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Abstract
Background: We recently showed that pharmacological inhibition of plasmino-
gen activator inhibitor-1 (PAI-1) activity, based on TM5614, increases cell motil-
ity and induces the detachment of hematopoietic stem cells from their niches. In 
this TM5614 phase II clinical trial, we investigated whether the combination of 
a PAI-1 inhibitor and tyrosine kinase inhibitors (TKIs) would induce a deep mo-
lecular response (DMR) in patients affected by chronic myeloid leukemia (CML) 
by quantifying BCR-ABL1 transcripts.
Methods: Patients with chronic phase CML treated with a stable daily dose of 
TKIs for at least 1 year and yielding a major molecular response (MMR) but not 
achieving MR4.5 were eligible for this study. After inclusion, patients began to 
receive TM5614 as well as a TKI. The primary objective was an evaluation of 
the cumulative incidence of patient progression from an MMR/MR4 to MR4.5 by 
12 months.
Results: Thirty-three patients were enrolled in the study. The median age was 
59.0 years and 58% were male. No Sokal high-risk patients were enrolled in this 
trial. The median TKI treatment duration was 4.8 years. At the start of this study, 
seven patients and 26 patients received imatinib and second-generation TKIs, 
respectively. The cumulative MR4.5 incidence by 12 months was 33.3% (95% con-
fidence interval, 18.0%–51.8%). The cumulative MR4.5 spontaneous conversion 
over 12 months was estimated as 8% with TKIs alone based on historical controls. 
The halving time of BCR-ABL1 at 2 months was significantly shorter for patients 
who achieved an MR4.5, by 12 months than for the other patients (cutoff value: 
48 days; sensitivity: 0.80; specificity: 0.91; ROC-AUC: 0.83). During this study, 
bleeding events and abnormal coagulation related to the drug were not reported, 
and TM5614 was found to be highly safe.
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1   |   INTRODUCTION

Tyrosine kinase inhibitors (TKIs), which inhibit the func-
tion of BCR-ABL1 tyrosine kinase, have dramatically im-
proved life expectancy for patients affected by chronic 
myeloid leukemia (CML).1 TKIs are the standard first-line 
treatment for patients with CML.2–4 However, long-term, 
continuous TKI treatments lead to severe adverse events, 
especially vascular occlusive disease, which affect patient 
quality of life and increase financial burdens.

In 2010, the prospective treatment-free remission 
(TFR) study and the Stop Imatinib 1 (STIM1) trial pre-
sented results indicating that some patients with CML, 
who maintained a deep molecular response (DMR), 
could safely discontinue TKI treatments, and long-term 
follow-up confirmed that these patients maintained re-
mission.5,6 Following these pivotal studies, multiple TFR 
trials were conducted and demonstrated that some CML 
patients achieving a stable DMR could safely cease ther-
apy without relapsing.7–13 Although DMR is the milestone 
of TFR according to these trials, newly diagnosed chronic 
phase CML can rarely achieve DMR because TKIs cannot 
eradicate CML stem cells that are quiescent in the bone 
marrow (BM) niche and are resistant to TKIs.14–17

Recently, we developed a low-molecular-weight synthetic 
plasminogen activator inhibitor-1 (PAI-1) inhibitor.18,19 In 
a mouse CML model, treatment comprising a combination 
of imatinib and a PAI-1 inhibitor, TM5614, substantially 
improved therapeutic outcomes of the TKI, demonstrated 
by fewer CML cells in the BM and extended survival. 
Furthermore, the pharmacological inhibition of PAI-1 com-
bined with TKIs effectively eliminated leukemic stem cells 
(CML-LSCs) in the BM.20 In this TM5614 phase II clinical 
trial, we investigated whether the PAI-1 inhibitor combined 
with TKIs would induce a DMR in patients with CML, using 
the BCR-ABL1 transcript as a quantitative marker.

2   |   METHODS

2.1  |  Patients and synopsis of study 
protocol

This study was a prospective, multicenter, open-label, 
single-arm phase II trial (jRCT2031190071) conducted in 

accordance with the Declaration of Helsinki and Good 
Clinical Practice, which was approved by the Ethics 
Committee of Tohoku University (No. 2019–193,006) 
and by the ethics committees of all participating institu-
tions. Written informed consent was obtained from all the 
participants before enrollment. Adult Ph chromosome-
positive patients with CML were eligible if they were (i) 
in the chronic phase, (ii) treated with TKIs for over 1 year 
without a dose modification within the last 12 weeks, 
and (iii) classified as having a major molecular response 
(MMR), defined by BCR-ABL1IS ≤ 0.1% without MR4.5 de-
fined by BCR-ABL1 IS ≤0.0032% at study initiation. The 
planned therapy consisted of a continuation of the same 
TKI at the same daily dose with the addition of TM5614 at 
150–180 mg/day for 48 weeks.

2.2  |  Study endpoints and assessments

The primary endpoint comprised the percentage of patients 
achieving MR4.5 by 12 months, defined as a 4.5-log reduc-
tion in the BCR-ABL1 transcript (BCR-ABL1 IS ≤0.0032% 
or undetectable disease in cDNA with >100,000 ABL tran-
scripts) quantified by polymerase chain reaction (PCR) 
testing every 4 weeks during the study and performed ac-
cording to the European Leukemia Net recommendations 
in a central laboratory (SRL Hachioji Laboratory, Japan). 
Secondary endpoints included safety and pharmacological 
analyses of TM5614 and BCR-ABL1IS kinetics, including 
the half-life (halving time) of BCR-ABL1IS. We cataloged 
adverse events based on the Common Terminology 
Criteria for Adverse Events version 4.03.

2.3  |  Statistical analyses

The planned sample size was calculated using Yate's chi-
square test and by estimating the minimum number of 
patients required to reject the null hypothesis with respect 
to the primary endpoint (≤8% MR4.5 rate by 12 months), 
which was estimated by the ENESTnd21,22 and DASISION 
trials23 as a historical control. At minimum, 31 patients 
needed to be enrolled to achieve 80% power to reject the 
null hypothesis with a one-sided α-level of 5% if the true 
rate of MR4.5 by 12 months was ≥33%. With an actual 

Conclusion: TM5614 combined with TKI was well tolerated and induced MR4.5 
in more patients than stand-alone TKI treatment.
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patient enrollment of 33, the power increased to 82.7%, 
with all other assumptions remaining identical.

The primary endpoint was given as a percentage with 
95% confidence interval (CI). To identify the covariates 
that predicted MR4.5, univariate and multivariate Cox re-
gression analyses were conducted. The following variables 
were considered: patient age, sex, time since diagnosis, and 
BCR-ABLIS value (%) at the baseline of the study. Further, 
we used a stepwise multivariate approach to ascertain the 
most important prognostic factors with a two-sided vari-
able retention criterion of p < 0.05. Variables with associ-
ations of marginal significance (two-sided p < 0.15) were 
further used to build the multivariate model. Statistical 
analyses were conducted using EZR, a graphical user inter-
face for R (version 2.13.0; The R Foundation for Statistical 
Computing.) and Stata (version 13.0; Stata Corporation). 
The data presented in this study were based on a cutoff 
date of December 17, 2020; at this time all patients en-
rolled in the study had either completed ≥48 weeks of 
therapy or discontinued the study.

3   |   RESULTS

3.1  |  Patient characteristics

From September 2019 to December 2019, 33 patients 
with CML, who were all in the chronic phase, were en-
rolled and screened. All eligible patients were evaluated 
and classified based on their age, sex ratio, height, body 
weight, prior interferon-alpha (IFN-α) treatment, Sokal 
risk score,24 time since diagnosis, and BCR-ABLIS value 
(%) at the baseline of the study (Table  1). All patients 
were on frontline TKI treatment except one who had prior 
IFN-α therapy.

3.2  |  TM5614 administration and 
pharmacokinetics

All patients started daily TM5614 at a dose of 150 mg/day, 
and this was increased to 180 mg/day after 8 weeks for 18 
patients (54.5%) because those patients did not report any 
adverse events (AEs) or abnormal laboratory results and 
showed drug tolerance. One patient treated with nilotinib 
discontinued the study after 6 months because of cardiac 
catheterization due to coronary artery disease, a compli-
cation that was not related to TM5614. The plasma con-
centrations of TM5614 were measured in all patients at 
4, 12, 24, and 48 weeks. The median value was 12,300 ng/
ml (range, 4040–58,600  ng/ml), which changed within 
a certain range in each patient, and no accumulation of 
TM5614 was observed after 48 weeks.

3.3  |  Molecular efficacy of the 
combination of TM5614 and TKIs

Eleven patients achieved MR4.5 within 48 weeks. The cu-
mulative incidence of MR4.5 was 33.3% [95% CI, 18.0%–
51.8%] by 48 weeks, exceeding the predefined threshold 
success rate of 33% (Figure 1A). The median time to MR4.5 
was 8 weeks [95% CI, 4–24 weeks]. BCR-ABLIS % kinetics 
are shown using a boxplot in Figure 1B.

3.4  |  Log-reduction in BCR-ABLIS % 
during this study

The log-reduction in BCR-ABLIS % was calculated from 
the values at baseline to 8 weeks or the time of the best re-
sponse during this study. The BCR-ABLIS % changes were 
shown using a waterfall plot in Figure 2A,B. All patients 
showed a log-reduction of BCR-ABLIS % during the study, 
and patients with a larger reduction at 8 weeks tended to 
achieve a MR4.5. A spider plot showed the log-reduction 
of BCR-ABLIS % from the baseline to the time of best re-
sponse during this study. Patients who achieved MR4.5 in 
the study showed more rapid reduction than those with-
out, as shown in Figure 2C.

T A B L E  1   TM5614 phase II trial patient characteristics

Number of patients 33

Median age, years (min-max) 59 (23–79)

Chronic CML phase (%) 100

Sex ratio (M/F) 19/14

Median height, cm (min-max) 165.0 (147.5–184.3)

Median body weight, kg (min-max) 59.7 (47.3–87.0)

ECOG Performance status (0/1/2/3-) 32/0/1/0

Sokal score risk (Low/Intermediate/
High/NA)

16/5/0/12

Median time since diagnosis, months 
(range)

58 (12–260)

<36 months 7

36 months – <60 months 10

60 months – <120 months 8

120 months 8

prior IFN-α treatment (number) 1

prior TKI treatment (IM/DAS/NIL/BOS)
[IM/2GTKI]

7/7/13/6
7/26

Median BCR-ABLIS value, % (range)
[MMR (≥0.01)/MR4 (<0.01)]

0.0113 
(0.0036–0.0748)

17/16

Abbreviations: 2G, second-generation; BOS, bosutinib; DAS, dasatinib; 
ECOG, Eastern cooperative oncology group; IFN-α, interferon-α; IM, 
imatinib; NIL, nilotinib; TKI, tyrosine kinase inhibitor.
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3.5  |  Halving time of BCR-ABLIS % at 
8 weeks

The halving time (HT) of BCR-ABLIS was determined 
from the baseline and BCR-ABLIS values using the follow-
ing formula: HT = −log10 (2)/[(log10z−log10y)/x], where 
x is the number of days between the baseline and the as-
sessment, y is the baseline BCR-ABLIS value, and z is the 
assessed BCR-ABLIS value. Shorter HTs are indicative of 
a more rapid decrease in BCR-ABLIS. Except for one pa-
tient whose IS% (international scale percent ratio of BCR-
ABL fusion transcripts to ABL1 copies) value decreased at 
8 weeks, 10 patients who achieved MR4.5 during this study 
had a shorter HT of BCR-ABLIS % at 8 weeks (5.3 weeks; 
range, 3.4–44.0) compared to 22 patients without MR4.5 

(14.1 weeks; range, 6.1–626.3), as shown by the exact 
Wilcoxon rank-sum test (p < 0.0010). The receiver operat-
ing curve (ROC) analysis showed that the HT of BCR-ABLIS 

F I G U R E  1   Molecular efficacy of the TM5614 combination. (A) 
Cumulative incidences of a MR4.5 conversion by 48 weeks. Eleven 
patients (33.3% [95% confidence interval (CI), 18.0%–51.8%]) achieved 
MR4.5 during 48 weeks. The median time to MR4.5 was 8 weeks [95% 
CI, 4–24]. (B) BCR-ABLIS % kinetics within 48 weeks. Boxes, 5–95 
percentiles; horizontal bars, median; vertical brackets, ranges.
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F I G U R E  2   Log-reduction in BCR-ABLIS % during this study. 
(A) Waterfall plot indicating the log-change in BCR-ABLIS % at 
8 weeks from the baseline. (B) Waterfall plot indicating the log-
reduction in the best response from the baseline per patient. Gray 
or black bar indicating whether or not, respectively, a MR4.5 was 
achieved. C. Spider plot indicating the log-reduction in the best 
response from baseline in BCR-ABLIS % per patient during TM5614 
administration. The dashed line or black line indicates whether or 
not a MR4.5 was achieved, respectively.
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% at 8 weeks had the best discriminatory power among 
variable time points that were investigated for the rate of 
MR4.5 by 48 weeks. The area under the curve (AUC) value 
for predicting MR4.5 was 0.83. The cutoff value for the pre-
dicted MR4.5 at 48 weeks was 6.9 weeks with a sensitivity 
of 80% and a specificity of 90.9% (Figure 3).

Cumulative incidences of MR4.5conversion by 48 weeks 
according to the cutoff value of HT at 8 weeks are shown 
in Figure 4. Eight patients (80%) in the shorter HT group 
achieved MR4.5 during 48 weeks. The median time to MR4.5 
was 6.07 weeks [95% CI, 4.00–8.00]. Two patients (9%) in 
the longer HT group achieved MR4.5 during the 48-week 
study period. The median time to MR4.5 was not reached. 
The MR4.5 cumulative incidence was significantly in-
creased in the shorter HT group compared to that in the 
longer HT group based on the log-rank test (p < 0.0001).

3.6  |  Long-term follow-up

Eleven patients who achieved MR4.5 were followed up after 
this study (median follow-up: 266 days; range: 146–357 days). 
All patients continued the same TKI treatment but stopped 
TM5614 treatment after the study. Molecular responses were 
assessed regularly by IS-PCR every 3 months after this study 
in all patients. No patient died from any cause or progressed to 
an advanced phase of CML. Despite discontinuing TM5614, 
all patients maintained MR4.5, except for one patient who 
had a loss of MR4.5 within 3 months after study initiation and 
showed fluctuations in BCR-ABLIS values in MR4.0.

3.7  |  Analysis of the clinical 
characteristics of patients

The MR4.5 rate was analyzed based on the clinical char-
acteristics shown in Table  2. Patients who were treated 
with TKI for 36–60 months and showed MR4.0 (BCR-ABLIS 
value <0.01%) before the study were more likely to achieve 
MR4.5 than other patients.

Additionally, the multivariate analyses revealed that 
the baseline BCR-ABLIS value was the only factor that 
could significantly predict MR4.5 in this study (odds ratio 
for MR4.5, 55.969; 95% CI, 3.808–822.639; p  =  0.0033; 
Table 3). Other factors showed no significant or margin-
ally significant associations.

3.8  |  Safety

In 25 patients, 59 cases of any-grade adverse events (AEs) 
were disclosed. The most frequent AEs were upper res-
piratory infections (six cases), enteritis (two cases), 

nasopharyngitis (two cases), zinc deficiency (two cases), 
limb pain (two cases), and spinal disc herniation (two 
cases). Three cases of severe adverse events (SAEs) were 

F I G U R E  3   The receiver operator characteristic curve (ROC) 
for the halving time in the prediction of a MR4.5 by 48 weeks. The 
ROC curve showing that the cut-off value of halving time for the 
prediction of a MR4.5 by 48 weeks was 6.9 weeks (sensitivity 0.80, 
specificity 0.909, ROC-area under the curve (AUC) 0.83).
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reported in two patients, including cellulitis, abdominal 
wall abscess, and acute hepatitis. However, we believe 
that these events were not related to TM5614, because 
they were improved by supportive care and TM5614 was 
continued. Although there were eight cases of AEs related 
to TM5614 in six patients, including lymphopenia (two 
cases), eyelid edema (one case), conjunctival bleeding 
(one case), stomatitis (one case), oral hypersensitivity (one 
case), liver dysfunction (one case), and headache (one 
case), these events were not severe and did not require any 
treatment. Although many of these events considered to 

be related appear typical of TKI, the distinction between 
TM5614-related and -unrelated AEs was made by the 
physician-in-charge. In the pilot study prior to this Phase 
II trial, we measured TKI plasma concentrations before 
and after administration of TM5614 (data not shown). 
There were no differences in plasma concentrations fol-
lowing TM5614 administration and this finding indicated 
that these AEs may not be attributable to a higher expo-
sure to TKI induced by TM5614.

4   |   DISCUSSION

We previously developed a low-molecular-weight syn-
thetic inhibitor of PAI-118,19 and showed that it enhances 
hemopoietic regeneration in a preclinical study.25,26 We 
hypothesized that the inhibition of intracellular PAI-1 ac-
tivity would induce the detachment of CML-LSCs in the 
BM, rendering CML-LSCs susceptible to TKI therapy. In a 
mouse model of CML, we demonstrated that the combined 
administration of TKI and a PAI-1 inhibitor significantly 
enhanced CML cell killing in the BM and prolonged CML 
mouse model survival.20 These findings provided evidence 
of a novel therapeutic strategy based on the inhibition of 
PAI-1 activity in patients with CML.

Here, we report the TM5614 Phase II clinical trial on 
the use of the PAI-1 inhibitor, TM5614 combined with a 
TKI for patients with CML not achieving MR4.5 with TKI 
treatment alone. The transition from an MMR/MR4 to 
MR4.5 was observed in 11 patients, resulting in a cumu-
lative molecular response incidence of 33.3% at 48 weeks. 
During follow-up, 10 of 11 patients maintained a MR4.5 
for an additional year compared to those taking the same 
TKI alone. Before study entry, 5 patients showed tran-
siently MR4.5 as the best response in 1 year but it was not 
sustained under the TKI monotherapy (Figure  S1). The 
slope of BCR-ABLIS % decreased after this study in the re-
sponder group. This figure shows that TM5614 induced 
MR4.5 in some patients without MR4.5.

T A B L E  2   Analysis of the clinical characteristics of patients

Patients (n = 33) MR4.5
No 
MR4.5 p-value

Male 6 13 0.8033

Female 5 9

Time since diagnosis (1)

<36 months 1 6 0.4393

36 months – <60 months 5 5

60 months 
– <120 months

3 5

120 months 2 6

Time since diagnosis (2)

36 months – <60 months 5 5 0.1805

Others 6 17

IM 1 6 0.2284

2G-TKI 10 16

MMR, BCR-ABLIS value 
≥0.01

1 16 0.0006

MR4, BCR-ABLIS value 
<0.01

10 6

TM5614 dose

150 mg/day 6 9 0.4583

180 mg/day 5 13

Abbreviations: 2G, second-generation; IM, imatinib; TKI, tyrosine kinase 
inhibitor.

T A B L E  3   Logistic regression analysis based on clinical characteristics

Clinical characteristics

MR4.5 by 42 weeks Backward selection (p < 0.15)

OR (95% CI) p-value OR (95% CI) p-value

Age, years 1.076 (0.980–1.181) 0.1241 1.051 (0.983–1.124) 0.1476

Sex (female/male) 0.950 (0.094–9.597) 0.9656

TKI, 2G-TKI/IM 25.769 (0.398–999.999) 0.1267

Time since diagnosis, 36 months~<60 months/others 0.241 (0.009–6.579) 0.3993

BCR-ABLIS baseline, MR4 (<0.01)/MMR (≥0.01) 195.5 (2.979–999.999) 0.0135 55.969 (3.808–822.639) 0.0033

TM5614 dose, 150/180 mg/day 0.269 (0.018–4.124) 0.3456

Abbreviations: 2G, second-generation; CI, confidence interval; IM, imatinib; OR, odds ratio; TKI, tyrosine kinase inhibitor.
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We defined DMR as MR4.5, which is a BCR-ABL1 
transcript level ≤ 0.0032% or by undetectable disease in 
cDNA with >100,000 ABL transcripts. Because assay 
sensitivity should be defined in a standardized man-
ner when BCR-ABL1 mRNA is undetectable, DMR is 
also defined as MR4, which is a BCR-ABL1 transcript 
level ≤0.01% or by undetectable disease with the ELN 
definition.3 However, recent data suggest that the TFR 
success rate for patients with MR4 but not achieving 
MR4.5 is significantly lower than that for stable MR4.5.27 
Additionally, we reported that undetectable disease, 
which was defined as no BCR-ABL1 in >100,000 ABL1 
control genes using IS-PCR at the study baseline, was 
found to be predictive of TFR continuation in two in-
dependent TFR trials, the JALSG STIM213 study and 
STAT2.11,12 We believe that a deeper molecular response 
is essential to TFR. Although DMR is the milestone of 
TFR, which has become the new target for CML ther-
apy, only a small number of patients can achieve it. In 
the ENESTnd study, in which patients with CML were 
followed up for more than 10 years, the cumulative 5-
year rate of MR4.5 was 53.3% with nilotinib 300 mg BID 
and 31.4% with imatinib 400  mg QD.22 Among eval-
uable patients with no MR4.5 at 5 years, 38.0% (35/92) 
in the nilotinib arm and 22.7% (22/97) in the imatinib 
arm achieved an MR4.5 at 10 years while continuing the 
same treatment.22 Although the cumulative incidence of 
MR4.5 increased within the duration of TKI therapy, it 
was only 4.5%–7.6% per year. In our study, the cumula-
tive MR4.5 incidence was much higher than that of the 
historical control, suggesting that TM5614 combined 
with TKI induces MR4.5 and TFR in patients with CML.

Patients with MR4.5 on TKI are a very sensitive pop-
ulation for whom combination therapies may pose an 
additional risk of negative health outcomes. During this 
study, bleeding events and abnormal coagulation related 
to the drug were not found, and TM5614 was highly safe. 
Therefore, the daily dose was elevated from 150 mg to 
180 mg. The plasma concentrations of TM5614 were rel-
atively stable, and no accumulation of TM5614 was ob-
served during this study. However, late AEs related to 
TM5614 were reported in the preclinical study (data not 
shown).

In addition, in the multivariate analysis, the cumulative 
incidence of MR4.5 by 48 weeks, which was our primary 
objective, was associated with the molecular level, which 
means assessing whether an MR4 was achieved or not be-
fore the study. Patients with the MR4 achieved a signifi-
cantly higher MR4.5 than those without MR4. Moreover, 
patients with a shorter HT (less than 6.9 weeks) of BCR-
ABLIS evaluated at 8 weeks were more likely to achieve 
MR4.5 by 48 weeks than those with a longer HT. Although 
the duration of TKI treatment was not related to MR4.5 

in this study, our results show that a treatment duration 
of 3 years was necessary to achieve MR4.5, indicating that 
MR4.5 can be induced in patients treated with TKIs for at 
least 3 years through a combination of TKIs and TM5614. 
Therefore, TM5614 in combination with TKIs might be a 
good option for patients whose HT cannot be calculated 
because of BCR-ABL1 IS fluctuations at low levels around 
MR4 for more than 1 year. Such patients could not achieve 
MR4.5with traditional TKI monotherapy even if the treat-
ment was continued for additional years.

Previous studies have shown that other approaches 
such as IFN-A/peg-IFN-A,28,29 a BCL-2 inhibitor (vene-
toclax), a JAK2 inhibitor (ruxolitinib), a BTK inhibitor, a 
PPAR-γ (pioglitazone),30 and a PD-1 antibody in combi-
nation with TKI, can be applied to eliminate CML stem 
cells in patients with CML not achieving DMR with TKI 
monotherapy.31,32 Compared to results of several on-
going randomized trials on combination drugs, includ-
ing NCT02011945, NCT03610971, NCT03654768, and 
NCT02689440, TM5614 is relatively tolerable, which 
makes it a strong candidate for combinations with TKIs to 
eliminate CML-LSCs.

In conclusion, TM5614 in combination with TKIs was 
well tolerated and induced a MR4.5 in more patients than 
that with TKI treatment alone. This combination therapy 
might increase the number of candidates for TFR among 
patients with CML compared to that with TKI monother-
apy. This study has limitations. It included a small number 
of patients and used a comparison with historical controls. 
We are currently planning a phase III randomized control 
trial for CML-CP patients without MR4.5 treated with TKIs 
combined with or without TM5614.

AUTHOR CONTRIBUTIONS
Naoto Takahashi: Conceptualization (equal); investiga-
tion (equal); methodology (equal); project administration 
(equal); visualization (equal); writing – original draft (lead); 
writing – review and editing (lead). Yoshihiro Kameoka: 
Data curation (equal); investigation (equal); project ad-
ministration (equal). Makoto Onizuka: Investigation 
(equal); methodology (equal); project administration 
(equal). Yasushi Onishi: Investigation (equal); method-
ology (equal); project administration (equal). Fumiaki 
Takahashi: Data curation (lead); formal analysis (lead); 
software (lead); supervision (lead); validation (lead); 
visualization (lead). Takashi Dan: Conceptualization 
(equal); data curation (equal); formal analysis (equal); 
funding acquisition (equal); resources (equal); software 
(equal); supervision (equal); validation (equal). Toshio 
Miyata: Conceptualization (lead); funding acquisition 
(lead); resources (lead); supervision (lead). Kiyoshi Ando: 
Conceptualization (equal); data curation (equal); formal 
analysis (equal); funding acquisition (equal); investigation 



      |  4257TAKAHASHI et al.

(equal); methodology (equal); project administration 
(equal); supervision (equal); validation (equal); visualiza-
tion (equal); writing – original draft (equal); writing – review 
and editing (equal). Hideo Harigae: Conceptualization 
(equal); data curation (equal); funding acquisition (lead); 
investigation (lead); methodology (lead); project adminis-
tration (lead); writing – original draft (equal); writing – re-
view and editing (equal).

FUNDING INFORMATION
This study was supported by the Practical Research 
for Innovative Cancer Control from the Japan Agency 
for Medical Research and Development (AMED 
19ck0106418h0002, AMED 20ck0106418h0003).

CONFLICT OF INTEREST
N.T. declares research funding, honoraria, and speakers' 
bureau from Novartis, Otsuka, and Pfizer, research fund-
ing from Astellas, and honoraria from Asahikasei, Ono, 
Kyowa Kirin, and Mochida, outside the submitted work. 
Y.O. declares the speakers' bureau from Novartis and 
Pfizer. K.A. declares research funding and honoraria from 
Chugai, research funding from Novartis, Otsuka Jansen, 
Astellas, IQVIA, Zenyaku Kogyo, Solasia, and honoraria 
from Takeda, Mochida, Meiji Seika Pharma, and Kyowa 
Kirin. T.M. declares research funding from Astellas, 
Daiichi Sankyo, Kowa, Renascience, and Tokyo marine & 
nichido. H.H. declares research funding and speakers' bu-
reau from Novartis, speakers' bureau and honoraria from 
Ono, speakers' bureau from BMS, Chugai, and Jansen, 
and honoraria from Astellas, and Kyowa Kirin. The other 
authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author, NT, upon reasonable 
request.

ETHICAL APPROVAL STATEMENT
This study was conducted in accordance with the 
Declaration of Helsinki and Good Clinical Practice 
and was approved by the Ethics Committee of Tohoku 
University (No. 2019–193,006) and by the ethics commit-
tees of all participating institutions.

PATIENT CONSENT STATEMENT
All patients provided written informed consent before 
enrollment.

CLINICAL TRIAL REGISTRATION
This study is a prospective, multicenter, open-label, single-
arm phase II trial (jRCT2031190071).

ORCID
Naoto Takahashi   https://orcid.
org/0000-0002-6758-3787 

REFERENCES
	 1.	 Bower H, Bjorkholm M, Dickman PW, Hoglund M, Lambert 

PC, Andersson TM. Life expectancy of patients with chronic 
myeloid leukemia approaches the life expectancy of the general 
population. J Clin Oncol. 2016;34:2851-2857.

	 2.	 Deininger MW, Shah NP, Altman JK, et al. Chronic myeloid 
leukemia, version 2.2021, NCCN clinical practice guidelines in 
oncology. J Natl Compr Canc Netw. 2020;18:1385-1415.

	 3.	 Hochhaus A, Baccarani M, Silver RT, et al. European 
LeukemiaNet 2020 recommendations for treating chronic my-
eloid leukemia. Leukemia. 2020;34:966-984.

	 4.	 Shimoda K, Takahashi N, Kirito K, Iriyama N, Kawaguchi T, 
Kizaki M. JSH practical guidelines for hematological ma-
lignancies, 2018: I. Leukemia-4. Chronic myeloid leukemia 
(CML)/myeloproliferative neoplasms (MPN). Int J Hematol. 
2020;12:268-291.

	 5.	 Mahon FX, Rea D, Guilhot J, et al. Discontinuation of imati-
nib in patients with chronic myeloid leukaemia who have 
maintained complete molecular remission for at least 2 years: 
the prospective, multicentre stop imatinib (STIM) trial. Lancet 
Oncol. 2010;11:1029-1035.

	 6.	 Etienne G, Guilhot J, Rea D, et al. Long-term follow-up of the 
French stop imatinib (STIM1) study in patients with chronic 
myeloid leukemia. J Clin Oncol. 2017;35:298-305.

	 7.	 Ross DM, Branford S, Seymour JF, et al. Safety and efficacy of 
imatinib cessation for CML patients with stable undetectable 
minimal residual disease: results from the TWISTER study. 
Blood. 2013;122:515-522.

	 8.	 Imagawa J, Tanaka H, Okada M, et al. Discontinuation of da-
satinib in patients with chronic myeloid leukaemia who have 
maintained deep molecular response for longer than 1 year 
(DADI trial): a multicentre phase 2 trial. Lancet Haematol. 
2015;2:e528-e535.

	 9.	 Rea D, Nicolini FE, Tulliez M, et al. Discontinuation of dasati-
nib or nilotinib in chronic myeloid leukemia: interim analysis 
of the STOP 2G-TKI study. Blood. 2017;129:846-854.

	10.	 Saussele S, Richter J, Guilhot J, et al. Discontinuation of tyrosine 
kinase inhibitor therapy in chronic myeloid leukaemia (EURO-
SKI): a prespecified interim analysis of a prospective, multi-
centre, non-randomised, trial. Lancet Oncol. 2018;19:747-757.

	11.	 Takahashi N, Nishiwaki K, Nakaseko C, et al. Treatment-free 
remission after two-year consolidation therapy with nilotinib in 
patients with chronic myeloid leukemia: STAT2 trial in Japan. 
Haematologica. 2018;103:1835-1842.

	12.	 Takahashi N, Tauchi T, Kitamura K, et al. Deeper molecular 
response is a predictive factor for treatment-free remission 
after imatinib discontinuation in patients with chronic phase 
chronic myeloid leukemia: the JALSG-STIM213 study. Int J 
Hematol. 2018;107:185-193.

	13.	 Rousselot P, Charbonnier A, Cony-Makhoul P, et al. Loss of 
major molecular response as a trigger for restarting tyrosine ki-
nase inhibitor therapy in patients with chronic-phase chronic 
myelogenous leukemia who have stopped imatinib after dura-
ble undetectable disease. J Clin Oncol. 2014;32:424-430.

https://orcid.org/0000-0002-6758-3787
https://orcid.org/0000-0002-6758-3787
https://orcid.org/0000-0002-6758-3787


4258  |      TAKAHASHI et al.

	14.	 Graham SM, Jorgensen HG, Allan E, et al. Primitive, quiescent, 
Philadelphia-positive stem cells from patients with chronic myeloid 
leukemia are insensitive to STI571 in vitro. Blood. 2002;99:319-325.

	15.	 Corbin AS, Agarwal A, Loriaux M, Cortes J, Deininger MW, 
Druker BJ. Human chronic myeloid leukemia stem cells are in-
sensitive to imatinib despite inhibition of BCR-ABL activity. J 
Clin Invest. 2011;121:396-409.

	16.	 Hamilton A, Helgason GV, Schemionek M, et al. Chronic my-
eloid leukemia stem cells are not dependent on Bcr-Abl kinase 
activity for their survival. Blood. 2012;119:1501-1510.

	17.	 Pagani IS, Dang P, Saunders VA, et al. Lineage of measurable 
residual disease in patients with chronic myeloid leukemia in 
treatment-free remission. Leukemia. 2020;34:1052-1061.

	18.	 Izuhara Y, Takahashi S, Nangaku M, et al. Inhibition of plas-
minogen activator inhibitor-1: its mechanism and effectiveness 
on coagulation and fibrosis. Arterioscler Thromb Vasc Biol. 
2008;28:672-677.

	19.	 Izuhara Y, Yamaoka N, Kodama H, et al. A novel inhibitor of 
plasminogen activator inhibitor-1 provides antithrombotic ben-
efits devoid of bleeding effect in nonhuman primates. J Cereb 
Blood Flow Metab. 2010;30:904-912.

	20.	 Yahata T, Ibrahim AA, Hirano KI, et al. Targeting of plas-
minogen activator inhibitor-1 activity promotes elimina-
tion of chronic myeloid leukemia stem cells. Haematologica. 
2021;106:483-494.

	21.	 Hochhaus A, Saglio G, Hughes TP, et al. Long-term benefits 
and risks of frontline nilotinib vs imatinib for chronic myeloid 
leukemia in chronic phase: 5-year update of the randomized 
ENESTnd trial. Leukemia. 2016;30:1044-1054.

	22.	 Kantarjian HM, Hughes TP, Larson RA, et al. Long-term out-
comes with frontline nilotinib versus imatinib in newly diag-
nosed chronic myeloid leukemia in chronic phase: ENESTnd 
10-year analysis. Leukemia. 2021;35:440-453.

	23.	 Cortes JE, Saglio G, Kantarjian HM, et al. Final 5-year study 
results of DASISION: the DASATINIB versus Imatinib study in 
treatment-naive chronic myeloid leukemia patients trial. J Clin 
Oncol. 2016;34:2333-2340.

	24.	 Sokal JE, Cox EB, Baccarani M, et al. Prognostic discrimi-
nation in "good-risk" chronic granulocytic leukemia. Blood. 
1984;63:789-799.

	25.	 Ibrahim AA, Yahata T, Onizuka M, et al. Inhibition of plas-
minogen activator inhibitor type-1 activity enhances rapid 
and sustainable hematopoietic regeneration. Stem Cells. 
2014;32:946-958.

	26.	 Ibrahim AA, Yahata T, Muguruma Y, Miyata T, Ando K. 
Blockade of plasminogen activator inhibitor-1 empties bone 
marrow niche sufficient for donor hematopoietic stem cell 
engraftment without myeloablative conditioning. Biochem 
Biophys Res Commun. 2019;516:500-505.

	27.	 Gesiotto QJ, Jain AG, Ball S, et al. Treatment free remission in 
patients with chronic phase CML: a single center experience. 
Blood. 2021;138:3612.

	28.	 Hjorth-Hansen H, Stentoft J, Richter J, et al. Safety and efficacy 
of the combination of pegylated interferon-alpha2b and dasat-
inib in newly diagnosed chronic-phase chronic myeloid leuke-
mia patients. Leukemia. 2016;30:1853-1860.

	29.	 Nicolini FE, Etienne G, Dubruille V, et al. Nilotinib and pegin-
terferon alfa-2a for newly diagnosed chronic-phase chronic 
myeloid leukaemia (NiloPeg): a multicentre, non-randomised, 
open-label phase 2 study. Lancet Haematol. 2015;2:e37-e46.

	30.	 Rousselot P, Prost S, Guilhot J, et al. Pioglitazone together with 
imatinib in chronic myeloid leukemia: a proof of concept study. 
Cancer. 2017;123:1791-1799.

	31.	 Mu H, Zhu X, Jia H, Zhou L, Liu H. Combination therapies in 
chronic myeloid leukemia for potential treatment-free remis-
sion: focus on leukemia stem cells and immune modulation. 
Front Oncol. 2021;11:643382.

	32.	 Hochhaus A, Ernst T. TKI discontinuation in CML: how do we 
make more patients eligible? How do we increase the chances 
of a successful treatment-free remission? Hematology Am Soc 
Hematol Educ Program. 2021;2021:106-112.

SUPPORTING INFORMATION
Additional supporting information can be found online 
in the Supporting Information section at the end of this 
article.

How to cite this article: Takahashi N, Kameoka 
Y, Onizuka M, et al. Deep molecular response in 
patients with chronic phase chronic myeloid 
leukemia treated with the plasminogen activator 
inhibitor-1 inhibitor TM5614 combined with a 
tyrosine kinase inhibitor. Cancer Med. 
2023;12:4250-4258. doi: 10.1002/cam4.5292

https://doi.org/10.1002/cam4.5292

	Deep molecular response in patients with chronic phase chronic myeloid leukemia treated with the plasminogen activator inhibitor-­1 inhibitor TM5614 combined with a tyrosine kinase inhibitor
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Patients and synopsis of study protocol
	2.2|Study endpoints and assessments
	2.3|Statistical analyses

	3|RESULTS
	3.1|Patient characteristics
	3.2|TM5614 administration and pharmacokinetics
	3.3|Molecular efficacy of the combination of TM5614 and TKIs
	3.4|Log-­reduction in BCR-­ABLIS % during this study
	3.5|Halving time of BCR-­ABLIS % at 8 weeks
	3.6|Long-­term follow-­up
	3.7|Analysis of the clinical characteristics of patients
	3.8|Safety

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ETHICAL APPROVAL STATEMENT
	PATIENT CONSENT STATEMENT
	CLINICAL TRIAL REGISTRATION
	REFERENCES


