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THE CHANGING LANDSCAPE OF α -  AND β - THALASSEMIA DIAGNOSIS AND TREATMENT

     Advances in the man age ment of α - thal as se mia 
major: rea sons to be opti mis tic 
     Paulina   Horvei , 1   Tippi   MacKenzie , 2  and  Sandhya   Kharbanda  1
1 Division of Pediatric Allergy, Immunology and Bone Marrow Transplantation, and  2 Division of Pediatric Surgery and Fetal Treatment Center, UCSF 
Benioff Children ’ s Hospital, University of California, San Francisco, CA 

    α  - Thalassemia major (ATM) is a severe dis ease resulting from dele tions in all 4 cop ies of the  α  - glo bin gene. Although it is 
usu ally fatal before birth, the advent of in utero trans fu sions has enabled sur vival of a grow ing num ber of chil dren. Post-
natal ther apy con sists of chronic trans fu sions or stem cell trans plan ta tion, sim i lar to patients with  β  - thal as se mia major. 
In this review, we dis cuss the expe ri ence with post na tal stem cell trans plan ta tion in patients with ATM, as well as the 
ongo ing phase 1 clin i cal trial of in utero stem cell trans plan ta tion for this con di tion.  

   LEARNING OBJECTIVES 
   •    Review HCT for patients with ATM 
  •    Discuss opti mal con di tion ing reg i mens for HCT in patients with ATM  

  CLINICAL CASE 
 A preg nant woman of Southeast Asian ances try under-
went rou tine pre na tal ultra sound and was found to have a
fetus with hydrops fetalis, manifesting as asci tes and pla-
centamegaly. She and her part ner were both known to 
be car ri ers of 2  α  - glo bin dele tions, giv ing them a 25 %  
chance of a preg nancy with dele tion in all 4  α  - glo bin genes 
( α  - thal as se mia major [ATM]). Given the con cern for ATM 
in the fetus, the cou ple were coun seled regard ing their 
options for the preg nancy, includ ing preg nancy ter mi na-
tion or fetal ther apy with intra uter ine trans fu sions (IUTs). 
They opted for IUTs, which were performed starting at 
23 weeks of ges ta tion and repeated every 3 weeks until 
birth. The baby was born at term and stayed in the hos pi-
tal for 2 weeks. Postnatal trans fu sions were given every 3 
weeks. Neurological devel op ment was nor mal at the time 
of  test ing at 8 months. 

 Introduction 
 Epidemiology and genet ics 
  α  - Thalassemia is a reces sively inherited hemo glo bin op a thy 
caused by muta tions in the  α  - glo bin genes located on the 
short arm of chro mo some 16. It is one of the most com mon 
mono genic dis or ders in the world, affect ing approx i ma tely 
5 %  of the pop u la tion; prev a lence is highest in China, South-
east Asia, the Middle East, India, and Africa. 1  There is a ris ing 
inci dence in the Western United States due to immi gra tion 

pat terns such that in California 1 in 10 000 new borns have 
a clin i cally sig nifi   cant  α  - thal as se mia, and the rate of ATM 
is 0.2 per 100 000 state births. 2   α  - Thalassemia has vary ing 
degrees of sever ity depending on the num ber of deleted or 
mutated genes and remaining func tional  α  - glo bin genes. 

 Carriers of this con di tion can have (a) 1  α  - glo bin gene 
deleted / inactivated in each chro mo some ( α  −  /  α  − ), known 
as the trans form of the  α  - thal as se mia trait (com mon in 
peo ple of Afri can descent), or b) 2 miss ing / inactivated 
 α  - glo bin genes on the same chro mo some ( α  α  /  −  − ), known 
as the cis form of the  α  - thal as se mia trait (com mon in peo-
ple of Asian descent). 

 There are 2 clin i cally sig nifi   cant forms: ATM, also known 
as  α  0  - thal as se mia or hemo glo bin (Hb) Bart ’ s hydrops feta-
lis, caused by dele tion / inac ti va tion of all 4  α  - glo bin genes 
( −  /  − ), and HbH dis ease, most fre quently caused by dele tion / 
inac ti va tion of 3  α  - glo bin genes ( −  /  −  α ). 3  

 Normal and abnor mal devel op men tal Hb
and pathol ogy of hydrops 
 Fetal oxy gen exchange is accom plished by embry onic Hb 
(com posed of 2 zeta and 2 gamma chains, or  ξ 2 γ 2) until 2 
months of ges ta tion ( Figure 1 ); there af ter, fetal Hb ( α 2 γ 2) 
per forms this func tion. 1  A reduc tion of  α  - glo bin results in 
the aggre ga tion of  γ  - glo bin tet ra mers in utero (Hb Bart ’ s) 
and after birth, of  β  - glo bin tet ra mers (HbH). Both Hb Bart ’ s 
and HbH have increased oxy gen affi n ity, resulting in poor 
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oxy gen deliv ery; they cause the pre ma ture destruc tion of mature 
red blood cells (RBCs), lead ing to hemo ly sis, and dam age matur-
ing ery throid pre cur sors, lead ing to inef fec tive eryth ro poi e sis.5 
While most patients with a 3 α-glo bin gene dele tion do not have 
severe symp toms, some patients with nondeletional muta tions, 
such as Hb Constant Spring, require chronic trans fu sions and 
may ben e fit from stem cell trans plan ta tion.6

ATM is the most severe form: patients have a pre na tal 
onset of non im mune hydrops fetalis as a result of heart fail ure 
induced by severe ane mia. Embryonic Hb Portland (ξ2γ2) is 
the only func tional oxy gen-car ry ing Hb in these infants, which 
is short-lived, as the ξ-glo bin gene is then silenced, switch-
ing to the non func tional Hb Bart’s. Extramedullary eryth ro-
poi e sis with marked hepatosplenomegaly and an enlarged 
pla centa are com mon. With few excep tions, ATM is fatal in 
utero or shortly after birth with out IUTs to treat the ane mia. 
In untreated patients, hydrops can lead to mater nal com pli-
ca tions such as ane mia, polyhydramnios, pre term labor, and 
pre eclamp sia.3

Prenatal diag no sis and coun sel ing
Couples who are car ri ers for α-glo bin dele tions and are at risk 
of hav ing a child with ATM should receive genetic coun sel ing 
to review the nat u ral his tory of the dis or der and dis cuss pre-
na tal genetic test ing, repro duc tive options, and pre na tal and 
post na tal treat ment options and their risks. During preg nancy, 
a defin i tive fetal diag no sis can be obtained using chorionic vil-
lus sam pling, amnio cen te sis, or fetal blood sam pling.7 Given the 
neces sity of IUTs to enable sur vival, early diag no sis (pref er a bly 
prior to the onset of hydrops fetalis) is impor tant. Although some 
infants have, report edly, sur vived with out IUTs, they are almost 
always born pre term and have neo na tal com pli ca tions due to 
the effects of untreated fetal hyp oxia.5

IUTs and impact on clin i cal out comes
Given the sever ity of ATM and the lack of ther a peu tic options 
uni ver sally avail  able until recently, par ents have most often 
elected to undergo ter mi na tion of preg nancy. However, IUTs 
are now com monly performed for mul ti ple fetal ane mias and 
are increas ingly used to treat fetuses with ATM. Although the 
ini tial IUT can treat the crit i cally low ane mia, sub se quent IUTs 
are gen er ally given every 3 weeks to main tain an appro pri-
ate Hb level.1 Most fetal cen ters start IUTs at 18 weeks of ges-
ta tional age and fol low pro to cols sim i lar to those for treat ment 
of isoimmunization,8 with low com pli ca tion rates (1.2% per pro-
ce dure, 3.3% per fetus).9 Since most fetuses are diag nosed 
after 18 weeks, the most com mon approach is an intra ve nous 
infu sion through the umbil i cal vein. The pro to col is to trans fuse  
O neg a tive blood with a high hemat o crit so that the ane mia 
may be corrected with out vol ume overloading the fetus. Several 
reports indi cate that this fetal ther apy pro vi des ben e fits dur ing 
the peri na tal and neo na tal period: it reverses ane mia, fetal growth 
restric tion, and hydrops; decreases pre term deliv er ies; and con-
trib utes to infants hav ing higher Apgar scores and a shorter dura-
tion of neo na tal ven ti la tion com pared to untreated patients.5 
Several case series have also dem on strated a long-term pos i tive 
impact on growth and devel op ment.1,5,10,11 After birth, infants with 
ATM con tinue to require trans fu sions, using a pro to col sim i lar to 
patients with β-thal as se mia major (BTM). Given the improv ing 
sur vival of patients with ATM, par ents can be given the option of 
fetal ther apy dur ing a non di rec tive pre na tal coun sel ing ses sion.

Allogeneic hema to poi etic stem cell trans plan ta tion  
for ATM
Allogeneic hema to poi etic stem cell trans plan ta tion (HCT) is cur-
rently the only avail  able cura tive treat ment option for patients 
with ATM. The under ly ing prin ci ple of allo ge neic HCT in ATM is 

Figure 1. Hb switching at the human α- and β-globin loci. Green, embryonic globins; blue, fetal globins; red, adult globins. Primitive 
erythropoiesis, derived from the yolk sac, is characterized by the expression of ζ-globin (from the α-globin locus) and ɛ-globin (from 
the β-globin locus). These are silenced at approximately 8 weeks’ gestation. α-Globin then accounts for the entirety of the transcrip-
tional output from the α-globin locus. At the β-globin locus, there is a switch to fetal globin (γ-globin) during fetal life and then a sec-
ond switch to the adult β-globin. The predominant type of Hb corresponding to each developmental stage is shown below. Adapted 
with permission from King and Higgs 2018.4
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sim i lar to that in other hemo glo bin op a thies and involves the 
replace ment of recip i ent hema to poi etic stem cells (HSCs) with 
donor HSCs, resulting in the pro duc tion of donor-derived RBCs 
that do not har bor the α-thal as se mia muta tion.

In 1998 a 21-month-old girl with ATM received a bone mar row 
(BM) HCT from a matched sib ling donor (MSD) after con di tion ing 
with busul fan (Bu), cyclo phos pha mide (Cy), and horse-derived 
antithymocyte glob u lin (hATG). Graft-ver sus-host dis ease (GVHD) 
pro phy laxis included meth o trex ate (MTX) and cyclo spor ine 
A (CSA). Neutrophil engraft ment was detected at day +17. No 
major HCT-related com pli ca tions devel oped. Hb lev els remained 
>10 g/dL with out blood trans fu sions despite the pres ence of 
resid ual host HSCs.12 Since this first case published in 1998, 
14 other patients who received an HCT for ATM have been 
shared with the sci en tific com mu nity (Table 1): 5 patients (33%) 
did not receive IUTs, and all  were born pre ma ture, with lower 
Apgar scores at 1 and 5 min utes, had evi dence of hydrops  
(3 mild, 2 severe), and required lon ger inten sive neo na tal care. 
Ten patients (66%) received IUTs and con se quently had less 
hydrops and were born at term (50%) or late pre term. Despite 
some patients expe ri enc ing a chal leng ing ini tial neo na tal course, 
with chronic trans fu sions, inten sive care, and close fol low-up 
they were  able to be bridged to trans plant. Ten patients (66%) 
received HCT at an age ≤24 months, with the youn gest being  
5 months of age. In total, 16 HCTs were performed; 2 patients had 
graft fail ure, 1 of which was sal vaged with a sec ond trans plant, 
while the other con tin ued on chronic trans fu sions. In 5 patients 
the choice of con di tion ing reg i men was not reported (NR). Of 
the remaining, the major ity received myeloablative con di tion-
ing, which in 8 patients (53%) was a Bu-based reg i men along with 
other agents, includ ing fludarabine (Flu) and Cy. With respect to 
types of donors and stem cell source, 4 patients received an MSD 
(3 BM, 1 NR), 1 received related mismatched umbil i cal cord blood 
cells (UCB), 4 received matched unre lated donor stem cells (1 BM,  
3 periph eral blood stem cells [PBSCs]), 4 got mismatched unre-
lated donor HSCs (2 UCB, 2 NR), and 1 patient received αβ T-cell- 
depleted haploidentical PBSCs. Only 1 patient, who was 13 years 
old at the time of trans plant—the oldest patient reported—died 
from trans plant-related com pli ca tions. Considering those patients 
that engrafted, all  became trans fu sion inde pen dent. Chimerism 
data were reported in 13 patients, and approx i ma tely half of the 
patients (6/13) were found to have mixed chi me rism and became 
trans fu sion inde pen dent, sim i lar to those with full chi me rism. 
From those patients with known iron over load prior to HCT  
(9 total; 1 mild, 4 mod er ate, 4 severe), only 1 patient was reported 
to develop severe and 1 patient to develop mild veno-occlu sive 
dis ease of the liver (VOD). Of the patients who suc cess fully 
engrafted and sur vived, 6/13 (53%) had no devel op men tal delays 
reported (66% of whom had pre vi ously received IUTs), and 46% 
(6/13) had a mild delay. For 1 patient this was NR.1,12-20

In con trast to ATM, the results of allo ge neic HCT for a closely 
related hemo glo bin op a thy, BTM, are widely reported and well 
stud ied in large patient pop u la tions. Patients transplanted after 
the year 2000 have had an out stand ing 2-year over all sur vival 
(OS) and event-free sur vival (EFS) with the use of MSD (93% and 
85%, respec tively) and BM (91% and 83%, respec tively).22 How-
ever, in recent years the use of Bu-based myeloablative reg i mens 
have sig nifi  cantly improved out comes with alter na tive donors, 
and they are now com pa ra ble to those of MSD (5-year OS and 
EFS for MSD and HLA-matched unre lated donors of 89% vs 87% 

and 86% vs 82%, respec tively).23 Evidence also sup ports that 
patients who receive a trans plant before 2 years have the best 
out comes, with a 2-year OS and EFS of 95% and 93%.24

Traditional myeloablative con di tion ing reg i mens such as 
Bu/Cy typ i cally result in sustained donor mye loid engraft ment; 
how ever, they are asso ci ated with sig nifi  cant poten tial tox ic ity 
that can result in organ dys func tion, such as VOD and treat ment-
related mor tal ity (TRM). Therefore, the use of reduced-tox ic ity 
con di tion ing (RTC) reg i mens, with the goal of min i miz ing toxic-
ities with out jeopardizing engraft ment, is an appeal ing option 
and a con tin ued sub ject of inves ti ga tion in the field. Studies done 
in patients with high-risk BTM showed that sub sti tu tion of Flu for 
Cy or Bu/Flu-based con di tion ing reg i mens led to myeloablation 
but were asso ci ated with decreased tox ic ity com pared to the 
con ven tional Bu/Cy reg i mens, hence the term RTC.22,25 Further 
strides toward improved safety pro files of RTC reg i mens have 
been made with the use of phar ma co ki netic (PK) model-based 
dos ing of con di tion ing agents, which allows for reduced tox ic ity 
while maintaining the reg i men’s effi cacy. The drug’s expo sure, 
mea sured as a cumu la tive area under the curve (cAUC) over the 
treat ment course, can be adjusted in real time using ther a peu tic 
drug mon i tor ing. A drug expo sure below a cer tain thresh old car-
ries an increased risk of graft fail ure, whereas an expo sure above 
the desired range is asso ci ated with an increased risk of organ 
tox ic ity. In a study com par ing PK-targeted Bu and Flu and con-
ven tional Bu and Cy, the for mer approach was shown to be less 
toxic while maintaining effi cacy in pedi at ric HCT patients.26 In 
sev eral non ma lig nant dis eases, includ ing thal as se mia, this expo-
sure could be fur ther reduced due to the accept abil ity of mixed 
but sta ble mye loid chi me rism, which often leads to ther a peu tic 
ben e fit. More recently, our group has shown that a less toxic 
and even lower expo sure to Bu with a cAUC of 70 mg·h/L was 
ade quate for dis ease cor rec tion and achieve ment of dura ble 
full or sta ble mixed mye loid engraft ment (chi me rism of >20%) in 
pedi at ric non ma lig nant con di tions, with rare cases of severe Bu- 
related tox ic ity and GVHD.27 Further, stud ies aiming to under-
stand the rela tion ship between graft rejec tion and Flu dose in 
chil dren under go ing HCT have been conducted to opti mize the 
immu no sup pres sive ele ment of con di tion ing based on which 
a Flu cAUC of 16 to 20 mg·h/L is deemed safe and effec tive 
to over come the immune bar rier while show ing no ben e fit of 
increased expo sure with respect to sur vival.28,29 In a recent study 
by Contreras et al,30 chil dren receiv ing RTC for non ma lig nant 
HCT, a total of 62 patients, were transplanted (23% had a diag-
no sis of hemo glo bin op a thies, 7, BTM, and 7, sickle cell dis ease 
[SCD]). Using targeted Bu and Flu in com bi na tion with alemtu-
zumab (2012-2018), the cumu la tive inci dence of graft fail ure was 
6.9% (none occurred in patients with an under ly ing diag no sis of 
hemo glo bin op a thies), the 3-year cumu la tive inci dence of TRM 
was 3.4%, and the 3-year OS was 96.6%, with a low inci dence of 
acute GVHD (aGVHD) grade 2 to 4 and chronic GVHD (7% and 
5%, respec tively). These results sug gest that the use of targeted 
Bu and Flu offers a well-tol er ated option for chil dren with non-
ma lig nant dis or ders to achieve sustained engraft ment with a low 
inci dence of trans plant-related com pli ca tions.30

The thresh old chi me rism needed to ren der trans fu sion inde-
pen dence fol low ing trans plan ta tion in patients with thal as se-
mias is not clearly known. However, the lim ited data in BTM 
sug gest that com plete donor chi me rism is not essen tial for sus-
tained engraft ment or for achiev ing trans fu sion inde pen dence, 
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Figure 2. Prenatal screening for ATM. (1) This tool is not a replacement for referral to genetic counseling, which may happen at 
any time in this pathway. Genetic counseling provides guidance for genetic testing and management options for families with 
 pregnancies at risk for severe forms of thalassemia. (2) The sensitivity and specificity are not definitive, and not all carriers will be 
detected by this screening. (3) The American College of Obstetricians and Gynecologists recommends that all pregnant women 
have a CBC with  assessment of MCV. (4) Rare mutations, such as nondeletional α-thalassemia and others, may not be captured in this 
 algorithm. In high-risk cases, or where Hb electrophoresis is abnormal, consultation with a genetic counselor and/or  hematologist 
is  recommended. (5) The presence of HbA2 > 3.5 does not exclude a coexisting α0-thalassemia trait. In individuals of Southeast 
Asian,  Filipino, or  Chinese descent who have microcytic hypochromic anemia, perform α-globin gene deletion and common vari-
ant studies irrespective of HbA2 level. CBC, complete blood count; CVS, chorionic villus sampling; HPLC, high-performance liquid 
 chromatography; MCA,  middle  cerebral artery; MCH, mean corpuscular hemoglobin; MCV, mean corpuscular volume; MoM, multiples 
of the median; PCR,  polymerase chain reaction; PSV, peak systolic velocity; PUBS, percutaneous umbilical blood sampling. Adapted 
with permission from the University of California, San Francisco hemoglobinopathy screening algorithm.
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and this is thought to be due to inef fec tive eryth ro poi e sis, 
which allows the donor RBCs to have a sur vival advan tage. The 
per sis tence of resid ual host cells at >25% early fol low ing trans-
plant (<60 days) was shown to be a risk for graft rejec tion, while 
a level <10% was deemed low risk for rejec tion.31 Patients with 
per sis tent mixed chi me rism (PMC), defined as a sta ble mixed 
chi me rism for >2 years, were  able to remain trans fu sion inde-
pen dent even with >25% resid ual host cells, and their graft was 
func tional and suf fi cient to lead to trans fu sion inde pen dence.31 
This is fur ther supported by evi dence from split chi me rism in 
patients with PMC, where Andreani et al.32 observed that the 
pro por tion of donor-derived cells was equally dis trib uted in the 
dif fer ent cell lines, both in the periph eral blood and BM, with 
the excep tion of the eryth ro cyte com part ment. Despite the 
pres ence of few donor-engrafted nucle ated cells, the eryth-
ro cytes were almost com pletely donor in ori gin (80%-100%). 
This enrich ment of donor RBCs in the blood was not observed 
in ery throid pre cur sors from the mar row, suggesting that the 
inef fec tive eryth ro poi e sis pre sum ably respon si ble for this phe-
nom e non works at a later stage of ery throid devel op ment.32 
Consequently, since ATM is also char ac ter ized by inef fec tive 
eryth ro poi e sis due to the imbal ance of α and β chains,5 it is 
likely that com plete donor chi me rism is not crit i cal, and PMC 
would be suf fi cient to ren der trans fu sion inde pen dence fol low-
ing allo ge neic HCT.31

Rationale for in utero trans plan ta tion in patients with ATM
In utero HSC trans plan ta tion (IUHCT) is a prom is ing ther apy for 
dis eases that can be treated by post na tal HCT. IUHCT takes 
advan tage of the unique immune sta tus in the fetus to allow 
engraft ment of transplanted cells with out con di tion ing.33 Our 
team is cur rently performing a phase 1 clin i cal trial of IUHCT 
(NCT02986698) using mater nal stem cells as the donor: this 
strat egy takes advan tage of 2 aspects of mater nal-fetal biol-
ogy resulting from the nat u ral traf fick ing of cells between the 
mother and the fetus: first, the pres ence of mater nal cells in the 
fetus results in fetal tol er ance to noninherited mater nal anti gens 
dur ing preg nancy34; sec ond, the mater nal immune sys tem can 
medi ate rejec tion of third-party cells transplanted into the fetus 
in mouse mod els.35 Thus, trans plan ta tion of mater nal cells pro-
vi des the highest like li hood of suc cess. We are cur rently enroll-
ing patients with ATM for IUHCT between 18 and 26 weeks of 
ges ta tion (Figure 2). It is impor tant to note that although there 
are immune advan tages to transplanting mater nal stem cells 
into the fetus, the cur rent lack of an appro pri ate con di tion ing 
reg i men to cre ate space in the hema to poi etic niche results in 
low lev els of engraft ment in most ani mal mod els unless a very 
high dose of cells is infused. Therefore, the most likely sce nario 
is that the pre na tal trans plan ta tion is part of a 2-step pro to col 
in which the in utero trans plant achieves enough engraft ment 
to sus tain tol er ance to mater nal anti gens after birth followed 
by a post na tal “boost” using mater nal HSC with an RTC reg-
i men with min i mal or no immunoablation, improv ing engraft-
ment to clin i cally mean ing ful lev els. If suc cess ful, this pro to col 
would over come the lack of donor avail abil ity as well as offer an 
improved safety pro file com pared to tra di tional post na tal HCT. 
Indeed, prom is ing out comes have been seen in murine mod els 
of SCD and BTM in which IUHCT resulted in the devel op ment 
of donor-spe cific tol er ance and PMC. A post na tal boost was 
given, and chi me rism was fur ther enhanced to high lev els with 

near-com plete Hb replace ment (donor Hb >90%), ulti mately 
correcting SCD and β-thal as se mia phe no types.36

There have been mul ti ple pre vi ous reports of IUHCT in mul-
ti ple dis ease set tings, includ ing in fetuses with ATM with low 
engraft ment.37,38 However, none of these pre vi ous reports has 
used the strat egy of a high dose of mater nal cells, infused intra-
ve nously, which is the pro to col of our ongo ing clin i cal trial for 
ATM. Of note, engraft ment has been seen in the uniquely per mis-
sive set ting of immunodeficiencies such as bare lym pho cyte syn-
drome and severe com bined immu no de fi ciency.39,40 We chose 
to start our clin i cal trial in patients with ATM since they require 
in IUTs for sur vival so there is no addi tional pro ce dural risk from 
the trans plan ta tion pro to col. If the pro to col is safe, it could be 
applied to other hemo glo bin op a thies or other dis eases that can 
be treated with HCT, such as Fanconi ane mia or inborn errors 
of metab o lism. Given the impor tance of cell source, dose, and 
other var i ables in engraft ment, it is vital to per form IUHCT in the 
con text of well-designed clin i cal tri als.41

Conclusions and future direc tions
Although ATM was pre vi ously seen as a fatal dis ease, there are 
now mul ti ple reports of patients who have sur vived to birth 
with excel lent qual ity of life after IUTs. Since these patients still 
need chronic trans fu sions after birth, it is impor tant to con tinue 
to develop strat e gies for a defin i tive cure using HCT. Postnatal 
HCT can be cura tive in ATM and can be safely performed using 
RTC, espe cially with PK model-based dos ing to main tain effi cacy 
while min i miz ing tox ic ity. It should be performed early in life to 
decrease the risk of TRM and other com pli ca tions. In the future, 
nongenotoxic anti body-medi ated con di tion ing reg i mens could 
fur ther improve safety and effi cacy.42 IUHCT is another prom is-
ing approach that we are test ing in a clin i cal trial. For IUHCT, it 
is impor tant to use mater nal stem cells to take advan tage of the 
preexisting tol er ance between the mother and fetus. This strat-
egy will likely still require a post na tal “boost” trans plan ta tion, 
and defin ing safe and effec tive pro to cols to reduce trans plant- 
related com pli ca tions will be impor tant. In the future, gene ther-
apy or gene editing approaches may also be devel oped for 
these patients. Several strat e gies devel oped for β-thal as se mia 
could be employed, includ ing ex vivo lentiviral gene ther apy to 
replace α-glo bin or gene editing to intro duce α-glo bin into a 
geno mic safe har bor. Given the improved sur vival of patients 
with ATM as a result of in IUTs, increas ing num bers of patients 
with ATM will require chronic care: improved HCT or gene ther-
apy options could be trans for ma tional in enabling defin i tive 
cures.
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