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Reduced intensity conditioning using intravenous busulfan, fludarabine and
rabbit ATG for children with nonmalignant disorders and CML
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The major problems with busulfan/cyclophosphamide
(Bu/Cy)-containing conditioning regimens are acute
toxicities and graft failure. To decrease acute toxicities,
we have prospectively evaluated a reduced intensity
conditioning (RIC) regimen using targeted dosing of i.v.
busulfan, fludarabine, and rabbit ATG (Bu/Flu/rATG) in
children with diagnoses that historically would have been
conditioned with Bu/Cy regimens. Nineteen pediatric
patients were enrolled in the study. The donors included
HLA-matched and one antigen-mismatched unrelated
volunteers (n=11), unrelated cord blood (n=1), and
related donors (n=7). Four patients developed graft
failure, which occurred between 1 and 8.5 months post
transplant. All four of them underwent a second
transplantation and 3/4 are alive without evidence of
disease. The mean follow-up of living patients is 29.5 +s.d.
11 months. Despite excellent 2-year post-transplant
overall survival (89+s.d.7%) and event-free survival
(74 £+5.d.10%), the study was closed prematurely due to
high graft failure rate (21%). Receiving a transplant from
a mismatched unrelated donor was identified as a risk
factor for graft failure. The Bu/Flu/rATG RIC regimen
was very well tolerated, resulted in excellent overall
survival, and provided sustained engraftment in patients
undergoing transplant from matched sibling and unrelated
donors. However, it did not provide sustained engraftment
in the majority of children with nonmalignancies under-
going mismatched unrelated donor transplants.
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Introduction

Hematopoietic stem cell transplantation is the treatment of
choice for nonmalignant disorders, such as congenital
cytopenias, hemoglobinopathies, immune deficiencies, and
metabolic disorders, such as Hurler’s syndrome.' * Estab-
lishment of normal donor hematopoiesis in these disorders
reverses the disease or halts disease progression. However,
limitations of transplant include toxicities of conditioning
regimens, graft rejection, and GVHD. Although reduced
intensity conditioning (RIC) regimens have been studied
extensively in adults with a variety of disorders, the reports
on their use in children with nonmalignant disorders are
scarce. With the goal of avoiding TBI and its deleterious
effects on growth and neurocognitive development in
young children, in the past, Bu/Cy was used as a back-
bone in the conditioning of children with nonmalignant
disorders and myeloid malignancies.'*>¢ The main com-
plications of Bu/Cy conditioning included toxicities, such
as veno-occlusive liver disease (VOD), mucositis, long-term
effects on gonads and hair, and failure of engraftment, in
particular in an unrelated donor setting.” '° In a previous
study, we showed that oral busulfan, when targeted to the
level >600ng/ml, with Cy and horse ATG resulted in
engraftment rate of more than 90%; however, with
significant hepatic and mucosal toxicity.'' In an effort to
minimize toxicity, we combined targeted intravenous
busulfan with a new immunosuppressive antimetabolite
(fludarabine) and a more potent anti-thymocyte globulin —
rATG (Thymoglobulin, SangStat), and studied it prospec-
tively in a pediatric patient population.'*'* We describe the
engraftment rate, chimerism, immune reconstitution, and
toxicities of this reduced intensity conditioning regimen
when used in children with a variety of nonmalignant
disorders, myelodysplastic syndrome (MDS) and CML.

Study design

Between September 2000 and June 2004, 19 pediatric
patients with nonmalignant disorders, CML and MDS,
were enrolled in a prospective phase II study conducted at
the University of California, San Francisco and University
of Wisconsin, Madison. The study was approved by the
Committee on Human Research and Cancer Center
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Protocol Review Committee at each participating institu-
tion, and informed consent was obtained from all study
participants.

Donors and stem cell sources

The best available donor based on HLA-A, B, C, and
DRf1 high-resolution typing was selected. Stem cell
sources included bone marrow (BM), peripheral blood,
and cord blood. BM was requested as a stem cell source for
patients with nonmalignant conditions, and PBSC for
patients with malignancies; however, donor’s preference for
donation of BM or peripheral blood was respected.

Conditioning regimen

The conditioning regimen consisted of i.v. busulfan from
day —9 to —6, total of 16 doses targeting continuous
steady-state concentration of 600ng/ml for patients with
nonmalignant conditions and 900 ng/ml for patients with
CML and MDS. Busulfan dose was determined based on a
test dose (0.5mg/kg) done on day —13, pharmacokinetic
studies were carried out on day —9 and if any modifications
in dose was made, pharmacokinetic studies were repeated
on day —7. The fludarabine dose was 40 mg/m?/day given
from day —5 to —2 (total dose 160mg/m?), and rATG
(Thymoglobulin) dose was 0.5mg/kg/day on day —4, and
2.5mg/kg/day on days —3 to —1 (total dose 8mg/kg).
G-CSF was started on day + 21 if ANC was <500/ul at
that time.

GVHD prophylaxis

GVHD prophylaxis consisted of CsA and MTX. CsA
started on day —1 at 3mg/kg/day and continued until day
=+ 50 (trough was maintained between 150 and 250 ng/ml).
From September 2000 until September 2002, CsA taper
started on day + 50 in all patients. In September 2002, the
protocol was changed for patients with mixed chimerism. If
patients remained mixed chimeras, CsA was continued
until day + 180, when a slow taper with careful monitoring
of chimerism status began. MTX was given at 15 mg/m? on
day +1 and 10mg/m? on days +3, +6, and +11. In
patients with cord blood transplants, methylprednisolone
was used instead of MTX and given at 1 mg/kg/day on days
0-7, 2mg/kg/day on days 8-21, and subsequently it was
tapered by 0.2 mg/kg/week. The protocol did not provide
any recommendations regarding use of DLI.

Supportive care
Seizure prophylaxis was used, initially with phenytoin and
later with lorazepam. Prophylaxis with acyclovir, flucona-
zole, co-trimoxazole, and intravenous immunoglobulin
was used until normal T cell proliferative responses were
confirmed.

Complications were graded using CTCAE v2.0 and v3.0
criteria. GVHD and VOD were graded using published
criteria.'*'3

Chimerism testing
Chimerism was evaluated by short tandem repeat (STR)
DNA analysis of peripheral blood if ANC was > 500/ul, or
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BM if WBC recovery was not adequate. Testing was carried
out at the 1, 3, 6, 9, 12, 15, 18, and 24 months for patients
with full donor engraftment, and monthly during the first
year and every 3 months thereafter for patients with mixed
chimerism. Subset analyses were also performed (CD3,
CD14/15, and CDI19) on specimens collected during or
after 2003. Post transplant mixed chimerism was defined as
the presence of any host cells in whole blood or cell subsets
at the level of detection by STR (usually 1%).

Immune reconstitution

T and B cell immunity was measured at 3-month intervals.
Beell immunity was measured by determining IgM levels
(normal >40mg/dl) and anti-A and anti-B IgM isohemag-
glutinin titers (normal>1:8). T and B cell lymphocyte
subsets were quantified by flow cytometric analysis using
fluorochrome-conjugated monoclonal antibodies to human
cell-surface antigens (CD3, CD4, CD8, CD19, CD56) and a
FACS analyzer (Becton Dickinson, Mountain View, CA,
USA). Lymphocyte blastogenesis to mitogens, including
PHA, pokeweed, and concavalin A, and lymphocyte
blastogenesis to antigens (Candida and Tetanus) was
performed at Mayo Medical Laboratories and was
compared to control.

Statistical analysis
For statistical analysis, descriptive statistics were used.
Survival was calculated using Kaplan—Meier analysis from
the time of transplant until the last contact for living
patients, and event-free survival (EFS) was calculated from
the day of transplant until the event (death or second
transplant). We used a two-tailed #-test for comparison of
continuous variables and y* with two-sided P-values for
comparison of categorical variables.

All data analyses and tests were performed using the
SPSS statistical program (SPSS Inc., Chicago, IL, USA).

Results

The median age of children treated on this study was 5
years (range 0.6—18.5 years). Table 1 summarizes patients’
characteristics. The diagnoses were as follows: Wiskott—
Aldrich syndrome (n=2), a-mannosidosis (n=1), SCID
(n=2), Hurler’s syndrome (n=1), congenital neutropenia
(n=1), p-thalassemia (n=2), aplastic anemia (n=2),
chronic granulomatous disease (n=3), adrenal leukody-
strophy (n = 1), congenital thrombocytopenia (n=1), CML
(n=2), and MDS (n=1). None of our patients received
previous chemotherapy; however, two patients with SCID
and RAG?2 deficiency underwent a previous T cell-depleted
haplocompatible transplant after conditioning with fludar-
abine, and were enrolled in this study due to failure of
engraftment. The stem cell source was BM (n=13),
peripheral blood (n=4), combined related cord blood
and BM (n=1), and unrelated cord blood (n=1). Twelve
patients received a transplant from unrelated donors; in
eight, the transplant was fully matched at HLA-A, -B, -C,
and -Drp-1 locus; and in four, there was a one-antigen
mismatch at A-, B-, or C-locus, by high-resolution HLA
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Table 1 Characteristics of patients
N Age Diagnosis Donor Source Cell* dose GVHD Follow-up Donor’s cells Donor’s cells QOutcome
(months) (whole blood) (CD3+)(%)
(%)
1 1.1 Wiskott-Aldrich MUD BM N/A  Acute Gr. 1 8 100 Not available  Died from CMV
2 0.6 Wiskott—Aldrich UCB CB 0.78 No 49 100 Not available Alive, DF
3 18.5 Aplastic anemia MMUD BM 1.9 No 23 1 Not available Graft loss at 1 month, alive after
second BMT
4 8.1 Aplastic anemia MUD PB 6.5 No 22 100 100 Alive, DF
5 9.1 Myelodysplastic syndrome MR PB 6.2 No 21 100 100 Alive, DF
6 7.6 Adrenal leukodystrophy MMUD PB 4.1 N/A 3 18 7 Graft loss at 1.3 months, died during
second BMT
7 5.1 Mannosidosis MMUD BM 2.9 No 46 17 23 Graft loss at 8.5 months, alive after
second BMT
8 1.1 SCID MUD BM 6.3 No 38 35 95 Alive, DF
9 1.1 SCID MUD BM 6.0 No 38 38 99 Alive, DF
10 5.9 CGD MR BM 5.8 No 39 97 89 Alive, DF
11 2.2 Hurler’s syndrome MUD BM 6.2 Acute Gr. II chronic 35 99 91 Alive, DF
(skin)
12 7.2 Thalassemia MR + BM 2.3 24 99 96 Alive, DF
RCB CB 0.04 No
13 14.3 Congenital neutropenia MR BM 2.3 No 23 78 27 Alive, DF
14 1.4 CGD MR BM 6.0 No 21 16 48 Alive, DF
15 3.7 CGD MUD PB 6.7 Acute Gr. II chronic 16 100 100 Alive, DF
(skin, mouth)
16 1.1 Congenital thrombocytopenia MUD BM 6.1 No 12 62 52 Alive, DF
17 13.2 CML MR BM 5.4 Acute Gr. I chronic 24 100 100 Alive, DF
(liver)
18 3.1 CML MUD BM 5.6 No 38 95 92 Alive, DF
19 7.5 Thalassemia MR BM 5.6 No 28 42 6 Graft loss at 6 months, alive after

second BMT

UCB = unrelated cord blood; MUD = matched unrelated donor; MMUD = mismatched unrelated donor; MR = matched related donor; RCB = related cord blood; BM = bone marrow; PB = peripheral blood,
CB =cord blood; Gr =grade; CGD = chronic granulomatous disease.

Cell dose for bone marrow and cord blood = N x 10%/kg nucleated cells/kg of recipient weight, cell dose for peripheral blood stem cells = N x 10°/kg CD34 + cells.

Donor’s cells refers to the last test done on this study. All patients who are currently alive after the second myeloablative transplant have 100% donor’s cells.
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typing (two received unrelated BM, one peripheral blood,
and one cord blood). Seven patients received fully matched
related transplants. Patients undergoing a BMT received
4.6 (mean)+(s.d.) 1.8 x 10%/kg of nucleated cells; for those
receiving PBSC, the mean cell dose was 5.9 (mean)+
1.2 (s.d.) x 10°/kg CD34 4+ cells, and the one patient with
cord blood transplant received 0.74 x 10%/kg of nucleated
cells. Median time to engraftment (ANC>500/ul) was
20 days (range 16-28). All patients engrafted initially with
donor’s cells; however, 4/19 subsequently rejected the
donor cells at 1, 1.3, 6, and 8.5 months post transplant.
All patients who rejected the transplant had busulfan
targeted at 600ng/ml. Patients who rejected their graft
underwent a second transplant and three of the four are
alive, disease free. Two out of 19 patients died, one from
toxicities of the second transplant and another one from
lung CMV disease (CMV infection was present prior to
transplant in this patient). The cumulative EFS for this
group of patients was 74% +5.d.10% (events include death
or need for 2nd transplant), and cumulative overall survival
was 89+s.d.7%. The median follow-up of all living
patients was 24.8 (range 12.3-49) months.

Withdrawal of immunosuppression and DLI

Withdrawal of immunosuppression followed several pat-
terns. In a group of patients treated during the early course
of the study, CsA was tapered between day + 50 and 6
months post transplant (patients #1, 2, 7, 8, 9, and 19).
Patients undergoing transplant after September 2002 with
full donor chimerism and without GVHD had CsA tapered
between 4 and 8 months after transplant (patients #4 and
5). Patients with mixed chimerism had CsA tapered
between 7 and 15 months after transplant (patient #10,
12, 13, 14, 16, and 18). Patients with GVHD remained on
immunosuppression until 14 and 35 months post transplant
(patients #11 and #17), and one patient continues on
immunosuppression at 16 months post transplant for
cGVHD (patient #15). Patients with early graft rejection
(#3 and #6) were on immunosuppression at the time of
rejection, and patients with late rejection (#7, #19)
developed increasing host chimerism as CsA was being
tapered, and rejected the graft shortly after discontinuation
of CsA.

At the treating physician’s discretion, patient #14
received two donor lymphocyte infusions at 4 and 6
months after transplant, due to the change in whole blood
chimerism from 71% (at 1.3 months post transplant) to
53% (at 6 months post transplant). The patient was still on
CsA at the time of DLI. There was no apparent change in
whole blood chimerism after DLI, and CD3 + chimerism
continued the upward trend, present prior to DLI.

Chimerism evaluation and risk factors for graft loss and
mixed chimerism

Four of 19 patients rejected the graft, 6/19 achieved 100%
donor engraftment, and 9/19 remained mixed chimeras at
the time of the last follow-up. The percentage of donor cells
on the first whole blood chimerism test done at the time of
engraftment (ANC>500/ul) was 99.5+1% (mean+s.d.)
for patients who achieved full donor chimerism;
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86.4+12.5% for those who stayed mixed chimeras at the
last follow up, and 87.2+10.4% for those who rejected
their graft. These means were not statistically different and
chimerism testing at the time of engraftment could not
predict future graft loss or state of mixed chimerism. At the
last follow-up, 6/15 patients with durable engraftment had
100% donor cells in whole blood and CD3 + cell subset,
and nine patients had mixed chimerism. Chimerism status
at the last follow-up for each individual patient is presented
in Table 1. Figures 1 and 2 illustrate trends of chimerism in
whole blood and CD3 + cell subsets. Patients are grouped
in ‘mixed chimerism’, ‘graft loss’, and ‘full donor’ based on
their status at the last follow-up. Figures 1 and 2 illustrate
the trend of decrease of donor’s whole blood and CD3 +
cells over time in patients who lost their graft, compared to
those who achieved stable mixed chimerism in whom
donor’s cells remained stable (Figure 1 — whole blood
chimerism) or gradually increased over time (Figure 2 —
CD3 + cell chimerism). Of note, two of our patients have
stable mixed chimerism with CD3 + being less than 50% at
the last follow-up (patients #13 and #14). Graft rejection
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Table 2 Time to immune reconstitution after Bu/Flu/rATG conditioning

Median time (days) Range (days) N
Absolute lymphocyte count >1000/ul 158 36426 15
Absolute CD4 count >200/ul 178 90-425 15
Normal lymphocyte blastogenesis responses to mitogens and antigens 369 146-656 13
Ig M >40mg/dl 180 47-1069 13
Anti-A and anti-B IgM isohemagglutinin titers>1:8 103 82-1069 12

was more common in patients receiving a mismatched
unrelated donor graft (3/4) than in those receiving a fully
matched unrelated donor graft (0/8) or a matched related
transplant (1/7), (two-sided P for y* test =0.04). There was
no significant difference between time to ANC recovery in
patients with full donor chimerism 20.3+3.7 days and
those with mixed donor chimerism 21.0+3.8 days, and
graft rejection 22.6+5.1 days.

Patients who remained mixed chimeras received primar-
ily BM as a stem cell source (eight received BM, one
received BM and cord blood combination); patients with
full donor chimerism received peripheral blood (3/6), BM
(2/6), and cord blood (1/6). This difference was statistically
significant (two-sided P for x> 0.04).

Complications and immune reconstitution

Stomatitis grade I (according to CTCAEv3.0 criteria)
developed in three patients, grade 2 in four patients, and
grade 3 in one patient. Acute GVHD developed in four
patients; in two it was grade I, and in two it was grade II.
Chronic GVHD developed in 3/15 patients. In one patient
c¢GVHD was limited, involving the liver only and in two
patients it was extensive, involving the skin. There were no
episodes of liver VOD using McDonald’s criteria. CMV
reactivation occurred in 4/12 patients at risk for it. Causes
of death included CMV in one patient with Wiskott—
Aldrich who developed CMYV infection prior to transplant
and died 8 months after the transplant from lung CMV
disease. The second patient, after graft rejection and a
second unrelated donor transplant died from multiorgan
failure. Immune reconstitution is presented in Table 2. As
shown in the Table 2, full T cell reconstitution took longer
than B-cell reconstitution. Time to recovery of a CD4 count
>200/ul, time to recovery of absolute lymphocyte count of
>1000/pl, and time to recovery of normal IgM and
isohemagglutinin titers was shorter in patients who were
full donor chimeras and whose CsA was tapered earlier;
however, the difference was not statistically significant
(results not shown).

Discussion

We describe a RIC regimen consisting of Bu/Flu/rATG
which was used in a variety of pediatric BM failure
syndromes, metabolic defects, and CML. Although RIC
regimens are commonly used in adults, the reports on their
use in children with nonmalignant disorders are scarce. The
recent review identified seven published studies on RIC in

children which enrolled a total of 97 children, 60 of which
had a nonmalignant disorders.'®

In our study, at a median follow up of 24.8 months, 17
out of 19 patients are alive without evidence of their
underlying disease. This conditioning regimen was very well
tolerated, with mucositis developing in less than 50% of
patients, and no evidence of VOD of the liver. All patients
initially engrafted with donor cells; however, 4/19 patients
lost the graft 1-8.5 months later. Receiving a mismatched
unrelated donor transplant was recognized as a risk factor
for graft loss, and initial whole blood chimerism test could
not predict durable engraftment.

RIC regimens with lower doses of busulfan (8 mg/kg)
have been extensively studied in adults with malignancies
undergoing matched sibling transplants as well as matched
unrelated donor transplants, and have shown acceptable
engraftment rates (90% or higher).'” "> However, Bu/Flu/
ATG regimens, used in children with malignant and
nonmalignant disorders, resulted in about 80% engraft-
ment rate.’*?' In a study that used fludarabine and
busulfan targeted at 900 ng/ml for adults with CML and
MDS, engraftment was achieved in all patients (26 out of
42 received unrelated donor mobilized blood stem cells).*?
Another study using fludarabine and busulfan (10 mg/kg)
and matched sibling mobilized blood stem cells in patients
with malignancies indicated that full donor CD3+
engraftment was more readily achieved in patients who
received a higher CD34 4+ cell dose, when compared to
those receiving a lower CD34 + cell dose.>®> However, the
risk of cGVHD was increased.?® All patients in our study
who lost their graft had busulfan targeted at 600 ng/ml.
Given that in patients with nonmalignant disorders,
¢GVHD is not desirable, the strategies to improve
engraftment with current conditioning would include
targeting busulfan at a higher level (900 ng/ml), or further
intensifying immunosuppression.

The majority of our patients (9/19) remain stable mixed
chimeras at their last follow-up, and unlike in patients who
lost their grafts late, CD3 + cell chimerism has increased
over time in patients with stable mixed chimerism. With-
drawal of immunosuppression after day + 180 in patients
with mixed chimerism appears to have decreased the risk of
late graft rejection. However, our numbers in this group are
quite small (six patients underwent delayed withdrawal of
immunosuppression and all of them remain stable mixed
chimeras). The role of DLI in patients with mixed
chimerism and a high proportion of host cells could not
be evaluated in this study as only one patient received DLI.
Although the numbers are quite small, our data indicate
that full donor chimerism was more readily achieved in
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patients receiving peripheral blood compared to BM as a
stem cell source. The literature supports that finding, as
higher doses of CD34+ cells infused correlated with
improved CD3 + cell engraftment.?! Studies also indicate
that after RIC with busulfan and fludarabine, the achieve-
ment of complete donor chimerism was significantly more
likely in patients who received more than two lines of
chemotherapy pretransplant.>* Therefore, it is not surpris-
ing to find a high rate of mixed chimerism in our patients,
since none received significant chemotherapy pre trans-
plant.

Immune reconstitution in children undergoing unmani-
pulated unrelated and mismatched related donor trans-
plants receiving different doses of rATG was studied by
Duval et al*® In their study, a higher dose of rATG
(median 15.5mg/kg) was related to significant delay in
immune reconstitution. The median time to CD3 + count
of >1000/ul was 7 months in patients who received 7.5 mg/
kg of rATG in Duval’s study,?® compared to 5.3 months in
our study. Duval indicated that the time to recovery of T
cell immunity was related to the rATG dose. We also noted
slower immune reconstitution in patients with mixed
chimerism who remained longer on CsA; however, the
numbers were too small to reach statistical significance.
Despite a long time to the development of normal T cell
function (median 1 year), we have not seen an increased
number of infections or unusual infections in this patient
population.

A recently described RIC regimen using Campath-1H,
melphalan, and fludarabine for children with nonmalignant
disorders, using a variety of stem cell sources, reported
good engraftment rate (87%). However, fatal infectious
complications were common, and overall survival was
75%.2¢ Del Toro et al. reported their results using RIC in
21 children with malignant and nonmalignant disorders.
They used three different fludarabine-based regimens and
unrelated cord blood and matched family donors. In a
subgroup of children with nonmalignant disorders and
MDS, they achieved 87% 1-year post transplant overall
and EFS.?° Jacobsohn et al.?' used fludarabine, busulfan,
and ATG in 13 children with nonmalignant disorders and
achieved engraftment in 10/13 patients (76%). Their 1-year
overall survival was 84%. Therefore, our results of 89%
overall survival and 74% EFS at 2 years post transplant are
in line with other published studies using RIC approach in
children with predominantly nonmalignant disorders and a
variety of donors.

Although our data indicate that Bu/Flu/ rATG is a
very well-tolerated conditioning regimen, which results
in good engraftment in children with a variety of
nonmalignant disorders undergoing matched sibling or
fully matched unrelated donor transplant, we would
caution against using this regimen in patients undergoing
mismatched unrelated donor transplantation and in
patients with a history of multiple blood transfusions.
For these patients, a more appropriate approach would
be using a regimen with intensified immunosuppression,
such as to replace rATG with Campath-1H, or to
target higher busulfan levels (900 ng/ml). However, both
of these approaches are likely to increase transplant-related
toxicity.

Bone Marrow Transplantation

Conclusion

Targeted intravenous busulfan, fludarabine, and rabbit
ATG is a very-well tolerated RIC regimen which resulted in
excellent overall survival and sustained engraftment in
children undergoing matched related and MUD trans-
plants. However, this conditioning did not provide
sustained engraftment in the majority of children under-
going mismatched MUD transplants for nonmalignancies.
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