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Hematopoietic cell transplantation for thalassemia and sickle cell disease:
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p-Thalassemia major and sickle cell disease (SCD) are
among the most common hereditary disorders worldwide.
The supportive treatment of f-thalassemia major requires
chronic, life-long RBC transfusions, which cause progres-
sive iron overload and the potential for impaired endo-
crine, cardiac and hepatic function. The phenotype of
thalassemia major is reliably predicted by its genotype. In
contrast, SCD is a variable genetic disease caused by a
single amino acid substitution in the § chain of human
hemoglobin. Manifestations of SCD are quite varied, but
generally result from the tendency of Hb S to irreversibly
polymerize under physiologic stressors such as hypoxemia
and acidosis. The polymerization causes perturbations in
the erythrocyte integrity that promote vaso-occlusion and
which manifest as clinical events such as severe painful
episodes, acute chest syndrome, splenic infarction, stroke
and avascular necrosis of target joints. The only cure
proved for these disorders is correction of the genetic
defect by allogeneic hematopoietic cell transplantation
(HCT). We illustrate the pediatric experience of HCT for
hemoglobinopathies and discuss how these results affect
future therapeutic decisions in children who inherit these
disorders.
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Introduction

B-Thalassemia major and sickle cell disease (SCD) are
hereditary anemias that decrease lifespan and reduce the
quality of life. While supportive therapies are available that
minimize long-term sequelae, the only cure for these
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disorders is allogeneic hematopoietic cell transplantation
(HCT). While the outcomes after HCT are quite similar in
both disorders, the decision about when and if to pursue
HCT follows very different time-lines. All patients with
thalassemia are at risk for transfusion-related iron overload
and its attendant negative impact on clinical well-being. As
a result, many clinicians strongly consider HCT as a
therapeutic option in children who are less than 17 years of
age and who have an HLA-identical sibling donor, due to
the excellent results of HCT in this setting. However, in
patients with SCD, the clinical symptoms are diverse and
most clinicians delay HCT until there is evidence of severe
disease, such as in those who have had a stroke, even
though the results after HCT for SCD are very similar to
results after HCT for thalassemia. This review presents the
current state-of-the-art of HCT for B-thalassemia and SCD
and discusses future directions that might improve survival
and decrease morbidity.

p-Thalassemia major

Background

Thalassemias result from mutations of the globin genes that
cause reduced or absent hemoglobin production, reducing
oxygen delivery.' The thalassemias are the most common
single-gene disorders, with 4.83% of the world population
carrying a globin gene variant.> To treat the anemia and
restore oxygen delivery to tissues, chronic lifelong trans-
fusions are required in those who have thalassemia major.
However, this promotes progressive iron overload and
organ damage. Regular iron chelation by deferoxamine B
slows this process, but progressive iron overload contri-
butes to portal fibrosis and cardiac failure, and the former
may be enhanced by concomitant hepatitis C virus
infection. The only definitive cure for thalassemia is to
correct the genetic defect by HCT.

Indications for HCT

In most cases, a suitable HLA-matched identical family
donor must be identified before HCT for thalassemia. In
addition, the patient typically is assigned to 1 of 3 Pesaro
risk classes. This classification is based upon clinical
features of thalassemia that include: (1) adherence to a
program of regular iron chelation therapy, (2) the presence
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or absence of hepatomegaly and (3) the presence or absence
of portal fibrosis observed by liver biopsy (Table 1). The
conditioning regimen is uniform for Classes 1 and 2
patients (those who have none or one risk factor,
respectively), but is modified for those who have Class 3
features (those with more than one risk factor) due to an
increased risk of transplant-related mortality (TRM).?

Hematopoietic cell transplantation for p-thalassemia

In December of 1981, a 1-year-old thalassemic patient with
no transfusion exposures was treated by HCT in Seattle
using an HLA-identical sibling donor. The patient remains
alive and well more than 20 years later with no sequelae of
B-thalassemia. Shortly after the initial Seattle case, a 14-
year-old heavily transfused thalassemia patient underwent
HCT in Pesaro, but in contrast, had recurrence of disease.*
Since these initial cases, more than 900 patients in Pesaro,
Italy, and over 1600 patients worldwide have been treated
by HCT for B-thalassemia (Table 2).'° However, these
initial cases illustrate how the approach to HCT in terms of
patient selection and transplantation preparation evolved
in response to risk factors in transplant recipients.

Table 1 Risk factors for BMT in hemoglobinopathies

Risk factors for BMT in thalassemia
Chelation
Hepatomegaly
Liver fibrosis

Regular vs irregular
Absent vs present
Absent vs present

Chelation Hepatomegaly Fibrosis

Risk classes for BMT in thalassemia

Class 1 Regular No No
Class 2 Regular/irregular No/Yes No/Yes
Class 3 Irregular Yes Yes

Abbreviation: BMT = bone marrow transplantation.

Reprinted from Lucarelli G, Andreani M, Angelucci E. The cure of
thalassemia by bone marrow transplantation. Blood Rev 2002; 16: 81-85,
Copyright (2002), with permission from Elsevier.

A study by Lucarelli et al.® in 1990 reported the initial
results after HCT involving 222 patients with B-thalasse-
mia. All patients received a uniform conditioning regimen
of busulfan (14mg/kg) (Bul4) and cyclophosphamide
(200 mg/kg) (CY200) and GVHD prophylaxis consisted
of CsA, MTX and in a few instances, antilymphocyte
globulin (ALG). An analysis of a cohort of these patients
(n=99) showed that thalassemia-free survival in Classes 1
and 2 patients was 94 and 77%, respectively (Figure 1),
with Class 3 patients experiencing a decreased rate of
thalassemia-free survival (53%).° Subsequently, Class 3
patients were conditioned with a lower dose of cyclopho-
sphamide (160 mg/kg) in an effort to decrease TRM. This
modification improved survival after HCT in Class 3
patients <17 years (79 vs 65%), but this was associated
with a graft rejection (GR) rate of 30%, thus overall event-
free survival (EFS) was not affected by the dose modifica-
tion (Figure 2).'"" To decrease the rejection rate in this
group of patients, a newer regimen was adopted in 1997.
The aim of the novel approach was to accomplish bone
marrow ablation and also enhance pre-HCT immunosuppres-
sion by administering hydroxyurea (30 mg/kg per day) and
azathioprine (3 mg/kg per day) well in advance of HCT, from
day —45 and also administer fludarabine (FLU) (20 mg/m?
per day) from days —17 to —11. In addition, chelation and
hypertransfusion were performed during the pre-HCT con-
ditioning. The patients then received conventional condition-
ing with Bul4 and CY160 (patients <17 years) or CY
90 mg/kg (patients > 17 years). A recent analysis of 29 Class
3 patients <17 years showed a thalassemia-free survival of
90% and an overall survival (OS) of 96%.°> Furthermore, the
probability of death and rejection were improved, with rates
of 4 and 7%, respectively.’

The North American experience of HCT for B-thalasse-
mia, although limited, has been similar to the Italian
series.'>'* At the University of California, San Francisco,
17'2 patients (ages 0.8—18 years) underwent HLA-matched
sibling (n=16) or phenotypic HLA-matched parental
(n=1) HCT. All were conditioned with Bul6, antithymocyte

Table 2 Outcomes of hematopoietic cell transplantation in B-thalassemia (pediatric to young adults)
Author N Age Stem cell source TRM (%)  Survival (%) aGVHD =22 (%) ¢GVHD (%)
median|range
(yrs)
Lucarelli ez al.® 886 NA (1-35) MSD/MRD NA TFS: 73 NA NA
La Nasa et al.® 68 15 (2-37) MUD 20 0S: 79.3 40 18
Locatelli et al.” 33 5 (1-20)* Matched: 27 (61%)* NA 2 years EFS: 79 117 6"
Thalassemia
11 SCD Mismatched: 17 (39%)* OS: 100*
Hongeng et al® 49 Related: 7.2 Related: 28 10 OS (all patients): Related: 32 Related: 14
(0.5-18.7) 89
Unrelated: 4  Unrelated: 21 Unrelated: 42 Unrelated: 14
(0.7-12)
Gaziev et al.’ 29 6 (1.1-33)  HLA-phenotypically 34 OS: 65 473 37.5
identical relatives: 6
Mismatched relatives: 2 EFS: 21

mMSD: 13

Mismatched parents: 8

Abbreviations: aGVHD = acute graft-versus-host disease; cGVHD = chronic graft-versus-host disease; EFS =event-free survival; mMSD = mismatched
sibling donor; MRD = matched related donor; MSD = matched sibling donor; MUD = matched unrelated donor; NA = not available; OS = overall survival;
SCD =sickle cell disease; TFS = thalassemia-free survival; TRM = transplant-related mortality.

“Includes total cohort (thalassemia/SCD).

Bone Marrow Transplantation



1.0 _Class 1
0.8 ’ Cla_ss 2 =
gO.G ] (':Iass3 - .
©
2
S
504
7}
0.21
0'0 T T T T T
0 1 2 3 4
Years

Figure 1 Probabilities of survival after transplantation in 99 patients with
thalassemia. The patients in Class 1 (n=239) had neither hepatolmegaly nor
portal fibrosis, those in Class 2 (n=136) has only one of the risk factors,
and those in Class 3 (n=24) had both. Lucarelli ez a/. Bone marrow
transplantation in patients with thalassemia. N Eng J Med 1990; 322:
417-421. © Copyright [1990] Massachusetts Medical Society. All rights
reserved.?
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Figure 2 Survival and rejection rate in 122 Class 3 thalassemia age
less than 17 years receiving busulfan 14mg/kg and cyclophosphamide
120-160 mg/kg. Originally published in Lucarelli et al. The cure of the
thalassemia with bone marrow transplantation. Bone Marrow Transplant
2001; 28 (Suppl 1): S11-S13, © Copyright (2001), with permission from
Nature Publishing."'

globulin (ATG) (80mg/kg) and CY200. OS was 94%,
with a thalassemia-free survival of 71%.'* Interestingly,
5 of these patients had Pesaro Classes 2 or 3 characteristics.
Similarly, a report from Memorial Sloan Kettering Cancer
Center included 13 children (age 1.2—15 years) who received
an HLA-matched (n=12) or single HLA-antigen mis-
matched (n=1) family donor bone marrow transplantation
following conditioning by Bul4 and CY200 (n=9) or TBI
(720cGy) and CY120mg/kg (n=4). The OS was 92.3%
and the thalassemia-free survival was 84.6%. A role for
radiation in conditioning is suggested by this report,
although earlier experience in Italy indicated that the
mortality rate was higher in regimens with TBI.?

Alternate donor stem cell transplantation in thalassemia

Related donor umbilical cord blood transplantation
(UCBT). While bone marrow as a source of hemato-

Hematopoietic cell transplantation for hemoglobinopathies
M Bhatia and MC Walters

o

poietic cells from an HLA-identical sibling is the gold
standard in patients with B-thalassemia, there is still a risk
of TRM and GVHD after BMT. Cord blood is an
alternative source of hematopoietic cells in pediatric
patients with malignant and nonmalignant conditions.
Several studies have suggested that UCBT recipients benefit
from a lower risk of GVHD''® and a recent analysis
comparing 113 children who received a UCBT from a
compatible sibling with 2052 HLA-identical sibling marrow
transplant recipients showed that children receiving UCB
experienced a significantly reduced risk of developing acute
GVHD (aGVHD) and chronic GVHD (¢cGVHD)."”

Locatelli e al.” retrospectively analyzed 44 patients who
had thalassemia (n=233) or SCD (n=11). The median age
was 5 years (1-20 years). All patients with thalassemia had
Pesaro Classes 1 or 2 risk features. Conditioning regimens
were variable with Bul4 or Bul6 as the backbone combined
with CY, FLU or Thiotepa (TT). A total of 18 patients also
received ALG or ATG. GVHD prophylaxis was also
variable but the majority of patients (n = 30, 68%) received
CsA alone. The median nucleated cell dose was 4 x 107
total nucleated cells per kg recipient weight. The OS in both
groups was 100%. The thalassemia disease-free survival
was 79% and the SCD-free survival was 90%. Among the
thalassemics, the use of BU, TT and CY, or BU, TT and
FLU in the preparative regimen was associated with a
significantly higher probability of EFS compared with the
combination of BU and CY with or without ATG (94 vs
62%, respectively, P=0.03). The EFS in thalassemia
patients who had Classes 1 and 2 features was 89 and
62%, respectively. Of the 38 patients who engrafted, only 4
developed grade 2 aGVHD. Among those patients who
developed aGVHD, 2 received allografts from an HLA-
disparate donor. Limited cGVHD was diagnosed in 2 of 36
evaluable patients, 1 of whom had aGVHD. The Kaplan—
Meier estimate of probability of developing aGVHD and
c¢GVHD was 6 and 11%, respectively.'?

Alternate related donor HCT

Generally, the results after HCT using HLA-mismatched
donors are inferior compared to HLA-identical sibling
HCT due to an increased incidence of and severity of
GVHD, infections and GR.'®'° Gaziev et al.’ analyzed 29
patients with [-thalassemia who received HCT from
phenotypically HLA-matched relatives (n=6), HLA-mis-
matched relatives (n=2), mismatched siblings (n=13) or
mismatched parents (n=38). The median age was 6 years
(1.1-33 years; only one patient was greater than 16 years).
Pesaro classification was as follows Class 1 (n=06), Class 2
(n=17) and Class 3 (n=6). The majority of patients
(n=15, 52%) had a single HLA-antigen mismatch.
Conditioning regimens were variable but all received Bu8,
14 or 16 mg/kg in combination with CY, TBI or TLI. Nine
patients received ALG. GVHD prophylaxis was variable
with the majority receiving CsA, methylprednisolone and
MTX (n=22, 77%). After HCT, there was sustained
engraftment of donor cells in only 13 patients (44.8%). A
total of 62% of recipients experienced an infectious
complication. A total of 10 patients (34%) experienced
TRM, and 7 died during the first 100 days post-HCT. Of 19
patients evaluable for aGVHD, 9 developed grade II-1V
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aGVHD (47.3%) and of the 8 patients evaluable for
c¢cGVHD, 3 developed severe cGVHD (37.5%) which was
fatal in two cases. Overall survival and EFS were 65 and
21%, respectively, which is significantly lower compared to
results after HLA-identical sibling HCT for thalassemia.
This study demonstrated higher than acceptable rates of
mortality and GVHD and at present, HLA-mismatched
related donor HCT is not a suitable option for patients who
lack an HLA-identical sibling donor.

Unrelated donor HCT for thalassemia
In an effort to expand HCT to those who lack a suitable
sibling donor, unrelated donor HCT has been pursued.®®
In one recent report, 68 thalassemic patients were treated
by unrelated volunteer donors using donor selection criteria
that relied on high-resolution molecular testing at HLA
Class 1 and 2 loci. Patients had a median age of 15 years
(range 2-37 years). A total of 14 patients were classified in
risk Class 1, 16 in Class 2 and 38 in risk Class 3 using the
Pesaro classification. Overall and thalassemia-free survival
was 79.3 and 65.8%, respectively, and those with Classes 1
and 2 risk features had an overall and thalassemia-free
survival of 96.7 and 80%, respectively. A total of 45
patients had full donor chimerism after HCT. A total of 24
of 59 evaluable patients (40%) developed grade II-1V
aGVHD and 10 patients (17%) developed grade III-1V
aGVHD. Among the 56 evaluable cases, 10 developed
¢GVHD (18%), limited in five cases and extensive in five
cases.®

Similar results were reported in another analysis that
included 49 children with thalassemia. In this series, 28
patients received a related donor allograft and 21 had an
unrelated donor. With respect to engraftment, transplant-
related complications, and thalassemia-free survival, there
was no superior donor source identified. The 2-year
thalassemia-free survival for recipients of related donor
SCT was 82% as compared with 71% in the unrelated
donor stem cell group. Three patients in the unrelated
group who had GR experienced autologous recovery and
are alive. Two patients in the related group died and three
in the unrelated group died (P =0.63) of sepsis, GVHD or
bleeding.® Together, these data strongly suggest that
improvements in donor selection and transplantation
preparation have improved the safety of unrelated donor
HCT for thalassemia, and in selected patients, this is an
approach to pursue when there is no suitable sibling donor.

Sickle cell disease

Background

SCD contrasts with thalassemia major by its variable
course of clinical severity. Its typical clinical manifestations
include anemia, severe painful crisis, acute chest syndrome,
splenic sequestration, stroke (clinically overt and silent),
chronic pulmonary and renal dysfunction, growth retarda-
tion, neuropsychological deficits and premature death.
Historically, the mainstays of treatment are both preventive
and supportive. A number of specific milestones have been
responsible for improving outcomes and these include
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penicillin prophylaxis, improved management of febrile
episodes and the recognition of acute chest syndrome as an
important cause of morbidity and mortality. For those
children affected by SCD, three major therapeutic options
are available: chronic blood transfusion, hydroxyurea and
HCT. Of these options, only HCT affords patients the
possibility of cure. The first allogeneic BMT for SCD was
reported in 1984 in a patient with AML who also had
SCD.?° Since this initial report more than 250 patients with
SCD have been treated by HLA-identical sibling HCT.

Indications
While more than 1600 patients worldwide with B-thalasse-
mia major have undergone allogeneic HCT, many fewer
patients with SCD have done so.*?'>? This is due in part to
the more variable clinical course of SCD and limitation of
patient eligibility to individuals with advanced stage disease
often involving neurological and pulmonary vasculo-
pathy.423-24

The preliminary experience of HCT for B-thalassemia
major has in part provided the rationale for extending
this treatment to sickle cell anemia. Walters et al.** used
selection criteria similar to that applied to patients with
B-thalassemia major and chose patients with debilitating
clinical events, including stroke, recurrent acute chest
syndrome and recurrent painful vaso-occlusive crises, but
selected children rather than adults and before the
development of permanent end organ damage (Table 3).
These complications are associated with significant mor-
bidity and early mortality among patients with SCD?® and
are the criteria upon which most early studies are based.

Hematopoietic cell transplantation for SCD
Three major clinical series account for most of the
experience of HCT for SCD. The multicenter collaborative
study enrolled 59 patients with symptomatic SCD?>27 and
the Belgian group reported results in 36 patients with
previous sickle-related morbidity and 14 asymptomatic
patients.?® The largest series to date was published recently
by Bernaudin et a/.? in which 87 symptomatic patients with
SCD were treated. The majority of patients received HLA-
identical sibling donor allografts. The results of these three
studies were very similar. OS was 92-94% and EFS was
82-86% with a median follow-up range of 0.9-17.9 years.
Figure 3 depicts the outcomes for the first 50 patients with
SCD transplanted in the multicenter collaborative study.?’
All patients with stable donor engraftment survive free of
the clinical manifestations of SCD. Interestingly, the results
in patients with asymptomatic disease were superior to
those with symptomatic disease, with an OS of 100 vs 88%
and EFS of 93 vs 76%, respectively, in the Belgian cohort
(Table 4).2%3°

TRM from all three series was also similar and was
approximately 7% with infections as the chief cause.
Similarly, the incidence of aGVHD > grade II was approxi-
mately 15-20%. The rate of cGVHD was 20% in Vermylen
et al. study compared to 12 and 13.5% in the Walters et al.
and Bernaudin er al. reports, respectively.

In these three series, all patients were conditioned with
Bu 14-16 mg/kg or 485mg/m? with CY200; ATG was also



Table 3 Criteria for eligibility for transplantation in children with
sickle cell disease

Criteria for inclusion

Sickle cell disease (sickle cell anemia, sickle cell-hemoglobin C disease

or sickle cell-f-thalassemia)

Age less than 16 years

HLA-identical related donor

One or more of the following
Stroke or central nervous system event lasting longer than 24 h
Acute chest syndrome with recurrent hospitalizations or previous
exchange transfusions
Recurrent vaso-occlusive pain (=2 episodes per year for several
years) or recurrent priapism
Impaired neuropsychological function and abnormal cerebral MRI
scan
Stage I or II sickle lung disease
Sickle nephropathy (moderate or severe proteinuria or a glomerular
filtration rate 30-50% of the predicted normal value)
Bilateral proliferative retinopathy and major visual impairment in at
least one eye
Osteonecrosis of multiple joints
Red-cell alloimmunization (=2 antibodies) during long-term
transfusion therapy

Criteria for exclusion

Age greater than 15 years

Lack of availability of HLA-identical donor?*

One or more of the following
Karnofsky or Lansky functional performance score < 70°
Acute hepatitis or evidence of moderate or severe portal fibrosis or
cirrhosis on biopsy
Severe renal impairment (glomerular filtration rate, <30% of the
predicted normal value)
Severe residual functional neurologic impairment (other than
hemiplegia alone)
Stage III or IV sickle lung disease
Demonstrated lack of compliance with medical care
Seropositivity for the human immunodeficiency virus

Walters MC, Patience M, Leisenring W, et al. Bone marrow transplant-
ation for sickle cell disease. N Engl J Med 1996; 335: 369-376. Copyright ©
1996 Massachusetts Medical Society. All rights reserved.>

“Patients with HLA-matched related donors with the sickle-cell trait were
not excluded.

*The Lansky performance is a measure of functional status in children.

administered in the French and multicenter studies to
mitigate the risk of rejection and unstable mixed chimerism.
GVHD prophylaxis consisted of CsA or CsA with MTX.

Alternate donor stem cell transplantation in SCD

While HCT is curative in patients with SCD, only 14-18%
of patients with SCD are estimated to have a suitable
family donor. Cord blood and marrow donations from
family donors have been used with equal success in SCD.>!
In the analysis noted earlier that included 11 patients with
SCD, the OS was 100% and the EFS was 90% after UCBT
for SCD.” A single patient with SCD had GR after UCBT
and there were low rates of acute and cGVHD.

The use of unrelated donors in HCT for SCD is under
development. There are several limitations which restrict
the uniform utilization of allogeneic adult donors that
include donor availability, and the high risk of severe
aGVHD. Recently, unrelated donor UCB safely reconsti-
tuted recipients with malignant and nonmalignant diseases
after 2-3 HLA-antigen disparate HCT with a median time
to myeloid engraftment of 24-28 days.?*** Limited results
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Figure 3 Outcome after transplantation for 50 children with advanced,
symptomatic sickle cell disease. Kaplan—Meier estimates for survival and
event-free survival following marrow transplantation are shown. An event
is defined as death, graft rejection or recurrence of sickle cell disease. A
cumulative incidence curve for graft rejection and return of sickle cell
disease is also depicted. This research was originally published in Blood.
Walters et al. Impact of bone marrow transplantation for symptomatic
sickle cell disease: an interim report. Blood 2000; 95: 1918-1924. © The
American Society of Hematology.?’

of unrelated donor UCBT for SCD show promise for the
future, but infection, GR and GVHD remain obstacles.
Adamkiewicz recently published results on seven children
with SCD and stroke receiving chronic transfusions who
underwent unrelated UBCT. Five patients received an
HLA 4/6 antigen matched UCBT and two patients received
a 5/6 HLA-antigen matched UCBT. The regimens were
variable with four receiving a myeloablative regimen and
three patients receiving a reduced intensity regimen. Of
these seven patients, three had sustained engraftment, all
receiving a myeloablative preparative regimen. Among the
patients who engrafted, two of three developed grade
III-IV aGVHD, one patient developed cGVHD and the
other patient died. Four patients developed (57%) viral
infections. This study was limited in sample size
and indicates that a prospective, multicenter trial with
similar treatment guidelines might be more effective and
informative.**

Reduced intensity conditioning regimens
Efforts to expand the application of HCT for SCD and
thalassemia have been restricted not only by lacking
suitable donors, but also by the risk of significant toxicity
that accompanies this intensive procedure.®> A recent
review of 175 SCD patients treated by conventional HCT
observed complications of GR and disease recurrence in 16
patients (9%) with 17 patients (9%) dying of transplant-
related causes. To date, this therapy is generally reserved
for those who have experienced significant sequelae of
SCD. To consider HCT for SCD before irreversible vital
organ damage has occurred and thereby expand its
availability, it is necessary to improve first the risk—benefit
ratio.?>3¢

Recently, reduced toxicity regimens, often employing
FLU, have been tested in allogeneic HCT to reduce the

113

Bone Marrow Transplantation



o

Hematopoietic cell transplantation for hemoglobinopathies
M Bhatia and MC Walters

114

Table 4 Pediatric hematopoietic cell transplantation in sickle cell disease
Author Center/| N Age median/range Follow-up Graft rejection TRM EFS aGVHD =2 ¢GVHD (%)
Group (years) median/range (%) (%) (%) (%)
(years)
Vermylen et al.*® Belgium 50 7.5 (0.9-23) 5(0.9-15) 10 7 82 20 20
Walters ez al.*” USA 59 9.4 (3.3-14) 3.2 (0.5-7.9) 10 6 84 15 12
Bernaudin et al*®  SFGMTC 87 8.8 (2.2-22) 6 (2-17.9) 7 6.9 86.1 20 13.5

Abbreviations: aGVHD =acute graft-versus-host disease; cGVHD = chronic graft-versus-host disease; EFS =event-free survival; SFGMTC = Société
Frangaise de Greffe de Moelle et de Thérapie Cellulaire; TRM = transplant-related mortality.

cytotoxic/morbid effects of traditional myeloablative con-
ditioning regimens. These range in the degree of intensity
from being minimally toxic and nonmyeloablative (NMA),
and conducted in the outpatient setting to being moderately
ablative and requiring hospitalization. However both are
associated with fewer side effects compared to standard
myeloablative regimens. The rationale for lower intensity
conditioning regimens in hemoglobinopathies stems from
the historical experience indicating that stable mixed
chimerism is sufficient for cure.?’-*® Thus, myeloablation
may not be necessary for a successful outcome. Iannone
et al.,*® in a retrospective multicenter series, described a
NMA HCT approach in seven pediatric patients with SCD
(n=06) and thalassemia (n=1). This very low intensity
conditioning regimen consisted of minimal intensity FLU/
2GY TBI regimen. Two patients also received ATG.
Regimen-related toxicity was minimal but resulted in only
transient donor engraftment in six of seven patients. These
results suggested that more intensive conditioning is
required in individuals with pre-HCT transfusion expo-
sures. This is also supported by the observation of frequent
GR after myeloablative allogeneic HCT (5-10%). Thus, it
is not likely that a minimal intensity conditioning regimen
will sustain donor chimerism that is sufficient for a
therapeutic effect, especially in transfused recipients. Another
factor that affects outcome is the timing and tempo of
immunosuppression withdrawal after NMA HCT. Studies in
patients with malignant diseases typically follow a rapid taper
of post-grafting immunosuppression to elicit a graft-versus-
leukemia effect. However, a rapid taper of immunosuppres-
sive therapy appears to increase the likelihood of GR in
patients with SCD. An emphasis on immunosuppression
rather than myeloablation may be worthy of consideration in
future studies to reduce the toxicity of HCT for SCD. If these
studies are able to show sustained mixed donor chimerism
with low regimen-related toxicity, the paradigm that only
severely affected patients with SCD be offered HCT may
shift thus allowing more low-risk patients the alternative of
cure without long-term morbidity.

Autologous gene therapy for hemoglobinopathies

In the absence of suitable donors, alternate curative
therapies are under investigation. The genetic correction
of autologous hematopoietic stem cells (HSCs) represents
an attractive treatment option.? Issues common to all stem
cell-based gene therapies include isolation and transduction
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of HSCs, the design of vectors that provide therapeutic
expression with a minimal risk of insertional oncogenesis,
and the implementation of nontoxic transplant conditions
that permit host repopulation.*® Furthermore, globin
therapy ideally should be erythroid specific, differentiation
and stage specific, elevated, position independent and
sustained.*® Achievement of therapeutic B-globin expres-
sion has been an obstacle in the success of gene therapy, but
recent studies have indicated that therapeutic levels of
hemoglobin synthesis can be attained in the progeny of
virally transduced HSCs. Using lentiviral vectors to obtain
high-level expression of B-globin genes, therapeutic correc-
tion of several murine models of both B-thalassemia and
SCD has been accomplished.*' Research has recently
focused on safety issues with the initiation of the first
phase I/II clinical trials in Europe in 2006.**

Preimplantation genetic diagnosis for hemoglobinopathies

Hemoglobin disorders are among the most frequent
indications for preimplantation genetic diagnosis (PGD).
Polymerase chain reaction (PCR) technology has been used
to detect point mutations or deletions in chorionic-villus
samples, enabling first trimester, DNA-based testing for B-
thalassemia and SCD.** Because pregnancy termination is
unacceptable to some persons, methods have been devel-
oped to perform diagnostic testing before implantation.
Briefly, PGD requires in vitro fertilization followed by
removal of one or two cells from the blastomere on day 3.#*
PCR is then used to detect mutations within the cells that
have been removed so that unaffected blastomeres may be
selected for implantation. Recently, PGD has been
extended to include HLA typing of embryonic biopsies,
which facilitates the selection of an embryo that is not
affected by either thalassemia or SCD and may also serve
as an HLA-identical donor for an affected sibling. Reports
have confirmed the feasibility of this approach.*>** The
financial cost is considerable and serious ethical concerns
have been raised by the practice of selecting an embryo
solely for the purpose of HSC donation.

Complications after HCT

p-Thalassemia

The long-term consequences of HCT are influenced by the
transplant treatment and by the complications secondary to
thalassemia and its treatment.



Iron overload. Almost all patients with thalassemia have
significant iron overload after HCT. The iron burden
slowly decreases after HCT, but the rate of decline is
accelerated by regular phlebotomy or iron chelation
therapy after HCT.* ' In Pesaro, a program utilizing
regular phlebotomy has been successful in Classes 2 and 3
thalassemics after HCT. Reduction in the body iron burden
was accompanied by lowering of the serum alanine
aminotransaminase level and improvement in the histologic
changes of chronic hepatitis C, observed in 85% of these
patients.*” Furthermore, investigators found that reducing
iron overload by phlebotomy restored left ventricular
diastolic function and indices of contractility when the
liver iron level was decreased in the range of 3.2-7mg Fe
per gram liver dry weight.>>

Growth and development. The adverse effects on growth,
development and fertility after transplantation condition-
ing are often difficult to distinguish from effects of pre-
existing iron overload. Failure of growth and sexual
development occurs in as many as two-thirds of individuals
with thalassemia major.>® For children treated by HCT
before 8 years of age, growth is usually normal in contrast
to older children or those with Class 3 features, who tend to
experience impaired growth.’*>*> Endocrine dysfunction in
patients with B-thalassemia major usually is a consequence
not only of iron overload after regular RBC transfusions,
but also of the preparative conditioning before HCT. While
the data are limited, studies of endocrine function after
HCT have been performed. Li et al.>® reported results in 15
patients (10 boys and 5 girls) who were pubertal at HCT
and who were followed for longer than 12 years after HCT.
During the follow-up, 80% (8/10) boys had spontaneous
onset of puberty and 20% (2/10) developed gonadal failure
requiring hormonal replacement. The two males who
required androgen replacement were 15 years old at HCT
and had no signs of pubertal development. Among the
eight males with spontaneous puberty, three showed some
degree of gonadal impairment. Interestingly, these three
males were 12 years of age at HCT. Two had elevated
follicle stimulating hormone levels, but normal testosterone
levels, and one had decreased testosterone, but increased
luteinizing hormone levels. Of the 5 females, 100% had
ovarian failure and required hormonal replacement to
induce puberty. In addition, five girls who had entered
puberty before HCT all developed ovarian failure after
BMT and required estrogen replacement.

Sickle cell disease

Growth and development. Eggleston et al® recently
studied linear growth in patients with SCD after HCT.
Results showed improved growth after HCT in patients
with SCD. Myeloablative conditioning did not appear to
inhibit growth provided that it was not carried out near or
during the adolescent growth spurt.

Gonadal failure and delayed sexual development were
delayed after HCT, although reports are limited in size. Of
six females who received Bul6/CY200 from the Belgian
series, five had primary amenorrhea and one underwent
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spontaneous menarche.”® Similarly in the multicenter
collaborative study, six of the seven evaluable females
had primary amenorrhea.?” The majority of evaluable
males who received Bul6/CY200 had normal sexual
development and this was a consistent finding in all three
major series.

CNS Disease. Walters et al.?” have recently evaluated
CNS disease in 26 patients with at least 2 years post-HCT
follow-up. A total of 19 of the patients had evidence of
CNS abnormalities before HCT. Of the 22 engrafted
patients, none had SCD-related neurological events post-
HCT and the majority had stabilization or improvement of
cerebral vasculopathy on MRI and MRA, these results are
similar to observations in the French and Belgian series.?*-*°

Splenic dysfunction. The Belgian group reported splenic
reticuloendothelial recovery post-HCT for SCD: an in-
crease in the splenic red cell pool in 7/10 patients studied
3-36 months post-HCT suggests that splenic dysfunction
may be reversible after successful HCT.?®

Conclusion

Allogeneic HCT is curative in selected patients with
clinically significant hemoglobinopathies. For those with
B-thalassemia, results have indicated a thalassemia-free
survival and EFS over 70% in patients reported worldwide.
When stratifying patients, initially those with Pesaro Class
1 characteristics <17 years had a superior thalassemia-free
survival; however, recent updates show that outcomes are
very similar across all three risk categories after employing
risk-based conditioning regimens. Alternatively, the use
of HCT in SCD is applied infrequently compared with
B-thalassemia, although outcomes are similar. The applica-
tion of HCT for SCD is currently reserved for those with
severe disease. Even so, the OS and SCD-free survival is 93
and 85%, respectively. However, not all patients who might
benefit are able to pursue this option due to a lack of
suitable donors. With the advent of alternate donor HCT
and improving HLA-typing methodology, more appro-
priate donors may be identified, thus affording more
patients the option of cure. In addition, patient selection
is still controversial although there is a trend to treat
younger patients in order to decrease the risk of GR and
transplant-related morbidity and mortality. With the
advent of lower intensity conditioning regimens which rely
on less myeloablation and more immunosuppression, many
of the long-term effects, such as growth and endocrine
dysfunction observed after myeloablative conditioning
regimens, may be ameliorated. Furthermore, older patients
who would have not been considered for HCT may benefit,
although this approach is still under development.

Acknowledgements

Supported in part by a grant from the Pediatric Cancer Research
Foundation.

115

Bone Marrow Transplantation



o

Hematopoietic cell transplantation for hemoglobinopathies
M Bhatia and MC Walters

116

References

1

2

10

1

—

12

13

14

15

16

17

18

Lo L, Singer ST. Thalassemia: current approach to an old
disease. Pediatr Clin North Am 2002; 49: 1165-1191, v.
Urbinati F, Madigan C, Malik P. Pathophysiology and
therapy for haemoglobinopathies; part II: thalassaemias.
Expert Rev Mol Med 2006; 8: 1-26.

Lucarelli G, Galimberti M, Polchi P, Angelucci E, Baronciani
D, Giardini C et al. Bone marrow transplantation in patients
with thalassemia. N Engl J Med 1990; 322: 417-421.
Lucarelli G, Galimberti M, Giardini C, Polchi P, Angelucci E,
Baronciani D et al. Bone marrow transplantation in thalasse-
mia. The experience of Pesaro. Ann N Y Acad Sci 1998; 850:
270-275.

Lucarelli G, Andreani M, Angelucci E. The cure of thalasse-
mia by bone marrow transplantation. Blood Rev 2002; 16:
81-85.

La Nasa G, Argiolu F, Giardini C, Pession A, Fagioli F,
Caocci G et al. Unrelated bone marrow transplantation for
beta-thalassemia patients: the experience of the Italian Bone
Marrow Transplant Group. Ann N Y Acad Sci 2005; 1054:
186-195.

Locatelli F, Rocha V, Reed W, Bernaudin F, Ertem M,
Grafakos S et al. Related umbilical cord blood transplantation
in patients with thalassemia and sickle cell disease. Blood 2003;
101: 2137-2143.

Hongeng S, Pakakasama S, Chuansumrit A, Sirachainan N,
Kitpoka P, Udomsubpayakul U et al. Outcomes of trans-
plantation with related- and unrelated-donor stem cells in
children with severe thalassemia. Bio/ Blood Marrow Trans-
plant 2006; 12: 683-687.

Gaziev D, Galimberti M, Lucarelli G, Polchi P, Giardini C,
Angelucci E et al. Bone marrow transplantation from
alternative donors for thalassemia: HLA-phenotypically
identical relative and HLA-nonidentical sibling or parent
transplants. Bone Marrow Transplant 2000; 25: 815-821.
Gaziev J, Lucarelli G. Stem cell transplantation for hemoglo-
binopathies. Curr Opin Pediatr 2003; 15: 24-31.

Lucarelli G, Andreani M, Angelucci E. The cure of the
thalassemia with bone marrow transplantation. Bone Marrow
Transplant 2001; 28 (Suppl 1): S11-S13.

Boulad F, Giardina P, Gillio A, Kernan N, Small T,
Brochstein J et al. Bone marrow transplantation for homo-
zygous beta-thalassemia. The Memorial Sloan-Kettering Can-
cer Center experience. Ann N Y Acad Sci 1998; 850: 498-502.
Lee YS, Kristovich KM, Ducore JM, Vichinsky E, Crouse VL,
Glader BE et al. Bone marrow transplant in thalassemia. A
role for radiation? Ann N Y Acad Sci 1998; 850: 503-505.
Mentzer WC, Cowan MJ. Bone marrow transplantation for
beta-thalassemia: the University of California San Francisco
experience. J Pediatr Hematol Oncol 2000; 22: 598-601.
Gluckman EG, Roch VV, Chastang C. Use of cord blood cells
for banking and transplant. Oncologist 1997; 2: 340-343.
Wagner JE, Kernan NA, Steinbuch M, Broxmeyer HE,
Gluckman E. Allogeneic sibling umbilical-cord-blood trans-
plantation in children with malignant and non-malignant
disease. Lancet 1995; 346: 214-219.

Rocha V, Wagner Jr JE, Sobocinski KA, Klein JP, Zhang MJ,
Horowitz MM et al. Graft-versus-host disease in children who
have received a cord-blood or bone marrow transplant from an
HLA-identical sibling. Eurocord and International Bone
Marrow Transplant Registry Working Committee on Alter-
native Donor and Stem Cell Sources. N Engl J Med 2000; 342:
1846-1854.

Balduzzi A, Gooley T, Anasetti C, Sanders JE, Martin PJ,
Petersdorf EW et al. Unrelated donor marrow transplantation
in children. Blood 1995; 86: 3247-3256.

Bone Marrow Transplantation

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Kernan NA, Bartsch G, Ash RC, Beatty PG, Champlin R,
Filipovich A er al. Analysis of 462 transplantations from
unrelated donors facilitated by the National Marrow Donor
Program. N Engl J Med 1993; 328: 593-602.

Johnson FL, Look AT, Gockerman J, Ruggiero MR,
Dalla-Pozza L, Billings III FT. Bone-marrow transplantation
in a patient with sickle-cell anemia. N Engl J Med 1984; 311:
780-783.

Giardini C, Lucarelli G. Bone marrow transplantation for
beta-thalassemia. Hematol Oncol Clin North Am 1999; 13:
1059-1064, viii.

Thomas ED, Storb R. Bone marrow transplantation for acute
myelogenous leukemia. Lancet 1982; 2: 1408.

Mentzer WC, Heller S, Pearle PR, Hackney E, Vichinsky E.
Availability of related donors for bone marrow transplantation
in sickle cell anemia. Am J Pediatr Hematol Oncol 1994; 16:
27-29.

Walters MC, Patience M, Leisenring W, Eckman JR,
Buchanan GR, Rogers ZR et al. Barriers to bone marrow
transplantation for sickle cell anemia. Biol Blood Marrow
Transplant 1996; 2: 100-104.

Walters MC, Patience M, Leisenring W, Eckman JR, Scott JP,
Mentzer WC et al. Bone marrow transplantation for sickle cell
disease. N Engl J Med 1996, 335: 369-376.

Platt OS. Sickle cell paths converge on hydroxyurea. Nat Med
1995; 1: 307-308.

Walters MC, Storb R, Patience M, Leisenring W, Taylor T,
Sanders JE et al. Impact of bone marrow transplantation for
symptomatic sickle cell disease: an interim report. Multicenter
investigation of bone marrow transplantation for sickle cell
disease. Blood 2000; 95: 1918-1924.

Vermylen C, Cornu G, Ferster A, Brichard B, Ninane J,
Ferrant A er al. Haematopoietic stem cell transplantation for
sickle cell anaemia: the first 50 patients transplanted in
Belgium. Bone Marrow Transplant 1998; 22: 1-6.

Bernaudin F, Socie G, Kuentz M, Chevret S, Duval M,
Bertrand Y et al. Long-term results of related, myeloablative
stem cell transplantation to cure sickle cell disease. Blood 2007.
Vassiliou G, Amrolia P, Roberts IA. Allogeneic transplant-
ation for haemoglobinopathies. Best Pract Res Clin Haematol
2001; 14: 807-822.

Brichard B, Vermylen C, Ninane J, Cornu G. Persistence of
fetal hemoglobin production after successful transplantation
of cord blood stem cells in a patient with sickle cell anemia.
J Pediatr 1996; 128: 241-243.

Kurtzberg J, Laughlin M, Graham ML, Smith C, Olson JF,
Halperin EC er al. Placental blood as a source of hematopoie-
tic stem cells for transplantation into unrelated recipients.
N Engl J Med 1996; 335: 157-166.

Wagner JE, Rosenthal J, Sweetman R, Shu XO, Davies SM,
Ramsay NK ez al. Successful transplantation of HLA-matched
and HLA-mismatched umbilical cord blood from unrelated
donors: analysis of engraftment and acute graft-versus-host
disease. Blood 1996; 88: 795-802.

Adamkiewicz TV, Szabolcs P, Haight A, Baker KS, Staba S,
Kedar A et al. Unrelated cord blood transplantation in
children with sickle cell disease: review of four-center
experience. Pediatr Transplant 2007; 11: 641-644.

Iannone R, Casella JF, Fuchs EJ, Chen AR, Jones RJ,
Woolfrey A et al. Results of minimally toxic nonmyeloablative
transplantation in patients with sickle cell anemia and beta-
thalassemia. Biol Blood Marrow Transplant 2003; 9: 519-528.
Walters MC. Bone marrow transplantation for sickle cell
disease: where do we go from here? J Pediatr Hematol Oncol
1999; 21: 467-474.

Andreani M, Nesci S, Lucarelli G, Tonucci P, Rapa S,
Angelucci E et al. Long-term survival of ex-thalassemic



38

39

40

41

42

43

44

45

46

47

48

patients with persistent mixed chimerism after bone marrow
transplantation. Bone Marrow Transplant 2000; 25: 401-404.
Nesci S, Manna M, Lucarelli G, Tonucci P, Donati M, Buffi O
et al. Mixed chimerism after bone marrow transplantation in
thalassemia. Ann N Y Acad Sci 1998; 850: 495-497.

Sadelain M. Genetic treatment of the haemoglobinopathies:
recombinations and new combinations. Br J Haematol 1997,
98: 247-253.

Sadelain M. Recent advances in globin gene transfer for the
treatment of beta-thalassemia and sickle cell anemia. Curr
Opin Hematol 2006; 13: 142-148.

Persons DA, Tisdale JF. Gene therapy for the hemoglobin
disorders. Semin Hematol 2004; 41: 279-286.

Quek L, Thein SL. Molecular therapies in beta-thalassaemia.
Br J Haematol 2007; 136: 353-365.

Rund D, Rachmilewitz E. Beta-thalassemia. N Engl J Med
2005; 353: 1135-1146.

Braude P, Pickering S, Flinter F, Ogilvie CM. Preimplantation
genetic diagnosis. Nat Rev Genet 2002; 3: 941-953.
Fiorentino F, Biricik A, Karadayi H, Berkil H, Karlikaya G,
Sertyel S et al. Development and clinical application of a
strategy for preimplantation genetic diagnosis of single gene
disorders combined with HLA matching. Mol Hum Reprod
2004; 10: 445-460.

Kuliev A, Rechitsky S, Verlinsky O, Tur-Kaspa I, Kalakoutis
G, Angastiniotis M et al. Preimplantation diagnosis and HLA
typing for haemoglobin disorders. Reprod Biomed Online 2005;
11: 362-370.

Qureshi N, Foote D, Walters MC, Singer ST, Quirolo K,
Vichinsky EP. Outcomes of preimplantation genetic diagnosis
therapy in treatment of beta-thalassemia: a retrospective
analysis. Ann N Y Acad Sci 2005; 1054: 500-503.

Van de Velde H, Georgiou I, De Rycke M, Schots R, Sermon
K, Lissens W et al. Novel universal approach for preimplant-
ation genetic diagnosis of beta-thalassaemia in combination

Hematopoietic cell transplantation for hemoglobinopathies
M Bhatia and MC Walters

o

49

50

51

52

53

54

55

56

57

with HLA matching of embryos. Hum Reprod 2004; 19:
700-708.

Angelucci E, Muretto P, Lucarelli G, Ripalti M, Baronciani D,
Erer B et al. Treatment of iron overload in the ‘ex-thalassemic’.
Report from the phlebotomy program. Ann N Y Acad Sci
1998; 850: 288-293.

Centis F, Gaziev J, Delfini C, Lucarelli G. Serum transferrin
receptor levels in thalassemia after bone marrow transplant-
ation. Bone Marrow Transplant 1993; 12 (Suppl 1): 111-114.
Giardini C, Galimberti M, Lucarelli G, Polchi P, Angelucci E,
Baronciani D et al. Desferrioxamine therapy accelerates
clearance of iron deposits after bone marrow transplantation
for thalassaemia. Br J Haematol 1995; 89: 868-873.

Mariotti E, Angelucci E, Agostini A, Baronciani D, Sgarbi E,
Lucarelli G. Evaluation of cardiac status in iron-loaded
thalassaemia patients following bone marrow transplantation:
improvement in cardiac function during reduction in body iron
burden. Br J Haematol 1998; 103: 916-921.

Olivieri NF. The beta-thalassemias. N Engl J Med 1999; 341:
99-109.

De Sanctis V, Urso L. Growth and thalassemia. Minerva
Pediatr 1997; 49: 121-128.

Gaziev J, Galimberti M, Giardini C, Baronciani D, Lucarelli G.
Growth in children after bone marrow transplantation for
thalassemia. Bone Marrow Transplant 1993; 12 (Suppl 1): 100-101.
Li CK, Chik KW, Wong GW, Cheng PS, Lee V, Shing MM.
Growth and endocrine function following bone marrow
transplantation for thalassemia major. Pediatr Hematol Oncol
2004; 21: 411-419.

Eggleston B, Patience M, Edwards S, Adamkiewicz T,
Buchanan GR, Davies SC et al. Effect of myeloablative bone
marrow transplantation on growth in children with sickle cell
anaemia: results of the multicenter study of haematopoietic cell
transplantation for sickle cell anaemia. Br J Haematol 2007,
136: 673-676.

117

Bone Marrow Transplantation



	Hematopoietic cell transplantation for thalassemia and sickle cell disease: past, present and future
	Introduction
	beta-Thalassemia major
	Background
	Indications for HCT
	Hematopoietic cell transplantation for beta-thalassemia
	Alternate donor stem cell transplantation in thalassemia
	Related donor umbilical cord blood transplantation (UCBT)

	Alternate related donor HCT
	Unrelated donor HCT for thalassemia

	Sickle cell disease
	Background
	Indications
	Hematopoietic cell transplantation for SCD
	Alternate donor stem cell transplantation in SCD
	Reduced intensity conditioning regimens

	Autologous gene therapy for hemoglobinopathies
	Preimplantation genetic diagnosis for hemoglobinopathies
	Complications after HCT
	beta-Thalassemia
	Iron overload
	Growth and development

	Sickle cell disease
	Growth and development
	CNS Disease
	Splenic dysfunction


	Conclusion
	Figure†1 Probabilities of survival after transplantation in 99 patients with thalassemia. The patients in Class 1 (n=39) had neither hepatolmegaly nor portal fibrosis, those in Class 2 (n=36) has only one of the risk factors, and those in Class 3 (n=24) h
	Figure†2 Survival and rejection rate in 122 Class 3 thalassemia age less than 17 years receiving busulfan 14thinspmgsolkg and cyclophosphamide 120-160thinspmgsolkg. Originally published in Lucarelli et™al. The cure of the thalassemia with bone marrow tran
	Figure†3 Outcome after transplantation for 50 children with advanced, symptomatic sickle cell disease. Kaplan-Meier estimates for survival and event-free survival following marrow transplantation are shown. An event is defined as death, graft rejection or
	Table 1 Risk factors for BMT in hemoglobinopathies
	Table 2 Outcomes of hematopoietic cell transplantation in beta-thalassemia (pediatric to young adults)
	Table 3 Criteria for eligibility for transplantation in children with sickle cell disease
	Table 4 Pediatric hematopoietic cell transplantation in sickle cell disease
	Acknowledgements
	References


