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Abstract
Tyrosine kinase inhibitor (TKI) therapy has revolutionized the therapy of CML. Thus, while in the
near past allogeneic transplantation was the curative option for CML, imatinib, nilotinib, and
dasatinib have pushed transplantation to the role of salvage therapy in CML. Still, TKI therapy
still fails some patients, and so the clinical challenge is to integrate transplantation in a safe and
sane manner. This manuscript reviews the data on the variables that influence outcome following
transplantation, and discusses the variables to consider in determining which patients should
receive transplantation and when.
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Introduction
CML is characterized by a natural history of a transition from chronic phase to blast crisis.
The role of transplantation in CML (and hence, the role of transplanters) has had it's own
unique natural history. In the early 1980s, transplantation was a revolutionary therapy; by
the 1990s, the therapy became so refined that it was the standard of care, offering “cures” in
most chronic phase patients. Transplanters thus enjoyed unusually high regard. With the
advent of imatinib, an oral targeted therapy could alter the natural history of CML. Soon it
was advocated that STI 571 (the original name for imatinib in early trials) stood for “stop
transplantation immediately.” However, as experience with imatinib grew, issues of
resistance in chronic phase emerged, and the treatment of advanced phase disease
(accelerated and blast phases) proved to be inadequate with imaitinib (or later, other second
generation tyrosine kinase inhibitors). Thus, transplantation still has a definite, though more
limited, role in the treatment of CML.

Factors that determine outcome following transplantation in CML
Allogeneic stem cell transplantation is remarkably effective in CML, and outcomes have
benefited from several factors such as better HLA typing, better infectious disease therapy,
better treatment of graft versus host disease, (GVHD), etc. The outcome of allogeneic HCT
in CML is influenced by many factors, most importantly the phase of disease, but also, the
type of donor used, the nature of the stem cell product, and the age of the patient.
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Phase of disease
As with all treatments of CML, outcomes following transplantation are superior for patients
in chronic phase compared to advanced phase disease. The first large study on 167 CML
patients transplanted through 1983 from matched siblings 1 demonstrated a strong phase-
dependent survival. After 20 years of follow-up, 40% of patients transplanted in chronic
phase survive. Contemporary data demonstrate a significant improvement in survival. Data
from the International Bone Marrow Transplant Registry (IBMTR) between 1994 and 1999
show a probability of long-term (>5 year) survival of ∼70% patients transplanted in chronic
phase within the first year from diagnosis, and ∼60% for 1391 patients transplanted more
than 1 year from diagnosis (IBMTR, http://wwwibmtrorg2002). Contemporary results from
selected single institutions continue to demonstrate the excellent outcomes with HCT. For
example, the use of a preparative regimen of targeted busulfan (BU) plus CY in chronic
phase patients yielded 3 year survival rates of 86%; nearly 90% of these survivors were in
molecular remission. 2. These data are keeping with studies from the German consortium
(Figure 1) and Hammersmith groups, where survival in chronic phase have shown similar
excellent results, with 5 year disease free survivals of ∼90%. 3

Outcomes in advanced phase disease (accelerated phase and blast crisis) are far inferior to
chronic phase 4,5. Outcomes in accelerated are approximately half of that of chronic phase,
with survival and event-free survival of ∼50 and 40%, respectively 6. The outcome of
transplantation for patients in blast crisis is very poor, both because of a high risk of disease
recurrence and a high incidence of transplant-related deaths. Most studies have found 3-5
year survival for transplants in blast crisis to be only 10-20%1,7. Data from the FHCRC from
1995 to the present are shown in Figure 2, and show that while major advances have
occurred in the treatment of chronic phase disease, no such gains have been seen in
advanced phase disease (data courtesy of Dr. Ted Gooley, unpublished).

Preparative regimen
The majority of patients treated in the early 1980s received a preparative regimen of 120mg/
kg cyclophosphamide (CY), followed by total body irraditation (TBI), generally 12Gy
applied in fractionated doses over 6 consecutive days1. Later, similar results were shown
using an all chemotherapy preparative regimen of 16mg/kg busulfan (BU) and 60mg/kg
CY8. A randomized trial compared the BU-CY regimen with CY plus 12Gy TBI in myeloid
malignancies showed no differences were found in survival, relapse, or event-free survival
between the CY-TBI and BU-CY treatment groups 9.

The absorption and subsequent metabolism of oral BU varies dramatically among patients.
The development of an assay to measure plasma concentration of BU showed a strong
relationship of BU level with response and toxicity10. Subsequent trials in CML using
targeted BU/CY in matched related transplants showed excellent results, with a 3-year
survival of 86%, a relapse rate of 8% and non-relapse mortality rate of 14%2. Moreover, age
no longer had no major impact on outcome (up to the study limit of 65 years of age).

Patient age
Initial studies of transplantation for CML demonstrated a strong age effect, with younger
patients far better than older patients 1. As noted above, a variety of changes in donor
selection, preparative regimens, and supportive care have largely dampened the effect of age
and outcome11. However, age seems to be more clearly related to transplant outcome in the
unrelated donor setting12.
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Time from diagnosis to transplant
Early studies showed that an increased interval from diagnosis to transplant was associated
with a worse transplant outcome, even for patients in chronic phase at the time of transplant.
This finding was confirmed by others and is evident in the most recent IBMTR data13,14.
Reasons for the effect of delay on outcome are not readily apparent, but a longer time to
transplant has been associated with a higher relapse rate and an increase in non-relapse
mortality. This may reflect both the fact that a longer delay to transplantation allows
resistant clones to develop, as well as potentially affecting subsequent toxicity of the
transplant if the due to pre-transplant therapy (discussed below).

Donor type
For cases without a matched-related donor, a majority of cases can find an unrelated
matched donor from the world donor registries. Advances in HLA typing and GVHD
therapy has made marked improvements in transplant outcomes. For many diseases,
including CML, results with a fully matched unrelated donor are quite similar to that
achieved with a matched related donor 12,15. In general, related transplants have less non-
relapse mortality (from GVHD associated maladies) compared to unrelated transplants,
while having more relapse (due to less graft versus leukemia effect).

The experience with identical twin (syngeneic) transplants is obviously limited, but
instructive. The first four twin chronic phase CML transplants were performed in 1979,
using dimethyl busulfan, cyclophosphamide, and a single 920cGy exposure of TBI16. All
four recovered with Ph-negative normal hematopoiesis. A follow-up study of 22 twin
transplants was performed17. After 20 years of follow-up 7/12 chronic phase patients are
alive post-transplant, and five have maintained their initial post-transplant complete
remission (unpublished, data courtesy of Drs. Alex Fefer and Ted Gooley). These data
suggest that a high-dose preparative regimen can, in some cases, cure CML without an
allogeneic graft-vs-leukemia effect.

Source of hematopoietic stem cells
Bone marrow served as the initial source of stem cells in allogeneic transplants. With the
advent of peripheral blood mobilization and collection, two separate large randomized trials
involving patients with a variety of hematologic malignancies demonstrated that use of G-
CSF mobilized peripheral blood stem cells, compared to bone marrow, lead to faster
myeloid and platelet recovery, no significant difference in acute or chronic GVHD and an
overall survival advantage. In these studies there was a trend towards improved survival in
CML patients with the use of peripheral blood18,19. Lastly, the results of a randomized study
of chronic phase CML showed no statistically significant differences in outcome between
the bone marrow and peripheral blood groups. Relapse rates were lower in the peripheral
blood group, but chronic GVHD higher in cases received peripheral blood stem cells20.

The impact of prior therapy on transplant outcomes
One hypothesis for the effect of the delay to transplant and poorer outcome was the effect of
prior therapy. IBMTR data suggested that exposure to low-dose BU led to a worse outcome
with subsequent transplantation14. In addition, several reports suggested that exposure to
interferon (IFN) might worsen the outcome of unrelated donor transplant, though the effect
on matched sibling transplantation were unclear. In a recent report of 856 patients
randomized to hydroxyurea, BU or IFN, 197 went on to transplant. Although there was no
overall difference in transplant outcome according to the initial treatment, the 5-year
survival from transplant was only 46% patients who received IFN within the last 90 days
before transplant, as opposed to 71% for those who did not (p=0.0057)21.
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Now that we are in the Age of Imatinib, should we be worried that imatinib prior to
transplant may have a deleterious effect of transplant outcomes? Probably not. There have
been several studies on the effect of prior imatinib and transplant outcomes. Early reports
warned of an increase in regimen-related toxicity and mortality, especially from hepatic
causes22. Larger studies have failed to show a deleterious effect of pre-transplant
imatinib 23,24. A single institution study of 140 CML patients showed no difference in
regimen-related mortality, survival or relapse in patients who received imatinib versus 200
historical controls25. Indeed, a IBMTR study of 409 patients who received imatinib therapy
transplant compared to 900 cases that did not suggested that those chronic phase patients
who received imatinib enjoyed a slightly better outcome following transplant, though this
effect seemed to be limited in cases who moved to transplantation because they could not
tolerate imatinib, rather than treatment failure 26. There was no positive or negative effect of
imatinib in the outcome of advanced phase patients. So far there is no evidence that resistant
patients with Abl mutations have a poorer outcome following transplantation.

Summary of myeloablative allogeneic transplant results
To generalize the status of modern transplantation results, one must merge data from single
center (or country) data with that from international consortiums (Seattle, German, IBMTR).
Single center data suffer from possible selection biases (perhaps from the type of patient
who is economically solvent and sufficiently motivated to relocate), but may reflect best
possible practice outcomes, due to experience. Multiple site studies may reflect “real world”
experience, but may include data from centers without optimal experience, and may
incorporate a wide range of practice patterns. Nonetheless, today one should expect survival
to be greater than 80% for chronic phase patients, 40-50% for accelerated phase patients,
and ∼20% for blast crisis patients. For patients in blast crisis placed back into remission,
results are similar to accelerated phase (please note: while these patients are often referred to
as “second chronic phase,” a better description is “blast crisis in remission.” This not only
since they behave differently than chronic phase cases, but also because by gene expression
patterns, these patients are clearly not chronic phase, but rather retain their blast crisis gene
expression signature. 27

Pre-transplant variables can define a prognostic scoring system for transplantation in CML.
The system devised by Gratwohl uses HLA matching, stage, age, sex of donor/recipient, and
time from diagnosis to transplant28. The scoring system is effective in defining post-
transplant outcomes following an ablative transplant, with survival in European bone
marrow transplant (EBMT) data 70% for the best score to 20% for the worst score (Figure
3). This scoring was recently applied again to EBMT cases transplanted in three cohorts,
1980-90, 1991-99, and 2000-02 29. In all risk groups survival has improved over time,
improved overall by over 50%, largely from halving of regimen-related mortality. However,
as discussed below, given that transplantation is being reserved for cases of TKI failure and/
or advanced phase disease, the value of a prognostic scoring system is largely for patient
information rather than decision-making. Thus, in Table 1, we outline transplant groups in
the neo-classic scheme of The Good, The Bad, and The Ugly (with apologies to Mr. Sergio
Leone and Mr. Clint Eastwood).

Reduced Intensity Conditioning in CML
Reduced intensity conditioning (RIC) or non-myeloablative (NMA) transplants have been
used to fight leukemia based on the immunological GVL effect. This has been a highly
popular and successful strategy for many hematological malignancies. However, the use of
RIC and NMA transplantation in CML has been relatively infrequent given the success of
both TKI therapy and traditional ablative transplantation.
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Initial published results on CML patients who underwent a NMA regimen of Flu/TBI or 2
Gy TBI in 24 patients with CML-chronic phase or accelerated phase (AP)30 showed a 100-
day non-relapse mortality (NRM) rate of 4%, while the 2-year estimates of survival were
70% for patients in chronic phase and 56% for patients beyond first CP. However, the
results using URD were not terribly encouraging because of a high graft rejection rate of
nearly fifty percent. This likely occurred since the CML cases had little therapy before
transplantation, and thus after a non-ablative regimen, still had an adequate enough host
immune systems to mount a rejection in the setting of an unrelated donor. Another report of
a younger cohort of 24 CP CML patients (median age 35 years) using a RIC regimen of Flu,
180 mg/m2, oral Bu, 8 mg/kg, and ATG, 20-40 mg/kg was subsequently published31. The
100-day NRM was 0% and there were only three late deaths, all from complications of
GVHD. The estimated 5-year OS and RFS was 85%. In addition, at a median of 42 months
from HCT, all patients had a complete molecular response by RT-PCR testing. Lastly, the
EBMT group reported results on 186 patients with CML (median age 50 years) who
received RIC32. Patients with all stages of CML were included, with various RIC regimens,
donor types, and stem cell products used. The 100-day NRM was 6%, the 2-year NRM was
23%, and the 3-year OS and RFS was 58% and 37%, respectively. Over 60% of patients
enjoyed a complete cytogenetic remission, while 40% attained a complete molecular
response by PCR testing. In sum, these studies suggest that RIC/NMA transplantation is a
promising approach for CML patients, and one can imagine a combined approach lower
intensity transplantation followed by TKI prophylaxis.

Using TKI to treat or prevent relapse following transplant
Relapse is the main cause of treatment failure after an allogeneic transplant. The pace of
disease progression after post-transplant relapse is variable. If relapse is defined at a
molecular (PCR) level, some patients may never progress, or at least may not progress for a
very long time 33,34. Similarly, patients whose only evidence of relapse is detection of low
levels of Ph-positive metaphases may remain stable for many years, and even patients with
clinical relapse may not progress rapidly.

An increasing number of potential interventions are available to the patient who has relapsed
after allogeneic transplantation for CML. Treatment with IFN can produce both clinical and
cytogenetic remissions in patients who have relapsed after transplantation 35. Results with
IFN appear better if treatment is initiated at the time of cytogenetic relapse instead of
waiting until hematologic relapse, and in some cases IFN induced molecular remissions.
Nonetheless, early treatment of relapse in CML has been supplanted by imatinib.

Imatinib appears highly active as post-transplant therapy for relapse 36,37 Not surprisingly,
response to imatinib maps to the stage of disease. Complete hematological response was
seen in >90% of chronic phase cases, >50% of accelerated phase, and >20% of blast crisis
cases. A complete cytogenetic remission was accomplished in >40% of cases, higher in
chronic phase than advanced phase disease. In addition, imatinb appears to be effective in
the prophylactic setting in order to prevent relapse in high-risk Ph+ disease38. Twenty-two
patients (15 with Ph+ ALL, 7 with CML) were given imatinib at a median of 28 days post-
engraftment. In all but one case patients tolerated imatinb at the targeted dose (400 mg/d for
adults, 260 mg/m2/d for children), and 19 patients completed the planned year of treatment
post-transplant. At a median follow-up of ∼1.4 years, 5/7 of the CML patients and 12/15 of
the Ph+ ALL cases were in a molecular remission. Thus, the tactic of early tyrosine kinase
inhibitor therapy, coupled with molecular monitoring, may prevent relapse and improve
outcomes for advanced cases of CML and Ph+ ALL.
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Rationale for Transplantation
As outlined in other chapters in this book, TKIs have revolutionized the therapy of CML. To
summarize the salient points of TKI therapy:

1. Primary therapy for chronic phase is highly effective, and can produce a CCyR is
∼80% of cases. For these patients, survival at 7+ years is nearly 90%. However,
approximately 20-30% of cases will fail primary therapy, either from intolerance,
relapse, or progression to advanced phase disease.

2. For patients receiving secondary therapy for resistant disease, approximately 50%
will achieve a CCyR. The survival for these patients is ∼80% at 3 years. Those who
do not achieve and maintain a CCyR often relapse with new mutations.

3. Patients with AP or BC can achieve a CCyR with TKI therapy, but this does not
appear to be associated with long-term PFS.

4. Patients who have a T315I mutation do not respond to currently available TKI
therapy. As natural selection would dictate, selection of this mutation increases as
patients become resistant to more and more TKIs.

Efforts have been made to identify clinical or laboratory variables that will predict outcome
after the initiation of secondary TKI therapy. At present, early cytogenetic response to a
secondary TKI seems to do well. Thus, patients who are placed on a secondary TKI, but
who fail to have any cytogeneic response after 3 months of therapy are very unlikely to ever
achieve a CCyR. Likewise, failure to achieve at least a minor cytogenetic response by 6
months, or a MCyR by 12 months of secondary therapy, bodes poorly for sustained disease
control 39. A scoring system based on the best cytogenetic score on imatinib therapy, Sokal
score, and a history of neutropenia during imatinib therapy has been proposed by the
Hammersmith group at the ASH 2008 meeting (Milojkovic, Blood 112, 331a, 2008).
Patients with a low score (few adverse features) had a >90% chance of achieving a CCyR on
as secondary agent, compared to <20% for cases with a high score (several adverse
features).

Who and when do we transplant?
Given the above summary of the TKI treatment experience, and the contemporary results of
transplant, can we develop general “rules of engagement” for who and when we should offer
transplantation? While this strategy is evolving, we can ask and and answer some basic
questions that can clarify our treatment course.

Should we ever offer transplantation as a first option?
Given the great results of front-line imatinib in newly diagnosed chronic phase CML, the
situations were transplantation should be offered first seem few and far between. There have
been a few attempts to compare upfront transplantation with non-transplant therapy40. One
trial enrolled 621 patients with chronic phase CML. Of this set, only 354 patients were
eligible for transplantation and “biologically randomized” based on the availability of a
related donor. Of the 123 patients who received a transplant, the 10-year estimate of survival
was 53 percent (surprisingly low given other data from this group3. Those 219 patients
without a related donor were treated with IFN until imatinib became available later in the
trial. Imatinib was then offered to patients with a poor response to IFN. The 10-year estimate
of survival in this group was 52 percent. The survival curves of these two groups show that
the transplant group suffered a higher early mortality, with a flattening of the survival curves
thereafter. The non-transplant group had a better early outcome, but the survival curves
continuing to drop over the history of the trial. The cross-over of the curves (favoring
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transplantation) came at eight years. There are several issues that make this study difficult to
interpret in the 2010s, however. The “non-transplant” group contained patients who
underwent an URD transplant; the survival in the URD transplant group was better than all
other groups (69%). Moreover, both the transplant group and the IFN/Imatinib group had
outcomes worse than anticipated. As one cannot imagine a randomized study occurring with
a up-front TKI versus transplant, it seems prudent to unreservedly recommend imatinib as
initial therapy of chronic phase CML. However, in health systems where a TKI cannot be
obtained (due to financial limitations or other bureaucratic/infrastructure restrictions), then
transplant would be a good option for initial therapy of chronic phase disease 41.

Very few CML cases present in advanced phase disease. Given the relatively poor response
to TKI in these cases, transplantation is the option of choice, though it would be prudent to
treat the patient with a TKI until a donor is secured.

When should transplantation be used in resistance?
There is increasing evidence that resistance may be forever. Less than 50% of cases of IM
failure achieve a CCyR with secondary TKI therapy 42-44. Moreover, patients who do fail
secondary therapy often have a new mutation45-47. Thus, secondary TKI therapy may be an
unfortunate example of the Darwinian selection of fit clones that survive each successive
therapeutic attack. Moreover, molecular data has shown than the biological states of
resistance and progression have a large overlap27,48,49. Given these facts, it is reasonable to
prepare patients for transplantation at the time of first line failure. This means a consultation
at a transplant center, and lining up a donor, either sibling or unrelated.

It is certainly reasonable, and sensible, to start a secondary TKI at the time of resistance, for
two reasons-first, in case the patient is one of the fortunate who obtain a CCyR on secondary
therapy; secondly, a donor search can take months (especially an unrelated donor), so
therapy is needed to blunt the progression of the disease. For the bulk of the patients
receiving secondary TKI, patients should be monitored closely, and taken to transplant if
there is not optimal cytogenetic response by 3, 6, or 12 months 39

If a patient has relapsed on IM with a T315I mutation, then it seems reasonable to proceed to
transplant, given the low response rate to secondary therapy. Likewise, those who have a
mutation within the P loop region, which seem in many studies to be associated with an
increased risk of progression to advance phase disease, transplant may seem a reasonable
option. For the rare patient who is intolerant to all TKI, transplant may be reasonable,
though one worries that if a patient cannot tolerated TKIs, whether or not he/she will do well
on the plethora of medications needed for a successful transplant.

Conclusion
In CML clinicians are blessed with several effective modalities of therapy, and relatively
easy monitoring techniques that serve as good surrogate outcome measures. The trick is
obviously using the right therapy at the right time. For patients with chronic phase disease,
TKI should be the first choice; careful monitoring will discover those patients needing
secondary therapy. The choice of therapy can be made based on the presence of an Abl
mutation (especially what type), and the early response of secondary therapy, if applied. For
patients with advanced phase disease, transplantation is the option of choice, though therapy
with a TKI while the transplant is being arranged is recommended.
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Figure 1.
Overall survival of chronic phase CML patients receiving allogeneic transplants grouped by
elective transplantation, those with imatinib failure, and advanced phase disease. The figure
is courtesy of Sauselle and Hehlman (3).
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Figure 2.
Overall survival of patients receiving allografts at the Fred Hutchinson Cancer Research
Center from 1995 to the present. The data includes both matched related and unrelated
donors. The figure is courtesy of Dr. Ted Gooley.
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Figure 3.
Overall survival based on the transplant score. The figure is courtesy of Dr. Alois Gratwohl,
and is derived from the data presented in reference 29.
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Table 1
Transplant risk groups in CML

Class Phase Comments

The Good CML CP Intolerant to TKI

Not able to obtain TKI therapy

The Bad CML CP Resistant with T315I mutation

Poor response to secondary TKI therapy

The Ugly CML AP Treat with TKI until a donor is found

CML BC
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Table 2
HLA typing and timing of transplantation

Phase At diagnosis Transplant during TKI Comments

CP Consider HLA typing if high
risk Sokal

If IM failure first line, then failure of 2nd generation
TKI
If IM failure first line, and T315I mutation present

Consider transplant if patients young and
have HLA matched sibling

AP, BC HLA typing for all Transplant all patients Give TKI until HLA matched sib or
URD found, then transplant
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