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Are genetic approaches still needed to cure sickle cell disease?
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Sickle cell disease (SCD) is a heritable disorder of hemoglobin that affects 1 of every 400 black newborns and
approximately 100,000 persons in the United States (1). This disease burden has a considerable impact on individuals
affected and on health care systems. In the United States alone, the medical cost of caring for patients with SCD exceeds
$1 billion annually. SCD is caused by a point mutation in codon 6 of the B-globin chain that results in an amino acid
substitution of valine for glutamic acid, and promotes the formation of long hemoglobin polymers under hypoxic
conditions. This abnormal polymerization deforms erythrocytes and causes significant alterations in red cell integrity,
rheologic properties, and lifespan. SCD leads to chronic hemolysis and a vasculopathy that involves virtually every organ.
Most adults and many children develop a chronic, debilitating condition, leading to high rates of disability and
unemployment. A current cohort of adults that were followed and treated with disease-modifying therapy at two large
academic medical centers had a median survival of 48 years (2), which is not much different when compared with a NIH-
sponsored multicenter, prospective study of a cohort of adults with SCD that was published 25 years ago (3). Allogeneic
blood or marrow transplantation (alloBMT) is the only cure for patients with sickle cell disease (SCD) (4). Worldwide,
nearly 2000 [...]
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Sickle cell disease (SCD) is a heritable
disorder of hemoglobin that affects 1 of
every 400 black newborns and approx-
imately 100,000 persons in the United
States (1). This disease burden has a con-
siderable impact on individuals affected
and on health care systems. In the United
States alone, the medical cost of caring for
patients with SCD exceeds $1 billion annu-
ally. SCD is caused by a point mutation in
codon 6 of the B-globin chain that results
in an amino acid substitution of valine for
glutamic acid, and promotes the forma-
tion of long hemoglobin polymers under
hypoxic conditions. This abnormal polym-
erization deforms erythrocytes and causes
significant alterations in red cell integrity,
rheologic properties, and lifespan. SCD
leads to chronic hemolysis and a vascu-
lopathy that involves virtually every organ.
Most adults and many children develop a
chronic, debilitating condition, leading
to high rates of disability and unemploy-
ment. A current cohort of adults that were
followed and treated with disease-modify-
ing therapy at two large academic medical
centers had a median survival of 48 years
(2), which is not much different when com-
pared with a NIH-sponsored multicenter,
prospective study of a cohort of adults with
SCD that was published 25 years ago (3).
Allogeneic blood or marrow trans-
plantation (alloBMT) is the only cure for
patients with sickle cell disease (SCD)
(4). Worldwide, nearly 2000 children and
adults with SCD have received alloBMT
(5). Depending on the type of transplant
and donor source, the cure rate is 90%-
95%, and the risk of graft-versus-host
disease (GVHD) is 4%-15% in the United
States and Europe. Most of these data are
from pediatric studies involving myeloab-
lative conditioning regimens and stem

cell grafts from matched sibling donors.
Adult patients with SCD are often exclud-
ed from myeloablative BMT trials because
of projected excess morbidity and mortal-
ity resulting from accumulated end-organ
damage from decades of living with SCD.
Additionally, many parents of children or
affected individuals with SCD are reluc-
tant to allow or receive myeloablative con-
ditioning because of the nearly universal
gonadal failure. Finding suitable donors
has also been challenging. HLA-matched
sibling donors are available in less than
15% of potential alloBMT recipients with
SCD. Less than a quarter of African Amer-
icans have HLA matches in unrelated reg-
istries (6). Accordingly, broad application
of alloBMT in SCD is dependent on novel
strategies that address donor availability
and limit toxicity from myeloablative con-
ditioning regimens and GVHD. These lim-
itations of donor availability and GVHD
are driving research for novel approaches
to BMT that use autologous cells with gene
therapy or gene editing (Figure 1).

Myeloablative gene therapy

for SCD

Gene therapy involves the harvesting
of hematopoietic stem/progenitor cells
(HSPCs), ex vivo transduction using a ret-
roviral vector carrying a y-globin or B-glo-
bin transgene, and reinfusion of trans-
duced HSPCs following myeloablative
chemotherapy. Since HSPCs are patient
derived, there is no risk of GVHD; how-
ever, myeloablative chemotherapy (usual-
ly with busulfan) is required to reduce or
eliminate host hematopoiesis. Myeloabla-
tive chemotherapy leads to infertility, alo-
pecia, mucositis, and infections and may
exclude patients with moderate-to-severe
end-organ damage due to dose-limiting
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toxicities from busulfan. Stroke, a major
source of morbidity, is an exclusion cri-
terion for most gene therapy trials. There
is also the potential for secondary malig-
nancies from insertional mutagenesis and
from busulfan. Self-inactivating lentiviral
vectors mitigate, but do not eliminate, the
risk for insertional mutagenesis. Further-
more, busulfan is seldom 100% myeloab-
lative, and surviving HSPCs may also lead
to late myeloid malignancies.

Mobilizing enough HSPCs from patients
with SCD and collecting enough self-renew-
ing HSPCs to allow life-long expression of
the transgene is also a challenge. Stem cell
mobilization with granulocyte CSF (G-CSF)
is contraindicated in SCD; therefore, cur-
rent trials are using bone marrow harvest-
ing, which is especially painful for patients
with SCD and may still result in insufficient
HSPC yields for successful BMT. Plerixifor
mobilization is under investigation, and
early results appear promising (7). Ensur-
ing sufficient transduction of HSPCs to
allow long-term engraftment is more prob-
lematic. Lentiviral vectors can transduce
self-renewing G, stem cells required for
long-term transgene expression; however,
the majority of transduced cells following
peripheral blood mobilization are progen-
itor cells with limited to no self-renewal
capacity. Progenitor cells survive three to
four months and generate red cells that
survive for 120 days. Moreover, autologous
recovery following BMT leads to increased
fetal hemoglobin that can decrease acute
vaso-occlusive episodes for a year or more
after BMT (8); thus, follow-up beyond two
years is necessary to ensure that the trans-
duced HSPCs are stable and sufficient to
lead to long-term control of the disease.

Despite these limitations, preliminary
results of gene therapy for SCD and severe
B-thalassemia are encouraging, with
the largest experience in severe PB-thal-
assemia (9). In two phase I-II studies of
gene therapy using a lentiviral vector and
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myeloablative busulfan conditioning, 12
of 13 patients with a non-p°/p° genotype
achieved transfusion independence, with
a median follow-up of over two years. In
nine patients with the B°/B° genotype,
transfusion requirements decreased, but
just three of nine were able to discontin-
ue transfusions. The first successful case
report of a patient with SCD treated with
gene therapywasin 2017 (10). At the time
of the report, the child was 15 months
from having received his transplant and
no longer experiencing vaso-occlusive
crises. Of note, one of two additional
patients treated in the same clinical tri-
al benefitted from the therapy. Another
exciting approach to gene therapy in
clinical trials is to increase production

:

of fetal hemoglobin by knockdown of
BCL1IA, a gene whose product, BCL11A,
regulates hemoglobin F expression.
Reducing BCLI1IA thus increases the
amount of nonsickling y-globin. A num-
ber of other clinical trials involving gene
therapy to treat SCD are underway. Ini-
tial data should be available within the
next two to three years, but long-term
data of at least five- and ten-year inter-
vals are necessary to address late graft
failure and other late effects.

Myeloablative gene editing

for SCD

The approach to gene editing is similar to
that for gene therapy and involves the har-
vesting of HSPCs, ex vivo electroporation
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Figure 1. Curative approaches to SCD. (A) Cene
therapy requires the harvesting of HSPCs from
the patient, transduction of these cells with

a nonsickling viral vector, and myeloablative
chemotherapy followed by autologous BMT.

(B) Gene editing also requires the harvesting

of HSPCs from the patient. Gene editing of
HSPCs is accomplished with electroporation of
gene-editing reagents, followed by myeloabla-
tive conditioning and autologous BMT using the
gene-corrected cells. (C) alloBMT can be from an
HLA-matched sibling donor, a matched unrelat-
ed donor, or an HLA-haploidentical family donor.
Bone marrow is harvested from a healthy donor.
Traditionally, patients received myeloablative
chemotherapy, but in recent years nonmyeloab-
lative therapy, especially for HLA-haploidentical
BMT with post-transplantation cyclophospha-
mide, has become more common. Healthy donor
HSPCs are infused, followed by post-transplan-
tation administration of cyclophosphamide to
prevent GVHD and graft rejection. Children with
strokes and adults with severe heart, lung, or
kidney disease or strokes are typically excluded
from gene therapy trials but are eligible to par-
ticipate in the NIH-supported HLA-haploiden-
tical BMT with post-transplantation cyclophos-
phamide phase Il trial (NCT03263559).

of target cells to correct the B-globin gene
or to knock down BCLIIA using CRISPR/
Cas9 or zinc finger nucleases, and reinfu-
sion of genetically modified HSPCs fol-
lowing myeloablative chemotherapy. The
toxicities and limitations from mobiliza-
tion and myeloablative chemotherapy are
identical to those for gene therapy proto-
cols. No retroviral transduction is needed,
but recent data on CRISPR/Cas9 editing
show that the frequency of large deletions
and insertions that arise near the on-target
site is higher than originally thought (11).
Moreover, since DNA breaks induce apop-
tosis in healthy cells, it appears that there
is enrichment of edited HSPCs with defi-
cient p53, raising additional safety con-
cerns regarding cancer risk (12).
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Nonmyeloablative
haploidentical BMT for SCD
The approach to nonmyeloablative hap-
loidentical BMT was developed to increase
donor availability and to provide curative
options for adults with SCD who have pre-
existing heart, lung, and kidney dysfunc-
tion that would preclude myeloablative
therapy. For children and adults with SCD,
multiple previous unsuccessful single-cen-
ter nonmyeloablative, haploidentical BMT
protocols were initiated and abandoned
because of transplant-related mortality.
However, the more recent generation of
nonmyeloablative, =~ HLA-haploidentical
BMT with post-transplantation cyclophos-
phamide, roughly one-third the cost of
myeloablative gene therapy and gene edit-
ing, has dramatically improved the clinical
outcome of children and adults with SCD.
Virtually every patient eligible for a
gene therapy or gene editing trial is also eli-
gible for an HLA-haploidentical BMT with
post-transplantation  cyclophosphamide.
Transplantation trials are more inclusive
in that most gene therapy trials exclude
patients who have had a stroke. The first
clinicaltrial of nonmyeloablative, HLA-hap-
loidentical BMT with post-transplantation
cyclophosphamide for SCD in 2012 report-
ed a graft failure rate of approximately 40%
(13); however, subsequent modifications
to the preparative regimens involving the
addition of thiotepa or an increase in the
dose of total body irradiation from 200 cGy
to 400 cGy increased engraftment to 90%
without adding to toxicity (14-16). The
collective results from these three recent
studies (n = 39 patients with SCD) showed
no mortality, an engraftment rate of 90%,
and a rate of GVHD above grade 2 of 8%.
A clinical trial sponsored by the National
Heart, Lung, and Blood Institute (NHLBI)
involving HLA-haploidentical BMT with
post-transplantation  cyclophosphamide
for SCD at more than 30 clinical centers
throughout the United States and Europe is
currently underway (NCT03263559). Con-
firmation of these encouraging early results

will confirm that myeloablative condition-
ing and full-matched HLA donors are no
longer necessary to cure SCD.

Are genetic approaches still
necessary to cure SCD?

The era of curative therapy for patients
with SCD is upon us. NIH-sponsored non-
myeloablative, HLA-haploidentical BMT
with post-transplantation cyclophospha-
mide offers the opportunity to cure up to
95% of the children and 90% of the adults
with severe SCD. Clinical trials involving
myeloablative gene therapy and genome
editing are also underway with 100%
donor availability but are limited predom-
inantly to children who can tolerate the
myeloablative regimen. Although ran-
domized, controlled trials comparing the
two strategies are not likely to be under-
taken, understandably, curative therapies
that include nonmyeloablative methods
will commonly be selected over those that
are myeloablative.

Informed families with SCD have
multiple options to enroll in clinical tri-
als designed to cure and advance care for
the next generation. The pressing chal-
lenges are to include full disclosure of the
various curative options for children and
adults with SCD, to minimize late effects
from preparative regimens, and to advance
innovative science leading to nonmyeloab-
lative, haploidentical BMT, gene therapy,
or gene-editing trials. The future for curing
children and adults with SCD looks bright.
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