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Although tyrosine Kinase Inhibitors (TKI) has revolutionized the treatment of chronic
myeloid leukemia (CML), patients are not cured with the current therapy modalities.
Also, the more recent goal of CML treatment is to induce successful treatment-free
remission (TFR) among patients achieving durable deep molecular response (DMR).
Together, it is necessary to develop novel, curative treatment strategies. With
advancements in understanding the bioclogy of CML, such as dormant Leukemic Stem
Cells (LSCs) and impaired immune modulation, a number of agents are now under
investigation. This review updates such agents that target LSCs, and together with
TKls, have the potential to eradicate CML. Moreover, we describe the developing
immunotherapy for controlling CML.

Keywords: chronic myeloid leukemia, tyrosine-kinase inhibitor, drug therapy, immunotherapy, treatment-
free remission

INTRODUCTION

Chronic myeloid leukemia (CML) is a clonal myeloproliferative disorder, of which the central
pathogenic driving event involves the ‘Philadelphia’ chromosomal translocation leading to
expression of the BCR-ABLI fusion oncoprotein. Acting as a constitutively active tyrosine
kinase, BCR-ABLI triggers downstream signaling pathways leading to dysregulated growth and
hyperproliferation of leukemic cells (1-7).

The first specific tyrosine kinase inhibitor (TKI) targeting BCR-ABL was imatinib. Its
introduction in 2001 completely replaced interferon-alpha (IFN-a) as standard CML treatment,
providing high remission rates, fewer side effects and significantly improved patient survival (8-10).
Nevertheless, about 20% of CML patients proved resistant and/or intolerant to imatinib (11). This
led to the development and introduction of second-generation TKIs with higher selectivity
(dasatinib, nilotinib and bosutinib), resulting in more rapid and profound therapeutic milestones
(12-20). Thereafter in 2012, the most potent TKI ponatinib was approved for treatment in patients
resistant to two or more TKIs, especially those cases developing the common T315I “gatekeeper”
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mutation that occurs in BCR-ABL in response to TKI therapy
(21-23). Asciminib (formerly ABL001), a potent and selective
allosteric ABLI inhibitor, is undergoing clinical development
testing in patients with CML and Philadelphia chromosome-
positive (Ph*) acute lymphoblastic leukemia (ALL). Distinct
from all other catalytic-site ABLI1 kinase inhibitors (24, 25),
the novel compound occupies the myristoyl pocket, a non-ATP-
competitive site inducing the BCR-ABLI kinase protein to adopt
an autoinhibited conformation. A preclinical study revealed that
ABLO01 was active in inhibiting all BCR-ABLI positive CML cell
lines and xenografted mice models derived from either the KCL-
22 cell line or primary cells of Ph™ ALL patients (26). As
expected, the novel compound targets both native and mutated
BCR-ABLI, including the T315I mutant. In this respect, it is
worth noting that the only clinical agent indicated for T315I
mutant cases is ponatinib, which has substantial tolerability
issues that limit dosing in CML patients.

Three decades after the introduction of imatinib, the life span
of most CML patients has approached to that of the general
population (27). Treatment-free remission (TFR) has since then
become an additional treatment goal and stop-therapy trials
undertaken in recent years have provided proof for the TFR
concept (28-34). It is estimated that 30-40% of patients treated
with imatinib and 40-50% of patients treated with second-
generation TKIs meet the withdrawal criteria (17, 18, 35). To
date, the treatment regimens for over 3,000 CML patients
reaching a deep molecular response (DMR) has been halted.
Thus far, about 50% of patients qualifying for TKI
discontinuation have shown sustained TFRs while relapse
patients remained sensitive to TKI re-treatment and did not
develop BCR-ABL mutations (36). However, it remains poorly

understood why these patients relapse within six months of
treatment withdrawal (28, 29, 37). There are two main theories
for the rapid relapse in these patients, one involving leukemic
stem cells (LSCs) and the other being immune surveillance.

Despite their expression of constitutively active BCR-ABL1
kinase, CML LSCs have been shown to be persistent in a
quiescent state within the bone marrow niche (38, 39).
Although imatinib effectively inhibits BCR-ABL kinase and
downstream signaling pathways in stem-like CML cells, it does
not induce cell death in vitro, suggesting LSCs are resistant to
TKI treatment (40). Indeed, in CML patients whose BCR-ABL
transcript were undetectable, BCR-ABL" stem cells still could be
detected using highly sensitive assays (41-44). Moreover, these
and other studies (40, 45, 46) strongly suggest that the survival
and proliferation of CML LSCs under TKI treatment occurs
through BCR-ABL kinase-independent pathways (Figure 1).

Another important factor that likely sustains TFR in CML
involves immune surveillance. Suggestively, the elevated natural
killer (NK) cells in peripheral blood predict positive clinical
outcomes after the discontinuation of imatinib (47), implying that
in the context of innate immunity, NK cell-mediated immune
surveillance contributes to the control of CML after TKI cessation
(48-51). In addition to NK cells, increases in other immune
effectors including T and B cell subsets along with concomitantly
decreased immune suppressors such as FoxP3" regulatory T cells
(Tregs) and myeloid-derived suppressor cells (MDSCs) may also
work in concert to mediate a successful TFR (52).

Thus, there is good available evidence to indicate that
targeting LSCs or employing immune modulation therapies
will bring treatment options closer to TFR for all CML patients.
In this review, we focus on updating how combinatorial
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FIGURE 1 | Schematic representation of the signaling pathways targeted by non ABL-directed drugs. (A) IFN-o inhibits activation of multiple factors resulting in cell
proliferation arrest and immune modulation; (B) BCL-2 inhibitors block the pro-survival activity of BCL-2 family members increasing apoptosis; (C) Ruxolitinib
suppress the activity of JAK2 and downstream factors; (D) PPAR-y agonists serve as a negative transcriptional regulator of STATS and its downstream targets
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TKI-based strategies can be used to target LSCs along with
strategies for immunological modulation which potentially will
induce deeper and faster molecular remission than TKI therapy
alone (Table 1).

TKIS + INTERFERON-A (IFN-A)

IFN-o therapy was first reported in the 1980s to show
hematological responses in CML (53, 54). Compared with
conventional chemotherapy, IFN-a. monotherapy proved to
delay disease progression and prolong overall survival.
Thereafter in the 1990s, IFN-o became the standard therapy
for CML patients who were not suited for bone marrow
transplantation (55-60). However, the emergence of imatinib
largely displaced IFN-c in clinical practice, and was only used
during pregnancy or for patients with TKI intolerance (61-63).
Nevertheless, in the current era IFN-o is making a comeback in
CML therapy due to its unique activity and immunological
effects against CML LSCs.

Notably, patients previously treated with IFN-o. demonstrate
an increased likelihood of TFR compared to TKI monotherapy
(64). Furthermore, IFN-o. together with TKI therapy showed
positive effects through achieving deeper molecular responses
and eliminating the T315I mutation (65). In vitro studies
have demonstrated that IFN-o exerts its anti-leukemic effect
mainly by directly inhibiting the proliferation of CML progenitor
cells. Here, IFN-o efficiently target key regulators of cell cycle
progression such as cdc25A, thus blocking or lengthening the cell
cycle and causing cells to differentiate or undergo apoptosis (66,
67). Towards the latter, IFN-o activates apoptosis by inducing
expression of pro-apoptotic proteins such as Fas/CD95, so as
to increase cell sensitivity to Fas ligand (68, 69). It was further
observed in a mouse model that IFN-« efficiently reactivates LSC
entry into the cell cycle (70). Together these reports suggest that
IEN-o acts to sensitize and help eliminate LSCs, thereby
providing a rational basis for the association between IFN-o
treatment and improvements in treatment outcomes.

In addition to these direct actions against LSCs, it was evident
from earlier reports in the 1990s that IFN-o. treatment modulates
immunity through pleiotropic effects. In particular, IFN-o
strengthens anti-tumor immunity by activating autoimmune
cells including NK cells, B and T lymphocytes and antigen-
presenting cells (APC) (71). In vitro modeling of autologous and
non-autologous NK : CML cell-interactions demonstrated that
IFN-o treatment stimulated NK cytolytic activity (72, 73).
Moreover, recent studies suggest IFN-0. as a treatment strategy
to boost immune surveillance and potentially eradicate LSCs
if combined with careful monitoring of immunosuppressive
cells (74). Bringing together the aforementioned concepts,
several clinical CML studies combining TKI with IFN-o have
been reported and representative studies among these are
summarized in Table 2.

Interestingly, one critical observation made in the earlier
studies concerned dose-dependent effects where high dose
interferon limited co-treatment efficacy (75). Consequently,

IFN-o. dose reductions markedly improved combination
therapy with imatinib, showing better tolerance and higher
molecular remission rates across multiple studies. The Italian
GIMEMA working group enrolled new-diagnosed CML patients
to explore the effects of imatinib (n = 76) and imatinib plus
pegylated IFN-a (n = 419). At 6 months, both the CCyR rate
(60% vs. 42%) and MMR rate (58% vs. 34%) were higher in the
IM + IFN-o group than in the imatinib group. However, a high
proportion of the Peg-IFN-o study arm patients permanently
discontinued treatment in the first year (45/76; 59%), increasing
a further 28% at 2 years (75), ultimately accounting for no
differences in long-term remissions (76).

Another phase II study (77) by the Nordic group (n = 112)
confirmed the long-term effects of combining peg-IFNo. with
imatinib. MMR rates in the combination arm were significantly
higher compared with imatinib monotherapy (82% vs. 54%,
respectively) at 12 months. Nonetheless, despite 34 (61%) of
patients stopping peg-IFNa. treatment due to adverse events,
those patients who continued combination therapy for more
than one year, reached 91% MMR compared to 58% for imatinib
monotherapy. In accordance with these findings, the large
French SPIRIT trial observed faster and better molecular
responses in the interferon-imatinib arm than for treatment
with imatinib alone (n = 159 in each arm). The rate of major
and superior (>MR4.0) molecular responses were higher at 12, 18
and 24 months in the co-treatment group with the longer
durations of combination therapy associated with better
molecular responses. The majority of patients receiving peg-
IFN for more than 12 months reached MMR (82%) and 49%
achieved MR4 after 2 years in contrast to patients treated only
with imatinib (MMR, 43%; MR4, 21%) (78). However, the
findings of another large clinical study did not concur with the
SPIRIT trial, rather proposing benefits for using higher doses
of imatinib.

The German CML-Study IV randomized 1,014 patients
to one of the three cohorts: 1) monotherapy imatinib 400 mg
QD; 2) imatinib 400 mg QD plus IFNa (1.5-3 mill. U three
times per week); or 3) imatinib 800 mg QD. Overall findings
demonstrated that the imatinib plus IFNo. arm was almost
equivalent to standard-dose (400 mg) imatinib whereas high-
dose imatinib (800 mg) showed superior results. At 12 months,
higher MMR rates were observed in the modified high-dose
imatinib arm (800 mg early stage and 600 mg maintenance
QD dose) compared with the imatinib 400 mg plus IFN-o
arm (55 vs 35%, respectively). Similar benefits occurred in
CCyR rates over the first 24 months (82 vs 77%, respectively)
along with the International Scale (IS) molecular responses
measuring levels of BCR-ABL transcript at 1, 0.1 and 0.01%
(79). Discrepancies between the SPIRIT and Study IV results
could not be attributed to patient demographics, rather the
reason proposed to account for the discordant therapeutic
outcomes was the longer circulating half-life of the pegylated
IFNo used in the SPIRIT trial (80). Notwithstanding this
point, the tolerability-adapted strategy applied in the high-dose
imatinib arm of the German CML-Study IV correlated with the
superior remission rates.
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TABLE 1 | Clinical studies of TKI-combined therapies and immune strategies for CML.

Therapies NCT Number Phase Patient Characteristics Status Primary Objective Results
TKI + Interferon
Imatnib + interferon NCT01933906 1 CP-CML (n=12) Completed Safety and tolerability NDP
NCT01227356 2 CP-CML (n = 112) Completed MMR at 12 months NDP
NCT00219739 3 CP-CML (n = 789) Completed (1, 2) oS 14% vs. 25%: MR4.0 at M12 (IM vs. IM + IFN 90 ug/week); 10%
(SPIRIT) vs. 28%: MR4.0 (IM vs. IM+IFN 45 ug/week)
NCT00055874 3 CP-CML (n = 1551) Completed (3, 4) OS; PFS; molecular response  59% vs. 44% vs. 46%: MMR at M12 (IM 800 mg/d vs. IM 400
mg/d vs. IM 400 mg/d + IFN)
Nilotinib + interferon NCT01220648 1 CP-CML (n = 4) Completed (5) MTD of IFN NDP
(NICOLY)
NCT01294618 2 CP-CML (n = 41) Completed (6) CMR at 12 months 17%: MR 4.5 at M12 24%: grade 3-4 neutropenias 73%:
(NILOPEG) remained on IFN therapy at 1 year
NCT02001818 2 CP-CML (n = 100) Recruiting level of BCR-ABL at 24 NDP
(PINNACLe) months
NCT01657604 3 CP-CML (n = 717) Active, not MMR at 18 months NDP
(TIGER) recruiting
NCT02201459 3 CP-CML (n = 200) Unknown MR4.5 at 12 months NDP
(PETALS)
Dasatinib + interferon NCT01872442 2 CP-CML (n = NDP) Completed MR4.5 at 12 months NDP
NCT01725204 2 CP-CML (n = 40) Completed (7) MMR at 12 months 84%: remained on Peg-IFN at M12 10, 57, 84 and 89%: MMR at
(NordCMLO0Q7) M3, M6, M12 and M18 46%: MR4.0 at M12 27%: MR4.5 at M12
Bosutinib + interferon  NCT03831776 2 CP-CML (n =212) Recruiting MR4.0 at 12 months NDP
(BosuPeg)
TKI + Venetoclax/
ABT-199
Dasatinib + venetoclax NCT02689440 2 CP-CML (n = 140) Recruiting (8, 9) MMR at M12 81%: MMR; 55%: MR4.0; 49%: MR4.5; 80%: required dose
reduction; none: disease progression at M24
Ponatinib + venetoclax NCT03576547 1/2  Ph* relapsed/refractory ALL/CML (n = 38)  Recruiting MTD of combination therapy =~ NDP
NCT04188405 2 Ph* AML or BP CML (n = 30) Recruiting CR or CRi at the end of two ~ NDP
cycles of treatment (each
cycle is 28 days)
TKI + Ruxolitinib
Nilotinib + ruxolitinib NCT01702064 1 CML patients with evidence of molecular Completed (10) MTD of ruxolitinib with 1/11: grade 3/4 hypophosphatemia; 36%: grade 1/2 anemia; 4/
disease (n = 11) nilotinib at M6 10: have undetectable BCR-ABL transcripts
NCT02253277 1 CML and Ph* ALL (n = 5) Completed DLTs during cycle 1 (up to NDP
(CoRNea) day 28)
NCT01914484 1/2  TKl resistant CML or Ph* ALL (n = 4) Completed MTD at M6 NDP
Das/Nil + ruxolitinib NCT03654768 2 CP-CML (n = 84) Recruiting MR4.5 at M12 NDP
either prior TKI + NCT03610971 2 CP and previously attempted to Recruiting TFR rate at M12 NDP
ruxolitinib discontinue TKI therapy (n = 14)
TKI + Asciminib
Imatinib + asciminib NCT03578367 2 pre-treated CP-CML (n = 80) Recruiting MR4.5 at 48 weeks NDP
Dsatinib + asciminib NCT03595917 1 Ph* B-ALL or CML (n = 34) Recruiting MTD of ABLOO1 after 42 NDP
Days
Bosutinib + asciminib NCT03106779 3 CML-CP previously treated with two or Active, not MMR rate of ABLOO1 versus  NDP
more TKIs (n = 233) recruiting bosutinib at 24 weeks

(Continued)
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TABLE 1 | Continued

Therapies NCT Number Phase Patient Characteristics Status Primary Objective Results
IM/NIL/DAS + NCT02081378 1 CML or Ph* ALL relapsed/refractory/ Recruiting DLTs during the first cycle of  48%: MMR by 12 months; MMR was achieved/maintained by 12
asciminib intolerant to TKils (n = 330) treatment (first cycle is 28 months in five patients (28%) with a T315l mutation
days)
NCT03906292 2 newly diagnosed CML (n = 120) Recruiting MR4.0 at M12 NDP
(CMLXI)
TKI + Pioglitazone NCT02852486 2 CML with DMR (n = 31) Active, not TFR time after IM NDP
(EDI-PIO) recruiting (11) discontinuation
NCT02889003 2 CML (n = 26) Recruiting Treatment-related adverse NDP
(PIO2STOP) events and treatment-free
survival up to 24 months
NCT02767063 1 CP-CML in CCR (n = 100) Recruiting DMR at M12 NDP
(ACTIW)

TKI + Vaccines
BCR-ABL1 as a
specific antigen

el13a2 NCT00466726 2 CML (n = 57) Completed (12) Reduction by at Least 50% of 9%: a mild fever; 67%:CD4* T cell proliferation; 51%: a reduction
(CMLO206) peripheral blood BCR-ABL/  of >50% of pre-vaccine BCR-ABL/ABL values after nine
ABL ratio at 6 and 9 months  vaccinations; 48%: the reduction was confirmed after 10
vaccinations
NCT00004052 2 CML (n = 24) Completed Safety and immunogenicity NDP
e13a2, e14a2 NCT00428077 2 CP (n=4) Terminated BCR-ABL transcripts in PB 1/4: grade 3 acute gastroenteritis; 1/4: grade 2 cataracts
every 3 months for 1 year
NCT00267085 2 CML in remission but with MRD (n = 10) Completed One Log Decrease in BCR- 1/10: nausea; 1/10: neck pain; 1/10: back pain
ABL at M12
LAAs
WTA NCT00004918 1/2 CML, AML or MDS (n = 69) Completed Adverse event DTOX upto 8 NDP
years
TKI + ICB
Nivolumab NCT01822509 1 Relapsed hematologic malignancies Active, not MTD of nivolumab at 12 32% (8/25): ORR 23%: 1-year PFS 56%: OS
including CML (n = 71) recruiting (13) weeks
NCT02011945 1 CML (n = 35) Completed DLT of combination therapy =~ NDP
during the first 6 weeks
Avelumab NCT02767063 1/2  CP-CMLin CCR (n = 100) Recruiting DMR at M12 NDP
(ACTIW)

TKI, tyrosine kinase inhibitor; IM, imatinib; NIL, nilotinib; DAS, dasatinib; LAAs, leukemia associated antigens, ICB, immune-checkpoint blockade; OS, overall survival; PFS, Progression-free survival; NDP, No Data Posted; MTD, maximum
tolerated dose; IFN, interferon; CMR, complete molecular remissions; DMR, deep molecular response; ALL, Acute lymphoblastic leukemia; AML. Acute Myeloid Leukemia; MDS, Myelodysplastic Syndrome; BP, blast phase; CR, complete
remission; Cri, CR with incomplete count recovery; DLTs, dose limiting toxicities; PB, Peripheral blood; DTOX, death or autoimmune toxicity or vascular toxicity at any time; ORR, overall response rate; PFS, progression-free survival.
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In summary, the combined treatment of imatinib and
interferon improves the depth and speed of disease remission,
but toxicity concerns are also significant, which lead to high rates
of interferon-treatment termination.

As mentioned in the Introduction, the manifestation of
imatinib resistance has driven the development of second
generation (2G) TKIs with superior activity compared to
imatinib in both facilitating molecular remission and
preventing disease progression (16, 19, 81). A natural
progression of the findings with interferon-imatinib
combination therapies saw peg-IFNo added with dasatinib or
nilotinib therapies. Our group provided an early exemplary case
where a CML patient harboring the T315I and E255V BCR-ABLI
mutations achieved successful DMR using dasatinib combined
with IFN-o. (82). Thereafter, this concept has been applied in a
diverse range of clinical trials in CML patients. During CML trial
NCT01725204, dasatinib (100 mg pd) was combined with
pegylated interferon-02b (peg IFN) at three months (M3) at
an initial dose of 15 pg/week, later increasing to 25 pg/week from
M6 to M15. A steep rise in response rates was noted after
introduction of peg IFN with progressively increasing MMR
achieved over time (M3, 10%; M6, 57%; M12, 84% and M18,
89%, respectively). MR4 and MR4.5 were also achieved by a
respective 46 and 27% of patients at M12 (83). The recently
completed NCT01872442 trial dealt with effectiveness and safety
of dasatinib in combination with low dosage of Peg-IFNo2b as
first line treatment for newly diagnosed chronic phase (CP)
CML patients.

Synergistic effects of Peg-IFN02a and nilotinib has also been
demonstrated in French NiloPeg study. Forty-one newly
diagnosed CML patients received the combination therapy
with 45 ug peg IFN-2a weekly (90 pug weekly in the first
month) and 600 mg nilotinib daily, resulting in MR4.5 in
seven (17%) patients at 12 months. Despite hematological and
hepatic adverse events, most patients (73%) remained on IFN
therapy for more than one year (84). The follow-on French
PETALS study (NCT02201459) is comparing nilotinib 600 mg
BID against nilotinib 600 mg BID plus peg-IFN2a at increased
doses for 24 months. An interim analysis, which evaluated
cumulative rates of MR4.5 12 months after nilotinib initiation
in 200 newly diagnosed CP-CML patients, showed statistically
significant DMR rates in favor of the combination treatment arm
at 12 months (85). Similarly, interim results of the PINNACLE
study also suggested that combination therapy with nilotinib
plus Peg-IFNa2b results in favorable rates of molecular responses
compared with nilotinib as monotherapy (86). Finally, the
currently ongoing TIGER (CML V)-Study (NCT01657604)
aims to investigate if nilotinib 600 mg BID monotherapy
would be improved using low dose Peg-IFNo2b (30-50 ug/
week) as an inducer of immunosurveillance. According to a per
protocol interim analysis, Peg-IFN, when added upfront to
nilotinib further increases the rates of MR4.0 and MR4.5,
which may translate into higher rates of TFR (87). For
NCT02001818, long-term data such as survival length of
minimal disease and time to disease progression will be
assessed among patients injected with peg-IFN for 2 years.

TABLE 2 | Four classical clinical trials of TKI+IFN combination therapy for CML patients.

Undetectable
BCR-ABL1 % (m)

Median follow CHR CCyR% (m) MMR% (m) DMR% (m)

Disease stage; dura-

Number

Treatment regimen (median

Trial

%(m)

enrolled tion from diagnosis up; months

adminstrated dose)

12 24 36 48

12 18 24 36 48 6 12 18 24 36 6

6 12 18 24 36 48 6

3

13 15 12 19 19

65 65 65

81 87 82 58 67

60 70

60m

CP; <6 months

76

M (400mg/d) +peg IFN-02b

18 24 18

5

2

62 58 57

80 82 82 34 47

42 68
50 58
69 65
59 70

43m

419

14 18 21
17 22 26
15 19 26

38 42 43

89
89
95

44m

CP; <3 months

159
160
158

49 50 53

46m

46 53 54

43m

M (400mg/d) +cytosine
arabinoside(14mg/m*2/d)

Italian

French PIRIT

16

30 35 38
31 46

3 8 21

50 63 79

57 62 64
18 55 68 76 82

31

9

49 66 74

57 66
32 63 75 82

91

44m
43m

CP; < 16d

159
325

IM (400mg/d) +Peg IFN-a2a

(54 ug/w)
IM (400mg/d)

German

4 20 33 43 57
12 24 30 41

2

54

8 35 54 63 71
82

20 50 69 77
91
84

28m
48m
52w
52w

CP; <3 months

338

351
56
56

IM (800mg/d,actually 628mg/

d)
IM (400mg/d) +peg IFN-02b

IM (400mg/d) +IFN-oy(1.5m.U-
(42ug/week)

3m.U *3 times/week)

IM (400mg/d)
TKI, tyrosine kinase inhibitor; IFN, interferon; CML, chronic myeloid leukemia; IM, imatinib; CP, chronic phase; CHR, complete hematologic response; CCyR, complete cytogenetic response e.g.Ph+ 0%; MMR, major molecular response
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The combination of bosutinib with interferon is being
investigated in the BosuPeg trial, but no results have been
published (NCT03831776). Of note, a novel generation of
mono-pegylated interferon, ro-peg-IFNa2b, is used in this
study. Its half-life is longer, which allows to be administrated
once every 14 days (88).

TKI (NIL/IM) + BCL-2 INHIBITORS
(VENETOCLAX/ABT-199)

BCL-2 protein functions as the central abrogator of apoptotic
signals by preserving the integrity of the mitochondrial outer
membrane (MOM) (89), acting directly to inhibit the efflux of
cytochrome-c and the activation of caspases (90). In contrast,
activation of the pro-apoptotic BH3-only molecules (BH3s) BAX
and BAK changes their conformation to mediate cytochrome-c
release and initiate the mitochondrial apoptotic cascade (91).
Inspired by the role of the BH3 subgroup proteins in
programmed cell death, a variety of BH3 mimetics appeared as
anti-cancer compounds. These agents interact with the anti-
apoptotic proteins (BCL-2, BCL-X), and BCL-w) and inhibit
their function.

BCL-2 protein is important for the survival of leukemia cells
and LSCs (92-94). The expression of BCL-2 in CML is higher
than that in normal hematopoietic stem cells (HSCs), and it is
further increased if patients progress to blast crisis (BC) CML
(95). Notably, BCR-ABL supports CML cell survival by partially
upregulating anti-apoptotic BCL-2 proteins (96-98). Emerging
data now suggests that the combining TKIs with either BCL-2/
BCL-X; or pan-BCL-2 inhibitors can selectively enhance
cytotoxicity and thus eradicate CML stem/progenitor cells (95,
99, 100).

The orally bioavailable BH3 mimetic ABT-263 (navitoclax), a
potent BCL-2/BCL-X inhibitor (101), has now entered the
clinical trial phase for hematologic malignancies. However,
although it displays activity against CML progenitors, the
prospects for ABT-263 as a therapeutic agent are hampered by
its inhibitory effect on BCL-X;, which is critical for platelet
survival (102-104). Alternatively, minor structural modifications
of ABT-263 have resulted in ABT-199 (venetoclax), a BCL-2
inhibitor sparing BCL-X; but with strong anti-tumor activity
(105). A number of preclinical studies have now shown that
ABT-199 displays efficacy against various hematological
malignancies (106-109). For instance, ABT-199 is now
indicated for recurrent or refractory chronic lymphoid
leukemia (CLL) with 17p deletion and furthermore, has
entered clinical trials for lymphoma and multiple myeloma.

Regarding CML, a 2014 study claimed that ABT-199
significantly enhanced imatinib-mediated apoptosis of early
and late CML progenitors at concentrations that avoid
hematologic toxicities (110). A later report investigated the
effect of combined strategies concomitantly targeting BCR-ABL
kinase and BCL-2 with nilotinib and ABT-199 on LSCs in vivo
and in vitro (111). Consistent with previous reports (96, 98),
BCL-2 protein expression was markedly increased in BCR-ABL

transgenic mice, suggesting that BCL-2 plays a key role in the
survival of CML cells. Correspondingly, the combination
treatment was more effective than single drugs. Although ABT-
199 could induce apoptosis alone, its combination with nilotinib
demonstrated enhanced efficacy against both bulk and CD34"
cells obtained from patients irrespective of their clinical response
to TKIs. As a possible mechanism, they found combination
treatment greatly decreased downstream BCR-ABL signaling,
especially effected on phosphorylated CRKL (p-CRKL) and
MCL-1 expression. Another important finding concerned the
protective effect of MSCs in the bone marrow niche which is
known to protect acute leukemia cells from therapy. Co-culture
of MSCs with BC-CML cells resulted in the increased the
expression of the anti-apoptotic proteins BCL-2, BCL-XL and
MCL-1, suggesting MSCs play similar conspirator role in CML.
Fortunately, combination therapy proved highly synergistic in
inducing apoptosis of proliferative and quiescent CML cells, even
when co-cultured with MSCs.

Altogether, these results highlight that mechanism-guided
double blockade of BCL-2 and tyrosine kinase may cure CP-
CML and potentially also BC-CML patients, making this
approach worthy of further clinical testing.

As of 2016, a phase 2 clinical trial sponsored by the M.D.
Anderson Cancer Center (MDACC) is currently underway that
combines 50 mg dasatinib daily with venetoclax for newly
diagnosed CP-CML (NCT02689440). As designed, 140 patients
enrolled are divided into two arms: I 12 months of treatment
with dasatinib 50 mg orally daily; II starting combined treatment
with dasatinib 50 mg daily with venetoclax 200 mg daily after 3
months of dasatinib therapy in the absence of disease
progression or unacceptable toxicity. Early results from this
trial have reported the safety and efficacy of the lower dose of
dasatinib monotherapy (50 mg daily) in the treatment of 75
newly diagnosed CML-CP patients (112). The rates of CCyR at 6
and 12 months were 86 and 88%, respectively while at 12
months, 79, 71, and 46% of the well tolerated patients had
achieved MMR, MR4.0, and MR4.5, respectively. After a
minimum follow-up of 12 months, the updated cumulative
rates for MMR, MR4.0 and MR4.5 were 81, 55, and 49%,
respectively, which continued to support 50 mg of dasatinib
daily as an effective and safe dose for early CML-CP. Two further
trials of the combination of ponatinib and venetoclax are also
under way (NCT04188405 and NCT03576547).

TKI + JAK2 INHIBITOR (RUXOLITINIB)

The janus kinase/signal transducers and activators of transcription
(JAK/STAT) pathway are well known as the main signaling axis of
many important cytokines (113). During normal hematopoiesis,
cytokines bind to and activate their corresponding receptors
resulting in intracellular JAK2 phosphorylation of the STATS5
transcription factor which translocates to the cell nucleus to
regulate gene transcription (114).

In CML, constitutive activation of the JAK2/STATS5 axis
provides possible oncogenic signals for BCR-ABL expressing

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 643382


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Mu et al.

Treatment Strategies for Potential TFR

cells (6, 115). The central role of JAK2/BCR-ABL protein
complex was demonstrated to stabilize BCR-ABL kinase
activity and interrupting this complex increased the clearance
of BCR-ABL" cells, including CML stem/progenitor cells (116-
118). Similarly, the consensus has been reached that high levels
of STATS5 have a protective effect on BCR-ABL" cells even those
treated with TKIs (119). Indeed, targeting STATS5 activity can
specifically increase the elimination of BCR-ABL" cells, both
primary CML cells in BM as well as CML cells resistant to TKI
(120). Therefore, pharmacologic intervention of the JAK2/
STATS5 pathway appears a promising strategy for treating CML.

Targeting STATS5 per se is problematic since it is not a kinase
and lacks enzymatic domains necessary for conventional
inhibitor design approaches. Therefore, targeting JAK2 is
considered as an alternative method for interfering with the
function of STATS5. Notably, JAK2 may also directly interact
with other targets of interest other than STATS5. For example,
JAK2 directly phosphorylates the key tyrosine 177 residue of
BCR-ABL (118), leading to activation of the RAS/MAP kinase
pathway (121, 122). The latter is particularly relevant given its
activation of MYC (123) and B-catenin (124), both known to
play central roles in CML LSC self-renewal (125, 126). Thus,
there may be multiple therapeutic benefits realized by targeting
JAK2 in CML.

Among numerous small-molecule JAK2 inhibitors emerging
in clinical development, ruxolitinib (RUX) stands out as an
effective oral JAK1/2 inhibitor (127). This agent has already
been licensed for treating primary myelofibrosis based on phase
3 clinical trial data (128, 129). For application to CML, the
preclinical evidence supporting the synergy between ruxolitinib
at clinically achievable concentrations and nilotinib is very
promising (130, 131). Targeting the JAK2/STATS5 pathway
showed effective reductions in viability, colony output, and
proliferation of CML CD34" cells in vitro as well as the
engraftment of CML CD34" cells in vivo. In this study, the
combined treatment further downregulated the levels of p-JAK2
and p-STATS5 phosphoproteins along with genes regulated by
STATS5 including the cell cycle promoters Cyclin DI, D2, D3 and
the anti-apoptotic gene BCL-XL. Interestingly, ruxolitinib was
modestly effective as a single agent, but showed highly significant
effects when used in combination with nilotinib. The exact mode
of action was unclear, but the findings suggested the effects of
JAK2 are dispensable when BCR-ABL is fully activated, but under
nilotinib inhibition, the role of JAK2 became particularly
prominent. Thus, the importance of JAK2 inhibition only
became meaningful after inhibiting BCR-ABL, which helps
propose the necessity for continuing TKI in conjunction with
novel therapeutic agents for CML LSC eradication. However, the
main problem when applying JAK2 inhibitors to CML is their
potential toxicity to normal bone marrow (132). Nevertheless, the
above demonstrates that the conjunction of ruxolitinib and
nilotinib can selectively eradicate CML in vivo and in vitro by
tuning the appropriate concentration of ruxolitinib.

Other unanticipated actions of ruxolitinib against CML LSCs
also involve a potential immune mechanism involving the
regulation of MHC molecules (133). Malignant cells can lose
MHC expression to evade immune-mediated clearance by

tumor-specific T cells. Indeed, gene expression analyses show
MHC-II and its master regulator CIITA are significantly down-
regulated in CML stem/progenitor cells. The expression of
MHC-II or CTIIA in CML cells was not affected by TKI
treatment indicating their expression was independent of BCR-
ABL. In contrast, ruxolitinib enhanced the expression of MHC-II
in CML stem/progenitor cells, proposing this may help unmask
their invisibility to the immune system.

A phase 1 clinical trial investigating the safety and tolerability
of ruxolitinib when combined with nilotinib in the treatment of
CP-CML patients and has provided some support for the
perspectives outlined above. Kendra and colleagues designed
the study to determine the maximum tolerated dose (MTD) of
ruxolitinib and establish a toxicity profile. All 11 patients
remained on their usual doses of nilotinib (300 mg bid versus
400 mg bid, n = 8 versus n = 3) prior to this trial and ruxolitinib
was added at 5, 10, and 15 mg bid in three dose cohorts
respectively. After 6 months of combination therapy,
ruxolitinib was discontinued and patients continued to receive
nilotinib treatment without dose adjustment. All five patients
who took ruxolitinib 15 mg twice daily were also given nilotinib
300 mg bid. The most common adverse reactions at all dose
levels were mild hyperbilirubinemia (64%) and elevated alanine
aminotransferase (45%). One patient developed grade 3
hypophosphatemia, which was successfully treated by oral
potassium phosphate. Overall, no dose-limiting toxicities was
observed in patients with the combination intervention, and no
dose adjustment was required based on the treatment-emergent
adverse events (134). In general support of this conclusion,
another phase 2 study of relapsed or refractory leukemias
showed that ruxolitinib was very well tolerated as only 4/38
patients developing >grade-3 toxicity (135).

Further ongoing CP-CML trials (NCT02253277, NCT
01914484) are seeking to clarify the safety and tolerability
profile of nilotinib and ruxolitinib administered in combination,
particularly the dose limiting toxicities (DLT) and maximum
tolerated dose (MTD). The efficacy of combined therapy is also
being considered in a single-arm trial combining ruxolitinib and
specific TKI (NCT03610971) by measuring the TFR rate at 12
months. Furthermore, the Southwest Oncology group is
conducting a phase 2 study to compare the MR4.5 rate after 12
months of combination therapy with ruxolitinib plus dasatinib or
nilotinib versus TKI monotherapy based on local PCR
testing (NCT03654768).

Collectively these results and ongoing trials provide
new insights into the clinical efficacy of ruxolitinib-based
combined intervention in CP-CML, and even other refractory
Philadelphia chromosome-positive diseases such as BCR-ABL-
positive acute lymphoblastic leukemia (ALL) and atypical
chronic myeloid leukemia.

TKI + PPAR-I" AGONISTS (PIOGLITAZONE)

The combination of the peroxisome proliferator-activated
receptor gamma (PPAR-Y) agonist pioglitazone with TKIs in
the treatment of CML is now under investigation. Pioglitazone is
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commonly used to improve glycemic control in people with
Type 2 diabetes. PPAR-y is transcription factor and its activation
by pioglitazone serves to increase tissue sensitivity to insulin
(136). The finding that pioglitazone induces CML cells to
exit their quiescent state in vitro and sensitizes them to TKI
proposed a strong case for drug repurposing (137). The
researchers immediately investigated the possible molecular
mechanism of how pioglitazone targets CML LSCs. This
revealed that PPAR-y agonists serve as negative transcriptional
regulators of STATS5 and its downstream targets HIF20r and
CITED2, which are key guardians of quiescence and stemness
in CML LSCs (138).

Imatinib and pioglitazone both down-regulate STAT5
activity, but they work through different pathways. In CML
cells, STATS5 is activated upon direct phosphorylation by the
BCR-ABL kinase (139). Thus, imatinib inhibits the activation of
STATS5 through BCR-ABL phosphorylation, while pioglitazone
reduces the expression of STAT5. While imatinib monotherapy
is sufficient for clearing more differentiated CML cells, the
combination with pioglitazone is more effective since this
drives CML LSC to exit quiescence and renders them
susceptible to imatinib-induced apoptosis. In a case series,
when three CML patients with residual disease were
temporarily given pioglitazone under continuous imatinib
treatment, they all achieved sustained CMR up to 4.7 years
after pioglitazone withdrawal. Furthermore, one patient who
stopped imatinib for the last 6 months of his observation
period remained in CMR during this period without any
treatment. This suggests that TFR may be a generally
achievable goal through combination therapies that corrode
the cancer stem cell pool (138).

Following promising results of another phase 2 studies (140),
prospective randomized studies of pioglitazone synergy with
imatinib are currently underway (NCT02767063, NCT02889003).

IMMUNOLOGICAL STRATEGIES

As with other malignancies, the immune response against CML
can be impaired (141) but is sensitive to immune control.
Clinical and experimental studies have documented that the
host immune system may effectively suppress or eradicate
the quiescent CML stem cells and mediate biological control as
a way to succeed in TFR (141-143). Indeed, the only truly
curative treatment thus far is allogeneic hematopoietic stem
cell transplantation (allo-HSCT) where the anti-leukemia
effect of the graft may result from the donor cytotoxic T
lymphocytes (CTLs) eliminating residual CML stem cells
(144). Over the last decade other novel immunotherapy
strategies have included vaccines. BCR-ABL1 from CML
patients has been employed as the specific antigen (145) while
other leukemia associated antigens (LAAs) have also been
used to induce the immune response of T cells against BCR-
ABLI expressing cells (146). The clinical studies in CML using
immune strategies including immune checkpoint blockade
(ICB) are summarized in Table 1.

Vaccination

BCR-ABL1 as a Specific Antigen

As a unique product of gene rearrangement in CML, the BCR-
ABLI oncoprotein can be exploited as an immunogenic target in
addition to being a molecular target for inhibitors. While BCR and
ABL proteins exist in other normal cells, the peptides that span the
junction between BCR and ABL in BCR/ABL oncoproteins are
specific to CML cells (145). The breakpoint of ABL gene usually
occurs at the 5" region of exon 2 of ABL (a2), but the location of
breakpoint in BCR is more variable. In most cases, this occurs
between exons b2 and b3 (the b2a2 transcript) or between exons b3
and b4 (the b3a2 transcript) (147). The b3a2 rearrangement is
more prevalent, accounting for about 60% of all patients (148).
Therefore, the ideal immunogenic peptides of BCR-ABL1
encompass amino acid sequences of the b2a2 or b3a2 breakpoint
regions (149). Using this concept, several studies have now
explored the therapeutic effect of BCR-ABL1 immunopeptides.

The Evaluation of Peptide Immunisation in CML (EPIC)
study recruited 19 CML patients vaccinated with b3a2 peptide.
Thirteen patients with cytogenetic response after imatinib
treatment showed a late T cell immune response to the BCR-
ABL1 peptide, and BCR-ABLI1 transcripts decreased by one-log
(150). The efficacy of immune peptide cocktails was studied on
ten CML patients who expressed b2a2 or co-expressed b2a2/b3a2
BCR-ABL1 subtypes. The BCR-ABL1 mRNA levels were
reduced by one-log in three patients, and MMR occurred in
another three patients. However, responses were not stable,
suggesting this treatment approach only temporarily improves
the molecular response in CML patients (151).

In a phase 2 trial (NCT00267085), patients who had
previously received imatinib and showed CCyR were vaccinated
with CMLVAXB2 or CMLVAXB3 peptides targeting b2a2 and
b3a2 BCR-ABLI subtypes, respectively. At last, three out of ten
patients achieved MMR. The interim analysis of another trial of
GIMEMA CML Working Party, CML patients with minimal
residual disease (MRD) obtained a reduced disease burden after
exposed to CMLVAX100 (vaccine derived from BCR-ABLI b3a2
isoform, adjuvant with molgramostin and QS-21) during
imatinib treatment (152). Furthermore, it was reported that the
combination of CMLVAX100 and GM-CSF induced a 50%
reduction of BCR-ABL1 mRNA levels in patients who were
previously exposed to imatinib and/or interferon. This study
group also reported one patient with complete molecular
responses showing undetectable BCR-ABL1 transcripts in
peripheral blood and bone marrow after receiving the b2a2
subtype vaccine (153).

Overall, trials employing vaccines against BCR-ABL1
breakpoints have been shown to reduce residual disease in
patients treated with TKI. Further clinical trials remain in
progress (NCT00466726, NCT00004052).

Leukemia Associated Antigens

Leukemia associated antigens (LAAs) have also been
demonstrated to induce immune responses against cells
expressing BCR-ABL1 (146). LAAs are over expressed in CML
and various LAAs have been identified as potential targets for
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vaccine synthesis (149, 154). The most promising target so far is
the Wilms tumor oncogene (WT1), a zinc finger transcription
factor which is often overexpressed in leukemic stem/progenitor
cells. Instructively, DMR may be induced when WTI-based
immune peptides were used in combined with imatinib (155).
A related clinical trial is currently ongoing (NCT00004918).

In conclusion, data from preclinical and clinical reports
suggest immune-dependent therapies play an important role
in CML treatment but refinements of these approaches
remain ongoing.

Immune Checkpoint Inhibitors

Cancer immunotherapy based on immune checkpoint blockade
(ICB) employs monoclonal antibodies against negative immune
regulatory checkpoint regulators, such as programmed death 1
(PD-1), programmed death receptor ligand (PD-L1) (156) and
cytotoxic T-lymphocyte antigen 4 (CTLA-4). Analyses of the
immune activation status in CML suggest ICB approaches are
general applicability to this disease.

PD-L1 expressed by tumor cells acts as a co-inhibitory
molecule of T cells by binding to PD-1, which is up-regulated
on active T cells, leading to T cell exhaustion. Compared with
cells from control subjects, cytotoxic T lymphocytes (CTLs,
CD3"CD8" cells) from CML patients showed higher levels of
PD-1, while CML cells expressed higher levels of PD-L1 (157).
Moreover, in a mouse model of CML, abrogation of PD-1 could
increase overall survival (158, 159). Recently, the correlation
between the expression of CD86, the CTLA-4 ligand, and the risk
of recurrence after TKI discontinuation was demonstrated.
Among 122 patients who had ceased TKIs, those with lower
CD86 levels showed a higher (70%) relapse-free survival rate,
indicating that CD86 expression may be an early indicator of
poor TFR probability (160). Thus, based on these findings,
blocking the interaction of PD-1/PD-L1 or employing CTLA-4
blockade may be rational therapeutic approaches for CML.
However, the clinical application of this idea has presently
been limited.

One completed phase 1 study (NCT02011945) proposed to
investigate the safety and efficacy of dasatinib plus nivolumab
(PD-1 blockade) in 31 patients with chronic or accelerated CML.
However, the study findings are still to be published. Another
prospective phase 1 clinical trial (NCT01822509) is presently
evaluating the safety and immunologic activity of ipilimumab
(161) (CTLA-4 blockade) or nivolumab (162) (PD-1 blockade)
for relapsed hematologic malignancies including CML after
allo-HSCT.

CONCLUSION

Targeted therapy using TKIs is currently the standard treatment
for CML patients. Most studies have shown that the general
prognosis of patients with CP-CML is excellent as long as they
are compliant with the TKI based regimens, monitored regularly
and change therapy in time before CML progression. However,
TKI therapy is not curative and long-term exposure is associated
with considerable patient morbidity as well as burden on health-

care systems. TFR has therefore become the significant new goal
of CML management but is achievable for only a minority of
patients. To completely cure this disease and discontinue TKI,
novel complementary interventions need to be explored.

Since there is no information about the rate of successful TFR
rate from large randomized trials with different initial treatment
regimens, many additional CML trials are currently exploring
TFR as the final endpoint such as Italian SUSTRENIM
(NCT02602314). This is a prospective phase IV study
evaluating both the depth of the molecular response and TFR
rates in newly diagnosed CP-CML patients treated with nilotinib
or imatinib followed by switch to nilotinib in absence of
treatment milestones as per clinical practice. Treatment
cessation will be offered after 21 year in MR4.0. The purpose
of another trial (NCT04043676) is to determine the rate of
successful TFR within the first 48 weeks following cessation of
treatment in patients who achieved MR4.0 on imatinib and
maintained MR4.0 on ponatinib after the switch from
imatinib. The phase II DANTE study is going to evaluate the
rate of full treatment-free molecular remission in a selected
population of CML-CP patients treated with nilotinib at half
the standard dose during a consolidation period of 12 months,
followed by complete therapy cessation. Furthermore, inspiring
new data (163) paves the way for a series of clinical studies that
focus on the potential of a combination of asciminib plus
catalytic inhibitors to enhance speed of response and
contribute to DMR in a greater number of patients relative to
single-agent treatments. MDACC investigators are designing a
trial to determine the clinical activity of the combination of
asciminib and a TKI in CML patients with minimal residual
disease (MRD) (NCT04216563). Similarly, MR4.5 rate between
asciminib + imatinib and imatinib alone is going to be
determined in a phase 2 study from 48 weeks until 96 weeks in
CML-CP patients who have been previously treated with
imatinib and have not achieved DMR (NCT03578367). The
efficacy of treatment with ABL001 in combination with
dasatinib and prednisone is also being considered for BP-CML
and Ph" ALL patients (NCT03595917). Additionally, the
potential of ABL001 with that of bosutinib is being explored
now in CML-CP patients previously treated with at least two
ATP-binding site TKIs to compare the MMR rate of ABL001
versus bosutinib (NCT03106779). In general, further
development of the asciminib-based drug combinations may
offer exciting opportunities for more rapid and deeper
remissions. In particular there are potential implications for
TFR, even preventing the emergence of BCR-ABL1 compound
mutations in advanced Ph* leukemias treated with 3G TKI
ponatinib, thus further improving long-term outcomes of
patients with CML and Ph" ALL. Some of the study questions
are attempting to address whether TFR can be accomplished
successfully with treatment change or through combination with
more powerful agents before treatment discontinuation, which
may also increase the pool of eligible patients.

Current thinking suggests TKIs kill dividing CML cells but
not quiescent CML stem cell pool, the latter which theoretically
need to be eradicated for cure. The discovery of druggable
pathways that may be selectively required for CML stem cell
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survival has led to the repurposing of established non-TKI drugs
such as interferon and JAK2 inhibitors as co-treatments with
TKIs. In addition, recent advances in understanding CML
immunobiology has significantly improved the prospects for
developing novel immunotherapeutic strategies such as
vaccines and immune checkpoint inhibitors.

Another key goal is to develop an implementable definition of
TKI withdrawal for CML patients such that best practice
treatment protocols can be applied to clinical practice. Many
issues regarding the depth of molecular remission, duration of
treatment, predictors, and safety remain open and will continue
to be discussed.

The ability to successfully resolve optimized treatments
(novel monotherapy or the combination of non-ABL targeted
inhibitors/immunotherapy and TKI) and determine the most
effective timing for these therapies also remain as future
challenges. The key strategies to address these needs are well-
designed clinical studies together with accurate prognostic
indicators that better predict the persistence of molecular
remission of CML patients after TKI withdrawal. Comparisons
of quality of life before and after quitting TKI are also important.
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In summary, we anticipate that the new therapeutic strategy
of TFR will have a significant impact on understanding the
determinants of CML treatment. Moreover, while the novel
strategies discussed in this review warrant further clinical
studies, there is a hope that CML can be completely curable in
the foreseeable future.

AUTHOR CONTRIBUTIONS

HM and HJ performed a literature search. HM wrote the initial
draft, which was revised and amended by XZ, LZ, and HL. All
authors contributed to the article and approved the
submitted version.

ACKNOWLEDGMENTS

The authors would like to express their gratitude to EditSprings
(https://www.editsprings.com/) for the expert linguistic
services provided.

12. Hochhaus A, Kreil S, Corbin AS, La Rosee P, Muller MC, Lahaye T, et al.
Molecular and Chromosomal Mechanisms of Resistance to Imatinib
(STI571) Therapy. Leukemia (2002) 16:2190-6. doi: 10.1038/sj.leu.2402741
Lombardo LJ, Lee FY, Chen P, Norris D, Barrish JC, Behnia K, et al.
Discovery of N-(2-chloro-6-methyl- Phenyl)-2-(6-(4-(2-hydroxyethyl)-
piperazin-1-yl)-2-methylpyrimidin-4- Ylamino)thiazole-5-carboxamide
(Bms-354825), a Dual Src/Abl Kinase Inhibitor With Potent Antitumor
Activity in Preclinical Assays. ] Med Chem (2004) 47:6658-61. doi: 10.1021/
jm049486a

. Weisberg E, Manley PW, Breitenstein W, Bruggen J, Cowan-Jacob SW,
Ray A, et al. Characterization of AMNI107, a Selective Inhibitor of Native
and Mutant Ber-Abl. Cancer Cell (2005) 7:129-41. doi: 10.1016/j.ccr.
2005.01.007

Gambacorti-Passerini C, Cortes JE, Lipton JH, Kantarjian HM, Kim DW,
Schafthausen P, et al. Safety and Efficacy of Second-Line Bosutinib for
Chronic Phase Chronic Myeloid Leukemia Over a Five-Year Period: Final
Results of a Phase I/II Study. Haematologica (2018) 103:1298-307.
doi: 10.3324/haematol.2017.171249

Kantarjian H, Shah NP, Hochhaus A, Cortes J, Shah S, Ayala M, et al.
Dasatinib Versus Imatinib in Newly Diagnosed Chronic-Phase Chronic
Myeloid Leukemia. N Engl ] Med (2010) 362:2260-70. doi: 10.1056/
NEJMoal002315

Cortes JE, Gambacorti-Passerini C, Deininger MW, Mauro MJ, Chuah C,
Kim DW, et al. Bosutinib Versus Imatinib for Newly Diagnosed Chronic
Myeloid Leukemia: Results From the Randomized Bfore Trial. J Clin Oncol
(2018) 36:231-7. doi: 10.1200/JC0O.2017.74.7162

Cortes JE, Saglio G, Kantarjian HM, Baccarani M, Mayer J, Boque C, 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) 34:2333-40. doi: 10.1200/JC0O.2015.64.8899

Saglio G, Kim DW, Issaragrisil S, le Coutre P, Etienne G, Lobo C, et al.
Nilotinib Versus Imatinib for Newly Diagnosed Chronic Myeloid Leukemia.
N Engl ] Med (2010) 362:2251-9. doi: 10.1056/NEJM0a0912614

Cortes JE, Kim DW, Kantarjian HM, Brummendorf TH, Dyagil I,
Griskevicius L, et al. Bosutinib Versus Imatinib in Newly Diagnosed
Chronic-Phase Chronic Myeloid Leukemia: Results From the BELA Trial.
J Clin Oncol (2012) 30:3486-92. doi: 10.1200/JCO.2011.38.7522

O’Hare T, Shakespeare WC, Zhu X, Eide CA, Rivera VM, Wang F, et al.
AP24534, a pan-BCR-ABL Inhibitor for Chronic Myeloid Leukemia,
Potently Inhibits the T315I Mutant and Overcomes Mutation-Based
Resistance. Cancer Cell (2009) 16:401-12. doi: 10.1016/j.ccr.2009.09.028

13.

15.

16.

17.

18.

19.

20.

21.

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 643382


https://www.editsprings.com/
https://doi.org/10.1038/nrc1567
https://doi.org/10.1038/nrc1567
https://doi.org/10.1056/NEJM199907153410306
https://doi.org/10.1182/blood.V82.6.1838.1838
https://doi.org/10.1182/blood.V82.6.1838.1838
https://doi.org/10.1016/0092-8674(92)90241-4
https://doi.org/10.1016/0092-8674(92)90241-4
https://doi.org/10.1084/jem.183.3.811
https://doi.org/10.1126/science.2408149
https://doi.org/10.1056/NEJMoa011573
https://doi.org/10.1056/NEJMoa062867
https://doi.org/10.1056/NEJMoa062867
https://doi.org/10.1056/NEJM200104053441401
https://doi.org/10.1007/s11899-019-00543-7
https://doi.org/10.1007/s11899-019-00543-7
https://doi.org/10.1038/sj.leu.2402741
https://doi.org/10.1021/jm049486a
https://doi.org/10.1021/jm049486a
https://doi.org/10.1016/j.ccr.2005.01.007
https://doi.org/10.1016/j.ccr.2005.01.007
https://doi.org/10.3324/haematol.2017.171249
https://doi.org/10.1056/NEJMoa1002315
https://doi.org/10.1056/NEJMoa1002315
https://doi.org/10.1200/JCO.2017.74.7162
https://doi.org/10.1200/JCO.2015.64.8899
https://doi.org/10.1056/NEJMoa0912614
https://doi.org/10.1200/JCO.2011.38.7522
https://doi.org/10.1016/j.ccr.2009.09.028
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Mu et al.

Treatment Strategies for Potential TFR

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zhou M, Wu C, Edirisinghe PD, Drummond JL, Hanley L. Organic
Overlayer Model of a Dental Composite Analyzed by Laser Desorption
Postionization Mass Spectrometry and Photoemission. ] BioMed Mater
Res A (2006) 77:1-10. doi: 10.1002/jbm.a.30591

Cortes JE, Kim DW, Pinilla-Ibarz J, le Coutre P, Paquette R, Chuah C, et al.
A Phase 2 Trial of Ponatinib in Philadelphia Chromosome-Positive
Leukemias. N Engl ] Med (2013) 369:1783-96. doi: 10.1056/NEJMoal306494
Roskoski R. Classification of Small Molecule Protein Kinase Inhibitors Based
Upon the Structures of Their Drug-Enzyme Complexes. Pharmacol Res
(2016) 103:26-48. doi: 10.1016/j.phrs.2015.10.021

Zhao Z, Wu H, Wang L, Liu Y, Knapp S, Liu Q, et al. Exploration of Type II
Binding Mode: A Privileged Approach for Kinase Inhibitor Focused Drug
Discovery? ACS Chem Biol (2014) 9:1230-41. doi: 10.1021/cb500129t
Wylie AA, Schoepfer J, Jahnke W, Cowan-Jacob SW, Loo A, Furet P, et al.
The Allosteric Inhibitor ABL001 Enables Dual Targeting of BCR-ABLI.
Nature (2017) 543:733-7. doi: 10.1038/nature21702

Hehlmann R, Lauseker M, Saussele S, Pfirrmann M, Krause S, Kolb HJ, et al.
Assessment of Imatinib as First-Line Treatment of Chronic Myeloid
Leukemia: 10-Year Survival Results of the Randomized CML Study IV
and Impact of non-CML Determinants. Leukemia (2017) 31:2398-406.
doi: 10.1038/1eu.2017.253

Ross DM, Branford S, Seymour JF, Schwarer AP, Arthur C, Yeung DT, et al.
Safety and Efficacy of Imatinib Cessation for CML Patients With Stable
Undetectable Minimal Residual Disease: Results From the TWISTER Study.
Blood (2013) 122:515-22. doi: 10.1182/blood-2013-02-483750

Mahon FX, Rea D, Guilhot J, Guilhot F, Huguet F, Nicolini F, et al.
Discontinuation of Imatinib 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) 11:1029-35. doi: 10.1016/S1470-2045(10)70233-3

Rea D, Nicolini FE, Tulliez M, Guilhot F, Guilhot ], Guerci-Bresler A, et al.
Discontinuation of Dasatinib or Nilotinib in Chronic Myeloid Leukemia:
Interim Analysis of the STOP 2g-TKI Study. Blood (2017) 129:846-54.
doi: 10.1182/blood-2016-09-742205

Saussele S, Richter J, Guilhot J, Gruber FX, Hjorth-Hansen H, Almeida A,
et al. Discontinuation of Tyrosine Kinase Inhibitor Therapy in Chronic
Myeloid Leukaemia (EURO-SKI): A Prespecified Interim Analysis of a
Prospective, Multicentre, non-Randomised, Trial. Lancet Oncol (2018)
19:747-57. doi: 10.1016/S1470-2045(18)30192-X

Mauro MJ, Druker BJ, Maziarz RT. Divergent Clinical Outcome in Two CML
Patients Who Discontinued Imatinib Therapy After Achieving a Molecular
Remission. Leuk Res (2004) 28 Suppl 1:571-3. doi: 10.1016/j.leukres.2003.10.017
Merante S, Orlandi E, Bernasconi P, Calatroni S, Boni M, Lazzarino M.
Outcome of Four Patients With Chronic Myeloid Leukemia After Imatinib
Mesylate Discontinuation. Haematologica (2005) 90:979-81.

Rousselot P, Huguet F, Rea D, Legros L, Cayuela JM, Maarek O, et al.
Imatinib Mesylate Discontinuation in Patients With Chronic Myelogenous
Leukemia in Complete Molecular Remission for More Than 2 Years. Blood
(2007) 109:58-60. doi: 10.1182/blood-2006-03-011239

Hehlmann R, Muller MC, Lauseker M, Hanfstein B, Fabarius A, Schreiber A,
et al. Deep Molecular Response is Reached by the Majority of Patients
Treated With Imatinib, Predicts Survival, and is Achieved More Quickly by
Optimized High-Dose Imatinib: Results From the Randomized CML-study
Iv. J Clin Oncol (2014) 32:415-23. doi: 10.1200/JC0O.2013.49.9020

Radich JP, Hochhaus A, Masszi T, Hellmann A, Stentoft J, Casares MTG,
et al. Treatment-Free Remission Following Frontline Nilotinib in Patients
With Chronic Phase Chronic Myeloid Leukemia: 5-Year Update of the
ENESTfreedom Trial. Leukemia (2021). doi: 10.1038/s41375-021-01205-5
Li Q, Zhong Z, Zeng C, Meng L, Li C, Luo Y, et al. A Clinical Observation of
Chinese Chronic Myelogenous Leukemia Patients After Discontinuation of
Tyrosine Kinase Inhibitors. Oncotarget (2016) 7:58234-43. doi: 10.18632/
oncotarget.11281

Graham SM, Jorgensen HG, Allan E, Pearson C, Alcorn MJ, Richmond L,
et al. Primitive, Quiescent, Philadelphia-positive Stem Cells From Patients
With Chronic Myeloid Leukemia are Insensitive to STI571 In Vitro. Blood
(2002) 99:319-25. doi: 10.1182/blood.v99.1.319

Jorgensen HG, Allan EK, Jordanides NE, Mountford JC, Holyoake TL.
Nilotinib Exerts Equipotent Antiproliferative Effects to Imatinib and Does

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Not Induce Apoptosis in CD34+ CML Cells. Blood (2007) 109:4016-9.
doi: 10.1182/blood-2006-11-057521

Corbin AS, Agarwal A, Loriaux M, Cortes J, Deininger MW, Druker BJ.
Human Chronic Myeloid Leukemia Stem Cells are Insensitive to Imatinib
Despite Inhibition of BCR-ABL Activity. J Clin Invest (2011) 121:396-409.
doi: 10.1172/]JCI35721

Chomel JC, Bonnet ML, Sorel N, Bertrand A, Meunier MC, Fichelson S, et al.
Leukemic Stem Cell Persistence in Chronic Myeloid Leukemia Patients With
Sustained Undetectable Molecular Residual Disease. Blood (2011) 118:3657-
60. doi: 10.1182/blood-2011-02-335497

Chu S, McDonald T, Lin A, Chakraborty S, Huang Q, Snyder DS, et al.
Persistence of Leukemia Stem Cells in Chronic Myelogenous Leukemia
Patients in Prolonged Remission With Imatinib Treatment. Blood (2011)
118:5565-72. doi: 10.1182/blood-2010-12-327437

Ross DM, Branford S, Seymour JF, Schwarer AP, Arthur C, Bartley PA, et al.
Patients With Chronic Myeloid Leukemia Who Maintain a Complete
Molecular Response After Stopping Imatinib Treatment Have Evidence of
Persistent Leukemia by DNA Pcr. Leukemia (2010) 24:1719-24.
doi: 10.1038/1eu.2010.185

Sobrinho-Simoes M, Wilczek V, Score J, Cross NC, Apperley JF, Melo JV. In
Search of the Original Leukemic Clone in Chronic Myeloid Leukemia
Patients in Complete Molecular Remission After Stem Cell
Transplantation or Imatinib. Blood (2010) 116:1329-35. doi: 10.1182/
blood-2009-11-255109

Hamilton A, Helgason GV, Schemionek M, Zhang B, Myssina S, Allan EK,
et al. Chronic Myeloid Leukemia Stem Cells are Not Dependent on Bcr-Abl
Kinase Activity for Their Survival. Blood (2012) 119:1501-10. doi: 10.1182/
blood-2010-12-326843

Zhou S, Zhu X, Liu W, Cheng F, Zou P, You Y, et al. Comparison of Chronic
Myeloid Leukemia Stem Cells and Hematopoietic Stem Cells by Global
Proteomic Analysis. Biochem Biophys Res Commun (2020) 522:362-7.
doi: 10.1016/j.bbrc.2019.11.092

Ilander M, Olsson-Stromberg U, Schlums H, Guilhot J, Bruck O,
Lahteenmaki H, et al. Increased Proportion of Mature NK Cells is
Associated With Successful Imatinib Discontinuation in Chronic Myeloid
Leukemia. Leukemia (2017) 31:1108-16. doi: 10.1038/leu.2016.360
Imagawa J, Tanaka H, Okada M, Nakamae H, Hino M, Murai K, et al.
Discontinuation of Dasatinib 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:¢528-
35. doi: 10.1016/S2352-3026(15)00196-9

Ohyashiki K, Katagiri S, Tauchi T, Ohyashiki JH, Maeda Y, Matsumura I,
et al. Increased Natural Killer Cells and Decreased CD3(+)CD8(+)CD62L(+)
T Cells in CML Patients Who Sustained Complete Molecular Remission
After Discontinuation of Imatinib. Br J Haematol (2012) 157:254-6.
doi: 10.1111/§.1365-2141.2011.08939.x

Rea D, Henry G, Khaznadar Z, Etienne G, Guilhot F, Nicolini F, et al.
Natural Killer-Cell Counts are Associated With Molecular Relapse-Free
Survival After Imatinib Discontinuation in Chronic Myeloid Leukemia: The
IMMUNOSTIM Study. Haematologica (2017) 102:1368-77. doi: 10.3324/
haematol.2017.165001

Schutz C, Inselmann S, Saussele S, Dietz CT, Mu Ller MC, Eigendorff E, et al.
Expression of the CTLA-4 Ligand CD86 on Plasmacytoid Dendritic Cells
(pDC) Predicts Risk of Disease Recurrence After Treatment Discontinuation
in CML. Leukemia (2017) 31:829-36. doi: 10.1038/leu.2017.9

Irani YD, Hughes A, Clarson ], Kok CH, Shanmuganathan N, White DL, et al.
Successful Treatment-Free Remission in Chronic Myeloid Leukaemia and its
Association With Reduced Immune Suppressors and Increased Natural Killer
Cells. Br ] Haematol (2020) 191:433-41. doi: 10.1111/bjh.16718

Talpaz M, McCredie KB, Mavligit GM, Gutterman JU. Leukocyte
Interferon-Induced Myeloid Cytoreduction in Chronic Myelogenous
Leukemia. Blood (1983) 62:689-92. doi: 10.1182/blood.V62.3.689.689
Talpaz M, Kantarjian HM, McCredie KB, Keating MJ, Trujillo ], Gutterman
J. Clinical Investigation of Human Alpha Interferon in Chronic
Myelogenous Leukemia. Blood (1987) 69:1280-8. doi: 10.1182/
blood.V69.5.1280.1280

Kantarjian HM, Smith TL, O’Brien S, Beran M, Pierce S, Talpaz M.
Prolonged Survival in Chronic Myelogenous Leukemia After Cytogenetic

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 643382


https://doi.org/10.1002/jbm.a.30591
https://doi.org/10.1056/NEJMoa1306494
https://doi.org/10.1016/j.phrs.2015.10.021
https://doi.org/10.1021/cb500129t
https://doi.org/10.1038/nature21702
https://doi.org/10.1038/leu.2017.253
https://doi.org/10.1182/blood-2013-02-483750
https://doi.org/10.1016/S1470-2045(10)70233-3
https://doi.org/10.1182/blood-2016-09-742205
https://doi.org/10.1016/S1470-2045(18)30192-X
https://doi.org/10.1016/j.leukres.2003.10.017
https://doi.org/10.1182/blood-2006-03-011239
https://doi.org/10.1200/JCO.2013.49.9020
https://doi.org/10.1038/s41375-021-01205-5
https://doi.org/10.18632/oncotarget.11281
https://doi.org/10.18632/oncotarget.11281
https://doi.org/10.1182/blood.v99.1.319
https://doi.org/10.1182/blood-2006-11-057521
https://doi.org/10.1172/JCI35721
https://doi.org/10.1182/blood-2011-02-335497
https://doi.org/10.1182/blood-2010-12-327437
https://doi.org/10.1038/leu.2010.185
https://doi.org/10.1182/blood-2009-11-255109
https://doi.org/10.1182/blood-2009-11-255109
https://doi.org/10.1182/blood-2010-12-326843
https://doi.org/10.1182/blood-2010-12-326843
https://doi.org/10.1016/j.bbrc.2019.11.092
https://doi.org/10.1038/leu.2016.360
https://doi.org/10.1016/S2352-3026(15)00196-9
https://doi.org/10.1111/j.1365-2141.2011.08939.x
https://doi.org/10.3324/haematol.2017.165001
https://doi.org/10.3324/haematol.2017.165001
https://doi.org/10.1038/leu.2017.9
https://doi.org/10.1111/bjh.16718
https://doi.org/10.1182/blood.V62.3.689.689
https://doi.org/10.1182/blood.V69.5.1280.1280
https://doi.org/10.1182/blood.V69.5.1280.1280
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Mu et al.

Treatment Strategies for Potential TFR

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Response to Interferon-Alpha Therapy. The Leukemia Service. Ann Intern
Med (1995) 122:254-61. doi: 10.7326/0003-4819-122-4-199502150-00003
Bonifazi F, de Vivo A, Rosti G, Guilhot F, Guilhot ], Trabacchi E, et al.
Chronic Myeloid Leukemia and Interferon-Alpha: A Study of Complete
Cytogenetic Responders. Blood (2001) 98:3074-81. doi: 10.1182/
blood.v98.10.3074

Hehlmann R, Berger U, Pfirrmann M, Heimpel H, Hochhaus A, Hasford J,
et al. Drug Treatment is Superior to Allografting as First-Line Therapy in
Chronic Myeloid Leukemia. Blood (2007) 109:4686-92. doi: 10.1182/blood-
2006-11-055186

L. Italian Cooperative Study Group on Chronic Myeloid, Tura S, Baccarani M,
Zuffa E, Russo D, Fanin R, et al. Interferon alfa-2a as Compared With
Conventional Chemotherapy for the Treatment of Chronic Myeloid Leukemia.
N Engl ] Med (1994) 330:820-5. doi: 10.1056/NEJM199403243301204
Hehlmann R, Heimpel H, Hasford J, Kolb HJ, Pralle H, Hossfeld DK, et al.
Randomized Comparison of Interferon-Alpha With Busulfan and
Hydroxyurea in Chronic Myelogenous Leukemia. The German CML
Study Group. Blood (1994) 84:4064-77. doi: 10.1182/blood.V84.12.
4064.bloodjournal84124064

Allan NC, Richards SM, Shepherd PC. Uk Medical Research Council
Randomised, Multicentre Trial of Interferon-Alpha N1 for Chronic
Myeloid Leukaemia: Improved Survival Irrespective of Cytogenetic
Response. The UK Medical Research Council’s Working Parties for
Therapeutic Trials in Adult Leukaemia. Lancet (1995) 345:1392-7.
doi: 10.1016/50140-6736(95)92596-1

Carlier P, Markarian M, Bernard N, Lagarce L, Dautriche A, Bene J, et al.
Erratum to: Pregnancy Outcome Among Partners of Male Patients
Receiving Imatinib, Dasatinib or Nilotinib in Chronic Myeloid Leukemia:
Reports Collected by the French Network Pharmacovigilance Centers. Arch
Gynecol Obstet (2017) 295:1059. doi: 10.1007/s00404-017-4321-0

Gazdaru S, Perey L, Rosselet A, Mathevet P, Chalandon Y, Vulliemoz N.
Successful Ovarian Stimulation for Fertility Preservation in a Patient With
Chronic Myeloid Leukemia: Switch From Nilotinib to Interferon-Alpha.
Oncologist (2018) 23:719-21. doi: 10.1634/theoncologist.2017-0381

Lasica M, Willcox A, Burbury K, Ross DM, Branford S, Butler J, et al. The
Effect of Tyrosine Kinase Inhibitor Interruption and Interferon Use on
Pregnancy Outcomes and Long-Term Disease Control in Chronic Myeloid
Leukemia. Leuk Lymphoma (2019) 60:1796-802. doi: 10.1080/
10428194.2018.1551533

Burchert A, Muller MC, Kostrewa P, Erben P, Bostel T, Liebler S, et al.
Sustained Molecular Response With Interferon Alfa Maintenance After
Induction Therapy With Imatinib Plus Interferon Alfa in Patients With
Chronic Myeloid Leukemia. ] Clin Oncol (2010) 28:1429-35. doi: 10.1200/
JCO.2009.25.5075

Polivkova V, Rohon P, Klamova H, Cerna O, Divoka M, Curik N, et al.
Interferon-Alpha Revisited: Individualized Treatment Management Eased
the Selective Pressure of Tyrosine Kinase Inhibitors on BCR-ABL1
Mutations Resulting in a Molecular Response in High-Risk Cml Patients.
PloS One (2016) 11:¢0155959. doi: 10.1371/journal.pone.0155959

Kumar R, Atlas L. Interferon alpha induces the expression of retinoblastoma
gene product in human Burkitt lymphoma Daudi cells: role in growth
regulation. Proc Natl Acad Sci USA (1992) 89:6599-603. doi: 10.1073/
pnas.89.14.6599

Subramaniam PS, Cruz PE, Hobeika AC, Johnson HM. Type I Interferon
Induction of the Cdk-inhibitor p21WAF1 is Accompanied by Ordered G1
Arrest, Differentiation and Apoptosis of the Daudi B-Cell Line. Oncogene
(1998) 16:1885-90. doi: 10.1038/sj.onc.1201712

Chawla-Sarkar M, Lindner DJ, Liu YF, Williams BR, Sen GC, Silverman RH,
et al. Apoptosis and Interferons: Role of Interferon-Stimulated Genes as
Mediators of Apoptosis. Apoptosis (2003) 8:237-49. doi: 10.1023/
a:1023668705040

Selleri C, Sato T, Del Vecchio L, Luciano L, Barrett AJ, Rotoli B, et al.
Involvement of Fas-mediated Apoptosis in the Inhibitory Effects of
Interferon-Alpha in Chronic Myelogenous Leukemia. Blood (1997)
89:957-64. doi: 10.1182/blood.V89.3.957

Essers MA, Oftner S, Blanco-Bose WE, Waibler Z, Kalinke U, Duchosal MA,
et al. Ifnalpha Activates Dormant Haematopoietic Stem Cells In Vivo.
Nature (2009) 458:904-8. doi: 10.1038/nature07815

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Molldrem JJ, Lee PP, Wang C, Felio K, Kantarjian HM, Champlin RE, et al.
Evidence That Specific T Lymphocytes may Participate in the Elimination of
Chronic Myelogenous Leukemia. Nat Med (2000) 6:1018-23. doi: 10.1038/
79526

Pawelec G, Da Silva P, Max H, Kalbacher H, Schmidt H, Bruserud O, et al.
Relative Roles of Natural Killer- and T Cell-Mediated Anti-Leukemia Effects
in Chronic Myelogenous Leukemia Patients Treated With Interferon-Alpha.
Leuk Lymphoma (1995) 18:471-8. doi: 10.3109/10428199509059647

de Castro FA, Palma PV, Morais FR, Simoes BP, Carvalho PV, Ismael SJ,
et al. Immunological Effects of Interferon-Alpha on Chronic Myelogenous
Leukemia. Leuk Lymphoma (2003) 44:2061-7. doi: 10.1080/
1042819031000110973

Alves R, McArdle SEB, Vadakekolathu ], Goncalves AC, Freitas-Tavares P,
Pereira A, et al. Flow Cytometry and Targeted Immune Transcriptomics
Identify Distinct Profiles in Patients With Chronic Myeloid Leukemia
Receiving Tyrosine Kinase Inhibitors With or Without Interferon-Alpha.
J Trans Med (2020) 18:2. doi: 10.1186/s12967-019-02194-x

Baccarani M, Martinelli G, Rosti G, Trabacchi E, Testoni N, Bassi S, et al.
Imatinib and Pegylated Human Recombinant interferon-alpha2b in Early
Chronic-Phase Chronic Myeloid Leukemia. Blood (2004) 104:4245-51.
doi: 10.1182/blood-2004-03-0826

Palandri F, Castagnetti F, Tacobucci I, Martinelli G, Amabile M, Gugliotta G,
et al. The Response to Imatinib and Interferon-Alpha is More Rapid Than
the Response to Imatinib Alone: A Retrospective Analysis of 495
Philadelphia-positive Chronic Myeloid Leukemia Patients in Early
Chronic Phase. Haematologica (2010) 95:1415-9. doi: 10.3324/
haematol.2009.021246

Simonsson B, Gedde-Dahl T, Markevarn B, Remes K, Stentoft J, Almqvist A,
et al. Combination of Pegylated IFN-alpha2b With Imatinib Increases
Molecular Response Rates in Patients With Low- or Intermediate-Risk
Chronic Myeloid Leukemia. Blood (2011) 118:3228-35. doi: 10.1182/
blood-2011-02-336685

Preudhomme C, Guilhot J, Nicolini FE, Guerci-Bresler A, Rigal-Huguet F,
Maloisel F, et al. Imatinib Plus Peginterferon alfa-2a in Chronic Myeloid
Leukemia. N Engl ] Med (2010) 363:2511-21. doi: 10.1056/NEJMoal004095
Hehlmann R, Lauseker M, Jung-Munkwitz S, Leitner A, Muller MC, Pletsch
N, et al. Tolerability-Adapted Imatinib 800 Mg/D Versus 400 Mg/D Versus
400 Mg/D Plus Interferon-Alpha in Newly Diagnosed Chronic Myeloid
Leukemia. ] Clin Oncol (2011) 29:1634-42. doi: 10.1200/JC0.2010.32.0598

Lipton JH, Khoroshko N, Golenkov A, Abdulkadyrov K, Nair K,
Raghunadharao D, et al. Randomized, Multicenter, Comparative Study of
peginterferon-alpha-2a (40 kD) (Pegasys) Versus Interferon alpha-2a
(Roferon-A) in Patients With Treatment-Naive, Chronic-Phase Chronic
Myelogenous Leukemia. Leuk Lymphoma (2007) 48:497-505. doi: 10.1080/
10428190601175393

Jiang L, Wang H, Zhu X, Liu W, Zhou S, Geng Z, et al. The Impact of
Tyrosine Kinase Inhibitors on Chronic Myeloid Leukemia Stem Cells and
the Implication in Discontinuation. Stem Cells Dev (2019) 28:1480-5.
doi: 10.1089/5¢d.2019.0117

Zhou L, Shi H, Jiang S, Ruan C, Liu H. Deep Molecular Response by IFN-
alpha and Dasatinib Combination in a Patient With T315I-mutated Chronic
Myeloid Leukemia. Pharmacogenomics (2016) 17:1159-63. doi: 10.2217/pgs-
2016-0049

Hjorth-Hansen H, Stentoft ], Richter ], Koskenvesa P, Hoglund M,
Dreimane A, et al. Safety and Efficacy of the Combination of Pegylated
interferon-alpha2b and Dasatinib in Newly Diagnosed Chronic-Phase
Chronic Myeloid Leukemia Patients. Leukemia (2016) 30:1853-60.
doi: 10.1038/leu.2016.121

Nicolini FE, Etienne G, Dubruille V, Roy L, Huguet F, Legros L, et al.
Nilotinib and Peginterferon alfa-2a for Newly Diagnosed Chronic-Phase
Chronic Myeloid Leukaemia (NiloPeg): A Multicentre, non-Randomised,
Open-Label Phase 2 Study. Lancet Haematol (2015) 2:e37-46. doi: 10.1016/
$2352-3026(14)00027-1

Nicolini F, Etienne G, Huguet F, Guerci-Bresler A, Charbonnier A, Escoffre-
Barbe M, et al. Nilotinib versus nilotinib combined to pegylated-interferon
alfa 2a in first-line chronic phase CMLpatients.Updated interim analysis of a
phase III trial, the PETALS study. Eur Hematol Assoc (2018) PF378. doi:
10.1182/blood.V130.Suppl_1.899.899

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 643382


https://doi.org/10.7326/0003-4819-122-4-199502150-00003
https://doi.org/10.1182/blood.v98.10.3074
https://doi.org/10.1182/blood.v98.10.3074
https://doi.org/10.1182/blood-2006-11-055186
https://doi.org/10.1182/blood-2006-11-055186
https://doi.org/10.1056/NEJM199403243301204
https://doi.org/10.1182/blood.V84.12.4064.bloodjournal84124064
https://doi.org/10.1182/blood.V84.12.4064.bloodjournal84124064
https://doi.org/10.1016/s0140-6736(95)92596-1
https://doi.org/10.1007/s00404-017-4321-0
https://doi.org/10.1634/theoncologist.2017-0381
https://doi.org/10.1080/10428194.2018.1551533
https://doi.org/10.1080/10428194.2018.1551533
https://doi.org/10.1200/JCO.2009.25.5075
https://doi.org/10.1200/JCO.2009.25.5075
https://doi.org/10.1371/journal.pone.0155959
https://doi.org/10.1073/pnas.89.14.6599
https://doi.org/10.1073/pnas.89.14.6599
https://doi.org/10.1038/sj.onc.1201712
https://doi.org/10.1023/a:1023668705040
https://doi.org/10.1023/a:1023668705040
https://doi.org/10.1182/blood.V89.3.957
https://doi.org/10.1038/nature07815
https://doi.org/10.1038/79526
https://doi.org/10.1038/79526
https://doi.org/10.3109/10428199509059647
https://doi.org/10.1080/1042819031000110973
https://doi.org/10.1080/1042819031000110973
https://doi.org/10.1186/s12967-019-02194-x
https://doi.org/10.1182/blood-2004-03-0826
https://doi.org/10.3324/haematol.2009.021246
https://doi.org/10.3324/haematol.2009.021246
https://doi.org/10.1182/blood-2011-02-336685
https://doi.org/10.1182/blood-2011-02-336685
https://doi.org/10.1056/NEJMoa1004095
https://doi.org/10.1200/JCO.2010.32.0598
https://doi.org/10.1080/10428190601175393
https://doi.org/10.1080/10428190601175393
https://doi.org/10.1089/scd.2019.0117
https://doi.org/10.2217/pgs-2016-0049
https://doi.org/10.2217/pgs-2016-0049
https://doi.org/10.1038/leu.2016.121
https://doi.org/10.1016/S2352-3026(14)00027-1
https://doi.org/10.1016/S2352-3026(14)00027-1
https://doi.org/10.1182/blood.V130.Suppl_1.899.899
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Mu et al.

Treatment Strategies for Potential TFR

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Yeung DT, Grigg AP, Shanmuganathan N, Cunningham I, Shortt J, Rowling P,
et al. Combination of nilotinib and pegylated interferonAlfa-2b results in
high molecular response rates in chronic phase CML: interimresults of the
ALLG CML 11 pinnacle study. Blood (2018) 132:459. doi: 10.1182/blood-
2018-99-110569

Hochhaus A, Burchert A, Saussele S, Baerlocher GM, Briimmendorf TH,
La Rosée P, et al. Nilotinib Vs Nilotinib Plus Pegylated Interferon o (Peg-
Ifn) Induction and Nilotinib or Peg-IFN Maintenance Therapy for Newly
Diagnosed BCR-ABLI Positive Chronic Myeloid Leukemia Patients in
Chronic Phase (Tiger Study): The Addition of Peg-IFN is Associated With
Higher Rates of Deep Molecular Response. Blood (2019) 134:495-5.
doi: 10.1182/blood-2019-130043

Gisslinger H, Zagrijtschuk O, Buxhofer-Ausch V, Thaler J, Schloegl E, Gastl
GA, et al. Ropeginterferon alfa-2b, a Novel IFNalpha-2b, Induces High
Response Rates With Low Toxicity in Patients With Polycythemia Vera.
Blood (2015) 126:1762-9. doi: 10.1182/blood-2015-04-637280

Czabotar PE, Lessene G, Strasser A, Adams JM. Control of Apoptosis by the
BCL-2 Protein Family: Implications for Physiology and Therapy. Nat Rev
Mol Cell Biol (2014) 15:49-63. doi: 10.1038/nrm3722

Hata AN, Engelman JA, Faber AC. The BCL2 Family: Key Mediators of the
Apoptotic Response to Targeted Anticancer Therapeutics. Cancer Discovery
(2015) 5:475-87. doi: 10.1158/2159-8290.CD-15-0011

Kim H, Rafiuddin-Shah M, Tu HC, Jeffers JR, Zambetti GP, Hsieh JJ, et al.
Hierarchical Regulation of Mitochondrion-Dependent Apoptosis by BCL-2
Subfamilies. Nat Cell Biol (2006) 8:1348-58. doi: 10.1038/ncb1499

Beurlet S, Omidvar N, Gorombei P, Krief P, Le Pogam C, Setterblad N, et al.
BCL-2 Inhibition With ABT-737 Prolongs Survival in an NRAS/BCL-2
Mouse Model of AML by Targeting Primitive LSK and Progenitor Cells.
Blood (2013) 122:2864-76. doi: 10.1182/blood-2012-07-445635

Konopleva M, Contractor R, Tsao T, Samudio I, Ruvolo PP, Kitada S, et al.
Mechanisms of Apoptosis Sensitivity and Resistance to the BH3 Mimetic
ABT-737 in Acute Myeloid Leukemia. Cancer Cell (2006) 10:375-88.
doi: 10.1016/j.ccr.2006.10.006

Lagadinou ED, Sach A, Callahan K, Rossi RM, Neering SJ, Minhajuddin M,
et al. BCL-2 Inhibition Targets Oxidative Phosphorylation and Selectively
Eradicates Quiescent Human Leukemia Stem Cells. Cell Stem Cell (2013)
12:329-41. doi: 10.1016/j.stem.2012.12.013

Goff DJ, Court Recart A, Sadarangani A, Chun HJ, Barrett CL, Krajewska M,
et al. A Pan-BCL2 Inhibitor Renders Bone-Marrow-Resident Human
Leukemia Stem Cells Sensitive to Tyrosine Kinase Inhibition. Cell Stem
Cell (2013) 12:316-28. doi: 10.1016/j.stem.2012.12.011

Horita M, Andreu EJ, Benito A, Arbona C, Sanz C, Benet I, et al. Blockade of
the Bcr-Abl kinase activity induces apoptosis of chronic myelogenous
leukemia cells by suppressing signal transducer and activator of
transcription 5-dependent expression of Bcl-xL. J Exp Med (2000)
191:977-84. doi: 10.1084/jem.191.6.977

Sanchez-Garcia I, Grutz G. Tumorigenic activity of the BCR-ABL oncogenes
is mediated by BCL2. Proc Natl Acad Sci USA (1995) 92:5287-91.
doi: 10.1073/pnas.92.12.5287

Aichberger KJ, Mayerhofer M, Krauth MT, Skvara H, Florian S, Sonneck K,
et al. Identification of Mcl-1 as a BCR/ABL-dependent Target in Chronic
Myeloid Leukemia (CML): Evidence for Cooperative Antileukemic Effects of
Imatinib and Mcl-1 Antisense Oligonucleotides. Blood (2005) 105:3303-11.
doi: 10.1182/blood-2004-02-0749

Mak DH, Wang RY, Schober WD, Konopleva M, Cortes J, Kantarjian H,
et al. Activation of Apoptosis Signaling Eliminates CD34+ Progenitor Cells
in Blast Crisis CML Independent of Response to Tyrosine Kinase Inhibitors.
Leukemia (2012) 26:788-94. doi: 10.1038/leu.2011.285

Kuroda J, Kimura S, Andreeff M, Ashihara E, Kamitsuji Y, Yokota A, et al.
Abt-737 is a Useful Component of Combinatory Chemotherapies for
Chronic Myeloid Leukaemias With Diverse Drug-Resistance Mechanisms.
Br ] Haematol (2008) 140:181-90. doi: 10.1111/j.1365-2141.2007.06899.x
Tse C, Shoemaker AR, Adickes J, Anderson MG, Chen J, Jin S, et al. Abt-263:
A Potent and Orally Bioavailable Bcl-2 Family Inhibitor. Cancer Res (2008)
68:3421-8. doi: 10.1158/0008-5472.CAN-07-5836

Zhang H, Nimmer PM, Tahir SK, Chen J, Fryer RM, Hahn KR, et al. Bcl-2
Family Proteins are Essential for Platelet Survival. Cell Death Differ (2007)
14:943-51. doi: 10.1038/sj.cdd.4402081

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Mason KD, Carpinelli MR, Fletcher JI, Collinge JE, Hilton AA, Ellis S, et al.
Programmed Anuclear Cell Death Delimits Platelet Life Span. Cell (2007)
128:1173-86. doi: 10.1016/j.cell.2007.01.037

Wilson WH, O’Connor OA, Czuczman MS, LaCasce AS, Gerecitano JF,
Leonard JP, et al. Navitoclax, a Targeted High-Affinity Inhibitor of BCL-2, in
Lymphoid Malignancies: A Phase 1 Dose-Escalation Study of Safety,
Pharmacokinetics, Pharmacodynamics, and Antitumour Activity. Lancet
Oncol (2010) 11:1149-59. doi: 10.1016/S1470-2045(10)70261-8

Souers AJ, Leverson JD, Boghaert ER, Ackler SL, Catron ND, Chen J, et al.
Abt-199, a Potent and Selective BCL-2 Inhibitor, Achieves Antitumor
Activity While Sparing Platelets. Nat Med (2013) 19:202-8. doi: 10.1038/
nm.3048

Khaw SL, Merino D, Anderson MA, Glaser SP, Bouillet P, Roberts AW, et al.
Both Leukaemic and Normal Peripheral B Lymphoid Cells are Highly
Sensitive to the Selective Pharmacological Inhibition of Prosurvival Bcl-2
With ABT-199. Leukemia (2014) 28:1207-15. doi: 10.1038/leu.2014.1

Niu X, Wang G, Wang Y, Caldwell JT, Edwards H, Xie C, et al. Acute
Myeloid Leukemia Cells Harboring MLL Fusion Genes or With the Acute
Promyelocytic Leukemia Phenotype are Sensitive to the Bcl-2-selective
Inhibitor ABT-199. Leukemia (2014) 28:1557-60. doi: 10.1038/leu.2014.72

Pan R, Hogdal LJ, Benito JM, Bucci D, Han L, Borthakur G, et al. Selective
BCL-2 Inhibition by ABT-199 Causes on-Target Cell Death in Acute
Myeloid Leukemia. Cancer Discovery (2014) 4:362-75. doi: 10.1158/2159-
8290.CD-13-0609

Vogler M, Dinsdale D, Dyer MJ, Cohen GM. Abt-199 Selectively Inhibits
BCL2 But Not BCL2LI and Efficiently Induces Apoptosis of Chronic
Lymphocytic Leukaemic Cells But Not Platelets. Br ] Haematol (2013)
163:139-42. doi: 10.1111/bjh.12457

Ko TK, Chuah CT, Huang JW, Ng KP, Ong ST. The BCL2 Inhibitor ABT-
199 Significantly Enhances Imatinib-Induced Cell Death in Chronic Myeloid
Leukemia Progenitors. Oncotarget (2014) 5:9033-8. doi: 10.18632/
oncotarget.1925

Carter BZ, Mak PY, Mu H, Zhou H, Mak DH, Schober W, et al. Combined
targeting of BCL-2 and BCR-ABL tyrosine kinase eradicates chronic myeloid
leukemia stem cells. Sci Transl Med (2016) 8:355rall7. doi: 10.1126/
scitranslmed.aag1180

Nagvi K, Jabbour E, Skinner J, Yilmaz M, Ferrajoli A, Bose P, et al. Early
Results of Lower Dose Dasatinib (50 Mg Daily) as Frontline Therapy for
Newly Diagnosed Chronic-Phase Chronic Myeloid Leukemia. Cancer (2018)
124:2740-7. doi: 10.1002/cncr.31357

Rawlings JS, Rosler KM, Harrison DA. The JAK/STAT Signaling Pathway.
J Cell Sci (2004) 117:1281-3. doi: 10.1242/jcs.00963

Ward AC, Touw I, Yoshimura A. The Jak-Stat Pathway in Normal
and Perturbed Hematopoiesis. Blood (2000) 95:19-29. doi: 10.1182/
blood.V95.1.19

Chai SK, Nichols GL, Rothman P. Constitutive Activation of JAKs and
STATs in BCR-Abl-expressing Cell Lines and Peripheral Blood Cells Derived
From Leukemic Patients. J Immunol (1997) 159:4720-8.

Chen M, Gallipoli P, DeGeer D, Sloma I, Forrest DL, Chan M, et al.
Targeting Primitive Chronic Myeloid Leukemia Cells by Effective
Inhibition of a New AHI-1-BCR-ABL-JAK2 Complex. J Natl Cancer Inst
(2013) 105:405-23. doi: 10.1093/jnci/djt006

Samanta AK, Lin H, Sun T, Kantarjian H, Arlinghaus RB. Janus Kinase 2:
A Critical Target in Chronic Myelogenous Leukemia. Cancer Res (2006)
66:6468-72. doi: 10.1158/0008-5472.CAN-06-0025

Samanta A, Perazzona B, Chakraborty S, Sun X, Modi H, Bhatia R, et al.
Janus Kinase 2 Regulates Ber-Abl Signaling in Chronic Myeloid Leukemia.
Leukemia (2011) 25:463-72. doi: 10.1038/leu.2010.287

Nelson EA, Walker SR, Weisberg E, Bar-Natan M, Barrett R, Gashin LB,
et al. The STAT5 Inhibitor Pimozide Decreases Survival of Chronic
Myelogenous Leukemia Cells Resistant to Kinase Inhibitors. Blood (2011)
117:3421-9. doi: 10.1182/blood-2009-11-255232

Warsch W, Kollmann K, Eckelhart E, Fajmann S, Cerny-Reiterer S, Holbl A,
et al. High STAT5 Levels Mediate Imatinib Resistance and Indicate Disease
Progression in Chronic Myeloid Leukemia. Blood (2011) 117:3409-20.
doi: 10.1182/blood-2009-10-248211

He Y, Wertheim JA, Xu L, Miller JP, Karnell FG, Choi JK, et al. The Coiled-
Coil Domain and Tyr177 of Ber are Required to Induce a Murine Chronic

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 643382


https://doi.org/10.1182/blood-2018-99-110569
https://doi.org/10.1182/blood-2018-99-110569
https://doi.org/10.1182/blood-2019-130043
https://doi.org/10.1182/blood-2015-04-637280
https://doi.org/10.1038/nrm3722
https://doi.org/10.1158/2159-8290.CD-15-0011
https://doi.org/10.1038/ncb1499
https://doi.org/10.1182/blood-2012-07-445635
https://doi.org/10.1016/j.ccr.2006.10.006
https://doi.org/10.1016/j.stem.2012.12.013
https://doi.org/10.1016/j.stem.2012.12.011
https://doi.org/10.1084/jem.191.6.977
https://doi.org/10.1073/pnas.92.12.5287
https://doi.org/10.1182/blood-2004-02-0749
https://doi.org/10.1038/leu.2011.285
https://doi.org/10.1111/j.1365-2141.2007.06899.x
https://doi.org/10.1158/0008-5472.CAN-07-5836
https://doi.org/10.1038/sj.cdd.4402081
https://doi.org/10.1016/j.cell.2007.01.037
https://doi.org/10.1016/S1470-2045(10)70261-8
https://doi.org/10.1038/nm.3048
https://doi.org/10.1038/nm.3048
https://doi.org/10.1038/leu.2014.1
https://doi.org/10.1038/leu.2014.72
https://doi.org/10.1158/2159-8290.CD-13-0609
https://doi.org/10.1158/2159-8290.CD-13-0609
https://doi.org/10.1111/bjh.12457
https://doi.org/10.18632/oncotarget.1925
https://doi.org/10.18632/oncotarget.1925
https://doi.org/10.1126/scitranslmed.aag1180
https://doi.org/10.1126/scitranslmed.aag1180
https://doi.org/10.1002/cncr.31357
https://doi.org/10.1242/jcs.00963
https://doi.org/10.1182/blood.V95.1.19
https://doi.org/10.1182/blood.V95.1.19
https://doi.org/10.1093/jnci/djt006
https://doi.org/10.1158/0008-5472.CAN-06-0025
https://doi.org/10.1038/leu.2010.287
https://doi.org/10.1182/blood-2009-11-255232
https://doi.org/10.1182/blood-2009-10-248211
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Mu et al.

Treatment Strategies for Potential TFR

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Myelogenous Leukemia-Like Disease by Bcr/Abl. Blood (2002) 99:2957-68.
doi: 10.1182/blood.v99.8.2957

Zhang X, Subrahmanyam R, Wong R, Gross AW, Ren R. The NH(2)-
terminal Coiled-Coil Domain and Tyrosine 177 Play Important Roles in
Induction of a Myeloproliferative Disease in Mice by Ber-Abl. Mol Cell Biol
(2001) 21:840-53. doi: 10.1128/MCB.21.3.840-853.2001

Xie S, Lin H, Sun T, Arlinghaus RB. Jak2 is Involved in c-Myc Induction by
Ber-Abl. Oncogene (2002) 21:7137-46. doi: 10.1038/sj.0nc.1205942

Neviani P, Harb JG, Oaks JJ, Santhanam R, Walker CJ, Ellis J], et al. PP2A-
Activating Drugs Selectively Eradicate TKI-resistant Chronic Myeloid
Leukemic Stem Cells. J Clin Invest (2013) 123:4144-57. doi: 10.1172/JCI68951
Zhao C, Blum J, Chen A, Kwon HY, Jung SH, Cook JM, et al. Loss of Beta-
Catenin Impairs the Renewal of Normal and CML Stem Cells In Vivo.
Cancer Cell (2007) 12:528-41. doi: 10.1016/j.ccr.2007.11.003

Heidel FH, Bullinger L, Feng Z, Wang Z, Neft TA, Stein L, et al. Genetic and
Pharmacologic Inhibition of Beta-Catenin Targets Imatinib-Resistant
Leukemia Stem Cells in CML. Cell Stem Cell (2012) 10:412-24.
doi: 10.1016/j.stem.2012.02.017

Quintas-Cardama A, Vaddi K, Liu P, Manshouri T, Li J, Scherle PA, et al.
Preclinical Characterization of the Selective JAK1/2 Inhibitor INCB018424:
Therapeutic Implications for the Treatment of Myeloproliferative
Neoplasms. Blood (2010) 115:3109-17. doi: 10.1182/blood-2009-04-214957
Verstovsek S, Mesa RA, Gotlib ], Levy RS, Gupta V, DiPersio JF, et al. A
Double-Blind, Placebo-Controlled Trial of Ruxolitinib for Myelofibrosis.
N Engl ] Med (2012) 366:799-807. doi: 10.1056/NEJMoal110557

Harrison C, Kiladjian JJ, Al-Ali HK, Gisslinger H, Waltzman R, Stalbovskaya
V, et al. JAK Inhibition With Ruxolitinib Versus Best Available Therapy for
Myelofibrosis. N Engl ] Med (2012) 366:787-98. doi: 10.1056/
NEJMoall110556

Gallipoli P, Cook A, Rhodes S, Hopcroft L, Wheadon H, Whetton AD, et al.
JAK2/STATS5 Inhibition by Nilotinib With Ruxolitinib Contributes to the
Elimination of CML CD34+ Cells In Vitro and In Vivo. Blood (2014)
124:1492-501. doi: 10.1182/blood-2013-12-545640

Okabe S, Tauchi T, Katagiri S, Tanaka Y, Ohyashiki K. Combination of the
ABL Kinase Inhibitor Imatinib With the Janus Kinase 2 Inhibitor TG101348
for Targeting Residual BCR-ABL-positive Cells. ] Hematol Oncol (2014) 7:37.
doi: 10.1186/1756-8722-7-37

Traer E, MacKenzie R, Snead J, Agarwal A, Eiring AM, O’Hare T, et al. Blockade
of JAK2-mediated Extrinsic Survival Signals Restores Sensitivity of CML Cells to
ABL Inhibitors. Leukemia (2012) 26:1140-3. doi: 10.1038/leu.2011.325
Tarafdar A, Hopcroft LE, Gallipoli P, Pellicano F, Cassels ], Hair A, et al.
CML Cells Actively Evade Host Immune Surveillance Through Cytokine-
Mediated Downregulation of MHC-II Expression. Blood (2017) 129:199-
208. doi: 10.1182/blood-2016-09-742049

Sweet K, Hazlehurst L, Sahakian E, Powers ], Nodzon L, Kayali F, et al. A
Phase I Clinical Trial of Ruxolitinib in Combination With Nilotinib in
Chronic Myeloid Leukemia Patients With Molecular Evidence of Disease.
Leuk Res (2018) 74:89-96. doi: 10.1016/j.leukres.2018.10.002

Eghtedar A, Verstovsek S, Estrov Z, Burger J, Cortes J, Bivins C, et al. Phase 2
Study of the JAK Kinase Inhibitor Ruxolitinib in Patients With Refractory
Leukemias, Including Postmyeloproliferative Neoplasm Acute Myeloid
Leukemia. Blood (2012) 119:4614-8. doi: 10.1182/blood-2011-12-400051
Hofmann CA, Colca JR. New oral thiazolidinedione antidiabetic agents
act as insulin sensitizers. Diabetes Care (1992) 15:1075-8. doi: 10.2337/
diacare.15.8.1075

Wang Z, Li G, Tse W, Bunting KD. Conditional Deletion of STAT5 in Adult
Mouse Hematopoietic Stem Cells Causes Loss of Quiescence and Permits
Efficient Nonablative Stem Cell Replacement. Blood (2009) 113:4856-65.
doi: 10.1182/blood-2008-09-181107

Prost S, Relouzat F, Spentchian M, Ouzegdouh Y, Saliba J, Massonnet G,
et al. Erosion of the Chronic Myeloid Leukaemia Stem Cell Pool by
PPARgamma Agonists. Nature (2015) 525:380-3. doi: 10.1038/nature15248
Hoelbl A, Schuster C, Kovacic B, Zhu B, Wickre M, Hoelzl MA, et al. Stat5 is
Indispensable for the Maintenance of Bcr/Abl-Positive Leukaemia. EMBO
Mol Med (2010) 2:98-110. doi: 10.1002/emmm.201000062

Rousselot P, Prost S, Guilhot J, Roy L, Etienne G, Legros L, et al. Pioglitazone
Together With Imatinib in Chronic Myeloid Leukemia: A Proof of Concept
Study. Cancer (2017) 123:1791-9. doi: 10.1002/cncr.30490

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Ilander M, Hekim C, Mustjoki S. Immunology and Immunotherapy of
Chronic Myeloid Leukemia. Curr Hematol Malig Rep (2014) 9:17-23.
doi: 10.1007/s11899-013-0190-1

Hughes A, Yong ASM. Immune Effector Recovery in Chronic Myeloid
Leukemia and Treatment-Free Remission. Front Immunol (2017) 8:469.
doi: 10.3389/fimmu.2017.00469

Schurch C, Riether C, Amrein MA, Ochsenbein AF. Cytotoxic T Cells Induce
Proliferation of Chronic Myeloid Leukemia Stem Cells by Secreting
Interferon-Gamma. J Exp Med (2013) 210:605-21. doi: 10.1084/jem.
20121229

Horowitz MM, Gale RP, Sondel PM, Goldman JM, Kersey ], Kolb HJ, et al.
Graft-Versus-Leukemia Reactions After Bone Marrow Transplantation.
Blood (1990) 75:555-62. doi: 10.1182/blood.V75.3.555.555

Ben-Neriah Y, Daley GQ, Mes-Masson AM, Witte ON, Baltimore D. The
Chronic Myelogenous Leukemia-Specific P210 Protein is the Product of the
Ber/Abl Hybrid Gene. Science (1986) 233:212-4. doi: 10.1126/science.
3460176

Ahmed W, Van Etten RA. Alternative Approaches to Eradicating the
Malignant Clone in Chronic Myeloid Leukemia: Tyrosine-Kinase Inhibitor
Combinations and Beyond. Hematol Am Soc Hematol Educ Program (2013)
2013:189-200. doi: 10.1182/asheducation-2013.1.189

Shtivelman E, Lifshitz B, Gale RP, Roe BA, Canaani E. Alternative Splicing of
RNAs Transcribed From the Human Abl Gene and From the Bcr-Abl Fused
Gene. Cell (1986) 47:277-84. doi: 10.1016/0092-8674(86)90450-2

Shepherd P, Suffolk R, Halsey J, Allan N. Analysis of Molecular Breakpoint
and m-RNA Transcripts in a Prospective Randomized Trial of Interferon in
Chronic Myeloid Leukaemia: No Correlation With Clinical Features,
Cytogenetic Response, Duration of Chronic Phase, or Survival. Br |
Haematol (1995) 89:546-54. doi: 10.1111/j.1365-2141.1995.tb08362.x

Li Y, Lin C, Schmidt CA. New insights into antigen specific immunotherapy
for chronic myeloid leukemia. Cancer Cell Int (2012) 12:52. doi: 10.1186/
1475-2867-12-52

Rojas JM, Knight K, Wang L, Clark RE. Clinical Evaluation of BCR-ABL
Peptide Immunisation in Chronic Myeloid Leukaemia: Results of the EPIC
Study. Leukemia (2007) 21:2287-95. doi: 10.1038/sj.]eu.2404858

Jain N, Reuben JM, Kantarjian H, Li C, Gao H, Lee BN, et al. Synthetic
Tumor-Specific Breakpoint Peptide Vaccine in Patients With Chronic
Myeloid Leukemia and Minimal Residual Disease: A Phase 2 Trial. Cancer
(2009) 115:3924-34. doi: 10.1002/cncr.24468

Bocchia M, Gentili S, Abruzzese E, Fanelli A, Iuliano F, Tabilio A, et al. Effect
of a p210 Multipeptide Vaccine Associated With Imatinib or Interferon in
Patients With Chronic Myeloid Leukaemia and Persistent Residual Disease:
A Multicentre Observational Trial. Lancet (2005) 365:657-62. doi: 10.1016/
S0140-6736(05)17945-8

Bocchia M, Defina M, Aprile L, Ippoliti M, Crupi R, Rondoni M, et al.
Complete Molecular Response in CML After P210 BCR-ABL1-derived
Peptide Vaccination. Nat Rev Clin Oncol (2010) 7:600-3. doi: 10.1038/
nrclinonc.2010.141

Rosenfeld C, Cheever MA, Gaiger A. WT1 in Acute Leukemia, Chronic
Myelogenous Leukemia and Myelodysplastic Syndrome: Therapeutic
Potential of WT1 Targeted Therapies. Leukemia (2003) 17:1301-12.
doi: 10.1038/sj.leu.2402988

0ji Y, Oka Y, Nishida S, Tsuboi A, Kawakami M, Shirakata T, et al. WT1
Peptide Vaccine Induces Reduction in Minimal Residual Disease in an
Imatinib-treated CML Patient. Eur J Haematol (2010) 85:358-60.
doi: 10.1111/§.1600-0609.2010.01497.x

Nishino M, Ramaiya NH, Hatabu H, Hodi FS. Monitoring Immune-
Checkpoint Blockade: Response Evaluation and Biomarker Development.
Nat Rev Clin Oncol (2017) 14:655-68. doi: 10.1038/nrclinonc.2017.88
Christiansson L, Soderlund S, Svensson E, Mustjoki S, Bengtsson M,
Simonsson B, et al. Increased Level of Myeloid-Derived Suppressor Cells,
Programmed Death Receptor Ligand 1/Programmed Death Receptor 1, and
Soluble CD25 in Sokal High Risk Chronic Myeloid Leukemia. PloS One
(2013) 8:e55818. doi: 10.1371/journal.pone.0055818

Mumprecht S, Schurch C, Schwaller J, Solenthaler M, Ochsenbein AF.
Programmed Death 1 Signaling on Chronic Myeloid Leukemia-Specific T
Cells Results in T-cell Exhaustion and Disease Progression. Blood (2009)
114:1528-36. doi: 10.1182/blood-2008-09-179697

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 643382


https://doi.org/10.1182/blood.v99.8.2957
https://doi.org/10.1128/MCB.21.3.840-853.2001
https://doi.org/10.1038/sj.onc.1205942
https://doi.org/10.1172/JCI68951
https://doi.org/10.1016/j.ccr.2007.11.003
https://doi.org/10.1016/j.stem.2012.02.017
https://doi.org/10.1182/blood-2009-04-214957
https://doi.org/10.1056/NEJMoa1110557
https://doi.org/10.1056/NEJMoa1110556
https://doi.org/10.1056/NEJMoa1110556
https://doi.org/10.1182/blood-2013-12-545640
https://doi.org/10.1186/1756-8722-7-37
https://doi.org/10.1038/leu.2011.325
https://doi.org/10.1182/blood-2016-09-742049
https://doi.org/10.1016/j.leukres.2018.10.002
https://doi.org/10.1182/blood-2011-12-400051
https://doi.org/10.2337/diacare.15.8.1075
https://doi.org/10.2337/diacare.15.8.1075
https://doi.org/10.1182/blood-2008-09-181107
https://doi.org/10.1038/nature15248
https://doi.org/10.1002/emmm.201000062
https://doi.org/10.1002/cncr.30490
https://doi.org/10.1007/s11899-013-0190-1
https://doi.org/10.3389/fimmu.2017.00469
https://doi.org/10.1084/jem.20121229
https://doi.org/10.1084/jem.20121229
https://doi.org/10.1182/blood.V75.3.555.555
https://doi.org/10.1126/science.3460176
https://doi.org/10.1126/science.3460176
https://doi.org/10.1182/asheducation-2013.1.189
https://doi.org/10.1016/0092-8674(86)90450-2
https://doi.org/10.1111/j.1365-2141.1995.tb08362.x
https://doi.org/10.1186/1475-2867-12-52
https://doi.org/10.1186/1475-2867-12-52
https://doi.org/10.1038/sj.leu.2404858
https://doi.org/10.1002/cncr.24468
https://doi.org/10.1016/S0140-6736(05)17945-8
https://doi.org/10.1016/S0140-6736(05)17945-8
https://doi.org/10.1038/nrclinonc.2010.141
https://doi.org/10.1038/nrclinonc.2010.141
https://doi.org/10.1038/sj.leu.2402988
https://doi.org/10.1111/j.1600-0609.2010.01497.x
https://doi.org/10.1038/nrclinonc.2017.88
https://doi.org/10.1371/journal.pone.0055818
https://doi.org/10.1182/blood-2008-09-179697
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Mu et al.

Treatment Strategies for Potential TFR

159.

160.

161.

162.

Riether C, Gschwend T, Huguenin AL, Schurch CM, Ochsenbein AF.
Blocking Programmed Cell Death 1 in Combination With Adoptive
Cytotoxic T-cell Transfer Eradicates Chronic Myelogenous Leukemia Stem
Cells. Leukemia (2015) 29:1781-5. doi: 10.1038/leu.2015.26

Schutz C, Inselmann S, Saussele S, Dietz CT, Muller MC, Eigendorff E, et al.
Expression of the CTLA-4 Ligand CD86 on Plasmacytoid Dendritic Cells
(pDC) Predicts Risk of Disease Recurrence After Treatment Discontinuation
in CML. Leukemia (2018) 32:1054. doi: 10.1038/leu.2017.348

Davids MS, Kim HT, Bachireddy P, Costello C, Liguori R, Savell A, et al.
Ipilimumab for Patients With Relapse After Allogeneic Transplantation.
N Engl ] Med (2016) 375:143-53. doi: 10.1056/NEJMoal601202

Davids MS, Kim HT, Costello C, Herrera AF, Locke FL, Maegawa RO, et al.
A Multicenter Phase 1 Study of Nivolumab for Relapsed Hematologic
Malignancies After Allogeneic Transplantation. Blood (2020) 0020135:2182-91.
doi: 10.1182/blood.2019004710

163. Hughes TP, Mauro M]J, Cortes JE, Minami H, Rea D, DeAngelo DJ, et al.
Asciminib in Chronic Myeloid Leukemia After ABL Kinase Inhibitor Failure.
N Engl ] Med (2019) 381:2315-26. doi: 10.1056/NEJMoa1902328

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Mu, Zhu, Jia, Zhou and Liu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

May 2021 | Volume 11 | Article 643382


https://doi.org/10.1038/leu.2015.26
https://doi.org/10.1038/leu.2017.348
https://doi.org/10.1056/NEJMoa1601202
https://doi.org/10.1182/blood.2019004710
https://doi.org/10.1056/NEJMoa1902328
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Combination Therapies in Chronic Myeloid Leukemia for Potential Treatment-Free Remission: Focus on Leukemia Stem Cells and Immune Modulation
	Introduction
	TKIs + Interferon-α (IFN-α)
	TKI (NIL/IM) + BCL-2 Inhibitors (Venetoclax/ABT-199)
	TKI + JAK2 Inhibitor (Ruxolitinib)
	TKI + PPAR-&gamma; Agonists (Pioglitazone)
	Immunological Strategies
	Vaccination
	BCR-ABL1 as a Specific Antigen
	Leukemia Associated Antigens

	Immune Checkpoint Inhibitors

	Conclusion
	Author Contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


