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a bs t r ac t
BACKGROUND

Sickle cell disease is characterized by hemolytic anemia, pain, and progressive organ
damage. A high level of erythrocyte fetal hemoglobin (HbF) comprising α- and
γ-globins may ameliorate these manifestations by mitigating sickle hemoglobin
polymerization and erythrocyte sickling. BCL11A is a repressor of γ-globin expression and HbF production in adult erythrocytes. Its down-regulation is a promising
therapeutic strategy for induction of HbF.
METHODS

We enrolled patients with sickle cell disease in a single-center, open-label pilot study.
The investigational therapy involved infusion of autologous CD34+ cells transduced
with the BCH-BB694 lentiviral vector, which encodes a short hairpin RNA (shRNA)
targeting BCL11A mRNA embedded in a microRNA (shmiR), allowing erythroid
lineage–specific knockdown. Patients were assessed for primary end points of engraftment and safety and for hematologic and clinical responses to treatment.
RESULTS

As of October 2020, six patients had been followed for at least 6 months after
receiving BCH-BB694 gene therapy; median follow-up was 18 months (range, 7 to
29). All patients had engraftment, and adverse events were consistent with effects
of the preparative chemotherapy. All the patients who could be fully evaluated
achieved robust and stable HbF induction (percentage HbF/(F+S) at most recent
follow-up, 20.4 to 41.3%), with HbF broadly distributed in red cells (F-cells 58.9 to
93.6% of untransfused red cells) and HbF per F-cell of 9.0 to 18.6 pg per cell.
Clinical manifestations of sickle cell disease were reduced or absent during the
follow-up period.
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CONCLUSIONS

This study validates BCL11A inhibition as an effective target for HbF induction and
provides preliminary evidence that shmiR-based gene knockdown offers a favorable risk–benefit profile in sickle cell disease. (Funded by the National Institutes
of Health; ClinicalTrials.gov number, NCT03282656)
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ickle cell disease is a common inherited disease affecting approximately
100,000 persons in the United States1;
worldwide, about 400,000 infants are born with
sickle cell disease each year.2 Sickle hemoglobin
(HbS) is a variant of normal adult hemoglobin
(HbA) that is produced when the β-globin gene
(HBB) contains a single E6V missense mutation.
On deoxygenation, HbS polymerizes, leading to
abnormally shaped red cells and protean downstream clinical sequelae, including painful vasoocclusive crises, chronic hemolytic anemia, progressive and irreversible organ damage, decreased
quality of life, and early death.
The standard curative treatment for sickle cell
disease is allogeneic hematopoietic stem-cell
transplantation. Matched sibling donor transplantation is curative in more than 90% of patients,3,4 but limitations include a higher risk of
complications in older patients,3 a risk of severe
graft-versus-host disease (GVHD), and lack of an
available matched sibling in approximately 80%
of cases.5 Alternative donor allogeneic transplantation is under active investigation. In children,
transplantation from an unrelated donor has
been associated with higher rates of severe
chronic GVHD.6 Haplo-identical transplantation
would expand the available donor pool, but it
requires depletion of donor T cells either ex vivo
or in vivo. Successes have been reported, but the
challenges of graft failure and delayed immune
reconstitution remain.7,8 For patients with β-hemo
globinopathy who are without a matched sibling
donor, transplantation of genetically modified
autologous hematopoietic stem cells is an attractive alternative. Clinical trials of lentiviral gene
therapy based on the addition of a modified
β-globin gene have demonstrated benefit in
transfusion-dependent β-thalassemia,9,10 resulting
in approval of one product in Europe, and have
reported promising — albeit early — results in
sickle cell disease.11,12
In utero and during infancy, the abnormal
HbS protein is produced at very low levels because the erythrocytes have not yet shifted from
expression of the γ-globin gene (HBG), which
encodes the developmentally regulated component of HbF, to expression of the HBB gene, a
phenomenon known as hemoglobin switching.
Thus, infants with sickle cell disease are typically free of clinical symptoms, owing to the
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potent antisickling properties of HbF combined
with the lower levels of HbS.13 In older children
and adults, a higher level of HbF is associated
with lower disease severity in sickle cell disease,14,15 as has been observed in persons with
hereditary persistence of HbF and in those who
have a good response to hydroxyurea.15-18 The
overall percentage of HbF is important, but
equally critical is the level of HbF within each
red cell. To exert a beneficial effect, HbF must
be distributed broadly enough to protect a high
proportion of cells from intracellular HbS poly
merization. Prior studies have shown that a 20%
HbF level in whole blood is associated with
amelioration of sickle cell disease symptoms.18
On an individual cell basis, although less well
studied, a level of 10 pg of HbF per F-cell, or
approximately one third of the cellular hemoglobin content, is likely to be sufficient to prevent
HbS polymerization.19 Because of the prolonged
half-life of nonsickling red cells as compared
with sickling red cells, the results of allogeneic
transplantation suggest that as little as 20%
myeloid chimerism in the bone marrow is sufficient to ameliorate sickle cell disease symptoms,4,20-23 a result that is consistent with both
mathematical modeling and experimental studies in mice.24
Although hydroxyurea leads to HbF induction
in many patients, it is not effective in all patients. The transcription factor BCL11A has been
validated as a repressor of HbF levels in model
systems.25-27 Inactivation of BCL11A in a transgenic humanized sickle cell mouse model resulted in correction of the hematologic and pathologic defects associated with sickle cell disease.28
The induction of HbF by BCL11A repression is
accompanied by coordinated reduction in expression of the HBBS gene, a major advantage of
targeting this physiological switch. BCL11A plays
key roles outside the erythroid lineage, including
a role in the development and function of hematopoietic stem cells and B-lymphocytes,29-31 so
clinical translation of a BCL11A-targeting therapy requires lineage specificity to selectively reduce the BCL11A protein in erythrocytes.
We have previously described a lentiviral vector that mediates potent erythroid-specific knockdown of BCL11A through RNA interference
(RNAi), using a microRNA (miRNA)-adapted
short hairpin RNA (shRNAmiR).31,32 To further
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optimize the vector titer, this therapeutic shmiR,
under transcriptional control of regulatory elements derived from the β-globin locus,33 was
inserted in a lentiviral vector backbone previously used in clinical trials,9,11 resulting in the
self-inactivating third-generation BCH-BB694 lentiviral vector. In preclinical studies using this
vector, lentiviral vector–transduced CD34+ cells
derived from donors with sickle cell disease
achieved a potent induction of HbF.33 Here we
report treatment of patients with sickle cell disease using autologous cells transduced with a
shmiR vector, as well as validation of BCL11A
inactivation as a strategy for HbF induction.

Me thods
Study Design and Investigational Therapy

The primary aim of this pilot study is to assess
the safety and feasibility of gene therapy with the
BCH-BB694 BCL11A shmiR-encoding lentiviral
vector in patients with severe sickle cell disease.
The study protocol (available with the full text of
this article at NEJM.org) was approved by the
requisite regulatory and human-protection committees and was registered at ClinicalTrials.gov.
Patients were enrolled after providing written
informed consent or, if the patient was younger
than 18 years old, after a guardian provided
consent. Patients 12 to 17 years old provided assent. Eligibility was restricted to patients who
had a genotype of HbSS, HbS/β0, HbSD, or
HbSO and had clinically severe sickle cell disease, defined, as in many allogeneic transplantation sickle cell disease studies, by two or more
episodes of acute chest syndrome during the
preceding 2 years, three or more severe pain
events during the preceding 2 years, recurrent
priapism, red-cell alloimmunization in patients
requiring transfusions, or an indication for regular transfusions for primary or secondary stroke
prophylaxis. Patients were eligible for enrollment
if they met these severity criteria despite receiving hydroxyurea therapy. Patients with an HLAmatched sibling who could serve as donor for
transplantation were excluded from the study.
As of October 2020, a total of 11 patients had
provided informed consent: one did not meet
eligibility criteria, one had complications of underlying disease after consent and withdrew
from the study, two had less than 6 months
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follow-up, and one had not yet been infused,
leaving six patients with at least 6 months of
follow-up (see Table S1 in the Supplementary
Appendix, available at NEJM.org).
At least 3 months before infusion of genemodified cells, ongoing hydroxyurea therapy was
stopped and a protocol-prescribed transfusion
regimen was initiated to reduce the level of HbS
and thereby improve the safety of mobilization
of hematopoietic stem cells and procedures requiring anesthesia. Apheresis for manufacture
of the BCH-BB694 BCL11A shmiR drug product
was performed after mobilization with 240 μg
per kilogram of plerixafor, with a targeted collection for cell manufacturing of at least 4 million CD34+ cells per kilogram. An additional
2 million CD34+ cells per kilogram were collected by apheresis and stored, without manipulation, for rescue in the event of engraftment
failure. CD34+ cells were selected with the use
of a cell-isolation platform (CliniMACS), transduced with the BCH-BB694 BCL11A shmiR lentiviral vector (Fig. S1), and cryopreserved. Cell
transduction was performed at the Dana–Farber
Cell Manufacturing Core Facility as described
elsewhere,33 in accordance with Good Manufacturing Practice conditions and with the use of
uniform and validated standard operating procedures. Patients received fully myeloablative conditioning with intravenous busulfan for 4 consecutive days, with pharmacokinetic dose adjustment
to target a daily area under the curve of approximately 5500 μM per minute. The transduced CD34+ cells were infused at least 24 hours
after the last dose of busulfan. Patients are followed for 2 years before being offered enrollment in a 13-year long-term follow-up study.
Clinical, Imaging, and Laboratory
Assessments

Patients were assessed regularly for adverse
events (according to the Common Terminology
Criteria for Adverse Events, version 4) and clinical and laboratory markers of sickle cell disease.
The primary end point was neutrophil engraftment, as measured by an absolute neutrophil
count of at least 0.5×109 per liter for 3 sequential
days during the 7 weeks after infusion. Secondary end points included the presence and function of the transgene in various cell populations,
as well as laboratory and clinical features of
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sickle cell disease. All statements about beforeand-after comparisons are qualitative, are based
on inspection of the data, and do not imply
statistical significance.
Vector copy number was determined with the
use of a quantitative polymerase-chain-reaction
(qPCR) assay performed on the bulk manufactured cell product after in vitro erythroid differentiation and on whole blood, blood mononuclear cells, and hematopoietic lineage-isolated
peripheral blood and bone marrow cells. To determine the percentage of progenitor cells within the product that were transduced, clonogenic
hematopoietic progenitors were plated in methylcellulose for 12 to 14 days, followed by qPCR
assay of individual colonies to detect the integrated lentiviral vector. Peripheral blood samples
were assessed for hemoglobin by routine complete blood counts, HbF by high-performance
liquid chromatography, and percentage of F-cells
by flow cytometry. At each study visit, clinical
data were collected, including any reports of
vaso-occlusive pain or other sickle-related events
and transfusion frequency.
Study Oversight

The study was performed under an approved
Food and Drug Administration investigational
new drug application and was reviewed at regularly scheduled intervals by an independent data
and safety monitoring board assigned by the
National Heart, Lung, and Blood Institute. Data
reported were current as of October 2020.

R e sult s
Patients and Treatment

Six patients (7 to 25 years of age at enrollment)
received the investigational gene therapy between February 2018 and March 2020, and the
patients had a median follow-up of 18 months
(range, 7 to 29) after infusion. The severe manifestations of sickle cell disease that qualified the
patients for enrollment included history of stroke
(3 patients), frequent vaso-occlusive events (2),
and frequent episodes of priapism (1) (Table 1).
Patient 3 had previously diagnosed and surgically repaired moyamoya neurovascular disease.
Because of a potential higher risk of subsequent
stroke, a predetermined transfusion regimen
was described in the consent process and was
implemented after infusion of gene-modified
208
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cells in order to maintain a maximum HbS level
no greater than the patient’s baseline level before gene therapy. Patients 2 and 7, who were
undergoing regular transfusion, had a history of
stroke more than 10 years before enrollment but
had no evidence of neurovascular disease on
magnetic resonance angiography images. Transfusions were not continued after engraftment in
these two patients, once suitable induction of
HbF was observed.
CD34+ cell products were the result of one
mobilization cycle consisting of plerixafor and
apheresis on 1 or 2 sequential days, yielding a
median of 9.3 million CD34+ cells per kilogram
(range, 7.8 million to 11.4 million) (Table S2).
The unmanipulated back-up collection required
additional apheresis of 1 to 2 days. One patient,
Patient 4, was discovered to have restarted hydroxyurea inadvertently before and during the
first round of mobilization and collection. After
cessation of hydroxyurea, an additional collection of back-up cells was performed. The transduction protocol yielded a vector copy number in
the manufactured cell product of 1.8 to 6.9 copies per diploid genome (Table 1). The bulk vector
copy number appeared to correlate with the
percentage of cells transduced, as measured by
qPCR of individual CD34-derived progenitor cells
in the drug product (Fig. S2). Pharmacokinetic
analysis of plasma busulfan was performed after
the first three doses, followed by dose adjustments for a combined total target dose of approximately 20,740 to 23,180 μM per minute per
liter (approximately 85 to 95 mg × hour per liter)
(Table S3).
Patients were infused with the BCH-BB694
BCL11A shmiR drug product, which contained
4.9 million to 8.3 million CD34+ cells per kilogram of body weight (Table 1). After the infusion, all patients achieved neutrophil engraftment (median, 22 days [range, 18 to 26]) and
platelet engraftment (median, 33 days [range, 26
to 62]). One patient, Patient 8, received a short
course of filgrastim to treat a postinfusion respiratory infection.
Safety Outcomes

No adverse events of grade 3 or higher were associated with mobilization, collection, or infusion in the patients described here. Patient 1,
whose product infusion was delayed owing to
underlying medical complications and whose
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Table 1. Baseline Characteristics of the Treated Patients and the Drug Product.*
Patient
Number

Age
in Yr,
Sex

Genotype

Severe
Symptoms

Receiving
Transfusion,
Hydroxyurea

CD34+
Cell
Dose

VCN of
Product

CD34+
Cells
Transduced

Follow-up

cells
per kg

copies per
diploid
genome

%

mo

20, M

βS/βS

Previous stroke

Yes, No

5.1

3.3

95.8

29

3

25, M

S/βS

β

Previous stroke

Yes, No

6.7

5.0

98.6

19

4

24, M

βS/βS

Priapism

No, Yes

5.2

3.3

95.5

20

6

16, F

β

S/β0

Vaso-occlusive
event, ACS

No, Yes

8.3

6.9

100.0

16

7

12, F

βS/βS

Previous stroke

Yes, No

6.1

2.8

93.1

12

7, M

S/βS

Vaso-occlusive
event

No, Yes

4.9

1.8

62.0

7

2

8

β

*	Baseline laboratory values represent the most recent samples collected before cell infusion for which all relevant data are available. ACS denotes acute chest syndrome, and VCN vector copy number.

data are not reported here, had a serious adverse
event. With an indwelling central venous catheter in place, and after the patient was exposed to
estrogen for fertility preservation, a right atrial
thrombus and pulmonary emboli developed.
Most adverse effects occurred before neutrophil
engraftment and were effects known to be associated with central venous access devices or
myeloablative chemotherapy. Patient 8 received
a new diagnosis of type 1 diabetes mellitus 2
weeks after infusion, while the patient had a severe respiratory infection. The presence of autoantibodies suggests that the patient had an underlying predisposition to type 1 diabetes mellitus
that was unmasked by intercurrent illness or
conditioning. All nonlaboratory adverse events
of grade 3 or higher are listed in Table S4. After
the patients were discharged from the hospital
where transplantation was performed, three serious adverse events occurred: hospital admission for less than 24 hours for fever and influenza infection (1 patient), recurrent priapism
leading to two hospital admissions approximately 4 months after gene therapy (1 patient),
and leg pain (atypical of sickle-related pain, osteomyelitis ruled out, and no intervention required)
leading to a readmission for less than 24 hours
shortly after discharge (1 patient).

Hb increased and then remained stable in all
patients. Hemoglobin increased to a new baseline of 9.3 to 11.4 g per deciliter in the five untransfused patients and was stable over time
(Table 2 and Fig. 1A). Hemolysis continued in all
patients but was reduced from baseline, with the
absolute reticulocyte count falling from 175,000–
680,000 per microliter to 160,000–355,000 per
microliter (Fig. 1B) and with lactate dehydrogenase
falling from 167–726 U per liter to 217–485 U
per liter (Fig. 1C). Patient 3, who continued
regular pre–gene therapy transfusions, required
less frequent transfusions to maintain HbS suppression at his pre–gene therapy level (Table S5).
At the most recent study visit as of October 2020
(6 to 24 months after infusion), the median percentage of HbF as measured by high-performance liquid chromatography in the five untransfused patients was 30.4% (range, 21.6 to
40.0). In all six patients, the induction of HbF
was uniformly high, with a median HbF/
(HbF+HbS) of 30.5% (range, 20.4 to 41.3). The
level of total HbF appeared to be stable during
follow-up (Fig. 1D). The induction of HbF was
distributed broadly across erythrocytes. At the
most recent study visit as of October 2020, the
median percentage of F-cells among untransfused red cells was 70.8% (range, 58.9 to 93.6)
which represented a robust increase from baseLaboratory Outcomes
line (median, 14% [range, 0.7 to 25.5]) (Fig. 1E).
After infusion with the BCH-BB694 BCL11A The average HbF per F-cell was calculated and
shmiR drug product, the HbF fraction of total was uniformly high, with concomitant reduction
n engl j med 384;3
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*	Data represent the most recent values available before the July 2020 data snapshot. ARC denotes absolute reticulocyte count, Hb hemoglobin, HbF fetal hemoglobin, Hct hematocrit,
LDH lactate dehydrogenase, MCHC mean corpuscular hemoglobin concentration, and MCV mean corpuscular volume.
†	As of October 2020, Patient 3 has continued transfusions. At the most recent pretransfusion time point, HbA was 46.3%, HbS 39.0%, and HbF 12.1%.
‡	HbF values are presented as HbF/(HbF + HbS).
§	F cells are reported as a percentage of untransfused red cells.
¶	The average HbF per F-cell was calculated with the following formula: (MCH × HbF) per % F-cells. The HbF per F-cell calculation at baseline in Patient 2 was influenced by a very low
baseline percentage of F-cells of 0.3%.
‖	The most recent HbF was at 12 months, and the most recent HbF per F-cell calculation was at 10 months.

485

359
170

130
5.6, 11.1
70.6

93.6
41.3
36.5
88.9

81.1
31.4

25.5
6
8

11.0
12
7

9.3

35.0

29.0

6.8, 13.8

180

301

65.3

160

244

7.1, 11.2
81.9
31.9

33.8
76.0

84.8
31.2

32.5
15

11.1
21
4

6

11.0

35.6

38.8‖

5.0, 18.6‖

369

217

5.6, 9.0

71.0

58.9

35.1

22.7

86.3

87.8
32.5

28.9
18

9.5

24
2

3†

11.4

32.9

20.4

355

215

U per liter
× 10−9/liter
%
%
%
g/dl

fl

g/dl

pg

F-Cells§
HbF‡
MCHC
MCV
Hct
Hb
Months
since
Infusion
Patient
Number

Table 2. Hematologic Data.*
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Figure 1 (facing page). Fetal Hemoglobin Induction
and Gene Marking after Gene Therapy.
Panel A shows hemoglobin (Hb), Panel B absolute reticulocyte count (ARC), and Panel C lactate dehydrogenase over time after infusion. In Panels A, B, and C, circled dots indicate the presence of transfused red cells
at the time of the baseline sample. In these three panels,
Patient 3 is not shown owing to reinitiation of regular
red-cell transfusions. Panel D shows HbF as a percent
of HbF + HbS at various times after infusion. Panel E
shows the percent of F-cells (circulating untransfused
red cells that express HbF) at various times after infusion. In Panels A through F, the baseline values shown
indicate the values before gene therapy, which are the
latest samples collected before cell infusion for which
relevant data are available. Patients 2, 3, and 7 at the
baseline time point were receiving regular transfusions;
for Patient 4, the baseline time point is 2 months after
hydroxyurea was discontinued and after 3 months of
pre–gene therapy exchange transfusions; for Patient 6,
the baseline time point is 2 weeks after hydroxyurea
was discontinued and 1 month after a transfusion given
for clinical indications; and Patient 8 at the baseline time
point was receiving hydroxyurea before starting pre–
gene therapy transfusions. Panel G shows the wholeblood vector copy number in peripheral blood for each
of the six patients at various times after infusion.

in the cellular concentration of HbS. In patients
3, 4, 6, 7, and 8, HbF per F-cell increased from
5.0–7.1 pg per cell to an average of 12.7 pg per
cell (range, 9.0 to 18.6) (Table 2 and Fig. 1F).
One patient, Patient 2, had only 0.3% F-cells at
baseline, resulting in an outlying calculated HbF
per F-cell of 27.4 pg per cell. At 24 months of
follow-up, Patient 2 had 71% F-cells, with 9.4 pg
HbF per F-cell (Table 2).
Since BCL11A expression is required for normal B-cell development, immunoglobulins and
CD19+ and CD3+ levels were evaluated at baseline and at 6, 12, and 24 months after infusion.
The results indicate normal development and
function of the B-cell compartment and suggest
an absence of toxicity consistent with erythroidspecific BCL11A suppression (Table S6).
The vector copy number in peripheral whole
blood ranged from 0.42 to 1.49 copies per diploid
genome at 6 months after infusion and remained
generally stable at subsequent time points (Fig.
1G). We specifically examined the stability of
gene marking within the CD19+ B-cell lineage
because B-cell precursors inappropriately expressing the transgene would be selected against
over time. Between the early engraftment period
of 3 to 6 months, vector copy number in CD19+
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0.7
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2

0.6

4
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6

0.4

7

0.3

8

0.2
0.1
0.0
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5

Months since Infusion of BCH-BB694

C

Percent HbF/(HbF+HbS)

Lactate Dehydrogenase
(U/liter)

4
6
7

400

8

200

5

10

20

15

2

50

3

40

4
6

30

7
8

20
10
0
Baseline

25

6

2

30

3

25

4

60

6
7

40

8

20
0
Baseline

6

12

18

24

30

2
3
4

20

6

15

7

10

8

5
0
Baseline

30

5

10

15

20

25

Months since Infusion of BCH-BB694
Patient

3.0

No. of Vector Copies per
Diploid Genome

24

Patient

Months since Infusion of BCH-BB694

G

18

F
HbF per F-Cell (pg)

F-Cells as Percent of
Untransfused Cells

80

12

Months since Infusion of BCH-BB694

Patient

100

25

Patient

Months since Infusion of BCH-BB694

E

20

60

2

600

0
Baseline

15

D

Patient

800

10

Months since Infusion of BCH-BB694

2

2.5

3

2.0

4
6

1.5

7
8

1.0
0.5
0.0
Baseline

5

10

15

20

25

Months since Infusion of BCH-BB694

cells was stable in all six patients. Gene marking 1.99 copies per diploid genome at the latest time
within the peripheral blood erythroid lineage, point. Bone marrow CD34+, CD15+ myeloid
which is the intended cellular target, was 0.23 to compartment, and erythroid precursors defined
n engl j med 384;3
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Table 3. Vector Copy Number of Peripheral Blood and Bone Marrow (Copies per Diploid Genome).
Source and Time
Point

Patient 2

Patient 3

Patient 4

Patient 6

Patient 7

Patient 8

Whole blood

0.89

2.11

0.82

1.66

1.49

1.23

CD19+

0.003

0.02

0.03

0.03

0.06

0.03

GlyA+, CD71+*

0.47

2.39

1.31

1.02

1.38

1.07

Whole blood

0.53

1.62

0.65

1.51

1.14

0.64

CD19+

0.3

1.2

0.48

1.11

0.68

0.55

GlyA+, CD71+

0.33

2.79

1.03

1.86

0.88

0.90

Whole blood

0.42

1.49

0.61

1.19

1.04

0.69

CD19+

0.5

1.21

0.5

1.13

0.66

0.64

GlyA+, CD71+

0.2

2.85

0.96

1.35

0.76

0.68

0.69‡

Peripheral blood
1.5 mo

3 mo

6 mo

Most recent time
point†
Whole blood

0.30

1.61

0.63

1.11

1.03

CD19+

0.43

1.37

0.61

1.11

0.78

0.64‡

GlyA+, CD71+

0.23

1.99

0.77

1.95

1.39

0.68‡

Bone marrow
6 mo
CD34+

0.53

1.52

0.60

1.20

0.86

0.59

CD15+

0.65

1.59

0.79

1.65

1.25

0.77

GlyA+, CD71+

0.63

1.62

0.80

1.42

1.34

0.73

*	CD19+ describes B-lymphoid cells, and GlyA+, CD71+ describes erythroid precursors.
†	Data are the most recent values available with vector copy number lineage sorting before the October 2020 data snapshot (range, 6 to 24 months).
‡	Month 6 was the most recent time point for Patient 8.

as glycophorin A+, CD71+ cells at 6 months study enrollment. At 9 months after gene ther
showed similar vector copy numbers (Table 3). apy, symptoms consistent with avascular necrosis
of the right hip had developed in this patient.
Clinical Outcomes
Three patients (Patients 2, 3, and 7) were reNo patient has had a vaso-occlusive crisis, acute ceiving regular exchange transfusion regimens
chest syndrome, or stroke since the gene therapy for secondary stroke prophylaxis before gene
infusion (Table 4). Patient 4 (whose infusion had therapy. Patients 2 and 7 have not received a redbeen performed 20 months ago as of October cell transfusion since engraftment.
2020) had required frequent hospitalizations for
priapism before gene therapy. Between 4 and
Discussion
8 months after gene therapy, he had several severe episodes of priapism. He has not had a We report findings in six patients with severe
priapism-related emergency department visit or sickle cell disease treated with therapy directed
hospitalization since month 8, although inter- against BCL11A, in this case through infusion
mittent episodes of priapism have recurred. Pa- with BCH-BB694 BCL11A shmiR transduced
tient 6 had left hip avascular necrosis before CD34+ cells, an approach that reverses hemoglo-
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Table 4. Clinical Events before and after Infusion.*
Patient
Number

Months
since
Infusion

No. of Transfusions (Annualized)

Prestudy

After
Engraftment

No. of Severe Sickle Cell Clinical Events†

Prestudy

After Gene
Therapy
(<5 mo)

After Gene
Therapy
(≥5 mo)

0

0

0

2

29

12.5

0

3

19

10.5

5.7

0

0

0

4

20

2

0

13

5

1‡

6

16

3

0

6

0

0

7

12

11

0

0

0

0

8

7

1

0

3

0

0

*	Prestudy events represent the 2 years preceding study enrollment. Events that occurred after gene therapy represent
the time from engraftment to the most recent follow-up.
†	Events include vaso-occlusive crisis pain requiring an emergency department visit or admission for opioid treatment,
admission for acute chest syndrome, and priapism events requiring an emergency department visit or admission for a
procedural intervention.
‡	The most recent severe event was an emergency department visit that occurred 8 months after gene therapy.

bin switching in order to increase intracellular
HbF concentration and concomitantly reduce
HbS. All six had reached more than 6 months of
follow-up as of October 2020 and had achieved
robust induction of HbF, with a favorable safety
profile for peripheral autologous stem-cell mobilization and collection, conditioning, and transplantation.
In transduced cells, BCL11A is suppressed by
an shRNA embedded in a microRNA architecture that harnesses the endogenous cellular
machinery to produce a simultaneous increase
in HbF protein and decrease in HbS protein.
Altering the balance of intracellular globin production is particularly advantageous, because
even a small decrease in HbS concentration results in a large increase in the time to polymer
formation, the main determinant of the sickling
process in red cells.34,35 The HbF per F-cell for
the reported patients appears to be stable over
time and across patients, and the percentage of
red cells that are F-cells is consistently high,
indicating broad distribution of HbF in transduced cells. The HbF levels achieved in this
study are similar to or exceed those seen in patients with nondeletional hereditary persistence
of HbF,36 who have a milder clinical course,37,38
and above a threshold level of 20% HbF that is
associated with significant amelioration of clinical symptoms.18 BCH-BB694 BCL11A shmiR–

n engl j med 384;3

transduced cells demonstrated high levels of HbF
per F-cell regardless of the in vivo vector copy
numbers, which suggests that both potent effects of the vector and a maximum induction of
HbF are possible at low vector copy numbers.
As is true with other autologous gene therapy
approaches for hemoglobinopathies, patients who
have completed this treatment have a partial
correction of disease, based on laboratory measures. Bernaudin et al. recently reported that
chimerism of less than 50% in allogeneic transplantation is associated with persistent laboratory evidence of hemolysis4; however, multiple
studies have demonstrated that mixed-chimerism patients are free of other sickle cell diseaserelated symptoms as long as chimerism exceeds
approximately 20%.4,20-22 This is because patients
with even a relatively small proportion of donor
engrafted cells are capable of sustaining much
higher percentages of donor-derived erythrocytes owing to the prolongation of the red-cell
lifespan in the peripheral blood.23 In this regard,
the post–autologous therapy cellular phenotype
is distinct from that of post-allogeneic transplantation. In allogeneic transplantation, there
are distinct populations of autologous (HbSS)
and donor (HbAA or HbAS) cells, whereas the
post–gene therapy patients in this study most
likely retain a small population of cells containing only HbS from nonablated autologous cells
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or nontransduced infused cells and a population
of F-cells that contain a mixture of HbS and
antisickling HbF. It will be important to assess
whether the population of residual HbS-containing cells and associated hemolysis contribute to
any ongoing microvascular damage.
Unlike earlier trials of gene therapy in which
enhancer-containing γ retroviruses caused leukemia in some patients owing to insertional mutagenesis, the current generation of lentiviral vectors has not so far been associated with
insertional mutagenesis, with up to 12 years of
follow-up.39 However myeloablative busulfan conditioning also carries a small risk of secondary
cancer, and in one patient with sickle cell disease who underwent gene therapy in another
trial, myelodysplastic syndrome and subsequent
acute myeloid leukemia developed that were unrelated to the lentiviral vector.40 In this trial and
other autologous genetic treatment studies, it will
be important to evaluate the risk of post-alkylator myelodysplasia and to determine whether
factors such as busulfan exposure affect this risk.
The initial results of this trial provide validation that BCL11A, a gene discovered to be involved
in globin developmental regulation through population-based genomewide association studies,25-27
can be targeted to lead to successful HbF induction in humans. The field of autologous gene
therapies for hemoglobinopathies is advancing
rapidly, including lentiviral trials of gene addition in which the nonsickling hemoglobin is
formed from an exogenous γ-globin or modified
β-globin gene. In the approach described here,
targeting the physiologic hemoglobin switch allows transcription of the endogenous γ-globin
gene. This approach is also a direct intent of the
current gene editing trials targeting BCL11A.
The lineage-specific reduction in this trial predicts that clustered regularly interspaced short
palindromic repeats (CRISPR)–mediated disruption of erythroid-specific enhancer in the BCL11A
gene41,42 will also be beneficial if a sufficient
percentage of hematopoietic stem cells can be
edited at clinical scale and if the edits lead to
adequate reduction of BCL11A expression in each
edited cell.43
This study reports in humans the use of a
short hairpin RNA embedded within an endogenous microRNA scaffold, termed a shmiR
vector, to alter genetic expression, rather than
reliance on the addition of a protein coding
214
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sequence. This development has potential implications for other diseases that could benefit
from down-regulation of gene expression rather
than addition of a gene. On the basis of current
HbF levels, percentage of F-cells, and HbF per
F-cell, we predict that the patients in this study
will have protection from sickling to prevent or
significantly ameliorate both acute and chronic
complications of sickle cell disease. Additional
follow-up will clarify the long-term effects.
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