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Simple Summary

Although treatment outcomes have improved substantially over the past few decades,
most adult patients with acute leukemia do not have long-lasting responses to standard
chemotherapy. For these patients, hematopoietic stem cell transplantation is the only poten-
tially curative therapy option. However, in many of these cases, it is difficult to control the
drug-resistant leukemia to safely undergo transplantation. We evaluated whether intensive
cytoreduction with clofarabine and cyclophosphamide is an effective approach to shrink
the leukemia burden in such patients before transplantation. Indeed, this therapy effec-
tively reduced the disease burden and enabled most patients to proceed to transplantation,
resulting in an improved overall survival. Our data show that stem cell transplantation
may be an option even in highly refractory/resistant acute leukemia cases and that therapy
with clofarabine and cyclophosphamide shortly before transplantation may result in more
transplantable cases and more patients entering long-term complete remission following
stem cell transplantation.

Abstract

Background: Allogeneic hematopoietic stem cell transplantation (HSCT) is the only poten-
tially curative option for patients with drug-refractory acute myeloid (AML) or acute lym-
phoblastic leukemia (ALL). Patients and Methods: We retrospectively analyzed 82 patients
(median age 47.5 years, range 19-69; female:male ratio 1:1.28) with drug-refractory (R) or re-
lapsed/refractory (RR) acute leukemia (AML n = 66; ALL n = 16) who were treated with clo-
farabine (10 mg/m?) and cyclophosphamide (200 mg/m?) days 1-4 (ClofCy) prior to HSCT.
Results: ClofCy resulted in rapid cytoreduction (median time to granulocytes < 0.5 x 10%/L:
5 days). HSCT was performed in 62.2% (51/82) of our patients. Infections (18/31, 58%)
were the main reason to withhold transplantation. HSCT and non-HSCT patients differed
significantly regarding the median number of chemotherapies received prior to ClofCy
(HSCT, median = two therapies; non-HSCT, median = three therapies; p = 0.027). Median
overall survival (OS) was 0.31 years in all patients (5- and 10-year OS; 24% and 20%, re-
spectively). HSCT patients had a median OS of 1.23 years (5- and 10-year OS; 38.4% and
31%, respectively) and those in the non-HSCT cohort a median OS of 0.11 years (5-year
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OS; 0%). Median OS and relapse-free survival (RFS) in the HSCT patient cohort were
1.04 and 0.9 years, respectively. Acute graft-versus-host disease (aGvHD) was associated
with inferior survival (median OS 0.46 years), whereas chronic graft-versus-host disease
(cGvHD) was associated with improved OS and RFS (above 50%). Conclusion: ClofCy
is an effective bridging regimen enabling HSCT in patients with R/RR acute leukemia.
Introducing ClofCy may improve the probability of reaching HSCT and long-term survival
in this cohort of patients with poor prognosis.

Keywords: AML; ALL; refractory leukemia; relapsed/refractory leukemia; hematopoietic
stem cell transplantation; bridging therapy; clofarabine; cyclophosphamide

1. Introduction

Acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL) are life-
threatening stem cell malignancies that pose a significant challenge to our health care
system [1-4]. Both malignancies are characterized by a rapid and uncontrolled growth and
expansion of leukemic precursor cells in the bone marrow (bm), peripheral blood (pb), and
other organs [1-4]. The prognosis and clinical course in AML and ALL depend on a multi-
tude of disease-related factors, including leukemia subtype, cellular and histopathological
features, as well as genetic and molecular abnormalities [1-10]. Patient-specific factors,
such as age and the presence of pre-existing medical conditions (comorbidities) may also
play a critical role in disease evolution and outcome [1-10].

The probability to achieve complete remission (CR) with best available chemotherapy
ranges between 60% and 75% in AML and between 60% and 85% in ALL patients [1,3,9].
However, blast cell persistence is seen in 25-40% and 15-40% of the patients with AML and
ALL, respectively. Moreover, a substantial number of patients experience a relapse after
chemotherapy, whereas others present with blast cell persistence during therapy [1-4,9].

Patients with de novo acute leukemia who do not enter CR following two cycles of initial
chemotherapy, referred to as refractory (R) disease, face an exceedingly poor prognosis.
Similarly, patients experiencing a relapse of leukemia who do not achieve a second CR
following salvage chemotherapy (RR) have a poor chance of survival [11-16]. For such
patients, allogeneic hematopoietic stem cell transplantation (HSCT) represents the only
potential curative treatment option [11-14].

Several studies have reported on the importance of chemotherapy to achieve CR or
to reduce blast cell levels to less than 20% before HSCT [13,17-19]. Thus, repetitive cycles
with multi-agent chemotherapy protocols, including FLAG-Ida (fludarabine, cytarabine,
and idarubicin) [12] or high-dose cytarabine combined with mitoxantrone (HAM) [13],
are used with the goal of achieving CR before HSCT. However, these therapies often result
in poor CR rates [12,13]. Moreover, since CR is usually only achieved after repeated cycles
of chemotherapy, there is a high risk of adverse events due to infections or bleeding [20,21].
Moreover, low graft-versus-host disease (GvHD) rates but high percentages of non-relapse
mortality due to infections and other toxicities were observed, particularly in patients with
compromised performance status [20]. The study by Shahswar et al. evaluated the safety of
the FLAVIDA regimen (fludarabine, cytarabine, idarubicin, and venetoclax) and once again
highlighted severe hematologic complications based in infections as a key concern [22].
Prolonged chemotherapy prior to HSCT raises concerns about heightened toxicity and the
potential for a delay or ineligibility regarding HSCT due to prolonged severe infections,
including systemic fungal infections [16].

In recent years, several studies have reported on rapid debulking strategies to reduce
the number of malignant cells quickly (with or without CR) instead of induction with the
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aim to strictly achieve a CR. After debulking, patients proceed to conditioning therapy
without waiting for hematologic recovery [15,17,18,22,23]. Clofarabine in combination with
cyclophosphamide (ClofCy) to reduce the leukemic burden was firstly introduced by Karp
etal. in 2007 for patients with R/RR acute leukemias [24,25]. Locke et al. demonstrated that
clofarabine was effective for cytoreduction pre-HSCT with acceptable toxicities [17]. An
overall survival (OS) of 71% in a small sample of 29 patients was achieved in this study [17].
We previously reported similar promising data using ClofCy for bridging chemotherapy
refractory patients with newly diagnosed refractory or relapsed acute leukemias prior to
HSCT [15]. In a small cohort of 20 patients, a median survival of 531 days post-HSCT was
achieved. Six patients were found to be still alive after a median follow-up of 1245 days [15].

In this study, we report on the outcome of an extended cohort of patients that was
bridged to HSCT using ClofCy and was followed for a longer time period extending up
to 15 years. The specific aims of this project were to further define the role of ClofCy as
an effective debulking strategy prior to HSCT in patients with R/RR acute leukemia, to
evaluate long-term survival outcomes, and to identify predictive clinical factors influencing
prognosis and outcome in this high-risk population.

2. Patients and Methods

In this study, we retrospectively analyzed patients with acute myeloid and lymphoid
leukemias who underwent debulking chemotherapy with ClofCy prior to a planned condi-
tioning therapy for HSCT at the Medical University of Vienna. ClofCy was used in case of
R/RR leukemia with an available related or unrelated donor and absence of solid manifes-
tations of leukemia. We retrospectively collected data on patients’ disease at diagnosis, the
clinical status of the patients’ previous cytoreductive treatments, debulking therapy prior
to HSCT, and outcome of HSCT by chart review. The study included all patients treated
with ClofCy between November 2008 and September 2023 in our center. Details on patient
selection, ClofCy treatment, conditioning, HSCT, and the reasons for not proceeding to
HSCT are depicted in Figure S1. All analyses were conducted with approval from the local
ethics committee of the Medical University of Vienna (EK 1676/2024).

2.1. Patients

Eighty-two patients (median age: 47.5 years; range: 19-69) diagnosed with R/RR acute
leukemia received debulking therapy with ClofCy. Among these, 66 had AML (80.5%;
median age: 48 years; range: 20-69) and 16 ALL (19.5%; median age: 37 years; range:
19-61). Forty-eight patients (58.5%) had refractory disease following first-line therapy,
and 34 (41.5%) had experienced a refractory relapse. There were 36 female (median age:
45 years; range: 19-63) and 46 male patients (median age: 50.5 years; range: 20-69; f:m
ratio: 1:1.3). Detailed patients’ characteristics are shown in Table 1.

Table 1. Patients’ characteristics.

Parameter Median (Range) Parameter n (%)
All patients
WBC; x10°/L 4.4 (0.05-90.5) HCT-CI
ANC, x10°/L 1.16 (0-35.8) Low risk 40 (52.6%)
PLT, x10°/L 36.5 (1-683) Intermediate risk 25 (32.9%)
Hb, g/dl 9.6 (5.7-14.7) High risk 11 (14.5%)
Blasts in pb, % 9 (0-100)
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Table 1. Cont.

Parameter Median (Range) Parameter n (%)
AML
WBC; x10°/L 4.2 (0.4-90.5) HCT-CI
ANC, x10°/L 0.2 (0-10.56) Low risk 34 (51.5%)
PLT, x10°/L 35 (1-683) Intermediate risk 22 (33.3)
Hb, g/dl 9.5 (6.2-14.7) High risk 10 (15.5%)
Blasts in pb, % 10 (0-100)
ALL
WBC; x10%/L 33.9 (0.1-0.9) HCT-CI
ANC, x10°/L 0.14 (0.02-3.6) Low risk 6 (66.7%)
PLT, x10°/L 61 (7-410) Intermediate risk 2 (22.2%)
Hb, g/dl 10.6 (5.7-13.4) High risk 1(11.1%)
Blasts in pb, % 1 (0-88)

Abbreviations: ALL, acute lymphatic leukemia; AML, acute myeloid leukemia; ANC, all neutrophil
count; Hb, hemoglobin; HCT-CI, the Hematopoietic Cell Transplantation-Comorbidity Index; pb,
peripheral blood; PLT, platelets; WBC, white blood cell count.

2.2. Therapy and Response Evaluation

Each cycle of ClofCy consisted of intravenous administration of clofarabine at a dose
of 10 mg/m? on days 1 to 4, along with cyclophosphamide at a dose of 200 mg/m? on days
1 to 4 [15]. One to three cycles of ClofCy were planned, depending on the response to
treatment and the time required to bridge until a suitable donor became available. In case of
a delay of HSCT, more cycles of ClofCy could be given to bridge for HSCT. In patients with
refractory disease to first-line therapy, ClofCy was applied after the second induction; in
cases with relapsed disease, ClofCy was given after one cycle of salvage therapy. To assess
the response to ClofCy, a bm aspirate and bm biopsy were performed both before initiating
this therapy and, in most patients, bm was also examined after the final cycle of ClofCy.

2.3. Stratification of Patients and ClofCy-Related Toxicity

We used the Hematopoietic Cell Transplantation-Comorbidity Index (HCT-CI) to
assess the severity of comorbidities, with severity grades ranging from 0 to 5, defining 0
as low risk, 1 to 2 as intermediate risk, and 3—4 as high risk, and 5 or more as very high
risk. Toxicities were assessed according to the Common Terminology Criteria for Adverse
Events (CTCAE), version [v4.0], which classifies adverse events into five grades: grade
1 (mild), grade 2 (moderate), grade 3 (severe), grade 4 (life-threatening), and grade 5
(death related to adverse event). Hepatic and renal toxicities were evaluated based on
laboratory parameters, including serum levels of aspartate aminotransferase (AST), alanine
aminotransferase (ALT), gamma-glutamyl transferase (GGT), alkaline phosphatase (AP),
bilirubin, and creatinine. Grading was performed in accordance with CTCAE thresholds
for each parameter to ensure standardized reporting of toxicity severity. These parameters
were captured before initiation of ClofCy and either on day 0 of HSCT or 30 days after the
end of ClofCy in non-HSCT patients.

2.4. HSCT and Evaluation of GvHD

Conditioning therapy was initiated at the time of aplasia following treatment with
ClofCy. The type of conditioning regimen depended on age, physical performance, disease
variant, transplantation protocol, and individual clinical considerations. Patients received
either full dose (myeloablative) or intermediate dose conditioning therapy. Six different full
dose, and three intermediate dose regimens were used. Details of conditioning regimens
are depicted in Tables S1 and S2. Peripheral blood stem cells (PBSC) were used as stem
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cell source, except one case where cord blood stem cells were used. For patients undergo-
ing myeloablative conditioning therapy, GvHD-prophylaxis consisted of cyclosporine A
(CSA) with a target plasma level of 200-250 ng/mL and methotrexate (MTX) at a dose
of 15 mg/m? on day +1, followed by 10 mg/m? on days +3, +6, and +11, following the
Seattle protocol (CSA + MTX) [15]. For patients receiving intermediate dose (reduced)
intensity conditioning, CSA and mycophenolate mofetil (MMF) at a dose of 15 mg/kg/day
were administered from day 0 until complete donor cell chimerism was established [15].
Anti-thymocyte globulin (ATG) was used as GvHD prophylaxis alone or in combination
with CSA + MMF (Table S3).

GvHD was classified according to the National Institutes of Health (NIH) consensus
criteria [25]. Acute GVHD (aGvHD) included classic acute GVHD occurring within the first
100 days after HSCT, as well as persistent, recurrent, and late-onset acute GvHD presenting
beyond day 100 in the absence of chronic GVHD (cGvHD) manifestations [25]. Chronic
GvHD was diagnosed based on characteristic NIH-defined clinical features irrespective of
the time after transplantation [25].

2.5. Supportive Care

Patients received red blood cell transfusions as needed to ensure hemoglobin levels
above 8.0 g/dL. Platelet (PLT) transfusions were administered to maintain PLT counts above
10 G/L. In cases of severe infection or mucositis, PLT transfusions were given to maintain a
PLT count of at least 20 G/L [16]. Additionally, all patients were provided with prophylactic
measures such as cotrimoxazole for the prevention of Pneumocystis jirovecii infection and
acyclovir for cytomegalovirus prophylaxis, in accordance with established protocols [24].

2.6. Statistical Analyses

For descriptive statistics, metric data are presented as median, inter-quartile range,
categorical data as absolute and relative frequencies. OS was defined as time from start
of therapy to death. Patients still at risk were censored. Relapse-free survival (RFS) was
defined as time from achieving a complete remission (CR) to relapse or death. Patients still
at risk were censored. The product limit method of Kaplan and Meier was used to analyze
the probability of OS and RFS. Differences in survival among cohorts were assessed by
log-rank test. Multivariate analyses were performed by Cox regression with and without
time-dependent covariates. The effect of acute and chronic GVHD on survival was assessed
by Cox regression with the Schoenfeld residuals test applied to assess time-dependency
and to test the proportional hazard assumption. In addition, a landmark analysis using the
product limit method of Kaplan and Meier with 100 days lag was applied. The relapse-
and non-relapse mortality were analyzed using the Aalen—Johansen survival estimator. To
evaluate the toxicity according to the number of ClofCy cycles the Jonckheere-Terpstra test
was used. Patients with missing data were not included in the analyses and no imputation
was applied. Differences were considered significant with a p-value < 0.05. Statistical
calculations were carried out in Microsoft Excel for MAC Version 16.16, IBM SPSS Statistics
for macOS Version 15.7.7 and Stata 17.

3. Results
3.1. Prognostication of Patients According to the HCT-CI

Regarding the HCT-CI 45 patients (54.9%) were in the low-risk group, 26 (31.7%) in
the intermediate risk group, and 11 (13.4%) in the high-risk group, without significant
differences between ALL and AML patients.
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3.2. Efficacy of ClofCy

A median number of two cycles of ClofCy (range 1-5) was administered. In 22 patients,
one cycle was given, 26 patients received two cycles, 21 patients three cycles, eleven patients
four cycles and one patient received five cycles. Patients with AML received a median
number of 2 (range 1-5) ClofCy cycles, and those with ALL a median number of 2.5 cycles of
ClofCy (range 1-4) (Table S4). Therapy with ClofCy resulted in a significant cytoreduction
with a median time to granulocytes < 0.5 x 10?/L of 5 days (interquartile range [IQR]
2.8-7 days). In the non-HSCT cohort the median time to white blood cells (WBC) below
0.5 x 107 /L was 4.5 days (range 0-8 days) and did not differ significantly from HSCT patients
(n =51, median age 44 years, IQR 35-57) with a median duration until WBC dropped below
0.5 x 10?/L of 5 days (ranged 0-28) (p = 0.99).

Paired bone marrow blast percentages before and after treatment with ClofCy were
evaluated in 48 patients. A decrease in blast percentage was observed in the majority of
patients (n = 36, 73.5%), while blasts remained unchanged in 16% (n = 7) and increased in
10% (n = 5). The corresponding data are shown in Figure S2 and Table S5.

3.3. Tolerability of ClofCy

In most patients, liver enzymes and serum creatinine levels (crea) did not increase
following treatment with ClofCy (Table 2). Increasing AST, ALT, GGT, AP, bilirubin and
crea were found in 15 (18.5%), 19 (23.4%), 22 (27.1%), 11 (13.5%), seven (8.7%), and
nine (11.1%) patients, respectively (Table 2). The changes in liver and renal parameters as
assessed by CTCAE (grade 1-4) following therapy with ClofCy, in HSCT and non-HSCT
patients are shown in Table S6. In a majority of these patients, toxicities were grade 1-2
according to CTCAE. A grade 34 increase in AST and ALT was observed in two patients
(2.4%). In five patients (6.1%) a grade 3—4 increase in crea was observed (Table 2). Four
of these had multi-organ failure, i.e., two patients after the second and two after the third
cycle of ClofCy. Three of these patients had CTCAE grade 3 or 4 toxicities (liver and kidney,
n = 2; kidney, n = 1). To further assess toxicity according to the number of ClofCy cycles,
the highest serum levels of ALT, AST, GGT, ALP, bilirubin, and creatinine during days
1-30 after HSCT were recorded. Patients were grouped according to the number of ClofCy
cycles received (1, 2, 3, or >3 cycles) and compared using the Jonckheere-Terpstra test. No
significant relationship between the number of cycles and liver toxicity or renal toxicity in
any of the assessed laboratory parameters were observed (p > 0.05; Figure S3).

Table 2. Effects of ClofCy on liver and renal function as assessed by CTCAE criteria.

Improvement Increase

Grade CTCEA 1-2° All 3-4°
n (%) n (%) n (%)

AST 12 (14.8) 15 (18.5) 2(2.4)
ALT 12 (14.8) 19 (23.4) 2(24)
v-GT 9 (11.1) 22 (27.1) 0 (0)

AP 9 (11.1) 11 (13.5) 0 (0)
Bilirubin 10 (12.5) 7 (8.7) 0(0)
Creatinine 3 (3.7) 9 (11.1) 5(6.1)

Abbreviations: ALT, alanine aminotransferase; AP, alkaline phosphatase; AST, aspartate aminotrans-
ferase; CTCAE, Common Terminology Criteria for Adverse Events; n, number of patients; v-GT,
gamma-glutamyltransferase.

Thirty-one patients (37.8%) did not proceed to HSCT (median age 49 years, IQR 36-71).
Severe infections with clinical deterioration (1 = 19), progressive disease despite ClofCy
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(n = 4), fungal infections (n = 3) and intracranial hemorrhage (n = 3), were causes to
withhold HSCT (Figure S1). Infections were the most frequent reason for not proceeding to
HSCT and were associated with a significantly longer duration of antimicrobial therapy
in the non-HSCT group than in the HSCT group (median: 20.5 vs. 10 days; p = 0.011;
Figure S4). The number of blood cultures showing bacterial growth was significantly
higher in the non-HSCT group (p = 0.009; Table S7). Intravenous antimicrobial therapy
was administered in 38/51 (74.5%) HSCT patients and 26/31 (83.9%) non-HSCT patients,
with significantly more modifications of antimicrobial therapy in the non-HSCT group
(p = 0.011; Table S8).

Three patients in the non-HSCT group and five in the HSCT group required ICU
admission during ClofCy therapy. No severe mucositis was documented prior to HSCT.
Among HSCT patients, median neutrophil recovery occurred after 51.5 days (IQR: 39-60),
with 5/51 patients (9.8%) failing to achieve full neutrophil recovery. Median platelet
recovery occurred after 31 days (IQR: 25-39.5), with 9/51 patients (17.6%) failing to achieve
full platelet recovery. The mortality rate of all patients at day 30 and 60 after the initiation
of ClofCy was 17.1% and 34.4%, respectively.

3.4. Prognostic Factors for Successful Bridging to HSCT

The non-HSCT and HSCT cohort did not differ significantly regarding age (p = 0.33),
type of disease (myeloid or lymphoid) (p = 0.585), or R versus RR disease (p = 0.392).
The proportion of patients classified as high-risk according to the HCT-CI was markedly
but not significantly higher in the non-HSCT group (24.1%) than in the HSCT group
(8.3%) (p = 0.152). HSCT patients had fewer bm blasts after ClofCy compared to non-
HSCT patients, with a tendency toward statistical significance (p = 0.059). The number
of chemotherapies prior to ClofCy differed significantly between HSCT and non-HSCT
patients (p = 0.027; Table 3). As assessed by multivariable analysis, including age, sex,
type of leukemia and R versus RR leukemia, the number of previous chemotherapies prior
to ClofCy was the only independent prognostic variable for patients to proceed to HSCT
(p = 0.032; Table 3). Grade 3—4 toxicities according to CTCAE were only observed in patients
not proceeding to HSCT.

Table 3. Comparison of HSCT and non-HSCT patients.

p-Value
HSCT No HSCT
Univariable = Multivariable

Ngmber of chemothe}raples 5 3 0.027 0.004
prior to Clofcy, median
Age, median (IQR), years 44 (35-57) 49 (36-71) 0.214 0.261
R versus RR disease, nn/n 23/28 11/20 0.392 0.137
Acute myeloid vs
lymphoid disorder, n/n 42/9 24/7 0.585 0.377
HCT-CI 0.152 0.234

Low risk 27 (56.3%) 14 (48.3%)

Intermediate risk 17 (35.4%) 8 (27.6%)

High risk 4 (8.3%) 7 (24.1%)
Blasts in bm after ClofCy 0.111 0.367

Blasts < 5% 26 (72.2%) 12 (63.2%)

Blasts < 5-15% 4 (11.1%) 0 (0.0%)

Blasts > 15%% 6 (16.7%) 7 (36.8%)

Abbreviations: bm, bone marrow; HCT-CI, the Hematopoietic Cell Transplantation-Comorbidity
Index; HSCT, hematopoietic stem cell transplantation; IQR, interquartile range; R, relapse; RR, relapsed
refractory. The differences in univariable analysis for metric variables were assessed by Mann—
Whitney and chi-square tests for categorical variables. Multivariable analysis was performed by
nominal regression.

https://doi.org/10.3390/cancers18213593


https://doi.org/10.3390/cancers18213593

Cancers 2026, 18, 3593

8of 16

3.5. Engraftment After HSCT and Rates of Acute and Chronic GvHD

Depending on age, physical performance, disease type, and individual clinical con-
siderations patients received either full dose (myoablative) (n = 39) or reduced toxicity
(n = 12) conditioning therapy. Detailed information on the regimens used is included in
the Tables S1 and S2. HSCT was performed using PBSC from a matched related donor
(n =12, 23.5%), related haploidentical donor (1 = 3, 5.9%), matched unrelated donor
(n =29, 56.9%), mismatch unrelated donor (n = 6, 11.7%), and one cord blood donor
(2.0%). Transplant-related mortality at day 60 was 17.6%. The median time to an absolute
neutrophil count (ANC) > 0.5 G/L (for three consecutive days) and PLT > 20 G/L (without
transfusion) was 17 (IQR: 13-22) days and 14.5 (IQR: 11-40) days after HSCT, respectively.
In 43 patients (84.3%) engraftment of ANC and PLT was observed. Three patients had
no engraftment of PLT and in 5 patients, neither WBC nor PLT engrafted. Four of these
8 patients with engraftment failure had blast cell persistence.

Most patients with engraftment failure died from septicemia and multi-organ-failure
(n =5). Two patients had an early relapse. The causes of death are depicted in Table S9.
In one patient the cause of death was not recorded. GvHD prophylaxis was performed
according to protocol in all patients (Table S3). Ten patients developed aGvHD, nine within
60 days from transplantation and one after reduction in immunosuppression after that. A
total of 11 patients developed chronic GVHD (cGvHD), including two with a prior history of
acute GvHD. Normally, reduction in immunosuppression started around day 60, 22 patients
received immunosuppression beyond day 100 due to GvHD.

3.6. Causes of Death

Overall, infections were the leading cause of death in our patients. Septicemia with
multi-organ failure accounting for most cases (n = 21), predominantly in non-HSCT patients
(n=16,87.5%) (Table S9). Infections leading to death included bacterial infections (n = 21),
two aspergillus pneumonia infections, a candida infection, and one COVID-19 infection, all
occurring in the non-HSCT group. Deaths after HSCT were less frequently recorded and
were primarily related to septicemia (n = 5) and, in a few cases, related to refractory disease
and/or acute graft-versus-host disease. Other non-infectious causes of death observed in
non-transplanted patients, were clinical deterioration (1 = 4), refractory disease (n =5),
and intracranial hemorrhage (n = 3).

3.7. Survival After HSCT: OS and RFS

With a median duration of observation of 7.38 years, the median OS from day one of
ClofCy was 0.31 years (IQR 0.12-3.02) (Figure 1a). The 5- and 10-year survival rates were
24% and 20%, respectively. The median OS from day one of HSCT was 1.23 years with an
IQR of 0.22-not reached (nr) and a 5- and 10-year survival of 38.4% and 31%, respectively
(Figure 1b). The median RFS in these patients was 0.9 years (Figure 1c). RFS at 5 years
was 37.3%. The median OS in those without HSCT was 0.11 years (IQR 0.06-0.17) and
the 5-year survival 0%. Subgroup analyses according to treatment period (11/08-04/16 vs.
05/16-09/23), number of ClofCy cycles (1 cycle; 2 cycles; 3 cycles; >3 cycles), and donor type
(matched sibling, haplo-identical sibling, matched unrelated, mismatched unrelated donor
or cord blood) showed no significant differences in overall survival (p > 0.1; Figures S5-57).
To address selection and immortal-time bias in the comparison between HSCT and non-
HSCT patients, we calculated the survival of our patients according to the Aalen-Johansen
survival estimator with relapse as competing risk. As shown in Figure S8, we found no
major difference compared to the survival calculated by the Kaplan-Meier method.
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Figure 1. Survival of ClofCy patients. (a) Overall survival of all 82 patients from initiation of ClofCy

as assessed by the Kaplan-Meier method. There was no significant difference between AML and ALL

patients; (b) overall survival of patients who underwent HSCT from day one of HSCT; (c) relapse-free

survival of patients who underwent HSCT from day one of HSCT. Again, there was no significant
difference between AML and ALL patients. Abbreviations: ALL, acute lymphoblastic leukemia;
AML, acute myeloid leukemia; ClofCy, clofarabine/cyclophosphamide; HSCT, hematopoietic stem

cell transplantation; pts, patients.
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3.8. Prognostic Factors in HSCT Patients

In our cohort of 51 HSCT patients, several clinical variables like age, type of disease,
occurrence of acute or chronic GVHD, type of refractory disease (R versus RR) and per-
centage of bm blasts at transplantation were analyzed for their prognostic impact. There
was no significant difference between the survival of patients with AML or those with
ALL, or cases with R or RR disease. Similarly, age did not retain prognostic relevance
(Table 4). The percentage of blasts in the bm at HSCT (<5%, 5-15%, >15%) showed a
tendency toward significance (p = 0.089). aGvHD was an unfavorable prognostic factor
for OS (p = 0.013) and RFS (p = 0.009) whereas cGvHD was associated with a favorable
OS (p = 0.011) and RFS p = 0.034 (Figure 2). In a multivariable analysis including aGvHD,
c¢GvHD and percentage of bm blasts at transplantation, only cGvHD remained a significant
prognostic variable for OS (cGvHD p = 0.034; Table 4). Both aGvHD and ¢cGvHD continued
to serve as prognostic factors for RFS after assessment by uni- and multivariable analysis. In
the AML cohort, the ELN-2009 classification was a significant prognostic factor for OS, both
from the start of ClofCy treatment and from HSCT (p = 0.017 and p = 0.001, respectively;
Figure S9a,b).

Table 4. Prognostic variable for overall survival.

Overall Survival, Relapse-Free Survival,
p-Value p-Value
Univariable Multivariable Univariable Multivariable
Age 0.289 - 0.264 -
Disease (AML versus
ALL) 0.910 - 0.953 -
R versus RR disease, nn/n 0.185 - 0.172 -
aGvHD 0.011 0.054 0.012 0.041
cGVvHD 0.017 0.034 0.027 0.044
Blasts in bm at HSCT 0.083 0.226 0.096 0.226

Abbreviations: aGvHD, acute graft-versus-host disease; ALL, acute lymphozytic leukemia; AML,
acute myeloid leukemia; cGVHD, chronic graft-versus-host disease; HSCT, hematopoietic stem cell
transplantation; R, refractory; RR, relapsed refractory; p-values were assessed by uni- and multivariable
Cox regression.

In addition, the effect of cGvHD was evaluated in a subgroup of 36 patients alive on
day 100 after transplantation. The median survival of patients with cGVHD (n = 10) was
not reached (5- and 10-year survival 80% and 68.6%, respectively) in contrast to the other
patients (n = 26) with a median survival of 2.47 years (5- and 10-year survival 41.2% and
27.5%, respectively). Due to the low number of patients, the difference was not statistically
significant (p = 0.052).

While cGvHD typically developed 90-180 days after transplantation, many patients
died before day +100 and therefore did not develop cGvHD. To address this bias, we
performed a landmark analysis including only patients alive at day +100 after HSCT. This
analysis did not show a statistically significant OS difference between patients with and
without cGvHD (p = 0.052, Figure S10). Nevertheless, median OS was not reached in
patients with cGvHD compared with 2.5 years in those without cGvHD, and both 5- and
10-year survival rates were higher in the cGvHD group. To address a potential deviation
from the proportional hazard assumption and immortal-time bias on an analysis of the
prognostic value of aGvHD and cGvHD, we applied a Schoenfeld residuals test. Both
aGvHD (p = 0.134) and ¢cGvHD (p = 0.463) had no significant dependency on time and
no interaction with time. In these analyses, 32 events were included in each model. The
hazard ratio for aGvHD was 2.32 (95% confidence interval 1.01-5.35; p = 0.048) and 0.17
(95% confidence interval 0.039-0.74; p = 0.018) for cGvHD.
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Figure 2. GVHD is of prognostic importance. GVHD was found to be an important prognostic variable.
In patients with chronic GvHD survival was significantly improved compared to patients without
GvHD or those with acute GVHD (aGvHD). Patients with aGvHD had the worst overall survival. In
multivariable analysis including aGvHD, cGvHD and percentage of blasts in bm at transplantation,
only cGvHD retained prognostic value. Abbreviations: aGvHD, acute graft-versus-host disease;
c¢GvHD, chronic graft-versus-host disease; GVHD, graft-versus-host disease; HSCT, hematopoietic
stem cell transplantation; OS, overall survival.

4. Discussion

In patients with R/RR acute leukemia, therapeutic options remain limited. HSCT is
the only potentially curative treatment option for these patients. High blast cell counts and
proliferative disease are frequently observed in these patients and can prevent HSCT or
result in a poor outcome after HSCT [11-14]. In our cohort of patients with R/RR leukemia,
62.2% proceeded to HSCT following bridging with ClofCy for cytoreduction prior to HSCT.
In these patients, long-term survival was achieved in a clinically meaningful proportion,
with 5- and 10-year OS rates after transplantation of 38.4% and 31.0%, respectively.

In subgroup analyses, we also found that AML patients and ALL patients had an
almost identical median OS from the start of ClofCy. This finding should be interpreted
with caution, however, particularly given the relatively small number of patients with ALL
compared to AML. In addition, ALL and AML both have a very poor prognosis in the
refractory/relapsed setting. Moreover, there is a heterogeneity in the groups with regard
to the number of prior treatment lines. Thus, disease stage, treatment history, response to
ClofCy, and subsequent eligibility for HSCT may have contributed substantially to outcome
and may have reduced the impact of type of disease on OS.

The findings highlight the potential of ClofCy as an effective debulking regimen that
can serve for bridging to HSCT in this high-risk population. These data confirm our
early results on the efficacy of this regimen [15]. Moreover, our data are in line with
previous reports on other clofarabine-based regimens. Likewise, Locke et al. demonstrated
the feasibility of clofarabine as cytoreductive therapy pre-HSCT with favorable survival
outcomes [17]. Moreover, the efficacy of cytoreductive therapy prior to HSCT was also
shown by Steckel et al. [18]. These authors explored sequential conditioning with high
dose melphalan and showed that cytoreductive bridging strategies can yield meaningful
survival in refractory AML [24]. Together, these data argue that strategies focusing on
cytoreduction rather than CR prior to HSCT may be sufficient to allow timely transplant in
patients with R/RR acute leukemia [15,17,18].

Repetitive cycles of traditional salvage strategies using high dose cytoreductive ther-
apy often result in increased organ toxicity and prolonged periods of aplasia [2,16-22].
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Karp et al. evaluated a combination of clofarabine and cyclophosphamide in patients
with R/RR leukemias [24]. He showed that 20 mg/m? of clofarabine together with
200-400 mg/m? cyclophosphamide resulted in a higher percentage of treatment-related
toxicity. The reduction in clofarabine to 10 mg/ m?2 improved the tolerability. In the light of
this data, we applied clofarabine and cyclophosphamide (ClofCy) in our cohort at a dose
of 10 mg/m? and 200 mg/m?, respectively, and showed the feasibility of this regimen [15].
To evaluate the tolerability of this protocol, the hepatic and renal toxicities were evaluated
in our study cohort. Therefore, organ function based on laboratory parameters, including
AST, ALT, GGT, AP, bilirubin or Crea, were captured before therapy with ClofCy and on day
0 of HSCT. In patients that did not proceed to HSCT, these parameters were taken 30 days
after the end of ClofCy substituting the data from day 0 of HSCT in the non-HSCT cohort.
Overall, ClofCy-induced toxicity was moderate in most of our patients. Most hepatic and
renal adverse events were grade 1-2 and not treatment-limiting. These results are in line
with our prior published data [15] and the data of Locke et al. [11]. Severe grade 3—4 liver
toxicity occurred in two patients only and a grade 3—4 increase occured in Crea in 5 patients.
Thus, ClofCy appears to be less toxic compared to more intensive salvage regimens such as
FLAG-Ida or FLAVIDA, both of which are associated with high rates of severe myelotoxicity
and infectious complications [12,15,16]. Therefore, ClofCy may be particularly valuable in
heavily pretreated patients with R/RR leukemias.

Severe infections were one of the most limiting factors in our study cohort. Indeed,
infectious complications emerged not only as the leading cause of death but also as a major
barrier to proceeding to HSCT. The high proportion of infection-related mortality, par-
ticularly among non-transplanted patients, underscores the vulnerability of this heavily
pretreated population during cytoreductive therapy. These findings suggest that infections
contribute both directly to early mortality and indirectly by precluding potentially curative
transplantation. Consequently, strategies that achieve rapid disease control while minimiz-
ing prolonged neutropenia and infectious risk are critical to improving transplant eligibility
and overall outcomes in patients with R/RR acute leukemia.

Prolonged exposure to multiple induction regimens heightens the risk of severe infec-
tions, organ dysfunction, and treatment-related mortality [20,21]. In our study, patients in
the HSCT cohort had received a median of two chemotherapy regimens prior to initiation
of ClofCy. In contrast, those who did not undergo transplantation because of a poor overall
performance status and treatment-related complications received a median of three previ-
ous chemotherapy regimens prior to debulking. This observation suggests that restricting
the number of intensive induction or salvage attempts prior to HSCT and incorporating
ClofCy earlier may help maintain clinical stability, limit cumulative toxicity, and improve
the likelihood of proceeding to HSCT. Considering efficacy in cytoreduction and moderate
toxicity of ClofCy, an early application of this debulking strategy seems to be beneficial.
Other variables including age, type of disease, and response to the debulking strategy were
not of prognostic importance.

Several approaches have suggested that immediate HSCT following sequential con-
ditioning is a feasible strategy to avoid chemotherapy-associated toxicity prior to trans-
plantation [18,23,24,26]. Likewise, Stelljes et al. reported comparable overall survival (OS)
and leukemia-free survival rates between patients receiving salvage chemotherapy before
HSCT and those proceeding directly to HSCT [26,27]. However, due to proliferative dis-
ease, cytoreductive therapy was necessary to bridge 27% of patients in the study cohort to
transplantation. We evaluated the efficacy of debulking with ClofCy as a strategy to bridge
our patients to HSCT. Like in the ASAP trial by Stelljes et al., successful HSCT was feasible
without achieving a complete remission (CR) prior to transplantation. Thus, ClofCy may
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provide a valuable middle ground by reducing disease burden and controlling leukemia
without the toxicity associated with salvage chemotherapy [15,17,20,21].

Recently, targeted therapies and lower-intensity combination regimens have shown
promising efficacy and tolerability. Gilteritinib has demonstrated clinical activity with
a favorable safety profile in the relapsed/refractory setting in patients with FLT3 muta-
tions [28,29]. Venetoclax in combination with azacitidine represents another treatment
option, particularly for patients considered unfit for intensive chemotherapy [30]. Emerging
data further suggest that venetoclax-based combinations may also be successfully used as
bridging therapy prior to HSCT in selected patients with relapsed/refractory AML [31]. Ac-
cording to recent studies, menin inhibitors, including revumenib and ziftomenib, might rep-
resent potential treatment options for patients with KMT2A-rearranged or NPM1-mutated
AML [32-34].

In our analysis, the 5-year OS of patients receiving ClofCy was 24%, which is lower than
the 46% reported by Stelljes et al. [20,21]. Several differences in study design and patient
characteristics may explain this discrepancy. Our study represents a retrospective analysis of
consecutive patients without strict inclusion criteria, whereas the ASAP trial included only
patients in first relapse or poor responders after the first induction cycle [26,27]. Accordingly,
most patients in the ASAP trial had received only one prior therapy before inclusion (98.6%
in the disease control arm and 95.0% in the remission induction arm) [26,27]. In contrast,
patients in our cohort with induction failure had received at least two prior chemotherapy
cycles, while patients with R/R disease had often undergone additional salvage therapies.
As demonstrated in our analysis, a higher number of prior treatment cycles was associated
with an unfavorable probability of proceeding to HSCT, which may partly explain the
differences in outcome. Furthermore, the ASAP trial included AML patients only, whereas
our cohort comprised both AML and ALL patients. Nevertheless, both studies emphasize
that repeated attempts to achieve CR should be limited and that early HSCT after effective
disease debulking should be pursued in patients with R/R leukemia. Our data suggest that
ClofCy may represent a feasible debulking strategy in this setting.

As expected, overall survival (OS) in patients who underwent allogeneic HSCT was
superior compared with the entire ClofCy-treated cohort. One- and three-year survival
rates in these patients were 51% and 38%, respectively, with a long-term survival of 31% at
10 years. These results are comparable to those reported by Steckel et al. [18], who analyzed
transplanted patients only and demonstrated 1- and 3-year survival rates of 46% and 34%,
respectively. In the ASAP trial, which included patients with R/R AML, the 3-year OS after
HSCT was approximately 55% in transplanted patients, compared with lower survival rates
in patients who did not proceed to transplantation [26,27].

The prognostic impact of GVHD in our cohort is notable. Patients with cGvHD
demonstrated superior OS and RFS, suggesting a sustained graft-versus-leukemia (GvL)
effect [13,14]. In contrast, aGvHD was associated with inferior OS, highlighting the delicate
balance between beneficial immune-mediated disease control and toxicity. The favorable
association of cGvHD with survival in our cohort may reflect a sustained graft-versus-
leukemia effect of donor-derived immune activity. Previous studies have reported lower
relapse rates in patients developing cGvHD after allogeneic HSCT [12-14], although this
association is not consistent across all disease groups. In contrast, aGvHD is associated with
substantial treatment-related morbidity and mortality, which may explain its association
with inferior survival in our cohort [35-37].

Several limitations of our study must be acknowledged. For example, the retrospective
nature of the study, the relatively small patient numbers in subgroups, and the heterogeneity
in conditioning regimens may limit the conclusions that can be drawn from our results.
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Moreover, our single-center experience may not fully reflect the patient populations and
standard approaches in other centers.

5. Conclusions

In conclusion, ClofCy represents a promising debulking approach for patients with
R/RR acute leukemias and can effectively bridge a substantial proportion of patients to
HSCT. Early introduction of this regimen in R/RR patients may maximize transplant el-
igibility. The association of cGvHD with superior long-term survival highlights the im-
portance of GvL effects in this high-risk setting. Future prospective studies are warranted
to define the optimal use of ClofCy within the evolving therapeutic landscape of R/RR
leukemias, particularly in comparison with immediate HSCT strategies and new targeted
treatment approaches.
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ClofCy, Table S6: Changes in liver and renal parameters as assessed by CTCAE (grade 1-4) following
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