify the substrates of CD26/DPP4 involved in pulmonary vascular
remodeling and examine the effects of CD26/DPP4 activation on media component cells,
including PASMCs or other cell types. Further studies are warranted to better understand
the functional role of CD26/DPP4 in PH-ILD.

4. Materials and Methods
4.1. Animal Model of Pulmonary Hypertension with Interstitial Pneumonia

Five-to six-week-old male C57BL/6J mice (body weight: 18–20 g) were purchased
from CLEA Japan, Inc. (Tokyo, Japan) and used as WT mice. Dpp4KO mice with a C57BL/6
background were provided by the Department of Therapy Development and Innovation
for Immune Disorders and Cancers, Graduate School of Medicine, Juntendo University
(Japan). All mice were housed in ventilated cages with microisolator lids and were kept
at an ambient temperature of 22 ◦C and in a 12 h light-dark cycle. All experiments were
conducted according to protocols approved by the Review Board for Animal Experiments
of Chiba University (Japan). To establish the PH-ILD model, WT and Dpp4KO mice were
intraperitoneally administered 0.035 mg/g of BLM (Nippon Kayaku Co., Ltd. Tokyo, Japan)
or phosphate-buffered saline (PBS; 0.035 mg/g) twice weekly for 4 weeks as previously
described [41]. In this experimental design, mice were assigned to one of the following
four groups: WT/PBS, WT/BLM, Dpp4KO/PBS, and Dpp4KO/BLM. All mice were tested
under anesthesia and euthanized on day 33.

4.2. Hemodynamic Analysis

Pulmonary hemodynamics were assessed while the mice were under mild anesthesia
induced using isoflurane (3% for induction, 1% for maintenance), and their body temper-
atures were maintained at 37 ◦C. Right heart catheterization was performed according
to the manufacturer’s protocol [42], whilst the mice were maintained under spontaneous
breathing. The mice were then placed in the supine position, and a small incision was
made on the right side of the neck, where the right jugular vein was identified. A 1.4F
microtip pressure catheter (SPR-671. Millar OEM Solutions. Houston, TX, USA) was
advanced through the incision into the RV. Using a Power-Lab data acquisition system
(AD Instruments. Dunedin, New Zealand), RVSP, CO, HR and Max dP/dt in RV were
continuously monitored and recorded. After completion of the measurements, the mice
were euthanized with 5% isoflurane and their hearts were removed. The RV free wall was
carefully dissected from the left ventricle and septum (LV + S) and weighed to calculate
RV/LV + S (Fulton index) as an indicator of RV hypertrophy.

4.3. Histological Analysis

After the mice were euthanized, the lungs were perfused via the right ventricle with
PBS and fixed in 10% formalin after expansion of the lung tissues. The left lungs were cut
sagitally into two sections, embedded in paraffin, sectioned (2 µm), and mounted on slides.
The specimens were stained with Masson’s trichrome (MT). The severity of pulmonary
fibrosis was semiquantitatively assessed according to the method proposed by Ashcroft
using the mean of 10 fields (magnification, ×100) per mouse, as previously described [43].
The extent of muscularization in small pulmonary vessels (<100 µm diameter) was ex-
amined using Elastica van Gieson (EVG) and α-smooth muscle actin (α-SMA) staining.
Vessels were identified as non-muscularized (no α-SMA staining), partially muscularized
(α-SMA staining in the part of vessels), or fully muscularized (α-SMA staining in the whole
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circumference of the vessels), and then the distribution (%) of the three categories was
calculated using a previously reported method [44]. The values obtained represent the
mean for 30 vessels (magnification, ×100) per mouse. The RV free wall was also processed
into 2 µm sections and stained with MT to evaluate fibrosis in the RV.

4.4. Cell Culture and Treatments of Small Interfering RNA and TGF-β1

hPASMCs were purchased from PromoCell (Heidelberg, Germany) and cultured in
Smooth Muscle Cell Growth Medium 2 (PromoCell) supplemented with 10% fetal bovine
serum. hPASMCs were incubated at 37 ◦C in a 5% CO2 incubator and used at passages 4–6
for all experiments. For small interfering RNA (siRNA) transfection, DPP4 siRNA (Cat#
4392421, siRNA ID: s4255) and non-specific control siRNA (Cat# 4390843, Silencer™ Select
Negative Control No. 1 siRNA) were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Using the Lipofectamine™ RNAiMAX Transfection Reagent (Thermo Fisher
Scientific), hPASMCs were transfected with siRNA for 48 h according to the manufacturer’s
protocol. After the siRNA treatment, the cells were stimulated with recombinant human
transforming growth factor-b1 (TGFβ) (PEPROTECH. Cranbury, NJ, USA) at a concen-
tration of 10 ng/mL as previously reported [45] or with PBS at the same concentration
for 24 h.

4.5. Proliferation and Cytotoxicity Assay

Cultured hPASMCs were treated with DPP4 siRNA or control siRNA, detached using
ACCUTASE (Thermo Fisher Scientific), and cultured in serum-free medium for 24 h and
subsequently challenged with TGFβ or PBS. For the proliferation assay, the Cell Counting
Kit-8 (WST-8. Dojindo Molecular Technologies. Kumamoto, Japan) was used according to
the manufacturer’s protocol. In brief, the treated cells were added to a 96-well plate, 10 µL
of WST-8 was added to each well, and the plate was incubated at 37 ◦C for 2 h. Cell viability
was determined by measuring the absorbance at 450 nm using a microplate reader. For the
cytotoxicity assay, a Cytotoxicity LDH Assay Kit-WST (Dojindo Molecular Technologies)
was used to measure LDH expression levels according to the manufacturer’s protocol. The
treated cells were added to a 6-well plate and 100 µL of LDH substrate solution was added
to the wells, followed by incubation of the plates for 30 min at room temperature. The
absorbance at 450 nm was measured using a microplate reader.

4.6. Real-Time Quantitative PCR Analysis

The total RNA was extracted from whole mouse lungs or cultured hPASMCs using the
TRIzol reagent and the Direct-Zol RNA MiniPrep Plus Kit (ZYMO RESEARCH Corporation.
Irvine, CA, USA). The extracted RNA was reverse transcribed via PCR using the SuperScript
IV VILO Master Mix (Thermo Fisher Scientific) to synthesize single-stranded cDNA. cDNA
samples both from mouse lungs and cultured hPASMCs were amplified using qPCR with
the Fast SYBR Green PCR Master Mix (Thermo Fisher Scientific) and the GeneAmp PCR
System (Thermo Fisher Scientific). Specific primers (the details of primer sequences are
provided in Supplemental Table S1) were designed using an online software from the
Universal Probe Library Assay Design Center (URL: https://lifescience.roche.com/en_
us/brands/universal-probe-library.html#assay-design-center/) accessed on 13 June 2016
(Roche Applied Science. Upper Bavaria, Germany). The expression levels of target genes
were normalized to hypoxanthine phosphoribosyl transferase 1 threshold cycle (CT) values
and calculated using the 2−∆∆Ct method (∆∆CT = [target gene CT of experimental group −
reference gene CT of experimental group] − [target gene CT of control group − reference
gene CT of control group]).

4.7. Flow Cytometry Analysis

In vivo, mouse lungs were perfused from the right ventricle until they were blood-
free, using 20 mL of PBS containing 10 U/mL heparin (Mochida. Tokyo, Japan). The
whole lungs were then minced and digested in an enzyme cocktail of Dulbecco’s mod-
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ified Eagle’s medium (Sigma-Aldrich. Saint Louis, MO, USA) containing 1% bovine
serum albumin (BSA) (Sigma), 2 mg/mL collagenase (Worthington. Lakewood, NJ, USA),
100 µg/mL DNase (Sigma), and 2.5 mg Dispase II (Sigma) at 37 ◦C for 60 min, followed by
meshing through a 70 µm nylon cell strainer. The single cell suspensions were pretreated
with an anti-CD16/32 antibody (BioLegend. San Diego, CA, USA) for 10 min to block
Fc receptors, then incubated with specific antibodies in the dark at 4 ◦C for 15 min. The
following antibodies were used for cell-surface staining: anti-CD26-PE, anti-CD31-PE/Cy7,
and anti-CD45-Alexa Fluor 700 (BioLegend). After surface staining, the lung cells were
fixed, permeabilized, and further incubated with anti-α-SMA (Thermo Fisher Scientific),
followed by donkey anti-rabbit IgG-PE (Invitrogen. Boston, MA, USA) as the secondary
antibody for 15 min in the dark at 4 ◦C. Cell fluorescence was measured with the BD FACS
Canto™ II (BD Biosciences), and the data were analyzed using the FlowJo software ver.
10.8.1 (Becton, Dickinson and Company. Franklin Lakes, NJ, USA). To evaluate protein
expression levels, the MFI of each sample was calculated (MFI = MFI of a sample stained
with an antibody − MFI of an unstained sample [autofluorescence of the sample]). In vitro,
cultured hPASMCs were pretreated with the anti CD16/32 antibody (BioLegend) for
10 min to block Fc receptors and then stained with anti-CD26-PE/Cy7 (BioLegend).

4.8. Transcriptome Analysis

Total RNA was isolated from the PASMCs and stored in Isogen (Nippon Gene. Tokyo,
Japan). One milliliter of this solution was vigorously vortexed and then centrifuged after
adding 200 µL of chloroform. The supernatants were removed, and 10 µg of glycogen
(Roche. Basel, Switzerland) was added. RNA was precipitated by adding 500 µL of iso-
propyl alcohol. The solution was then vortexed vigorously and centrifuged. The RNA
pellets were washed with 75% ethanol and then dissolved in 10 µL RNase-free water. The
concentration and quality of RNA were verified using an Agilent 2100 Bioanalyzer (Agilent
Technologies. Santa Clara, CA, USA). Purified total RNA (200 ng) with an RIN value > 9
was used for RNA library preparation according to the instructions of the QuantSeq
3′mRNA-Seq Library Prep Kit FWD for Illumina (Lexogen. Vienna, Austria). Libraries
were amplified via 13 PCR cycles. RNA libraries were sequenced using an Illumina (San
Diego, California, USA) NextSeq 500 system (75 cycles). The FASTQ files were prepared
with reads using bcl2fastq ver2.20 (Illumina). The quality of FASTQ sequence data was
assessed using FastQC v0.11.9 (Illumina). After removing adapter sequences from the
raw reads, the trimmed reads were aligned using STAR v2.7.6a to the GRCh38 human
reference genome. Reads per million values were calculated using Samtools v1.15, and
htseq count v1.99.2. The expression levels of the genes identified in the transcriptome were
normalized and compared. Principal component analysis and heat maps with hierarchical
clustering were created using the Qlucore Omics Exploration software ver. 3.9.9 (Qlucore
AB. Lund, Sweden). The fold change between each group was >4.0 (p < 0.001). Signif-
icantly over-represented functional categories were identified using Enrichr online tool
(http://amp.pharm.mssm.edu/Enrichr/) accessed on 1 October 2023. Genes with signifi-
cantly upregulated expression between Control/PBS and Control/TGFβ or downregulated
expression between Control/TGFβ and DPP4KD/TGFβb were annotated. GO terms and
KEGG pathways were also identified and considered significant at p < 0.05.

4.9. Statistical Analysis

Data are presented as the mean ± standard deviation. Unpaired two-tailed t-tests
were used for comparisons of two groups. One-way ANOVA was used for multiple group
comparisons, followed by Bonferroni’s post hoc test. Statistical significance was set at
p < 0.05. Statistical analyses were performed using GraphPad Prism version 9.3 (GraphPad
Software, Inc. San Diego, CA, USA).
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5. Conclusions

This study demonstrated that genetic deficiency of Dpp4 has protective effects on
BLM-induced PH in mice by alleviating vascular remodeling, potentially by exerting an
antiproliferative effect on PASMCs via the Notch, PI3K-Akt, and NFκB signaling pathways.
Therefore, CD26/DPP4 may be a potential therapeutic target in patients with PH associated
with ILDs.
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ABSTRACT

CD26 is ubiquitously and intensely expressed in osteoclasts in patients
with multiple myeloma, whereas its expression in plasma cells of patients
with multiple myeloma is heterogeneous because of its cellular diversity,
immune escape, and disease progression. Decreased expression levels of
CD26 in myeloma cells constitute one of the mechanisms underlying resis-
tance to humanized anti-CD26 mAb therapy in multiple myeloma. In the
current study, we show that histone deacetylase inhibition (HDACi) with
broad or class-specific inhibitors involves the induction of CD26 expres-
sion on CD26neg myeloma cells both transcriptionally and translationally.
Furthermore, dipeptidyl peptidaseⅣ (DPPⅣ) enzymatic activity was con-
comitantly enhanced in myeloma cells. Combined treatment with HDACi
plus CD26mAb synergistically facilitated lysis of CD26neg myeloma cells
not only by antibody-dependent cellular cytotoxicity but also by the direct
effects ofmAb.Of note, its combination readily augmented lysis of CD26neg

cell populations, refractory to CD26mAb or HDACi alone. Chromatin
immunoprecipitation assay revealed that HDACi increased acetylation of

histone 3 lysine 27 at the CD26 promoter ofmyeloma cells.Moreover, in the
absence of HDACi, c-Myc was attached to the CD26 promoter via Sp1 on
the proximalG-C box ofmyeloma cells, whereas, in the presence ofHDACi,
c-Myc was detached from Sp1 with increased acetylation of c-Myc on the
promoter, leading to activation of theCD26promoter and initiation of tran-
scription in myeloma cells. Collectively, these results confirm that HDACi
plays crucial roles not only through its anti-myeloma activity but by sensi-
tizing CD26neg myeloma cells to CD26mAb via c-Myc/Sp1-mediated CD26
induction, thereby augmenting its cytotoxicity.

Significance: There is a desire to induce and sustain CD26 expression on
multiplemyeloma cells to elicit superior anti-myeloma response by human-
ized anti-CD26 mAb therapy. HDACi upregulates the expression levels of
CD26 on myeloma cells via the increased acetylation of c-MycK323 on the
CD26 promoter, leading to initiation of CD26 transcription, thereby syn-
ergistically augments the efficacy of CD26mAb against CD26neg myeloma
cells.

Introduction
The therapeutic landscape formultiplemyeloma has dramatically changed over
the past decades and recent progress in the treatment options for multiple
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myeloma, in particular with the incorporation of anti-CD38 targeting mAbs
into standard care regimens including proteasome inhibitors (PI) and im-
munomodulatory drugs (IMiD) has tremendously improved the prognosis of
patients with multiple myeloma (1–3). However, the vast majority of patients
still relapse and become refractory to existing treatments due to the hetero-
geneity of multiple myeloma, in which multiple clones have different clinical
behaviors as well as acquired resistance (4). Notably, triple class–exposed pa-
tients with multiple myeloma typically have progressively shorter durations of
responses (DOR) with subsequent lines of therapy and penta-class-refractory
patients have extremely dismal outcomes with a median progression-free
survival of 3 months and overall survival (OS) of less than 6months (4). There-
fore, the treatment of patients with relapsed or refractory multiple myeloma
(RRMM) remains a major challenge and highlights the urgent need for the
development of novel effective treatments to target alternative antigens or
treatments with different mechanisms of action.

In recent years, in addition to nakedmAbs, several novel targeted immunother-
apies, including antibody–drug conjugates (ADC), bispecific antibodies
(BsAb), and chimeric antigen receptor T-cells (CAR-T), have been developed to
eliminate myeloma cells (5–7). B-cell maturation antigen, BCMA/TNFRSF17 is
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highly expressed onmost of malignant plasma cells and represents a promising
novel target for multiple myeloma therapy (8). To date, three BCMA-directed
therapies have been approved for patients with RRMMwho have undergone at
least four prior lines of therapy including PIs, IMiDs, and anti-CD38 mAbs (9–
18). Belentamab mafodotin (belamaf), a first-in-class humanized, afucosylated
IgG1 BCMA-targeted ADC containing monomethyl auristatin F, eliminates
myeloma cells by a multi-modal mechanism of action via direct myeloma
cell killing and an anti-myeloma immune response (9). Belamaf has shown
promising efficacy as a single agent, with an overall response rate of 32%
and a DOR of 12.5 months in triple-refractory patients with RRMM (10–12).
However, its clinical use is limited because of suboptimal disease control and
the high incidence of off-target adverse events such as ocular toxicities and
pancytopenia (5, 8–12).

Moreover, the substantial efficacy of cell-based immunotherapies that en-
gage T cells to BCMA-expressing myeloma cells and redirect subsequent
lysis of myeloma cells have recently been uncovered by the emergence of
BCMA-directed CAR-T cell and BsAb constructs (8, 13, 14). Two BCMA-
directed CAR-T cell therapies, idecabtagene vicleucel (ide-cel, abecma) and
ciltacabtagene-autoleucel (cilta-cel) have shown remarkable efficacywith rapid,
deep, and durable clinical responses. Similarly, a humanized BsAbs with dual
binding sites targeting both CD3 expressed on T cells and BCMA on myeloma
cells, Teclistamab (cqyv, JNJ64007957) has proven highly active as a single agent
with a deep and durable response. All of these immunotherapies result in a sub-
stantial improvement of outcomes in triple class–exposed patients with RRMM
(14–18).

CD26, a 110-kDa transmembrane glycoprotein with dipeptidyl peptidase Ⅳ
(DPPⅣ) activity (19–22), is expressed on several tumor cells, including malig-
nant lymphoma, and has been implicated in T-cell activation and tumorigenesis
(23, 24). In first-in human phase I study, recombinant humanized anti-
CD26mAb was generally well tolerated and revealed antitumor effects without
significant side effects in 33 patients with advanced CD26-expressing tumors,
including renal cell carcinoma (n= 9),malignant pleuralmesothelioma (MPM,
n = 23), and urothelial carcinoma (n = 1; ref. 25). Furthermore, CD26mAb
also revealed modest antitumor efficacy, with partial remission in 1 patient and
stable disease (SD) in 14 patients, leading to a median OS of 9.7 months in 31
Japanese patients with advancedMPM (26, 27). On the other hand, the roles of
CD26 in plasma cell malignancies remain elusive. Recently, we identified that
CD26 is uniformly and intensely expressed in osteoclasts, whereas its expres-
sion in the plasma cells of patients with multiple myeloma was heterogeneous,
leading to marked differences of response to CD26mAb therapy in multiple
myeloma (28, 29). Decreased expression levels of CD26 in myeloma cells is
one of the mechanisms underlying innate or acquired resistance to CD26mAb
therapy in multiple myeloma. Therefore, more detailed understanding of both
host- and tumor-related factors that predict the response to thismAbmay result
in the novel design of CD26-based immunotherapeutic approach for boosting
cytotoxic efficacy in RRMM.

Histone deacetylases (HDAC) are highly expressed in various cancer cells
and regulate aberrant gene transcription, which contributes to tumorigenesis.
Therefore, HDAC inhibition (HDACi) can restore the gene transcription, that
is aberrantly expressed in cancer cells, leading to cell cycle arrest, cell differenti-
ation, and apoptosis (30, 31). Moreover, HDACi also epigenetically modifies the
expression of cell surface or immunomodulatory molecules in various cancer
cells and immune effector cells (30–35).

In the current study, we elucidated for the first time the potential impacts and
mechanisms of HDACi by isoform-selective as well as broad inhibitors on the
regulation of CD26 expression inmyeloma cells, thereby eliciting superior anti-
myeloma efficacy byCD26mAb.Wedemonstrated thatHDACimediates c-Myc
acetylation on the CD26 promoter of myeloma cells, which leads to activation
of the promoter and initiation of CD26 transcription inmyeloma cells as one of
mechanisms for the induction of CD26 in myeloma cells. Our results point to
a novel observation on the role of HDACi and highlight that the combination
of an isoform-selective HDACi plus CD26mAb confers attractive therapeutic
strategies by resensitizing CD26neg myeloma cells to CD26mAb and augment-
ing its cytotoxic efficacy, thereby overcoming therapeutic resistance to mAb in
RRMM.

Materials and Methods
Cell Lines
Five multiple myeloma cell lines: KMS26, 27, 28, and RPMI8226 were obtained
from the National Institute of Biomedical Innovation, Health and Nutrition
(NIBIOHN,Osaka, Japan). KMS11 was obtained fromATCC. All cell lines were
maintained in RPMI1640 (Invitrogen), containing 10% FBS (Life Technolo-
gies), 100 μg/mL penicillin, and 100 μg/mL streptomycin (Life Technologies)
at 37°C in a humidified atmosphere of 5% CO2.Contamination ofMycoplasma
was regularly examined by PCR, and no contamination was detected during
experiments concerning this work.

Reagents and Cells
Human bone marrow (BM) mononuclear cells (MNC) and peripheral
blood mononuclear cells were purchased from Lonza and human nat-
ural killer (NK) cells were obtained from Biotherapy Institute of Japan
(Tokyo, Japan). HDAC inhibitors; pan HDACi: panobinostat_50 μmol/L,
vorinostat_1.0 μmol/L, isoform-selective HDACi: romidepsin (HDAC1i)_0.125
μmol/L, BG45 (HDAC1, 3i) 1.0 μmol/L, entinostat (HDAC1, 3i)_50 μmol/L,
RG2833 (HDAC1, 3i)_0.5 μmol/L, nexturastat A (HDAC6i)_0.125 μmol/L,
tubastatin A (HDAC6i)_25 μmol/L, ricolinostat (HDAC1, 3, 6i)_0.5 μmol/L
were purchased from Selleck Chemical Co. LTD. for use as therapeutic agents.
These compounds, reconstituted inDMSOwere added to themedium inwhich
myeloma cell lines were cultured at the indicated concentrations for indicated
times from 24 to 72 hours. The CD26mAb, humanized IgG1, employed in the
current study was generously provided by Y’s AC. The CD26mAb was gen-
erated by utilizing the complementarity-determining regions of the murine
anti-human CD26mAb, 14D10 with no cross-reactivity to murine CD26. Iso-
type IgG1 (Sigma-Aldrich) was used as a control. In the experiments, after the
incubation with the treatment of each HDACi for 48 hours, CD26mAb was
subsequently added to the medium in which myeloma cell lines were cultured
at 10 μg/mL for 24 hours.

Cell Viability Assay
Myeloma cell lines were treated with one of nine HDACi or isotype (iso)
control IgG1 (BioLegend) and incubated for 48 hours, followed by the ad-
ditional incubation with the treatment by isotype (iso) control IgG1 or
CD26mAb at 10 μg/mL for 24 hours at 37°C in a humidified atmosphere of
5% CO2. At the end of each timepoints, myeloma cells were collected and
cell viability was determined via the conversion of a soluble MTT [3-(4,5-
dimethtlthiazol-2-yl)-2,5-diphenyltetrazolium bromide] to insoluble formazan
using CellQuanti-MTT cell viability assay kit (BioAsssay Systems), according
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to the manufacturer’s instructions. The absorbance of each well was measured
at 560 nm with GloMax-Muluti Detection System (Promega).

Apoptosis Assay
Apoptosis of myeloma cells was determined by staining cells with annexin and
propidium iodide using Annexin V-FITC apoptosis detection kit (BioVision),
according to the manufacturer’s instructions. The intensity of each cell was
analyzed by flow cytometry; CytoFLEX (Beckman Coulter).

Antibody-dependent Cellular Cytotoxicity Assay
Five myeloma cell lines: KMS11, 26, 27, 28, and RPMI8226 (1 × 106/mL),
transduced with luciferase (Promega) were treated with one of nine HDACi
at the indicated concentration iso control IgG1and incubated at 37°C for
48 hours. Subsequently, these cells were additionally incubated with iso con-
trol IgG1or CD26mAb (10 μg/mL) in the presence or absence of human NK
effector cell at an effector to target (E/T) ratio of 20, at 37°C for 24 hours.
Thereafter, d-luciferin substrate was added at 150 μg/mL and the biolumines-
cence (luciferase+ cells) wasmeasured usingGloMax-Muluti Detection System
(Promega). The cell viability (%) was calculated as mean signal in the pres-
ence of CD26mAb plus effector NK cells with or without the treatment of
each HDACi× 100/optical density (OD) signal in the control IgG1 and effector
NK cells.

Complement-dependent Cellular Assay
Myeloma cell lines were incubated with the treatment by each HDACi at the
indicated concentration or iso control IgG1 for 48 hours, followed by the ad-
ditional incubation with the treatment by either CD26mAb (10 μg/mL) or iso
control IgG1 in the presence or absence of 50% fresh human serum as a source
of complement at 37°C for 1 hour. Cell viability was measured by MTT assay
using CellQuanti-MTT cell viability assay kit (BioAsssay systems), according
to the manufacturer’s instructions. The absorbance of each well was measured
at 560 nm with GloMax-Muluti Detection System (Promega).

Whole Transcriptome Profiling
The GeneChip Whole Transcript (WT) Pico Reagent Kit (Thermo Fisher Sci-
entific) was used to prepare hybridization-ready targets of total RNA samples
with GeneChip WT Expression Arrays (Thermo Fisher Scientific) accord-
ing the user guide. Briefly, the assay workflow consists of three steps. First,
after first-strand cDNA sysnthesis, 3′ adaptor cDNA synthesis, double-stranded
(ds) cDNA sysnthesis and cRNA amplification by in vitro transcription of
ds cDNA using T7 RNA polymerase, cRNA purification and quantification
was performed. Subsequently, second cycle single-strand (ss-cDNA) synthe-
sis and cRNA hydrolyzation by RNaseH were conducted followed by ss-cDNA
purification and quantification, fragmentation and terminal labeling of ss-
cDNA. Finally, hybridization to WT array was performed using GeneChip
cartridge array according the user guide. Microarray signals were processed
using a standard robust multi-array averaging algorithm. Observed signals
were normalized using quantile normalization methods and genes that had no
significant signals were ignored to reduce the signals.

Chromatin Immunoprecipitation (ChIP)-qPCR
For chromatin immunoprecipitation (ChIP) assays, anti-histone H3,
GTX122148 (GENETEX), anti-acetyl histone H3 (H3K27ac), #39134, 39336
(Active Motief), anti-Sp1, GTX110593 (GENETEX), A19649 (ABclonal),
anti-c-Myc, A19032 (ABclonal), C15410174 (Diagenode), anti-c-MycK323ac,

C15410346 (Diagenode) were used. The detailed procedures were provided
in Supplementary Data S1 and Supplementary Table S1. qPCR analysis was
performed using the Thermal Cycle Dice (Takara Bio). Several amplifications
were performed by classic PCR and products were run on 1.5% agarose gels and
was visualized on iBrightFL1000 (Thermo Fisher Scientific). Primer sequences
were available in Supplementary Table S1.

Statistical Analysis
All statistical analyses were performed using Student t test for two group com-
parisons and P values less than 0.05 were considered statistically significant.
The data are presented as the mean values with 95% confidence intervals, and
the results are representative of three independent experiments.

Supplementary Data S1 include details of protocols for immunophenotyping
(Supplementary Table S2), quantitation and qualification ofmRNA levels, IHC,
immunoblotting, ELISA, and ChIP-qPCR.

Data Availability
All data are available in the main text or Supplementary Data. Further infor-
mation in this article is available from the corresponding authors on request.

Results
HDACi Increases the Expression of CD26 on
Myeloma Cell Lines
We have already shown that the BM tissues of patients with multiple myeloma
contained intensely CD26-stained osteoclasts, whereas CD26 expression on
plasma cells was heterogeneously distributed (28, 29). Indeed, analysis of pri-
mary BM tissues frommultiplemyeloma patient revealed that several CD138pos

plasma cells were stained with CD26, whereas other plasma cells were not
(29). Moreover, those from several patients with multiple myeloma showed
that CD138pos plasma cells were rarely stained with CD26 (Fig. 1A). There-
fore, it is not necessarily reasonable to target CD26 on myeloma cells by
CD26-targeted immunotherapy to elicit extensive cytotoxicity against multi-
ple myeloma. HDACi has the ability to modulate the expression of cell surface
molecules such as tumor antigens or immunomodulatory molecules in tumor
cells or immune effector cells (30–35). Consequently, we evaluated the effects
of HDACi by broad or isoform-selective inhibitors on cell surface CD26 ex-
pression levels on myeloma cells. First, five myeloma cell lines KMS11, 26,
27, 28, and RPMI8226, were cultured in the presence or absence of HDACi;
the broad inhibitors, panobinostat and vorinostat or the isoform-specific in-
hibitors, romidepsin (HDAC1i); BG45, entinostat and RG2833 (HDAC3i); and
nexturastatA, ricolinostat, and tubastatinA (HDAC6i) for the indicated times
(24, 48, 72 hours) and then, the expression levels of CD26 on myeloma cells
were analyzed at each timepoints by flow cytometry. Although, cell surface
CD26 expression levels on myeloma cell lines were relatively low or absent be-
fore treatment with each HDACi, an increase in CD26 expression levels was
observed within 24 hours of the initiation of treatment. Moreover, CD26 levels
increased further while exposure to eachHDACi continued, and themaximum
increase in CD26 expression was observed at 48 to 72 hours (Fig. 1B). Intrigu-
ingly, subsequent removal of the HDACi for 48 hours resulted in a decline of
CD26 expression levels on myeloma cells to levels slightly positive or similar to
pretreatment levels (Fig. 1B).

We also treatedKMS27 andKMS28with titrated concentrations ofwith panobi-
nostat (0.5, 5.0, 50, 500 nmol/L), RG2833 (5.0, 50 nmol/L, 0.5, 1.0 μmol/L), and
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FIGURE 1 Induction of CD26 expression on myeloma cell lines by HDACi. A, CD26 expression in plasma cells of bone marrow tissues of patients with
multiple myeloma. Analysis of primary BM samples from several patients with multiple myeloma revealed that CD138pos plasma cells were rarely
stained with CD26 (gray, CD138; red, CD26; original magnification, × 200). B, Flow cytometry with anti-CD26 (rat clone)-fluorescein (FITC) or isotype
control IgG1 was performed in five myeloma cell lines KMS11, 26, 27, 28, and RPMI8226. Overlay histograms show CD26 expression on myeloma cell
lines before and after treatment with one of nine HDACi for the indicated times (24, 48, 72, and 48 hours after (Continued on the following page.)
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(Continued) subsequent removal of each HDACi) at the indicated doses. HDACi elicited exposure time-dependent upregulation of CD26 expression on
myeloma cells, whereas subsequent removal of HDACi resulted in a decline of CD26 expression to the decreased or near-pretreatment levels. C, KMS27
and KMS28 was incubated with titrated concentrations of panobinostat (0.5, 5.0, 50, and 100 nmol/L), RG2833 (5, 50 nmol/L, 0.5, and 5.0 μmol/L) and
entinostat (0.5, 5.0, 50, and 500 μmol/L) for 48 hours, after which cells were harvested to analyze the levels of surface CD26 expression in myeloma
cells by flow cytometry. Overlay histogram shows CD26 expression on each myeloma cell before and after 48 hours of treatment with each HDACi at
the indicated doses. HDACi elicited a dose-dependent upregulation of CD26 expression on myeloma cells, whereas 5.0 μmol/L of RG2833 and
500 μmol/L of entinostat did not further/significantly enhance CD26 expression on myeloma cells, compared with 0.5 μmol/L of RG2833 and
50 μmol/L of entinostat. D, Myeloma cell lines KMS11, 26, 27, 28, and RPMI8226 were immunohistochemically stained for CD26 before and after
treatment with one of nine HDACi. All tested myeloma cell lines cultured alone without each HDACi were either slightly stained for CD26 or completely
lacked CD26 expression. In contrast, cell lines treated with each HDACi for 48 hours revealed moderate to intense CD26 expression (CD26, brown stain;
original magnification, × 200). E, Thereafter, removal of the HDACi for 48 hours resulted in CD26 expression to the decreased or near-pretreatment
levels again (CD26; brown-stained; original magnification, × 200). F, Expression levels of CD26 mRNA in myeloma cell lines KMS11, 26, 27, 28, and
RPMI8226 before and after the treatment of one of nine HDACi for 48 hours were analyzed using real-time quantitative RT-PCR assay with specific
primers for CD26 (Supplementary Table S1). The CD26 mRNA transcription levels in myeloma cell lines treated with each HDACi revealed a significant
increase, compared with those of untreated myeloma cells. Results are shown as ratio of CD26mRNA/GAPDH mRNA. Bar diagrams represent the mean
values ± SE. n = 3; *, P < 0.05; **, P < 0.01. G, The levels of DPPⅣ activity in supernatants derived from myeloma cell lines KMS11, 27, 28, and
RPMI8226, cultured in the presence or absence of one of nine HDACi for 48 hours were determined by ELISA. The DPPⅣ levels in supernatants of
myeloma cells, which were incubated in the presence of each HDACi were significantly elevated, compared with those of control IgG1. The data
represent the mean ± SE of triplicate wells from the representative of three independent experiments. The error bars represent the range, *, P < 0.05.

entinostat (0.5, 5, 50, 100 μmol/L) for 48 hours and observed a dose-dependent
increase in CD26 expression on each myeloma cell by flow cytometry (Fig. 1C).
Panobinostat-mediated increase in CD26 expression has been occurred at 0.5
nmol/L, whereas cytotoxicity against myeloma cells was not sufficient at this
concentration.We observed a further increase in CD26 expression onmyeloma
cells following treatment with panobinostat at 5.0 to 50 nmol/L dose, correlated
with dose-dependent enhanced anti-myeloma cytotoxic effect (Fig. 1C; Supple-
mentary Fig. S1). Similarly, increasing concentrations of RG2833 or entinostat
contributed to the enhanced expression levels of CD26 on myeloma cells at
5 nmol/L to 0.5 μmol/L dose of RG2833 as well as 0.5 to 50 μmol/L dose of
entinostat. In parallel, more significant myeloma cell death was induced at
0.5 μmol/L dose of RG2833 and 50 μmol/L dose of entinostat. Although, higher
doses of RG2833 at 5.0 μmol/L or entinostat at 500 μmol/L further reduced the
viability of myeloma cells, these doses did not induce greater CD26 expression
inmyeloma cells anymore (Fig. 1C; Supplementary Fig. S1) Collectively, HDACi
by both broad and isoform-selective inhibitors exposure-time dependently as
well as dose-dependently induced the upregulation of CD26 protein expression
on myeloma cells.

To verify whether upregulation of CD26 in each myeloma cell was induced by
nonspecific effects due to drug-induced cell stress, we additionally examined
the impacts of bortezomib ormelphalan onCD26modulation in eachmyeloma
cell by flow cytometry. Indeed, neither agents altered the expression levels of
CD26 in KMS11, 26, 27, 28, and RPMI8226, regardless of the duration of their
treatment (Supplementary Fig. S2).

IHC analysis also revealed that myeloma cells that remained untreated with
HDACi expressed low or slightly detectable level of CD26, whereas myeloma
cells treated with each HDACi for 48 hours showed moderately or intensely
stained CD26 expression (Fig. 1D). Subsequently, removal of the HDACi for 48
hours resulted in the expression levels of CD26 onmyeloma cells to the reduced
or near-pretreatment levels again (Fig. 1E).

Next, to assess the impact of HDACi on CD26mRNA transcription in
myeloma cells, we performed qRT-PCR analysis to measure the expression of

CD26mRNA inmyeloma cell lines. In the current study, the cDNA of myeloma
cells, preincubated for 48 hours with or without each HDACi, was used for
qPCR amplification of CD26 with specific primers (Supplementary Table S2).
The CD26mRNA levels in each myeloma cell line were significantly increased
on treatment with each HDACi (Fig. 1F). These data demonstrated that the
induction of CD26 protein in myeloma cells is paralleled with an increase in
CD26mRNA transcription and therefore occurs at the level of CD26 gene tran-
scription. Moreover, ELISA analysis showed that increased DPPⅣ enzymatic
activity in myeloma cells treated with each HDACi for 48 hours was correlated
with the induction of CD26 protein in myeloma cells (Fig. 1G).

In addition, we analyzed whether each HDACi modulates the expression of
other cell surface molecules used as therapeutic targets of multiple myeloma.
The expression levels of CD38 were time-dependently increased in KMS11 on
treatment with each HDACi excluding entinostat, whereas levels of CD38 were
upregulated in KMS27 and RPMI8226 only on treatment with tubastatinA
(Supplementary Fig. S3–S5).Moreover, BCMA expressionwas significantly up-
regulated in KMS27 and RPMI8226 treated with tubastatinA. SLAMF7/CS1
expression was also markedly enhanced in KMS11 and RPMI8226, treated with
tubastatinA (Supplementary Fig. S3–S5).

Synergistic Anti-myeloma Efficacy of HDACi plus
Humanized Anti-CD26mAb Against CD26neg

Myeloma Cells
We demonstrated that HDACi retains the ability to induce the increased ex-
pression levels of CD26 on CD26neg myeloma cells, both at the mRNA and
protein levels. Furthermore, we investigated the impact of HDACi on the vi-
ability of CD26neg myeloma cells in the presence or absence of CD26mAb. We
pretreated myeloma cell lines KMS11, 26, 27, 28, and RPMI8226 with one of
nine HDACi for 48 hours. Thereafter, these cells were treated with CD26mAb
at 10 μg/mL or isotype control IgG1 and additionally incubated for 24 hours
in the presence or absence of human NK effector cells at an E/T ratio of 20:1
and then, the viability of each myeloma cell line was analyzed by antibody-
dependent cellular cytotoxicity (ADCC) assay. The results showed that the
treatment with each HDACi as a single agent induced significant myeloma
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FIGURE 2 The effects of HDACi on the viability of CD26neg myeloma cell lines treated with humanized anti-CD26 monoclonal antibody (CD26mAb).
A, Cytotoxicity of CD26mAb against myeloma cell lines KMS11, 26, 27, 28, and RPMI8226 is shown with or without the treatment of HDACi. First,
myeloma cells were pretreated with one of nine HDACi for 48 hours, followed by additional incubation with either CD26mAb at a concentration of
10 μg/mL or isotype control IgG1 for 24 hours in the presence or absence of human NK effector cells at an E/T ratio of 20:1 and then, the viability of
target myeloma cells was analyzed by the luciferase assay. Bar diagrams, indicating the percentage of viable (Continued on the following page.)
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(Continued) myeloma cells show that CD26mAb alone did not induce significant lysis of CD26neg myeloma cells, whereas, the combination with HDACi
plus CD26mAb synergistically facilitated lysis of CD26neg myeloma cells via direct effects as well as via NK effector cell-mediated ADCC by mAb. The
data represent the mean ± SE of triplicate wells from the representative of three independent experiments. The error bars represent the range, *, P <

0.05; **, P < 0.01. B, KMS11 and KMS27 contained residual viable cell populations, which existed (Annexin/PI) after monotherapy with one of six HDACi
for 48 hours. In contrast, combination with each HDACi plus CD26mAb overcame this refractoriness and synergistically augmented lysis of CD26neg

cell populations in KMS11 and KMS27, which were refractory to HDACi or CD26mAb treatment as a single agent. C, Levels of CIPs (CD55, CD59) in
myeloma cells in the presence or absence of one of five HDACi were examined using flow cytometry. Myeloma cells were positive for both CD55 and
CD59 both before and after treatment with each HDACi. The expression levels of these proteins in myeloma cells underwent minor or no changes
following treatment with each HDACi. D, The CDC lysis against CD26neg myeloma cells on treatment with CD26mAb was examined after the exposure
to one of five HDACi for 48 hours. Incubation of target myeloma cells was performed for 1 hour in the presence of human serum plus CD26mAb at a
concentration of 10 μg/mL or control IgG1. No marked CDC lysis by CD26mAb was observed against myeloma cells, regardless of the pretreatment
with each HDACi. E, The expression levels of CD47 in myeloma cell lines were examined by flow cytometry; KMS11, 27, and RPMI8226 were intensely
stained with CD47. In addition, KMS11 was treated with each HDACi for 48 hours and the CD47 expression was also analyzed. Treatment with each
HDACi resulted in no alterations in CD47 expression levels of KMS11.

cell death in KMS26 and KMS28, whereas KMS27 and KMS11 contained cell
populations that were refractory to the treatment with each HDACi alone
(Fig. 2A). Furthermore, althoughmonotherapy with CD26mAb did not induce
significant lysis of CD26neg myeloma cells in any of myeloma cell line, treat-
ment with HDACi plus CD26mAb in combination synergistically facilitated
lysis of CD26neg myeloma cells via direct effects as well as NK cell–mediated
ADCC by CD26mAb and this combined treatment overcame the therapeutic
refractoriness of CD26neg myeloma cells to CD26mAb (Fig. 2A). In particular,
the combination with HDACi plus CD26mAb readily augmented the lysis of
CD26neg cell populations in KMS27 or KMS11 that were refractory to treatment
with HDACi or mAb alone (Fig. 2B).

To further explore the mechanisms that contribute to the refractoriness of
myeloma cells toward CD26mAb therapy, we assessed the levels of comple-
ment inhibitory proteins (CIP) CD55 and CD59 in myeloma cells incubated
with one of five HDACi for 48 hours. CIPs protect myeloma cells from a com-
plement attack via complement-dependent cytotoxicity (CDC) by mAb (36);
therefore, the elevated expression levels of CIPs observed in untreatedmyeloma
cells indicate the inhibition of CDC by CD26mAb in myeloma cells. Moreover,
the expression levels of these CIP proteins underwent only minor changes and
were similar betweenHDACi-treated and nontreated cells (Fig. 2C). Consistent
with our previous data (29), these results suggest that the induction of CD26 in
myeloma cells by HDACi does not enhance CDC activity by CD26mAb against
CD26neg myeloma cells (Fig. 2D).

CD47 expression in myeloma cells also leads to immune evasion through its
interaction with signal regulatory proteins on dendritic cells or macrophages
(37). Therefore, CD47 blockade may offer a therapeutic approach for prevent-
ing the immune escape of tumor cells. Indeed, the basal expression levels of
CD47 were high in KMS11, KMS27, and RPMI8226. Furthermore, CD47 ex-
pression levels in KMS11 were shown to be sustained, but revealed no changes
on treatment with eachHDACi; this findingmay be associated with therapeutic
refractoriness (Fig. 2E).

Transcriptomic Alterations in Myeloma Cells, Treated
with HDACi ± CD26mAb versus Untreated Cells
To gain the insight into the mechanisms by which HDACi modifies myeloma
cell function, we analyzed the transcriptomic profiles of three myeloma cell
lines in response to treatment with HDACi by either broad or isoform-specific
inhibitor in the presence or absence of CD26mAb, compared with control IgG1,

further we identified the sets of genes with significantly altered expression
levels. Briefly, KMS11, 27, and RPMI8226 were treated with panobinostat or
RG2833 for 48 hours, followed by additional incubation with the CD26mAb for
24 hours and then, changes ofmRNAexpression levels in eachmyeloma cell line
was explored at each timepoint (Fig. 3A). We showed that each myeloma cell
line exhibited the majority of changes relative to control IgG1 in the expression
levels of mRNA transcripts following treatment with each HDACi, regardless
of the presence or absence of CD26mAb (Fig. 3B). Transcriptomic profiles re-
vealed that 27 and 26 genes, respectively were commonly upregulated in all
three myeloma cell lines following treatment with panobinostat or RG2833. Of
these genes, 16 genes were most significantly upregulated and shared by both
HDACi (log2 fold change > 20 to the control with P < 0.05; Fig. 3C). On the
other hand, 229 and 46 genes, respectively were commonly downregulated in
all three myeloma cell lines following treatment with panobinostat or RG2833.
Of these genes, 36 genes were most significantly downregulated and sheared
by both HDACi (log2 fold change <−10) to the control with P value < 0.05;
Fig. 3D). Moreover, of these overlapped 36 genes, 23 genes with consistently
decreased expression levels were identified excluding 13 noncoding genes (log2
fold change <−10) to the control with P value < 0.05; Fig. 3E; Supplemen-
tary Table S3). These results suggest that myeloma cells treated with HDACi
alone as well as with HDACi plus CD26mAb in combination exhibited simi-
lar and distinct gene expression signatures, compared with those treated with
control IgG1. Furthermore, the downregulated genes shared among the three
myeloma cell lines and treatment with both HDACi contained factors involved
in cell cycle regulation, cell proliferation, cell differentiation, and apoptosis of
cells such as Myc and Pim-2: the inhibition of which is associated with cell cy-
cle arrest and apoptosis of myeloma cells (refs. 38–40; Fig. 3E and F). Notably,
the majority of human cancers present with overexpression of Myc, which we
also validated using qPCR analysis. Indeed, Myc expression affects gene insta-
bility and tumorigenesis via the activation or repression of a number of target
genes as well as by the regulation of the gene promoter (38, 39). In addition,
Myc expression is reportedly further upregulated during the course of disease
progression in multiple myeloma (41). Therefore, next we sought to explore
whether Myc regulation may contribute to the CD26 induction of in myeloma
cells by HDACi.

The 5′-flanking Region of the Human CD26 Gene
The human CD26 gene, located on chromosome 2 (2q24.3): contains 300 bp
of the 5′-flanking region (−359 to +1) which includes potential binding sites
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FIGURE 3 Transcriptomic profiles in three myeloma cell lines, either treated or untreated with HDACi or HDACi plus CD26mAb. A, Schema of
transcriptomic analysis of three myeloma cell lines KMS11, 27, and RPMI8226, treated with one of two HDACi by panobinostat (50 μmol/L) or
RG2833 (0.5 μmol/L) or HDACi plus CD26mAb in combination. B, Three myeloma cell lines were treated with panobinostat (50 μmol/L) or RG2833
(0.5 μmol/L) for 48 hours, followed by additional incubation with CD26mAb for 24 hours and transcriptomic profiles in each myeloma cell line were
analyzed at each timepoints using microarray analysis. The heat maps show normalized relative mRNA expression differences, based on log2 fold
change, with a cut-off P value <0.05. The color scale of the heat map from blue to red indicates low to (Continued on the following page.)
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(Continued) high expression. C, Venn diagrams showing overlap in the most significantly upregulated genes (log2 fold change >10, with a cut-off
P value <0.05) among three myeloma cell lines treated with either panobinostat (50 μmol/L) or RG2833 (0.5 μmol/L) for 48 hours compared with the
isotype control IgG1. D, Venn diagrams showing overlap in the most significantly downregulated genes (log2 fold change <−10, with a cut-off P value
<0.05) among three myeloma cell lines treated with either panobinostat (50 μmol/L) or RG2833 (0.5 μmol/L) for 48 hours compared with the isotype
control IgG1. E, Among the 36 downregulated genes common to all three myeloma cell lines with the treatment of either panobinostat or RG2833,
overlapped 23 genes excluding 13 noncoding genes were identified (log2 fold change <−10, with a cut-off P value<0.05). The values show the fold
changes of mRNA expression of transcripts in each myeloma cell line treated with each HDACi or either HDACi plus CD26mAb compared with control
IgG1. The color scale of the heat map from blue to red indicates low to high expression. Similarly, among the 16 genes, commonly upregulated in all
three myeloma cell lines on treatment with each HDACi, overlapped 14 genes excluding noncoding genes were indicated. F, Left, c-Myc gene signal
(log2) in KMS11, KMS27, and RPMI8226, treated with isotype control IgG1, HDACi; panobinostat or RG2833 and HDACi plus CD26mAb were shown. Myc
is one of the genes, significantly downregulated in common, excluding noncoding genes in three myeloma cell lines following treatment with each
HDACi or either HDACi plus CD26mAb. Right, A three-dimenisonal MAP was constructed by principal component analysis, indicating gene expression
patterns based on transcriptome analysis.

for several transcriptional factors related to cell proliferation and differentiation
such as Sp1 (specificity protein 1), Ap2, BRE (butyrate-responsive element), and
HNF (hepatic nuclear factor 1; refs. 42, 43; Fig. 4). In particular, the 89 bp of G-
C rich region (−91 to−3 relative to the translation initiation site), located at the
proximal 5′-flanking region just upstream of the transcription initiation site, is
essential for CD26 promoter activity (ref. 44; Fig. 4).

Sp1 is a transcription factor that is expressed in several solid tumor cells as well
as in myeloma cells. Overexpression of Sp1 is involved in tumor progression
or metastasis via regulation of the expression of Sp1-responsive genes related
to cell growth, apoptosis, and angiogenesis (45, 46). These genes contain G-
C rich regions, that is, G-C boxes on the promoter that interacts with Sp1 (47).

Indeed, the CD26 gene contains G-C boxes for Sp1 binding at both the proximal
and distal regions within the promoter which regulate the expression of proto-
oncogenes such as Myc, ras, and pim-1 (refs. 42, 43; Fig. 4). Furthermore, c-
Myc not only affects proliferation, apoptosis, andmetabolism in tumor cells via
its modification but also forms complexes with Sp1 on several promoters and
titrates the levels of Sp1, thereby affecting the promoter activity of several genes
(47). Consequently, we postulated that modulation of c-Myc may play several
roles in regulation of the CD26 promoter inmyeloma cells.We therefore sought
to elucidate the epigenetic impacts of histone aswell as c-Myc as non-histone on
the CD26 promoter of myeloma cells in the absence or presence of HDACi and
determine whether it results in the induction of CD26 expression in myeloma
cells.

FIGURE 4 The 5′-flanking region of the human CD26 gene. The schematic representation of the 5′-flanking region of the human CD26 gene
promoter constructs and the associated nucleotide sequences is shown. The 5′-flanking region of the CD26 gene contains 300 bp (−359 to +1) and
incorporates potential binding sites for several transcriptional factors including G-C boxes for the binding of Sp1 and AP2, BRE, and HNF, the relative
locations of which are indicated by the symbols in the figure. In particular, 89 bp of the G-C rich region (−91 to −3 relative to the translation initiation
site) in the proximal 5′-flanking region is essential for CD26 promoter activity. The nucleotide sequences including the 5′-flanking region of the CD26
promoter are also shown. Position +1 indicates the initiation of the coding region in exon1. The nucleotide sequence has been shown in the GeneBank
database with the accession number of AH005372.
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HDACi Acetylates Histone 3 Protein on the CD26
Promotor Region of Myeloma Cells
First, we examined the epigenetic status in histone protein on the CD26 pro-
moter region of myeloma cells after treatment with HDACi. ChIP assays were
conducted on five myeloma cell lines, either treated or not treated with one of
three HDACi, that is, panobinostat, RG2833 and tubasatinA, for 48 hours. The
DNAs of immunoprecipitated chromatin of each myeloma cell line were ana-
lyzed using real-time qPCRwith specific primers to amplify theCD26promoter
region (SupplementaryTable S1). It was demonstrated that an increased levels of
acetylation in histone 3 lysine 27 (H3K27) was detected on the CD26 promoter
of each myeloma cell line after exposure to HDACi, suggesting its part of roles
in the mechanisms involved in HDACi-dependent CD26 promoter activation
in myeloma cells (Fig. 5A).

c-Myc Binds to the CD26 Promoter of Myeloma Cells
Through Sp1 on the Proximal G-C Box
Next, we explored the epigenetic impacts of c-Myc on the CD26 promoter of
myeloma cells and determined whether these contributed to the induction of
CD26 expression inmyeloma cells.We first examined the expression levels of c-
Myc mRNA in five myeloma cell lines following the treatment with one of nine
HDACi (Fig. 5B) and the significant reductions in mRNA expression levels of
each myeloma cell were validated after 48 hours of exposure to each HDACi.
Subsequently, the time course changes in c-Myc expression levels in KMS11, 27,
and RPMI8226 with or without treatment by panobinostat or RG2833, were as-
sessed in detail using real-time qPCR and immunoblotting (Fig. 5B andC). The
expression levels of c-Myc were exposure time-dependently decreased both at
mRNA and protein levels in myeloma cell lines on treatment with each HDACi
(Fig 5B andC).Moreover, c-Mycwas still significantly downregulated after 12 to
24 hours of exposure to each HDACi, which was fully consistent with the tran-
scriptomic profiles of myeloma cell lines in the presence or absence of HDACi,
as shown in Fig. 3E and F. Furthermore, the addition of cycloheximide did not
restore HDACi-mediated c-Myc reduction in myeloma cells, implying that the
c-Myc expression is regulated in myeloma cells not only transcriptionally and
translationally but also posttranslationally (Supplementary Fig. S6). In addi-
tion, the acetylation status of c-Myc in each myeloma cell line was investigated
in the presence or absence of each HDACi. The acetylation of c-Myc on ly-
sine 323 (K323Ac) in each myeloma cell line was evident after 3 to 6 hours of
exposure to panobinostat and was further increased after 12 to 24 hours of its
exposure. It was also potentiated after 12 to 24 hours of the exposure to RG2833
(Fig. 5C). These results indicated that the expression levels of c-MycK323ac
were time-dependently increased in myeloma cells after treatment with each
HDACi and were inversely correlated with the time-dependent decrease in c-
Myc expression (Fig. 5C). On the other hand, expression levels of both c-Myc
and acetylated c-Myc were unaltered in normal human mononuclear cells on
treatment with HDACi, implying that c-Myc regulation in myeloma cells is a
tumor-specific process (Fig. 5C).

We further investigated the interaction between c-Myc and the CD26 promoter
in myeloma cells with or without treatment by HDACi. ChIP analysis was con-
ducted in KMS11, 27, and RPMI8226 in the presence or absence of panobinostat
or RG2833 at the indicated times (3.0, 6.0, 12, 24 hours) using antibodies for c-
Myc and c-MycK323ac. Thereafter, DNAs of immunoprecipitated chromatin
in each myeloma cell line were subjected to qPCR to amplify the CD26 pro-
moter region, including the proximal G-C box (Supplementary Table S1). It
was revealed that the recovery percentages of IP/INPUT, indicating the bind-

ing of c-Myc to the CD26 promoter via the proximal G-C box was exposure
time-dependently decreased on treatment with HDACi, whereas the binding
of c-MycK323ac to the promoter showed a time-dependent increase in each
myeloma cell line following treatment withHDACi. These findings suggest that
the occupancy of c-Myc was replaced by that of c-MycK323ac on the CD26
promoter of myeloma cells on treatment with HDACi (Fig 5D).

Finally, on the basis of these observations, we further examined the interaction
between c-Myc and Sp1 on the CD26 promoter ofmyeloma cells in the presence
or absence or HDACi. DNAs of chromatin, immunoprecipitated by ChIP and
re-ChIP assay using antibodies for Sp1 and c-Myc in each myeloma cell line, ei-
ther treated or untreated with each HDACi for the indicated times (3.0, 6.0, 12,
24 hours), were subject to qPCR and amplified at the CD26 promoter, includ-
ing the proximal G-C box (Supplementary Table S1). The recovery percentages
of IP/INPUT, indicating the binding of c-Myc to the Sp1 was exposure time-
dependently reduced on the CD26 promoter of myeloma cells on treatment
with each HDACi (Fig. 5E).

These results suggest that in the absence of HDACi, c-Myc is attached to the
CD26 promoter via binding to Sp1 and thereby represses the promoter, lead-
ing to interruption of CD26 transcription in myeloma cells. In contrast, in the
presence of HDACi, c-Myc is detached from the CD26 promoter via Sp1 with
the increased acetylation of c-MycK323 and the promoter is thereby activated,
leading to initiation of CD26 transcription as well as activation of cytotoxicity
in several myeloma cells (Fig 5F).

The Effect of HDACi and CD26mAb on the Activity of
Human NK Cells in Multiple Myeloma
NK cells are crucial mediators of ADCC against myeloma cells by mAb therapy
targeting CD38, CS1, and BCMA in multiple myeloma. Moreover, our previ-
ous study revealed that IMiDs potentiated human NK cell activity, leading to
enhanced ADCC by CD26mAb against CD26pos myeloma cells (29).

To clarify the effect of HDACi or CD26mAb on NK cell activity in multiple
myeloma, the expression levels of CD26 in NK cells in the presence or absence
of one of nine HDACi was explored. Flow cytometry analysis showed that hu-
man NK cells exhibited high expression levels of CD26: these expression levels
were not significantly affected by exposure to either HDACi or CD26mAb for
the indicated times (24, 48, 72 hours; Fig. 6A and B). Furthermore, the effects
of HDACi or CD26mAb on the viability of NK cells were assessed using MTT
assay. Our findings demonstrated that although both HDACi and CD26mAb
moderately affected the viability of NK cells, its viability did not show signif-
icant change, implying that ADCC activity against myeloma cells is likely not
severely disrupted by treatment with HDACi plus CD26mAb in combination.

Discussion
Recent development of novel antibody and cellular-based therapies, directly
targeting antigens such as BCMA on myeloma cells has resulted in durable re-
sponses in patients with RRMM (8–18). Our previous studies demonstrated
favorable preclinical results showing potent in vitro and in vivo cytotoxic
efficacy of CD26mAb against both CD26pos myeloma cells and CD26pos os-
teoclasts in multiple myeloma (28, 29). However, BM tissues of patients with
multiple myeloma revealed heterogeneous and sometimes decreased expres-
sion levels of CD26 in plasma cells in contrast to osteoclasts in which CD26
is uniformly and intensely expressed (refs. 28, 29; Fig. 1). These results might
indicate barriers to elicit robust responses in multiple myeloma by CD26mAb.
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FIGURE 5 Epigenetic modification at the CD26 promoter of myeloma cells on treatment with HDACi. A, The effects of HDACi on histone H3
acetylation on the CD26 promoter of myeloma cells are shown. Myeloma cell lines KMS11, 26, 27, 28, and RPMI8226, treated with either panobinostat
(50 μmol/L), RG2833 (0.5 μmol/L), or tubastatinA (2.5 μmol/L) or control IgG1 for 48 hours were investigated by ChIP assay using anti-histone 3 on
lysine 27 acetylated (H3K27Ac) antibody or rabbit IgG and then, the DNAs of immunoprecipitated chromatin were amplified and quantified by
real-time qPCR with the primer pairs for the CD26 promoter shown in Supplementary Table S1. NoAb means (Continued on the following page.)
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(Continued) samples prepared without antibodies as a control and INPUT indicates that PCR was performed with genomic DNA. Increased levels of
acetylation at H3K27 was observed on the CD26 promoter of myeloma cells treated with each HDACi, compared with control IgG1. Values represent
percentage of IP/INPUT. Bars represent the mean ± S.D. of three independent experiments done in triplicate. B, qRT-PCR for c-Myc expression in
myeloma cell lines KMS11, 26, 27, 28, and RPMI8226 treated with one of nine HDACi, namely, BG45 (1 μmol/L), romidepsin (0.125 μmol/L), ricolinostat
(0.5 μmol/L), panobinobinostat (50 μmol/L), entinostat (50 μmol/L), nexturastatA (0.125 μmol/L), vorinostat (1 μmol/L), tubastatinA (25 μmol/L),
RG2833 (0.5 μmol/L), or control IgG for 48 hours. The expression of c-Myc mRNA was significantly reduced in each myeloma cell line after exposure to
each HDACi for 48 hours (*, P < 0.01). Furthermore, the expression levels of c-Myc mRNA in KMS11, 27, and RPMI8226 were examined at the indicated
times (3.0, 6.0, 12, 24 hours) following treatment with panobinostat or RG2833 (*, P < 0.05; **, P < 0.01). The expression levels of c-Myc were
normalized to that of GAPDH and quantified by the 2−��Ct method. Data are shown as the ratio of c-Myc mRNA/GAPDH mRNA and represent the
means ± S.D. of three independent experiments. C, Expression levels of c-Myc and c-MycK323ac protein in KMS11, 27, and RPMI8226 were examined in
the presence or absence of panobinostat (50 μmol/L) or RG2833 (0.5 μmol/L) at the indicated times (0.5, 1.0, 3.0, 6.0, 12, 24 hours) by
immunoblotting. Levels of these proteins in normal MNCs, incubated with panobinostat, RG2833 or control IgG1 for 24 hours were also analyzed. D, To
investigate the binding of c-Myc and c-MycK323ac to the CD26 promoter of myeloma cells, KMS11, 27, and RPMI8226 were treated with panobinostat
(50 μmol/L), RG2833 (0.5 μmol/L), or control IgG1 for the indicated times (3.0, 6.0, 12, 24 hours) and then, ChIP assays were conducted in each
myeloma cell using anti-c-Myc or c-MycK323ac antibody or rabbit IgG. Thereafter, the DNAs of each immunoprecipitated chromatin suspension were
amplified and quantified by real-time qPCR with specific primers for the CD26 promoter via the proximal G-C box (Supplementary Table S1). The
recovery of ChIP’s DNAs was calculated as the percentages of IP/INPUT. The time-dependent decrease of the binding of c-Myc to the promoter,
concomitant with a time-dependent increase in the binding of c-MycK323ac to the promoter, was observed in each myeloma cell line treated with each
HDACi, compared with control IgG1. Bars represent the mean ± S.D. of three independent experiments done. The amplified products were also
visualized by MIDORIgreen Direct staining following 1.5% agarose gel electrophoresis. Representative data of 40 cycles are shown. INPUTs show that
PCR was conducted with genomic DNA. The actin signal shows equal loading as a control. E, The binding of c-Myc to the transcriptional factor, Sp1 in
myeloma cell lines is shown after exposure to each HDACi. The binding of c-Myc to the Sp1 on the CD26 promoter via the proximal G-C box of KMS11,
27, and RPMI8226 after exposure to panobinostat (50 μmol/L) or RG2833 (0.5 μmol/L) was examined by ChIP and re-ChIP assay using antibodies for
c-Myc and Sp1, followed by real-time qPCR using specific primers to amplify the CD26 promoter, including the proximal G-C box. The recovery of
ChIP’s DNAs was calculated as the percentages of IP/INPUT for each sample. In the absence of HDACi, c-Myc binds to the Sp1 on the proximal G-C box
of the CD26 promoter in each myeloma cell line, whereas in the presence of HDACi, this binding was time-dependently detached. Bars represent the
mean ± S.D. of three independent experiments. F, Schema of HDACi-regulated CD26 induction in myeloma cells.

In the current study, we demonstrated that epigenetic regulation by HDACi in
myeloma cells, especially isoform-selective inhibition of HDAC1, 2, 3, and 6 as
well as broad inhibition induces an increase in CD26 transcripts by RT-PCR
and CD26 protein expression by flow cytometry and IHC. Therefore, concur-
rent use of HDACi conferred superior cytotoxic efficacy of CD26mAb against
CD26neg myeloma cells or those with CD26 antigen loss. Consequently, we
further elucidated the precise mechanisms involved in the induction of CD26
expression in myeloma cells by HDACi.

Comparison of the transcriptomic profiles of three myeloma cell lines between
those treated with HDACi by broad or isoform-selective inhibitor and those
left untreated identified Myc as one of the aberrantly deregulated genes, which
is known to be a hallmark in the majority of human cancers: it regulates cell
proliferation, differentiation, and apoptosis via regulation of a number of target
genes and is involved in tumorigenesis (38, 48, 49). HDACs are known to have
majority of substrates including histone and non-histone proteins which are
involved in biological processes such as cell proliferation, differentiation, apop-
tosis, and cell death. In particular, non-histone proteins regulate the activity of
tumor suppressor genes and oncogenes which have crucial roles in tumorigen-
esis (30, 31). Therefore, HDACi induce different phenotypes in tumor cells and
antitumor effects via cell cycle arrest, activation of apoptosis, mitotic cell death,
autophagic cell death, and reactive oxygen species–induced cell death (30, 31).
The c-Myc is one of the non-histone proteins as a substrate of HDACs, which is
also subject to posttranslational modifications such as phosphorylation, acety-
lation, and ubiquitinylation (39). It plays crucial roles in the development of
plasma cell malignancies during the progression from monoclonal gammopa-
thy of unknown significance to smoldering multiple myeloma, symptomatic

multiple myeloma, and plasma cell leukemia (41, 48, 49). Moreover, BM mi-
croenvironment upregulates c-Myc, thereby promoting myeloma cell growth.
Therefore, Myc may become an attractive therapeutic target for the treatment
of multiple myeloma (48, 49). The c-Myc is strongly modulated (i.e., down-
regulated or acetylated) by HDACi, which correlates with cell cycle arrest and
apoptosis of cells via restoring the expression of genes aberrantly repressed in
tumor cells, leading to tumor reduction (38, 48, 49). Indeed, in the current
study, we validated the time-dependent reduction of c-Myc as well as an in-
crease of c-MycK323ac in myeloma cell lines on treatment with class I/II and
class I HDACi, compared with those treated with control IgG1 at protein levels
(Fig. 5C), but not in human normal MNCs, highlighting that c-Myc modifica-
tion by HDACi is tumor-selective and may correlate with cytotoxic response in
myeloma cells.

Our results demonstrated that the cell surface CD26 expression in KMS26, 27,
28 and RPMI8226 was upregulated in parallel to anti-myeloma cytotoxicity on
treatment with HDACi. On the other hand, despite the upregulation of CD26
expression in KMS11, its cytotoxic effect was not sufficiently clear following
treatmentwith several classOur results demonstrated that the cell surfaceCD26
expression inKMS26, 27, 28, andRPMI8226was upregulated in parallel to anti-
myeloma cytotoxicity on treatment with HDACi. On the other hand, despite
the upregulation of CD26 expression in KMS11, its cytotoxic effect was not suf-
ficiently observed following treatment with several class I/II or class I HDACi,
suggesting that the upregulation of CD26 in myeloma cells was not necessarily
correlated with anti-myeloma cytotoxicity by HDACi. Moreover, our findings
have important clinical implications indicating thatmodestHDACi contributes
to synergistic anti-myeloma cytotoxicity by CD26mAb. Namely, potent HDACi
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FIGURE 6 The effect of HDACi and CD26mAb on human NK cells in multiple myeloma. A, Expression of CD26, CD3, and CD56 on human NK cells
was examined by flow cytometry. Representative overlay histograms show that human NK cells were positive for CD26. B, Expression levels of CD26
on human NK cells were investigated before and after exposure to one of nine HDACi or CD26mAb at 10 μg/mL for indicated times (24, 48, 72 hours).
Representative overlay histograms show the expression levels of CD26 on NK cells: these levels were not altered following treatment with each HDACi.
C, After NK cells were treated with one of nine HDACi or CD26mAb at 10 μg/mL for 24 and 48 hours, the viability of NK cell was examined by MTT
assay. Bar diagrams show the percentage of viable cells. Data are presented as mean values ± S.D of three independent experiments.

may trigger adverse reactions, thereby compromising the combination with
HDACi plus CD26mAb for the treatment of multiple myeloma.

The promoter region of the CD26 gene contains several potential transcription
factor binding sites including Sp1 (Fig 4) and this site is shown to be a potent
transcriptional activator for the transcription of several genes (42–46). The c-
Myc reportedly binds to the DNA-binding domain of Sp1 on the promoter of
several genes and titrates the levels of Sp1, thereby affecting promoter activity
(47). Intriguingly, the c-Myc gene contains multiple Sp1-binding sites within its
promoter, and represses its own transcription through the interaction between
c-Myc and Sp1 at the promoter (47, 48, 50). Therefore, we postulated that the in-
teraction between c-Myc and Sp1 on the CD26 promoter of myeloma cells may
be one ofmechanismswhich regulate the activity of the CD26 promoter gene to
induce CD26 expression in myeloma cells. ChIP-qPCR analysis confirmed that
in the absence of HDACi, c-Myc is present on the CD26 promoter of myeloma
cells via binding to Sp1 located on the proximal G-C box, thereby repressing the
promoter and leading to reduced CD26 transcription inmyeloma cells (Fig. 5D

and E). In contrast, in the presence of HDACi, c-Myc was shown to be disso-
ciated from Sp1 and its binding was replaced by acetylated c-Myc on K323 on
the CD26 promoter of myeloma cells, leading to activation of the promoter and
initiation of CD26 transcription (Fig. 5D and E).

The current study elucidated crucial roles of HDACi in the induction of CD26
expression in myeloma cells. First, class I or class II HDACi triggers modifica-
tion of c-Myc inmyeloma cells, associated with cytotoxicity in several myeloma
cells. Second, HDACi plays the role of chemosensitizer via the induction of
CD26 expression in myeloma cells with CD26 antigen loss. It results from in-
creased acetylation of H3K27 as well as c-MycK323 on the CD26 promoter
of myeloma cells and is inversely correlated with the decreased acetylation
and expression of c-Myc. These changes lead to elicit superior cytotoxic ef-
ficacy of CD26mAb against CD26neg or CD26dim myeloma cells and restore
refractoriness of myeloma cells to CD26mAb.

Currently, several HDAC inhibitors have received regulatory approval for
solid tumors or hematologic malignancies including multiple myeloma (51).
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In particular, panobinostat have emerged as the only HDACi approved for the
treatment of multiple myeloma which nonselectively inhibits class I/ⅡHDACs.
HDACi has already shown synergistic antitumor effects with antitumor agents
in combination. Indeed, the phase III PANORAMA1 trial demonstrated that
3-drug regimen containing panobinostat in combination with bortezomib
plus dexamethasone led to a modest OS benefit, compared with 2-drug reg-
imens containing bortezomib plus dexamethasone in patients with RRMM
(52). Moreover, the combination of HDACi with immunotherapy has also been
expected to reveal a dual efficacy as double epigenetic options. However, nons-
elective class I/II pan HDACi reveals profound anti-myeloma efficacy, whereas
its clinical utility is limited because of unfavorable toxicities due to the inhibi-
tion of the broad range of HDAC isoforms (31, 51). Indeed, panobinostat causes
severe toxic reactions such as BM suppression, severe diarrhea, bleeding ten-
dency, liver or renal dysfunction, arrhythmia, and deep vein thrombosis, all of
which were serious for elderly patients with multiple myeloma, resulting in the
high rates of discontinuation in its treatment (31, 51). Therefore, alternatively,
isoform-selective HDACi that exploits anti-myeloma cytotoxicity, while min-
imizing toxicities or combination regimens have recently been developed as a
promising therapeutic option to improve the outcome of patients with multi-
ple myeloma (53). Our findings also confirmed that isoform-selective (class I
or class IIb) HDACi plus CD26mAb in combination may induce synergistic
cytotoxicity against myeloma cells via the upregulation of CD26 on myeloma
cells and enhanced ADCC activity by CD26mAb. In particular, HDAC3 has
been reported to regulate c-Myc protein levels, thereby HDAC3 inhibition in-
creased acetylation of c-Myc as well as DNMT1 in myeloma cells, leading to
degradation of DNMT1 and inhibition of myeloma cell growth (54). There-
fore, combination with HDAC3-selective inhibitor plus CD26mAb may be a
promising therapeutic option to induce enhanced myeloma cell growth by
CD26mAb.

To date, several studies have demonstrated that the efficacy of targeted
immunotherapies in hematologic malignancies is partly dependent on the ex-
pression levels of the target antigen on the surface of tumor cells. Indeed,
CD20high malignant lymphoma cells or chronic lymphocytic leukemia cells po-
tentiate cytotoxic efficacy of rituximab via CDC and ADCC, whereas CD20low

lymphoma or leukemia cells elicit a poor response to these mAbs (55, 56). Sim-
ilarly, in multiple myeloma, the expression levels of CD38 in myeloma cells
determine the efficacy of CD38 mAb-mediated cytotoxicity (34, 35). Specif-
ically, CD38high myeloma cells were rapidly eliminated by daratumumab via
immune selection, indicating that the remainingmyeloma cells had lowerCD38
expression levels. In addition, the trogocytic transfer of complexes consisting
of CD38 and daratumumab from the myeloma cell surface to immune effec-
tor cells is an additional important mechanism for CD38 antigen loss on both
myeloma cells and immune cells. These processes reduce the therapeutic effi-
cacy of daratumumab-mediated ADCC and CDC in multiple myeloma (57).
Moreover, although BCMA is expressed onmost of malignant plasma cells and
is recognized as a validated target in multiple myeloma therapy, its expression
levels are heterogeneous, resulting in variable responses in patients with mul-
tiple myeloma (5, 58). To date, BCMA antigen loss in myeloma cells remains
poorly understood. Indeed, BCMA loss in myeloma cells is not common on
treatment with anti-BCMA immunotherapies because BCMA is essential for
the survival of malignant plasma cells (59). Moreover, the majority of cases of
BCMA loss occur by immune selection after anti-BCMA targeted immunother-
apies, and the expression levels of BCMA in myeloma cells recover to the
pretreatment levels at a later time. Consequently, sequential anti-BCMA re-

treatment with different BCMA-directed immunotherapies is considered to be
feasible (60).

The relation between CD26 expression and the efficacy of CD26mAb against
CD26pos malignancies has been controversial. Indeed, our previous studies
demonstrated that CD26mAb revealed significant ADCC against CD26pos

myeloma cells but not against CD26neg myeloma cells in vitro and in vivo (29).
Likewise, in the treatment of solid tumors, Inamoto and colleagues showed that
CD26mAb had inhibitory effects against CD26pos MPM cells in vitro and ex-
hibited antitumor effects in a CD26pos MPM-bearing mouse model (61, 62).
Consistent with preclinical results, CD26mAb has already been indicated as
a promising therapy with well-tolerated toxicity profiles and modest efficacy
as a single agent among patients with advanced MPM (26, 27); however, sub-
stantial differences in treatment response were also indicated against MPM.
Indeed, a phase II study of CD26mAb in relapsed or refractory Japanese pa-
tients with MPM demonstrated that several cases with low CD26 expression in
MPM cells could attain SD after treatment with CD26mAb (27). This finding
implies that anti-MPM cytotoxicity may also be associated with mechanisms
of action other than ADCC activity. In other words, refractoriness to targeted
immunotherapies is not solely explained by antigen loss, but additional tumor-
or host-related mechanisms underlying acquired resistance are also involved.
First, an increase in the expression of CIPs, including CD55 and CD59, pro-
tects myeloma cells from complement attack via CDC, leading to refractoriness
to mAb (36). Indeed, expression levels of CIPs on myeloma cell lines, cultured
alone were increased but were not altered by HDACi, which may contribute
to the inhibition of CDC lysis by CD26mAb in multiple myeloma, regard-
less of the presence or absence of HDACi (Fig. 2C and D). Second, myeloma
cells reside in the BM microenvironment by binding to various stromal cells
(BMSCs) through the upregulation of antiapoptotic proteins, which may also
contribute to the development of resistance via the evasion of mAb or cytotoxic
T cell–mediated killing ofmyeloma cells (63).We previously demonstrated that
CD26mAb impaired the adhesion of CD26pos myeloma cell to BMSCs which
inhibits myeloma cell growth (29). Third, mAbs are not necessarily capable of
eliminating clones in myeloma cells with high-risk chromatin alteration such
as t(4;14)(p16.3;q32.3), gain 1q21 or del(17p) or drug-efflux pump such as side
population (SP) cells, both of which indicate refractoriness to anticancer agents
and result in inferior impacts on survival of patients with myeloma. Specifi-
cally, KMS11 cells contain both t(4;14) alteration and SP cells, parts of which
revealed resistance to HDACi monotherapy; however, it was restored by treat-
ment with HDACi plus CD26mAb in combination (Fig. 2A). Moreover, the
activity of immune effector cells is also associatedwith refractoriness to targeted
immunotherapy. CD38 is expressed not only on myeloma cells but also on NK
cells. Therefore, rapid depletion of CD38posNK cells was observed after treat-
ment with daratumumab, which may lead to a decrease in the ADCC activity
of daratumumab against myeloma cells (64, 65). In the current study, although
CD26 was also highly expressed in NK cells, neither HDACi nor CD26mAb al-
tered the expression levels of CD26 onNKcells (Fig. 6B).Moreover, the viability
of NK cells was not affected by either treatment. This finding implies that NK
cell–mediated ADCC against myeloma cells by CD26mAb is not impeded by
the diminished frequency or activity of NK cells, unlike CD38mAb treatment,
which may indicate a clinical benefit for the treatment of multiple myeloma by
CD26mAb (Fig. 6C).

In summary, to overcome both innate and acquired refractoriness of myeloma
cells with CD26 antigen loss to CD26mAb, the concurrent use of HDACi
confers therapeutic benefit by the induction of CD26 expression in myeloma
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cells. Importantly, our findings point to a novel observation on the role of
HDACi. Namely, epigeneticmodificationwith isoform-selective (class I or class
IIb) HDACi not only shows anti-myeloma activity in itself but also acts as a
chemosensitizer by resensitizing CD26neg myeloma cells or those with CD26
antigen loss to CD26mAb, thereby eliciting superior anti-myeloma cytotoxicity
that may lead to restore the refractoriness to mAb in RRMM.
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