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Abstract
Cord blood transplantation is being used with increasing frequency for patients with high-risk hematologic malig-
nancies. Myeloablative preparative regimens provide antitumor efficacy and facilitate engraftment but are associated
with higher morbidity and nonrelapse mortality rates than nonablative regimens. We evaluated 3 sequential myeloa-
blative regimens in the cord blood transplant setting. Regimen 1 (melphalan, fludarabine, and thiotepa) produced
prompt engraftment and minimal engraftment failure but was associated with a high nonrelapse mortality rate.
Regimen 2 (busulfan and fludarabine) was very well tolerated but was associated with a high rate of engraftment failure
and relapse. Regimen 3 (busulfan, clofarabine, fludarabine, and low-dose total body irradiation given 9 days after the
chemotherapy) was associated with a low rate of engraftment failure but was logistically difficult to administer. Finally,
regimen 3 that included the total body irradiation given immediately after the chemotherapy was well tolerated, with
prompt engraftment and tumor control. This latter regimen appears to be effective in preliminary studies and warrants
further evaluation.
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Total body irradiation
Introduction
Despite several unique advantages,1 cord blood transplant (CBT)

is associated with a higher risk of graft rejection and delayed
immune reconstitution as compared with peripheral blood or bone
marrow transplants.2-4 The choice of a conditioning regimen before
the hematopoietic stem cell transplant has a significant impact on
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these outcomes. In addition to exerting cytotoxic effects on any
residual malignant cells, a conditioning regimen also “creates space”
for the donor stem cells in the recipient bone marrow to allow
engraftment and provides immunosuppression to host T cells
thereby preventing graft rejection.5 Several types of myeloablative
conditioning (MAC) regimens have been used in the CBT setting,
with varying outcomes.6,7 Although high-dose total body irradiation
(TBI)-based preparative regimens have potent antitumor activity,
administration of these regimens typically is restricted to use pri-
marily in patients 45 years of age or younger.8 A MAC regimen, in
general, is associated with less risk of relapse or graft rejection but
higher treatment related morbidity and nonrelapse mortality
(NRM) rates when compared with nonmyeloablative regimens,
particularly for adult patients.5,8,9 The latter fact was later chal-
lenged by the introduction of the reduced-toxicity regimens based
on nucleoside analog(s)-intravenous busulfan combinations, that
yield safe and efficacious myeloablation and immunoablation
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without increasing the rate of NRM beyond what is commonly
observed with reduced-intensity regimens.10 This report briefly
summarizes the experience of developing a safe and effective MAC
regimen at The MD Anderson Cancer Center for CBT.

Materials and Methods
We evaluated 3 MAC regimens for patients aged � 65 years who

were receiving CBTs for high-risk hematologic malignancies.
Regimen 1 included melphalan (140 mg/m2 on day �8), thiotepa
(10 mg/kg on day �7) and fludarabine (40 mg/m2 on days �6
through �3) (Mel-Thio-Flu). As discussed in the results section,
this regimen was associated with a high NRM rate, prompting us to
search for a less toxic alternative regimen.

Our long-term success with prompt engraftment and acceptable
toxicity using intravenous busulfan and fludarabine (Bu-Flu) in the
related and unrelated allogeneic donor settings11 led us to explore
the Bu-Flu regimen 2 in CBT patients. A test dose of busulfan
32 mg/m2 was administered intravenously on day �8. Further doses
of busulfan were pharmacokinetically adjusted to achieve an average
daily systemic exposure, represented by the area-under-the con-
centration vs. time curve (AUC), of 5500�6000 mMol-min, and
each dose was administered immediately after the fludarabine doses
(40 mg/m2) on days �6 through �3.

A high rate of graft failure prompted the development of the
third regimen, which included busulfan (average daily AUC of
5000 mMol-min) administered immediately after each dose of
fludarabine (10 mg/m2), and clofarabine (30 mg/m2) for 4 days
from days �13 through �10 with TBI 2 Gy administered on
day �1 (Bu-Flu-Clo-delayed TBI). This approach resulted in
significantly longer time to engraftment than that in previous
studies. Further, there was a higher than expected rate of grade
3 mucositis that, together with logistical difficulties of adminis-
tering the TBI after a long delay after chemotherapy, prompted us
to move TBI up to immediately after the last dose of the condi-
tioning chemotherapy. Therefore, busulfan (average daily AUC
5000 mMol-min), fludarabine (10 mg/m2), and clofarabine
(30 mg/m2) were administered from days �7 through �4 with
TBI 2 Gy administered on day �3 (Bu-Flu-Clo-early TBI).

All patients treated with these regimens received rabbit thymo-
globulin 1.25 mg/kg on day �4 and 1.75 mg/kg on day �3.
Tacrolimus and mini-methotrexate, 5 mg/m2 on days 1, 3, 6, and 11
(23%), or mycophenolate mofetil, 1 g orally twice daily (77%), were
administered for prophylaxis of graft-versus-host disease, tapering the
mycophenolate mofetil at day 100 and tacrolimus at 6 months if no
graft-vs.-host disease was present. Most patients (91%) received
double CB units and had 1 of those units expanded ex vivo before
infusion with either a liquid culture system (41%)12 or in mesen-
chymal stem cells cocultures (33%), as previously described.13

Results
As summarized in Table 1, the median age of the entire cohort

was 33 years (range, 1�64 years). The patients had high-risk
hematologic malignancies, such as acute myeloid leukemia (41%),
acute lymphoblastic leukemia (23%), lymphoma (17%) and mye-
lodysplastic syndrome (9.6%).

For patients treated with theMel -Thio-Flu regimen 1, the median
time to neutrophil engraftment was 19 days (range, 6�46 days),
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and 92% successfully engrafted (absolute neutrophil count > 0.5 �
109/L for 3 days). The day-100 NRM rate was higher than
expected at 21%, with a 1-year survival rate of 46%. The NRM
included a high rate of delayed multiorgan failure involving diffuse
alveolar hemorrhage and renal failure, attributed in part to the
unpredictable and highly variable pharmacokinetic profiles of
thiotepa and melphalan. Despite reducing the dose of thiotepa from
10 to 5 mg/kg, excessive regimen- related toxicities persisted and
stimulated our interest in developing a less toxic conditioning
regimen.

The Bu-Flu regimen 2 was better tolerated than Mel-Thio Flu.
The group receiving the therapy had a 12% NRM rate at day 100,
slightly higher than the typical 2%�4% observed in the standard
allograft setting with matched related or unrelated donors using the
Bu-Flu�based regimens.11,14,15 Somewhat surprisingly, however,
38% of the patients failed to engraft, and nearly 64% of deaths were
due to primary disease recurrence. Therefore, we decided to explore
another ablative regimen that would provide cytoreductive efficacy
and optimize engraftment.

We investigated regimen 3 based on our busulfan, fludarabine,
clofarabine regimen for related and unrelated adult donors15,16

with the addition of 2-Gy TBI to quickly kill host T cells and
improve the chance for early engraftment. With the original version
of regimen 3, the day-100 NRM was only 8% and the 1-year
overall survival rate was 83%. However, the delayed administra-
tion of TBI led to a perceived aggravation of mucositis (including
grade 2/3 in two-thirds of the patients). This was the major
observed toxicity in 10 of 12 (83%) patients. All recipients in this
cohort received mesenchymal stem cell-expanded CB cells, and
experienced relatively delayed neutrophil engraftment at a median
of 23 days (range, 13�31 days), whereas our historical controls
engrafted in 15 days.13 We hypothesized that the delayed TBI was
responsible for the increased mucositis and delayed engraftment.
Additionally, the logistics of a 9-day interval between the chemo-
therapy and the TBI made this regimen cumbersome to deliver.
Therefore, we revised regimen 3 and administered the TBI
immediately after the chemotherapy, as discussed above. To date,
5 patients with hematologic malignancies and a median age of 33
years (range, 29�46 years) have received this modified regimen.
Collectively for patients treated with both variants of regimen-3,
the NRM at day 100 is less than 6%, and their overall survival
rate is close to 90%. (Fig. 1) Of the 12 patients who received the
original version, 11 (92%) engrafted, and all 5 patients receiving
the latest modified regimen 3 have engrafted at a median time of
17 days (range, 13�19 days). All 5 patients receiving the modified
regimen tolerated the therapy well, with only 1 grade-2 and
1 grade-3 mucositis as the major complication and without any
other serious adverse events.

To assess the effect of TBI on leukodepletion, a surrogate marker
for lymphodepletion, potentially leading to enhanced engraftment,
we analyzed total WBC data from day �10 to day10 after trans-
plant for all the regimens. We found that leukodepletion was more
rapid and profound with regimen 3 Bu-Flu-Clo-TBI, as compared
with regimen 2 Bu-Flu (Fig. 2). In the regimen 1 Mel -Thio-Flu,
thiotepa also contributed to a quicker onset of leukodepletion;
however, with this regimen the toxicity profile outweighed the
potential benefits.



Table 1 Patient Characteristics and Clinical Outcomes

Regimen 1 Mel/Flu/Thio
(n [ 107)

Regimen 2 Bu/Flu
(n [ 24)

Regimen 3 Bu/Flu/Clo D TBI
(n [ 17) P-Value

Median age, years (range) 34 (1�64) 26 (10e56) 33 (7�54) .62a

Disease, % .001b

AML (secondary) 35.5 (2.8) 58.4 (4.2) 46.9 (5.9)

ALL 29.9 0 8.3

MDS 7.5 16.7 11.8

Lymphoma 19.6 4.2 29.4

CML/CLL 2.8/2.8 20.8 0

Others 1.9 0 0

Prior response, % .015b

CR 56.1 37.5 52.9

PR/SD 5.6/6.5 0/4.2 0/5.9

NR/PD 11.2/9.3 37.5/0 23.5/0

MRD 0.9 4.2 11.8

CCyR/MMR 2.8 12.5

Untreated 7.5 8.3

Engrafted, % <.0001b

Yes 91.6 62.5 100

No 0 37.5 0

Early death 8.4 0.0 0

Median time to engraftment,
days (range)c

19 (6- 46) 22 (12- 68) 20 (13- 31) .36a

Acute GVHD, % .538b

Yes 49.5 50 64.7

No 50.4 50 35.3

Acute GVHD grade, % .933b

Grade I 9.3 8.3 11.8

Grade II 25.2 29.1 17.7

Grade III/IV 13.1 12.5 5.9

Chronic GVHD, % .425b

None 34.7 33.3 88.2

Limited/Extensive 13.1/26.2 8.3/8.3 0/11.8

NRM day 100 and 1-Year, % 21.5/49 12.5/33 5.9/6.25 .239/.001b

1-Year Survival, % 45.8 29.1 88.2 .001b

OS, % 29.9 8.3 88.2 <.0001b

Overall NRM, % 51.4 33.3 5.8 .001b

Patients’ follow-up updated at the time of writing the manuscript, May 21, 2013.
Abbreviations: ALL ¼ acute lymphoblastic leukemia; AML ¼ acute myeloid leukemia (s ¼ secondary); Bu ¼ busulfan; CCyR ¼ complete cytogenetic response; CLL ¼ chronic lymphocytic leukemia;
Clo ¼ clofarabine; CML ¼ chronic myeloid leukemia; CR ¼ complete remission; Flu ¼ fludarabine; MDS ¼ myelodysplastic syndrome; Mel ¼ melphalan; MMR ¼ major molecular response; MRD ¼
molecular residual disease; NE ¼ not evaluable; NR ¼ nonresponse; NRM ¼ nonrelapse mortality; OS ¼ overall survival; PD ¼ progressive disease; PR ¼ partial response; SD ¼ stable disease;
TBI ¼ total body irradiation; Thio ¼ thiotepa.
aK-sample equality of median test.
bFischer-exact/c2 test.
cAbsolute neutrophil count � 0.5 � 109/L for 3 days.
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Discussion
We initially used regimen 1 Mel-Thio-Flu that, despite a good

engraftment rate, yielded a high rate of NRM, which can likely be
attributed in part to the unpredictable pharmacokinetic behavior of
thiotepa and melphalan. Unfortunately, this safety problem was not
improved by reducing the thiotepa dose by 50%. In addition, an
inconsistent supply of thiotepa in the United States contributes to a
lack of enthusiasm for this regimen. Although regimen 2 Bu-Flu was
very well tolerated, an unacceptably high fraction of patients failed
to engraft. This failure to engraft was probably due to the fact that
both agents act through induction of apoptosis, a comparatively
slow process after the conditioning program. This is an advantage,
because this provides protection against infection, but only if the
graft source contains a large dose of progenitor and ancillary cells,
that will overcome the rejection mediated by host T cells. However,
it is a major disadvantage in a situation of a low-cell dose graft
(CBT), in which there is the need for rapid removal of the most of
the host’s T cells before graft infusion to secure engraftment. We
Clinical Lymphoma, Myeloma & Leukemia February 2014 - e3



Figure 1 Kaplan-Meyer Estimates of Overall Survival (a) and
Nonrelapse Mortality (b) for the Indicated Cohort.
Symbols Indicate Censoring (Death or Progression)

Abbreviations: Bu ¼ busulfan; CBT ¼ cord blood transplant; Clo ¼ clofarabine;
Flu ¼ fludarabine; Mel ¼ melphalan; NMR ¼ nonrelapse mortality; OS, overall survival.

Figure 2 White Blood Cell Count per Microliters of Peripheral
Blood Before and After Treatment/Stem Cell Infusion
for Regimens 1 to 3. Average of at Least 5 Patients
per Group D Standard Deviation is Shown

Abbreviations: Bu ¼ busulfan; CBT ¼ cord blood transplant; Clo ¼ clofarabine;
CT ¼ chemotherapy; Flu ¼ fludarabine; Mel ¼ melphalan; TBI ¼ total body irradiation;
Thio ¼ thiotepa; WBC ¼ white blood cell count.
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suggest that long-term stable engraftment is maintained by the
alkylating-agent�mediated elimination of host stem cells, which
prevents regeneration of alloreactive T cells. Engraftment problems
that were similar to those in our experience with regimen 2 were
also reported by Horwitz et al17 with a variant busulfan-fludarabine
combination. Based on available information from both our own
experience and that of others,7,18-20 we now suggest that the early
“immunoablative part” of conditioning (ie, host T-cell elimination)
should be addressed as a separate issue in the conditioning program.
Several strategies can be contemplated to accomplish this, such as
including (low-dose) TBI,21,22 or an agent such as thiotepa that
eliminates lymphocytes rapidly (partly) through necrosis rather than
apoptosis.23 Alternatively, some European investigators opted for a
more selective T-cell ablation, using rabbit antithymocyte globulin
(1.5 mg/kg daily on days �12 to �9) before starting the busulfan-
nucleoside analog�based conditioning chemotherapy. This
approach has met with prompt engraftment when using single cord
transplants in mostly pediatric patients (Boehlens JJ, personal
communication, 2012). We elected to use 2-Gy TBI to kill the host
T cells in our regimen 3 and observed a consistent rapid ablation of
total white blood cell counts and lymphocytes on the day after TBI
administration. (Fig. 2) Therefore, we hypothesized that leukode-
pletion, as a surrogate marker for T-cell elimination, could poten-
tially explain the improved engraftment with regimen 3. Finally, we
postulated that this early, added TBI-dose would be associated with
consistent CB engraftment, while retaining the undiminished
cytoreductive capability and high level of safety for the regimen 3.
In its first permutation, we delayed the TBI to allow for chemo-
therapy “wash-out” (Bu-Fu-Clo-delayed TBI), which resulted in an
acceptable engraftment rate. However, when compared with our
previous program, the time to engraftment was long, and the
incidence of serious mucositis (grades 2/3) appeared quite high. The
Clinical Lymphoma, Myeloma & Leukemia February 2014
delay between the chemotherapy and TBI also made the regimen
logistically cumbersome. By moving the TBI to immediately after
the chemotherapy, the modified regimen 3 (Bu-Flu-Clo-early TBI)
demonstrated an optimized safety profile. Engraftment has been
prompt in all patients, with 1 patient each having grade 2 and 3
mucositis, respectively, as the only extrahematologic toxicity.
Accrual to this latest regimen continues, and we hope it will confirm
the safety and effectiveness of this myeloablative CBT regimen for
patients with high-risk hematologic malignancies.

Conclusion
We propose that the immunoablation provided by the pre-

transplant conditioning regimen should be considered dependent
on both (immediate) elimination of functioning host T cells to
secure early engraftment and the elimination of stem cells by the
alkylating-agent which will secure the long-term stable engraftment
and prevent regeneration of alloreactive T cells. The described
reduced-toxicity-nucleoside-analog-intravenous busulfan-based plat-
form accomplishes both these goals and provides a safe and effica-
cious conditioning program for CB transplantation in patients with
high-risk hematologic malignancies.
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