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Abstract

This multicenter study evaluated a treosulfan-based regimen in children and young adults with
acute myeloid leukemia (AML) or myelodysplastic syndrome (MDS) undergoing allogeneic
hematopoietic cell transplant (HCT). Forty patients with median age 11 years (1-19) underwent
allogeneic HCT for AML in first (n=18), second (n=11), third or greater remission (n=3); or MDS
(n=8) using bone marrow (n=25), peripheral blood stem cells (n=5) or cord blood (n=9). The
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regimen consisted of body surface area (BSA)-based treosulfan 10 g/m?/day (BSA < 0.5 m?), 12
g/m2/day (BSA > 0.5 — 1.0 m?), or 14 g/m?/day (BSA >1.0 m?) on days -6 to —4; fludarabine 30
mg/m2/day on days —6 to —2; and a single fraction of 200 centigray total body irradiation on day -
1. Graft-versus-host disease (GVHD) prophylaxis included tacrolimus and methotrexate for
marrow and peripheral blood stem cell and cyclosporine/mycophenolate mofetil for cord blood.
One-year overall survival, disease-free survival, and non-relapse mortality were 80%, 73% and
3%, respectively. One-year relapse was 38% for AML and 13% for MDS. No serious organ
toxicities were observed. All 37 evaluable patients engrafted. Cumulative incidences of grade II-
IV acute and chronic GVHD were 22% and 40%. BSA-based treosulfan dosing resulted in
predictable area under the curve and maximum concentration, which is required for dosing without
measuring individual pharmacokinetic parameters. Observed differences in pharmacokinetics did
not impact disease control or regimen toxicity. This BSA-based treosulfan regimen resulted in
excellent engraftment and disease-free survival, minimal toxicity and transplant-related mortality
(3%) in children and young adults with AML and MDS.

Keywords

Stem Cell Transplantation; Conditioning Regimen; Myelodysplastic Syndromes; Acute Myeloid
Leukemia

INTRODUCTION

Allogeneic hematopoietic cell transplant (HCT) is potentially curative for children and
young adults with acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS).
Conventional myeloablative conditioning regimens (MAC) containing busulfan are the most
widely used for these indications in this younger age group. The success of these regimens is
limited by toxicity and transplant-related mortality (TRM).1~* Reduced intensity
conditioning (RIC) regimens may be associated with lower rates of TRM, but at the expense
of more relapse.>~8 Thus, children with AML and MDS are still in need of a better
conditioning regimen that results in sustained remission without the substantial acute
toxicity and NRM observed with conventional regimens.

Treosulfan (Ovastat®, L-threitol-1,4-dimethasulfonate, (2S,3S)-1,4-dimesyloxy-2,3-
butanediol, dihydroxybusulfan) is a water-soluble prodrug of a bifunctional alkylating agent
approved for therapy of advanced ovarian carcinoma in Europe.?: 10 This drug has several
characteristics that make it attractive for use in HCT compared to busulfan. Treosulfan
metabolism bypasses the liver, has a highly predictable pharmacokinetic (PK) profile in
adults, is sufficiently immunosuppressive for engraftment of donor cells across
histocompatibility barriers, and is highly anti-leukemic. 11-17 In adults, treosulfan-based
conditioning for allogeneic HCT for hematologic malignancies have shown safety and
efficacy.18-22 However, there is little data on the use of treosulfan regimens for childhood
hematologic malignancies.?1-24 This phase 11 prospective multicenter study evaluated the
safety and efficacy of a treosulfan combined with fludarabine and 200 cGy total body
irradiation (TBI) in children and young adults with AML or MDS undergoing allogeneic
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HCT. Our hypothesis was that this regimen would yield lower toxicity without compromise
of disease control when compared to standard MAC regimens.

METHODS

Patient and donor characteristics

Forty patients with median age 11 years (1-19) were enrolled in a multicenter prospective,
open label, non-randomized clinical trial at 13 U.S. transplant centers between September
2013 and April 2014. Patient characteristics are summarized in Table 1. Patients included
were children and young adults with a diagnosis of AML in first or greater complete
remission (CR), or any MDS subtype undergoing marrow (BM) or peripheral blood stem
cells (PBSC) from a related or unrelated donor matched at = 7/8 human leukocyte antigens
(HLA) or unrelated cord blood matched at > 4/6 HLA antigens.

The diagnosis of AML or MDS was made according to World Health Organization (WHO)
criteria and confirmed by review of clinical pathology reports at each institution. Disease
status prior to HOT was determined by a bone marrow aspirate obtained within 28 days prior
to the start of conditioning. AML in morphologic remission was defined as < 5% blasts in a
bone marrow aspirate of adequate cellularity. Minimal residual disease (MRD) was defined
as the presence of detectable disease by flow cytometry, cytogenetic analysis, or fluorescent
in-situ hybridization (FISH) in patients with less than 5% BM blasts by morphology.
Patients with refractory anemia with excess blast-2 could proceed directly to transplant, but
also be considered for induction chemotherapy before transplant. Patients with = 20%
morphologic marrow blasts required induction therapy to reduce morphologic marrow blasts
below 5% before transplant.

Patients with low general performance scores (i.e., Karnofsky or Lansky Play-Performance
Scale score < 70% on pre-HCT evaluation), Fanconi anemia, human immunodeficiency
virus (HIV) or uncontrolled systemic infections, active central nervous system leukemia or
extramedullary disease at the time of HCT, or significant cardiopulmonary, renal or hepatic
dysfunction were excluded. Those undergoing chemotherapy using other investigational
agents within four weeks prior to start of conditioning, as well as pregnant and lactating
females were also excluded. Patients who had undergone a single previous HCT were
eligible for inclusion if time from the first transplant was = 6 months.

Related donors were matched for human leukocyte antigen (HLA)-A, -B, and -C at
intermediate resolution and -DRB1 at high resolution by molecular typing. Unrelated donors
were matched for HLA-A, -B, -C and -DRB1 defined by high resolution molecular typing.
A single HLA antigen or allele mismatch (7/8 matched) was permitted. BM or granulocyte-
colony stimulating factor (G-CSF)-mobilized peripheral blood stem cells (PBSC) were
permitted. Unrelated cord blood unit (CBU) donors were matched at a minimum of 4 of 6
loci at HLA-A and -B by intermediate resolution, and -DRB1 by high resolution, with a
minimum total cell dose of 3 x 107 total nucleated cells (TNC) per kg of recipient weight.
Double CBUs were allowed for patients lacking a single CBU with sufficient cell dose,
following the same HLA-matching and cell dose criteria for single CBUs.
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This study was a cooperative effort between the Pediatric Blood and Marrow Transplant
Consortium (PBMTC) study and the Center for International Blood and Marrow Transplant
Research® (CIBMTR). The study protocol underwent scientific and ethics reviews, and
obtained approval from the National Marrow Donor Program (NMDP) institutional review
board (IRB). Patients, and legal guardians for patients younger than 18 years, were informed
of the investigational nature of the study and signed consent and assent forms approved by
the IRB at each institution, in accordance with the Declaration of Helsinki.

Transplant regimen

Treosulfan was given intravenously (IV) on days —6 to —4 at a daily dose determined by
BSA of 10 g/m? (< 0.5 m2), 12 g/m? (> 0.5 =1 m?) or 14 g/m? (> 1 m2). The latter was the
maximum tolerated dose based on previous studies, where limiting toxicities were observed
with doses above 42 g/m2.5 BSA dosing was based on population PK modeling [medac
GmbH, data not published]. Fludarabine 30 mg/m?/day 1V was given on days —6 to -2 (total
dose 150 mg/m?). Ideal body weight was used in patients whose actual body weight
exceeded 125% of ideal body weight. A single fraction of 200 cGy TBI was administered on
day -1. Graft-versus-host disease (GVHD) prophylaxis consisted of tacrolimus to keep
serum trough levels of 8-12 ng/mL starting on day —1 and methotrexate 10 mg/m?/dose on
days +1, +3, +6 and +11 for those receiving BM/PBSC. In the absence of GVHD, tacrolimus
was tapered starting on day +56 and discontinued by day +180. For CBU recipients, GVHD
prophylaxis consisted of cyclosporine A (CSA) starting on day —3 to keep trough levels of
250-500 ng/mL by immunoassay and mycophenolate mofetil (MMF) 15 mg/kg every 8
hours starting on day 0. In the absence of GVHD, CSA was tapered starting on day +100
and discontinued after day +180. MMF was tapered starting on day +42 or 7 days after
engraftment, whichever occurred later, through day +96. Supportive care was provided as
detailed in the supplemental on-line information.

Pharmacokinetic (PK) studies

Blood samples were collected for treosulfan PK analysis from patients weighing less than 40
kg. Samples were batched and analyzed at the University of Essen, Germany, using
refractometric detection methods previously described.2> Blood samples of 1 mL each were
collected at ten time points after the first and third dose of treosulfan (hours 0, 2, 2:20, 2:40,
3,4,5,6,7and 24) and 2 hours after the second dose. To avoid artificial ex vivo
degradation, the samples were adjusted to a final pH of 5.5 by adding them to prefilled tubes
with citrate buffer. Samples were centrifuged at 4°C and 1,000 g for 10 minutes to separate
plasma. The cell-free supernatant was further microfiltrated and analyzed by reversed phase
high-performance liquid chromatography (RP-HPLC). Individual PK parameters were
evaluated by two-compartment disposition modeling using TopFit software, version 2.0.26:27
PK parameters analysed included area under the curve (AUC), maximum concentration
(Cmax), half-life (t 1/2), volume of distribution (Vss) and total clearance (CL).

Study design and statistical methods

This primary objective of this study was to determine the safety and preliminary efficacy of
a regimen of treosulfan-based regimen for children and young adults with AML or MDS
undergoing allogeneic HCT. The primary endpoint was OS at one-year post-HCT.
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Secondary endpoints included graft failure, relapse, time to neutrophil and platelet
engraftment, disease-free survival (DFS), GVHD/relapse-free survival (GRFS), NRM,
incidence of acute and chronic GVHD, transplant-related toxicities and PK parameters of
treosulfan in patients weighing less than 40 kg. Transplant-related toxicities were defined as
organ toxicities not attributable to primary disease, infection or GVHD. Grading of organ
toxicities was done using National Cancer Institute’s Common Terminology Criteria for
Adverse Events, version 3.0.

Estimates of OS and DFS were calculated using Kaplan-Meier estimates. Relapse or death
from any cause were considered failure for the endpoint of DFS. Relapse, death, presence of
acute GVHD grades I11-1V or chronic GVHD were considered failure for the endpoint of
GRFS. Cumulative incidence curves were used to estimate the probabilities of acute and
chronic GVHD, relapse, and NRM. Death was treated as a competing risk for neutrophil and
platelet engraftment, GVHD and relapse. Relapse was considered a competing risk for
NRM. Statistical significance was evaluated using the Cox regression model. Independent
variables examined for the regression models included type of disease, disease status at
HCT, donor and HCT source. All reported two-sided p-values from regression models were
derived from the Wald test. The statistical analysis was performed using SAS® Enterprise
Guide (Cary, NC, USA).

Time to neutrophil engraftment was defined as the first of three consecutive days with an
absolute neutrophil count (ANC) of 0.5 x 109/L or greater. Platelet engraftment was defined
as the first of three consecutive days with a platelet count greater than 20 x 109/L without
the need for platelet transfusions. Primary graft failure was evaluated separately for BM/
PBSC and CBU, and defined as lack of donor-derived neutrophil engraftment by day +56.
Relapse and death from other causes prior to engraftment were considered as competing
risks for the endpoint of graft failure. Presence of donor engraftment was also assessed by
chimerism testing in whole blood fractions sorted for T cell lymphoid (CD3) and myeloid
(CD33) subset markers collected on days +42 (+ 14), +100 (+ 20), +180 (+ 20) and +365
(+ 30). Acute and chronic GVHD were diagnosed and graded using CIBMTR criteria.28:2°

RESULTS

Treosulfan PK

BSA-based treosulfan dosing resulted in reliably predictable AUC and Cmax across BSA
groups (Table 2). Half-life did not differ across groups. Significant differences were
observed in CL and Vss across treosulfan dose groups, as expected for patients of different
size. The number of patients sampled for PK and the number of events are too small to reach
any conclusions regarding the impact of treosulfan dosing in the risk of relapse, engraftment
or toxicity across groups of differently sized patients.

Engraftment and donor cell chimerism

Three patients were not evaluable for neutrophil engraftment due to never becoming
neutropenic (n=1) or early relapse (n=2). Neutrophil engraftment occurred in 93% (90%(Cl,
87-100%) of the 37 evaluable patients. Median times to neutrophil and platelet engraftment
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were 19 days (12-28) and 25 days (12-66), respectively. More than 95% of patients
achieved full donor T-cell and myeloid cell chimerisms by day +100.

Transplant-related toxicity, graft-versus-host disease, and non-relapse mortality

As expected, the conditioning regimen was minimally toxic. There were no instances of
veno- occlusive disease of the liver or hemorrhagic cystitis. No severe conditioning regimen-
related toxicities occurred on this study including the five patients who had undergone HCT
previously. In addition, the cumulative incidence of severe grade 111-1V acute GVHD by day
+100 was 14% (90%ClI, 6-25). Chronic GVHD developed in 40% (90%Cl, 27-54%) of
patients by one-year. The single non-relapse death was due to GVHD complicated by
invasive fungal infection on day +288. As a result, the cumulative incidence of NRM at day
+100 was 0% and at one year reached 3% (90%Cl, 0-8%).

Relapse and survival

The one-year cumulative incidence of relapse was 33% (90%Cl, 20-47%) All seven patients
who relapsed died. Figure 1 shows the one-year OS was 80% (90%Cl, 69-89%), and DFS
73% (90%ClI, 60-83%). One-year DFS was 63% (90%ClI, 46—77%) for the 32 patients with
AML, and 87% (90% CI, 53-100%) for the 8 patients with MDS.

DISCUSSION

This is the first prospective study using a BSA-based treosulfan regimen in pediatric patients
with AML or MDS. BSA-based treosulfan regimen was safe and provided excellent disease
control. Although this regimen was myeloablative, toxicity was minimal. Engraftment was
robust and sustained, and full donor chimerism was persistent, even in cord blood recipients.

This results in this prospective study are similar to a recent retrospective study of children
and adolescents transplanted with treosulfan. Boztug et al reported TRM of 14% with three-
year OS of 46% for AML, 64% for MDS?3 The novel conditioning regimen used in this
study resulted in exceptionally low NRM, especially when compared to busulfan-based
regimens in a similar patient population (3% vs 10.5-20%).39-32 As hypothesized, relapse
rates were not higher than those observed in busulfan-based regimens, which suggests that
treosulfan-based regimen may improve survival. Futhermore, other than GVHD, non-fatal
severe toxicities, including VOD, were essentially absent in this study, which may prove to
be another benefit from this approach. Treosulfan-based conditioning did not eliminate
severe GVHD, but the observed GVHD rate in this study was comparable to previously
reports in similar patient populations.30-33

The BSA-based treosulfan dosing schema used in this study yielded predictable
pharmacokinetics across groups, confirming that individualized PK adjustment for
treosulfan is not necessary, a great advantage of this drug compared to busulfan. Ongoing
prospective pediatric studies in Europe are collecting additional treosulfan PK data in
children with malignant and nonmalignant disorders undergoing treatment with the same
BSA-based treosulfan dosing used in our study. This information will be particularly useful
for determining dosing in infants for whom data remains very limited. If treosulfan is
confirmed to have a predictable PK profile in these studies, it could become the drug of
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choice for MAC regimens in children and young adults, given its low toxicity profile without
the need for individual PK parameter testing.

One current limitation to the use of treosulfan is its lack of availability for commercial use in
several countries including the United States. Studies in progress in adults with hematologic
malignancies and children with malignant and nonmalignant disorders are addressing this
gap, with the goal of making this drug more available in the future, if it proves to be
effective in larger clinical trials. Our treosulfan-based regimen appears to be at least as
effective as busulfan-based regimens, with the potential to yield better disease-free survival,
by virtue of lower NRM with similar relapse rates. Clinical studies comparing busulfan
versus treosulfan-based regimens in children may provide valuable information towards the
efficacy of this drug.
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Figure 1.
Overall and disease-free survival outcomes at 1-year post-HCT

OS: overall survival; DFS: disease-free survival
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Patient and graf

Table 1.

t characteristics

Variable

N(%)

Number of patients

40

Age at HCT (years), median (range) 11 (1-19)

Sex
Male 16(40)
Female 24 (60)
BSA, m?
<05 5(13)
>0.5-1 10(25)
>1 25 (62)
AMLA 32 (80)
1 CR 18(56)
2" or greater CR 14(44)
MDS 8(20)
Treated prior to HCT 1(13)
Not treated prior to HCT 7(87)

Days from diagnosis to HCT, median (range)

AML
MDS

Second HCT
Previous autolog

Previous allogen

Cytogenetics at dia
Good
Intermediate
Poor

Unknown

229(62-1574)
83 (29-853)
5(13)

ous 1(3)

eic 4(10)

gnosis for AML patientsb
2(6)
18(58)
11 (35)
1

CIBMTR disease risk groupc

Standard
Intermediate

Poor

21(52)
15(38)
4(10)

Graft type and HLA-matching

BM/PBSC

8/8 related

8/8 unrelated
7/8 unrelated
Unrelated CBU

6/6

5/6

25/6 (62)/(15)
10

15

6

9(23)
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Variable N(%)

67 4

a6 AML patients had residual detectable disease by flow cytometry at HCT
bCytogenetic risk classification

DDisease risk groups: Standard = AML 1St CR; MDS = refractory cytopenia or refractory anemia; Intermediate = AML 2nd or greater CR; Poor =
MDS RAEB/RAEB-T

d2 patients received double CBUs; the lower of the 2 HLA matches was reported
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Table 2.

Treosulfan PK profile by BSA-based dosing groups

Treosulfan dose (g/m?)

10 12 14
N 5 10 4
PK Parameter
Age (years) ** 77 [ 109D 6 (4-8) 9 (9-11)
BSA (m?) *j‘f # | 0.43(0.38-0.50) | 0.86 (0.52-0.99) | 1.11 (1.05-1.40)
Weight (kg) **#7 | 92(81-146) | 227 (19.4-251) | 30.7 (30.1-375)
AUC (mcg/mL*h) | 2762 + 1058 2240 + 538 2235 + 96
Cmax (meg/mL) Fo| 977 412 799 + 201 788 + 28
t (h) 7 1.39+0.25 1.49 +0.14 1.38+0.11
Vss (L) 1 6.7£2.3 95+25 99+06
CL (mUmin) ** t | 69.4+225 94.9+18.2 1045+ 45

AUC: area under the curve; Cmax: maximum concentration; t’2; half-life; Vss: volume of distribution; CL.: total clearance

#

t

Age, BSA and weight expressed in median (range)

*v+r#Significant differences between BSA-based treosulfan doses (p < 0.05 (using t-test)):

*
10vs.12 g/m2;
* 2
10 vs.14 g/m<;

#12 vs.14g/m2
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Table 3.

Survival and GVHD outcomes by stem cell source and donor group

Stem cell source Donor*

Outcome? BM (n=25) | PBSC (n=6) | CBU (n=9) | Related (n=10) | Unrelated (n=21)
Acute GVHD at day +100

Grades 11-1V 5(0-14) | 50(19-81) | 50 (23-77) 0 22 (9-40)

Grades I11-1V 0 50 (19-81) | 25(5-53) 0 18 (5-35)
Chronic GVHD

at day +180 5 (0-14) 67 (34-92) | 38(13-66) 0 28 (12-46)

at 1 year 25 (11-42) | 67(34-92) | 63(34-87) 11 (0-34) 46 (27-66)
Off IST at 1 year 60 33 100 60 52
OS at 1 year 72 (56-85) | 83 (53-99) 100 70 (45-90) 76 (80-89)
DFS at 1 year 64 (48-79) | 83(53-99) | 89 (67-100) 60 (34-83) 71 (54-86)
GRFS at 1 year 44 (28-60) | 17 (1-47) 22 (5-48) 50 (25-75) 33 (18-51)
Relapse at 1 year 36 (21-52) 0 11 (0-33) 40 (17-66) 24 (11-40)
NRM at 1 year (n) 0 1 0 0 1
Deaths at 1 year (n) 7 1 0 3 5

Results presented as probability (%) and 90%Cl, unless noted otherwise.

Page 15

GVHD: graft-versus-host disease; IST: immunosuppressive therapy; OS: overall survival; DFS: disease-free survival; GRFS GVHD/relapse-free
survival; NRM: non-relapse mortality

*
Includes non-cord allogeneic donor sources only.
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