Chapter 5
Alternative Donor/Unrelated Donor

Transplants for the g-Thalassemia and Sickle
Cell Disease

Courtney D. Fitzhugh, Allistair Abraham, and Matthew M. Hsieh

Abstract Considerable progress with respect to donor source has been achieved in
allogeneic stem cell transplant for patients with hemoglobin disorders, with matched
sibling donors in the 1980s, matched unrelated donors and cord blood sources in the
1990s, and haploidentical donors in the 2000s. Many studies have solidified hema-
topoietic progenitors from matched sibling marrow, cord blood, or mobilized
peripheral blood as the best source—with the lowest graft rejection and graft versus
host disease (GvHD), and highest disease-free survival rates. For patients without
HLA-matched sibling donors, but who are otherwise eligible for transplant, fully
allelic matched unrelated donor (8/8 HLA-A, B, C, DRB1) appears to be the next
best option, though an ongoing study in patients with sickle cell disease will provide
data that are currently lacking. There are high GvHD rates and low engraftment
rates in some of the unrelated cord transplant studies. Haploidentical donors have
emerged in the last decade to have less GvHD; however, improvements are needed
to increase the engraftment rate. Thus the decision to use unrelated cord blood units
or haploidentical donors may depend on the institutional expertise; there is no clear
preferred choice over the other. Active research is ongoing in expanding cord blood
progenitor cells to overcome the limitation of cell dose, including the options of
small molecule inhibitor compounds added to ex vivo culture or co-culture with

C.D. Fitzhugh « M.M. Hsieh (<)

Molecular and Clinical Hematology Branch, National Institutes of Health, National Heart,
Lung and Blood Institute, 9000 Rockville Pike, Bldg 10 9N112, Bethesda, MD 20892, USA
e-mail: fitzhughc @nhlbi.nih.gov; matthewhs @mail.nih.gov

A. Abraham

Blood and Marrow Transplant, Children’s National Hospital System,
111 Michigan Avenue NW, Washington, DC 20010, USA

e-mail: aabraham @childrensnational.org

© Springer Science+Business Media LLC 2017 123
P. Malik, J. Tisdale (eds.), Gene and Cell Therapies for Beta-Globinopathies,

Advances in Experimental Medicine and Biology 1013,

DOI 10.1007/978-1-4939-7299-9_5


mailto:fitzhughc@nhlbi.nih.gov
mailto:matthewhs@mail.nih.gov
mailto:aabraham@childrensnational.org

124 C.D. Fitzhugh et al.

supportive cell lines. There are inconsistent data from using 7/8 or lower matched
unrelated donors. Before routine use of these less matched donor sources, work is
needed to improve patient selection, conditioning regimen, GvHD prophylaxis, and/
or other strategies.

Keywords Alternative donor transplant ® Matched unrelated donor ¢ Cord blood
transplant  Haploidentical donor

Introduction

The first reported bone marrow transplant for sickle cell disease (SCD) was pub-
lished in 1984 by the group at St. Jude Children’s Research Hospital [1]. An 8 year-
old girl with SCD developed acute myeloid leukemia (AML) and underwent sibling
donor myeloablative transplantation as part of her AML therapy. She was ultimately
cured of both and remains alive almost three decades later. This proof-of-principle
report paved the way for a series of small pilot studies also demonstrating that trans-
plantation from HLA-matched siblings could cure SCD [2-5]. Later, the multi-
center trial published by Walters and colleagues in 1996 was instrumental in
solidifying transplant as a bonafide treatment [6]. In this landmark trial, 22 children
with very symptomatic SCD underwent sibling marrow transplantation; overall and
event-free survival estimates at 4 years were 91 and 73%, respectively. Since then,
the procedure has become even safer and more effective. This success is evidenced
by the 95% event-free survival (EFS) in 44 patients undergoing refined transplant
procedures after January 2000, as described in the French experience [7]. Such
excellent results have prompted physicians to reconsider the methods and timing of
treatment.

The concept of transplantation earlier in the disease course was already being
considered in the 1980s, as reported by investigators in Belgium [8]. In this study,
50 transplanted patients belonged to one of two groups: permanent residents of a
European country who had already developed severe sickle cell phenotype before
transplant, or visiting patients who were transplanted much earlier in the disease
course due to a desire to return to their country of origin. The combined rate of non-
engraftment, mixed chimerism, and death was significantly higher in the more dis-
eased group (25% vs. 7%, p < 0.001). While transplanting patients earlier in their
disease course was controversial in the 1980s, current understanding of the devas-
tating nature of SCD has led providers to accept early transplant in less severe
patients.

Traditionally, myeloablative conditioning was used in SCD transplants to max-
imize engraftment. This often excluded patients older than 16 years of age who
had significant sequelae of SCD, including considerable organ dysfunction.
Today, less intense preparative regimens have made curative approaches avail-
able. Increased rates of stable mixed donor chimerism are accepted as part of
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these less intense regimens because the red cell compartment becomes predomi-
nantly donor cells and symptoms of SCD resolve with time. The largest, most
successful report to date of such non-myeloablative transplantation was described
by Hsieh et al. where 30 adults with severe sickle cell disease safely underwent
matched sibling transplant with an 87% success rate using a lower-intensity pro-
tocol (manuscript under review).

While the field continues to make matched sibling transplant safer and available
to more patients with SCD regardless of disease severity and age, there remains the
inherent problem of donor availability. The likelihood of two siblings being HLA
identical is only 25%, so the odds of finding such a donor are already limited.
Notably, a fraction of siblings themselves will have SCD, further limiting the
chance of having a suitable match. Some families of patients who do not have sib-
lings have pursued fertility treatments including in vitro fertilization with pre-
implantation genetic testing to select embryos that are HLA-matched and
disease-free. There are significant ethical and financial considerations to this
approach, and it is unlikely that it will become an option for the majority of patients.
Therefore, the field has moved to investigate alternative donor-graft sources.
Improved outcomes have already been described with matched unrelated donor
(MUD), umbilical cord blood (CB), and haploidentical transplantation techniques
for malignancy and immunodeficiency in the last two decades [9—12]. This success
is confirmed by the 2012 Center for International Blood and Marrow Transplant
Research (CIBMTR) data on allogeneic transplants performed in the United States
from 2007 to 2011, which shows that approximately 60% of all transplants are from
alternative donor sources [13].

Similarly, the first bone marrow transplant to correct f-thalassemia major was
reported by E.D. Thomas and colleagues in 1982 [14]. A 16 month-old boy received
minimal red blood cell transfusion prior to transplant and underwent dimethyl
busulfan and cyclophosphamide conditioning followed by infusion of matched sib-
ling bone marrow. Two months later, his hepatosplenomegaly had completely
resolved; at 6 months post-transplant, the patient had a normal hemoglobin level.
The authors concluded that transplant could cure not only thalassemia but also other
genetic diseases of the marrow such as SCD. In the 1980s, a series of reports from
the group in Pesaro, Italy, described varying preparative regimens used in matched
related donor bone marrow transplantation for p-thalassemia [15—17]. In 1990 they
reported a large experience of 222 matched related donor transplants for homozy-
gous P-thalassemia in patients under the age of 16 years [18]. EFS was an impres-
sive 94% for the patients with least disease severity (Pesaro Class 1), but this was in
stark contrast to the only 53% EFS in the most diseased patients (Pesaro Class 3).
This same group of investigators subsequently spent several years working on
improving outcomes in the highest-risk patients. Ultimately, they published a regi-
men, referred to as protocol 26 (hydroxyurea, azathioprine, fludarabine, busulfan,
cyclophosphamide), that resulted in an improved EFS of 85% for these high-risk
Class 3 patients [19]. A major driver behind pursuing curative transplant in thalas-
semia is the resulting improvement in quality of life post-transplant, provided there
are no long-lasting complications such as severe chronic graft-versus-host disease
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(GvHD) [20]. Also, life expectancy in developing countries where chelation is not
optimal results in a significantly shorter lifespan, so curative transplant becomes a
more attractive treatment modality in these areas. However, relying on a matched
sibling donor again leaves the majority of patients without a donor, leading to the
search for an alternative graft source.

The transplant field is continuing to make improvements in the approach for
hemoglobin disorders with better outcomes on the horizon for unrelated donor and
cord transplants, but the major limitation remains donor availability. In one report
from 2003 that evaluated searches done by the National Marrow Donor Program
(NMDP), the chance of finding a potential 6/6 HLA-matched MUD for a patient
with thalassemia or SCD was approximately 60% in each case [21]. In the same
report, the chances of finding a 5/6 or 6/6 HLA-matched cord donor were approxi-
mately 62 and 30%, respectively. However, this matching was done at the serological
level for HLA-A and -B and at the potential allele level for -DRB1. A recent look at
this scenario that incorporated more detailed matching demonstrated that the chances
of a sickle cell patient finding a potential allele 8/8 HLA-A,-B,-C and -DRB1 MUD
was only 19% [22]. Combining 5/6 and 6/6 HLA-matched cords (HLA-A,-B anti-
gen; DRB1 potential allele) with higher cell doses as needed for hemoglobin disor-
der transplants (total nucleated cell count of at least 5 x 10%kg) could increase the
alternative donor option. When this was examined, the probability of a sickle cell
patient finding a potential 8/8 MUD, 5/6 or 6/6 unrelated cord improved but remained
relatively low at 45% [22]. This leaves a significant number of patients without a
potential donor if only using HLA matched siblings, 8/8 MUDs, 5/6 and 6/6 cords
with good cell doses. In both of these reports describing donor availability, over 95%
of patients would have a donor option if double cord transplants or 7/8 MUD donors
were used.

Over the last 2 decades, there has been significant progress in transplantation
using umbilical CB units, haploidentical donors, and unrelated donors, to make this
curative procedure more accessible to those who are eligible.

Umbilical Cord Blood Transplantation for Patients
with Hemoglobin Disorders

Since the first report of a successful umbilical cord blood (CB) transplant in 1989 in
a pediatric patient with Fanconi Anemia [23], this option has increasingly been used
to treat patients with malignant and nonmalignant hematologic diseases. While CB
grafts are smaller in cellularity and volume as compared to bone marrow, the prolif-
erative capacity and numbers of progenitor cells contained within the graft are often
greater [24, 25]. Further, due to immunological differences such as lower numbers
of CD3", CD4*, and CDS8* T-cells with a higher CD4/CD8 ratio and a higher per-
centage of naive CD45RA™* T-cells [26], CB transplants have been associated with a
lower risk of GVHD as compared to bone marrow transplants. Besides the lower risk
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of GvHD, other advantages associated with CB grafts include easy availability,
reduced time to complete the pre-transplant process, little or no donor morbidity, a
decreased risk of transmitting latent viral infections, possibility of directed sibling
banking, transplant at earlier disease stages, potential for greater HLA-mismatching,
an expandable donor pool, and a greater frequency of rare HLA haplotypes in the
donor pool as compared to bone marrow registries [27-32].

For Patients with Sickle Cell Disease (SCD)

Table 5.1 describes the results to date for patients with SCD who have undergone
related and unrelated CB transplantation (CBT).

Related Umbilical Cord Blood Transplantation

The first report of CBT in a patient with SCD occurred in 1996 [33]. The patient
received a myeloablative conditioning regimen consisting of busulfan, cyclophos-
phamide, and anti-thymocyte globulin (ATG) with cyclosporine for prophylaxis
against GVHD. The patient engrafted without evidence of GVHD and had hemoglo-
bin electrophoresis results consistent with sickle trait donor by 9 months post-
transplant. The largest study was recently reported by the Eurocord and European
Blood and Marrow Transplantation group [34]. A total of 325 patients with
B-thalassemia major (TM) and 160 patients with SCD underwent HLA-identical
CBT or bone marrow transplantation (BMT); among patients with SCD, 30 under-
went CBT and 130 received BMT. The 6-year disease-free survival (DFS) was
90 + 5% after CBT and 92 + 2% after BMT. Of all patients transplanted, those who
received a CBT had significantly longer time to neutrophil and platelet engraftment
as compared to those who underwent BMT (p < 0.005). None who received CBT
developed grade IV acute GVHD as compared to 8 (2%) who received BM cells.
Twenty-nine percent of the BMT patients experienced chronic GvHD as compared
to none of the CBT recipients.

A subgroup analysis that included all of the CBT recipients revealed that MTX
affects outcome [34] as noted in their previous report [35]. Patients who did not
versus did receive MTX had disease-free survivals of 90 + 4% versus 60 = 11%,
respectively (p < 0.001). The time in which transplant was performed also influ-
enced outcome, with CBT performed after 1999 faring significantly better as com-
pared to those transplanted earlier (hazard ratio 0.033, confidence interval 0.12-0.89,
p = 0.02). The use of thiotepa and patients belonging to Pesaro Class 1 also did
better, though those variables were not significant in multivariate analysis. The total
nucleated cell dose infused did not influence outcome in patients that received CBT,
though median TNC was sufficient at 3.9 x 107 cells/kg.

To date, 44 children or young adult patients with SCD have received related CBT
as reported in the literature (Table 5.1, top). The grafts have primarily been 6/6



C.D. Fitzhugh et al.

128

CJANCEE
0 0 0 I @1 9/S 20T PUe §°¢ Aisuaur-paonpay Ioneg
[sL]
(oanrey 891+¢) | sidgom Aisuour-poonpar | - [e 10 zoIm
uegio-nnu) | I 14 € L] sdz9/s (€6-¢'1) | $d ¢ ‘ane[qeojolw sid ¢ ‘PaXI | -ouepy
AW + 981 TL D2 009 ‘W | [pL] 210
0 0 0 I 61 9/t T /3W (009) LI ‘WY ‘qeuiixmiy InZepy
SAOUOP POO]q PLOI PIID]24U[)
9/9

(12101 JO) %6 0 BIT | (%98) 8E v Ansow - - [eI0,

o(emyrey uegio
1 ‘oSeyLoway (€T XLNFVSD| [pelew
¢ 0 10) %11 LT| «0T-0) 0 9/9 FI-SD6E] LLFOTV/OLY FADFu{F0g |  I[EIE0]
ANIN | [€L] TR
VSO By/Sw | wepy w3 Of | unIep
0 0 0 I Tip 1 9/9 AN| PN /8w 097 N ‘(AD Q) TIL|  -SoumeIN

S 4 9/
(saInzras ‘syd 74 [¥¥] T
a[qedenur) | AN AN 9 (IND 8 9/9 AN AN|  10sIoIEm
VSO ‘DIV [cL]
0 0 0 I ©1 9/9 €T “Byy/Bw OO £ ‘w/Sw 9z ng | Te 10 210D
XINFVSO| (1Ll e
0 0 0 4 ar-9¢ 9/9 (09-6¢) “Sy/Sw 00z £D “By/Sw 91 ng OIOIUTA
VSO DIV| [gg]l e
0 0 0 I ©r 9/9 9 By/Bw 00z £ SN/Sw9r ng | preyoug
SALOUOP POO]q PL0D PAID]IY
(asned) yreag (SAISURIXQ) Wz ans (a8e) yojew | 3y/,01 % (93uer) uowi3ar juedsuel], EN|
AHAD| ID)HAD|  Inomim siuaned VTH ueIpaw
o1uoIyD) ANOY QA JooN 3sop DN.L

9SBASIP [[92 APYIS YIim sjuaned 1oy uonejue[dsuer) poo[q pIod [edIIqUI 'S [qeL



129

5 Alternative Donor/Unrelated Donor Transplants for the f-Thalassemia...

DS oAeY 9 pue L 9ARY G¢ :syudned [¢ sapnjouf,

juerdsuen Jiun pIod [BdI[IqUIN J[GNOP B PAAIRII JUdIR ],

PaIp oym sjuened Suowe pajeuLIoJIp 10U Os[e sem adA) JopIOSIP UIGO[SOWOH BIWUASSE[RY) SNSIoA (JDS YA sjuaned ur pojenuaIdfyIp Jou doUdpIour

dours suonerndod yjoq ur aures o) sem 0UIPIOUT (JHAD ey uondwnsse oy Yiim pajewnss oejudorad (qHAD BIWASSEIRY) pue (DS YPIM $109[qns sapnjou],
JIouop FuI[qIs Quwes ay) WOy MOLeW

QuOoq J0 S[[0 W3S poo[q [eroydirad paaredar syuened UaT, TOYI0 G ‘DS WM sjuaned § ‘erwasserey) i sjuaned 1 :31070d 21mud oy ut sjuened /4 sopnjouf,
SNWI[0IO.)

ov) ‘uoneIpelnt Apoq [e10) 141, ‘edojoryy 1.1, ‘urnqol3 aikooydwA[-nue HTy ‘mejow aejouaydod w JNA ‘qeuunznjwoe Wy ‘uereydow [9A ‘Quiqerepny
ny] ‘Aeid Ao ‘vonerpedn proydwAy re10) 111, ‘siuened sid ‘pajzodar jou YN ‘opers 10 ‘arexonoylowr X A ‘Q[qeordde jou y/N v 2uniodso[oLd v ‘urnqord
Ahoowkyy-nue DIy ‘oprweydsoydo[okdo £ ‘uejnsnq ng ‘QseIsIp ISOY-SNSIAA-IJRIT (THAD @SBISIP [[99 APYOIS DS ‘(190 Paje9[onu [810) DNLL :SUONRIAAIQQY

(poyeIdua (poyjeI3ud

J0) %G1 J0) %0¥ paydew

(12100 -STua
(12101 J0) %G1 | (12101 JO) %/ J0) %07 | (%6Y) 0T It Apsow - - [eIoL,
[LL] &0
o8 NN W/SUW 4G WATY W | URuySIIy
(uonooyur) ¢ | (payuy) | 14 ¥ 01-1 8 AN AN| /8w Qg1 n ‘3Y/8w 91-8°¢] ng -eypey
(omyrey @or-v'0)| WS JINIA + 98110 VSO “w/Sw op | [Lg] [e e
K1ojexidsor) 1| (oarsuorxo) | (T € g8 (D99 (LT 9| PN w/sw OgT N[ ‘Sw g Wy Tuewe ]

1) 9/
() 9/8 fysusyur-poonpar | [9¢] 19
AHAD AINde | %91 WHET 8 @or| (@99 (1= 9| sid . “eane[qeorakur sid 6 ‘poxTN SCERIN|




130 C.D. Fitzhugh et al.

HLA-matched. The conditioning regimens have been mixed, but most contained
busulfan and cyclophosphamide with or without ATG. Related CBT have been suc-
cessful in patients with SCD, with an overall survival of 91% and DFS of 86%.
Eleven percent of patients have developed grade 2—4 acute GvHD, but none of the
patients has experienced chronic extensive GVHD. Therefore, while a standard con-
ditioning regimen has not been developed, the DFS results of related CBT for
patients with SCD are at least as good as HLA-matched sibling BMT and with a
lower incidence of chronic GvHD.

Unrelated Umbilical Cord Blood Transplantation

In contrast, unrelated CBT have been much less successful. The largest study was
reported in 2011, and includes 35 patients with TM and 16 patients with SCD [36].
Nine of the SCD patients received myeloablative regimens while seven underwent
reduced intensity conditioning. While the overall survival was 94%, DFS was only
50%. The authors did not distinguish the incidence of GVHD based on hemoglobin-
opathy type, but 22% of all patients experienced grade 2—4 acute GvHD and 3%
extensive chronic GvHD.

A total of 41 patients with SCD have been reported to undergo unrelated CBT
(Table 5.1, bottom). The conditioning regimens varied in each study and ranged
from myeloablative to reduced-intensity. Compared to the related setting, the major-
ity of patients received 1 or 2 HLA-mismatched grafts. Overall survival was 85%,
DFS about 50%, but was reported as low as 37.5% in one study despite only select-
ing 0 or 1 HLA-mismatched grafts [37]. About one third of patients has developed
grade 2—4 acute GvHD, and 7% extensive chronic GVHD. Therefore, the results of
unrelated CBT for patients with SCD are suboptimal. As these data reported the
composite results of 6/6, 5/6, and 4/6 matches, there is insufficient information to
decipher if 6/6 HLA matches would render better outcomes. More effective condi-
tioning, better GVHD prophylaxis, and/or other graft sources should be sought for
patients who do not have an HLA-matched sibling donor.

For Patients with Thalassemia Major (TM)

Table 5.2 shows the results for patients with TM who have undergone related and
unrelated CBT.

Related Umbilical Cord Blood Transplantation

There are many more reports of related than unrelated CBT for patients with
TM. The first patient with TM who underwent CBT was reported in 1995 [38]. The
cord was 6/6 HLA-matched from a sibling, and the patient received busulfan,
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cyclophosphamide, and ATG. The transplant was successful, and the patient did not
experience GvHD.

In the study mentioned previously [34], 66 patients with TM underwent CBT,
and 259 received BMT. A greater percentage of patients categorized as Pesaro Class
2 and 3 underwent BMT (44%) as compared to those who received CBT (39%),
p =0.01). In contrast to patients with SCD (92 + 2%), the 6-year DFS in patients
with TM was 84 + 2% (p = 0.04). Upon multivariate analysis, a diagnosis of SCD
was the only variable which favorably influenced the DES probability for all patients
transplanted in the study (hazard ratio 0.52, 95% confidence interval 0.28-0.97,
p =0.04). The 6-year DFS was 86 + 2% in patients with TM who received BMT as
compared to 80 + 5% in patients who underwent CBT. This largest study to date
does not report a significant difference in DFS in patients who receive CBT as com-
pared to BMT. On the other hand, the incidence of grade 2—4 acute GVHD was simi-
lar at 15%, and the rate of chronic extensive GvHD was close to non-existent.
Therefore, the incidence of GvHD is significantly lower in patients with TM who
undergo CBT as compared to BMT.

Currently, 124 patients with TM have undergone related CBT as reported in the
literature (Table 5.2, top). Similar to patients with SCD, the majority of condition-
ing regimens have included busulfan and cyclophosphamide with or without
ATG. Patients have had all stages of disease with Pesaro Class ranging from 1 to 3.
The majority of the studies have employed 6/6 HLA-matched grafts. The overall
survival is excellent at 94%. However, as compared to an 86% DFS found in patients
with SCD, DFS in patients with TM appears to be lower at 76%. Notably, while
hypertransfusion and cytoreductive therapy pre-transplant has been associated with
improved DFS in subjects with Pesaro Class 3 disease [19], these additional thera-
pies were only employed in one study [39]. Patients with TM may require more
intensive therapy pre- and post-transplant to suppress the enhanced erythropoietic
drive which may out-compete the immature immune and progenitor cells located
within the CB graft. The contribution of hypertransfusion and the remaining portion
of the ‘pre-transplant conditioning regimen’ to differences in DFS should be further
evaluated.

Unrelated Umbilical Cord Blood Transplantation

Two relatively large studies involving patients with TM who have undergone unre-
lated CBT have been reported. The first study described above included 35 patients
with TM [36]. Thirty patients received myeloablative conditioning, and five
reduced-intensity conditioning. Pesaro classification was not available in the major-
ity of the subjects. Most received 1 or 2 HLA-mismatched grafts, and 1 patient
received a 3 HLA-mismatched graft. Thirty-four percent of the patients died: 7
patients died from transplant-related complications and 5 died as a result of graft
failure. The transplant was successful in only 8 patients (21%). As described above,
22% of the total patients transplanted experienced grade 2—4 acute GvHD while
only 3% developed extensive chronic GVvHD.
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Conversely, another group reported their results for 35 patients with TM who
underwent unrelated CBT [40]. They received busulfan, cyclophosphamide, ATG,
and cyclosporine and methylprednisolone for prophylaxis against GvHD. Pesaro
classification was not reported, and again the majority received 1 or 2 HLA-
mismatched cords with one patient receiving a 3 HLA-mismatched cord. Overall
survival was 89%. By the end of the study, about 80% of patients were free of their
disease. However, 6 of the patients required a second transplant: 5 received second
CBT and 1 patient underwent peripheral blood stem cell transplantation. All of the
patients experienced acute GvHD: 18% grade 1, 35% grade 2, 44% grade 3, and 3%
grade 4. However, only 3% developed extensive chronic GvHD.

A total of 75 patients with TM have been reported to have received unrelated
CBT (Table 5.2, bottom). The regimens are varied, but most patients are adminis-
tered busulfan, cyclophosphamide, ATG, and/or fludarabine. Most of the patients
received mismatched grafts. The overall survival is 79% with a DES of 53%. About
half of the patients developed grade 2—4 acute GvHD, and only 2.5% extensive
chronic GvHD. Therefore, mortality (21%) associated with unrelated CBT is high
in patients with TM, and should not be routinely applied to patients with Pesaro
Class 1 who have <10% mortality with transfusions and iron chelation [41-43].
Since many patients died from graft failure, survival may be improved with second
transplants, even using a second CB graft. The incidence of grade 2 and 3 acute
GvHD is high, though the rates of grade 4 acute and extensive chronic GVHD are
low. Again these studies reported composite results—6/6 HLA matches with 5/6
and 4/6 matches—thus there are no sufficient data to convincingly decipher 6/6
matches would lead to better outcomes. Conditioning regimens to induce tolerance,
more intensive supportive care post-transplant, and other donor sources are neces-
sary for patients with TM who do not have an HLA-matched sibling donor.

Summary and Future Directions for Umbilical Cord Blood
Transplantation

The most encouraging results are from related donor CBT; this option is most favor-
able when the cord is 6/6 HLA-matched and the TNC is greater than 4 x 107/kg [28].
It is disappointing that the transplant results from using unrelated CB grafts have
been suboptimal to date. The major obstacles with unrelated CBT remain graft fail-
ure in SCD, and low DFS and excessively high mortality in TM. Thus CB grafts
have not emerged as a clear alternative cell source for patients without matched
sibling donors. While cord blood banking should be discussed among patients, par-
ents, and providers, the enthusiasm for routine cord blood banking, including
directed to siblings with hemoglobin disorders, has been dampened by favorable
results obtained only when using fully matched related units. Donation of cord
blood units for research purposes, however, should be encouraged.

Methotrexate should not be used as GvHD prophylaxis due to the associated
inferior results [30]. The incidence of graft failure may be decreased by infusing
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bone marrow cells from the same sibling donor [39, 44, 45]. These results have led
us to conclude that improvements to CBT outcome can come from several areas
currently in active research.

Optimizing Supportive Care and Conditioning Regimen

One study reported that CBT performed more recently had a higher success rate
[34], suggesting that greater experience, better supportive care, and improved anti-
biotic prophylaxis has led to better results. Indeed, improved success over the past
few decades in patients with hematologic malignancies has been at least partially
attributed to better selection of CB units, more experienced supportive care, and
better selection of eligible transplant recipients [29, 46], and those principles will
need to be optimized in the non-malignant hematologic disease setting as well.
Additional factors that may contribute to graft failure and should be evaluated are
the effects of red cell alloimmunization and donor-specific HLA antibodies.

Cord blood transplants for hemoglobin disorders have been plagued by graft
failure as demonstrated in the BMT CTN 0601 SCURT trial (NCT00745420),
where the premature closure of the cord donor arm was related to an unacceptably
high graft failure rate [37]. This study suggests that even one antigen-mismatched
grafts and optimal cell dose may not be sufficient [37]. Thus adding more chemo-
therapy agents was a reasonable next step to overcome the engraftment barrier.
Preliminary data suggest that improvement in engraftment has been achieved by
adding hydroxyurea and thiotepa to the preparative regimen of alemtuzumab, fluda-
rabine, and melphalan used in the SCURT study [47]. While 5 out of 8 patients
showed graft rejection in the SCURT trial, only 1 of 12 rejected with the new regi-
men that included thiotepa and hydroxyurea. Further follow-up of these early find-
ings is warranted. The use of thiotepa has also shown some preliminary success in
other studies [34, 48]. However, increasingly intensive conditioning was not suffi-
cient to significantly improve the graft failure rate in nine patients with TM who
received related CBT [49].

Regimens that instead focus on tolerance induction, such as promoting regula-
tory T-cells (sirolimus) or eliminating alloreactive T-cells following graft infusion
(post-transplant cyclophosphamide), may decrease the risk of graft failure. Mixed
donor chimerism has been found to be associated with a decreased incidence of
GvHD in patients with SCD or TM who receive BMT or peripheral blood stem cell
transplantation (PBSCT) [50, 51]. Further, mixed donor chimerism (10-95%) was
not found to be associated with an increased risk of graft failure in 27 patients with
TM given CBT from a related donor [48]. All 27 patients were alive, transfusion-
independent, off immunosuppression, and did not have GvHD. Therefore, a low
intensity regimen which leads to stable mixed chimerism and tolerance induction
may be optimal. This approach in the unrelated donor setting would need to be bal-
anced with the higher risks of graft failure and GvHD.
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Allelic HLA Matching

There has been an international effort to expand allelic level typing for all matched
unrelated donors, and recently this is increasingly performed for cord blood units.
In a recent report from CIBMTR, where they performed such allelic level HLA-
typing in single unit CBT for hematologic malignancies, neutrophil recovery was
not more delayed in one and two antigen mismatched units. However, non-relapse
mortality was higher, evidenced by higher hazard ratios, in any mismatched setting
(even one antigen mismatched) [52]. Due to these apparently conflicting results and
the novelty of the data, further investigation is warranted. A marrow donor recruit-
ment group from Washington, DC, performed DNA sequencing and assigned HLA
haplotypes, and showed that there were novel HLA-B, -C,-DRB1, and -DQB1 asso-
ciations in African-American mothers and their cord blood units, again highlighting
HLA diversity in this population [53]. Thus higher resolution HLA-typing could
provide detailed information for the possibility of better HLA matching.

Double Cord Blood Transplant

Double cord transplant, while mostly described in the malignant transplant realm,
remains the subject of research for hemoglobin disorder transplants. The currently
open trial NCT00920972, which evaluates alemtuzumab, fludarabine, and melpha-
lan conditioning in non-malignant transplants, has strata dedicated to single and
double cord transplants for hemoglobin disorders [54].

Ex vivo Expansion

Another significant limiting factor has been cord size/cell dose. A study published
on behalf of the Eurocord Registry, the CIBMTR, and the New York Blood Center
describing outcomes of unrelated cord transplants for hemoglobin disorders recom-
mended that a total nucleated cell count of at least 5 x 10%kg be targeted for single
cord transplants to maximize engraftment [36]. Such high cell doses can signifi-
cantly restrict cord options for patients, especially as adulthood is approached and
cord units become too small. In the last few years, the transplant field has seen a
bevy of approaches used to expand hematopoietic stem cells in the basic science lab
now being translated to clinical practice. The most impressive report to date
describes 31 adults with hematologic malignancy who received unrelated double
umbilical cord transplants [55]. In this trial, one of the cords was co-cultured ex vivo
with mesenchymal stromal cells prior to infusion, resulting in a 12-fold increase in
total nucleated cell doses and a 30-fold increase in CD34* cell content. The rate of
neutrophil engraftment by day 42 was significantly improved in patients who
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received the expanded cord as part of their transplant (96%) when compared to two
separate control cohorts who received unmanipulated double cords (83 and 78%).
While the expanded cord transplant contributed to hematopoiesis early on, at 1 year
the predominant donor-derived chimerism was from the unmanipulated unit in the
vast majority of the patients. The finding that the unmanipulated cord is the one
ultimately responsible for long-term engraftment brings into question whether
expanded units, despite having increased numerical cell doses, behave functionally
similar to unmanipulated grafts of similar size and are capable of life-long engraft-
ment. Promising preliminary data in transplants for malignancy have supported the
NiCord® trial for SCD (NCT01590628), which is evaluating the use of double cord
transplantation after myeloablative conditioning where one of the cord units is
expanded ex vivo in culture with cytokines and nicotinamide [56]. The study is
estimated to complete in the spring of 2014.

Haploidentical (and Mismatch Related) Transplantation
for Patients with Hemoglobin Disorders

Haploidentical transplantation has increasingly been explored as a viable treatment
option for patients with hemoglobin disorders. Many benefits exist including a read-
ily available donor pool, since parents, children, and half-matched siblings can
serve as donors, relatively short time to collect the graft as compared to unrelated
donors, and the option for repeat collections as opposed to a CB graft. However, due
to the higher immunologic barrier, there has traditionally been a high risk for graft
rejection, GvHD, and transplant-related mortality.

For Patients with Sickle Cell Disease (Table 5.3)

The first report of a haploidentical BMT in a patient with SCD occurred in 2004
[57]. The 14 year-old patient was conditioned with fludarabine and 200 cGy TBI,
and received CSA and MMF for prophylaxis against GVHD. The patient survived
free of SCD and did not develop GvHD. In 2012, the Johns Hopkins group reported
their experience [58]. Their regimen was based on the success seen in their patients
with hematologic malignancies who underwent haploidentical BMT and included
post-transplant infusion of cyclophosphamide to decrease the incidence of GYHD
[59, 60]. Fourteen patients, predominantly adults, were treated. While the rate of
graft rejection was expectedly high due to the non-myeloablative regimen, 7 of the
14 patients are completely free of SCD. One additional patient displays a mixed
donor and recipient erythroid phenotype with severe anemia and sickle hemoglo-
bin elevated more than would be expected in a subject with sickle cell trait.
Importantly, none of the patients developed GvHD and all of the patients are living.
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Further, six of the patients with complete donor chimerism have been weaned off
of immunosuppressive therapy.

Recently, Dallas and colleagues described eight pediatric patients who received
haploidentical PBSCT [61]. The patients underwent reduced-intensity conditioning
consisting of fludarabine or pre-transplant cyclophosphamide, busulfan, thiotepa,
and muromonab-CD3 with or without ATG. They were treated with MMF for
GVvHD prophylaxis. The patients received CD34*-selected PBSC on day 0 and
CD3*-depleted PBSC on day +1. These patients were compared to 14 pediatric
patients who received myeloablative conditioning: 13 patients underwent matched
sibling BMT and 1 patient received matched sibling CBT. The overall survival and
DFES were 93% for patients who underwent matched related donor transplantation.
Conversely, for patients who received haploidentical transplants, overall survival
was 75% and DFS 38%. Two patients (25%) developed grade 2 acute and two
patients chronic extensive GVHD; both patients died from GvHD.

Therefore, haploidentical transplantation is associated with a high risk of graft
rejection in patients with SCD, with a total DFS rate of 43% (Table 5.3). While the
most recent report was associated with a prohibitive rate of transplant-related mor-
tality, both as a result of GVHD, the Hopkins group transplanted 14 patients, includ-
ing 12 adults, and none of the patients died or developed GvHD. The improved
survival and absence of GVHD may be due to the bone marrow stem cell source and/
or the use of post-transplant cyclophosphamide. Additional studies to attempt to
decrease the rate of graft rejection and GvHD should be performed in the context of
a clinical trial.

For Patients with Thalassemia Major (Table 5.4)

In two earlier reports, up to three antigen mismatch family donors were used and the
majority of the patients belonged to Pesaro Class 2 or 3. In the report by Gaziev
et al. [62], reduced doses of busulfan down to 8 mg/kg were used to reduce the
potential liver and other transplant-related toxicity, which was one explanation of
the surprisingly high graft rejection rate (55%). There was also an equally high rate
of acute and chronic GVHD, 47 and 38% respectively. Separately, Sullivan and col-
leagues also reported a high rejection rate at 28%, but rates of GVHD were not
reported [63]. Both reports contained mortality rates close to 30%, which dampened
the enthusiasm of relying on this donor source for transplantation. However, in the
most recent report of 16 patients, the results were much improved with only one
death and GvHD rates of 15-20% [64].

In 2004, a patient with Pesaro Class three disease was reported to have under-
gone haploidentical PBSCT after being conditioned with busulfan, fludarabine,
anti-lymphocyte globulin (ALG), and 500 cGy TBI [65]. The patient survived free
of disease but developed grade 2 acute GVHD and extensive chronic GvHD. The
largest study to date was reported in 2011 [66]. Thirty-one patients with TM received
myeloablative conditioning with fludarabine or cyclophosphamide, busulfan, thiotepa,
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ATG, and CSA for prophylaxis against GVHD. Donor grafts consisted of T-cell
depleted BM and PBSCs to achieve mega doses of enriched CD34* cells. Overall
survival was 94% with a DFS of 70%. None of the patients developed acute or
chronic GVHD.

To date, a total of 159 patients with TM have been reported to undergo haploi-
dentical transplantation (Table 5.3). Conditioning regimens are mixed, but all except
one contain fludarabine. Total overall survival is 93% and DFS is 74%. Despite
most donor grafts including PBSCs, GvHD rate was low: 13% grade 2—4 acute and
4% extensive chronic GVvHD.

Interestingly, unlike in CBT where DFS is higher in patients with SCD as com-
pared to TM, DES appears to be higher in patients with TM as compared to SCD
when undergoing haploidentical transplantation. The mega doses of CD34*-cells in
more than half of the patients with TM may have helped to overcome the engraft-
ment barrier. Therefore, future studies should consider mega doses of CD34" cells
(>10 x 109 cells/kg) to help decrease the rate of graft rejection along with ex vivo or
in vivo T-cell depletion and/or post-transplant cyclophosphamide to help decrease
the risk of GVHD and again should be performed as part of a clinical trial.

Matched Unrelated Donor Transplantation for Patients
with Hemoglobin Disorders (Table 5.5)

Due to the lack of donor availability, matched unrelated donor (MUD) marrow
transplants have not been performed in sufficient number of patients with SCD. There
is one report from Germany that included two children who received matched unre-
lated marrow transplant successfully [67]. The Sickle Cell Unrelated Transplant
(SCURT) trial (NCT00745420), which has been open since 2008, has transplanted
close to 20 patients from MUD (European Bone Marrow Transplant meeting 2012).
When published, the study results will provide useful information about this donor
option for patients with SCD.

With respect to MUD marrow transplants in TM, there have been slightly over
130 patients transplanted. La Nasa et al. reported MUD marrow transplants from
10/10 donors, but included more Pesaro Class 3 (more severe) patients [68, 69].
Rates of acute GvHD, chronic GVHD, and mortality were 35, 20, and 24%, respec-
tively. A more recent cohort was described in mostly Pesaro Class 2 patients where
they allowed up to one allele HLA-mismatch donors [70]. There was only 8% acute
GvHD (grade 2 not reported), no extensive chronic GVHD (limited GvHD not
reported), and 8% mortality. Having more Class 2 patients, using reduced doses of
cyclophosphamide, and employing more current supportive care certainly contrib-
uted to the better results reported in this recent cohort. There is preliminary report
from an international collaborative collection of 23 children with thalassemia, 16 of
them received transplant from unrelated donors. The DFS was 78%, with acute and
chronic GVHD rates of 30 and 9% respectively (Shenoy et al., American Society of
Hematology Annual Meeting, 2013).
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Summary and Recommendations

With the passing of each decade, substantial progress in allogeneic transplantation
from the different donor options has been made for hemoglobin disorders:
matched sibling/related donors in the 1980s, matched unrelated and cord blood in
the 1990s, and haploidentical donors in the 2000s. These alternative options have
greatly expanded transplantation to those who were otherwise eligible for a con-
ventional matched sibling transplant. From our review of the literature, improve-
ments in supportive care and high resolution HLA-typing have further made
transplantation safer, and modifications to the conditioning regimen have allowed
those with end-organ damage or higher Pesaro classification to receive this cura-
tive procedure (Fig. 5.1).

The conditioning regimens have gradually been adapted from the most common
backbone of busulfan (14-16 mg/kg), cyclophosphamide (200 mg/kg), anti-
thymocyte globulin, and cyclosporine for GVHD prophylaxis. Busulfan has mostly
been switched to intravenous for consistent pharmacokinetic measurements and less
riskof sinusoidal obstructive syndrome (veno-occlusivedisorder). Cyclophosphamide
dose can be reduced to as low as 120 mg/kg to prevent significant liver injury peri-
transplant. For haploidentical or allelic mismatched donors, thiotepa and/or fludara-
bine have been added to enhance engraftment, and post-transplant cyclophosphamide
and other immunosuppressants (e.g. sirolimus) to reduce GvHD.

The results of these transplant studies that we surveyed can be summarized into
the following recommendations, which can be applied with children or adults, and
in p-thalassemia or SCD (Fig. 5.2).

1. Marrow, peripheral blood derived, or cord blood progenitor cells from matched
sibling/related donors offer the best results of transplantation, thus this donor
source should be sought whenever possible.

2. Fully matched unrelated marrow (8/8 or 10/10 allelic match) would be the next
best option (Table 5.5), as the evidence for this donor choice in patients with
thalassemia has been reported in two reasonably sized studies in different popu-
lations [68, 70]. There are insufficient data in SCD thus far, but the results from
SCURT trial (BMT CTN 0601, NCT00745420) should be available soon. This
donor source may be more difficult to find for patients with SCD, compared to
patients with thalassemia.

3. While fully matched unrelated cord blood units (6/6 match) would appear to be the
next reasonable option, the reports only included limited number of patients and the
results were combined 6/6 match with lower HLA matches. There are favorable
results in some reports but high rates of GvHD with low rates of engraftment in
others (Tables 5.1 and 5.2). Thus at this time, this source (whether 6/6 match or
lower) is not clearly more preferable than haploidentical donors. The institutional
expertise would likely dictate which source is better suited. Additionally there are
other factors that make this source less desirable than match unrelated marrow.

a. Since total nucleated cell count can vary, this source is better suited for
children.
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Fig. 5.1 (a) Summary of transplants performed in sickle cell disease. The average rates of event-
free survival (Alive, no disease), acute GvHD, chronic GvHD, and mortality are plotted with
respect to the different donor sources. *There are insufficient matched unrelated donor (MUD)
data to date, but the sickle cell unrelated transplant (SCURT) trial results will be available soon.
(b) Summary of transplants performed in thalassemia. The average rates of event-free survival
(Alive, no disease), acute GvHD, chronic GvHD, and mortality are plotted with respect to the dif-
ferent donor sources

b. Fully matched unrelated cord blood units are rare for patients with SCD.

c. Delayed platelet engraftment that is typical with CBT and may lead to exces-
sive morbidity should be considered: hypersplenism in patients with thalas-
semia with risk of platelet transfusion refractoriness, or CNS vasculopathy in
patients with SCD with risk of intracranial hemorrhage.

4. Haploidentical (or mismatch related) donors have emerged as a reasonable and
safe alternative from the studies published in the last decade (Tables 5.3 and
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Patients with SCD or thalassemia eligible
for allogeneic stem cell transplant

[ Matched related donor? ]

No Yes | Matched related sibling
or cord transplant

[ Alternative donor search ]

|

Suggested priority based on currently available data:
1. 8/8 HLA-A, B, C, DRB1 matched unrelated marrow or PBSC
« Difficult to find in patients with SCD
2. Unrelated cord blood OR haploidentical/mismatched related
* Institutional expertise may prefer one over the other
* Appropriate cord blood units may be more applicable in
children but more difficult to find in patients with SCD

v

7/8 or less HLA-A, B, C, DRB1 matched unrelated marrow are not
recommended at this time. More optimization and enrollment in
clinical trials are needed.

Fig. 5.2 Suggested priority of alternative donors. Hematopoietic progenitors from matched
sibling donors remain the best option. From the studies reviewed in this work, fully matched
unrelated donor is the next best option for patients with thalassemia. The corresponding data in
sickle cell disease will be available soon. Since the results from unrelated cord blood and
haploidentical/mismatched related transplant are variable, there is no one preferred source at
this time. Enrollment in clinical trials is strongly encouraged. Mismatched unrelated marrow
source is not recommended until after further optimization.

5.4), but the cumulative experience is less than that of cord blood transplants.
The typical conditioning regimen backbone of busulfan, cyclophosphamide,
and ATG has been adapted to include fludarabine and/or low dose radiation in
thalassemia. Although at a glance, the outcomes from this source appear to be
suboptimal, the data from the most recent series have better engraftment and
lower GvHD rates [64]. The conditioning regimens in SCD are significantly
different from busulfan, cyclophosphamide, and ATG. The addition of post-
transplant cyclophosphamide has been shown to decrease the incidence of
GvHD, but more optimization is needed to improve this donor option.

5. Although data from other nonmalignant diseases (immune deficiencies or aplastic
anemia) are encouraging, the results from using mismatched unrelated marrow
(7/8 or less) in hemoglobin disorders are overall inferior to the other options
based on studies to date. Therefore, this donor source should be studied in the
context of clinical trials, testing newer conditioning regimens, other immunosup-
pressive combinations, and/or other strategies.
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