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Abstract

Thalassemia major is characterized by severe anemia dependent on red cell transfusions from
infancy. Conservative management requires a safe source of compatible blood throughout life,
strategies to combat iron overload, monitoring and treatment of transfusion-related complications,
and management of cardiac and/or hepatic dysfunction from iron accumulation. Complications
can result in premature morbidity and mortality. Stem cell transplantation is curative, but outcomes
depend on availability of a histocompatible donor, recipient age, and disease related

complications. Successful transplantation requires stable donor engraftment and donor-derived
erythropoiesis and a low incidence of graft-versus-host disease, organ toxicities, and mortality.
This translates to a cure with good quality of life and life span. Since recipients are at a high risk
for graft rejection (prior transfusions, immunocompetency), myeloablative transplants have been
the norm. Recent modifications to standard preparative regimens have significantly reduced
transplant toxicities, resulting in >80% disease-free survival in children. Aiming to further reduce
regimen-related toxicities, such as veno-occlusive liver disease and sterility, a recent trial also
explored reduced intensity conditioning in unrelated donor transplants utilizing marrow or
umbilical cord blood in patients without suitable familial donors. This report summarizes advances
in unrelated donor transplantation for thalassemia, focusing on conditioning regimen nuances.
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Introduction

Thalassemia major is an autosomal recessive genetic disorder of hemoglobin production
characterized by severe chronic microcytic anemia and, consequently, poor growth and
development in the homozygous state. It has worldwide prevalence with increased incidence
in Southeast Asia, Sub-Saharan Africa, Middle Eastern countries, and Mediterranean
regions. About 4.4 of every 10,000 babies born worldwide suffer from thalassemia. The
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global annual incidence of beta thalassemia is estimated at 1 in 100,000. In 2013, 25,000
deaths worldwide were deemed attributable to thalassemia and related complications, an
improvement over 36,000 deaths in 1990, perhaps secondary to improved availability of safe
and suitable blood products and chelation techniques. Conservative management includes
lifelong chronic red cell transfusion therapy. The iron deposition that accompanies this
intervention requires aggressive chelation therapy to prevent complications of iron overload
and toxicity, especially on the heart and liver. Causes of mortality include inadequate
transfusions, transfusion-related complications such as infections, and cardiomyopathy or
liver cirrhosis from iron overload due to inadequate or ineffective chelation.!

Stem cell transplantation for thalassemia

Successful allogeneic hematopoietic stem cell transplantation (HSCT) renders patients
disease free and amounts to a cure. HSCT has better outcomes when performed during
childhood (particularly in children <17 years of age) before irreversible disease-related
organ damage. Outcomes are also worse with poor chelation pretransplant. The recognition
of the close relationship between liver toxicity, iron status, and transplant outcomes led to
the development of the Pesaro risk score (risk class 1 to 3) based on adequacy of chelation,
presence of clinical hepatomegaly, and portal fibrosis on liver biopsy. Risk class 1 had the
best and class 3 had the worst outcomes.2 The Pesaro group described disease-free survival
(DFS) of 87%, 85%, and 80% in children with risk class 1, 2, and 3, respectively, and 65%
in adults following HSCT.3 This was an improvement from 53% DFS reported in the 1990s
after conditioning with the standard myeloablative busulfan and cyclophosphamide
combination.* Better chelation and improved transplant monitoring and supportive care are
likely reasons for this improvement. Outcomes vary between countries and may be related to
higher risk scores, center experience, and disease status. Registry data in the United States
report a DFS of 88% and 62% in children for risk classes 2 and 3, respectively, following
matched sibling donor (MSD) marrow transplants.> DFS following sibling donor cord
transplants from Europe and the United States was 78%.5 Higher mortality was noted in
children over 7 years of age and those with hepatomegaly >5 cm, defining a very-high-risk
category of recipients. Causes of death included primarily veno-occlusive disease (VOD),
interstitial pneumonitis, and graft rejection (GR).>

GR is a major cause of transplant failure in thalassemia and can be fatal without a successful
second transplant in the myeloablative setting. GR was encountered in approximately 10%
of MSD HSCTs but was higher (at 13%) following unrelated donor (URD) myeloablative
transplants.” In risk class 3 patients, GR rates escalated to as high as 30%.2 Similarly,
transplant-related mortality (TRM) was also higher (at 20%), resulting in a DFS of 54-80%
depending on risk class group. TRM also increased with age and was 30% in adults
undergoing URD HSCT for thalassemia.8 The causes of death in adults were similar to those
in children, and included hepatic VOD, hemorrhage, GVHD, and infection, particularly
hepatitis C associated with portal fibrosis.® Umbilical cord blood is an attractive stem cell
source for availability and ability to maintain outcomes with some histocompatible
mismatch. Umbilical cord blood transplants (UCBTS) from unrelated donors, however, have
fared poorly in thalassemia compared to related UCBTSs. As comparison, registry data has
revealed a DFS of 78% following MSD UCBT, but a DFS of only 21% after URD UCBT,
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Improving

thwarting enthusiasm for the procedure.610 A major reason for this was a high rate of graft
rejection (20 of 35 patients), especially when the total nucleated cell dose in the infused
product was <5 x 107/kg recipient weight. Notably, GR was fatal in five patients following
marrow aplasia afforded following myeloablation. Hence, modifications to transplant
methods have been sought to decrease toxicity and TRM and promote engraftment of donor
cells. Though applicable to all transplants, benefits from such modifications are especially
relevant in the URD HSCT setting due to poorer outcomes compared to MSD HSCT.

outcomes with modifications to the HSCT approach

Several transplant groups have worked on improving transplant outcomes in thalassemia by
primarily targeting conditioning regimens designed to improve engraftment while
simultaneously decreasing toxicity and TRM (Table 1). The addition of hydroxyurea and
azathioprine commencing 45 days prior and a course of fludarabine approximately 2 weeks
before HSCT was used in MSD HSCT for class 3 patients, all <17 years of age. This
strategy was successful in reducing graft rejection, presumably by increased
immunosuppression, from 30% to 8% during the early follow-up period, and was a major
breakthrough.11 However, GR rates eventually were noted to be 15% with this strategy.1?
This prompted the addition of thiotepa to the myeloablative regimen consisting of
hydroxyurea, azathioprine, fludarabine, busulfan, and cyclophosphamide. In the MSD
setting, this intensification was further successful in averting GR and increased DFS from
73% to 92%.12 The incidence of GVHD was similar with standard regimens of busulfan and
cyclophosphamide. Though organ toxicity is a concern and related to the intensity of
conditioning, the need to maintain intensity was demonstrated by the 23% GR rate in class 3
patients following MSD HSCT conditioned with lower dose busulfan (50% dose reduction),
fludarabine (175 mg/m?2). and total lymphoid radiation (500 cGy).13

The availability of MSD is approximately 30% and is a limitation to offering this curative
strategy to many thalassemia patients.> URD HSCT for thalassemia has been expanding in
the recent years. Anurathapan et a/. described a two-phase pretherapy that was applied to
both related and unrelated donor bone marrow HSCT.14 The pretherapy consisted of
fludarabine (40 mg/m?/day) and dexamethasone (25 mg/m?/day) for 5 days each on days —
56 and —28. This was followed by a standard myeloablative transplant utilizing busulfan,
fludarabine, and thymoglobulin. DFS with this strategy was 82% after URD transplants, and
the authors noted that there was no increased toxicity from this regimen, although
fludarabine was utilized serially. The recent availability of treosulfan, a potentially less toxic
alkylating agent with myeloablative properties related to busulfan, has helped achieve
successful outcomes following HSCT.15 A myeloablative preparative regimen consisting of
treosulfan, fludarabine, and thiotepa has been studied in several countries for related and
unrelated donor HSCT.16:17 |n the unrelated donor setting, a DFS of 84% was reported.15
The toxicity profile of treosulfan on the liver and other organs may be better, affording the
drug an advantage over busulfan. However, it needs coupling with other myelotoxic agents
(thiotepa in this case) to allow successful engraftment. Similarly, an intense preparative
regimen of a combination of busulfan, cyclophosphamide, fludarabine, and thiotepa coupled
with peripheral blood stem cells overcame graft rejection risks with a DFS of 90%.18
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However, the benefits of such intense preparative regimens need to be balanced with early
and late toxicities, especially in patients with high-risk disease.

Unrelated UCBT efforts for thalassemia have been thwarted by increased GR and thus low
DFS, as previously mentioned. The best outcomes following unrelated UCBT were
described by Jaing ef a/. who used up to two antigen-mismatched cords with suitable cell
doses (>2.8 x 107/kg nucleated cells) and a standard preparative regimen of busulfan,
cyclophosphamide, and anti-lymphocyte/thymocyte immunoglobulin.1. With a median
follow-up of 36 months, this group described GR rates of 11% and a DFS of 73% with this
strategy.

Reduced intensity unrelated donor transplantation for thalassemia

Myeloablation is associated with short- and long-term risks, such as hepatic and pulmonary
toxicity, growth impairment, and sterility.2% This makes a case for attempting reduced
intensity conditioning directed at averting such toxicities that are particularly relevant to the
pediatric age group who deal with these effects throughout life. It is also an advantage in
those at risk for TRM due to organ toxicity from iron overload (older patients, class 3 risk
group). The concern in this circumstance, however, is GR. In an URD transplant trial called
the URTH trial for thalassemia that was supported by the Thalassemia Clinical Research
Network (TCRN) and the Pediatric Blood and Marrow Transplant Consortium (PBMTC),
we explored a reduced intensity conditioning approach for HSCT utilizing either matched
(at eight major histocompatibility loci) unrelated marrow or matched/mismatched (at a
single antigen locus mapped at regions A, B, and DRB1) UCB. Immunoablation was utilized
to facilitate engraftment. The regimen comprised hydroxyurea, alemtuzumab, fludarabine,
melphalan, and thiotepa. With 31 patients enrolled to date, the 2-year DFS is 82% and 79%
for marrow and cord, respectively, with a single instance of GR, and comparable rates of
GVHD (manuscript in preparation). This demonstrates that reduced-intensity conditioning
can be considered for this disorder, provided adequate immunoablation is provided.
Precautions with this strategy include surveillance and prompt treatment of infections until
adequate immune reconstitution, which can take up to 1 year.2!

Summary

HSCT and gene therapy are the only two curative options for transfusion-dependent
thalassemia. While HSCT efforts have been underway for several years, gene therapy—
related investigation is still early and not yet widely available. Matched sibling donor
transplantation performed in the young before iron accumulation-related organ damage has
the best outcomes. Current efforts are directed at achieving better outcomes in higher-risk
settings: patients with advanced age or disease or extension of HSCT to unrelated donor
stem cell options such as marrow, peripheral blood, and umbilical cord blood. Transplant-
related complications that effect outcomes and need to be overcome include graft rejection,
graft-versus-host disease, organ toxicity such as VOD, late effects, and TRM. Modern
methods of transplant continue to overcome these obstacles with greater success. As
described in this report, the field has moved toward transplants utilizing less toxic
myeloablative conditioning. More recently, substituting myeloablation with reduced-
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intensity conditioning was able to support donor cell engraftment from bone marrow or cord
blood cells, thus increasing transplant options further for patients with thalassemia.
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