
114 | Hematology 2022 | ASH Education Program

BEYOND ROUTINE FRONTLINE THERAPY OF CML

     Transplantation in CML in the TKI era: 
who, when, and how ?  
     Chris tian   Niederwieser  and  Nicolaus   Kr ö ger  
 Department of Stem Cell Transplantation, University Medical Center Hamburg - Eppendorf, Germany 

   Molecular ther apy with tyro sine kinase inhib i tors (TKIs) has sig nifi   cantly reduced the indi ca tion for allo ge neic hema to poi-
etic stem cell trans plan ta tion (allo - HSCT) in chronic mye loid leu ke mia (CML). Treatment - free remis sion can be obtained 
in about 50 %  of patients with an opti mal response. However, cure rates up to 90 %  are restricted to patients receiv ing 
HSCT. Timing is essen tial since HSCT in the early stages of the dis ease has the best out come. Patients in a more advanced 
phase (AdP) than chronic - phase (chP) CML undergo HSCT with sub op ti mal out comes, and the gap between chP and AdP 
dis ease is wid en ing. First - line ther apy should start with fi rst -  or sec ond - gen er a tion (G) TKIs. Patients fail ing treat ment 
( BCR - ABL1  tran scripts of greater than 10 %  at 3 and 6 months and greater than 1 %  at 12 months) should be switched to 
sec ond - line TKIs, and HSCT should be con sid ered. Patients not responding to 2G - TKI ther apy as well as patients in an 
accel er ated phase (AP) or blast cri sis (BC) are can di dates for HSCT. Therapy resis tant  BCR - ABL1  muta tions, high - risk addi-
tional cyto ge netic abnor mal i ties, and molec u lar signs of leu ke mia pro gres sion should trig ger the indi ca tion for HSCT. 
Patients who, despite dose adjust ments, do not tol er ate or develop severe adverse events, includ ing vas cu lar events, to 
mul ti ple TKIs are also can di dates for HSCT. In AdP CML, TKIs do not show long - last ing results, and the out come of HSCT 
is less opti mal with out pretransplant ther apy. In these patients the induc tion of chP2 with TKIs, either alone (AP) or in 
com bi na tion with inten sive che mo ther apy (BC), followed by HSCT should be pur sued.  

   LEARNING OBJEC TIVES 
    •  Understand the cri te ria for con sid er ing allo ge neic stem cell trans plan ta tion for CML patients 
   •  Defi ne the risk fac tors for out comes after allo ge neic stem cell trans plan ta tion for CML patients 
   •  Acquire the knowl edge of how to use TKIs before and after trans plan ta tion in CML patients  

  Introduction 
 Chronic mye loid leu ke mia (CML), a dis ease of pre dom i-
nantly older adult (age  > 60 years) and male patients, is in 
many aspects a model for malig nant dis eases. Described 
by Virchow and Bennett in 1845 as leucocythemia, it was 
the fi rst malig nancy with a com mon chro mo somal alter-
ation. 1,2  After molec u lar iden ti fi  ca tion of the breakpoints, 
the main molec u lar pathomechanisms were unraveled. 3,4  

 Hematopoietic stem cell trans plan ta tion (HSCT) was 
shown to be the only cura tive option. 5  Almost at the same 
time, treat ment with inter feron alfa was shown to induce 
cyto ge netic remis sions (CyR) in a small pro por tion of 
patients. 6  The use of  BCR - ABL1  tran scripts for dis ease mon i-
tor ing and donor lym pho cyte infu sion (DLI) to treat relapse 
after HSCT were the next hall marks in the treat ment of this 
dis ease. 7,8  Finally, in 2001 a specifi c inhibitor of  BCR - ABL
tyrosine kinase revolutionized the treatment of CML. 9  In 
2010, the dis con tin u a tion of TKIs in patients with opti mal 

response was described and the term  “ oper a tional cure ”  
used. 10  

 After decades of devel op ment, HSCT was increas ingly 
used world wide, and more than 1.5 mil lion trans plants (now 
90 000 annu ally) were reported up to 2019. 11  Patients with 
early chronic - phase (chP) CML were con sid ered an ideal 
indi ca tion for HSCT. 12  Interval - diag no sis HSCT ( < 12 months 
and  > 12 months), dis ease stage (chP, accel er ated phase 
[AP], and blast cri sis [BC]), donor (related and unre lated), 
and gen der dif fer ences were rec og nized as major prog nos-
tic fac tors infl u enc ing trans plant - related mor tal ity (TRM; 
nonrelapse mor tal ity caused by graft - ver sus - host dis ease 
[GVHD], infec tions, or toxicities), and relapse inci dence 
(Euro pean Society for Blood and Marrow Transplantation 
[EBMT] risk score). 12  Alternative donors became avail -
able in 1989 using cord blood and haploidentical donors 
by ex vivo or in vivo T - cell deple tion. 13,14  In 1998 reduced -  
inten sity pre par a tive reg i mens for older adults and patients 
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with comorbidities were devel oped.15 Today, TRM of 5% to 10% 
in chP CML and 20% to 25% in advanced phase (AdP) CML 
remain, and GVHD rep re sents a major com pli ca tion after HSCT. 
After the avail abil ity of TKIs, HSCT activ ity in the EBMT reg is try 
con tin u ously decreased for chP but remained sta ble for AP/BC 
(Figure 1). Nowadays, more patients in non-chP than in chP are 
transplanted world wide,11 which under lines the impor tance of 
opti miz ing out come by improv ing the tim ing of HSCT.

Oral TKI ther apy in patients with chP CML resulted in an over-
all sur vival (OS) of 80% at 10 years, but only approx i ma tely 50% 
remained on first-gen er a tion (1G) treat ment.9,16 After first, sec-
ond, and third G-TKIs became avail  able, major molec u lar remis-
sions (MMR) and even treat ment-free remis sions were observed.17 
Despite this suc cess, a sig nifi  cant pro por tion of patients become 
refrac tory or prog ress, become intol er ant, or develop cytope-
nia. Approximately 31% of patients switch from first-line to sec-
ond-line ther apy after 11 months.18 Reasons for switching include 
fail ure in 32%, intol er ance in 57%, and other issues in 12% of 
patients. Recently, asciminib has dem on strated a higher MMR 
rate in combination with a more favorable safety profile as bosu-
tinib.19 Despite being well tol er ated over all, side effects on TKIs, 
espe cially in higher G-TKIs, occur (eg, vasculopathy up to 53% 
of patients on nilotinib, vas cu lar events in 37% on ponatinib, and 
pleu ral effu sion in approx i ma tely 20% on dasatinib).20,21 Other 
stud ies showed an intol er ance of 16% or 7% on treat ment with 
dasatinib (5 years) and/or imatinib (5 and 10 years).16,22

Despite HSCT being the only cura tive treat ment, tim ing 
assumes an essen tial role in this pro cess. Decisions should not 
be taken too early and incur unnec es sary risks or too late, which 
could jeop ar dize the out come after HSCT. Results in AdP CML 
(espe cially in BC) are poor with sin gle TKI ther apy and sin gle HSCT 
(see below). Recommendations from experts in the field and pub-
lished results are of fun da men tal impor tance in this pro cess.

Figure 1. Development of allogeneic stem cell transplantation for CML in Europe from 1990 to 2020 (EBMT registry) showing chP 
and AdP CML (AP and BC).

CLINICAL CASE 1

A 38-year-old con struc tion worker presented with sud den 
fatigue, nose bleeds, and pneu mo nia. He had leu ko cy to sis  
(112 × 109/L), throm bo cy to pe nia (15 × 109/L), and ane mia (hemo-
glo bin level of 8.4  g/dL). Initially, an acute mye loid leu ke-
mia (AML) was suspected after the bone mar row aspi ra tion 
revealed 97% blasts with a mye loid phe no type. In addi tion, a 
Philadelphia chro mo some (Ph) in 20 out of 20 meta phases and 
a com plex aber rant kar yo type (includ ing mono somy 7) were 
detected. A T315I muta tion was described in the molec u lar ana-
ly ses and a blast cri sis (BC) of CML diag nosed.

CLINICAL CASE 2

At a rou tine checkup, a 60-year-old woman had 30 × 109/L leu-
ko cytes, 400 × 109/L plate lets, and a hemo glo bin level within a 
nor mal range. She cur rently expe ri enced short ness of breath but 
oth er wise felt healthy. After refer ral to a hema tol o gist, a left shift 
was found in the dif fer en tial but no enlarge ment of the lymph 
nodes or spleen. Since the Ph chro mo some was detected in all  
meta phases upon bone mar row aspi ra tion, chP CML and a low-
risk EUTOS long-term-sur vival-score was diag nosed.

Who should undergo trans plan ta tion
Outcomes of HSCT have improved sub stan tially dur ing the last 
decades. In a real-world anal y sis, the Swed ish reg is try reported 
an OS of 96% at 5 years in chP1 in patients with a median age 
of 43 years using matched donors.23 In another pro spec tive 
study, the Ger man CML study group reported 3-year OS rates 
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of 88% and 94% after elec tive HSCT in high-risk chP (but a 0-1 
EBMT score) and in imatinib-fail ure chP CML patients, respec-
tively. TRM of only 8% was described in this mul ti cen ter study, 
which com pares favor ably to TRM of 26% in an ear lier ran dom-
ized study after IFN-based treat ment in chP CML.24 TKI ther apy 
with only imatinib led approx i ma tely 96% OS at 3 years in the 
same study.24 The Euro pean LeukemiaNet (ELN) cri te ria and the 
US National Comprehensive Cancer Network (NCCN) guide-
lines are updated on a reg u lar basis and guide the treat ment 
not only in chP CML. The dif fer ence between the 2 involves the 
defi  ni tion of response to ther apy. Transcripts higher than 10% 
at 3 months define patients with pos si ble TKI-resis tant dis ease 
and after 3 months with defi  nite TKI-resis tant dis ease (NCCN 
guide lines). In the ELN guide lines, tran scripts higher than 10% 
are defined as a warn ing at 3 months and if con firmed within the 
next 3 months as fail ure. Failure means chang ing to another TKI 
if ther apy started with 1G-TKI but to assess ment for HSCT only 
if ther apy started with 2G-TKI. In NCCN guide lines, pos si ble TKI 
resis tance auto mat i cally leads to eval u a tion for HSCT.25,26 On the 
other hand, the ELN rec om men da tions spec ify resis tance to 2G-
TKI as an indi ca tion for HSCT.

HSCT results in patients with AP CML are clearly infe rior to 
those in chP1. Before the TKI era, out comes of HSCT in AP CML 
were 35% at 2 years and in the imatinib era, 59% at 2 years (com-
pared to 88% and 94% in early chP CML).27,28 In a pro spec tive 
study, Jiang et al dem on strated an advan tage for HSCT over TKI 
in AP CML (6-year OS, 83.3% vs 51.4%).29 Similar results of 50% to 
60% OS at 5 years after imatinib, nilotinib, and dasatinib (60%-
70% OS and 10% MMR at 2 years) and bosutinib (60% OS and 11% 
MMR at 4 years) were reported with TKI monotherapy.30 Ponati-
nib had slightly higher response rates (84% OS and 34% MMR at  
1 year), but ran dom ized com par i sons are lacking. Patients with 
de novo AP CML treated with nilotinib or dasatinib (70% MMR 
and 90% OS at 3 years, respec tively) have been reported to have 
supe rior results than AP CML that devel ops while on ther apy.30 
Patients with AP CML under treat ment should imme di ately be 

con sid ered for HSCT, while de novo AP CML might become eli gi-
ble for HSCT if the response to TKIs is not opti mal.

Recommendations according to the ELN and to the NCCN 
regard ing allo ge neic stem cell trans plan ta tion are outlined in 
Table 1.

Although AdP CML occurs in a minor ity of patients (de novo 
10%; 5% on dasatinib and 7% on imatinib develop AdP after  
5 years), out comes are infe rior to chP CML after HSCT and 
TKIs alone. Outcomes of BC HSCT in the pre-imatinib era were 
reported to be only 21% OS at 2 years.28 1G-TKIs in patients with 
BC resulted in a median OS of 7 to 10 months, while treat ment 
with 2G-TKIs (nilotinib or dasatinib) resulted in an OS of 32% 
and 30% at 2 years, respec tively. In a ret ro spec tive study with 
104 patients, 1-3G-TKIs plus inten sive che mo ther apy (IC) and 
TKIs plus hypomethylating agents led to a higher rate of CRi 
(57.5% vs 33%), a higher com plete CyR rate (45% vs 10.7%), and 
more patients pro ceed ing to HSCT (32.5% vs 10.7%) than TKIs 
or IC alone. Long-term results were sim i lar in the com bi na tions 
and clearly infe rior to TKIs or IC alone (OS, 30%-28% vs 13%-0% 
at 5 years).31 HSCT resulted in long-term OS in patients with 
advanced CML (34% CI, 23-46, at 15 years). OS was improved in 
non-BC patients at HSCT with donors 36 years of age or youn-
ger and with a higher CD34+ cell dose in the graft.32 The ELN 
and NCCN pro vide infor ma tion on induc tion che mo ther apy 
according to AML-based mor phol ogy and acute lym pho cytic 
leu ke mia treat ment. The ELN empha sizes the need to attempt 
to return to chP CML with sub se quent HSCT with out delay and 
that patients with untreated BC should not undergo HSCT. A 
study found that in patients in remis sion for BC, con ven tional 
risk fac tors such as advanced age, poor per for mance sta tus, 
a lon ger inter val from diag no sis to HSCT, myeloablative con-
di tion ing (MAC), and unre lated donors remained the major 
deter mi nants of out come, whereas in those with active BC 
at trans plant, unre lated donor trans plan ta tion was asso ci ated 
with prolonged leu ke mia-free sur vival (LFS).33 Similar results for 
advanced CML in the AP or BC or pretreated with TKIs beyond 

Table 1. Recommendations for allo ge neic stem cell trans plan ta tion in CML according to the ELN and the NCCN

Chronic phase (chP) Accelerated phase (AP) Blast phase (BC)

ELN 202025

-  Disease resis tant or intol er ant (sub op ti mal 
response to 2 or more TKIs)

-  For the very rare patient with inad e quate 
recov ery of nor mal hema to poi e sis

-  Resistance to 2G-TKIs (first or sec ond line) 
ponatinib or exper i men tal agent

-  Failure to respond to ponatinib after  
3 months’ treat ment

-  Emergence of high-risk cyto ge net ics: 
observe closely, con sider inten si fi ca tion of 
treat ment (ponatinib, early allo-SCT)

ELN 202025

-  A patient presenting in AP should be treated 
as a high-risk patient, becom ing eli gi ble for 
HSCT if the response is not opti mal

-  A patient progressing to AP dur ing treat ment 
should imme di ately be con sid ered for HSCT

ELN 202025

- Attempt at return to chP2
-  Addition of che mo ther apy based on AML 

reg i mens for mye loid BP (such as dasatinib 
or ponatinib + FLAG-IDA) or ALL reg i mens for 
lym phoid BP (such as imatinib or dasatinib + 
hyperfractionated CVAD) recommended

-  After CP2 is achieved pro ceed to allo-SCT 
with out delay

-  Transplantation in active BP is not 
recommended

NCCN guide lines26

-  If TKI-resis tant dis ease BCR-ABL1 (IS) >10%  
at >3 months, switch to alter nate TKI and 
eval u ate for HSCT

NCCN guide lines26

-  Disease pro gres sion to AP while on TKI  
ther apy should be con sid ered for HSCT

-  Patients who pres ent with AP at diag no sis 
should be treated with a TKI, followed by 
eval u a tion for allo ge neic HSCT based on 
response to ther apy after 3, 6, or 12 months

NCCN guide lines26

-  Recommendation does not depend on 
response

-  After ther apy with mor phol ogy-based  
induc tion che mo ther apy + TKI in lym phoid 
and mye loid blast cri sis or TKI plus ste roids in 
lym phoid blast cri sis and sole TKI in mye loid 
blast cri sis

CVAD, chemotherapy combination used to treat some types of acute lymphoblastic leukemia (ALL) and non-Hodgkin lymphoma (NHL). Hyper-CVAD 
includes the drugs cyclophosphamide, vincristine sulfate, doxorubicin hydrochloride (Adriamycin), and dexamethasone; FLAG-IDA, fludarabine, high-
dose cytosine arabinoside (AraC), idarubicin, and granulocyte colony-stimulating factor (G-CSF); IS, international scale.
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front line ther apy have been reported by other inves ti ga tors 
and are listed in Table 2.34-41 The emer gence of high-risk addi-
tional chro mo somal aber ra tions (ACAs; high-risk ACAs include 
+8, a sec ond Ph chro mo some, i(17q), +19, −7/7q-, 11q23, 3q26.2, 
and com plex aber rant kar yo types) pre dict a poorer response 
to TKIs and a higher risk of pro gres sion. According to ELN cri-
te ria, patients with high-risk ACAs are con sid ered high-risk 
patients,25 and they should be observed and con sid ered for 
inten si fi ca tion of treat ment, includ ing early HSCT. Gene muta-
tions (RUNX1, ASXL1, IKZF1, WT1, TET2, IDH1/2, CBFB/MYH11, 
TP53) are found in CML and might be asso ci ated with pro gres-
sion to BC.42,43 Such muta tions may lead to a genet i cally based 
risk clas si fi ca tion in the future with the poten tial for com bi na-
tion with non–BCR-ABL1 targeted ther apy. The molec u lar land-
scape of muta tions, espe cially concerning epi ge net ics, has 
been fea tured in recent pub li ca tions.44

Optimal pre con di tions for HSCT are a low CI Sorror score and 
good per for mance sta tus, in addi tion to the require ment for a 
suit able donor, pref er a bly a human leu ko cyte antigen (HLA)–
com pat i ble sib ling followed by an unre lated donor (10 out of 10 
matches).45 If no matched donor is avail  able, alter na tive donors, 
such as haploidentical HSCT with post cyclo phos pha mide or 
mismatched donors or cord blood, should be taken into con-
sid er ation.46-49

In addi tion, HSCT is fea si ble in patients pre vi ously treated 
with 2G-TKIs with a posttransplant com pli ca tion rate com pa ra-
ble to that of TKI-naive or imatinib-treated patients.50

CLINICAL CASE 1 (Con tin ued)
The patient was treated with an AML-like induc tion che mo ther-
apy in com bi na tion with ponatinib, a 3G-TKI to over come the 
resis tance to the T315I muta tion. After reaching chP, the patient 
was referred to an HSCT pro gram.

CLINICAL CASE 2 (Con tin ued)
After ther apy with hydroxy urea, the patient was started on the 
1G-TKI imatinib. Her response according to ELN cri te ria was 
opti mal after 3 months. After she discussed the pos si bil ity of 
HSCT with her hema tol o gist, it was decided to con tinue TKI 
ther apy under con tin u ous BCR-ABL1 mon i tor ing.

Timing: when to per form a trans plant
It is gen er ally accept able to start first-line ther apy with TKIs 
(first or sec ond gen er a tion) in chP CML with out affect ing the 
out come of HSCT.25 The response and tol er ance to the TKI 
deter mine fur ther treat ment. The response to the TKI depends 
on the EUTOS long-term sur vival score and the pres ence of 
high-risk cyto ge net ics and TKI muta tions.51 The pres ence of the 
T315I muta tion, which is respon sive to ponatinib, is a trig ger 
for HSCT.

The ELN pro vi des reg u lar rec om men da tions on how to man-
age TKI treat ment according to BCR-ABL1 tran script reduc tion 
at defined time points.52 BCR-ABL1 tran scripts higher than 10% 

at 3 and 6 months of treat ment and higher than 1% at 12 months 
are con sid ered treat ment fail ures and should lead to sec ond-line 
TKI treat ment (either 2G- or 3G-TKI or a TKI respon sive to the 
detected muta tion). A donor search should be ini ti ated upon 
resis tance to 2G-TKI treat ment.25 Approximately 65% respond 
to sec ond-line treat ment with BCR-ABL1 tran scripts of less than 
or equal to 10%. Nonresponding patients (>10% tran scripts at  
3 months) have dura ble CyR of only 50% at 4 years.51

HSCT in early chP CML has been shown to have the best out-
come, even after first-line TKI resis tance.12 In addi tion, TKI ther-
apy before HSCT has been asso ci ated with bet ter posttransplant 
out comes.32 A Center for International Blood and mar row Trans-
plant Research (CIBMTR) study con firmed the ben e fi cial effect of 
pretransplant TKIs in chP CML for posttransplant sur vival.53 Delay-
ing HSCT to late chP CML incurs the risk of pro gres sion to AdP 
dis ease, with unfa vor able results. Patients not eli gi ble for HSCT 
(>80 years of age) should con tinue on 3G-TKIs or new inhib i tors 
in the test ing phase. In pedi at ric patients, life long TKI ther apy, 
includ ing side effects, needs to be bal anced with an increased 
HSCT TRM at the begin ning and a pos si ble increased mor bid ity 
with chronic GVHD.54

The goal in advanced CML is a return to a chP followed by 
HSCT. The choice of pretransplant TKIs for AdP CML is not well 
stan dard ized, but dasatinib and nilotinib have at least safely 
been admin is tered before HSCT with out increased TRM.50,55 
Thus, it is appro pri ate to use TKIs to reduce the dis ease bur den 
before HSCT for AP CML. The search for a donor should be ini ti-
ated at diag no sis and HSCT planned after a response (Table 2). In 
BC, a down grade to chP2 should be con sid ered a clin i cal con di-
tion requir ing, when ever pos si ble, treat ment with a com bi na tion 
of TKIs with IC or TKIs with hypomethylating agents followed 
by HSCT.31 The com bi na tion of TKIs plus IC with HSCT has been 
shown to result in 54% OS at 2 years in AdP CML.27 HSCT remains 
a unique ther a peu tic option for patients in chP CML after the fail-
ure of 2 TKIs or in those poten tially har bor ing the T315I muta tion 
(after a trial of ponatinib ther apy).56

CLINICAL CASE 1 (Con tin ued)
After weighing the pros and cons, the patient decided to 
undergo HSCT from the HLA-matched brother at a JACIE-cer ti fied  
trans plant cen ter. Three months after diag no sis, he under went 
periph eral blood HSCT.

CLINICAL CASE 2 (Con tin ued)
After 2 years of opti mal response, the patient showed increased 
BCR-ABL1 tran scripts. Molecular ana ly ses detected V299L resis-
tant to dasatinib and Y253H resis tant to nilotinib, but both 
were sen si tive only to ponatinib. Treatment with ponatinib was 
started. Since her 70-year-old brother, her only sib ling, had 
CLL, an unre lated donor search was ini ti ated. Following intol er-
ance to ponatinib (caus ing head aches and vomiting) but after 
achiev ing BCR-ABL1 neg a tiv ity and lacking access to asciminib, 
an HSCT was con sid ered.
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Table 2. Selection of CML stud ies using HSCT includ ing patients beyond front line ther apy

Authors Number of 
patients HSCT y Disease stage 

(patient %)

TKI used 
before HSCT 
(patient %)

TRM % DFS/LFS/ 
PFS/RI % OS % Study type

chP

Chaudhury et al34 449
177 (<18 y)
272 (18–29 y)

2001–2010 chP1 (100) TKI (60) <18 y
TKI (48) 18–29 y

13 (at 1 y),  
18 (at 3 y),  
20 (at 5 y)

LFS 59%
57 (<18 y)
60 (18–29 y)
n.s.

75% OS  
(at 5 y)
76% (<18 y)
74% (18–29 y)
n.s.

Retrospective, 
mul ti cen ter, 
chil dren and 
young adults
(CIBMTR)

Yassine et al35 199 (adults)
97 (chil dren/ 
adults)

Meta- 
anal y sis

chP (100) Meta-anal y sis 20 (adults)
28 (chil dren/ 
adults)

Adult DFS 
66%, adults/ 
chil dren DFS 
47%/PFS 
82%

Adults 84%,
chil dren 91%,
adults/ 
chil dren 76%

Meta-anal y sis 
resis tant/ 
intol er ant chP 
to >1 TKI

AP and BC

Jiang et al29 132 2001–2008 AP (100) Imatinib (66%)
Imatinib + HSCT 
(34)

11 Low risk: 
imatinib 85% 
HSCT 95% 
(PFS at 6 y)
High risk: 
imatinib 19%
HSCT 100% 
(PFS at 5 y)

Low risk: 
imatinib 100%
HSCT 81% (OS 
at 6 y)
High risk: 
imatinib 18%
HSCT 100% 
(OS at 5 y)

Prospective 
sin gle-cen ter  
study 
(imatinib vs 
HSCT)

Khoury et al57 449 1999–2004 chP2 (41),  
AP (41),  
BC (18)

Imatinib (50) chP2 33, AP 
34, BC 46 
(at 1 y)

chP2 27%,
AP 37%,
BC 10%  
(LFS at 3 y)

chP2 36%,
AP 43%,
BC 14% (OS 
at 3 y)

Retrospective 
mul ti cen ter  
study 
(CIBMTR)

Zheng et al36 32 2002–2011 AP (59),  
BC (41)

Imatinib (53) Cord 38,
sib 12  
(at 0.5 y)

Cord 50%
sib 40%
(LFS at 5 y)

Cord 62%,
Sib 49%
(OS at 5 y)

Retrospective 
sin gle-cen ter 
study (cord 
vs sib)

Radujkovic et al33 170 2004–2016 BC in 2  
chP (56)
BC active (44)

1G-TKI (59),  
2G-TKI (33),  
3G-TKI (8)

19.7 (at 1 y)
23.3 (at 3 y)
Active BC: 
27.1% 3 y
BC in  
remis sion: 
20.2% 3 y

LFS 34.6, RI 
45.7 (at 1 y).
LFS 26.1, RI 
50.7 (at 3 y)
LFS: active 
BC: 11.6% 3 y
BC in  
remis sion 
33.8% 3 y
RI: active BC: 
56.4.6% 3 y 
BC in  
remis sion 
45.9% 3 y

57.5%(at 1 y)
38.5 (at 3 y)
Active BC: 
23.8% (3 y)
BC in  
remis sion 51% 
(3 y)

Retrospective 
EBMT study
HSCT in 
treated vs 
untreated BC

Yang et al41 278 2002–2021 de novo  
AP (100)

Imatinib (67) 
or 2G-TKI (33; 
nilotinib 24, 
dasatanib 7, 
flumatinib 1)

Censored  
at HSCT

TFS 89%  
(at 6 y)
Low risk 95 
(5 y)
Interm 76 
(5 y)
High-risk 19 
(5 y)
No  
sig nifi  cance 
between  
1G-TKI ver sus 
2G for TFS

OS 90%  
(at 6 y)
Low risk 54 
(5 y)
Interm. 36 
(5 y)
High-risk 10 
(5 y)
No   
sig nifi  cance 
between 
1G-TKI vs 2G 
for OS

Comparison 
between 
imatinib  
and 2G-TKI 
before HSCT
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Authors Number of 
patients HSCT y Disease stage 

(patient %)

TKI used 
before HSCT 
(patient %)

TRM % DFS/LFS/ 
PFS/RI % OS % Study type

Different dis ease phase

Saussele et al24 84 2003–2008 chP1 (TKI) 
(23), chP1 (TKI 
fail ure) (44), 
AP (4), BC 
(30)

Imatinib 8 in chP  
(at 3 y)
18 in AdP  
(at 3 y)

CMR at last 
PCR 88%

chP1 (elec tive) 
88%,
chP1 (imatinib 
fail ure) 94%, 
AP 59%  
(OS at 3 y)

Prospective 
mul ti cen ter 
study (CML IV 
study)

Jabbour et al55 47 2004–2007 chP1 (34),  
chP2 (21),  
AP (25),  
BC (19)

Imatinib fail ure 
(100)
+ 2G-TKI (62)

13% (at 2 y) 49% (EFS at 
2 y) (muta-
tion 36% vs 
no muta tion 
58%)

63% (OS at 
2y) (muta tion 
44% vs no 
muta tion 76%)

Retrospective 
sin gle-cen ter 
study

Topcuoglu et al37 84 1989–2007 chP1 (79),  
chP2 (6),  
AP (15)

NA 7% RIC
14% MAC

48% (LFS at 
5 y) No  
dif fer ence 
RIC vs MAC

56% (OS at 
5 y) No  
dif fer ence RIC 
vs MAC

Retrospective 
sin gle-cen ter 
study (RIC vs 
MAC)

Oyekunle et al38 68 2002 – 
2009

chP1 (40), 
>chP1 (60)

Pre-HSCT TKI 
(71),
post-HSCT TKI 
(29)

NA 54% (LFS at 
2 y)

63% (OS at 
2 y)

Single  
insti tute HSCT 
in TKI era

Milojkovic et al51 5732 2000–2011 Prior TKI: chP 
(51), chP >1 
2(59), AP (14), 
BC (10),
no-TKI: NR

Prior TKI (22),
no TKI (78)

NA Non-TKI 46%
Prior TKI 42%
(PFS at 5 y)

Non-TKI 61%
Prior TKI 59%
(OS at 5 y)

Retrospective 
mul ti cen ter 
study (EBMT)

Piekarska et al39 25 2008–2013 chP1 (50), 
chP2/AP (29), 
BC (21)

Dasatinib (53), 
nilotinib (18), or 
both (29)

7.1 (chP1), 
12.5 
(chP2/AP); 
50 (BC)

RI: 29.6%
RI: chP1 
21.4%
RI: chP2/AP 
12.5%
RI: BP 50%

chP1 92.9%,
chP2/AP 
85.7%
BP 0%
(at 1 or 3 y)

Prospective

Lubking et al23 118 2002–2017 chP1 (47.5), 
chP >1 (40.7), 
AP/BC (11.9)

Imatinib 
(39.8), imatinib 
+2G-TKI (33.1), 
imatinib +2G-
TKI +3G-TKI 
(5.1), 2G-TKI 
(13.6), 2G-TKI 
+3G-TKI (5.1), 
no TKI (3.4)

11.6 in chP ≥1 
(at 5 y)
23.1 in AP/BC
(at 5 y)

chP: 66% 
molec 
relapse
(at 2 y)
AP/BC: 71.4% 
prog ress to 
AP/BC
50% to AdP 
in chP >1

chP 96,3%
70.1% > 
chP1/AP
36.9% BP
AP/BP to chP 
70.1%
chP TKI resist. 
96.8%
(all  at 5 y)

Swed ish  
reg is try  
study

Hu et al40 1223 2001–2013 chP1 (60), 
chP2 (21), AP 
(12), BC (7), 
pro gres sion 
to AP/BC (19)

TKI 1 (median, 
range 0–3)

10–20 (at 1 y) NA chP 1 HSCT 
(vs non-HSCT 
infe rior OS, 
HR 2.4)
No dif fer ence 
chP2 and 
AP; BC trend 
favor ing HSCT

Life  
expec tancy 
cal cu la tion in 
com par i son to 
no HSCT
(CIBMTR)

Niederwieser 
et al27

147 1990–2018 Non-BC (75)
BC (25)

Prior TKI:
1G (27.2); 1G + 
2G (13.6); 1G + 
3G (0.7); 2G ± 3G 
(38.1); 3G (0.7)

28 (at 15 y)
24 in BC  
(at 5 y)
24 non-BC 
(at 5 y)

30% at 10 y 
and 26% at 
15 y
BP 24% 5 y
Non-BP 31% 
5 y

OS 15 y
34%
BP 30% 10 y; 
30% 5 y
non-BP 41% 
10 y; 44% 5 y

Bicentric 
ret ro spec tive 
study
Long-term 
fol low-up

Masouridi-Levrat 
et al50

383 2009–2013 chP1 (38)
AP > chP1 (45)
BC (16)

Prior TKI:
dasatinib (40) 
or nilotinib (17) 
or sequen tial  ±  
bosutinib/ 
ponatinib (43)

18 (at 1 y)
24% (at 5 y)
No  
dif fer ence 
between 
2G-TKIs

RFS 40% (at 
5 y)
RI 29% (at 
2 y)
RI 36% (at 
5 y)

65% (at 2 y)
56% (at 5 y)
chP1 67%
AP/chP >1 
57%
BC 37%

EBMT study,
ret ro spec tive 
study

CMR, com plete molec u lar response; cord, cord blood; NA, not avail  able; n.s., not sig nifi  cantly dif fer ent; PCR, poly mer ase chain reac tion;  
PFS, pro gres sion-free sur vival; RI, relapse inci dence; sib, sib ling; TFS, trans for ma tion-free sur vival.

Table 2. Selection of CML studies using HSCT including patients beyond frontline therapy (Continued)
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How to man age trans plant ther a pies
In a CIBMTR study, the prog nos tic favor able fac tors for LFS and 
OS after HSCT in advanced CML were the time from diag no sis to 
trans plan ta tion, good per for mance sta tus, and access to an HLA 
fully matched donor.57

In an EBMT study, risk fac tors for poorer sur vival were active 
BC at trans plant, advanced age (>45 years), low per for mance 
sta tus, a lon ger inter val from diag no sis to trans plant, MAC, and 
the use of an unre lated donor.33

Other stud ies reported that a low CD34+ cell count in the 
graft and a higher donor age were adverse risk fac tors for OS.27 
Although no pro spec tive ran dom ized study exists, reduced 
inten sity con di tion ing (RIC) seems to be a fea si ble approach that 
increases acces si bil ity to the trans plant pro ce dure.58 Whether 
youn ger patients and patients with out comorbidities should be 
transplanted after RIC instead of MAC is still a mat ter of debate. 
Similar OS but lower chronic GVHD rates were observed in RIC 
when com pared to MAC.59 RIC may be a rea son able alter na tive 
to MAC in the TKI era, but results should be con firmed in a ran-
dom ized study. However, due to the high risk of relapse in AdP 
CML, patients who can tol er ate MAC should receive it.

Ex vivo T-cell deple tion is asso ci ated with a high relapse risk, 
but it has been observed that using anti–T-lym pho cyte glob u lin 
within the con di tion ing reg i men reduces the inci dence of GVHD 
with out increas ing the risk of relapse.60

The detec tion of BCR-ABL1 tran scripts early after HSCT has 
no adverse prog nos tic sig nifi  cance. However, BCR-ABL1 tran-
scripts (per sis tently neg a tive, fluc tu at ing, or per sis tently pos i tive)  
6 months post trans plant pre dict a risk of relapse.61  Several 
reports sug gest that early posttransplant TKIs (includ ing 2G- 
TKIs) are safe to admin is ter effec tively in chP CML but are less effec-
tive in AdP CML.62,63 Maintenance ther apy with TKIs with or with out 
DLIs appears to be safe and has been asso ci ated with a lower inci-
dence of exten sive chronic GVHD.27,61 Continued reg u lar long-term 
mon i tor ing of BCR-ABL1 tran scripts is required to antic i pate the 
occa sional late relaps ing patient; how ever, both the opti mal fre-
quency of mon i tor ing and the thresh old of BCR-ABL1 tran scripts for 
pre emp tive ther apy with TKIs or DLIs need to be established in the 
con texts of con di tion ing reg i men and graft manip u la tion. Although 
the use of posttransplant TKI ther apy is wide spread, pro spec tive 
stud ies are needed to explore the best TKI dose, the treat ment 
dura tion, and pos si ble coad min is tra tion with DLIs.

A relapse of CML can occur as late as the sec ond decade after 
HSCT and involves molec u lar, cyto ge netic, and hema to log i cal 
relapse.5 Relapsed CML has been treated with DLIs, TKIs, che-
mo ther apy, and sec ond HSCTs.27,64-67 Combinations of TKI ther-
apy and DLIs can achieve a 5-year postrelapse sur vival rate of 
62%, and some patients became TKI-free, suggesting a per sis-
tent graft-ver sus-leu ke mia effect.67 Molecular remis sion with out 
GVHD can be achieved, espe cially when DLIs were given beyond 
1 year from HSCT for molec u lar or cyto ge netic relapse.68

CLINICAL CASE 1 (Con tin ued)
The patient under went a trans plant, after con di tion ing with fluda-
rabine and myeloablative busul fan, from an HLA-iden ti cal brother 
and, except for neutropenic fever, had an unevent ful posttrans-
plant period. During immu no sup pres sion taper ing, he devel oped 
mild chronic skin GVHD. However, BCR-ABL1 tran scripts were still 

detected 6 months after HSCT. Because of a high risk of relapse, 
ponatinib was restarted, and the BCR-ABL1 tran scripts became 
neg a tive in the blood. After con sul ta tion with his phy si cian fol-
low ing con tin u ous neg a tive BCR-ABL1 tran scripts, the patient 
opted to ter mi nate TKI treat ment 5 years post trans plant.

CLINICAL CASE 2 (Con tin ued)
A matched unre lated donor was found, and after RIC with 
busul fan/fludarabine, HSCT was performed with out com pli ca-
tions. BCR-ABL1 tran scripts remained unde tect able post HSCT. 
No TKI pro phy laxis was given, and the patient remained BCR-
ABL1-neg a tive at 5 years after HSCT.

Summary
Rapid devel op ments in the treat ment of CML require con tin ual 
adap ta tion regard ing indi ca tions for cura tive stem cell trans-
plan ta tion. Patients with chP CML should be started with 1G- or 
2G-TKIs and mon i tored according to ELN or NCCN guide lines. 
The emer gence of high-risk ACAs pre dict a poorer response to 
TKIs and a higher risk of pro gres sion and are trig gers for HSCT. 
Patients with resis tant dis ease (NCCN) or fail ure (ELN) should be 
regarded as can di dates for HSCT. Patients with resis tance to G2-
TKIs should be con sid ered for HSCT if they are not responding 
to G3 after 3 months. An HLA-iden ti cal related or fully matched 
unre lated donor should be selected, and the inten sity of the 
con di tion ing reg i men should be adjusted according to age and 
comorbidities. Patients in AP and BC CML should be started 
on IC with the pos si ble addi tion of TKIs and are can di dates for 
HSCT. Posttransplant mon i tor ing with quan ti ta tive poly mer ase 
chain reac tion test ing is indi cated to guide pro phy lac tic or pre-
emp tive TKI treat ment with or with out DLIs.
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