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Summary

Background—~Relapsed severe aplastic anaemia is a marrow failure disorder with high
morbidity and mortality. It is often treated with bone marrow transplantation at relapse post-
immunosuppressive therapy, but under-represented minorities often cannot find a suitably matched
donor. This study aimed to understand the 1-year overall survival in patients with relapsed or
refractory severe aplastic anaemia after haploidentical bone marrow transplantation.

Methods—We report the outcomes of BMT CTN 1502, a single-arm, phase 2 clinical trial done
at academic bone marrow transplantation centres in the USA. Included patients were children

and adults (75 years or younger) with severe aplastic anaemia that was refractory (fulfilment of
severe aplastic anaemia disease criteria at least 3 months after initial immunosuppressive therapy)
or relapsed (initial improvement of cytopenias after first-line immunosuppressive therapy but then
a later return to fulfilment of severe aplastic anaemia disease criteria), adequate performance
status (Eastern Cooperative Oncology Group score 0 or 1, Karnofsky or Lansky score 260%),
and the presence of an eligible related haploidentical donor. The regimen used reduced-intensity
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conditioning (rabbit anti-thymocyte globulin 4.5 mg/kg in total, cyclophosphamide 14-5 mg/kg
daily for 2 days, fludarabine 30 mg/m? daily for 5 days, total body irradiation 200 cGy in a

single fraction), related HLA-haploidentical donors, and post-transplantation cyclophosphamide-
based graft-versus-host disease (GVHD) prophylaxis. Additionally, for GVHD prophylaxis,
mycophenolate mofetil was given orally at a dose of 15 mg/kg three timesadayupto1lg

three times a day (maximum dose 3000 mg per day) from day 5 to day 35, and tacrolimus was
given orally or intravenously from day 5 to day 180 as per institutional standards to maintain a
serum concentration of 10-15 ng/mL. The primary endpoint was overall survival 1 year after bone
marrow transplantation. All patients treated per protocol were analysed. This study is complete
and is registered with Clinical Trials.gov, NCT02918292.

Findings—Between May 1, 2017, and Aug 30, 2020, 32 patients with relapsed or refractory
severe aplastic anaemia were enrolled from 14 centres, and 31 underwent bone marrow
transplantation. The median age was 24-9 years (IQR 10-4-51-3), and median follow-up was

24-3 months (IQR 12:1-29-2). Of the 31 patients who received a transplant, 19 (61%) were

male and 12 (39%) female. 13 (42%) patients were site-reported as non-White, and 19 (61%)
were from under-represented racial and ethnic groups; there were four (13%) patients who were
Asian, seven (23%) Black, one (3%) Hawaiian/Pacific Islander, and one (3%) more than one race,
with seven (23%) patients reporting Hispanic ethnicity. 24 (77%) of 31 patients were alive with
engraftment at 1 year, and one (3%) patient alive with autologous recovery. The 1-year overall
survival was 81% (95% CI 62-91). The most common grade 3-5 adverse events (seen in seven

or more patients) included seven (23%) patients with abnormal liver tests, 15 (48%) patients

with cardiovascular changes (including sinus tachycardia, heart failure, pericarditis), ten (32%)
patients with gastrointestinal issues, seven (23%) patients with nutritional disorders, and eight
(26%) patients with respiratory disorders. Six (19%) deaths, due to disease and unsuccessful bone
marrow transplantation, were reported after transplantation.

Interpretation—Haploidentical bone marrow transplantation using this approach results in
excellent overall survival with minimal GVHD in patients who have not responded to
immunosuppressive therapy, and can expand access to bone marrow transplantation across all
populations. In clinical practice, this could now be considered a standard approach for salvage
treatment of severe aplastic anaemia. Attention to obtaining high cell doses (>2-5 x 108 nucleated
marrow cells per kg of recipient ideal bodyweight) from bone marrow harvests is crucial to the
success of this approach.

Introduction

Severe aplastic anaemia is an immune-mediated, acquired haematopoietic stem-cell disorder

that presents with hypocellular marrow and pancytopenia.l Severe aplastic anaemia is
associated with early and late morbidity and mortality. Infection, often fungal, in the
setting of severe neutropenia is the most common cause of early death; however,
haemorrhage, myelodysplastic syndrome, acute myeloid leukaemia, paroxysmal nocturnal
haemoglobinuria, avascular necrosis, and transfusional iron overload are other causes
of severe morbidity and mortality.2 Improved supportive care has led to substantial
progress in controlling the acute aspects of the disease. Nevertheless, late complications
of severe aplastic anaemia after immunosuppressive therapy, especially the risk of
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relapse and secondary clonal neoplasms, remain a substantial concern. The anticipated
haematopoietic response rate to first-line immunosuppressive therapy is about 70-80%, and
the probability of overall survival at 5 years ranges from 60% to 85%.3 However, failure-
free survival (survival without relapse or secondary clonal disease beyond 10 years) after
immunosuppressive therapy is less than 50%.4 Confirming the safety of a haploidentical
platform in this setting is crucial to broaden therapeutic options at relapse. Data emphasise
limitations to long-term clinical success and the shortcomings of immunosuppressive
therapy,>~/ and additional therapeutic options are warranted for these patients.

Allogeneic bone marrow transplantation in severe aplastic anaemia can rapidly reconstitute
haematopoiesis and decrease the risk of relapse and secondary clonal disease. Allogeneic
bone marrow transplantation produces long-term survival approaching 90% at 5 years

in patients younger than 20 years, and more than 75% for patients older than 20

years. Older patients, especially those older than 40 years, historically have less
favourable transplantation outcomes, attributable to issues including higher rates of graft
failure and graft-versus-host disease (GVHD). Additionally, identifying fully matched
donors is particularly difficult for some ethnic groups, such as patients of African

descent and Hispanic patients, reflecting high HLA diversity and under-representation

in donor registries.8 Allogeneic bone marrow transplantation using alternative donors,
including related HLA-haploidentical donors, has been relegated to late in the therapeutic
algorithm, 219 owing to concerns of transplantation-related morbidity and mortality.11.12

Post-transplantation cyclophosphamide has greatly improved the safety and efficacy of
alternative donor bone marrow transplantation by facilitating engraftment and decreasing the
risk of GVHD, even with high degrees of HLA mismatch.13-15 Overall outcomes following
haploidentical bone marrow transplantation with post-transplantation cyclophosphamide in
haematological malignancies are similar to outcomes with matched unrelated donors.18
Furthermore, with the use of rabbit anti-thymocyte globulin during conditioning and
tacrolimus for 6 months to a full year to further reduce the risk of GVHD, this platform

is effective in non-malignant diseases,®1917-19 jn which a graft-versus-tumour effect

is not necessary. The approach in relapsed or refractory severe aplastic anaemia using
haploidentical donors led to good overall survival in a singleinstitution study,2® but required
validation in a multicentre prospective trial. Thus, we present the results of the Blood and
Marrow Transplant Clinical Trials Network (BMT CTN) 1502, a prospective clinical trial
of haploidentical donor allogeneic bone marrow transplantation with post-transplantation
cyclophosphamide for relapsed or refractory severe aplastic anaemia.

Study design and participants

BMT CTN 1502 was a single-arm, phase 2 clinical trial done at academic bone marrow
transplantation centres in the USA. Included patients were 75 years or younger with a
diagnosis of acquired severe aplastic anaemia who had not responded to at least one course
of immunosuppressive therapy without a fully matched related sibling donor available, but
with a haploidentical marrow donor available. Absence of response to immunosuppressive
therapy was defined in the protocol as refractory (persistence of severe cytopenias and
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fulfilment of severe aplastic anaemia disease criteria at least 3 months after initial
immunosuppressive therapy) or having relapsed (initial improvement of cytopenias after
first-line immunosuppressive therapy but then a later return to fulfilment of severe aplastic
anaemia disease criteria when immunosuppressive therapy was decreased or ceased). The
choice of immunosuppressive therapy and number of courses of immunosuppressive therapy
before bone marrow transplantation were at the discretion of the treating physician. Data

on previous therapies were not collected in detail on this protocol. Patients needed adequate
organ function as previously reported.1> Additional eligibility criteria included adequate
performance status (Eastern Cooperative Oncology Group score 0 or 1, Karnofsky or Lansky
score 260%), ability to provide written informed consent (and assent as appropriate for
minors), and the presence of an eligible related haploidentical donor. Monosomy 7 was
specifically excluded as it is considered to be consistent with myelodysplastic syndrome

or leukaemia. Exclusion criteria included inherited bone marrow failure syndrome,

previous haematopoietic stem-cell or solid organ transplantation, uncontrolled infection, and
inadequate organ function.

The study protocol was approved by institutional review boards at all participating sites. The
study was initially designed to enroll patients to an unrelated cord blood group in addition
to the haploidentical group. Due to lack of accrual to the unrelated cord blood group,

this group was closed 8 months after the study opened at the recommendation of the data
safety monitoring board. The unrelated cord blood group was removed from the protocol for
version 2.0, which was released on June 19, 2018. An independent medical monitor and the
data safety monitoring board oversaw trial safety and integrity with patients monitored for
graft failure and death.

A suitable donor was defined as an available haploidentical relative of the patient, including
biological parents, siblings or half siblings, children, uncles or aunts, first cousins, and
extended relatives. Eligible haploidentical donors had two to four mismatches if HLA-A,
HLA-B, HLA-C, and HLA-DRBL1 typing was used; two to five mismatches if HLA-A,
HLA-B, HLA-C, HLA-DRB1, and HLA-DQB1 typing was used; and two to six mismatches
if HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DQB1, and HLA-DPB1 typing was used.

A unidirectional mismatch in either the graft-versus-host or host-versus-graft direction was
considered a mismatch. The donor was defined as a full haplotype match by being identical
at a minimum of one allele (at high-resolution DNA-based typing) at the following genetic
loci: HLA-A, HLA-B, HLA-C, and HLA-DRBL if eight-allele typing was used; HLA-A,
HLA-B, HLA-C, HLA-DRB1, and HLA-DQBL if ten-allele typing was used; and HLA-A,
HLA-B, HLA-C, HLA-DRB1, HLA-DQB1, and HLA-DPBL1 if 12-allele typing was used by
the local centre. Donor-specific antibodies (at mean fluorescence intensity >1000 by solid
phase immunoassay) were an exclusion criterion.

Donor bone marrow was harvested with a target yield of 4 x 108 nucleated marrow cells per
kg of recipient ideal bodyweight?! and infused on day 0. Dose of nucleated marrow cells
per kg was calculated as previously described.2! The marrow was unmanipulated except
that major ABO-incompatible grafts were red blood cell depleted by buffy coat preparation

Lancet Haematol. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

DeZern et al.

Page 6

and minor ABO-incompatible grafts were plasma depleted as per institutional standards.
Correlatives included telomere length before bone marrow transplantation in all consenting
patients and consenting donors.

Rabbit anti-thymocyte globulin (Thymoglobulin [Sanofi]) was dosed at 0-5 mg/kg on day
-9 and at 2 mg/kg on days —8 and -7, intravenously. Fludarabine was administered at

30 mg/m? intravenously daily for 5 days, from day —6 to day -2 (total dose received

150 mg/m?). Cyclophosphamide was given at 14-5 mg/kg intravenously daily for 2 days
from day —6 to day —5 and administered as a 1-2 h infusion (total dose received 29
mg/kg) and total body irradiation was delivered in a single fraction of 200 cGy on day

-1. The marrow graft was infused on day 0. Filgrastim was given on day 5 at 5 pug/kg

per day and continued until absolute neutrophil count was greater than 1-5 x 10° cells per
L for 3 days. In addition to rabbit anti-thymocyte globulin, GVHD prophylaxis included
post-transplantation cyclophosphamide administered at 50 mg/kg per day intravenously on
days 3 and 4; mycophenolate mofetil given at a dose of 15 mg/kg orally three times a day
up to 1 g three times a day (maximum dose 3000 mg per day) from day 5 to day 35; and
tacrolimus given orally or intravenously from day 5 to day 180 as per institutional standards
to maintain a serum concentration of 10-15 ng/mL.

Blood product replacement and other supportive care measures were per institutional
practices, as were prophylactic and empirical antibiotics, antifungal prophylaxis,
Pneumocystis firovecii pneumonia prophylaxis, and intravenous immunoglobulin. Patients
were monitored for viral reactivation by weekly measurement of cytomegalovirus and
Epstein-Barr virus copy number by PCR of serum until day 100. If a patient had evidence of
viral reactivation, it was managed at the discretion of the treating site. Human herpesvirus 6
copy number was monitored weekly until day 60. In the event of development of either acute
or chronic GVHD, therapy was at the discretion of treating centres. The same was true for
the management of graft failure.

Adverse event reporting was consistent with the BMT CTN manual of procedures.??
Adverse events were assessed at multiple timepoints (day 28, day 56, day 100, day 180,

and day 365) after transplantation using the National Cancer Institute Common Terminology
Criteria for Adverse Events version 4.0. Of note, the study did not collect data on grade

1-2 toxicities as per the BMT CTN manual of procedures (although grade 2 infection data
were collected). Donor chimerism studies were done on peripheral blood or bone marrow on
days 28, 56, 180, and 360. Lineage-specific, myeloid, and T-cell chimerism were required.
The management beyond any documented graft failure was not specified by this protocol.
Acute GVHD was graded by consensus grading as per the BMT CTN manual of procedures.
Assessment for acute GVHD was done weekly up to day 100 and then monthly to 1-year
post-transplantation. The time of onset of grades 2—4 and grades 3—-4 acute GVHD were
recorded, as well as the maximum grade incurred. Chronic GVHD was assessed on the basis
of 2014 US National Institutes of Health Consensus Criteria.23 Quantitative assessments

of peripheral blood CD3, CD4, CD8, and CD56-positive lymphocytes were measured by
flow cytometric analysis at baseline, day 100, day 180, and day 365 post-transplantation to
monitor for immune reconstitution. Health-related quality of life was measured at baseline
and then change from baseline at day 100, day 180, and day 365 post-transplantation using
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two instruments: the Medical Outcomes Study 36-1tem Short Form Healthy Survey (SF-36)
for adult participants (older than 18 years), and the PedsQLTM Stem Cell Transplant
Module for paediatric participants (8—18 years).

The primary endpoint was overall survival 1 year after bone marrow transplantation. For
overall survival, death from any cause was considered an event and surviving patients were
censored at last follow-up. The secondary endpoints were assessment of the proportion of
patients alive and engrafted, neutrophil and platelet recovery, graft failure (primary and
secondary), grade 2-4 acute GVHD and chronic GVHD, immune reconstitution, infectious
complications (cytomegalovirus viraemia and disease, Epstein-Barr virus viraemia with or
without post-transplantation lymphoproliferative disorder), and health-related quality of life,
all within the first year after transplantation.

Alive with engraftment was described using graft-failure-free survival, with events including
death, primary graft failure, and secondary graft failure; patients alive without graft failure
were censored at last follow-up. Neutrophil recovery was defined as an absolute neutrophil
count of more than 0-5 x 109 cells per L on three consecutive measurements on different
days. Platelet recovery was defined as a platelet count greater than 20 x 109 platelets per L
for 7 days without transfusion. Primary graft failure was defined by the lack of neutrophil
engraftment by day 56 following bone marrow transplantation or not having at least 5%
donor chimerism (whole blood or marrow) on any measurement up to and including day 56.
Patients could have met this definition before day 56. Secondary graft failure was defined

as any one of the following: initial neutrophil engraftment followed by sustained subsequent
decline in absolute neutrophil count to less than 0-5 x 109 cells per L for three consecutive
measurements on different days; or initial whole blood or marrow donor chimerism greater
than or equal to 5%, but then declining to less than 5% on subsequent measurements; or
second infusion or transplantation given for graft failure.

In an additional prespecified exploratory analysis, recipient and donor telomere length
was assessed by flow cytometry fluorescent in-situ hybridisation (FISH) in lymphocytes
and granulocytes in the standard clinical fashion.2# These results were then analysed with
clinical outcomes. Patients and donors could choose to consent to this testing separately.

Statistical analysis

The primary hypothesis was that haploidentical bone marrow transplantation for severe
aplastic anaemia using the protocol regimen would result in overall survival at 1 year
after bone marrow transplantation of 75% or greater. The sample size of 30 patients

was calculated so that an observed overall survival of 75% would have a 95% Wald
confidence interval with a margin of error of plus or minus 15-5% on the basis of a
binomial proportion assuming complete 1-year followup of study participants. The lower
bound of this confidence interval would exclude a true overall survival rate of 59%, which
is close to historical overall survival rates with haploidentical transplantations reported to
the Center for International Blood and Marrow Transplant Research. Overall survival and
graft-failure-free survival were described using the Kaplan-Meier estimator. Cumulative
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incidences of GVHD, neutrophil recovery, platelet recovery, toxicity, and infection events
were summarised using the Aalen-Johansen estimator along with 95% confidence intervals;
death was considered as a competing risk. Confidence interval estimates for the cumulative
incidence function at a fixed timepoint were constructed using a point estimate and its
variance estimate obtained from the Aalen-Johansen estimator of cumulative incidence. The
SF-36 physical and mental component scores for adult patients and the PedsQL Stem Cell
Transplant Module for paediatric patients are summarised for each timepoint, as well as
change from baseline to each timepoint after transplantation, compared by the paired £test.
Other endpoints were summarised using descriptive statistics. Analyses were performed
using SAS version 9.4 and R version 3.6. This study is registered with ClinicalTrials.gov,
NCT02918292.

Role of the funding source

Results

The funder of the study had no role in study design, data collection, data analysis, data
interpretation, or writing of the report.

Between May 19, 2017, and Aug 31, 2020, 32 patients were enrolled from 14 centres
(figure 1). 31 of 32 patients enrolled received a transplant. One 65-year-old White Hispanic
male patient died of bacterial infection after enrolment but before receiving any protocol
treatment. The majority of patients underwent transplantation well after initial diagnosis;
however, five patients underwent transplantation within 6 months of diagnosis, allowable

on protocol, because their cytopenia was deemed too severe to wait additional months to
respond to previous immunosuppressive therapy. All other data describe the 31 patients who
received a transplant. Of the 31 transplant recipients, 19 (61%) were male, with 13 (42%)
of the cohort site-reported as non-White (table 1). There were four (13%) patients who
were Asian, seven (23%) Black, one (3%) Hawaiian/Pacific Islander, and one (3%) more
than one race, with seven (23%) patients reporting Hispanic ethnicity. The median age at
enrolment was 24-9 years (IQR 10-4-51-3). No patients had donor-specific HLA antibodies
requiring desensitisation against their donors as specified in the protocol. The median age of
haploidentical donors was 38-6 years (26-9-46:5).

1-year overall survival was 81% (95% CI 62-91; appendix p 7). The median follow-up for
all patients was 24-3 months (IQR 12-1-29-2). 24 (77%) of 31 patients were alive with
sustained engraftment at 1 year. Seven (23%) patients did not meet this endpoint, including
four (13%) patients with primary graft failure, one (3%) patient with secondary graft failure,
and two (6%) deaths without graft failure. There were no withdrawals reported on the study.

Six (19%) deaths were reported after transplantation. The site-reported primary causes of
death include graft failure (n=1), fungal infection (n=1), organ failure (n=2), interstitial
pneumonia (n=1), and encephalopathy (n=1). Two of these deaths occurred due to
complications after the first transplantation procedure. Overall, five patients (16%)
developed graft failure and all went on to receive a second transplant. Four of these five
patients died due to complications of their second transplantation procedure (three had
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developed primary graft failure and one secondary graft failure). Additional adverse events
are noted, by grade, in table 2.

Donor bone marrow was harvested with a target yield of 4 x 108 nucleated marrow cells

per kg of recipient ideal bodyweight,2! and a recommended minimum yield of 2.5 x 108
nucleated marrow cells per kg of recipient ideal bodyweight. The marrow grafts had a
median total nucleated marrow cell count of 4-4 x 108 cells per kg of recipient ideal
bodyweight (IQR 3:0-5-5 x 108), a median CD34* cell count of 3-9 x 10 cells per kg of
recipient ideal bodyweight (2-5-6:5 x 10%) and a median CD3" cell count of 14-6 x 107 cells
per kg of recipient ideal bodyweight (6:7-31-8 x 107). Among the 31 patients who received
a transplant, four (13%) did not attain the minimum marrow cell counts according to the
guidelines for minimum donor harvest included in the protocol, attaining cell counts of 1.7

x 108, 1.9 x 108, 2.0 x 108, and 2.0 x 108 nucleated marrow cells per kg of recipient ideal
body-weight. Three of these four patients developed either primary graft failure or secondary
graft failure. The fourth patient attained long-term engraftment. This finding illustrates

the decreased graft-failure-free survival in patients with low-cell-dose allografts, as these
patients had only 50% (95% CI 6-85) 1-year overall survival, mostly due to a 25% (1-67)
1-year graft-failure-free survival rate. In contrast, patients receiving more than 2.5 x 108
nucleated marrow cells per kg of recipient ideal bodyweight had a 1-year graft-failure-free
survival rate of 85% (65-94).

The proportion of patients alive and engrafted at 1 year (graft-failure-free survival) was 77%
(95% CI1 58-89; 24 of 31 patients). 22 patients had sustained 100% donor chimerism in

both myeloid and T-cell compartments at 1 year, and two patients had mixed chimerism
with more than 95% donor chimerism in both myeloid and T-cell compartments at 1 year.
One patient was alive at 1 year but with only 4% donor chimerism in the myeloid lineage,
indicative of autologous recovery with improved blood counts.

29 (94%) of 31 patients had neutrophil recovery by day 28. The median time to neutrophil
recovery was 17 days (IQR 15-19). The day-28 cumulative incidence of neutrophil recovery
was 94% (95% CI 72-99). The median time to engraftment as defined by ANC recovery (for
the 27 patients who did not develop primary graft failure) was 17 days (IQR 15-19). Among
the 24 patients who had platelet recovery by day 100, the median time of platelet recovery
to 20 000 platelets per UL or greater was 23 days (IQR 17-33; appendix p 6). The day-100
incidence of platelet recovery was 77% (95% CI 57-89).

19 (61%) of 31 patients developed infections after transplantation (appendix p 3). Of these
19 patients, 12 developed a maximum of grade 2 infection and seven a maximum of grade

3 infection. Grade 2 or higher infection occurred in five (100%) of five patients with graft
failure and 14 (54%) of 26 patients without graft failure. Four of the documented grade 3
infections (three fungal and one bacterial) occurred in the five patients with graft failure. The
majority of all documented infections were bacterial, followed by viral. Three patients had
documented fungal infections and all were in patients with graft failure.

Seven (23%) of 31 patients developed cytomegalovirus reactivation, three (10%) had
Epstein-Barr viraemia detected in routine testing, and two (6%) were diagnosed with post-

Lancet Haematol. Author manuscript; available in PMC 2023 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

DeZern et al.

Page 10

transplantation lymphoproliferative disorder with positive viraemia. All of these infections
were successfully treated (ie, the patients had undetectable viral loads). The 1-year
cumulative incidence, treating death as a competing risk, was 23% (95% CI 10-39) for
cytomegalovirus infection, 10% (2-23) for Epstein-Barr virus infection, and 7% (1-19) for
post-transplantation lymphoproliferative disorder.

The day-100 cumulative incidence of grade 2—4 acute GVHD was 16% (95% CI 6-31); all
five of the cases were grade 2. Eight (26%) of 31 patients developed chronic GVHD. One
case was moderate and the others were mild chronic GVHD; three of these eight patients
were not on immunosuppressive therapy at 1 year (appendix p 2). The 1-year incidence of
chronic GVHD was 26% (12-42; figure 2). All patients with chronic GVHD and at least 2
years of follow-up were reported to be off therapy. The GVHD-free survival (an exploratory
composite endpoint of survival without grade 3—4 acute GVHD or any chronic GVHD) was
55% (36-70).

Quantitative assessments of peripheral blood CD3, CD4, CD8, and CD56-positive
lymphocytes showed that, notably, T-cell counts (CD3, CD4, and CD8) decreased
substantially after bone marrow transplantation and slowly returned to baseline counts by
1 year. As expected, natural killer cells and B cells were very low before transplantation,
with natural Killer cells rising quickly after transplantation and reaching a plateau by 6
months, while B cells recovered slowly over the first year (appendix p 8).

21 (68%) of 31 patients were alive and evaluable for health-related quality of life surveys at
1 year; 15 (nine adults and six children; 71% completeness among survivors) had completed
both baseline and 1-year surveys (appendix p 4). For the six evaluable children, there was
significant improvement in their physical, emotional, social, and school functions from
before transplantation to 1 year after transplantation. Similarly, for the nine evaluable adults,
there was significant improvement in their physical component scores (general health,

pain, physical, emotional, and social functions) from before transplantation to 1 year after
transplantation. Participants did not report significant changes in mental component scores
between baseline and other timepoints studied.

For this cohort of patients with known acquired severe aplastic anaemia, normalised delta
telomere lengths were in the normal range (>1st-99th percentile) for all donors and nearly
all patients. Two patients had borderline low values in the granulocytes (with neutropenia)
but not in the lymphocytes. No significant associations were observed between the age-
adjusted telomere length and clinical outcomes of survival or engraftment (data not shown).

Discussion

Here we show, in a multicentre study, overall survival of 81% and graft-failure-free
survival of 77% with haploidentical bone marrow transplantation in heavily pretreated
paediatric and adult patients with relapsed or refractory severe aplastic anaemia without an
HLA-matched sibling or HLA-matched unrelated donor. These findings have great clinical
relevance, given that the prognosis for patients with severe aplastic anaemia treated with
immunosuppressive therapy remains suboptimal, with response rates of less than 80%,
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relapse rates up to 40%, and evolution to myelodysplastic syndrome in more than 15% of
patients in their lifetime.5>25 For the more than 40% of patients with disease that is refractory
to immunosuppressive therapy, the risk of death from bleeding or infection within 5 years
has historically been more than 50% in patients ineligible for bone marrow transplantation.28
Six patients older than 60 years were enrolled on this study and all engrafted, with only

one death in this age group. Additionally, this trial was able to enroll 61% of patients who
self-identified their race and ethnicity as non-Hispanic White.

Long-term failure-free survival for patients treated with immunosuppressive therapy is poor.
The median follow-up for nearly 200 patients treated on a prospective trial of equine
anti-thymocyte globulin with ciclosporin (with or without trial growth factor support) was
11-7 years and showed an overall survival at 15 years of 60%. Event-free survival was only
23%, with events including relapse, transplantation, secondary myelodysplastic syndrome
or acute myeloid leukaemia, and death.” At the time of relapse for a patient with severe
aplastic anaemia, eltrombopag is currently the only therapy for salvage approved by the

US Food and Drug Administration. There is a published response rate of 44% for a single
lineage response, but less than 25% of patients achieved a trilineage response.2’ Concern
has been raised about insufficient durability and longterm complications. Data suggest

that the addition of eltrombopag upfront improved rapidity and rates of response over
anti-thymocyte globulin and ciclosporin among previously untreated patients.8 With follow-
up, relapse occurred at shorter median times with the three-drug combination,>8 further
demonstrating a need for alternative approaches for these patients after immunosuppressive
therapy. Although salvage with repeat immunosuppressive therapy has been attempted in
some patients, intensification of the regimen with more potent drugs, such as rabbit anti-
thymocyte globulin, sirolimus, alemtuzumab, or mycophenolate, has not improved response
rates, which are generally 40% or less. This is a patient group in need of effective therapies
at relapse or non-responsiveness after immunosuppressive therapy, as highlighted as an area
of medical need for patients with severe aplastic anaemia by the 2014 BMT CTN Scientific
Symposium. The approach presented here originated in a single-centre trial, 1220 the results
of which were validated in this multicentre trial. The survival shown in the single-centre trial
(overall survival 94% [90% CI 88-100]) and the multicentre results reported here (overall
survival 81% [95% CI1 62-91]) have overlapping Cls, which is reassuring for the broader
applicability of this platform in severe aplastic anaemia.l® Limitations of the current study
include a paucity of available information on the previous immunosuppressive therapies
(number of cycles, response, and duration of response) before enrolment, relatively low
numbers of patients despite the study’s multicentre nature, and limited characterisation

of the bone marrow graft. Additionally, we followed up patients for cytomegalovirus and
Epstein-Barr virus reactivation but not for human herpesvirus 6 reactivation in the long term.

Availability of HLA-matched donors has been a limitation to bone marrow transplantation
at relapse in severe aplastic anaemia. Although results of bone marrow transplantation
from alternative donors for malignant diseases are improving,1® particularly with the use
of post-transplantation cyclophosphamide, there has been reluctance to adopt this approach
for severe aplastic anaemia. The results of this study support the idea that this curative

path for severe aplastic anaemia can be offered to all patients, including under-represented
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minorities, who historically have a low likelihood of finding a matched donor. More than
60% of patients on this trial were from groups other than non-Hispanic White.

The necessity of adequate cell dose to facilitate engraftment and survival is very evident in
this small dataset. Additionally, severe infections and toxicities occurred more frequently in
patients who had early or late graft rejection than in those who had no graft rejection; thus,
high cell dose to maximise engraftment is a key to optimal outcomes, as seen in a similar
Brazilian series.?8 Bone marrow harvesting is now performed less commonly than in past
decades, with more widespread use of peripheral blood grafts, and experience is lacking. 1
year after trial initiation, a series of rejections were reported in patients receiving very small
numbers of cells, and three of the first nine patients received grafts with small numbers of
cells. Training was provided to all sites on optimal harvest procedures. This training resulted
in larger harvested cell doses, and only one of 22 subsequent patients received a small cell
dose.

Patients, their families, and sometimes their providers often have concerns about the long-
term toxicities of bone marrow transplantation in severe aplastic anaemia. Data here should
be reassuring. Chronic GVHD was low in both incidence and severity. Health-related quality
of life increased to normal levels in patients who engrafted, especially in adults, indicating
the tolerance of this platform and the benefit of improved haematopoiesis with engraftment.
It is acknowledged that long-term follow-up of patients receiving the post-transplantation
cyclophosphamide regimen must continue and assessment of late effects is ongoing, in
patients transplanted for both malignant and non-malignant diseases. We believe these data
support the use of a minimum of 200 cGy in a single fraction of total body irradiation for
patients with relapsed severe aplastic anaemia. However, other series have shown a benefit
of augmentation to the dose of total body irradiation to further facilitate engraftment in
highly sensitised patients and treatment-naive patients.15:28

Conflicting reports?® on the effect of telomere length on survival outcomes for patients

with severe aplastic anaemia has confounded our understanding of how to use this

testing clinically. Most studies have used PCR-based methods as opposed to the Clinical
Laboratory Improvement Amendments-certified flow cytometry-FISH that was applied here.
The analysis in this trial does not support any difference in outcomes, by telomere length,
with this platform. However, the number of patients studied was small and the power to
detect an effect might be limited.

This study provides evidence for the role of haplo-identical bone marrow transplantation
using a post-transplantation cyclophosphamide-based regimen and a bone marrow graft

for patients with severe aplastic anaemia after failure of immunosuppressive therapy or
relapse after immunosuppressive therapy. Furthermore, it shows the importance of adequate
graft cell dose with minimum requirement of 2-5 x 108 marrow mononuclear cells to
optimise engraftment. We suggest that haematopoietic stem-cell transplantation should be
pursued at 3—6 months after immunosuppressive therapy if the patient still meets criteria for
severe disease or as the immediate option at the time of relapse, forgoing further toxicity
such as readdition of ciclosporin, eltrombopag, or other toxic immunosuppressive therapy
platforms.30 Although 200 cGy was sufficient for engraftment here in the majority of
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patients, 400 cGy appeared to result in better engraftment, without increased toxicity, in
other series and in the treatment-naive setting.1® The success of this approach in the salvage
setting should encourage further study to evaluate its efficacy earlier in the disease course
for patients with severe aplastic anaemia, as was recommended by the most recent BMT
CTN State of the Science Symposium.3! Validation of upfront transplantation for patients
with severe aplastic anaemia in multicentre studies through the BMT CTN is anticipated.
Those results, along with the ongoing randomised trial of immunosuppressive therapy versus
transplantation in paediatric patients with severe aplastic anaemia32 will determine whether
this approach is appropriate for patients at the time of initial diagnosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context
Evidence before this study

Haploidentical bone marrow transplantation in severe aplastic anaemia historically
carried unacceptably high rates of graft-versus-host disease (GVHD) to use this approach
in a non-malignant disease. We considered all the evidence in the field of transplantation
for non-malignant diseases before undertaking this study. We searched PubMed (in all
languages) from Jan 1, 1999, to Dec 30, 2015, for case reports and trials in severe aplastic

anaemia and transplantation, using the search terms “aplastic anemia”, “haploidentical”,
“conditioning regimen”, “myeloablative”, “cyclophosphamide”, “non-myeloablative”,
“reduced-intensity”, “hematopoiesis”. Given the relative disease rarity, there were no
formal meta-analyses on the topic. The quality of the evidence was modest, including
multiple case series and retrospective series with no randomised prospective controlled
trials. Previous noted rates of GVHD were as high as 70%, with overall survival varying
from 55% to 67%. For a non-malignant disease such as severe aplastic anaemia, it

was considered an undue risk in the bone marrow transplantation community to use
alternative donors to treat this condition. There were literature and research advocates in
the field calling for prospective trials that used conditioning to facilitate engraftment and
robust GVHD prophylaxis regimens to improve bone marrow transplantation outcomes in
severe aplastic anaemia with alternative donors.

Added value of this study

This trial adds value to the existing literature through demonstration, in a multicentre
setting, of a highly useful andbroadly applicable conditioning regimen and GVHD
prophylaxis for haploidentical bone marrow transplantation in severe aplastic anaemia,
which resulted in improved overall survival and low rates of GVHD compared with
approaches described in previous reports. Additionally, novelty of the regimen combined
with adequate bone marrow cell dose allow for sustained engraftment, which has not
previously been shown in this setting. This study provides strong evidence for use

of post-transplantation cyclophosphamide-based GVHD prophylaxis for patients with
severe aplastic anaemia when a haploidentical donor is used.

Implications of all the available evidence

These results, in combination with smaller, single-centre trials previously published

in the literature, extend the knowledge of the use of haploidentical bone marrow
transplantation with post-transplantation cyclophosphamide in severe aplastic anaemia.
Furthermore, an important question for the field is how this approach could be
incorporated proactively into the therapeutic algorithm at the time of relapse or refractory
disease after immunosuppressive therapy for severe aplastic anaemia. Future research
might support incorporation of haploidentical approaches into upfront therapy for severe
aplastic anaemia, using the same platform and emphasising graft cell dose.
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32 patients enrolled

— 1death before transplantation

v
31 patients received haploidentical bone marrow transplantation

v

31 transplanted patients included in the primary analysis
25 completed 1-year study follow-up
6 deaths

Figure 1: Trial profile
Data regarding number of patients assessed for eligibility and number excluded are not

available. The original study design included two cohorts: a haplo-identical bone marrow
transplantation group, and an unrelated cord blood group. No patients were enrolled in the
unrelated cord blood group so the protocol was revised to remove this group. The unrelated
cord blood group was removed from the protocol for version 2.0, which was released on
June 19, 2018. The protocol revision was done before any patients were enrolled on the
study.
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Figure 2: Incidence of acute (grade 2-4) and chronic GVHD
(A) Grade 2—4 acute GVHD. (B) Chronic GVHD. GVHD=graft-versus-host disease. All five

cases of grade 2—4 acute GVHD were grade 2.
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Baseline characteristics of transplant recipients and haploidentical donors

Table 1:

Study cohort (n=31)

Sex
Female 12 (39%)
Male 19 (61%)
Race and ethnicity
Non-Hispanic White 12 (39%)
Hispanic White 4 (13%)
Non-Hispanic Black 7 (23%)
Hispanic Black 0
Asian or Pacific Islander 5 (16%)
Native American 0
More than one race 1(3%)
Unknown 2 (6%)
Age, years 24.9 (10-4-51-3)
<10 years 7 (23%)
10-19 years 6 (19%)
20-29 years 5 (16%)
30-39 years 1 (3%)
40-49 years 4 (13%)
50-59 years 2 (6%)
60-69 years 5 (16%)
=70 years 1(3%)

Interval from diagnosis to transplantation, months

<6 months

>6 and <12 months
>12 and <18 months
>18 and <24 months
>24 and <30 months
>30 and <36 months
>36 and <42 months
>42 and <48 months
>48 and <54 months
>54 and <60 months
>60 and <66 months
>66 and <72 months

>72 months

10-8 (8-1-32.0)
5 (16%)
11 (35%)
4 (13%)
1(3%)
1(3%)

3 (10%)
1(3%)

0

2 (6%)
1(3%)

0

0

2 (6%)

Donor age, years

386 (26:9-46'5)

Donor relationship
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Study cohort (n=31)

Related haploidentical 31 (100%)
Donor sex

Female 18 (58%)

Male 13 (42%)

Donor/recipient cytomegalovirus serostatus at baseline

++ 17 (55%)
+- 2 (6%)
I+ 4 (13%)
-I- 7 (23%)
Missing 1 (3%)

Data are n (%) or median (IQR).

Lancet Haematol. Author manuscript; available in PMC 2023 September 01.



Page 21

DeZern et al.

*(pa129]109 a1aMm eIep UONBUI Z apeld yBnoyije) sainpadoldd Jo [enuew NLD 1ING 8y Jad se sanioixo) z—T
apeJf uo e1ep 1991|109 10U pIp Apnis 8y 'sainpadoid Jo [enuew N1D 1IAF 8y 1ad paloadxa se sem A1191x0] (siuedioned Jo Jaquinu €101 ay) T€ S sabejuaalad |[e Joy Jojeuriouap ayl ‘(%) U Jo u ate ereq

(%vL) €2 95T (%eT) ¥ 9 (%e2) L LT (%vL) €2 eetT (s1uana anoge Aue) [ejoL
0 0 0 0 0 0 0 0 $13PIOSIP JBINISEA
(%92) 8 81 (%9) ¢ I (%01) € € (%92) 8 €T SIapIoSIp [euniselpaw pue ‘o1oeioy) ‘Aiojelidsay
(%91) § 01 (%9) ¢ 14 (%) T Z (%eT) ¥ 9 s19pJosIp [eusy
(%eT) ¥ S 0 0 (%e) T T (%01) € v S13p10SIP Wa)SAS SNOAIBN
(%) T T 0 0 0 0 (%e) T 1 SI9PI0SIP SNSSI} SAIIBUUOD PUE [€3D[3XSOINISNIA
(%e2) L 4 0 0 (%e) T T (%e2) L 1 SJ3PIOSIP UORLINU PUB WSI|OgeIsN
(%€2) L 14 0 0 0 0 (%€2) L A5 Jovenoal
(%e) T T 0 0 (%e) T T 0 0 S13pJ0SIp WajsAs sunwiw|
(%6T1) 9 01 0 0 (%9) 2 Z (%971) & 8 s1aposip anyedaH
(%071) € S 0 0 (%e) T 14 (%01) € € s1apiosip d1feyiiowaeH
(%91) § 8 0 0 (%) T Z (%eT) ¥ 9 S19pJOSIp [eJ8UsD
(%ee) o1 91 (%€) T T 0 0 (%62) 6 qT SI13pI0SIP [BUNS3)UI0LSED
(%9) 2 € 0 0 0 0 (%9) ¢ € suonebnsanul/Ansiwayd
(%8Y) ST 8¢ (%€) T T (%9) 4 (%8v) ST se 4 SIBPIOSIP JBINOSBAOIPIED
(%e) T T 0 0 (%e) T T 0 0 SiapJosip aeydwA| pue poojg
(%€2) L 91 0 0 0 0 (%€2) L 91 swoydwiAs Janl| [ewouqy
sjuedidiied  SswueA3  siuedipnded  SusAg  siuedioiued  sjuaAg  sauedioiued  sjuang
G—¢ sepel G epels v apeis € apelo

sse[o uebio waisAs Aq Alewiwuns uonaagul pue A1191X0) SJUBAS 3SIaAPY

‘¢ dlgeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Lancet Haematol. Author manuscript; available in PMC 2023 September 01.



Page 22

DeZern et al.

'Pa103]109 OS[e SeM 31ep 13SUO UOII34UI PUB ‘PaliNdd0 JUSAS UOIIIBUI

Ue J8ABUBYM paliodal a1am suonoayu] *(g d) xipuadde ayl Ul UMOYS 8Je SUOIOBLUI UO BIep [RUOIIPPY "sluaiied /T Ul suonosyul z apesh zg Buipnjour ‘susired GT Ul SIUSAS UOI28JUI 9 JO [EI0) B 3JaM EEJ

‘siipseoniad pue ‘ainjiey Ueay “elpJedkyde) snuIs Papnjoul SIapJoSIp JejnaseAclpIe)
«

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Lancet Haematol. Author manuscript; available in PMC 2023 September 01.



	Summary
	Introduction
	Methods
	Study design and participants
	Procedures
	Outcomes
	Statistical analysis
	Role of the funding source

	Results
	Discussion
	References
	Figure 1:
	Figure 2:
	Table 1:
	Table 2:

