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Abstract
We have initiated a single center phase I study in patients with hematologic malignancies progressively substituting day +4 posttransplant cyclophosphamide (PT-CY) with
bendamustine (PT-BEN) following myeloablative conditioning (MAC) and T-cell replete
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haploidentical bone marrow transplantation (haplo-BMT). We report herein our interim
analysis of our first three cohorts PT-CY (mg/kg)/PT-BEN (mg/m2 ): 40/20, 20/60, and
0/90. All patients have tolerated PT-CY/BEN well with no dose limiting toxicities. Compared to contemporaneous controls undergoing haplo-BMT with the same MAC regimens but only PT-CY, we have observed earlier trilineage engraftment (P = .002 neutrophils, P = .014 platelets) and a lower incidence of cytomegalovirus reactivation
(P = .016) in the PT-CY/BEN cohorts. After substituting day +4 PT-CY with PT-BEN, the
registered trial (www.clinicaltrials.gov; NCT02996773) is proceeding to replace day +3
PT-CY with PT-BEN with a view to identifying further evidence on the potential advantages of PT-BEN.
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TA B L E 1

Phase I/Ib trial of PT-bendamustine
Day +3

BEN, were asked to participate as PT-CY controls for the clinical endpoints. Moreover, in order to proceed from one phase I cohort to
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All acute lymphoblastic leukemia (ALL) patients had negative bone
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marrow minimal residual disease assessment by flow cytometry prior

CY mg/kg

1

50

2

BEN, mg/m2

the next, there is a 28-day period of observation. Therefore, patients

CY, mg/kg

Cohort #

requiring haplo-BMT during those intervals were also enrolled as PTCY controls upon consent. All haplo-BMTs were performed at Banner University Medical Center in Tucson, Arizona between January
2017 and October 2019. Ten patients were transplanted on the pediatric service (ages 9.2-24.7 years) and seven on the adult service (ages
26.1-44.6 years).

to initiation of conditioning. Two of the patients with acute myeloid
leukemia and two with undifferentiated and bispecific leukemia were

1

INTRODUCTION

in morphologic remission. Two patients with chronic myelogenous
leukemia in chronic phase had failed tyrosine kinase inhibitor therapy,

Posttransplant cyclophosphamide (PT-CY) has been met with enthu-

while one was in remission following induction chemotherapy for lym-

siasm in the haploidentical bone marrow transplantation (haplo-BMT)

phoid blast crisis. One patient in cohort #1 had refractory non-Hodgkin

arena as it reduces rates of graft-versus-host disease (GvHD). How-

lymphoma (NHL-anaplastic large cell lymphoma) and was in partial

ever, of two-thirds of patients with an absence of acute GvHD (aGvHD)

remission at the time of transplant.

after nonmyeloablative conditioned haplo-BMT, half relapsed [1].
Moreover, cytomegalovirus (CMV) reactivation and BK cystitis remain
noteworthy complications following PT-CY [2]. We have previously

2.2

Transplant procedure

demonstrated in an experimental murine haplo-BMT model that
posttransplant bendamustine (PT-BEN) was equally protective against

All patients received a MAC regimen. According to diagnosis and dis-

early GvHD and had advantages in late GvHD and in graft-versus-

ease characteristics, we decided either for fractionated total body

leukemia (GvL) effects when compared to PT-CY [3]. We further

irradiation (TBI) followed by fludarabine (FLU) or for busulfan (BU),

documented that PT-BEN mitigated GvHD even in the absence of

fludarabine (FLU), and melphalan (MEL) combination (Table 2) [4].

T regulatory cells. PT-BEN was associated with an increased myeloid

Nine patients were conditioned with fractionated TBI of 200 cGy

compartment in vivo and with enhanced suppressive function of

BID given on days −8, −7, and −6 (1200 cGy total dose with lungs

myeloid-derived suppressor cells while impairing the proliferation of T

shielded to 900 cGy by custom cerrobend blocking), followed by FLU

and B cells. Our results advocated for the consideration of PT-BEN as

30 mg/m2 on days −5, −4, −3, and −2 [5, 4]. Eight patients received

a therapeutic platform for clinical implementation in haplo-BMT. We

BU at 0.8 mg/kg IV every 6 hours for a total of 12 doses (days −8

therefore initiated a phase I trial to evaluate PT-BEN in haplo-BMT by

to −6), targeting an average area under the curve of 1000–1100

progressively substituting PT-CY with PT-BEN and report herein the

µMol/min for the duration of the course. BU was followed by FLU

hitherto findings from our first three cohorts.

30 mg/m2 on days −5, −4, −3, and −2 and MEL 100 mg/m2 on day
−2 [6, 4].

2

PATIENTS AND METHODS
2.3

2.1

GvHD prophylaxis

Patients
All patients received T-replete bone marrow followed by PT-CY

Patients were treated as part of an institutional review board (IRB)–

50 mg/kg on day +3. On day +4, cohort #1 patients received 40 mg/kg

approved phase I/Ib single-institution trial using a standard 3+3 dose

PT-CY immediately followed by PT-BEN 20 mg/m2 , cohort #2 patients

escalation design with six-dose level cohorts (Table 1). The first three

were treated with PT-CY 20 mg/kg followed by PT-BEN 60 mg/m2 , and

cohorts, reported here, consisted of a combination of progressively

cohort #3 patients received only PT-BEN 90 mg/m2 (Table 1). The eight

reduced doses of CY and increased doses of BEN on day +4 post-

patients in the control group received the standard PT-CY 50 mg/kg

BMT with the day +3 dose of CY remain unchanged. Eligible patients

on days +3 and +4. Additionally, all patients were given mycopheno-

were between 8 and 60 years, who had no matched-related donor

late mofetil on day +5 through day +28 and tacrolimus starting on day

and no readily available matched-unrelated donor, met organ crite-

+5. In the absence of GvHD, tacrolimus was decreased starting day

ria allowing for myeloablative conditioning, and had no evidence of

+70 to +90 and discontinued by day +120 to +180. GvHD was graded

active untreated infection. Patients undergoing haplo-BMT and ful-

according to the consensus criteria for grading acute and chronic

filling eligibility criteria for the study, but unwilling to receive PT-

GvHD [7, 8].
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TA B L E 2

TA B L E 2

Patient, disease, and transplant characteristics
PT-CY/BEN
(n = 9)

PT-CY
(n = 8)

P

Age, median year (range)

21.4 (9.2-42.9)

30.7 (16.8-44.6)

.11

Male gender, n (%)

5 (55.6)

6 (75)

Race/ethnicity, n (%)

(Continued)
PT-CY/BEN
(n = 9)

PT-CY
(n = 8)

Brother

0

3 (50)

.62

Son

1 (20)

0

.99

White Hispanic

5 (55.5)

4 (50)

Donors of female
recipients, n (%)

Native American

0

0

Mother

African American

1 (11.1)

2 (25)

Father

0

1 (50)

2 (25)

Sister

1 (25)

0

Brother

1 (25)

1 (50)

White

3 (33.3)

Diagnosis, n (%)

.58

.47
2 (50)

0

B-ALL

4 (55.6)

3 (37.5)

Donors match, n (%)

T-ALL

1 (11.1)

1 (12.5)

5/10

8 (88.9)

4 (50)

0

3 (37.5)

1 (11.1)

1 (12.5)

AML

1 (11.1)

1 (12.5)

6/10

Bi/Un-AL

1 (11.1)

1 (12.5)

7/10

CML

1 (11.1)

2 (25)

NHL

1 (11.1)

0 (0)

Pretransplant status, n (%)

.99

CR1

3 (33.3)

2 (25)

CR2

2 (22.2)

3 (37.5)

>CR2

2 (22.2)

1 (12.5)

Other

2 (22.2)

2 (25)

Disease risk index, n (%)

.99

Low

1 (11.1)

1 (12.5)

Intermediate

8 (88.9)

7 (87.5)

High

0

0

Lansky/Karnofsky,
median (range)

90 (60-100)

90 (50-100)

.99

HCT comorbidity index,
median (range)

0 (0-4)

1.5 (0-4)

.11

.13

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid
leukemia; BEN, bendamustine; Bi/U, bispecific or undifferentiated acute
leukemia; BU, busulfan; CML, chronic myeloid leukemia; CR, complete
remission; CY, cyclophosphamide; FLU, fludarabine; MEL, melphalan; MMF,
mycophenolate mofetil; NHL, non-Hodgkin lymphoma; Tacro, Tacrolimus;
TBI, total body irradiation.
# It includes one half-sibling.

2.4

Supportive care

Antifungal prophylaxis was administered in all patients. Patients
received IV pentamidine for pneumocystis jirovecii and acyclovir for
herpes simplex and varicella virus prophylaxis. No CMV prophylaxis
with letermovir or other agents was used. Bi-weekly polymerase chain
reaction monitoring for CMV and weekly for adenovirus, Epstein-Barr
virus (EBV), and human herpes virus-6 (HHV-6) were performed until
discharge from hospital and subsequently at least every other week

Conditioning, n (%)

.99

TBI-FLU

5 (55.5)

4 (50)

BU-FLU-MEL

4 (44.4)

4 (50)

during the first 100 days following transplant. All patients were transplanted in positive pressure HEPA-filtered rooms on a HEPA-filtered
unit and encouraged to walk laps on the unit daily.

BMT service

.64

Pediatric

6 (66.7)

4 (50)

Adult

3 (33.3)

4 (50)

2.5

Graft composition
median (range)
CD34+ × 106 /kg

P

#

Donor selection

.07

Donors were first degree relatives who were HLA-haploidentical
4.05 (2.1-7.4)

based on high-resolution typing at HLA-A, -B, -Cw, -DRB1, and -

2.70 (1.5-4.8)

RBC incompatibility, n (%)

.64

DQB1 (Table 2). None of the patients had antidonor HLA antibodies.

None

4 (44.4)

5 (62.5)

There were seven major ABO incompatibilities that required donor

Major

4 (44.4)

3 (37.5)

R (6% hetastarch in 0.9% sodium chloRBC reduction using Hespan

Minor

1 (11.1)

0 (0)

Donor age, median year,
(range)

27 (17.9-57.6)

37.7 (20.9-62.4)

.74

requiring plasma reduction [9]. ABO incompatibilities were comparable between groups.

Donors of male
recipients, n (%)
Mother

ride injection) for RBC sedimentation and one minor incompatibility

.18
1 (20)

2.6

2 (33.3)

Father

2 (40)

0 (0)

Sister

1 (20)

1 (16.6)

Engraftment and donor chimerism monitoring

Granulocyte-colony stimulating factor (G-CSF) was started on day +5
(Continues)

at 5 µg/kg/day until an absolute neutrophil count (ANC) of 2.5 × 109 /L
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was achieved for three consecutive days. Day of myeloid engraft-

ure 1C,D). All PT-CY/BEN patients showed complete donor chimerism

ment was defined as the first of three consecutive days with an ANC

in their day +28 bone marrows and in peripheral blood on days

of ≥ 0.5 ×

+100 and +180 as did all patients that have reached their 1-year

109 /L.

Day of platelet engraftment was considered the first

of three consecutive days with platelet counts of ≥ 20 × 109 /L with

follow-up.

no platelet transfusions administered in the previous 7 days. Donor
chimerism was evaluated on days +28, +100, +180, and +365 by short

3.3

tandem repeats on peripheral blood or bone marrow.

Graft versus host disease

The cumulative incidence of grade II-IV aGvHD was 33.3% following

2.7

Statistical analysis

PT-CY/BEN (66.7%, 33.3%, and 0% by cohort) compared to 50% in controls (Figure 1E). No grade III-IV aGvHD was seen in PT-CY/BEN com-

Comparisons of patient characteristics and outcome variables

pared to 25% in controls (Figure 1F and Table S1). While none of the

between the PT-CY and PT-CY/BEN groups were performed

PT-CY/BEN patients developed lower gastrointestinal (GI) aGvHD of

using Fisher’s exact tests for categorical variables and Mann-

any stage, four had skin and one had upper GI involvement. Moreover,

Whitney/Wilcoxon rank sum tests for continuous variables. Time

no patients receiving PT-CY/BEN developed signs of chronic GvHD

to event endpoints were estimated using cumulative incidence curves

(cGvHD), while one PT-CY control patient developed extensive cGvHD

and Kaplan-Meier curves, with comparisons using log-rank tests. The

(Figure 1G).

association between the number of CD34+ × 106 cells infused/kg with
time to neutrophil or platelet engraftment was estimated using linear

3.4

regression analysis.

Transplant-related toxicities

None of the patients that received PT-CY/BEN developed major

3

RESULTS

transplant-related complications in the early post-BMT period, such
as sinusoidal obstruction syndrome, transplant-associated thrombotic

3.1

Patient, disease, and transplant characteristics

microangiopathy (TA-TMA) or idiopathic pneumonia syndrome, and
none required admission to the intensive care unit (ICU), continuous

Patient characteristics are summarized in Table 2. Baseline characteris-

renal replacement therapy (CRRT), vasopressors, or mechanical venti-

tics such age, gender, race/ethnicity, diagnosis, pretransplant remission

lation (Table S2). In contrast, two PT-CY control patients were admit-

status, donor age, disease risk index or performance status, and HCT

ted to ICU with one requiring mechanical ventilation. Additionally, two

comorbidity index were comparable between groups (P = n.s.). Ethnic

control patients developed end-stage renal disease necessitating CRRT

and/or racial minorities constituted 70.6% of all patients, the majority

followed by chronic renal dialysis, one from BK viral nephritis and cid-

of whom were Hispanic. ALL was the most frequent diagnosis (52.9%).

ofovir adverse effect and the other from BK and TA-TMA.

Seven of the nine (77.8%) ALL patients were conditioned with TBI-FLU,
while six of the eight (75%) patients with other diagnoses received BU-

3.5

FLU-MEL (Table 2).

Infections

There were five Gram-positive and no Gram-negative bacteremias in

3.2

four patients receiving PT-CY/BEN seen between day +5 and day

Engraftment and chimerism

+100 compared to three Gram-positive and one Gram-negative in
PT-CY/BEN patients received a median of 4.05 ×

106 /kg

CD34+

cells

four PT-CY patients, all of which responded to appropriate antibi-

compared to 2.7 × 106 /kg in the PT-CY group (P = .07) (Table 2). All

otic therapy. All the Gram-positive bacteremias occurred before day

patients that received PT-CY/BEN had early trilineage engraftment,

+35 (median day +12). There were no documented fungal infections

while one patient in the PT-CY group failed to engraft despite receiv-

in either group (Table S3). CMV reactivation was significantly less

ing an adequate number of CD34+ cells (4.8 × 106 /kg) and required a

common in trial patients receiving PT-CY/BEN with only one out of

second transplant. Interestingly, no correlation was observed between

eight at risk (seropositive recipient and/or seropositive donor) reac-

the number of CD34+ cells/kg infused and time to neutrophil or

tivating CMV (Table 3), compared to 71.4% of at-risk PT-CY patients

platelet engraftment (Figure S1). The median time to an ANC of

(Figure 1H). The majority of CMV reactivations peaked between day

1.0 × 109 /L was achieved progressively earlier in each PT-CY/BEN

+40 and +50 (Figure S2A) with viral loads of between 103 and 105

cohort even though the median number of CD34+ cells/kg infused was

IU/mL (Figure S2B). All patients responded to antiviral therapy (Figure

comparable between cohorts (4.6, 3.7, and 4.05 × 106 /kg, P = n.s.)

S2C). BK viruria was documented in four (50%) PT-CY patients hav-

(Figure 1A). Similarly, the latter PT-CY/BEN cohorts demonstrated

ing > 5 × 108 viral copies/mL and symptoms of BK hemorrhagic cys-

earlier platelet engraftment (Figure 1B). Consequently, PT-CY/BEN

titis, compared to two PT-CY/BEN patients (22.2%) both from cohort

patients required fewer platelet and red blood cell transfusions (Fig-

#1 (with the highest PT-CY dose) (P = n.s.) (Figure S2D). The two PT-CY

5
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F I G U R E 1 A, Time to an absolute neutrophil count (ANC) of 1 × 109 /L. Median time PT-CY, 17 days; Cohort #1, 16 days (P = .14); Cohort #2, 14
days (P = .0004); Cohort 3, 13 days, (P = .0005). B, Time to a platelet count of 20 × 109 /L. Median time PT-CY, 33 days; Cohort #1, 27 days (P = .18);
Cohort #2, 17 days (P = .0007); Cohort #3, 20 days (P = 0.07). C, Number of units of platelets transfused. Median PT-CY, 16.5 units; Cohort #1, 14
units, (P = n.s.); Cohort #2, 5 units (P = .05); Cohort #3, 6 units, (P = n.s.). D, Number of units of packed red blood cells (PRBCs) transfused. Median
PT-CY, 4 units; Cohort #1, 0 units (P = n.s.); Cohort #2, 1 unit (P = .07); Cohort #3, 0 units (P = .03). E, Cumulative incidence of grades II-IV acute
graft-versus-host disease (aGvHD); (P = n.s.). F, Cumulative incidence of grades III-IV aGvHD; (P = n.s.). G, Cumulative incidence of chronic GvHD;
(P = n.s.). H, Cumulative incidence of CMV viremia; (P = .016). I, Overall survival (OS); (P = n.s.) J, Progression-free survival (PFS); (P = n.s.) K,
Graft-versus-host-free-relapse-free survival (GRFS); (P = n.s.). L, Chronic graft-versus-host-free-relapse-free survival (CRFS); (P = n.s.).
patients that developed end-stage renal failure requiring dialysis also

free-relapse-free survival at 2 years for PT-CY/BEN patients is 71.1%

had significant BK viremia of 6000 and 7500 viral copies. None of the

and 71.1%, compared to 46.9% and 66.7% for controls (P = n.s.) (Fig-

patients had clinically significant reactivation of EBV, HHV-6, or aden-

ure 1K,L).

ovirus warranting therapeutic intervention.

4
3.6

DISCUSSION

Survival, nonrelapse mortality, and relapse
Our preclinical murine study in haplo-BMT demonstrated that PT-BEN

With a median follow-up of 25.2 months (range 7-36.7) in the PT-

compared to PT-CY promoted earlier and higher neutrophil counts,

CY/BEN group and 23.3 months (10.5-39.2) in the PT-CY group, the

similar protection against early GvHD, superior control of late GvHD,

overall survival at 2 years is similar at 83.3% for PT-CY/BEN trial

and enhanced GvL effects [3]. Building on these preclinical findings, we

patients compared to 85.7% for the PT-CY control group (P = n.s.)

initiated a phase I clinical trial to progressively substitute PT-CY with

(Figure 1I). Progression-free survival at 2 years is also comparable

PT-BEN following haplo-BMT. PT-CY has been considered safe against

with 71.1% for PT-CY/BEN group versus 58.3% for those receiving

hematopoietic stem cells as these cells express high levels of aldehyde

PT-CY (P = n.s.) (Figure 1J). There was no nonrelapse mortality in

dehydrogenase, thus detoxifying CY [10, 11]. However, BEN has multi-

the PT-CY/BEN group, while one patient in the PT-CY group died of

ple activities as it contains a mechlorethamine group, butyric acid side

chronic GvHD and multiorgan failure on day +404. Two patients in

chain, and a benzimidazole ring. The alkylating properties provided by

each group have relapsed resulting in similar probabilities of relapse

the mechlorethamine group are similar to CY, while the butyric acid

at two years of 28.9% for PT-CY/BEN versus 30% for PT-CY (P = n.s.).

increases BEN’s water solubility and the benzimidazole ring is believed

The probability of GvHD-free-relapse-free survival and chronic GvHD-

to function as a purine analogue, affording antimetabolic characteris-

6

KATSANIS ET AL .

TA B L E 3

CMV reactivation following haplo-BMT
PT-CY/BEN

PT-CY

ACKNOWLEDGMENTS
P

other staff on the pediatric and adult HCTT unit at Banner University

CMV status recipient/donor, n (%)
R+/D+

1/4 (25)

3/4(75)

.49

R+/D−

0/4 (0)

2/2 (100)

.06

R−/D+

0/0 (0)

0/1 (50)

.99

Total/at risk

1/8 (12.5)

5/7 (71.4)

.04

R−/D−

0/1(0)

0/1 (0)

–

tics [12–14]. We were therefore cautious in designing the phase I trial,
only affording gradual progression in de-escalation of CY and escalation of BEN starting with day +4, while leaving the dose of CY on day
+3 unchanged. Our initial experience has indicated that not only did
PT-CY/BEN not hamper donor engraftment, but actually facilitated it.
In fact, with each cohort, as the dose of PT-BEN was increased and
PT-CY decreased, we observed earlier neutrophil engraftments. PTCY/BEN patients demonstrated a trend of improvement of aGVHD in
each cohort (Table S1) with no patients developing grade III-IV aGvHD
or cGvHD (Figure 1F,G). Therefore, our preliminary clinical experience
mirrors our preclinical studies in mice.
Viral infections contribute to substantial transplant-related morbidity and mortality in patients undergoing haplo-BMT, with CMV being
the leading culprit [15–17]. We observed a significant decrease in CMV
reactivation in our trial patients compared to those receiving PT-CY
alone (Figure 1H). As was seen with our control patients, the incidence
of CMV reactivation in recipients of haplo-BMT with PT-CY is particularly high with as many as two-thirds of patients at risk (serological
positive recipients and/or donors) developing CMV viremia and CMV
disease reported to occur in one-third of these patients [16, 2, 17]. As
expected, given the increased risk of hemorrhagic cystitis with exposure to CY, we observed a trend toward lower BK viruria with only two
patients, both from cohort #1 that received 90% of the PT-CY dose,
developing BK viruria compared to half of those treated with PT-CY
(Figure S2D). Two of the control patients also had BK viremia, which
may have contributed to their renal failure [18]. Therefore, our results
corroborate that BK is a significant complication of PT-CY reported to
occur in one-third to one-half of patients undergoing haplo-BMT with
PT-CY [19]. If PT-BEN emerges as a safe alternative to PT-CY, it may
have the added advantage of reduced hemorrhagic cystitis and renal
complications associated with BK viremia.
The use of PT-CY originated from studies in murine models performed at Johns Hopkins University in the early 2000s [20]. Our
laboratory has pioneered the use of PT-BEN, first in an experimental murine haplo-BMT model [3], and has now translated this
approach clinically. Although our findings are preliminary and limited, our interim analysis provides encouraging evidence that PT-BEN
may emerge as a viable alternative to PT-CY. With the trial proceeding to replacement of day +3 PT-CY with PT-BEN, we will hopefully
be able to provide further evidence of the potential advantages of
PT-BEN.

The authors wish to thank the inpatient and outpatient nursing and
Medical Center in Tucson for their outstanding care of our patients.
We also thank Argentina Morales, Winifred White, and Kristen Kovacs
for meticulous data collection. This work was supported by in part by
pilot research funding, from the University of Arizona Cancer Center
Support Grant P30 CA023074, the Leukemia and Lymphoma Society
Translational Research Program, Courtney’s Courage, and PANDA.
AUTHOR CONTRIBUTIONS
Emmanuel Katsanis designed the research and clinical trial and is the
PI. He analyzed and reviewed the data and wrote the manuscript. Keri
Maher is a co-PI of the clinical trial and edited the manuscript. Denise
J. Roe is a co-PI of the trial and performed the statistical analysis of the
data. Richard J. Simpson is a co-PI of the clinical trial, advised on the
study, and edited the manuscript.
CONFLICT OF INTEREST
There are no conflicts of interest, financial or otherwise, involving
any of the authors regarding the submission or publication of this
manuscript.
ORCID
Emmanuel Katsanis
Richard J. Simpson

https://orcid.org/0000-0003-1466-6965
https://orcid.org/0000-0002-7064-6881

REFERENCES
1. McCurdy SR, Kanakry CG, Tsai HL, Kasamon YL, Showel MM, BolanosMeade J, et al. Grade II Acute graft-versus-host disease and higher
nucleated cell graft dose improve progression-free survival after hlahaploidentical transplant with post-transplant cyclophosphamide. Biol
Blood Marrow Transplant. 2018; 24:343-52.
2. Fayard A, Daguenet E, Blaise D, Chevallier P, Labussiere H, Berceanu
A, et al. Evaluation of infectious complications after haploidentical hematopoietic stem cell transplantation with post-transplant
cyclophosphamide following reduced-intensity and myeloablative conditioning: a study on behalf of the Francophone Society of Stem Cell
Transplantation and Cellular Therapy (SFGM-TC). Bone Marrow Transplant. 2019;54:1586-94.
3. Stokes J, Hoffman EA, Zeng Y, Larmonier, N, Katsanis E. Posttransplant bendamustine reduces GvHD while preserving GvL in
experimental haploidentical bone marrow transplantation. Br J Haematol. 2016;174:102-16.
4. Katsanis E, Sapp LN, Varner N, Koza S, Stea, B, Zeng Y. Haploidentical bone marrow transplantation with post-transplant
cyclophosphamide/bendamustine in pediatric and young adult
patients with hematologic malignancies. Biol Blood Marrow Transplant.
2018;24:2034-9.
5. Bacigalupo A, Dominietto A, Ghiso A, Di Grazia C, Lamparelli T, Gualandi F, et al. Unmanipulated haploidentical bone marrow transplantation and post-transplant cyclophosphamide for hematologic malignanices following a myeloablative conditioning: an update. Bone Marrow
Transplant. 2015;50(Suppl 2):S37-9.
6. Katsanis E, Sapp LN, Pelayo-Katsanis L, Whitney K, Zeng, Y, Kopp LM.
Alternative donor hematopoietic cell transplantation conditioned with
myeloablative busulfan, fludarabine, and melphalan is well tolerated

7

KATSANIS ET AL .

7.

8.

9.

10.

11.

12.

13.

14.
15.

and effective against high-risk myeloid malignancies. J Pediatr Hematol
Oncol. 2016;38:e315-8.
Jagasia MH, Greinix HT, Arora M, Williams KM, Wolff D, Cowen EW,
et al. National institutes of health consensus development project on
criteria for clinical trials in chronic graft-versus-host disease: I. the
2014 diagnosis and staging working group report. Biol Blood Marrow
Transplant. 2015;21:389-401, e381.
Przepiorka D, Weisdorf D, Martin P, Klingemann HG, Beatty P, Hows,
J, Thomas ED. 1994 consensus conference on acute GVHD Grading.
Bone Marrow Transplant. 1995;15:825-8.
Dinsmore RE, Reich LM, Kapoor N, Gulati S, Kirkpatrick D, Flomenberg, N, et al. ABH incompatible bone marrow transplantation: removal
of erythrocytes by starch sedimentation. Br J Haematol. 1983;54:4419.
Jones RJ, Barber JP, Vala MS, Collector MI, Kaufmann SH, Ludeman
SM, et al. Assessment of aldehyde dehydrogenase in viable cells. Blood.
1995;85:2742-6.
Kastan MB, Schlaffer E, Russo JE, Colvin OM, Civin CI, Hilton J.
Direct demonstration of elevated aldehyde dehydrogenase in human
hematopoietic progenitor cells. Blood. 1990;75:1947-50.
Leoni LM. Bendamustine: rescue of an effective antineoplastic agent
from the mid-twentieth century. Semin Hematol. 2011;48(Suppl 1):S4S11.
Leoni LM, Bailey B, Reifert J, Bendall HH, Zeller RW, Corbeil J, et al.
Bendamustine (Treanda) displays a distinct pattern of cytotoxicity and
unique mechanistic features compared with other alkylating agents.
Clin Cancer Res. 2008;14:309-17.
Tageja N, Nagi J. Bendamustine: something old, something new. Cancer
Chemother Pharmacol. 2010;66:413-23.
Al Malki MM, Dadwal S, Yang D, Mokhtari S, Cao T, Gendzekhadze K,
et al. High Incidence of CMV reactivation after haploidentical donor
hematopoietic cell transplantation using high-dose post-transplant
cyclophosphamide, and its impact on transplant outcomes. Blood.
2017;130:4494.

16. Crocchiolo R, Castagna L, Furst S, Devillier R, Sarina B, Bramanti S, et al.
The patient’s CMV serological status affects clinical outcome after Tcell replete haplo-HSCT and post-transplant cyclophosphamide. Bone
Marrow Transplant. 2016;;51:1134-6.
17. Hammerstrom AE, Lombardi LR, Pingali SR, Rondon G, Chen J, Milton
DR, et al. Prevention of cytomegalovirus reactivation in haploidentical
stem cell transplantation. Biol Blood Marrow Transplant. 2018;24:353-8.
18. Haines HL, Laskin BL, Goebel J, Davies SM, Yin HJ, Lawrence J, et al.
Blood, and not urine, BK viral load predicts renal outcome in children
with hemorrhagic cystitis following hematopoietic stem cell transplantation. Biol Blood Marrow Transplant. 2011;17:1512-9.
19. Copelan OR, Sanikommu SR, Trivedi JS, Butler C, Ai J, Ragon BK,
et al. Higher incidence of hemorrhagic cystitis following haploidentical
related donor transplantation compared with matched related donor
transplantation. Biol Blood Marrow Transplant. 2019;25:785-90.
20. Luznik L, Jalla S, Engstrom LW, Iannone, R, Fuchs EJ. Durable
engraftment of major histocompatibility complex-incompatible cells
after nonmyeloablative conditioning with fludarabine, low-dose total
body irradiation, and posttransplantation cyclophosphamide. Blood.
2001;98:3456-64.

SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

How to cite this article: Katsanis E, Maher K, Roe DJ, Simpson
RJ. Progressive substitution of posttransplant
cyclophosphamide with bendamustine: A phase I study in
haploidentical bone marrow transplantation. eJHaem.
2020;1–7. https://doi.org/10.1002/jha2.20

