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Sickle cell disease: a single gene disorder in need of a cure

Mean age at death was 39 in 2006, 
only 35% alive at age >45 years 

Hassell / Am J Prev Med 2010;38(4S):S512–S521
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Hunger SP, Mullighan CG. N Engl J Med 2015;373:1541-1552.

Overall Survival among Children with Acute Lymphoblastic Leukemia (ALL) Who Were 
Enrolled in Children’s Cancer Group and Children’s Oncology Group Clinical Trials, 1968–

2009.

Clinical trials have improved the cure rate for acute leukemia in children from 
Less than 10% to over 95%, by trying 

The urgency for treatment of childhood ALL encourages participation in clinical trials 



“Whole genome therapy” cured the first patient of SCD through 
allogeneic bone marrow transplantation in 1984



Hematopoietic stem cells 
(HSCs) produce all types 
of hematopoietic cells 
long-term.

*Sickle mutation

We have sought to 
develop curative 
strategies based upon 
replacing or repairing 
bone marrow stem cells.

Bone marrow transplants cure by replacing the seeds of the blood



Tisdale, Thein and Eaton, Science, 13 Mar, 2020

FDA 
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FDA 
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Strategies for the treatment of sickle cell disease
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Viral vector

b-globin gene

Entry

Gene transfer for “gene addition” gene therapy 
require integration

Hematopoietic stem cells

Packaging Genetic 
modification

Normal hemoglobin 
production

b-globin gene



•Preclinical models
–High gene transfer rates easily 
achieved in mouse models in vivo 

•Early human clinical
–Equally high gene transfer rates 
estimated by in vitro assays
–In vivo levels of <1/100,000 cells
– Too low to expect clinical 
benefit in SCD

•Predictive human HSC assays 
needed

–Methods optimized over time in 
the nonhuman primate competitive 
repopulation model

Transplantation 
back to patients

SCD patients

Harvest

Gene transfer for “gene addition” therapies



Cell culture Small animal Large animal Clinical trial

Mice
Disease model mice
Humanized mice

Non-human primates Phase I
Phase II
Phase III
Phase IV

Cell lines
iPS cells

Efficiency

Cell lines Mouse HSCs Rhesus HSCs Human HSCs> >> ≈

Translational research milestones to develop gene therapy for sickle cell disease

Maximize benefit/minimize risks



Uchida, J Virol. 2009

HIV1-based lentiviral vectors allow gene transfer at levels 
sufficient to correct SCD 



HSC collection
Bone marrow harvest or 

mobilization with 
plerixafor & apheresis

DP infusion Transduced HSCs engraft 
and contribute to 
reconstitution of 
functional RBCs

Busulfan
myeloablative 
conditioning

2-yr follow-up

Modified RBCs 
express gene 

therapy-
derived, anti-

sickling 
HbAT87Q

LentiGlobin DP centralized manufacturing

Select 
CD34+ cells

Cryopreserve, 
test, release DP

Transduce with BB305 
lentiviral vector

α βT87Q

αβT87Q

Long-Term
Follow-Up Study

Group A Group B Group C

Pre-collection 
transfusion 
regimen

Optional Required Required

HSC source Bone marrow Bone marrow Mobilized PB

Manufacturing 
process Original Orig      Refined Refined

• 18+ years of age (12+ in group C) 

• History of symptomatic SCD
• Adequate organ function

• No previous HSCT or gene therapy

Key Enrollment Criteria 
§ Primary objective: Safety

§ Key Secondary Objectives:
– Frequency of VOCs and ACS 

– Total Hb and Hb fractions

Study Objectives

HGB-206: study of HIV-based lentiviral vector gene therapy 
for severe sickle cell disease
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BL, baseline; DP, drug product infusion; Hb, hemoglobin; HbA, adult Hb; HbAT87Q, anti-sickling Hb; HbS, sickle 
cell hemoglobin; M, month.

Population: Evaluable for globin response Data as of Feb 13, 2023

Percentages represent the median HbAT87Q fraction as a percentage of nontransfused total Hb. Values above each bar represent the median total Hb or HbS % of nontransfused total Hb at each visit and are not equivalent to the sum of the individual Hb fraction medians. The baseline was 
an average of 2 qualified, total Hb values (measured in g/dL) during the 24 months before study enrollment. aAssessed in patients who had ≥18 months follow-up or achieved globin response during the assessment period (months 6 to 18 post DPI). bThree patients achieved globin response 
but later did not meet globin response criteria due to: transfusions due to an unrelated accident or illness  (N = 2), or death (N = 1). 
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% HbS: 59.5 48.5 49.2 51.0 49.5 49.8 49.8 48.5 51.0 50.1 51.3 50.4 52.9 48.5 44.4

Median percent HbAT87Q of nontransfused total Hb was ≥40%

• 86.8% (33/38) of patientsa 

achieved globin response
(Globin response defined as: weighted average HbAT87Q 
≥30% of nontransfused total Hb; AND weighted 
average increase in nontransfused total Hb of ≥3 g/dL 
vs baseline total Hb OR weighted average 
nontransfused total Hb of ≥10 g/dL). 

• 100% (33/33) of patients 
demonstrated a durable globin 
response through last follow upb

• All patients maintained stable 
HbAT87Q levels from 6 months to 
last follow-up and as far out as 
month 60

• No patients with a history of 
stroke experienced a stroke post 
treatment

HbAT87Q      

Updated results of the HGB206 and HGB210 studies:
HbAT87Q levels and globin response maintained over time

Kanter, et al., ASH 2023 Congress - Abstract # 1051 13



Hb, hemoglobin; IC, informed consent; SCD, sickle cell disease; sVOE, severe vaso-occlusive event; VOE, vaso-occlusive event. Population: Evaluable for VOE-CR and sVOE-CR Data as of Feb 13, 2023
 

sVOE Resolution

• 94.1% (32/34; 95% CI, 80.3-99.3) of patients 
experienced complete resolution of sVOEsb 

(sVOE defined as: A VOE requiring ≥24-hour hospital or ER 
observation unit visit or ≥2 visits to a day unit or ER over a 72-
hour period, with both visits requiring intravenous treatment)

Hospital Admissions & Days

• 85.3% (29/34) of patients had no VOEc-
related hospital admissions from 6 months 
post infusion to last follow-up

• Among patients with VOEs post lovo-cel 
infusion, annualized median (min, max):
• Hospital admissions were reduced from 2.5 

(1, 13) to 0.41 (0, 2)
• Hospital days were reduced from 15.75 (3.5, 

136.0) to 2.20 (0.0, 25.4)
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An Independent Event Adjudication Committee confirmed VOEs met protocol criteria. aDefined as a VOE requiring ≥24-hour hospital or emergency room (ER) observation unit visit or at least 2 visits to a day unit or ER over a 72-hour period, with both visits requiring intravenous treatment; all VOEs of priapism were also considered 
sVOEs. bMaintained for a median of XX months (min, max). cAny of the following: acute episodes of pain with no medically determined cause other than a vaso-occlusion lasting 2 hours and requiring care at a medical facility; acute chest syndrome requiring oxygen treatment and/or blood transfusion; acute hepatic sequestration; 
acute splenic sequestration; or acute priapism lasting 2 hours and requiring care at a medical facility. 

Death, due to significant baseline SCD-related cardiopulmonary disease; not considered related to lovo-cel.

0

24 months prior to 
informed consent 

Complete resolution 
assessment period

Annualized sVOEs, median (min, max)
sVOE At baseline Post infusion

3.0 (0.5, 13.0) 0 (0, 2.2)

Updated results of the HGB206 and HGB210 studies:
94% (32/34) achieved complete resolution of severe VOEs

Kanter, et al., ASH 2023 Congress - Abstract # 1051 14



• Arose from basic science studies of yogurt, bacteria viruses
• Achieves targeted editing of genomes with enzyme + guide 

RNA
– Initial approaches created knockouts; expanded to induce 

repair by homologous recombination
– Can serve like a “find and replace” function in a word 

processor
– Base editing technologies can correct point mutations 

• Has accelerated production of mouse models – 
and revolutionized basic molecular biology

• Paves the way for new therapeutics

CRISPR/Cas9 system for genome editing?



CRISPR/Cas9 system for genome editing, just a click away….



BCL11A Enhancer Editing Strategy to Reactivate Fetal 
Hemoglobin to treat SCD

Canver et al., Nature, 2015; Brendel et al., JCI, 2016Bauer et al., Science, 2013;

Menzel et al., Nat Gen, 2007: Uda et al., PNAS, 2008

Demirci et al., JCI, 2020

Frangoul et al., NJEM, 2021

First FDA approval of CRISPR, December 2023
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b-globin gene addition
with a lentiviral vector 

Gene editing with an 
engineered nuclease

Transplantation

Hematopoietic 
stem cells (HSCs)

HSC-targeted gene 
delivery system

Ex vivo gene addition/editing In vivo gene addition/editing

Injection

or

• Under development
• Simple method
• Walk-in basis
• Low cost

• Efficacy and safety confirmed
• Hospitalization needed
• Cell processing center needed
• High cost

• Viral vectors
• Nanoparticles 

HarvestCell processing center

In vivo HSC-targeted gene addition/gene editing gene 
therapy: a future goal for broad application
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2 days post-LNP delivery in CD117+/- K562 cells

%GFP 2 daysLNP addition %GFPCD117 (+)/(-) cells

1:1 mix of CD117(+) 
and (-) K562 cells

%
G

FP

Non-targeted LNP Targeted LNP

Std #1 #2

Targeting blood stem cells through peptide conjugation of 
LNPs might allow delivery exclusively to HSCs
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1. Gene addition and gene editing gene therapy using patient HSCs appear promising 
as a curative strategies with similar short-term outcomes in SCD.

• Ex vivo approaches in SCD have provided proof concept.
• The costs of these approaches are staggering, further limiting application.
• Resources and infrastructure required limit application to highly resourced 

settings.

1. Methods to deliver genetic tools in vivo should improve access to curative therapies 
and reduce cost.
• In vivo approaches in other diseases have provided proof of concept.
• Delivery through antibody or peptide methods linked to vectors or LNPs a goal.
• Global distribution of vaccines based on LNPs has paved a viable path for SCD 

and other genetic diseases. 

This is complicated, why should I care?
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