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Abstract 
Beta-thalassemia is one of the most common monogenic disorders. Standard treatment of the most severe forms, i.e., transfusion-
dependent thalassemia (TDT) with long-term transfusion and iron chelation, represents a considerable medical, psychological, and eco-
nomic burden. Allogeneic hematopoietic stem cell transplantation from an HLA-identical donor is a curative treatment with excellent 
results in children. Recently, several gene therapy approaches were evaluated in academia or industry-sponsored clinical trials as alternative 
curative options for children and young adults without an HLA-identical donor. Gene therapy by addition of a functional beta-globin gene 
using self-inactivating lentiviral vectors in autologous stem cells resulted in transfusion independence for a majority of TDT patients across 
different age groups and genotypes, with a current follow-up of multiple years. More recently, promising results were reported in TDT pa-
tients treated with autologous hematopoietic stem cells edited with the clustered regularly interspaced short palindromic repeats-Cas9 
technology targeting erythroid BCL11A expression, a key regulator of the normal switch from fetal to adult globin production. Patients 
achieved high levels of fetal hemoglobin allowing for discontinuation of transfusions. Despite remarkable clinical efficacy, 2 major hurdles 
to gene therapy access for TDT patients materialized in 2021: (1) a risk of secondary hematological malignancies that is complex and multi-
factorial in origin and not limited to the risk of insertional mutagenesis, (2) the cost—even in high-income countries—is leading to the arrest 
of commercialization in Europe of the first gene therapy medicinal product indicated for TDT despite conditional approval by the European 
Medicines Agency.
Key words: thalassemia; hematopoietic cell transplantation; hematopoietic cellular therapy; gene therapy; gene editing; quality of life

Available Options for Standard of Care TDT 
Treatment
Beta-thalassemia is an inherited hemoglobin (Hb) disorder re-
sulting from at least 250 mutations in the beta-globin gene 
that lead to decreased (beta+ genotype) or absent (beta0 
genotype) synthesis of the beta-globin chain. The resulting 
imbalance in alpha/beta chains produces anemia, mainly 
driven by ineffective erythropoiesis. Beta-thalassemia repre-
sents a group of disorders which constitute a considerable 
medical, psychological, and economic burden in a wide range 
of countries, including many with limited resources and an 
underdeveloped healthcare infrastructure.1

In transfusion-dependent thalassemia (TDT), the most se-
vere form of beta-thalassemia, patients require lifelong trans-
fusion and iron chelation therapy due to anemia present since 
infancy. With the proper administration of supportive care, 
the life expectancy of TDT patients has dramatically improved 
since the 1970s. Over the past 20 years, the introduction of 
orally active iron chelators and increasing use of cardiac mag-
netic resonance imaging in detecting presymptomatic cardiac 
iron overload have improved the prevention of both mortality 

due to heart failure (the leading cause of death in TDT pa-
tients before these advances) and morbidity.1-3 Additionally, 
an increased understanding of the molecular mechanisms 
underlying both dyserythropoiesis and iron overload resulted 
in the development of new drugs that alleviate disease pheno-
type.4 The current life expectancy of TDT patients is greater 
than 50 years with optimal monitoring and treatment of iron 
overload.5,6 Nonetheless, quality of life (QOL) is still greatly 
impaired by iron overload-related morbidity—particularly in 
older patients—residual anemia despite regular transfusions 
and required adherence to lifelong treatment.7,8 Furthermore, 
access to complex, multidisciplinary, and expensive care is 
only available in high-income countries, while a large number 
of patient candidates live in low- to middle-income countries.

Allogeneic hematopoietic stem cell transplantation 
(allo-HSCT) has been used to treat TDT for over 40 years, 
demonstrating its capacity to cure an inherited globin dis-
order.9-12 It remains the only viable curative treatment and is 
increasingly used outside of western countries; however, it is 
limited by a lack of related/unrelated donors for a large pro-
portion of patient candidates. The European Society for Blood 
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and Marrow Transplantation (EBMT) and other groups have 
reported excellent results in transplant patients younger than 
14 years with an HLA-matched sibling donor (MSD).12 In 
most countries, MSD HSCT is a standard of care in children 
with TDT; it should be performed before iron overload oc-
curs in order to decrease the risk of transplant-related mor-
tality. Several studies have demonstrated that the quality of 
treatment that patients received throughout their life before 
allo-HSCT impacts the results of HSCT, by protecting tissues 
from chronic iron-related oxidative stress.13 Thalassemia-free 
survival (TFS) now routinely reaches >90%, especially when 
cord blood transplantation from an HLA-identical sibling 
donor is used resulting in a low incidence of acute and chronic 
graft versus host disease (GVHD).14 Excellent results were 
also reported in pediatric patients receiving transplants from 
10/10 HLA-matched unrelated donors with 2-year overall 
survival and TFS similar to those obtained with MSD, despite 
a higher incidence of acute and chronic GVHD.12,15 In add-
ition to HSCT with HLA-identical donors, the use of alter-
native donors was recently reported when using transplants 
from haploidentical transplantation yielded encouraging re-
sults,16 while an excess of graft failure was reported by inter-
national registries for unrelated cord blood transplantation.17 
Allogeneic HSCT alleviates the need for lifetime supportive 
care and improved QOL,18,19 provided that the risks of trans-
plant complications are lowered with transplantation at a 
young age and appropriate care in the pretransplant period.

Adult TDT patients remain a challenge for transplantation 
with a high mortality rate (>30%) in initial reports.20,21 A 
2016 EBMT report analyzed over 1500 TDT patients with 
transplants after year 2000, of whom only 5% were adults. 
The mortality rate has improved in the adult cohort, but still 
approached 20%.12 This improvement was ascribed to better 
clinical conditions for adult patients compared to previous 
cohorts, resulting in an increased tolerance to conditioning 
regimen toxicity and allo-HSCT itself. It follows that adult 
TDT patients, who have received optimal transfusion and 
chelation therapy with lifelong control of iron toxicity, repre-
sent an appropriate population for gene therapy—a strategy 
that does not entail the risk of immunological complications 
associated with allo-HSCT.22

Patients living with TDT have impaired health-related 
quality of life (HRQL). Studies conducted over 1-2 years 
or longer, up to more than 20 years, after allogeneic trans-
plantation have reported physical and emotional improve-
ments in HRQL.18,19,23,24 Negative associations between older 
age or chronic GVHD and HRQL scores were reported.19 
Furthermore, HRQL scores of patients living in high-income 
countries and who are cured of thalassemia after allo-HSCT 
have improved when compared with those of patients treated 
with blood transfusions and iron chelation therapy.18,24

Gene Therapy for TDT: Transitioning from 
Clinical Trials to Clinical Adoption Reveals the 
Treatment Landscape’s Complexity in Genetic 
Diseases
Gene therapy recently emerged as an alternative cura-
tive option for children and young adults with thalassemia 
and without HLA-identical donors. It has the potential for 
phenotypic correction through either expression of a func-
tional copy of the beta-globin gene in hematopoietic stem 
cells and their progeny or through enhanced expression of 

gamma chains that assemble with alpha chains to produce 
fetal hemoglobin.25,26 Table 1 summarizes the results of com-
pleted and ongoing clinical trials that have evaluated these 
2 approaches in TDT patients. These efforts spanning the 
past two decades have culminated in the first conditional 
approval by the European Medicines Agency (EMA, 2019) 
of a gene therapy medicinal product (GTMP) indicated for 
TDT (betibeglogene autotemcel or beti-cel). Gene therapy 
by addition of a functional beta-globin gene has been ex-
plored in a series of academia and industry-sponsored clinical 
trials. All these attempts relied on the use of self-inactivating 
lentiviral vectors (SIN-LV), which are now preferred over 
gammaretroviral vectors for safety reasons (reduced risk of 
insertional mutagenesis). The use of SIN-LV results in a semi-
random integration of the transgene into the host genome. 
Among SIN-LV, the HPV569 vector and the next generation 
BB305 or LentiGlobin vector bear a “marker” in the nucleo-
tide sequence coding for the gene therapy-derived hemo-
globin (HbAT87Q) that differentiates it from endogenous or 
post-transfusion hemoglobin (additionally, HbAT87Q has 
antisickling activity in Sickle Cell Disease, but this is beyond 
the scope of this review). The first TDT patient was treated 
with the HPV569 vector in 2007 as part of the LG001 trial.27 
The patient suffered from beta+/beta0 TDT (HbE/beta0 thal-
assemia). Transfusion independence associated with benign 
clonal dominance was achieved. However, after 9 years, a de-
cline in Hb levels has been reported and the patient required 
occasional red blood cell transfusions.25 Since this first report, 
results from phase I/II trials using the BB305 vector were 
published. A myeloablative regimen containing a PK-adjusted 
busulfan dose was administered before beti-cel injection in 22 
TDT patients; transfusion independence was reached for the 
majority of non-beta0/beta0 patients.28 Next, improvements 
in transduction procedures with increases in both vector copy 
number and the proportion of transduced CD34+ cells in the 
phase III HBG-207 trial (NCT02906202) resulted in trans-
fusion independence in 20/22 non beta0/beta0 pediatric and 
adult TDT patients, with no severe adverse events related to 
the experimental product reported.29 The results of these clin-
ical trials were the basis for the conditional approval of the 
aforementioned first-in-class GTMP for non-beta0/beta0 TDT 
patients, aged 12 years or older and without HLA-identical 
sibling donors. Results were less satisfactory in beta0/beta0 
TDT patients treated in the HGB-204 trial. However, the re-
sults of the HGB-212 trial (NCT03207009) that evaluated 
an improved manufacturing process based on the same trans-
duction technology—similar to the HGB-207 trial—demon-
strated transfusion independence in 12/14 beta0/beta0 TDT 
patients.29 Longer-term data suggest a stable response as 
transfusion independence was maintained in all patients who 
achieved it, sustaining HbAT87Q levels for up to 7 years. This 
gives hope for a one-time curative treatment with a favorable 
long-term safety profile.30 Liver iron concentrations improved 
after successful gene therapy and several patients were able to 
stop chelation therapy. Indeed, any claim to cure the disease 
requires not only transfusion independence with no or mild 
anemia but also mitigation of dyserythropoiesis and restor-
ation of iron homeostasis—as demonstrated with allo-HSCT, 
even when mixed chimerism is present.31 Patients treated with 
beti-cel for non-beta0/beta0 genotypes who reached transfu-
sion independence also showed improvements in ineffective 
erythropoiesis markers such as plasma levels of soluble trans-
ferrin receptors, the hepcidin/ferritin ratio, and erythropoietin 



Stem Cells Translational Medicine, 2022, Vol. 11, No. 4 409

Ta
b

le
 1

. C
lin

ic
al

 t
ria

ls
 t

ha
t 

ev
al

ua
te

 g
en

e 
th

er
ap

y 
m

ed
ic

in
al

 p
ro

du
ct

s 
fo

r T
D

T.

St
ud

y/
 C

lin
ic

al
 t

ri
al

 
G

en
e 

th
er

ap
y 

m
ed

ic
in

al
 

pr
od

uc
t 

or
 

le
nt

iv
ir

al
 v

ec
to

r 

St
ra

te
gy

 
G

en
et

ic
 

en
gi

ne
er

in
g 

te
ch

no
lo

gy
 

C
on

di
ti

on
in

g 
re

gi
m

en
 

M
an

uf
ac

tu
ri

ng
 

co
nd

it
io

ns
 

St
at

us
 

Sp
on

so
r 

R
es

ul
ts

 
R

ef
er

en
ce

, 
Fo

llo
w

-u
p 

(D
at

a 
cu

t 
of

f 
fo

r 
an

al
ys

is
) 

L
G

00
1

H
PV

56
9

β-
G

lo
bi

n 
ge

ne
 a

dd
it

io
n 

en
co

di
ng

 T
87

Q
 

β-
gl

ob
in

Se
lf

-
in

ac
ti

va
ti

ng
 

le
nt

iv
ir

al
 

ve
ct

or

M
A

C
 (

B
u)

A
ca

de
m

ic
Po

in
t 

of
 c

ar
e 

m
an

uf
ac

tu
ri

ng
 

(P
O

C
)b

C
om

pl
et

ed
B

lu
eb

ir
d 

bi
o

3 
pa

ti
en

ts
 in

fu
se

d.
 1

 T
D

T
 p

a-
ti

en
t 

st
op

pe
d 

T
F 

w
it

h 
st

ab
le

 H
b 

le
ve

ls
 o

f 
8.

5-
9 

g/
dL

 a
nd

 b
en

ig
n 

cl
on

al
 d

om
in

an
ce

 t
ha

t 
pe

rs
is

te
d 

8 
ye

ar
s,

 a
ft

er
 w

hi
ch

 t
he

 p
at

ie
nt

 
re

qu
ir

es
 o

cc
as

io
na

l T
F

(2
7,

 2
5)

fo
llo

w
-u

p 
10

 
ye

ar
s

(2
01

7)

H
G

B
-2

04
N

C
T

01
74

51
20

ph
as

e 
1/

2

L
en

ti
gl

ob
in

/ 
be

ti
be

gl
og

en
e 

au
to

te
m

ce
l/

B
B

30
5 

ve
ct

or

β-
G

lo
bi

n 
ge

ne
 a

dd
it

io
n 

en
co

di
ng

 T
87

Q
 

β-
gl

ob
in

Se
lf

-
in

ac
ti

va
ti

ng
 

le
nt

iv
ir

al
 

ve
ct

or

M
A

C
 (

B
u)

In
du

st
ry

C
en

tr
al

 
M

an
uf

ac
tu

ri
ng

 
O

rg
an

iz
at

io
n 

(C
M

O
)

C
om

pl
et

ed
B

lu
eb

ir
d 

bi
o

18
 p

at
ie

nt
s 

tr
ea

te
d.

T
F 

in
de

pe
nd

en
ce

a  a
ch

ie
ve

d 
fo

r:
8/

10
 n

on
 b

et
a0

/b
et

a0
 p

at
ie

nt
s

4/
8 

be
ta

0/
0 

pa
ti

en
ts

(2
8,

 3
0)

m
ed

ia
n 

fo
llo

w
-u

p 
> 

60
 m

on
th

s 
(M

ar
ch

 2
02

1)

H
G

B
-2

05
N

C
T

02
15

15
56

ph
as

e 
1/

2

A
ca

de
m

ic
PO

C
b

C
om

pl
et

ed
B

lu
eb

ir
d 

bi
o

4 
pa

ti
en

ts
 t

re
at

ed
.

T
F 

in
de

pe
nd

en
ce

a  a
ch

ie
ve

d 
fo

r:
3/

3 
no

n 
be

ta
0/

be
ta

0 
pa

ti
en

ts
-

0/
1 

be
ta

0/
be

ta
0 

pa
ti

en
t

(2
8,

 3
0)

m
ed

ia
n 

fo
llo

w
-u

p 
> 

60
 m

on
th

s 
(M

ar
ch

 2
02

1)

H
G

B
-2

07
N

C
T

02
90

62
02

ph
as

e 
3

C
M

O
A

ct
iv

e 
no

t 
re

cr
ui

ti
ng

B
lu

eb
ir

d 
bi

o
23

 n
on

 b
et

a0
/b

et
a0

 p
at

ie
nt

s 
in

fu
se

d.
T

F 
in

de
pe

nd
en

ce
a  a

ch
ie

ve
d 

fo
r 

20
/2

2 
ev

al
ua

bl
e 

pa
ti

en
ts

(2
9,

 3
0)

m
ed

ia
n 

fo
llo

w
-u

p 
of

 2
4 

m
on

th
s

(M
ar

ch
 2

02
1)

H
G

B
-2

12
N

C
T

03
20

70
09

ph
as

e 
3

C
M

O
A

ct
iv

e 
no

t 
re

cr
ui

ti
ng

B
lu

eb
ir

d 
bi

o
14

 b
et

a0
/b

et
a0

 p
at

ie
nt

s 
in

fu
se

d
T

F 
in

de
pe

nd
en

ce
a  a

ch
ie

ve
d 

fo
r 

12
/1

4 
ev

al
ua

bl
e 

pa
ti

en
ts

(2
9,

 3
0)

m
ed

ia
n 

fo
llo

w
-u

p 
of

 2
3 

m
on

th
s

(M
ar

ch
 2

02
1)

N
C

T
02

45
34

77
ph

as
e 

1/
2

G
L

O
B

E
 v

ec
to

r
β-

G
lo

bi
n 

ge
ne

 
ad

di
ti

on
Se

lf
- 

in
ac

ti
va

ti
ng

 
le

nt
iv

ir
al

 
ve

ct
or

M
A

C
R

ed
uc

ed
 t

ox
-

ic
it

y 
(T

re
o/

 
th

io
te

pa
)

A
ca

de
m

ic
PO

C
C

om
pl

et
ed

IR
C

C
S 

Sa
n 

R
af

fa
el

e
9 

pa
ti

en
ts

 t
re

at
ed

.
4/

9 
(4

/6
 c

hi
ld

re
n)

 e
va

lu
ab

le
 p

a-
ti

en
ts

 a
ch

ie
ve

d 
T

F 
in

de
pe

nd
en

ce

(3
3,

 3
4)

fo
llo

w
-u

p 
up

 t
o 

60
 m

on
th

s
(A

pr
il 

20
21

)

N
C

T
01

63
96

90
ph

as
e 

1
T

N
S9

.3
.5

5 
ve

ct
or

β-
G

lo
bi

n 
ge

ne
 

ad
di

ti
on

Se
lf

- 
in

ac
ti

va
ti

ng
 

le
nt

iv
ir

al
 

ve
ct

or

N
on

 m
ye

lo
- 

ab
la

ti
ve

 (
B

u 
at

 r
ed

uc
ed

 
do

se
s)

A
ca

de
m

ic
PO

C
A

ct
iv

e 
no

t 
re

cr
ui

ti
ng

M
SK

C
C

°
4 

pa
ti

en
ts

 t
re

at
ed

, a
ll 

re
su

m
ed

 
T

F
(3

5,
 3

6)
fo

llo
w

-u
p 

up
 t

o 
7 

ye
ar

s

T
H

A
L

E
S

N
C

T
03

43
23

64
ph

as
e 

1/
2

ST
-4

00
D

ow
nr

eg
ul

at
io

n 
of

 e
ry

th
ro

id
 

B
C

L
11

A
 e

n-
ha

nc
er

G
en

e 
ed

it
in

g 
by

 Z
in

c 
Fi

ng
er

 
N

uc
le

as
e

M
A

C
 (

B
u)

C
M

O
A

ct
iv

e 
no

t 
re

cr
ui

ti
ng

Sa
ng

am
o 

T
he

ra
pe

ut
-

ic
s

3 
pa

ti
en

ts
 in

fu
se

d.
 M

in
or

 
in

cr
ea

se
 in

 H
bF

 a
ft

er
 e

ng
ra

ft
-

m
en

t, 
al

l p
at

ie
nt

s 
re

su
m

ed
 T

F

(4
1)

fo
llo

w
-u

p 
of

 2
, 6

, 
an

d 
9 

m
on

th
s

(N
ov

em
be

r 
20

19
)

C
L

IM
B

 T
H

A
L

-1
11

N
C

T
03

65
56

78
ph

as
e 

1/
2

C
T

X
-0

01
D

ow
nr

eg
ul

at
io

n 
of

 e
ry

th
ro

id
 

B
C

L
11

A
 e

n-
ha

nc
er

G
en

e 
ed

it
in

g 
by

 C
R

IS
PR

- 
ca

s9

M
A

C
 (

B
u)

C
M

O
R

ec
ru

it
in

g
V

er
te

x/
 

C
ri

sp
R

 
T

he
ra

pe
ut

-
ic

s

15
 p

at
ie

nt
s 

in
fu

se
d.

 I
nc

re
as

ed
 

H
bF

 (
ra

ng
in

g 
fr

om
 4

.5
 t

o 
13

.5
 g

/d
L

) 
af

te
r 

en
gr

af
tm

en
t 

al
lo

w
in

g 
ar

re
st

 o
f T

F

(3
9,

 4
0)

m
ea

n 
fo

llo
w

-u
p 

9.
8 

m
on

th
s

(M
ar

ch
 2

02
1)

A
bb

re
vi

at
io

ns
: M

A
C

: M
ye

lo
ab

la
ti

ve
 C

on
di

ti
on

in
g 

re
gi

m
en

, B
u:

 b
us

ul
fa

n,
 T

re
o:

 t
re

os
ul

fa
n,

 T
F:

 t
ra

ns
fu

si
on

, C
M

O
: C

en
tr

al
 M

an
uf

ac
tu

ri
ng

 O
rg

an
iz

at
io

n,
 P

O
C

: p
oi

nt
-o

f-
ca

re
 m

an
uf

ac
tu

ri
ng

, T
D

T:
 t

ra
ns

fu
si

on
-

de
pe

nd
en

t 
th

al
as

se
m

ia
.

a T
f 

in
de

pe
nd

en
ce

 w
as

 d
efi

ne
d 

as
 w

ei
gh

te
d 

av
er

ag
e 

H
b 

≥ 
9 

g/
dL

 w
it

ho
ut

 P
R

B
C

 t
ra

ns
fu

si
on

s 
fo

r 
≥ 

12
 m

on
th

s.
b F

or
 c

el
l t

ra
ns

du
ct

io
n 

st
ep

 °
 M

em
or

ia
l S

lo
an

 K
et

te
ri

ng
 C

an
ce

r 
C

en
te

r.



410 Stem Cells Translational Medicine, 2022, Vol. 11, No. 4

levels (in correlation with hemoglobin levels), and in myeloid/
erythroid ratios assessed by bone marrow biopsy.28,32 These 
results need to be confirmed with a longer follow-up.

Transfusion independence was also reached in 4 of 6 pedi-
atric patients (but none of the 3 adults) mainly bearing beta0/
beta0 mutations, who were treated with the GLOBE vector in 
another trial conducted in Italy (NCT02453477). The inves-
tigators used a beta-globin gene addition strategy, with a con-
ditioning regimen of thiotepa and treosulfan and intrabone 
injection of the graft.33,34 A smaller phase I clinical trial was 
conducted in the US (NCT01639690) and is mostly notable 
for being the only clinical trial that used a non-myeloablative-
based conditioning regimen—all treated TDT patients failed 
to reach transfusion independence35,36 suggesting the need for 
sufficient myeloablation in preparation for engraftment of 
genetically modified autologous cells.

Gene engineering technologies that resort to transduction 
and transgene supplementation are likely to be challenged 
by gene editing technologies in the near future. Initial gene 
editing strategies either using clustered regularly interspaced 
short palindromic repeats (CRISPR)-Cas9 technologies or 
zinc finger nucleases target the expression of BCL11A, a key 
regulator of the normal switch from fetal to adult globin 
production that normally occurs during the first few months 
of life.37 The repair process with CRISPR-Cas9 involves the 
creation of insertions or deletions within the non-coding 
BCL11A erythroid lineage-specific enhancer on chromosome 
2, thus downregulating BCL11A in erythroid precursors with 
no expected effect on other hematopoietic lineages.38,39 This 
non-coding change reactivates gamma-globin gene transcrip-
tion and increases fetal hemoglobin protein concentrations in 
red blood cells. The aim is to replicate the natural expression 
of high concentrations of fetal hemoglobin in adulthood as in 
the hereditary persistence of fetal hemoglobin.

Early results have been reported from the industry-sponsored 
CLIMB-Thal-111 trial evaluating the safety and efficacy of 
CTX001, an investigational GTMP made from autologous 
CRISPR-Cas9-modified CD34+ hematopoietic stem and pro-
genitor cells. Accrual in the CLIMB-111 is ongoing for TDT 
patients aged 12 to 35 years. Fifteen patients have been infused 
with CTX001 and stopped transfusions within 2 months after 
treatment. They remain transfusion-free as of last follow-up 
as a result of high levels of HbF production.40 The industry-
sponsored THALES trial targets a similar objective while using 
a different gene editing technology. So far, 3 patients who did 
not achieve transfusion independence have been reported.41

A commonality across all clinical trials is that the starting 
material for medicinal product manufacturing is autologous 
peripheral blood (PB) stem cells obtained through apheresis 
of efficiently mobilized patients (HPC-A). The mobilization 
protocol associates G-CSF and plerixafor (used “off label” in 
this context) and allows for the collection of “megadoses” of PB 
CD34+ cells.42 With the exception of academic clinical trials, the 
starting material is shipped from collection/processing facilities 
at the treating hospital to a central manufacturing organiza-
tion for further processing. The PB CD34+ cells undergo selec-
tion, are genetically modified ex vivo and then formulated and 
cryopreserved as a cell suspension, which qualifies as a GTMP. 
Upon release by the qualified pharmacist, using the results of 
in-process quality control and potency assays, the drug product 
is shipped from the manufacturing site back to the treating hos-
pital for reception, temporary storage, thawing, and infusion. 
Thus, the use of a central manufacturing organization—as 

opposed to point of care manufacturing—often involves ship-
ping the starting material from/the final product back to the 
treating hospital over long distances. As with every autolo-
gous living drug, consistency in the on-demand process does 
not guarantee product harmonization, nor does it exclude 
manufacturing failures or the possibility of out-of-specification 
products. Data regarding the actual manufacturing costs are 
not available, but information regarding the manufacturing of 
other types of gene therapies suggest that they are far below 
the price requested by the manufacturer and represent only a 
minor fraction of the price tag.

Hurdles to the Adoption of Gene Therapy as a 
Curative Option for TDT
The results described above represent a remarkable achieve-
ment, and potentially offer new hope to patients affected with 
TDT as heralded by the conditional approval of the first-in-
class GTMP. Nevertheless, recent developments in the field 
illustrate just how difficult it will be to provide broad access 
to such treatments.

Similarly to other GTMPs, such as autologous CAR-T cells, 
beti-cel has been approved based on data generated from 
small registration studies with limited follow-up and without 
being compared to a standard of care, whether supportive 
care or allo-HSCT. This mandates Post-Authorization Safety 
Studies and Post-Authorization Efficacy Studies in order to 
fully define safety and efficacy profiles, as illustrated by the 
recent description of several adverse events.

Two cases of secondary myelodysplastic syndrome (MDS)/
acute myeloid leukemia (AML) were reported in two patients 
with sickle cell disease (SCD, another inherited globin disorder 
that could benefit from similar or comparable gene therapy ap-
proaches) included in the HGB-206 trial, which used the same 
BB305 vector than in the TDT HGB studies. An additional 
case of MDS was initially reported but later reconsidered as 
unrelated to the therapy. Further investigation led to the con-
clusion that the first case of MDS/AML, reported in 2020, 
likely resulted from busulfan exposure; monosomy 7 was pre-
sent while no vector was detected in blast cells; monosomy 7 
is frequently associated with myeloid malignancies induced by 
alkylating agents.43 Of note, a few cases of secondary MDS/
AML derived from host cells associated with graft rejection 
have been reported after allo-HSCT for SCD.44 The second 
case was AML and led to the temporary suspension of accrual 
in the HGB-206 and HGB-210 SCD trials.45,46 The vector was 
present in leukemic cells that were not exposed to busulfan 
and insertional mutagenesis was suspected. The Marketing 
Authorization Holder soon thereafter communicated that 
the investigation revealed an insertion of the lentiviral vector 
sequence into the VAMP4 gene. VAMP4 has no known role 
in AML or cancer, and its regulation/expression was not af-
fected. These observation do not support direct causality be-
tween vector integration and the development of leukemia.47 
Indeed, the risk of insertional mutagenesis of SIN-LV is con-
sidered low compared to gammaretroviral vectors that have 
demonstrated considerable risk of leukemogenesis due to 
their preferential insertion near transcriptional start sites and 
proto-oncogenes.48-50 The presence of the erythroid-specific 
BB305 promoter probably decreases the risk of oncogene acti-
vation in other lineages.51 No cases of insertional mutagenesis 
leading to secondary leukemia were reported in clinical trials 
using SIN-LV until very recently (August 2021), when a patient 



Stem Cells Translational Medicine, 2022, Vol. 11, No. 4 411

developed secondary MDS after gene addition therapy for 
cerebral adrenoleukodystrophy (ALD) via the vector Lenti-D 
containing a MNDU3 promoter for ALD protein expression.52 
The risk of leukemogenesis after gene therapy may be influ-
enced not only by vector design but also by the host condition 
and the underlying disease. The baseline risk of hematological 
malignancies was reportedly higher in SCD patients than in the 
general population,53 possibly in relation to the chronic inflam-
mation and stress erythropoiesis encountered in the disease.46 
The hypothesis that a preexisting clonal hematopoiesis of in-
determinate potential may progress to overt leukemia after 
gene therapy (or after unsuccessful allo-HSCT),54,55 raises the 
question of pretreatment screening in SCD patients. The use 
of hydroxyurea before and/or after gene therapy—while not 
associated with oncogenesis in the routine treatment of SCD 
patients—could be an additional risk factor. Until now, MDS/
AML events or clonal dominance were not observed in thal-
assemia patients. Unlike SCD, thalassemia does not create a 
chronic inflammatory condition: no clear increased risk of 
MDS/AML has been identified, ineffective erythropoiesis en-
countered in TDT is partly suppressed by a regular transfusion 
regimen, and hydroxyurea is rarely used in TDT patients. At 
present, the benefit/risk ratio of treatment with beti-cel remains 
favorable for patients with TDT. This was also the conclusion 
of the EMA Pharmacovigilance Risk Assessment Committee 
evaluation performed after reporting of the 2 SCD cases.

Pricing and additional costs linked to supply chain com-
plexity and patient care in the acute phase following treat-
ment represent another hurdle to widespread adoption of 
these innovative therapies.56-58 For example, the direct cost of 
non-curative medical care for Italian TDT patients was cal-
culated to be the equivalent of 31,833 USD/year in 2017.59 
Worldwide, HSCT costs are highly variable depending on 
the country’s healthcare organization and complication rate. 
HSCT is nevertheless considered cost effective when com-
pared to standard medical therapy since the cost amounts to 
nearly the same as the cumulated costs of standard medical 
therapy over 3 to 5 years. Gene therapy has also been pro-
posed to be cost effective when compared to standard med-
ical care,60 but it is argued that cost-comparison analyses of 
the curative options should be performed and subsequently a 
better comparator would be allo-HSCT. Only one paper com-
pared US costs (not price) of HSCT and gene therapy (trans-
duction step with academic point of care manufacturing)61 
and concluded that gene therapy was 3 times more costly than 
HSCT. Following conditional marketing approval in Europe, 
bluebird bio—the manufacturer of Zynteglo (beti-cel)—asked 
for a price tag of 1 650 000 EUR or 1 900 000 USD while 
considering the savings in supportive care that 50 years of 
hypothetical thalassemia-free survival would represent.62

Beti-cel thus ranks among the most expensive therapies ever 
marketed. While bluebird bio offered to install annual pay-
ments over 5 years, and offered the condition of payment only 
upon demonstrated sustained clinical activity,63 the price of 
the medicinal product still appears prohibitive to public and 
private payers in many high-income countries, and is entirely 
unaffordable in low- to middle-income countries. Following 
conditional marketing authorization, payment or reimburse-
ment conditions have not been approved in a single European 
country, preventing patients to receive this treatment. The 
German health system’s offer of a single payment of 950 000 
USD with the condition of persistent clinical efficacy64 was 
refused by the company and—together with the lack of rapid 

decisions from several other major EU countries—triggered 
the discontinuation of its operations in Europe and the re-
organization of its operations in the USA, as announced in 
a press release in August 2021.65 It is anticipated that blue-
bird bio will withdraw its marketing authorization for beti-
cel from both the EU and the UK by early 2022.66 The U.S. 
Food and Drug Administration has accepted bluebird bio’s 
Biologics License Application for beti-cel for priority review.

A global framework for pricing negotiations for this new 
category of medicinal product is urgently needed. Claims 
from pharmaceutical companies of a treatment with lifelong 
efficacy will need to be further substantiated through the col-
lection of reliable data in real-world conditions over extended 
periods of time. Global, transparent and open discussions 
must be conducted concerning what is and is not acceptable 
in relation to drug pricing, development costs, manufacturing, 
and savings associated with sparing prolonged or lifelong sup-
portive care in order to overcome reimbursement issues and 
allow innovative treatments to reach the market and enter 
clinical practice. Hopefully, competition between companies, 
developing technologies, and large-scale manufacturing will 
improve the situation, however, this objective appears out of 
reach in the short term.

Finally, as TDT is a chronic disease, long-term comparisons 
are warranted for gene therapies with existing options such as 
allo-HSCT (Table 2). Such evaluations should focus not only 
on survival and morbidities but also on resource consumption 
and HRQL based on self-reported patient outcomes (health 
economic studies).6,61 Numerous health authorities recom-
mend using cost-utility analyses for the economic evaluation 
of new treatments based on not just the quantity but also 
the QOL gained from healthcare interventions. An improve-
ment in QOL after gene therapy is expected given the suc-
cessful achievement of transfusion independence and lack of 
GVHD. Preliminary short-term results in children and ado-
lescents who achieved transfusion independence in the HGB-
207 and 212 studies demonstrated clinically meaningful 
improvement in child-reported PedsQL 4.0 total scores, es-
pecially in those with low baseline values.67 Until long-term 
data become fully available, the selection of patients who will 
benefit from receiving gene therapy will represent a significant 
challenge. To this end, the Italian Society for Thalassemia and 
Hemoglobinopathy (SITE) recently published an algorithm 
for patient selection and prioritization.22 In conclusion, while 
gene therapies appear to represent a major therapeutic ad-
vancement in the treatment of thalassemia, they raise the crit-
ical issues of long-term efficacy and safety, accessibility, and 
affordability. All patients treated with gene therapy in clin-
ical trials must be rigorously followed in long-term studies, in 
order to allow for the evaluation of long-term disease control, 
the risks of secondary malignancies, and how the technology 
used in genetic engineering affects these risks.
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