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Allogeneic hematopoietic stem cell transplantation (allo-HSCT) can be curative for patients with hematologic
malignancies. The ideal conditioning regimen before allo-HSCT has not been established. We conducted a Phase II
study to evaluate the tolerability and efficacy of clofarabine and treosulfan as conditioning regimen before allo-
HSCT. The primary objective was to evaluate the cumulative incidence of nonrelapse mortality (NRM) on day
+100. Forty-four patients (36 with acute myelogenous leukemia, 5 with acute lymphoblastic leukemia, 3 with
myelodysplastic syndromes) were enrolled. The median patient age was 47 years, and the median duration of
follow-up was 27 months. The conditioning regimen was based on clofarabine 40 mg/m2 (days -6 to -2) and treo-
sulfan 14 g/m2 (days -6 to -4). Allogeneic hematopoietic stem cells were derived from a sibling (n = 22) or a well-
matched unrelated donor (n = 22). Graft-versus-host disease (GVHD) prophylaxis consisted of antithymocyte
globulin, rituximab, cyclosporine, and a short-course of methotrexate. The regimen allowed for rapid engraftment
and a 100-day NRM of 18%, due mainly to bacterial infections. The incidences of grade II-IV acute GVHD and
chronic GVHD were 16% and 19%, respectively. The rates of overall survival (OS), progression-free survival, and
relapse at 2 years were 51%, 31%, and 50%, respectively. Significantly different outcomes were observed between
patients with low-intermediate and patients with high-very high Disease Risk Index (DRI) scores (1-year OS, 78%
and 24%, respectively). Our findings show that the use of treosulfan and clofarabine as a conditioning regimen for
allo-HSCT is feasible, with a 78% 1-year OS in patients with a low-intermediate DRI score. However, 1-year NRM
was 18%, and despite the intensified conditioning regimen, relapse incidence remains a major issue in patients
with poor prognostic risk factors.

© 2019 Published by Elsevier Inc. on behalf of the American Society for Transplantation and Cellular Therapy
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INTRODUCTION
Allogeneic hematopoietic stem cell transplantation (HSCT)

is a potentially curative option for patients with hematologic D35X X
malignancies [1,2]. The ideal conditioning regimen before allo-
geneic HSCT has not yet been established. Reduced-intensity
107
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112
conditioning (RIC) regimens emerged more than 15 years ago
with the aim of decreasing the toxicity and morbidity related
to HSCT [3,4]. Unfortunately, the trade-off for RIC has been an
increase in disease recurrence and a high incidence of chronic
graft-versus-host disease (cGV D36X XHD), with its considerable
impact on late non D37X Xrelapse mortality (NRM) and quality of life
[5,6]. Progressively, the concept of RIC switched to the concept
of reduced-toxicity conditioning D38X X, based on the combination of
f D39X Xludarabine and an alkylating agent, which currently represent
the back D40X Xbone D41X Xof conditioning regimens for HSCT performed
world D42X Xwide.
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Treosulfan is a water-soluble bi D43X Xfunctional alkylating cyto-
toxic agent often considered as an alternative agent to
b D44X Xusulfan in conditioning regimens and characterized by a low
non D45X Xhematologic toxicity profile, broad stem cell toxicity, and
immunosuppressive as well as anti D46X Xleukemic activity. In the
last decade, the combination of tD47X Xreosulfan and fD48X Xludarabine
proved to be feasible and efficient in several types of malig-
nancies, including acute myelo D49X Xgenous leukemia (AML) and
myelodysplastic syndrome D50X X(MDS) [7�10].

Clofarabine is a second-generation purine nucleoside ana-
log D51X X that requires intracellular phosphorylation for D52X Xactivat D53X Xion
and is resistant to deamination. Along D54X Xwith inhibiting DNA
polymerase, c D55X Xlofarabine also acts as an inhibitor of cellular
ribonucleotide reductase. D56X XClofarabine has significant docu-
mented anti D57X Xleukemic activity, particularly in patients with
relapsed acute lymphoblastic leukemia (ALL) [11], and D58X Xit is
approved for D59X XtreatD60X Xing pediatric ALL patients after at least
2 D61X X prD62X Xevious regimens. Clofarabine D63X Xalso has been studied in
patients with relapsed AML [12]. Direct induction of apoptosis
by activation of caspase 9 and direct interaction with the mito-
chondrial membrane may also play a role in this superior anti-
D64X Xleukemic effect. Hand-foot syndrome and reversible liver
function abnormalities are the 2D65X Xmain adverse events of the
drug described in the literature [13].

With the aim of identifying a better reduced-toxicity condi-
tioning D66X Xregimen, D67X Xin terms of both efficacy and tolerability, we
investigated a novel combination of drugs. H D68X Xere we present
the results of a prospective, multicenter P D69X Xhase II trial (D70X XClotreo; D71X X
EudraCT 2008-006972-31; ethics approval, November 27,
2008; first enrollment November 23, 2009) D72X Xthat evaluated D73X Xthe
use of a conditioning regimen with cD74X Xlofarabine replacing
fD75X Xludarabine, in combination with tD76X Xreosulfan and antithymo-
cyte globulin D77X X, in 44 patients with D78X Xacute leukemia or high-risk
MDS D79X X.

METHODS
Patients and Donors

This prospective PD80X Xhase II study was conducted in 4D81X XItalian bone marrow
transplantation centers: D82X XMilan, Udine, Torino, and Bolzano D83X X. The study was
approved by the ID84X Xnstitutional RD85X Xeview B D86X Xoard of each participating center. Both
p D87X Xediatric and adult patients were included D88X X(age range, D89X X1D90X X-70 years), each with
an available D91X XHLAD92X X-matched related or unrelated donor. HLA D93X Xcompatibility
among donor-recipient pairs was assessed by 10D94X X- D95X Xloci molecular typing (HLA-
A, -B, -C, -DRB1, -DQB1), with no more than a 2- D96X Xallele disparity allowed.

Additional eligibility criteria included creatinine clearance >D97X X50 mL D98X X/min-
ute, alanine aminotransferase � D99X X2.5 times the upper limit of normal D100X X,
Karnofsky PD101X Xerformance S D102X Xtatus � D103X X80%, and Hematopoietic Cell Transplanta-
tion-Comorbidity Index (HCT-CI) score <D104X X4 according to Sorror et al [14].
Patients who had undergone D105X Xprevious HSCT were excluded. Between
D106X XNovember 2009 and D107X XNovember 2013, we enrolled 44 patients (median age,
47 years), including 36 D108X Xwith AMLD109X X, 5 D110X Xwith ALL D111X X, and 3 D112X Xwith MDSD113X X. Comorbidities
at time of transplantation were evaluated according to the HCT-CI. Patients
were stratified by disease type and status at the time of transplantation,
according to the D D114X Xisease RD115X Xisk I D116X Xndex (DRI), as validated by Armand D117X Xet al [15];
27 patients were D118X Xin the D119X Xlow-intermediate D120X Xrisk group, and the other D121X X17 were
in the D122X Xhigh-very high D123X Xrisk group.

Conditioning Regimen and GVD124X XHD Prophylaxis
For conditioning, aD125X Xll patients received tD126X Xreosulfan 14 g/m2 for 3 days (days

-6 t D127X Xo -4) and c D128X Xlofarabine 40 mg/m2 for 5 days (days -6 t D129X XoD130X X-2).
GV D131X XHD prophylaxis was investigational and consisted of in vivo T cell

D132X Xdepletion using D133X XThymoglobulin D134X X(Sanofi Genzyme, Cambridge, MA) for 3 days
(days -4 t D135X XoD136X X-2) at 2 D137X Xdifferent dosages according to HLA matching: 1.5 mg/kg/
day for patients with a 10/10-matched donor and D138X X2.5 mg/kg/day for patient-
donor pairs with any mismatch. All patients received a single dose of
rD139X Xituximab at 200 mg/m2 on day -1 for D140X Xin vivo B cell D141X Xdepletion, D142X Xas prophylaxis
against GV D143X XHD D144X Xand D145X Xpost-transplantation lymphoproliferative disorderD146X X;
c D147X Xyclosporine from day -1 (to a target plasmaD148X X level D149X Xof 150- D150X X250 ng/mL D151X X) and
short-course m D152X Xethotrexate (15 mg/m2 on day +1, 10 mg/m2 on days +3 and
+6) with folinic acid rescue were also D153X Xused for GV D154X XHD prophylaxis.

In the absence of GVD155X XHD or disease relapse, cD156X Xyclosporine was tapered to
discontinuation, starting at month +3 after HSCT in patients with a D157X Xhigh-very
high D158X XDRI D159X Xand at month +6 in patients with D160X Xlow-intermediate D161X XDRI, with the
aim of maximally exploiting the graft-D162X Xversus- D163X Xleukemia effect exerted by the
donor’s immune system, selectively in those patients with the D164X Xg D165X Xreatest prob-
ability of disease recurrence.

Donor Graft
Peripheral blood stem cells were obtained from donors using standard

mobilization protocols and apheresis techniques. A median of 6.0£ 106

CD34+ cells D166X X/kg (range, 1.3-14.4£ 106 CD34+ cells/kg) were infused. If periph-
eral blood mobilization was not possible and in all pediatric patients, bone
marrow (BM) was the stem cell sourceD167X X.

Supportive Care
Microbial, fungal and viral prevention, together with the treatment of

infectious complications were performed according to institutional trans-
plant guidelines, following international recommendations [16�18]. Alloge-
neic recipients have been screened for the presence of c D168X Xytomegalovirus
(CMV) in peripheral blood samples 1 time/week from HSCT to at least
100 days after HSCT. Diagnostic tests to determine the need for preemptive
treatment included the detection of CMV DNA by quantitative polymerase
chain reaction (PCR). Ganciclovir was used first-line for preemptive treat-
ment of CMV. For prevention of Epstein-Barr vD169X Xirus (EBV)-related post-trans-
plantation lymphoproliferative disease, patients were monitored every
2 D170X Xweeks for EBV DNA load using a blood EBV PCR assay. Testing for galacto-
mannan in serum was performed weekly using D171X XPCR-based diagnostics.

Acute GV D172X XHD (aGVHD) was graded according tD173X Xo consensus criteria [19]D174X X,
and cGVD175X XHD was classified according to D176X XNational Institutes of Health D177X Xcriteria
[20]. GV D178X XHD was treated according D179X Xto institutional protocols, with consider-
ation of D180X Xthe European Society for Blood and Marrow Transplantation-Euro-
pean LeukemiaNet D181X Xrecommendations [21].

Evaluation of R D182X Xesponse
Neutrophil engraftment was defined as a neutrophil count D183X X�D184X X.5£ 109/L for

more than 3D185X Xconsecutive days; platelet engraftment was defined as a platelet
count D186X X� D187X X20£ 109/L for more than 3 D188X Xconsecutive days in the absence of trans-
fusions. Toxicity after allo-HSCT was graded according to the National Cancer
Institute Common Terminology Criteria for Adverse Events version D189X X3 D190X X. Post-
transplantation disease follow-up comprised monthly marrow evaluations
for the first 3 D191X Xmonths after HSCT, and every 3 months thereafter D192X XD193X Xfor the first
year. Response and relapse were determined by standard hematologicD194X Xcrite-
ria. Hematopoietic chimerism was assessed on BM aspirate samples by D195X Xin-
D196X Xparallel short-tandem repeats.

Statistical A D197X Xnalysis
Primary objective was evaluation of the cumulative incidence of D198X XNRM D199X Xon

day +100 to assess the feasibility of this regimen. According to Simon’s
2 D200X X-stage design method, the total number of patients needed to assess an
expected NRM of 20% was 45. Categorical variables are expressed as propor-
tions, and continuous variables are expressed as D201X Xmedian and D202X Xrange. Compari-
sons between groups were performed using D203X Xthe chi-square test for
categorical variables and the Mann-Whitney Utest D204X XforD205X Xcontinuous variables D206X X.
Outcomes were calculated from the date of transplantation. Progression-free
survival (PFS) was defined as the probability of being alive and progression-
free at any time; D207X XNRMD208X Xwas defined as death without evidence of disease
progression or relapse. Disease progression or relapse was treated as a com-
peting event in the NRM analyses. The incidence rates of aD209X XGV D210X XHDD211X Xand c D 212X XGD213X XVHD
D214X Xwere estimated considering disease progression or relapse as a competing
event D215X X. Only patients alive at day +100 after transplantation were evaluated
for cGVD216X XHD. The c D217X Xumulative incidence of engraftment was calculated using
death before engraftment as a competing event. The Kaplan-Meier method
was used for survival analyses, hazard ratios were estimated with their
respective 95% confidence intervals (CIs). The cumulative incidence method
with competing risks was used for the NRM, relapse/progression, GV D218X XHD and
engraftment analyses. P values � .05 were considered significant. All the out-
comes were calculated on an intention-to-treat basis. The statistical software
packages SPSS version 16.0 (SPSSD219X X, Chicago, ILD220X X) and R version 2.12.0 (R Foun-
dation for Statistical Computing, Vienna, Austria) were used.

RESULTS
Between D221X XNovember 2009 D222X Xand November 2013, we enrolled

44 patients (median age, 47 years), including 36 D223X Xwith AMLD224X X, 5
D225X Xwith acute lymphoblastic leukemia, and 3 with MDS D226X X. Observa-
tion ended in March 2015; 4 D227X Xpatients were lost to follow-up.
Patients were enrolled in 4D228X X Italian bone marrow transplanta-
tion centers D229X X: D230X XMilan (D231X Xn = 28),D232X XUdine (D233X Xn = 12),D234X XTorino (D235X Xn = 3), and
D236X XBolzano ( D237X Xn = 1).
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Patient, disease and transplantation characteristics are
summarized in D238X XTable 1 D239X X.

Engraftment and chimerism
Overall, 93% of the patients achieved primary engraftment,

with a median time of 14 days (range, 10-27) for neutrophil
recovery, and 12 days (range, 7-117) for platelet recovery. The
median time for the platelet count to reach 50£ 109/L was
16 days (range, 11-156). A total of 3 patients died before neu-
trophil recovery. One patient experienced secondary graft fail-
ure 2 D240X X months after allo-HSCT, concomitant D241X Xwith a severe
invasive fungal infection; D242X Xhe was rescued by a BM-derived
stem cells boost from the original donor. At the time of this
report, tD243X Xhe patient wa D244X Xs D245X Xalive, in good clinical condition, in com-
plete remission (CR), and with normal peripheral blood counts.
Table 1
Patient, Disease, and Transplantation Characteristics

Characteristic All MRD HSCT MUD HSCT

Patient demographics

Total number 44 22 22

Age at HSCT, yr,
median (range)

47 (13-69) 43 (13-61) 50 (16-69)

Male sex, n (%) 22 (50) 9 (41) 13 (59)

Disease diagnosis, n (%)

AML 36 (82) 17 (77) 19 (86)

MDS 3 (7) 3 (14) 0

ALL 5 (11) 2 (9) 3 (14)

Status at transplanta-
tion, n (%)

First CR 16 (36) 8 (36) 8 (36)

Other CR 9 (20) 4 (18) 5 (23)

Active disease 16 (36) 7 (32) 9 (41)

Upfront 3 (8) 3 (14) 0

HCT-CI, n (%)*

0 15 (34) 10 (45) 5 (23)

1-2 12 (27) 5 (23) 7 (32)

3-4 17 (39) 7 (32) 10 (45)

DRI, n (%)y

Low 1 (2) 1 (4) 0

Intermediate 26 (59) 14 (64) 12 (55)

High 13 (30) 5 (23) 8 (36)

Very high 4 (9) 2 (9) 2 (9)

CMV serostatus (host/
donor), n

Negative/negative 2 0 2

Negative/positive 2 1 1

Positive/negative 11 3 8

Positive/positive 29 18 11

Donor-recipient HLA
matching, n (%)z

MRD

10/10 � 22 (100) �
MUD

8/10 � � 1 (4)

9/10 � � 7 (32)

10/10 � � 14 (64)

MRD indicates matched related donor; MUD, matched unrelated donor.
* Comorbidities at time of transplantation were evaluated according to the

HCT-CI by Sorror et al [14].
y DRI according to Armand et al [15].
z Donor-recipient HLA matching at 4-digits for 5 HLA loci (HLA-A, -B, -C,

-DRB1, -DQB1).
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Full donor chimerism was documented in 100% of assessed
patients at day +30 and confirmed at the subsequent
D246X Xevaluations in patients who maintain D247X Xed complete disease
remission.

Toxicity
D248X XTable 2 D249X Xsummarizes all adverse events D250X Xgraded > D251X X2 D252X Xaccording

to the National Cancer Institute Common Terminology Criteria
for Adverse Events v3.0 observed during conditioning and
after HSCT. Overall, reversible hepatic damage and body
weight gain were the most frequent side effects, the latter
occurring in 14 of D253X X44 subjects (32%), due mainly D254X Xto liquid
retention and thus usually managed with maximal diuretic
stimulation. Skin rash after c D255X Xlofarabine administration was fre-
quently observed D256X Xbut was reversible and of low severity in the
vast majority of cases; D257X Xonly 3 patients presented with severe
cutaneous lesions D258X X. Five patients experienced an increase in
creatinine level D259X X, with a maximal severity grade of 2.

In terms D260X Xof infectious events, febrile neutropenia occurred in
> D261X X70% of patients, and 8 patients D262X XsD263X Xustained septic shock, which
was ultimately fatal in 7 patients. Pneumonitis was reported in
5D264X X D265X Xpatients and was D266X Xthe cause of death D267X Xin 1D268X Xcase. One patient was
diagnosed withD269X Xproven fungal pneumonia, which was success-
fully treated with a surgical lobectomy. Seven patients experi-
enced EBV reactivation, but only 2D270X Xof them required treatment;
no EBV-related lymphoma occurred. Reactivation of CMV
occurred in 23 patients (52%), with onset at D271X Xa median D272X Xof 28 days
(range, 6-52 days) from transplantation.

Finally, 1 D273X X patient died during the conditioning regimen
from D274X Xa massive cerebral hemorrhage.

Other adverse events were infrequent and of lower severity
( D275X XTable 2).

Overall, the NRM at 100 days (study primary endpoint) was
18% (95% CI,D276X X7%-30%). Interestingly, no later events attributable
to NRM were reported, translating to D277X Xthe same 18% NRM at 1
D278X Xyear (Figure 1).

aGVHD D279X Xand cGVHD D280X X
GradeD281X X IID282X X, III,D283X Xand IVD284X XaD285X XGVD286X XHD occurred in 1 patientD287X X, 4 patientsD288X X,

and 1D289X Xpatient, respectively. The cumulative incidence of gradeD290X XII-
IVD291X X aD292X XGD293X XVHD was 16% (95% CI,D294X X 4%-28%), and D295X Xthe cumulative
Table 2
Toxicities

Adverse Event n (%) Maximum CTCAE Grade

Febrile neutropenia 32 (73) 3

Liver enzymes 12 (27) 4

Septic shock 8 (18) 5

Mucositis 6 (14) 4

Pneumonia 5 (11) 5

Skin lesions* 3 (7) 4

CNS infection 3 (7) 4

Hematuria/cystitis 2 (5) 3

Nausea 1 (2) 3

Pleural effusion 1 (2) 3

VOD 1 (2) 3

DVT 1 (2) 3

Arrhythmia 1 (2) 3

CNS bleeding 1 (2) 5

Microangiopathy 1 (2) 3

Hypocalcemia 1 (2) 3

CTCAE indicates common terminology criteria for adverse events; CNS, central
nervous system; DVT, deep vein thrombosis.
* Rash, erytrodermia, ulcerations.
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Figure 1. NRM of all 44 patients undergoing allogeneic hematopoietic stem cell transplantation conditioned with treosulfan and clofarabine.
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incidence of gradeD296X X II-IVD297X X aD298X XGD299X XVHD was 13% (95% CI,D300X X2%-24%). The
median time of diagnosis was at 54 days post-D301X Xtransplantation
(range, 11-111 days). The cumulative incidence of D302X XcGVD303X XHD (all
severityD304X X) was 19% (95% CI,D305X X 5%-33%). Overall, 7 patients experi-
enced cD306X XGD307X XVHD, including D308X X5 D309X Xafter allo-HSCTD310X Xfrom an HLA-matched
related donor and 2 after an unrelated donor allo-HSCTD311X X.

Outcomes
The m D312X Xedian duration of follow-up D313X Xafter allo- D314X XHSCT was

27 months (range, 0-61 months).
The 1-year overall survival (OS), D315X XPFSD316X X, and relapse incidence

were 60% (95% CI: 52-68), 41% (95% CI: 34-48) and 41% (95%
CI: 26-56), respectively. The corresponding figures at 2 years
were 51% (95% CI: 43-59), 31% (95% CI: 24-39) and 50% (95%
CI: 34-67) respectively (Figure 2A). At 1 year, disease relapse
was observed in 18 patients (41%) within a median time of 3.4
months (range, 1- D317X X9.5 months) after transplantation. Three
additional relapses occurred at 12.5, 20.6 and 20.9 months.

As expected, patients with a D318X Xhigh-very high D319X XDRI D320X Xdisplayed
significantly lower OS and PFS rates at 1 year D321X Xcompared with
those with a D322X Xlow-intermediate D323X XDRI: 24% (95% CI, D324X X11%-37%) ver-
sus 78% (95% CI, D325X X70%-86%) and 9% (95% CI, D326X X1%-17%) versus 59%
(95% CI,D327X X 50%-69%), respectively (P D328X X< D329X X.0001) (D330X XFigure 2B), and
this was consistently related to a higher relapse rate in
patients affected by advanced disease D331X X: 68% (95% CI,D332X X41%-95%)
versus 26% (95% CI, D333X X9%-43%) (P D334X X= D335X X.002) (D336X XFigure 2C).

Five patients with overt disease relapse received either 1D337X X
(n = 2) or 2D338X X (n = 3) donor lymphocyte infusions, with a docu-
mented response in only 1 D339X Xof them. Five additional patients
underwent D340X X a second allo- D341X XHSCT from a different donor, typi-
cally a haploidentical related donor, after disease relapse.

DISCUSSION
Currently, allogeneic HSCT is the potentially curative treat-

ment for the majority of hematologic D342X Xmalignancies. However,
major advances D343X Xin the field of HSCT during the last decade [22]
have expanded the D344X Xapplications of transplantation D345X Xto non D346X Xma-
lignant diseases, such as genetic D347X Xand autoimmune disorders
[2,23].

Novel conditioning regimens are warranted, aim D348X Xed D349X Xat
reduc D350X Xing HSCT-related toxicity while retaining maximal anti-
D351X Xmalignancy effect. Although advances in transplantation
approaches over the past few decades have led to markedly
improved outcomes after allo D352X X-HSCT, D353X Xmortality due to disease
recurrence D354X Xhas remained largely unchanged [22]. However,
approaches for reducing relapse, such as more intensive condi-
tioning regimens, could also increase toxicities without
improving overall outcomes [24].

The combination of f D355X Xludarabine with an alkylating agent
has become increasingly D356X Xpopular over D357X Xthe last decade.
A D358X Xvailable safety and efficacy data favor such a combination
over D359X Xdouble- D360X Xalkylating agent regimens such as b D361X Xusulfan and
c D362X Xyclophosphamide [25].

Treosulfan is a new- D363X Xgeneration alkylating agent with a
myeloablative effect on committed and non-committed stem
cells, as extensively investigated in preclinical studies. More-
over, it has potent immunosuppressive activity, which makes
it an alternative option in conditioning regimens before allo-
HSCT. Of note, tD364X Xreosulfan’s toxicity profile is favorable, due D365X Xto
its limited extramedullary toxicity.

The combination of fD366X Xludarabine and t D367X Xreosulfan has been
D368X Xexplored in patients in D369X Xeligible for standard myeloablative con-
ditioning, and data are rapidly emerging. This regimen is asso-
ciated with consistent engraftment and favorable survival in
the range of 40%-80%. Promising results have been D370X Xseen in
patients with MDS D371X Xand leukemia in remission.

Wh D372X Xereas fD373X Xludarabine acts primarily D374X Xas an immunosuppres-
sant, the more recently synthetized purine nucleoside analog
c D375X Xlofarabine has demonstrated D376X XgD377X Xreater anti D378X Xleukemic activity.
Clinical trials using c D379X Xlofarabine within the conditioning



Figure 2. OS, PFS, and relapse incidence. (A) OS and PFS of all 44 patients undergoing allo-HSCT conditioned with treosulfan and clofarabine. (B) OS and PFS curves,
stratified by DRI [15]: high-very high versus low-intermediate. (C) Relapse incidence (RI) stratified by DRI.
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regimen before D380X Xallo-HSCT allowed elucidation of its role in
terms of anti D381X Xleukemic potentialD382X Xand immunosuppressive and
engrafting-promoting activity. The first published trial using
c D383X Xlofarabine (in association with c D384X Xytarabine) in transplantation
conditioning reported an unacceptably high rate of poor donor
chimerism [26]. Recently, Kebriaei et al [27] reported encour-
aging data on the combination of clofarabine and busulfan as a
conditioning regimen for HLA-matched allo D385X X-HSCT in D386X Xpatients
with ALL. They registered a trend toward D387X X higher NRM D388X Xin
patients older than 40 years. Of note D389X X, 6 out of 107 patients
developed veno-occlusive disease (VOD), and reversible eleva-
tion of liver enzymes was observed in 85% of patients. These
transplantation-related complications prompted D390X Xus to explore
the combination of D391X Xclofarabine and D392X Xa reduced-toxicity alkylat-
ing agent, such as D393X Xtreosulfan.

HereD394X X we report results of a multicenter trial (D395X XClo3o D396X X;
EudraCT 2008-006972-31) investigating a new conditioning
regimen based on c D397X Xlofarabine substituted for D398X XfD399X Xludarabine. In
this D400X Xstudy, cD401X Xlofarabine was combined with t D402X Xreosulfan, and
both engraftment and chimerism data were acceptable. Other
authors have reported good engraftment even with
c D403X Xlofarabine and b D404X Xusulfan-D405X Xbased conditioning, inferring that
the immunosuppressant potential of c D406X Xlofarabine is sufficient D407X Xto
guarantee engraftment and full donor chimerism [28�31]. In
the literature D408X X, c D409X Xlofarabine-based conditioning regimens dis-
play a NRM at 1 year ranging from 26% to 32%D410X X. Of note, all stud-
ies included either b D411X Xusulfan or m D412X Xelphalan in the conditioning
schedule [32�34]. In our study, c D413X Xlofarabine and tD414X Xreosulfan
were associated D415X Xwith a low incidence of severe hepatic toxic-
ities, such as D416X XVOD. The NRM was 18% at 1 D417X Xyear, comparable to
that reported for other myeloablative conditioning regimens
in high- D418X Xrisk populations [35]. Although in line with our pri-
mary endpoint, recently a lower incidence of NRM w D419X Xas
D420X Xreported for patients in CR D421X X using a combination of bD422X Xusulfan
and f D423X Xludarabine [25].

By incorporating c D424X Xlofarabine in the conditioning regimen,
our main aim was to improve disease control and reduce
relapse incidence, but we observed the opposite D425X Xresults. While
patients with a D426X Xlow-intermediate D 427X XDRI group had D428X Xan encourag-
ing 59% D429X XPFS at 1 year, and a D430X X79% OS, those D431X Xwith a D432X Xhigh-very
high D433X XDRI had a PFS of only D434X X9% D435X Xand D436X XOS of 24% D437X X at 1 year. All
patients treated in our trial, regardless of HLA matching,
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underwent D438X Xin vivo T cell and B D439X Xcell depletion, with TD440X Xhymoglobulin
and rD441X Xituximab, respectively, along with D442X XcD443X Xyclosporine and short-
D444X Xcourse mD445X Xethotrexate. The D446X XThymoglobulin dose was adjusted
according to HLA disparity. This investigational immunosuppres-
sive regimen resulted in a lower than expected aGVHDD447X X and
cD448X XGD449X XVHD incidence. Indeed, in vivo T D450X Xcell depletion has been
recently shown to lower the incidence of cD451X XGD452X XVHD D453X Xin patients in CRD454X X
from acute leukemia who received peripheral blood stem cells
from an HLA-identical sibling [36]. However, the trade-off of this
highly immunosuppressive GVD455X XHD prophylaxis package was a dis-
appointingly high relapse rate, an appreciable rate of infection
(D456X Xincluding CMV reactivation),D457X X and 3D458X X deaths before engraftment.
Accordingly, to reduce the relapse incidence, high-risk patients
may benefit from a less aggressive GVD459X XHD prophylaxis, namely a
modulation of in vivo T D460X Xcell depletion, especially when receiving a
graft from aD461X X D462X Xfully HLA-matched sibling donor. Moreover, in the
last decade, post-D463X Xtransplantation cyclophosphamide (PT-Cy) in
association with D464X Xother immunosuppressive agents (sirolimus,
cyclosporine, or tacrolimus) or alone has emerged D465X Xas a promising
pharmacologicD466X X strategy in the setting of allo-HSCT [37�40].
Recently, PT-Cy was also tested in the HLA-matched donor setting,
providing low mortality and acceptable severe GVD467X XHD [40�43].
This strategy was able to provide long-term survival D468X Xin patients
with high-risk diseases as well, paving the way for further investi-
gations in large prospective trials.

To our knowledge, this is the first study combining
c D469X Xlofarabine and tD470X Xreosulfan as conditioning before D471X Xallo D472X X-HSCT,
demonstrating a low incidence of severe hepatic toxicities,
even if the low numbers and heterogeneity of our population
preclude D473X Xus from D474X Xdrawing final conclusions. Nevertheless, we
failed to demonstrate D476X Xthe superiority of c D477X Xlofarabine- D478X Xtreosulfan
over D479X Xthe D480X Xfludarabine- D481X Xtreosulfan combination, mainly in terms
of D482X Xdisease control. The considerable relapse incidence in
patients with poor prognostic risk factors remains D483X Xa major
issue. Options for decreasing the risk of disease relapse are cur-
rently limited D484X X, with little chance of further implementing the
efficacy and safety profiles of current conditioning regimens.
Given these limitations, prophylactic or pre D485X Xemptive post-D486X XHSCT
strategies targeting minimal residual disease will play a domi-
nant role in future clinical trials.

The dataset supporting the conclusions of this article is D487X X
available from D488X Xthe San Raffaele Research Institute (Trial Office,
Stem Cell Program), Via Olgettina 60, Milan, Italy.

ACKNOWLEDGMENTS
The authors thank the San Raffaele URC (clinical trial

office), the participating patients and their families, all nurses
and data managers who contributed to this study.

Financial disclosure: This study was supported in part by
Sanofi Genzyme for data management.

Conflict of interest statement: There are no conflicts of inter-
est to report.

Authorship statement: P.J. and C.F. designed the study. J.P.,
M.S., G.F., G.R., and C.F. wrote the manuscript. C.R. performed
the statistical analysis. All authors provided cases for the study,
and all authors edited and approved the manuscript.

REFERENCES
1. Passweg JR, Baldomero H, Bader P, et al. Hematopoietic SCT in Europe

2013: recent trends in the use of alternative donors showing more haploi-
dentical donors but fewer cord blood transplants. Bone Marrow Transplant.
2015;50:476–482.

2. Passweg JR, Baldomero H, Basak GW, et al. The EBMT activity survey
report 2017: a focus on allogeneic HCT for nonmalignant indications and
on the use of non-HCT cell therapies. Bone Marrow Transplant. 2019;54:
1575–1585.
3. Bacigalupo A, Ballen K, Rizzo D, et al. Defining the intensity of conditioning
regimens: working definitions. Biol Blood Marrow Transplant. 2009;15:
1628–1633.

4. Champlin R, Khouri I, Shimoni A, et al. Harnessing graft-versus-malignancy:
non-myeloablative preparative regimens for allogeneic haematopoietic
transplantation, an evolving strategy for adoptive immunotherapy. Br J
Haematol. 2000;111:18–29.

5. Appelbaum FR. Dose intensity of preparative regimens for acute myeloid
leukemia—one-size-fits-all or tailor-made? Best Pract Res Clin Haematol.
2010;23:509–517.

6. de Lima M, Anagnostopoulos A, Munsell M, et al. Nonablative versus
reduced-intensity conditioning regimens in the treatment of acute mye-
loid leukemia and high-risk myelodysplastic syndrome: dose is relevant
for long-term disease control after allogeneic hematopoietic stem cell
transplantation. Blood. 2004;104:865–872.

7. Shimoni A, Hardan I, Shem-Tov N, Rand A, Yerushalmi R, Nagler A. Fludar-
abine and treosulfan: a novel modified myeloablative regimen for alloge-
neic hematopoietic stem-cell transplantation with effective antileukemia
activity in patients with acute myeloid leukemia and myelodysplastic syn-
dromes. Leuk Lymphoma. 2007;48:2352–2359.

8. Casper J, Holowiecki J, Trenschel R, et al. Allogeneic hematopoietic SCT in
patients with AML following treosulfan/fludarabine conditioning. Bone
Marrow Transplant. 2012;47:1171–1177.

9. Danylesko I, Shimoni A, Nagler A. Treosulfan-based conditioning before
hematopoietic SCT: more than a BU look-alike. Bone Marrow Transplant.
2012;47:5–14.

10. Nagler A, Labopin M, Beelen D, et al. Long-term outcome after a treosulfan-
based conditioning regimen for patients with acute myeloid leukemia: a
report from the Acute Leukemia Working Party of the European Society for
Blood andMarrow Transplantation. Cancer. 2017;123:2671–2679.

11. Huguet F, Leguay T, Raffoux E, et al. Clofarabine for the treatment of adult
acute lymphoid leukemia: the Group for Research on Adult Acute Lym-
phoblastic Leukemia intergroup. Leuk Lymphoma. 2015;56:847–857.

12. Middeke JM, Herbst R, Parmentier S, et al. Clofarabine salvage therapy
before allogeneic hematopoietic stem cell transplantation in patients with
relapsed or refractory AML: results of the BRIDGE trial. Leukemia.
2016;30:261–267.

13. Lech-Maranda E, Korycka A, Robak T. Clofarabine as a novel nucleoside ana-
logue approved to treat patients with haematological malignancies: mecha-
nism of action and clinical activity.Mini Rev Med Chem. 2009;9:805–812.

14. Sorror ML, Maris MB, Storb R, et al. Hematopoietic cell transplantation
(HCT)-specific comorbidity index: a new tool for risk assessment before
allogeneic HCT. Blood. 2005;106:2912–2919.

15. Armand P, Kim HT, Logan BR, et al. Validation and refinement of the Dis-
ease Risk Index for allogeneic stem cell transplantation. Blood. 2014;123:
3664–3671.

16. Maertens J, Marchetti O, Herbrecht R, et al. European guidelines for anti-
fungal management in leukemia and hematopoietic stem cell transplant
recipients: summary of the ECIL 3—2009 update. Bone Marrow Transplant.
2011;46:709–718.

17. Zaia J, Baden L, Boeckh MJ, et al. Viral disease prevention after hematopoi-
etic cell transplantation. Bone Marrow Transplant. 2009;44:471–482.

18. Freifeld AG, Bow EJ, Sepkowitz KA, et al. Clinical practice guideline for the
use of antimicrobial agents in neutropenic patients with cancer: 2010
update by the Infectious Diseases Society of America. Clin Infect Dis.
2011;52:e56–e93.

19. Przepiorka D, Weisdorf D, Martin P, et al. 1994 Consensus Conference on
Acute GVHD Grading. Bone Marrow Transplant. 1995;15:825–828.

20. Pavletic SZ, Kumar S, Mohty M, et al. NCI First International Workshop on
the Biology, Prevention, and Treatment of Relapse after Allogeneic
Hematopoietic Stem Cell Transplantation: report from the Committee on
the Epidemiology and Natural History of Relapse following Allogeneic Cell
Transplantation. Biol Blood Marrow Transplant. 2010;16:871–890.

21. Ruutu T, Gratwohl A, de Witte T, et al. Prophylaxis and treatment of
GVHD: EBMT-ELN working group recommendations for a standardized
practice. Bone Marrow Transplant. 2014;49:168–173.

22. Gooley TA, Chien JW, Pergam SA, et al. Reduced mortality after allogeneic
hematopoietic-cell transplantation. N Engl J Med. 2010;363:2091–2101.

23. Greco R, Labopin M, Badoglio M, et al. Allogeneic HSCT for autoimmune
diseases: a retrospective study from the EBMT ADWP, IEWP, and PDWP
working parties. Front Immunol. 2019;10:1570.

24. Storb R, Gyurkocza B, Storer BE, et al. Graft-versus-host disease and graft-
versus-tumor effects after allogeneic hematopoietic cell transplantation.
J Clin Oncol. 2013;31:1530–1538.

25. Rambaldi A, Grassi A, Masciulli A, et al. Busulfan plus cyclophosphamide
versus busulfan plus fludarabine as a preparative regimen for allogeneic
haemopoietic stem-cell transplantation in patients with acute myeloid
leukaemia: an open-label, multicentre, randomised, phase 3 trial. Lancet
Oncol. 2015;16:1525–1536.

26. Martin MG, Uy GL, Procknow E, et al. Allo-SCT conditioning for myelodys-
plastic syndrome and acute myeloid leukemia with clofarabine, cytarabine
and ATG. Bone Marrow Transplant. 2009;44:13–17.

27. Kebriaei P, Bassett R, Lyons G, et al. Clofarabine plus busulfan is an effec-
tive conditioning regimen for allogeneic hematopoietic stem cell
766



ARTICLE IN PRESS
J. Peccatori et al. / Biol Blood Marrow Transplant&& (2019)&&&�&&& 7

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855
transplantation in patients with acute lymphoblastic leukemia: long-term
study results. Biol Blood Marrow Transplant. 2017;23:285–292.

28. Magenau J, Tobai H, Pawarode A, et al. Clofarabine and busulfan condition-
ing facilitates engraftment and provides significant antitumor activity in
nonremission hematologic malignancies. Blood. 2011;118:4258–4264.

29. Kebriaei P, Basset R, Ledesma C, et al. Clofarabine combined with busulfan
provides excellent disease control in adult patients with acute lympho-
blastic leukemia undergoing allogeneic hematopoietic stem cell trans-
plantation. Biol Blood Marrow Transplant. 2012;18:1819–1826.

30. El-Jawahri A, Li S, Ballen KK, et al. Phase II trial of reduced-intensity busul-
fan/clofarabine conditioning with allogeneic hematopoietic stem cell
transplantation for patients with acute myeloid leukemia, myelodysplas-
tic syndromes, and acute lymphoid leukemia. Biol Blood Marrow Trans-
plant. 2016;22:80–85.

31. Chevallier P, Labopin M, Soci�e G, et al. Results from a clofarabine-busulfan-
containing, reduced-toxicity conditioning regimen prior to allogeneic
stem cell transplantation: the phase 2 prospective CLORIC trial. Haemato-
logica. 2014;99:1486–1491.

32. Kirschbaum MH, Stein AS, Popplewell L, et al. A phase I study in adults of
clofarabine combined with high-dose melphalan as reduced-intensity
conditioning for allogeneic transplantation. Biol Blood Marrow Transplant.
2012;18:432–440.

33. van Besien K, Stock W, Rich E, et al. Phase I-II study of clofarabine-melpha-
lan-alemtuzumab conditioning for allogeneic hematopoietic cell trans-
plantation. Biol Blood Marrow Transplant. 2012;18:913–921.

34. Andersson BS, Valdez BC, de Lima M, et al. Clofarabine § fludarabine with
once daily i.v. busulfan as pretransplant conditioning therapy for
advanced myeloid leukemia and MDS. Biol Blood Marrow Transplant.
2011;17:893–900.

35. Lee CJ, Labopin M, Beelen D, et al. Comparative outcomes of myeloablative
and reduced-intensity conditioning allogeneic hematopoietic cell
transplantation for therapy-related acute myeloid leukemia with prior
solid tumor: a report from the acute leukemia working party of the Euro-
pean Society for Blood and Bone Marrow Transplantation. Am J Hematol.
2019;94:431–438.

36. Kr€oger N, Solano C, Wolschke C, et al. Antilymphocyte globulin for preven-
tion of chronic graft-versus-host disease. N Engl J Med. 2016;374:43–53.

37. Cieri N, Greco R, Crucitti L, et al. Post-transplantation cyclophosphamide
and sirolimus after haploidentical hematopoietic stem cell transplantation
using a treosulfan-based myeloablative conditioning and peripheral blood
stem cells. Biol Blood Marrow Transplant. 2015;21:1506–1514.

38. Luznik L, Fuchs EJ. High-dose, post-transplantation cyclophosphamide to
promote graft-host tolerance after allogeneic hematopoietic stem cell
transplantation. Immunol Res. 2010;47:65–77.

39. Luznik L, O'Donnell PV, Symons HJ, et al. HLA-haploidentical bone marrow
transplantation for hematologic malignancies using nonmyeloablative
conditioning and high-dose, posttransplantation cyclophosphamide. Biol
Blood Marrow Transplant. 2008;14:641–650.

40. Mussetti A, Greco R, Peccatori J, Corradini P. Post-transplant cyclophos-
phamide, a promising anti-graft versus host disease prophylaxis: where
do we stand? Expert Rev Hematol. 2017;10:479–492.

41. Greco R, Lorentino F, Morelli M, et al. Posttransplantation cyclophospha-
mide and sirolimus for prevention of GVHD after HLA-matched PBSC
transplantation. Blood. 2016;128:1528–1531.

42. Moiseev IS, Pirogova OV, Alyanski AL, et al. Graft-versus-host disease pro-
phylaxis in unrelated peripheral blood stem cell transplantation with
post-transplantation cyclophosphamide, tacrolimus, and mycophenolate
mofetil. Biol Blood Marrow Transplant. 2016;22:1037–1042.

43. Mielcarek M, Furlong T, O'Donnell PV, et al. Posttransplantation cyclo-
phosphamide for prevention of graft-versus-host disease after HLA-
matched mobilized blood cell transplantation. Blood. 2016;127:1502–
1508.
856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896


	Clofarabine and Treosulfan as Conditioning for Matched Related and Unrelated Hematopoietic Stem Cell Transplantation: Results from the Clo3o Phase II Trial 
	INTRODUCTION
	METHODS
	Patients and Donors
	Conditioning Regimen and GVHD Prophylaxis
	Donor Graft
	Supportive Care
	Evaluation of Response
	Statistical Analysis

	RESULTS
	Engraftment and chimerism
	Toxicity
	aGVHD and cGVHD
	Outcomes

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


