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Disclaimers

Statements in this Presentation that are not statements of historical fact are forward-looking statements. Such forward-looking statements include, 
without limitation, statements regarding our research and clinical development plans, the clinical and therapeutic potential of our product candidates and 
platform technology, our expected manufacturing capabilities, strategy, regulatory matters, market size and opportunity, future financial position, 
forecasted expenses and cash runway, prospects, plans, objectives, and our ability to achieve certain milestones, and the timing thereof. Words such as 
“believe,” “anticipate,” “plan,” “expect,” “intend,” “will,” “may,” “goal,” “potential” and similar expressions are intended to identify forward-looking 
statements, although not all forward-looking statements necessarily contain these identifying words. These forward-looking statements are based on the 
beliefs of the management team at Graphite Bio, Inc. ("Graphite Bio") as well as assumptions made by and information currently available to us. Such 
statements reflect the current views of Graphite Bio with respect to future events and are subject to known and unknown risks, including business, 
regulatory, economic and competitive risks, uncertainties, contingencies and assumptions about Graphite Bio, including, without limitation, risks inherent 
in developing therapeutic products, future results from our ongoing and planned clinical trials and preclinical research, our ability to obtain adequate 
financing to fund our planned clinical trials and other expenses, trends in the industry and competitive landscape, the legal and regulatory framework for 
our industry, our future expenditures and overall market conditions. In light of these risks and uncertainties, the events or circumstances referred to in the 
forward-looking statements may not occur. The actual results may vary from the anticipated results and the variations may be material. These forward-
looking statements should not be taken as forecasts or promises nor should they be taken as implying any indication, assurance or guarantee that the 
assumptions on which such forward-looking statements have been made are correct or exhaustive or, in the case of the assumptions, fully stated in this 
presentation. You are cautioned not to place undue reliance on these forward-looking statements, which speak only as of the date this presentation is 
given. This presentation discusses product candidates that are or will be under clinical investigation and which have not yet been approved for marketing 
by the U.S. Food and Drug Administration. No representation is made as to the safety or effectiveness of these product candidates for the therapeutic 
use for which such product candidates are being or will be studied.

This presentation contains estimates and other statistical data made by independent parties and by us relating to market size and growth and other 
industry data. These data involve a number of assumptions and limitations, and you are cautioned not to give undue weight to such estimates. Graphite 
Bio has not independently verified the data generated by independent parties and cannot guarantee their accuracy or completeness.



A next-generation 
gene editing company 

focused on 
discovering and developing

curative therapies for 
serious and life-threatening 

genetic diseases



Highlights:	Graphite	Bio	and	GPH101	gene	correction for	SCD
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Broad next-generation gene editing platform potential beyond SCD for one-time curative therapies

Founded by pioneers in genetic medicine to realize gene editing's full potential – find and replace 
DNA anywhere in the genome by harnessing the power of homology directed editing

Lead clinical product candidate GPH101 designed to directly correct the disease-causing 
mutation to normal – the gold standard for cure in SCD

Preclinical data strongly support the curative potential of GPH101 in patient cells and 
animal models, reducing harmful HbS production and restoring normal HbA expression

Enrolled first patient in Phase 1/2 CEDAR Trial for GPH101; on track for initial 
proof-of-concept data expected YE 2022

SCD: sickle cell disease; HbS: sickle hemoglobin; HbA: adult hemoglobin; YE: year end.



Broad	platform	potential across	a wide	range	of	cells
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Hematopoietic 
Stem Cells

40-80%

T-Cells
50-80%

Airway 
Stem Cells

(Basal Cells)
50%

Pluripotent 
Stem Cells

50-80%

Mesenchymal 
Stem Cells

30-60%

Keratinocytes
50%

E D I T I N G  E F F I C I E N C Y

Neural 
Stem Cells

20%

Bonafont, Porteus et al. Homology-Directed Repair-based Ex Vivo Gene Editing for Recessive Dystrophic Epidermolysis Bullosa Correction in Somatic Stem Cells. Submitted to Molecular Therapy; Dever et. al. CRISPR/Cas9 β-globin gene targeting in human haematopoietic stem cells. Nature 539, 384–389(2016); Wiebking, Lahiri, Roncarolo, Porteus et. al. Genome editing of donor derived T-cells to 
generate allogenic chimeric antigen receptor modified T cells. Haemoatolgica 20210; 105; Vaidyanathan, Porteus et. al. High-efficiency, selection-free gene repair in airway stem cells from CF Patients rescues CFTR function in differentiated epithelia. Cancer Stem Cell 26; 1-11, January 2, 2019.; Martin, Porteus et. al. Highly Efficient and Marker-free Genome Editing of Human Pluripotent Stem Cells by 
CRISPR-Cas9 RNP and AAV6 Donor-Mediated Homologous Recombination. Cancer Stem Cell 24, 821-828. May 2, 2019; Srifa, Porteus et. al. Cas9-AAV6-engineered human mesenchymal stromal cells improved cutaneous wound healing in diabetic mice. Nature Communications 2020, 11:2470; Dever, Gomez-Ospina, Porteus et. al. CRISPR/Cas9 Genome Engineering in Engraftable Human Brain-Derived 
Neural Stem Cells. iScience 15, 524-535. May 31, 2019.
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3:00 – 3:05 p.m. Welcome and Introduction
Josh Lehrer, M.Phil., M.D., CEO, Graphite Bio

3:05 – 3:20 p.m. Genetic Treatments for Sickle Cell Disease
Mitchell J. Weiss, M.D., Ph.D., St. Jude Children's Research Hospital

3:20 – 3:35 p.m. Harnessing the Power of Homology Directed Genome Editing
Matthew H. Porteus, M.D., Ph.D., Stanford University School of Medicine

3:35 – 3:50 p.m. The Phase 1/2 CEDAR Trial for GPH101
Julie Kanter, M.D., University of Alabama at Birmingham

3:50 – 4:05 p.m. What is Needed for Long-Term Cure in Sickle Cell Disease?
John F. DiPersio, M.D., Ph.D., Washington University School of Medicine

4:05 – 4:28 p.m. Panel Discussion and Q&A
Moderated by Josh Lehrer

4:28 – 4:30 p.m. Closing Remarks
Josh Lehrer
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Genetic Treatments for Sickle Cell Disease
Mitchell Weiss, M.D., Ph.D.

St. Jude Children’s Research Hospital



• Autosomal recessive disorder affecting hemoglobin structure

• Carrier state essentially normal; protects against malarial 
infection

• SCD affects 100,000 Americans and millions worldwide

• Severe pain, progressive multiorgan failure, early death

• Early cures are necessary to prevent organ damage

• Current curative approaches are suboptimal

• Advances in science and technology provide new 
opportunities to cure SCD

Sickle cell disease (SCD)

Ingram, Nature 178, 1956
Adapted from Kato et al, Nat Rev Dis Primers 4, 2018
Piel et al., N Engl J Med 376, 2017
Centers for Disease Control and Prevention:
http://www.cdc.gov/ncbddd/sicklecell/data.html

Retinopathy
Cerebral infarcts

Stroke

Pulmonary infarcts

Pneumonia

Splenomegaly

Splenic atrophy 
(autosplenectomy)

Infarcts of the 
extremities

Vaso-occlusion

Ulcer

Cardiomegaly

Congestive heart 
failure

Cholelithiasis

Renal infarcts

Hematuria

Bone marrow 
hyperplasia

Aseptic bone 
necrosis

Osteomyelitis
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SCD carriers (genotype HbAS) 
are essentially normal

a

bS

a bS

ab

b

• Red blood cell oxygen transporter

• Made of two a globin and two b globin subunits

• Produced by separate genes on different chromosomes

• SCD is caused by mutations in the b-globin gene (HBB)

9

Hemoglobin

Normal adult hemoglobin (HbA)
Genotype HbAA

HBA
hChr16

HBB

hChr11

SCD mutation 
in HBB gene

Sickle hemoglobin (HbS)
Genotype HbSS

HBBS

hChr11

a



SCD is “the first molecular disease”
b-globin

HBB
g-globin

HBG2  HBG1Human chromosome 11

Sickle b-globin
(HbS)

Normal adult b-globin
(HbA)

A-to-T nucleotide substitution
Converts Glutamic acid to Valine 
at position 7

HbS forms
rigid chains

• Sticky, brittle, sickle-shaped red blood cells
• Hemolytic anemia
• Blood vessel occlusion
• Endothelial cell dysfunction
• Inflammation
• Multiorgan damage
• Early mortality (average lifespan in the 

U.S. is 45 years)

Ingram, Nature 178, 1956

C CT

GAG

GLUTAMIC 
ACID

CAC

GTG

VALINE

A

T

G

C

G

C

PROLINE
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SCD becomes symptomatic shortly after birth
b-globin
HBBS

g-globin
HBG2  HBG1Human chromosome 11

a

bS

bS

a

a

g

g

a

Sickle hemoglobin 
(HbS)

Fetal Hemoglobin
(HbF)

switch around 
birth 

11

• Coincident with the perinatal switch from g-globin 
to b-globin expression that normally causes a shift 
from fetal to adult hemoglobin

• Reversing the perinatal switch to increase HbF can 
be therapeutic



Curative approaches to SCD

De la Fuente et al, Lancet Haematol 7, 2020; Gluckman et al, Blood 129, 2017; Eapen et al, Lancet Haematol, 6, 2019; Frangoul et al, New Engl J Med 384, 2021; Esrick, New Engl J Med 384, 2021; Kanter J, et al. Blood 134 (suppl), 2019; 
Ribeil JA, et al. N Engl J Med 376, 2017   

HSC 
isolation

Genetic 
modification

HSC Reinfusion 
BM conditioning

Patient education
Informed consent

• The patients are their own donor
• Avoids GVHD and graft rejection
• Avoids need for post-transplant immunosuppression
• Experimental with some early successes

Allogeneic bone marrow transplantation Autologous ex vivo HSC genetic therapy

• 90-95% EVS from HLA-matched sib donor
• Only 20% of patients have HLA-matched sib donor
• Other donor types are higher risk
• Complications include GVHD and graft rejection 

Hematopoietic
stem cells

Healthy Donor 
Bone Marrow

Transplant 
Recipient

12



1. Insert functional b-globin transgene into patient HSCs via lentiviral vector transduction

2. Induce fetal hemoglobin production by genome editing or base editing

3. Convert the SCD mutation to a non-sickling variant via base editing

4. Correct the SCD mutation via genome editing with homology directed repair (HDR)

13

Genetic modifications to treat SCD

Drysdale et al, Cell Stem Cell 28, 2021; Doerfler et al, J Clin Invest 131, 2021; Magrin et al, Blood 134, 2019



Lentiviral vector transduction

Lentiviral 
plasmids

Vector 
producer cells

Lentiviral vector 
containing beta-like 

globin gene Stem cell with 
beta-like globin gene

Adapted from https://www.sciencedirect.com/science/article/pii/S0753332220304686

14

Transfection Harvesting viral 
vectors

Transduction Autologous 
transplant



Genome editing

• Method for genetic 
manipulation 

• Based on programmable
engineered nucleases that 
create site-specific 
double-strand breaks 
(DSBs) at targeted 
locations in the genome. 

15
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CRISPR/Cas9 RNA guided nuclease

• Originally isolated from bacteria
• An RNA programmable nuclease
• Creates DSBs at specified locations in the 

genome
• 2020 Nobel Prize in Chemistry

Knott and Doudna, Science 361, 2018; Doudna and Charpentier, Science 346, 2014

Double strand DNA break (DSB)

Cas9

DNA

Guide 
RNA



Non-homologous end joining (NHEJ)
• High rates in HSCs
• Creates variable indel mutations

Cas9 or other targeted nuclease

Repair of a genome editing induced DSB

Homology directed repair (HDR)
• Historically low rates in HSCs
• Can install precise changes

Induce HbF

HbSHbF

Nuclease-induced 
double-strand break

a

bS

bS

a

a g

g a

• Alleviates SCD
• “Easy” to achieve efficiently

HbSHbA

• Ideal genetic outcome
• Difficult to achieve efficiently

Correct SCD mutation

GAG GTG

GLUVALPROGLUPRO GLU

17



BCL11A

Induction of HbF by Cas9-mediated NHEJ

HBG1 and HBG2
g-globin gene promoter TGACC

Disrupt key binding sites via Cas9-mediated NHEJ
• Inhibits BCL11A binding to its critical target site2

• Recapitulates a naturally occurring condition2

DNAse HSS

BCL11A gene

Disrupt BCL11A erythroid enhancer via 
Cas9-mediated NHEJ
• Inhibits BCL11A expression in RBCs1

g-globin transcriptional
repressor 

1. Wu et al., Nat Med 25, 2019; Frangoul et al, New Engl J Med 384, 2021
2. Traxler et al, Nat Med 2016; Metais et al, Blood Adv, 2019

18



Base editors

Modified Cas9

Deaminase domain

• A Cas9-derived tool for genome 
engineering

• Modified Cas9 that does not create 
DSB

• Fused to a deaminase domain that 
creates targeted point mutations

• Adenine base editor converts A to G
• Cytosine base editor converts C to T

Anzalone  et al, Nat Biotechol 38, 2020

19



1. Induce HbF by installing point mutations that interfere with BCL11A or other g-globin repressors

2. Convert HbS to Hb Makassar, a rare non-sickling variant

20

Base editor modifications for SCD

Thr Pro Val Glu Lys
5’ TGA GGA CAC GAG AAG 3’

5’ TGA GGA CGC GAG AAG 3’
Thr Pro Ala Glu Lys

Sickle Hb

b-globin Makassar

Newby et al. Nature 595, 2021; Miller et al, Nature Biotechnol 38, 2020; Chu et al., Blood 136 (suppl), 2020



• Strategies include b-like globin gene addition via lentiviral vector, induction of HbF, conversion of HbS to a 
non-sickling variant, or correction of HbS to HbA (ideal genetic outcome)

• Tools include lentiviral vectors, CRISPR-Cas9 and base editors

• Major considerations are efficacy, efficiency, safety

• Each approach has unique advantages and challenges

• The field is advancing rapidly with many emerging technologies

21

Conclusions: Genetic treatments for SCD



Thank You!



Harnessing 
the Power of
Homology
Directed
Genome Editing

Matthew Porteus, MD, PhD
Department of Pediatrics
Divisions of Stem Cell Transplantation and 
Regenerative Medicine, Hematology/Oncology 
and Human Gene Therapy
Institute of Stem Cell Biology and Regenerative 
Medicine
Maternal Child Health Research Institute
Stanford University

December 2021
mporteus@stanford.edu



Genome editing is an evocative term
BEFORE AFTER

Correct a typo The beta-globin gene makes HgbS. The beta-globin gene makes HgbA.

Add a new sentence
Macrophages are derived from HSCs. They 

naturally migrate to the brain to generate 
brain health.

Macrophages are derived from HSCs. We 
can engineer them to make a 

neuroprotective factor. They naturally 
migrate to the brain to generate brain health.

Add a new sentence and 
functionally delete the old 

one (track changes J)
The SCID gene makes a non-functional 

protein.
The SCID gene makes a functional protein. 

non-functional protein.

Replace an entire sentence
The alpha-globin gene is strongly expressed 
in red blood cells. It normally makes alpha-

globin protein.

The alpha-globin gene is strongly expressed 
in red blood cells. It now makes factor IX to 

cure hemophilia B.

Add a clause The beta-actin gene makes lots of beta-actin 
protein in all cells of the body.

The beta-actin gene makes lots of beta-actin 
protein in all cells of the body and now it also 

makes a control switch to regulate cell 
behavior.

24



It is not a very good word processing 
program if it can only create new errors



The precision and breadth of HDR/HR editing is harnessed through a 
site-specific break (nuclease)

Precise Spatial Modification 
(DSB stimulates process by >1010)

Method to Break Things

Precise Spatial AND Nucleotide 
Modification of Genome 

(DSB stimulates process by >105)

Method to Add/Correct Sequences

Donor DNA

**

Homologous
Recombination

(copy and paste)

Non-homologous
end-joining
(stitching)

Engineered 
Nuclease

26



HDR/HR is the only platform that can 
perform all of the genome editing/word 
processing functions described earlier



The Graphite Bio Platform: RNP/AAV6 works across multiple clinically 
important cell types with high specificity

Recombinant Adeno-Associated 
Virus (AAV6)

(non-integrating)

Targeted Integration 
Frequency:
• HSPCs (40-80%)
• T-Cells (60-80%)

• Muliplex Double 
knock-in: 50%

• MSCs (30-50%)
• Pluripotent Cells (50-80%)
• Basal Cells (30-60%)
• Keratinocytes (40%)

HiFi Cas9

s3gRNAs

28



The Graphite Bio HDR/HR platform is the result of focused continuous 
iterative improvement
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L E T T E R S

CRISPR-Cas-mediated genome editing relies on guide RNAs 
that direct site-specific DNA cleavage facilitated by the Cas 
endonuclease. Here we report that chemical alterations to 
synthesized single guide RNAs (sgRNAs) enhance genome 
editing efficiency in human primary T cells and CD34+ 
hematopoietic stem and progenitor cells. Co-delivering 
chemically modified sgRNAs with Cas9 mRNA or protein is 
an efficient RNA- or ribonucleoprotein (RNP)-based delivery 
method for the CRISPR-Cas system, without the toxicity 
associated with DNA delivery. This approach is a simple 
and effective way to streamline the development of genome 
editing with the potential to accelerate a wide array of 
biotechnological and therapeutic applications of the  
CRISPR-Cas technology.

The type II bacterial clustered, regularly interspaced, short  
palindromic repeats (CRISPR) and the CRISPR-associated protein 9 
(Cas9), known as CRISPR-Cas9 (refs. 1–4), consisting of an RNA-guided 
nuclease (Cas9) and a short guide RNA (gRNA), generates site-specific  
DNA breaks, which are repaired by endogenous cellular mechanisms.  
Possible outcomes of the approach include mutating a specific  
site through mutagenic non-homologous end-joining (NHEJ),  
creating insertions or deletions (indels) at the site of the break,  
and precise change of a genomic sequence through homologous 
recombination (HR) using an exogenously introduced donor  
template5. The guide RNA is composed of two RNAs termed  
CRISPR RNA (crRNA) and trans-activating crRNA, which can be 
combined in a chimeric single guide RNA (sgRNA). The sgRNAs 
are typically about 100 nucleotides (nt) long. Twenty nt at the 5` end 
hybridize to a target DNA sequence by Watson-Crick base pairing and 
guide the Cas endonuclease to cleave the target genomic DNA, and 
the remaining double-stranded structure at the 3` side is critical for 
Cas9 recognition (Fig. 1a). The sgRNA has been delivered into cells 
as RNA (e.g., prepared by in vitro transcription), or by using a DNA 
vector expressing the sgRNA.

Although genome editing using the CRISPR-Cas system is highly 
efficient in human cell lines, CRISPR-Cas genome editing in pri-
mary human cells is generally more challenging. The reasons for this 

remain elusive, but differences in transfection rates, promoter activity,  
exonuclease activity, interferon production when delivering nucleic 
acids, and DNA repair fidelity may contribute. Here we demon-
strate that chemically synthesized sgRNAs can induce high levels of  
genome editing and that chemical alterations of the sgRNAs can 
enhance genome editing in both human primary T cells and CD34+ 
hematopoietic stem and progenitor cells (HSPCs). The increase in 
genome editing is further improved by delivering Cas9 as mRNA  
or protein rather than through a DNA expression plasmid, thus  
generating a simple and complete RNA- or RNP-based delivery  
method for the CRISPR-Cas system.

To test the utility of chemically synthesized sgRNAs for genome 
editing, we synthesized full-length sgRNAs of 100 nt using  
2`-O-thionocarbamate-protected nucleoside phosphoramidites6.  
We also synthesized sgRNAs with three different chemical  
modifications at both termini to evaluate their effects on efficacy  
(Fig. 1a,b and Supplementary Table 1). Chemical modifications  
comprising 2`-O-methyl (M), 2`-O-methyl 3`phosphorothioate (MS), 
or 2`-O-methyl 3`thioPACE (MSP) were incorporated at three terminal  
nucleotides at both the 5` and 3` ends. We selected these modifications 
for evaluation owing to their previously reported stability to serum 
and snake venom phosphodiesterases and for their reported effects 
on the immunostimulatory properties of nucleic acids7–9.

We selected three human genes that have been targeted with sgRNAs 
with high gene editing frequencies in cell lines10,11: (i) IL2RG, which 
can harbor mutations responsible for severe combined immunodefi-
ciency (SCID)-X1, (ii) HBB, which can harbor mutations responsible 
for sickle cell anemia and thalassemia, and (iii) CCR5, which encodes 
a co-receptor of HIV and is currently being investigated as a target for 
therapeutic gene editing in anti-HIV clinical trials12.

We first tested each of the synthetic sgRNAs in the presence of 
recombinant Cas9 protein in a biochemical in vitro DNA cleavage 
assay and found that all sgRNAs mediated targeted DNA cleav-
age efficiently (Supplementary Figs. 1 and 2). We next examined 
whether the synthesized sgRNAs could induce targeted indels 
indicative of mutagenic NHEJ and gene disruption in human cell  
lines. We delivered each sgRNA together with a DNA plasmid  
encoding Cas9 into K562 cells by nucleofection and analyzed indel 

Chemically modified guide RNAs enhance CRISPR-Cas  
genome editing in human primary cells
Ayal Hendel1,5, Rasmus O Bak1,5, Joseph T Clark1, Andrew B Kennedy2, Daniel E Ryan2, Subhadeep Roy3,  
Israel Steinfeld4, Benjamin D Lunstad3, Robert J Kaiser2, Alec B Wilkens1, Rosa Bacchetta1, Anya Tsalenko2, 
Douglas Dellinger3, Laurakay Bruhn2 & Matthew H Porteus1

1Department of Pediatrics, Stanford University, Stanford, California, USA. 2Agilent Research Laboratories, Santa Clara, California, USA. 3Agilent Research 
Laboratories, Boulder, Colorado, USA. 4Agilent Research Laboratories, Tel Aviv, Israel. 5These authors contributed equally to this work. Correspondence should  
be addressed to M.H.P. (mporteus@stanford.edu) or L.B. (laurakay_bruhn@agilent.com).

Received 6 March; accepted 17 June; published online 29 June 2015; doi:10.1038/nbt.3290
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CRISPR/Cas9 !-globin gene targeting in 
human haematopoietic stem cells
Daniel P. Dever1*, Rasmus O. Bak1*, Andreas Reinisch2, Joab Camarena1, Gabriel Washington1, Carmencita E. Nicolas1, 
Mara Pavel-Dinu1, Nivi Saxena1, Alec B. Wilkens1, Sruthi Mantri1, Nobuko Uchida3†, Ayal Hendel1, Anupama Narla4, 
Ravindra Majeti2, Kenneth I. Weinberg1 & Matthew H. Porteus1

Allogeneic haematopoietic stem-cell transplantation demonstrates 
that transplantation of haematopoietic stem cells (HSCs) with only 
a single wild-type HBB gene can cure the ! -haemoglobinopathies. 
However, this transplantation technique is limited because of graft-
versus-host disease and a lack of immunologically matched donors. An 
 alternative to using allogeneic HSCs to cure the ! - haemoglobinopathies 
is to use homologous recombination to modify the HBB gene directly 
in autologous HSCs1,2. In 1985, Smithies and colleagues3 were able 
to modify the human HBB gene by homologous recombination in 
a human embryonic carcinoma cell line, albeit at an extremely low 
 frequency (10!6). The subsequent discoveries that a site- specific 
DNA  double-strand break (DSB) could stimulate homologous- 
recombination-mediated correction of a reporter gene and that 
engineered nucleases could be used to induce this DSB, formed the 
foundation of using  homologous-recombination-mediated genome 
editing using engineered nucleases to modify the HBB gene directly4,5. 
The ease of engineering as well as the robust activity of the CRISPR/
Cas9 RNA-guided endonuclease system makes it a promising tool 
to apply to the continuing challenge of developing effective and 
safe homologous- recombination-mediated genome editing to cure  
! - haemoglobinopathies6,7.

The CRISPR/Cas9 complex consists of the Cas9 endonuclease 
and a 100-nucleotide single-guide RNA (sgRNA). Target identifica-
tion relies first on recognition of a 3-base-pair protospacer adjacent 
motif (PAM) and then on hybridization between a 20-nucleotide 
stretch of the sgRNA and the DNA target site, which triggers Cas9 
to cleave both DNA strands8. DSB formation activates two highly  
conserved repair mechanisms: canonical non-homologous end-joining 
(NHEJ) and homologous recombination9. Through iterative cycles of 
break and NHEJ repair, insertions and/or deletions (INDELs) can be 

created at the site of the break. By contrast, genome editing by homo-
logous recombination requires the delivery of a DNA donor molecule 
to serve as a homologous template, which the cellular recombination 
machinery uses to repair the break by a ‘copy and paste’ method10. For 
gene-editing purposes, the homologous recombination pathway can be 
exploited to make precise nucleotide changes in the genome4. One of 
the key features of precise genome editing, in contrast to viral-vector-
based gene transfer methods, is that endogenous promoters, regulatory 
elements, and enhancers can be preserved to mediate  spatiotemporal 
gene expression1,11–13. The CRISPR/Cas9 system is highly effective 
at stimulating DSBs in primary human haematopoietic stem and 
 progenitor cells (HSPCs) when the sgRNA is synthesized with  chemical 
modifications, and then electroporated into cells14.

HSCs have the ability to repopulate an entire haematopoietic 
 system15, and several genetic16–18 and acquired19 diseases of the 
blood could potentially be cured by genome editing of HSCs. Recent 
 studies have demonstrated efficient targeted integration in HSPCs by 
 combining zinc-finger nuclease (ZFN) expression with exogenous 
homologous recombination donors delivered via single-stranded 
 oligonucleotides20, integrase-defective lentiviral vectors21, or recom-
binant adeno-associated viral vectors of serotype 6 (rAAV6)22,23. 
While showing very positive results in vitro, collectively, these studies 
also suggested that targeting HSCs by homologous recombination at 
 disease-causing loci is difficult in clinically relevant HSPCs.

In this study, we achieve efficient homologous-recombination- 
mediated editing frequencies at the HBB locus in CD34+ HSPCs 
derived from mobilized peripheral blood using Cas9 ribonucleo-
proteins combined with rAAV6 homologous donor delivery. In brief, 
we demonstrate: (1) Cas9- and rAAV6-mediated HBB targeting in 
HSCs characterized by the identification of modified human cells in 

The !-haemoglobinopathies, such as sickle cell disease and !-thalassaemia, are caused by mutations in the !-globin 
(HBB) gene and affect millions of people worldwide. Ex vivo gene correction in patient-derived haematopoietic stem 
cells followed by autologous transplantation could be used to cure !-haemoglobinopathies. Here we present a CRISPR/
Cas9 gene-editing system that combines Cas9 ribonucleoproteins and adeno-associated viral vector delivery of a 
homologous donor to achieve homologous recombination at the HBB gene in haematopoietic stem cells. Notably, we 
devise an enrichment model to purify a population of haematopoietic stem and progenitor cells with more than 90% 
targeted integration. We also show efficient correction of the Glu6Val mutation responsible for sickle cell disease by using 
patient-derived stem and progenitor cells that, after differentiation into erythrocytes, express adult !-globin (HbA) 
messenger RNA, which confirms intact transcriptional regulation of edited HBB alleles. Collectively, these preclinical 
studies outline a CRISPR-based methodology for targeting haematopoietic stem cells by homologous recombination at 
the HBB locus to advance the development of next-generation therapies for !-haemoglobinopathies.

1Department of Pediatrics, Stanford University, Stanford, California 94305, USA. 2Department of Medicine, Division of Hematology, Cancer Institute, and Institute for Stem Cell Biology and 
Regenerative Medicine, Stanford University, Stanford, California 94305, USA. 3Stem Cells, Inc. 7707!Gateway Blvd., Suite 140, Newark, California 94560, USA. 4Division of Hematology/Oncology, 
Department of Pediatrics, Stanford University School of Medicine, Stanford, California 94035, USA. †Present address: Institute of Stem Cell Biology and Regenerative Medicine, Stanford University, 
Stanford, California 94305, USA.
*These authors contributed equally to this work.
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INTRODUCTION
Genome engineering is not only a powerful research tool, it is also 
being developed to cure human diseases, including those of the 
blood and immune system, most of which can be categorized as 
still having a great unmet medical need1–4. Ex vivo–engineered 
nuclease-mediated gene editing by HR in hematopoietic stem and 
progenitor cells (HSPCs) can shed light on stem cell gene function 
through precise genetic manipulations, and can potentially define 
a curative strategy for currently incurable hematological diseases. 
The RNA-guided Type II CRISPR/Cas9 genome-editing system 
uses a single protein, Cas9, that is guided by a chimeric single-
guide RNA (sgRNA) to target DNA through Watson–Crick base-
pairing. Because of its simplicity and robustness, it is becoming 
the most widely used engineered nuclease for editing of mamma-
lian genomes5,6. We have previously shown that the high editing 
performance of a plasmid-based CRISPR/Cas9 system in cell lines 
did not translate into high editing activity in primary cell types 
such as human primary T cells and HSPCs7. Protection of both 
sgRNA termini with chemically modified nucleotides increases 
sgRNA stability and renders the ‘all RNA’-based CRISPR/Cas9 sys-
tem highly effective in primary HSPCs and T cells7. In addition, 
ribonucleoprotein (RNP) delivery of Cas9 precomplexed with 
chemically modified sgRNAs consistently increased activity in  
T cells7,8 and CD34+ HSPCs (R.O.B., D.P.D., and M.H.P., data not 
shown). Multiple publications have also shown efficient genome 
editing in T cells9 and HSPCs10,11 without modified sgRNAs in the 
context of Cas9 RNP delivery. In these studies, however, a direct 
comparison with synthetic sgRNAs with modifications was not 
performed, and it remains possible that the generally most active 
form of an sgRNA, even in the context of RNP delivery, is one 
that is synthetically manufactured with end modifications pro-
tecting against endogenous exonuclease degradation and innate  
immune stimulation.

Creating a locus-specific double-strand break (DSB) with engi-
neered nucleases forms the foundation of genome editing12,13. 
DSBs can be resolved by one of the two highly conserved competing  

repair mechanisms, nonhomologous end-joining (NHEJ) and 
HR14. NHEJ repair is the default pathway that functions through-
out the cell cycle to repair breaks by ligation of DNA ends with-
out end processing, sometimes resulting in small insertions or 
deletions (INDELs) at the site of the break. By contrast, HR is 
normally most active during the S or G2 phase of the cell cycle, 
when an undamaged sister chromatid is available to serve as an 
HR repair template. HR can be harnessed for creating precise 
DNA changes by supplying an exogenous DNA donor template, 
as long as the donor has homology arms that are identical to the 
region surrounding the DSB. This way, disease-causing single-
nucleotide polymorphisms (SNPs) can be reverted or entire open 
reading frames can be inserted at specific genomic sites15 (Fig. 1). 
Although no studies using CRISPR and rAAV6 donors in CD34+ 
HSPCs have comprehensively investigated the impact of homol-
ogy arm size and position relative to the nuclease cut site, studies 
using transcription activator–like effector nucleases (TALENs) 
and plasmid donors have found that maximal HR-mediated edit-
ing occurs when both the homology arms are at least 400 bp16.

Recombinant adeno-associated viruses (rAAVs) have been 
shown to naturally mediate high frequencies of HR in mammalian 
cells without stimulation of DSBs17–19. Wild-type AAVs are non-
enveloped single-stranded DNA viruses that consist of an ~4.7-kb  
genome encoding replication (rep) and capsid (cap) genes between 
145-bp inverted terminal repeats (ITRs)19. Naturally occurring 
and engineered serotypes exist that have differential tropism, 
and serotype 6 has been shown to be the most efficient sero-
type for transduction of HSPCs and primary T cells20–22. AAVs 
are dependent upon adenoviruses (helper viruses) to replicate  
in cis; however, packaging of rAAV vectors with user-defined DNA 
cargo is possible by cotransfection of the following three types of 
plasmids into a host cell line such as HEK293T: (i) transfer plas-
mids with the homology arms and transgene of interest between 
the two ITRs, (ii) rep/cap-encoding plasmids (in this protocol 
rep2/cap6), and (iii) helper plasmids encoding the adenoviral 

CRISPR/Cas9 genome editing in human 
hematopoietic stem cells
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Genome editing via homologous recombination (HR) (gene targeting) in human hematopoietic stem cells (HSCs) has the power to 
reveal gene–function relationships and potentially transform curative hematological gene and cell therapies. However, there are 
no comprehensive and reproducible protocols for targeting HSCs for HR. Herein, we provide a detailed protocol for the production, 
enrichment, and in vitro and in vivo analyses of HR-targeted HSCs by combining CRISPR/Cas9 technology with the use of rAAV6 
and flow cytometry. Using this protocol, researchers can introduce single-nucleotide changes into the genome or longer gene 
cassettes with the precision of genome editing. Along with our troubleshooting and optimization guidelines, researchers can use 
this protocol to streamline HSC genome editing at any locus of interest. The in vitro HSC-targeting protocol and analyses can be 
completed in 3 weeks, and the long-term in vivo HSC engraftment analyses in immunodeficient mice can be achieved in 16 weeks. 
This protocol enables manipulation of genes for investigation of gene functions during hematopoiesis, as well as for the correction 
of genetic mutations in HSC transplantation–based therapies for diseases such as sickle cell disease, B-thalassemia, and primary 
immunodeficiencies.
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Priming Human Repopulating Hematopoietic
Stem and Progenitor Cells for Cas9/sgRNA
Gene Targeting
Carsten T. Charlesworth,1,3 Joab Camarena,1,3 M. Kyle Cromer,1 Sriram Vaidyanathan,1 Rasmus O. Bak,1

Jason M. Carte,2 Jason Potter,2 Daniel P. Dever,1,4 and Matthew H. Porteus1,4

1Department of Pediatrics, Stanford University, Stanford, CA 94305, USA; 2Thermo Fisher Scienti!c, 5781 Van Allen Way, Carlsbad, CA 92008, USA

Engineered nuclease-mediated gene targeting through homol-
ogous recombination (HR) in hematopoietic stem and progen-
itor cells (HSPCs) has the potential to treat a variety of genetic
hematologic and immunologic disorders. Here, we identify
critical parameters to reproducibly achieve high frequencies
of RNA-guided (single-guide RNA [sgRNA]; CRISPR)-Cas9
nuclease (Cas9/sgRNA) and rAAV6-mediated HR at the
b-globin (HBB) locus in HSPCs. We identi!ed that by trans-
ducing HSPCs with rAAV6 post-electroporation, there was a
greater than 2-fold electroporation-aided transduction (EAT)
of rAAV6 endocytosis with roughly 70% of the cell population
having undergone transduction within 2 hr. When HSPCs are
cultured at low densities (1 ! 105 cells/mL) prior to HBB tar-
geting, HSPC expansion rates are signi!cantly positively corre-
lated with HR frequencies in vitro as well as in repopulating
cells in immunode!cient NSG mice in vivo. We also show
that culturing "uorescence-activated cell sorting (FACS)-en-
richedHBB-targetedHSPCs at low cell densities in the presence
of the small molecules, UM171 and SR1, stimulates the expan-
sion of gene-edited HSPCs as measured by higher engraftment
levels in immunode!cient mice. This work serves not only as an
optimized protocol for genome editing HSPCs at the HBB
locus for the treatment of b-hemoglobinopathies but also as
a foundation for editing HSPCs at other loci for both basic
and translational research.

INTRODUCTION
b-hemoglobinopathies are a common group of genetic blood disor-
ders, encompassing sickle cell disease (SCD) and b-thalassemia,
which affect millions of people worldwide.1 SCD is caused by a point
mutation at codon 6 in the b-globin gene (HBB), resulting in a gluta-
mate to valine substitution.2 In the deoxygenated state, hemoglobin
containing mutant b-globin polymerizes. This polymerization causes
red blood cells (RBCs) to adopt a sickle shape, which leads to reduced
RBC lifespan and vaso-occlusion.3 Vaso-occlusions can lead to
strokes, bone pain, kidney damage, and acute chest syndrome, im-
pairing both quality of life and survival.1 On the other hand, b-thal-
assemia is caused by multiple mutations in the HBB locus and is
characterized by insuf!cient production of b-globin protein. Conse-
quently, unpaired a-globin chains within RBC precursors initiate pre-

mature RBC death and severe anemia.2 Currently, the only curative
treatment for the b-hemoglobinopathies is allogeneic hematopoietic
stem cell transplantation (allo-HSCT), a process whereby the patient
receives long-term hematopoietic stem cells (LT-HSCs) with at least
one non-disease causing allele from a related or non-related donor
(after myeloablative conditioning to clear the stem cell niche), ulti-
mately replacing the hematopoietic system of the patient.1 However,
allo-HSCT has important limitations, including limited availability of
immunologically matched donors, increased susceptibility to infec-
tions post-allo-HSCT, and the risk of graft-versus-host disease.2

Recent clinical studies using lentiviral gene delivery have demon-
strated the potential for gene replacement therapy in LT-HSCs to
improve clinical outcomes in patients suffering from b-hemoglobin-
opathies; however, the risk of insertional mutagenesis and transgene
silencing remains a long-term safety concern.4 Recent advances in
genome editing utilizing the Cas9/single-guide RNA (sgRNA) system
tomediate precise homologous recombination (HR) in hematopoietic
stem and progenitor cells (HSPCs) to functionally correct b-hemo-
globinopathy mutations may result in improved treatment alterna-
tives for the still unmet medical needs of patients.5,6

The Cas9/sgRNA gene editing system is adapted from the CRISPR
bacterial adaptive immunity system7 that is comprised of a Cas9
nuclease (derived from Streptococcus pyogenes in this case) that com-
plexes with a chimeric sgRNA, creating a ribonucleoprotein (RNP)
complex. The RNP creates a DNA double-strand break (DSB) at
the target site. A DSB induced by the Cas9/sgRNA system can be re-
paired by two repair pathways: non-homologous end-joining (NHEJ)
or HR. In the NHEJ pathway, the DSB ends are re-ligated, which can
result in insertions and deletions (indels) of DNA at the site of the
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A survey of ex vivo/in vitro transduction efficiency
of mammalian primary cells and cell lines with
Nine natural adeno-associated virus (AAV1-9) and
one engineered adeno-associated virus serotype
Brian L Ellis1, Matthew L Hirsch2,3, Jenny C Barker1, Jon P Connelly1, Robert J Steininger III4

and Matthew H Porteus1,5*

Abstract

Background: The ability to deliver a gene of interest into a specific cell type is an essential aspect of biomedical
research. Viruses can be a useful tool for this delivery, particularly in difficult to transfect cell types. Adeno-
associated virus (AAV) is a useful gene transfer vector because of its ability to mediate efficient gene transduction in
numerous dividing and quiescent cell types, without inducing any known pathogenicity. There are now a number
of natural for that designed AAV serotypes that each has a differential ability to infect a variety of cell types.
Although transduction studies have been completed, the bulk of the studies have been done in vivo, and there has
never been a comprehensive study of transduction ex vivo/in vitro.

Methods: Each cell type was infected with each serotype at a multiplicity of infection of 100,000 viral genomes/cell
and transduction was analyzed by flow cytometry + .

Results: We found that AAV1 and AAV6 have the greatest ability to transduce a wide range of cell types, however,
for particular cell types, there are specific serotypes that provide optimal transduction.

Conclusions: In this work, we describe the transduction efficiency of ten different AAV serotypes in thirty-four
different mammalian cell lines and primary cell types. Although these results may not be universal due to
numerous factors such as, culture conditions and/ or cell growth rates and cell heterogeneity, these results provide
an important and unique resource for investigators who use AAV as an ex vivo gene delivery vector or who work
with cells that are difficult to transfect.

Keywords: AAV, Serotypes, Adeno-associated virus, Gene therapy, Tropism, Primary cells, Progenitor cells, Cell lines,
Transduction, ex vivo

Background
A fundamental technique in biomedical research is to
deliver a gene of interest (transgene) into a cell in order
to alter its behavior. While transgene delivery can be
achieved by a number of different transfection strategies,
such as chemical, lipid, or electroporation based methods,
there are many cell types that are not efficiently

transfected in these ways (for example primary T-cells,
cardiomyocytes, and primary hematopoietic stem cells).
Viral vectors have become an important resource to over-
come these barriers to gene transfer. There are a number
of different viral vectors that have been used for gene
transfer, including retroviruses, lentiviruses, and adeno-
virus, but one of the most utilized viral vectors has been
recombinant adeno-associated virus (AAV). While AAV
serotype 2 (AAV2) has been the most widely used
AAV vector, there are now multiple natural and designed
AAV capsid variants, each of which has a different tropism
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Repurposing bacterial CRISPR systems to facilitate RNA-guided 
cleavage of complementary DNA has revolutionized the field 
of gene editing in mammalian cells1–4. Streptococcus pyogenes 

Cas9 has been the most highly used CRISPR system, and its use 
for genome editing only requires the presence of the Cas9 nuclease 
and a guide RNA (gRNA). In S. pyogenes, the gRNA is a complex of 
two species, a universal transactivating crRNA (tracrRNA) and a 
target-specific crisprRNA (crRNA). The gRNAs can be shortened 
and fused to result in a ‘single guide’ RNA (sgRNA). The Cas9–
gRNA complex is directed to search for NGG protospacer-adjacent 
motifs (PAMs) in the genome, and if sufficient complementarity 
exists between the guide and the target, conformational changes 
occur and the now fully active Cas9 cleaves the DNA, resulting in 
a targeted double-stranded break (DSB)5,6. The lesion can be healed 
by the error-prone nonhomologous end-joining (NHEJ) pathway, 
which often results in creation of an insertion or deletion (indel) 
of one to several bases7. If a homologous donor DNA template is 
provided during the DSB repair, the homologous recombination 
(HR) repair pathway can generate more precise changes to the tar-
get DNA, including everything from single-nucleotide changes to 
the insertion of large gene cassettes8,9.

Although cleavage at sites with perfect complementarity to 
the protospacer domain of the gRNA typically occurs with high-
est efficiency, cleavage at sites having one to several bases of mis-
match with the gRNA can occur. These undesired cleavage events 

are called ‘off-target effects’ (OTEs)10, and their existence should 
be minimized for therapeutic applications of genome-editing tech-
nologies. The Cas9 nuclease and gRNA can be delivered as DNA 
expression cassettes in plasmids or viral vectors, as purified RNAs 
with Cas9 mRNA, or as a Cas9–gRNA ribonucleoprotein (RNP) 
complex. As a general rule, methods that result in a higher, more 
sustained level of Cas9 and gRNA in the cell yield higher OTEs11,12. 
Methods using RNP complexes, in which recombinant Cas9 pro-
tein is precomplexed with gRNA and directly delivered to cells, are 
preferable to DNA-based and even RNA-based expression meth-
ods. RNP delivery results in an initially high level of the genome-
editing machinery followed by rapid decay, leading to a ‘fast on, 
fast off ’ strategy that results in highly efficient editing while mini-
mizing OTEs13–19. RNP delivery also is a method that avoids the 
intracellular innate immune response, which is highly sensitive 
to the delivery of foreign nucleic acids in human primary cells. 
Nevertheless, off-target cleavage can and does occur, so methods 
to improve Cas9 specificity are important for the improvement of 
therapeutic applications of genome editing.

Allogeneic HSPC transplantation (allo-HSCT) can provide a 
one-time and life-long cure for patients with serious genetic hema-
tological diseases, such as primary immunodeficiencies20 and 
hemoglobinopathies21,22, if a suitable immunologically matched 
donor can be found23. However, the immunologic toxicities of allo-
HSCT have prevented it from being applied broadly. Cas9-based 

A high-fidelity Cas9 mutant delivered as a 
ribonucleoprotein complex enables efficient 
gene editing in human hematopoietic stem and 
progenitor cells
Christopher A. Vakulskas! !1,7, Daniel P. Dever2,7, Garrett R. Rettig! !1, Rolf Turk! !1, Ashley M. Jacobi 1,  
Michael A. Collingwood! !1, Nicole M. Bode! !1, Matthew S. McNeill1, Shuqi Yan1, Joab Camarena2, 
Ciaran M. Lee! !3, So Hyun Park3, Volker Wiebking! !2, Rasmus O. Bak! !4,5, Natalia Gomez-Ospina! !2, 
Mara Pavel-Dinu2, Wenchao Sun! !6, Gang Bao3, Matthew H. Porteus2* and Mark A. Behlke! !1*

Translation of the CRISPR–Cas9 system to human therapeutics holds high promise. However, specificity remains a con-
cern especially when modifying stem cell populations. We show that existing rationally engineered Cas9 high-fidelity vari-
ants have reduced on-target activity when using the therapeutically relevant ribonucleoprotein (RNP) delivery method. 
Therefore, we devised an unbiased bacterial screen to isolate variants that retain activity in the RNP format. Introduction 
of a single point mutation, p.R691A, in Cas9 (high-fidelity (HiFi) Cas9) retained the high on-target activity of Cas9 while 
reducing off-target editing. HiFi Cas9 induces robust AAV6-mediated gene targeting at five therapeutically relevant loci 
(HBB, IL2RG, CCR5, HEXB, and TRAC) in human CD34+ hematopoietic stem and progenitor cells (HSPCs) as well as primary 
T cells. We also show that HiFi Cas9 mediates high-level correction of the sickle cell disease (SCD)-causing p.E6V muta-
tion in HSPCs derived from patients with SCD. We anticipate that HiFi Cas9 will have wide utility for both basic science and 
therapeutic genome-editing applications.

NATURE MEDICINE | VOL 24 | AUGUST 2018 | 1216–1224 | www.nature.com/naturemedicine1216

Lattanzi et al., Sci. Transl. Med. 13, eabf2444 (2021)     16 June 2021

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

1 of 12

G E N E  T H E R A P Y

Development of b-globin gene correction in human 
hematopoietic stem cells as a potential durable 
treatment for sickle cell disease
Annalisa Lattanzi1,2†, Joab Camarena1†, Premanjali Lahiri3, Helen Segal3, Waracharee Srifa1, 
Christopher A. Vakulskas4, Richard L. Frock5, Josefin Kenrick5, Ciaran Lee6, Narae Talbott3, 
Jason Skowronski3, M. Kyle Cromer1, Carsten T. Charlesworth1, Rasmus O. Bak7,8,  
Sruthi Mantri1, Gang Bao9, David DiGiusto3, John Tisdale10, J. Fraser Wright1,2, Neehar Bhatia3, 
Maria Grazia Roncarolo1,2,11, Daniel P. Dever1*, Matthew H. Porteus1,2,11*

Sickle cell disease (SCD) is the most common serious monogenic disease with 300,000 births annually worldwide. 
SCD is an autosomal recessive disease resulting from a single point mutation in codon six of the b-globin gene 
(HBB). Ex vivo b-globin gene correction in autologous patient-derived hematopoietic stem and progenitor cells 
(HSPCs) may potentially provide a curative treatment for SCD. We previously developed a CRISPR-Cas9 gene 
targeting strategy that uses high-fidelity Cas9 precomplexed with chemically modified guide RNAs to induce 
recombinant adeno-associated virus serotype 6 (rAAV6)–mediated HBB gene correction of the SCD-causing 
mutation in HSPCs. Here, we demonstrate the preclinical feasibility, efficacy, and toxicology of HBB gene correction 
in plerixafor-mobilized CD34+ cells from healthy and SCD patient donors (gcHBB-SCD). We achieved up to 60% 
HBB allelic correction in clinical-scale gcHBB-SCD manufacturing. After transplant into immunodeficient NSG mice, 
20% gene correction was achieved with multilineage engraftment. The long-term safety, tumorigenicity, and 
toxicology study demonstrated no evidence of abnormal hematopoiesis, genotoxicity, or tumorigenicity from the 
engrafted gcHBB-SCD drug product. Together, these preclinical data support the safety, efficacy, and reproduc-
ibility of this gene correction strategy for initiation of a phase 1/2 clinical trial in patients with SCD.

INTRODUCTION
Sickle cell disease (SCD) is an autosomal recessive monogenic blood 
disorder, caused by a single point mutation (A>T) in the sixth codon 
of the b-globin gene. This missense mutation changes the amino acid 
from glutamic acid (E) to valine (V) and the formation of sickle 
b chains. The sickle b-globin protein forms abnormal hydrophobic 
interactions through axial and lateral contacts within sickling 
hemoglobin (HgbS) in the deoxygenated state leading to hemoglobin 
polymerization, sickle-shaped red blood cells (RBCs), and hemolytic 
anemia. SCD affects millions of people worldwide causing both a 
high medical burden to patients, families, and communities and high 
financial burden to these same groups and to the broader health care 
system (1). The main disease manifestations of SCD are vaso-capillary 
ischemia events, causing vaso-occlusive pain events and acute chest 
crisis. The current standard of care focuses on symptomatic relief in-
volving pain control and blood transfusions, hydroxyurea adminis-
tration, and recently approved drugs that inhibit HgbS polymerization 

(2) or reduce pain crisis (3). The only approved curative treatment 
to date is allogeneic human leukocyte antigen (HLA)–matched 
hematopoietic stem cell transplantation (allo-HSCT) (4,!5). In 
patients undergoing allogenic transplant, long-term persistent mixed- 
donor chimerism ranging from 10 to 20% corresponded with bene-
ficial clinical results by keeping HgbS concentrations below 50% 
(6–8). However, a matched sibling donor is only available in 10 to 
15% of cases (5,!6), and the use of haploidentical or unrelated donors 
is still considered experimental (9).

The gene therapy field has recently seen unprecedented efforts 
to provide alternative and potentially curative treatments for SCD 
by taking advantage of ex!vivo lentiviral transduction of autologous 
hematopoietic stem and progenitor cells (HSPCs) (10–13). The 
reinfusion of autologous genetically modified HSPCs after patient 
myeloablation obviates the need to find donors for transplantation 
and decreases the risk of immune-related complications due to HLA 
mismatch between donor and recipient. Another crucial improve-
ment in HSCT protocols for patients with sickle cell has been the 
introduction of plerixafor as an alternative HSPC-mobilizing agent 
to granulocyte colony-stimulating factor (G-CSF), which can cause 
toxicity and deaths in patients with SCD (14–17). Now, there are 
four ongoing clinical trials that use this strategy (clinicaltrials.gov: 
NCT02186418, NCT02247843, NCT02140554, and NCT03964792), 
with preliminary reports of therapeutic safety and efficacy emerging 
(18); however, lentiviral vector-related safety concerns and trans-
duction efficiency are challenges (19,!20), warranting further devel-
opment of gene therapies for SCD.

The CRISPR-Cas9 system (21) has proven to be versatile, simple 
to engineer, and effective for gene editing of human HSPCs ex!vivo 
(22–25). It can be used to induce precise genetic alterations, by 
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Chimeric Nucleases Stimulate
Gene Targeting in Human Cells

Matthew H. Porteus* and David Baltimore

Correction of gene defects in human somatic
cells by targeting as has been used in murine
embryonic stem cells (1, 2) has been preclud-
ed by the low spontaneous rate of gene tar-
geting (3). However, creation of a DNA dou-
ble-stranded break (DSB) in the genomic tar-
get (DSB-GT) can stimulate homologous re-
combination by over 1000-fold (4 ).

We can rapidly and quantitatively measure
gene targeting by correcting a mutation in a green
fluorescent protein (GFP) gene that has been sta-
bly integrated into the genome (5) (fig. S1). With
an optimized GFP gene targeting system, the
introduction of a DSB by I–Sce I (Sce) stimulated
GT !40,000-fold and the absolute rate of gene
targeting reached 3 to 5% (fig. S2). Such a sys-
tem, however, depends on the prior introduction
of a Sce binding site into the target gene and
cannot be used for endogenous genes. Chimeric
nucleases (CNs) have the potential to create se-
quence-specific DSBs (6). CNs—fusions be-

tween zinc finger binding DNA binding domains
and the endonuclease domain of Fok I—can site-
specifically cleave naked DNA in vitro (6), ex-
trachromosomal DNA in Xenopus oocytes (7),
and chromosomal DNA in Drosophila (8). CNs
work as dimers, and their efficiency depends on

the spacing and orientation of the zinc finger
binding sites with respect to the length of the
amino acid linker between the DNA binding and
endonuclease domains (7, 9).

QQR is an artificial zinc finger DNA binding
domain that recognizes the sequence 5"-GGG-
GAAGAA-3" with nanomolar affinity (10). We
modified QQR chimeric nucleases (QQR-CNs)
(7, 9) (Fig. 1A) and tested whether they stimulat-
ed gene targeting (Fig. 1B). The background rate
of gene targeting was 0.71 events per million
transfected cells (fig. S1C). QQRL18-CN stimu-
lated gene targeting 17-fold on target QQR6 and
260-fold on target QQR8 (Fig. 1B). QQRL0-CN
did not stimulate gene targeting on target QQR8,
but it was as efficient as Sce in stimulating gene
targeting by over 2000-fold on target QQR6 (Fig.
1B). QQRL18-CN showed some preference for
an 8–base pair (bp) spacing between binding sites
whereas QQRL0-CN preferred 6-bp spacing.
Thus, removing the linker between the zinc

spacfinger and the nuclease domains increased the
activity and specificity of the fusion protein in
mammalian cells. As controls, we showed that the
CNs did not stimulate gene targeting if (i) they
lacked a nuclear localization signal, (ii) there was
a single binding site rather than an inverted repeat

binding site in the target, and (iii) the cognate
binding site was changed. Thus, homodimers of
CNs are potent stimulators of gene targeting in
human somatic cells.

We next made the chimeric nuclease Zif-CN,
which consists of the three-finger, zinc finger
DNA binding domain from Zif268 that binds the
sequence 5"-GCGTGGGCG-3" with subnano-
molar affinity (11). QQRL0-CN or Zif-CN alone
did not stimulate gene targeting on target OQR/
Zif6 (Fig. 1C). Cotransfection of both CNs, how-
ever, stimulated gene targeting as efficiently as
Sce (Fig. 1C). This mimics the situation for an
endogenous gene, in which heterodimers of CNs
with differing half-site binding specificity would
need to cooperate for target gene cleavage.

The number of GFP# cells remained stable
after targeting when Sce was used (fig. S1D),
but decreased after CN treatment until day 7
after transfection (Fig. 1D). At that point, the
number of GFP# cells stabilized at approxi-
mately 30% of the number at day 3. This de-
crease probably reflects the toxicity of continu-
ous expression of CNs. Such toxicity might be
decreased by improving the specificity of the
zinc fingers by in vitro selection (11) or by
placing CNs under more regulated control.

Our work establishes a basis for efficient
site-specific genomic manipulation in mamma-
lian somatic cells for experimental purposes
and raises the possibility of therapeutically cor-
recting mutations by gene targeting.
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Fig. 1. Gene targeting induced by chimeric nucle-
ases. In all experiments we co-transfected nucle-
ase with RS2700 [a repair substrate that corrects
the mutated GFP gene (fig. S1A)] into 293 cells in
which the mutated GFP target had been stably integrated. (A) Structures of chimeric nucleases. L0, L3,
and L18 represent no, 3, or 18 amino acid linkers, respectively, between the endonuclease domain and
the zinc finger DNA binding domain. (B) Gene targeting with homodimers. The 6 and 8 refer to the bps
separating the inverted repeat binding sites. Binding sites are adjacent to the Sce recognition site. (C)
Gene targeting with heterodimers. The target GFP gene consists of inverted binding sites for the QQR and
Zif268 zinc fingers separated by 6 bps adjacent to a Sce site. (D) Time course of gene targeting using CNs.
CMV, human cytomegalovirus early enhancer/promoter; ATG, start codon; NLS, nuclear localization
signal; Fok nuclease, endonuclease domain from Fok I; Stop, in-frame termination codon; Sce Site,
recognition site forSce; QQRL0, expression of QQRL0-CN; Zif, expression of Zif-CN.
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ABSTRACT

Tal-effector nucleases (TALENs) are engineered
proteins that can stimulate precise genome editing
through specific DNA double-strand breaks. Sickle
cell disease and b-thalassemia are common genetic
disorders caused by mutations in b-globin, and we
engineered a pair of highly active TALENs that
induce modification of 54% of human b-globin
alleles near the site of the sickle mutation. These
TALENS stimulate targeted integration of thera-
peutic, full-length beta-globin cDNA to the endogen-
ous b-globin locus in 19% of cells prior to selection
as quantified by single molecule real-time
sequencing. We also developed highly active
TALENs to human c-globin, a pharmacologic target
in sickle cell disease therapy. Using the b-globin and
c-globin TALENs, we generated cell lines that
express GFP under the control of the endogenous
b-globin promoter and tdTomato under the control
of the endogenous c-globin promoter. With these
fluorescent reporter cell lines, we screened a
library of small molecule compounds for their differ-
ential effect on the transcriptional activity of the
endogenous b- and c-globin genes and identified
several that preferentially upregulate c-globin
expression.

INTRODUCTION

Sickle cell disease is the most common monogenic disease
worldwide and is caused by a single point mutation in the
b-globin gene. Painful clinical symptoms begin shortly after
birth as mutated b-globin subunits replace non-defective
g-globin chains in the predominant form of hemoglobin.
Current pharmacological treatment with hydroxyurea par-
tially reverses this globin switching by increasing the
production of g-globin (1,2). This has led to broad interest
in developing other compounds and discovering new

mechanisms that preferentially upregulate g-globin (2–5),
and also in developing methods to study globin regulation
(6,7). Analyses of differential expression of b- and g-globin
generally have been limited to hemoglobin electrophoresis
or qRT-PCR, but recent reports have described a method of
using the expression of fluorescent molecules driven by the
b- and g-globin promoters as a readout of differential globin
regulation. In those studies, the authors integrated into the
genome a bacterial artificial chromosome containing the
entire 200kb b-globin locus (which includes both b-globin
and g-globin among other genes), modified such that the
b- and g-globin promoters drive expression of fluorescent
proteins (6,7). The integration of the complete genomic
locus presumably maintains much of the physiologically
relevant regulation of expression, but it does not allow for
the direct analysis of the endogenous locus and is con-
founded by the fact that integration is in a random
genomic location and that some cells gain multiple copies
of the BAC. In addition, a BAC-based strategy creates a
system in which the globin locus is triploid rather than
diploid and this change may also affect the regulatory
dynamics. Alternatively, direct modification of the endogen-
ous b- and g-globin loci eliminates those confounding
variables.
Endogenous genomic loci can be precisely altered using

engineered zinc finger nucleases (ZFNs) (8–11) and Tal-
effector nucleases (TALENs) (12–14). ZFNs and
TALENs are comprised of a specifically engineered
DNA binding domain fused to the FokI endonuclease
domain. Binding of a pair of ZFNs or TALENs to con-
tiguous sites leads to the dimerization of the FokI domain,
resulting in a targeted DNA double-strand break. Repair
of the break can proceed by mutagenic non-homologous
end joining or by high-fidelity homologous recombination
with a homologous DNA donor template. Compared to
ZFNs, TALENs seem to cause lower levels of cytotoxicity
(15). Their recognition domain is characterized by
repeated arrays of 34 conserved amino acids, except in
positions 12 and 13. These two amino acids comprise
the repeat variable domain (RVD), which contacts the
DNA and provides the nucleotide recognition specificity
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Frequency of HDR/HR is only therapeutically relevant if a break is made
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Letter to the Editor

AAV6 Is Superior to
Clade F AAVs in
Stimulating
Homologous
Recombination-Based
Genome Editing in
Human HSPCs

Rogers et al.1 provide a detailed study of a
novel class of clade F adeno-associated virus
(AAV) capsids (AAV hematopoietic stem
cells [AAVHSCs])2 to facilitate homologous
recombination in the presence or absence of
site-speci!c DNA cleavage in human CD34+
hematopoietic stem and progenitor cells
(HSPCs). The recent publication that clade F
AAVs can facilitate high-ef!ciency homolo-
gous recombination in the absence of a tar-
geted DNA break3 was surprising due to the
high sequence homology of AAVHSC vari-
ants to the relatively inef!cient AAV9 and
the long-standing knowledge in the !eld that
AAV-based viral vectors do not undergo
high frequency-targeted integration (1% or
less).4–6 Rogers et al.1 provide a direct compar-
isonwithAAV6, the serotypemost commonly
utilized for this method and cell type and
demonstrate that long-lived (>14 days)
expression of a GFP-reporter encoding donor
template is only observed after speci!c induc-
tion of a DNA break using zinc-!nger nucle-
ases (ZFNs). They additionally report that
the highest ef!ciency of editing is observed
using AAV6. Here we provide additional
independently generated con!rmation of the
!ndings thatAAV6 is a superior vector for ho-
mologous recombination-based genome edit-
ing and discuss potential technical differences
in the presented studies thatmay in"uence the
data interpretation and con"icting interpreta-
tion of these studies. As gene therapy and gene
editingbecomemorewidely applied therapeu-
tics, transparency and reproducibility is
critical for the successful development and im-
plementation as these therapies transition into
the clinic.

Genome editing-based gene therapies are be-
ing developed as a class of molecular thera-

peutics that have the potential to cure
previously untreatable diseases through per-
manent correction of a disease-causing ge-
netic mutation.7 The development of
ZFNs,8,9 transcription activator-like effector
nuclease (TALENs),10–12 and Cas913,14-
based gene editing methodologies have al-
lowed speci!c manipulation of a DNA
sequence of interest by targeted insertion,
deletion, or single base editing with high ef-
!ciency. Recombinant AAV is an ideal deliv-
ery vehicle to provide DNA templates for
gene correction through homology-directed
repair after induction of a speci!c DNA
break because it is a non-integrating virus
and thus has the key property for a “hit
and run” process in dividing cells. The com-
bination of a nuclease-induced break with
transduction of AAV6 to deliver the donor
has been ef!cient in a wide variety of primary
cell types, including HSPCs and T cells, and
genetic loci.15–20

Smith et al.3 claimed that a novel set of AAV
capsid variants, which they called AAVHSC,
were able to mediate high frequencies of tar-
geted integration into CD34+ human HSPCs
without the need for a double-strand break
(DSB). These clade F AAVHSC variants are
a highly related subgroup of AAV capsids
that are most closely related to AAV9, most
of which differ by only one or two single
amino acid substitutions in the capsid. Since
1998, when Russell and Hirata4 published
their seminal paper showing that AAV could
integrate in a targeted fashion at much
higher frequencies than naked plasmid
DNA, AAV has been used in this manner
for research purposes. The frequency
without selection, however, has been 1% or
lower.21–23 We demonstrated that AAV6
mediates targeted integration without a
break in HSCs, for example, at a frequency
of !0.5%.24 The frequency of targeted inte-
gration without a break by AAV is dose
dependent.23,25

Rogers et al.1 directly compared one variant,
AAV9-G505R (AAVHSC13), to AAV9 and
AAV6 in transducing and serving as a tem-
plate for HDR genome editing. They demon-
strate that, although AAV6, AAV9, and
AAV9-G505R can all transduce HSPCs as
shown by GFP expression from an exoge-

nous promoter (phosphoglycerate kinase
promoter [PGK]), high ef!ciency targeted
integration at multiple loci (CCR5 and
AAVS1) can only occur in the presence of
a site-speci!c ZFN-induced DNA break.
This was demonstrated using "ow cytometry
to demonstrate sustained high-level expres-
sion of GFP after 14 days as well as by
molecular characterization of genomic inte-
gration by digital droplet PCR (ddPCR)
primers spanning the targeted integration
site. Importantly, GFP expression observed
from HSPC transduction by any of the three
tested serotypes encapsidating the CCR5-
PGK-GFP construct at day 2 was lost by
day 14 in the absence of a site-speci!c break.
These data suggest that AAVs, including the
novel class of clade F AAVHSCs, are unable
to facilitate long-lasting genomic integration
in HSPCs without a DNA DSB.

We have independently con!rmed that
AAV6 is a superior vector for homology-
directed genome editing in HSPCs as
compared to AAV9-G505R as well as a panel
of other AAVHSC viral vectors by using an
additional method for generating DNA
DSBs (CRISPR/Cas9 nuclease) and an addi-
tional therapeutically relevant genomic locus
(HBB). Using site-directed mutagenesis, we
generated a small panel of AAVHSC variants
(Figure 1A) that were previously character-
ized to have high-level AAV production as
single-stranded AAV (ssAAV) and high
transduction in HSPCs.2 We characterized
the ability of these capsids to facilitate
homology-directed repair (HDR) in the
presence and absence of a site-speci!c
Cas9/ribonucleoprotein (RNP) complex in
comparison to their parental capsid AAV9
as a control as well as the commonly used
AAV6 and highly related AAV1. This panel
of capsids was used to encapsidate a homol-
ogy donor construct containing GFP driven
from ubiquitin C (UBC) promoter with ho-
mology arms compatible with the HBB
gene (Figure 1B).26 Episomal expression of
this construct demonstrates low intensity
"uorescence, which is lost over time as the
AAV genome is diluted through cell division,
or high intensity "uorescence after site-spe-
ci!c genomic integration following HDR.27

The reported capsid sequence of each of
these variants was reported to differ by
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Homologous Recombination-Based Genome
Editing by Clade F AAVs Is Inefficient in the Absence
of a Targeted DNA Break
Geoffrey L. Rogers,1 Hsu-Yu Chen,1 Heidy Morales,1 and Paula M. Cannon1

1Department of Molecular Microbiology and Immunology, Keck School of Medicine, University of Southern California, Los Angeles, CA 90033, USA

Adeno-associated virus (AAV) vectors are frequently used as
donor templates for genome editing by homologous recombi-
nation. Although modi!cation rates are typically under 1%,
they are greatly enhanced by targeted double-stranded DNA
breaks (DSBs). A recent report described clade F AAVs medi-
ating high-ef!ciency homologous recombination-based editing
in the absence of DSBs. The clade F vectors included AAV9 and
a series isolated from human hematopoietic stem and progen-
itor cells (HSPCs). We evaluated these vectors by packaging
homology donors into AAV9 and an AAVHSC capsid and
examining their ability to insert GFP at the CCR5 and
AAVS1 loci in human HSPCs and cell lines. As a control, we
used AAV6, which effectively edits HSPCs but only when com-
bined with a targeted DSB. Each AAV vector promoted GFP
insertion in the presence of matched CCR5 or AAVS1 zinc-
!nger nucleases (ZFNs), but none supported detectable editing
in the absence of the nucleases. Rates of editing with ZFNs
correlated with transduction ef!ciencies for each vector,
implying no differences in the ability of donor sequences deliv-
ered by the different vectors to direct genome editing. Our re-
sults, therefore, do not support that clade F AAVs can perform
high-ef!ciency genome editing in the absence of a DSB.

INTRODUCTION
Interest in the use of genome-editing technologies to correct human
genetic mutations or precisely insert therapeutic gene cassettes at
de!ned loci has greatly increased in recent years.1 In the most com-
mon approach, targeted nucleases such as CRISPR/Cas9, zinc-!nger
nucleases (ZFNs), or transcription activator-like effector nucleases
(TALENs) generate double-stranded DNA breaks (DSBs) at a speci!c
sequence in the genome with high precision.2–4 The subsequent repair
of DSBs can result in insertions and deletions (indels) from the activity
of the non-homologous end joining (NHEJ)DNA repair pathway, and
this can be leveraged to disrupt an open reading frame or genetic
element.5,6 In contrast, by also introducing a DNA donor template
that is homologous to the chromosomal DNA surrounding the DSB,
it is possible to harness homology-directed repair (HDR) pathways
and thereby engineer speci!c DNA changes into the host genome.7

DNA homology donors can be provided by plasmids, oligonucleo-
tides, or viral genomes.4,5,8–10 Among these, adeno-associated virus

(AAV) vectors have emerged as particularly effective vehicles for
delivery of DNA homology donors.5,11–13 AAV is a small parvovirus
encapsidating a single-stranded DNA genome of about 4.7 kb.14 Re-
combinant AAV vector genomes contain only the viral inverted
terminal repeats (ITRs) and persist as stable episomal DNA, with
expression detected for over a decade in vivo.15–18 In addition,
many different AAV serotypes are available, comprising both natural
and engineered capsids, that allow transduction of a wide variety of
cell types and tissues in vitro and in vivo.19–22 Accordingly, AAV vec-
tors are being evaluated as gene delivery vectors in a number of hu-
man clinical trials.22,23

AAV vectors have a long history of use as homology donors in
genome-targeting applications. Such studies over the past 20 years
have typically reported gene insertion rates below 1% in the absence
of a targeted nuclease.24–27 In contrast, combining AAV donors with
targeted nucleases has led to high rates of genome editing, most
notably in hematopoietic cells, where combining AAV serotype 6 do-
nors with ZFNs,5,11 TALENs,13 or CRISPR/Cas912,28 has resulted in
gene editing rates of 15%–60% in T cells, B cells, and CD34+ hemato-
poietic stem and progenitor cells (HSPCs). Nuclease-mediated engi-
neering is accompanied by potential risks from off-target DNA
breaks, although improvements in nuclease engineering29–32 and
enhanced off-target detection methods33–35 are reducing these con-
cerns. At the same time, editing technologies that do not require
DSBs are also being developed, such as those that exploit base edit-
ing36–38 and, potentially, transposon integration.39

Recently, Smith et al.40 reported that the use of AAV vectors gener-
ated with capsids from clade F viruses could mediate highly ef!cient
HDR in the absence of targeted DNA breaks. Clade F includes sero-
type AAV9 as well as a closely related family of novel capsids
termed AAVHSCs that were previously isolated by their group
from human HSPCs.41 These clade F AAV capsids were reported
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AAV6 in the ex vivo setting requires 
extremely low amounts such that 

can treat thousands of patients from a single 
lot of virus

(very different compared to in vivo AAV 
or ex vivo lentiviral therapies)



Hgb A Hgb S Sickle (E6V)

SCD is a destructive autosomal recessive disease caused by a single 
nucleotide variant in the HBB gene

Hertz Nazaire

Median Lifespan

United States: mid-40s
• Taking medicine for pain 

>3 times/week
• Neurocognitive damage starts 

occurring in first years of life

Africa: 5-8 years old
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Direct correction of the pathologic mutation treats the disease at its 
origin/cause (in principle, best in class)

HgbS
CCT GTG GAC

HgbA
CCT GAG GAC

HDR/HR
Genome Editing
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High frequencies of gene correction in CD34+ HSPCs 
from six SCD patients

Nature 2016
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Gene-corrected patient derived CD34+ HSPCs differentiated in vitro into 
RBCs generate high levels of HgbA and low levels of HgbS
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Genome edited HSCs naturally migrate to all of the body (a living drug)

Lattanzi et al., Sci. Transl. Med. 13, eabf2444 (2021)     16 June 2021
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Development of b-globin gene correction in human 
hematopoietic stem cells as a potential durable 
treatment for sickle cell disease
Annalisa Lattanzi1,2†, Joab Camarena1†, Premanjali Lahiri3, Helen Segal3, Waracharee Srifa1, 
Christopher A. Vakulskas4, Richard L. Frock5, Josefin Kenrick5, Ciaran Lee6, Narae Talbott3, 
Jason Skowronski3, M. Kyle Cromer1, Carsten T. Charlesworth1, Rasmus O. Bak7,8,  
Sruthi Mantri1, Gang Bao9, David DiGiusto3, John Tisdale10, J. Fraser Wright1,2, Neehar Bhatia3, 
Maria Grazia Roncarolo1,2,11, Daniel P. Dever1*, Matthew H. Porteus1,2,11*

Sickle cell disease (SCD) is the most common serious monogenic disease with 300,000 births annually worldwide. 
SCD is an autosomal recessive disease resulting from a single point mutation in codon six of the b-globin gene 
(HBB). Ex vivo b-globin gene correction in autologous patient-derived hematopoietic stem and progenitor cells 
(HSPCs) may potentially provide a curative treatment for SCD. We previously developed a CRISPR-Cas9 gene 
targeting strategy that uses high-fidelity Cas9 precomplexed with chemically modified guide RNAs to induce 
recombinant adeno-associated virus serotype 6 (rAAV6)–mediated HBB gene correction of the SCD-causing 
mutation in HSPCs. Here, we demonstrate the preclinical feasibility, efficacy, and toxicology of HBB gene correction 
in plerixafor-mobilized CD34+ cells from healthy and SCD patient donors (gcHBB-SCD). We achieved up to 60% 
HBB allelic correction in clinical-scale gcHBB-SCD manufacturing. After transplant into immunodeficient NSG mice, 
20% gene correction was achieved with multilineage engraftment. The long-term safety, tumorigenicity, and 
toxicology study demonstrated no evidence of abnormal hematopoiesis, genotoxicity, or tumorigenicity from the 
engrafted gcHBB-SCD drug product. Together, these preclinical data support the safety, efficacy, and reproduc-
ibility of this gene correction strategy for initiation of a phase 1/2 clinical trial in patients with SCD.

INTRODUCTION
Sickle cell disease (SCD) is an autosomal recessive monogenic blood 
disorder, caused by a single point mutation (A>T) in the sixth codon 
of the b-globin gene. This missense mutation changes the amino acid 
from glutamic acid (E) to valine (V) and the formation of sickle 
b chains. The sickle b-globin protein forms abnormal hydrophobic 
interactions through axial and lateral contacts within sickling 
hemoglobin (HgbS) in the deoxygenated state leading to hemoglobin 
polymerization, sickle-shaped red blood cells (RBCs), and hemolytic 
anemia. SCD affects millions of people worldwide causing both a 
high medical burden to patients, families, and communities and high 
financial burden to these same groups and to the broader health care 
system (1). The main disease manifestations of SCD are vaso-capillary 
ischemia events, causing vaso-occlusive pain events and acute chest 
crisis. The current standard of care focuses on symptomatic relief in-
volving pain control and blood transfusions, hydroxyurea adminis-
tration, and recently approved drugs that inhibit HgbS polymerization 

(2) or reduce pain crisis (3). The only approved curative treatment 
to date is allogeneic human leukocyte antigen (HLA)–matched 
hematopoietic stem cell transplantation (allo-HSCT) (4,!5). In 
patients undergoing allogenic transplant, long-term persistent mixed- 
donor chimerism ranging from 10 to 20% corresponded with bene-
ficial clinical results by keeping HgbS concentrations below 50% 
(6–8). However, a matched sibling donor is only available in 10 to 
15% of cases (5,!6), and the use of haploidentical or unrelated donors 
is still considered experimental (9).

The gene therapy field has recently seen unprecedented efforts 
to provide alternative and potentially curative treatments for SCD 
by taking advantage of ex!vivo lentiviral transduction of autologous 
hematopoietic stem and progenitor cells (HSPCs) (10–13). The 
reinfusion of autologous genetically modified HSPCs after patient 
myeloablation obviates the need to find donors for transplantation 
and decreases the risk of immune-related complications due to HLA 
mismatch between donor and recipient. Another crucial improve-
ment in HSCT protocols for patients with sickle cell has been the 
introduction of plerixafor as an alternative HSPC-mobilizing agent 
to granulocyte colony-stimulating factor (G-CSF), which can cause 
toxicity and deaths in patients with SCD (14–17). Now, there are 
four ongoing clinical trials that use this strategy (clinicaltrials.gov: 
NCT02186418, NCT02247843, NCT02140554, and NCT03964792), 
with preliminary reports of therapeutic safety and efficacy emerging 
(18); however, lentiviral vector-related safety concerns and trans-
duction efficiency are challenges (19,!20), warranting further devel-
opment of gene therapies for SCD.

The CRISPR-Cas9 system (21) has proven to be versatile, simple 
to engineer, and effective for gene editing of human HSPCs ex!vivo 
(22–25). It can be used to induce precise genetic alterations, by 
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Curing a mouse model of SCD
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ARTICLE

Cas9-AAV6 gene correction of beta-globin in
autologous HSCs improves sickle cell disease
erythropoiesis in mice
Adam C. Wilkinson 1,2,5!, Daniel P. Dever 1,3,5, Ron Baik1,3, Joab Camarena 1,3, Ian Hsu1,2,
Carsten T. Charlesworth1,2, Chika Morita 1,2, Hiromitsu Nakauchi 1,2,4! & Matthew H. Porteus 1,3!

CRISPR/Cas9-mediated beta-globin (HBB) gene correction of sickle cell disease (SCD)

patient-derived hematopoietic stem cells (HSCs) in combination with autologous trans-

plantation represents a recent paradigm in gene therapy. Although several Cas9-based HBB-

correction approaches have been proposed, functional correction of in vivo erythropoiesis has

not been investigated previously. Here, we use a humanized globin-cluster SCD mouse model

to study Cas9-AAV6-mediated HBB-correction in functional HSCs within the context of

autologous transplantation. We discover that long-term multipotent HSCs can be gene

corrected ex vivo and stable hemoglobin-A production can be achieved in vivo from HBB-

corrected HSCs following autologous transplantation. We observe a direct correlation

between increased HBB-corrected myeloid chimerism and normalized in vivo red blood cell

(RBC) features, but even low levels of chimerism resulted in robust hemoglobin-A levels.

Moreover, this study offers a platform for gene editing of mouse HSCs for both basic and

translational research.

https://doi.org/10.1038/s41467-021-20909-x OPEN
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We performed an extensive OT analysis in the same gcHBB-SCD 
lots through NGS measurement of INDELs of a master list of puta-
tive OTs. The list was developed by cross-referencing three state-of-
the-art methods for identifying potential OT sites of single-guide 
RNAs (sgRNAs) (GUIDE-seq, CIRCLE-seq, and COSMID) (table S2) 
(48). We created a master list of 67 OT sites to analyze by amplicon- 
based sequencing in gcHBB-SCD cells generated from the toxicology 
lots (table S2). The analysis showed that only a single OT site, the 
OT1 site previously mentioned, had measurable INDELs in all sam-
ples (0.5 to 2.9%) (Fig.!4A). This site is located in Chr9: 101,833,584 
to 101,833,606 that is in an intergenic region (site is ~270,000 nt 3" to 
closest gene—GRIN3A, Chr9:101,569,353) and was identified by all 
three methodologies for OT identification and has been previously 
confirmed as an OT (23,!49). The HiFi Cas9 used in these studies 
markedly reduced the frequency of INDELs at OT1 (~2 and!~!30% 
for HiFi and WT Cas9 nuclease, respectively) while maintaining 
high on-target activity as previously described (28).

We also used high-throughput, genome-wide, translocation se-
quencing (HTGTS) analysis, which is based on linear amplification–
mediated PCR, to look for gross chromosomal rearrangements in 
cell products manufactured using the WT and HiFi Cas9 (Fig.!4B 
and fig. S14, A and B) (50,!51). HTGTS confirmed OT1 on chromo-
some 9 as the main OT site (Fig.!4B) and demonstrated that HiFi 
Cas9 generated a consistent reduction in translocation frequency 
between the HBB locus and OT1 (Fig.!4,!C!and!D). Specifically, 
whereas in WT Cas9-treated HSPCs, there was an average of 1.35% 
translocation frequency (156 HBB-OT1 junctions of 11,517 total reads), 
use of HiFi Cas9 allowed a frequency reduction of HBB-OT1 trans-
locations to 0.04% (5 HBB-OT1 junctions of 11,517 total reads). 
These data suggest that the use of HiFi Cas9 to generate the gcHBB- 
SCD product reduces the chances of translocations by as much as 
30-fold compared to WT Cas9.

A portion of junctional reads displayed a frequency that was in-
dependent of Cas9 specificity. These events included deletions of 
various size spanning 4-kb downstream of the break site (fig. S14, D 
and E). A small number of events included junctions from HBB to 
HBD gene and to a breakpoint cluster region. Overall, the frequency 
of gross chromosomal changes when using HiFi Cas9 was reduced 
to nearly undetectable levels.

DISCUSSION
We described the preclinical development of an investigational 
autologous cell therapy that uses ex!vivo Cas9-RNP and rAAV6 for 
HBB gene correction in human HSPCs to correct the SCD causing 
point mutation. The gene correction protocol was optimized in 
clinically relevant plxHSPCs and preserved the viability and HSC 
repopulation capacity in a xenotransplantation model. The overall 
gene correction frequencies and preservation of gene-corrected cells 
after transplantation into NSG mice exceeded what has been previously 
published using single-stranded oligonucleotide delivery (44,!52,!53).

A common challenge using genome editing strategies by many 
groups that exploit HR has been low numbers of gene-edited cells 
and their poor persistence after transplantation into NSG mice 
(23,!52,!54,!55). We introduced protocol modifications that led to 
high frequencies of gcHBB alleles in!vitro and increased the long-
term engraftment of human cells with gcHBB alleles in!vivo. In 
particular, the human engrafted population in NSG mice increased 
~4-fold (from ~8 to ~30%) as did the frequency of gene-corrected 

alleles (from ~5 to ~20% gcHBB alleles) using healthy donor HSPCs. 
The percent human engraftment and gcHBB alleles were even higher 
in HSPCs derived from patients with SCD, with a median of 40 and 
30%, respectively. In the majority of NSG mice analyzed at study ter-
mination, we further observed an enrichment of gene correction in 
GPA+ erythroid cells (median of 50% gcHBB alleles), indicating a se-
lective advantage of gene-corrected RBCs in!vivo. The in!vivo findings, 
combined with detecting >90% HgbA production in!vitro derived 
from gene-corrected sickle cell HSPCs, provide strong evidence that 
erythroid lineage correction can be achieved in!vivo in humans. In 
patients undergoing allogenic transplant, long-term persistent mixed- 
donor chimerism ranging from 10 to 20% corresponded with beneficial 

Fig. 4. Next-generation sequencing–based techniques reveal minimal geno-
toxicity in gcHBB-SCD cell products. (A) NGS results of 67 off-targets (OTs) from 
a master list of putative OTs. NGS was performed in six medium-scale manufacturing 
runs for toxicology study (Run 1 to Run 6). Dotted line indicates the assay detection 
threshold. (B) Circos plots of genome-wide prey junctions binned into 5-Mb regions 
(black bars) are plotted on a log scale with indicated ticks; frequency ranges are 
colored from light orange (10 to 100) to increasingly darker orange colors by factors 
of 10. Red arrow connects the HBB bait site on chromosome 11 to the OT hotspot 
on chromosome 9 (OT1). (C) Integrative Genomics Viewer plot of OT1 (coordinates 
bottom left); junctions are shown on a logarithmic scale. Shaded area represents 
the sgRNA footprint. Red and blue numbers indicate the number of junctions from 
the specified region that translocated in the plus and minus orientation, respectively. 
The bar (bottom right) indicates 50–base pair (bp) length. (D) Junction frequency 
at OT1 for WT and HiFi Cas9 (means ± SD). Paired t test; ***P < 0.001.
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In Vivo Tumorigenicity Study: 
No evidence of abnormal 

hematopoiesis from the drug 
product in immunodeficient mice
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G E N E  T H E R A P Y

Development of b-globin gene correction in human 
hematopoietic stem cells as a potential durable 
treatment for sickle cell disease
Annalisa Lattanzi1,2†, Joab Camarena1†, Premanjali Lahiri3, Helen Segal3, Waracharee Srifa1, 
Christopher A. Vakulskas4, Richard L. Frock5, Josefin Kenrick5, Ciaran Lee6, Narae Talbott3, 
Jason Skowronski3, M. Kyle Cromer1, Carsten T. Charlesworth1, Rasmus O. Bak7,8,  
Sruthi Mantri1, Gang Bao9, David DiGiusto3, John Tisdale10, J. Fraser Wright1,2, Neehar Bhatia3, 
Maria Grazia Roncarolo1,2,11, Daniel P. Dever1*, Matthew H. Porteus1,2,11*

Sickle cell disease (SCD) is the most common serious monogenic disease with 300,000 births annually worldwide. 
SCD is an autosomal recessive disease resulting from a single point mutation in codon six of the b-globin gene 
(HBB). Ex vivo b-globin gene correction in autologous patient-derived hematopoietic stem and progenitor cells 
(HSPCs) may potentially provide a curative treatment for SCD. We previously developed a CRISPR-Cas9 gene 
targeting strategy that uses high-fidelity Cas9 precomplexed with chemically modified guide RNAs to induce 
recombinant adeno-associated virus serotype 6 (rAAV6)–mediated HBB gene correction of the SCD-causing 
mutation in HSPCs. Here, we demonstrate the preclinical feasibility, efficacy, and toxicology of HBB gene correction 
in plerixafor-mobilized CD34+ cells from healthy and SCD patient donors (gcHBB-SCD). We achieved up to 60% 
HBB allelic correction in clinical-scale gcHBB-SCD manufacturing. After transplant into immunodeficient NSG mice, 
20% gene correction was achieved with multilineage engraftment. The long-term safety, tumorigenicity, and 
toxicology study demonstrated no evidence of abnormal hematopoiesis, genotoxicity, or tumorigenicity from the 
engrafted gcHBB-SCD drug product. Together, these preclinical data support the safety, efficacy, and reproduc-
ibility of this gene correction strategy for initiation of a phase 1/2 clinical trial in patients with SCD.

INTRODUCTION
Sickle cell disease (SCD) is an autosomal recessive monogenic blood 
disorder, caused by a single point mutation (A>T) in the sixth codon 
of the b-globin gene. This missense mutation changes the amino acid 
from glutamic acid (E) to valine (V) and the formation of sickle 
b chains. The sickle b-globin protein forms abnormal hydrophobic 
interactions through axial and lateral contacts within sickling 
hemoglobin (HgbS) in the deoxygenated state leading to hemoglobin 
polymerization, sickle-shaped red blood cells (RBCs), and hemolytic 
anemia. SCD affects millions of people worldwide causing both a 
high medical burden to patients, families, and communities and high 
financial burden to these same groups and to the broader health care 
system (1). The main disease manifestations of SCD are vaso-capillary 
ischemia events, causing vaso-occlusive pain events and acute chest 
crisis. The current standard of care focuses on symptomatic relief in-
volving pain control and blood transfusions, hydroxyurea adminis-
tration, and recently approved drugs that inhibit HgbS polymerization 

(2) or reduce pain crisis (3). The only approved curative treatment 
to date is allogeneic human leukocyte antigen (HLA)–matched 
hematopoietic stem cell transplantation (allo-HSCT) (4,!5). In 
patients undergoing allogenic transplant, long-term persistent mixed- 
donor chimerism ranging from 10 to 20% corresponded with bene-
ficial clinical results by keeping HgbS concentrations below 50% 
(6–8). However, a matched sibling donor is only available in 10 to 
15% of cases (5,!6), and the use of haploidentical or unrelated donors 
is still considered experimental (9).

The gene therapy field has recently seen unprecedented efforts 
to provide alternative and potentially curative treatments for SCD 
by taking advantage of ex!vivo lentiviral transduction of autologous 
hematopoietic stem and progenitor cells (HSPCs) (10–13). The 
reinfusion of autologous genetically modified HSPCs after patient 
myeloablation obviates the need to find donors for transplantation 
and decreases the risk of immune-related complications due to HLA 
mismatch between donor and recipient. Another crucial improve-
ment in HSCT protocols for patients with sickle cell has been the 
introduction of plerixafor as an alternative HSPC-mobilizing agent 
to granulocyte colony-stimulating factor (G-CSF), which can cause 
toxicity and deaths in patients with SCD (14–17). Now, there are 
four ongoing clinical trials that use this strategy (clinicaltrials.gov: 
NCT02186418, NCT02247843, NCT02140554, and NCT03964792), 
with preliminary reports of therapeutic safety and efficacy emerging 
(18); however, lentiviral vector-related safety concerns and trans-
duction efficiency are challenges (19,!20), warranting further devel-
opment of gene therapies for SCD.

The CRISPR-Cas9 system (21) has proven to be versatile, simple 
to engineer, and effective for gene editing of human HSPCs ex!vivo 
(22–25). It can be used to induce precise genetic alterations, by 
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USA. 4Integrated DNA Technologies Inc., Coralville, IA 52241, USA. 5Department of 
Radiation Oncology, Stanford University, Stanford, CA 94305, USA. 6APC Microbiome 
Ireland, University College Cork, T12 YN60 Cork, Ireland. 7Department of Biomedicine, 
Aarhus University, DK-8000 Aarhus, Denmark. 8Aarhus Institute of Advanced Studies 
(AIAS), Aarhus University, DK-8000 Aarhus, Denmark. 9Department of Bioengineering, 
Rice University, Houston, TX 77006, USA. 10Molecular and Clinical Hematology 
Branch, NHLBI, Bethesda, MD 20814, USA. 11Institute of Stem Cell Biology and 
Regenerative Medicine, Stanford University, Stanford, CA 94305, USA.
*Corresponding author. Email: dpdever@gmail.com (D.P.D.); mporteus@stanford.
edu (M.H.P.)
†These authors contributed equally to this work.

Copyright © 2021 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim  
to original U.S. 
Government Works

 at Stanford U
niversity on June 16, 2021

http://stm
.sciencem

ag.org/
D

ow
nloaded from

 

ARTICLES
https://doi.org/10.1038/s41591-018-0137-0

1Integrated DNA Technologies, Inc., Coralville, IA, USA. 2Department of Pediatrics, Stanford University, Stanford, CA, USA. 3Department of Bioengineering, 
Rice University, Houston, TX, USA. 4Department of Biomedicine, Aarhus University, Aarhus, Denmark. 5Aarhus Institute of Advanced Studies (AIAS), 
Aarhus University, Aarhus, Denmark. 6Biomaterials and Advanced Drug Delivery Laboratory, Stanford University School of Medicine, Palo Alto, CA, USA. 
7These authors contributed equally: Christopher A. Vakulskas, Daniel P. Dever. *e-mail: mporteus@stanford.edu; mbehlke@idtdna.com

Repurposing bacterial CRISPR systems to facilitate RNA-guided 
cleavage of complementary DNA has revolutionized the field 
of gene editing in mammalian cells1–4. Streptococcus pyogenes 

Cas9 has been the most highly used CRISPR system, and its use 
for genome editing only requires the presence of the Cas9 nuclease 
and a guide RNA (gRNA). In S. pyogenes, the gRNA is a complex of 
two species, a universal transactivating crRNA (tracrRNA) and a 
target-specific crisprRNA (crRNA). The gRNAs can be shortened 
and fused to result in a ‘single guide’ RNA (sgRNA). The Cas9–
gRNA complex is directed to search for NGG protospacer-adjacent 
motifs (PAMs) in the genome, and if sufficient complementarity 
exists between the guide and the target, conformational changes 
occur and the now fully active Cas9 cleaves the DNA, resulting in 
a targeted double-stranded break (DSB)5,6. The lesion can be healed 
by the error-prone nonhomologous end-joining (NHEJ) pathway, 
which often results in creation of an insertion or deletion (indel) 
of one to several bases7. If a homologous donor DNA template is 
provided during the DSB repair, the homologous recombination 
(HR) repair pathway can generate more precise changes to the tar-
get DNA, including everything from single-nucleotide changes to 
the insertion of large gene cassettes8,9.

Although cleavage at sites with perfect complementarity to 
the protospacer domain of the gRNA typically occurs with high-
est efficiency, cleavage at sites having one to several bases of mis-
match with the gRNA can occur. These undesired cleavage events 

are called ‘off-target effects’ (OTEs)10, and their existence should 
be minimized for therapeutic applications of genome-editing tech-
nologies. The Cas9 nuclease and gRNA can be delivered as DNA 
expression cassettes in plasmids or viral vectors, as purified RNAs 
with Cas9 mRNA, or as a Cas9–gRNA ribonucleoprotein (RNP) 
complex. As a general rule, methods that result in a higher, more 
sustained level of Cas9 and gRNA in the cell yield higher OTEs11,12. 
Methods using RNP complexes, in which recombinant Cas9 pro-
tein is precomplexed with gRNA and directly delivered to cells, are 
preferable to DNA-based and even RNA-based expression meth-
ods. RNP delivery results in an initially high level of the genome-
editing machinery followed by rapid decay, leading to a ‘fast on, 
fast off ’ strategy that results in highly efficient editing while mini-
mizing OTEs13–19. RNP delivery also is a method that avoids the 
intracellular innate immune response, which is highly sensitive 
to the delivery of foreign nucleic acids in human primary cells. 
Nevertheless, off-target cleavage can and does occur, so methods 
to improve Cas9 specificity are important for the improvement of 
therapeutic applications of genome editing.

Allogeneic HSPC transplantation (allo-HSCT) can provide a 
one-time and life-long cure for patients with serious genetic hema-
tological diseases, such as primary immunodeficiencies20 and 
hemoglobinopathies21,22, if a suitable immunologically matched 
donor can be found23. However, the immunologic toxicities of allo-
HSCT have prevented it from being applied broadly. Cas9-based 

A high-fidelity Cas9 mutant delivered as a 
ribonucleoprotein complex enables efficient 
gene editing in human hematopoietic stem and 
progenitor cells
Christopher A. Vakulskas! !1,7, Daniel P. Dever2,7, Garrett R. Rettig! !1, Rolf Turk! !1, Ashley M. Jacobi 1,  
Michael A. Collingwood! !1, Nicole M. Bode! !1, Matthew S. McNeill1, Shuqi Yan1, Joab Camarena2, 
Ciaran M. Lee! !3, So Hyun Park3, Volker Wiebking! !2, Rasmus O. Bak! !4,5, Natalia Gomez-Ospina! !2, 
Mara Pavel-Dinu2, Wenchao Sun! !6, Gang Bao3, Matthew H. Porteus2* and Mark A. Behlke! !1*

Translation of the CRISPR–Cas9 system to human therapeutics holds high promise. However, specificity remains a con-
cern especially when modifying stem cell populations. We show that existing rationally engineered Cas9 high-fidelity vari-
ants have reduced on-target activity when using the therapeutically relevant ribonucleoprotein (RNP) delivery method. 
Therefore, we devised an unbiased bacterial screen to isolate variants that retain activity in the RNP format. Introduction 
of a single point mutation, p.R691A, in Cas9 (high-fidelity (HiFi) Cas9) retained the high on-target activity of Cas9 while 
reducing off-target editing. HiFi Cas9 induces robust AAV6-mediated gene targeting at five therapeutically relevant loci 
(HBB, IL2RG, CCR5, HEXB, and TRAC) in human CD34+ hematopoietic stem and progenitor cells (HSPCs) as well as primary 
T cells. We also show that HiFi Cas9 mediates high-level correction of the sickle cell disease (SCD)-causing p.E6V muta-
tion in HSPCs derived from patients with SCD. We anticipate that HiFi Cas9 will have wide utility for both basic science and 
therapeutic genome-editing applications.

NATURE MEDICINE | VOL 24 | AUGUST 2018 | 1216–1224 | www.nature.com/naturemedicine1216
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No evidence of mutations in cancer associated genes during the 
manufacturing process

Ultra-deep sequencing reveals no evidence of oncogenic mutations or enrichment by ex vivo 
CRISPR/Cas9 genome editing in human hematopoietic stem and progenitor cells  
  
M. Kyle Cromer1*, Valentin V. Barsan1*, Erich Jaeger2, Mengchi Wang2, Jessica P. Hampton1, Feng Chen2, 
Drew Kennedy2, Irina Khrebtukova2, Ana Granat2, Tiffany Truong2, Matthew H. Porteus1 

  
1Department of Pediatrics, Stanford University, Stanford, CA 94305, USA 

2Illumina, San Diego, CA USA 

* These authors contributed equally to this work 
† To whom correspondence should be addressed: mporteus@stanford.edu 

  
Abstract 
 
As CRISPR-based therapies enter the clinic, evaluation of the safety remains a critical and still active area 
of study. While whole genome sequencing is an unbiased method for identifying somatic mutations 
introduced by ex vivo culture and genome editing, this methodology is unable to attain sufficient read 
depth to detect extremely low frequency events that could result in clonal expansion. As a solution, we 
utilized an exon capture panel to facilitate ultra-deep sequencing of >500 tumor suppressors and 
oncogenes most frequently altered in human cancer. We used this panel to investigate whether transient 
delivery of high-fidelity Cas9 protein targeted to three different loci (using guide RNAs (gRNAs) 
corresponding to sites at AAVS1, HBB, and ZFPM2) at day 4 and day 10 timepoints post-editing resulted 
in the introduction or enrichment of oncogenic mutations. In three separate primary human HSPC donors, 
we identified a mean of 1,488 variants per Cas9 treatment (at <0.07% limit of detection). After filtering to 
remove germline and/or synonymous changes, a mean of 3.3 variants remained per condition, which were 
further reduced to six total mutations after removing variants in unedited treatments. Of these, four 
variants resided at the predicted off-target site in the myelodysplasia-associated EZH2 gene that were 
subject to ZFPM2 gRNA targeting in Donors 2 and 3 at day 4 and day 10 timepoints. While Donor 1 
displayed on-target cleavage at ZFPM2, we found no off-target activity at EZH2. Sanger sequencing 
revealed a homozygous single nucleotide polymorphism (SNP) at position 14bp distal from the Cas9 
protospacer adjacent motif in EZH2 that eliminated any detectable off-target activity. We found no 
evidence of exonic off-target INDELs with either of the AAVS1 or HBB gRNAs. These findings indicate that 
clinically relevant delivery of high-fidelity Cas9 to primary HSPCs and ex vivo culture up to 10 days does 
not introduce or enrich for tumorigenic variants and that even a single SNP outside the seed region of the 
gRNA protospacer is sufficient to eliminate Cas9 off-target activity with this method of delivery into 
primary, repair competent human HSPCs. 
 
 
 
 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
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Conclusion

Through a process of continuous iterative improvement, we have 
developed a clinical scale genome editing manufacturing process to 

directly correct the pathologic variant that causes SCD.

The next step in this journey is to test the feasibility, safety and efficacy 
in a carefully monitored clinical trial.
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Distinguishing the Graphite Bio SCD direct gene correction approach

We are going to use your 
own stem cells and use viral 
gene therapy to insert a new 
gene into your cells to try to 
counteract the sickle gene 
causing your disease. We 
hope this will cause your 
disease to be less severe.

Lentiviral Gene Therapy HgbF Upregulation

We are going to use your 
own stem cells and use 

genome editing to 
inactivate a gene so that 

you make blood that is like 
you had as a fetus. We 

hope this will cause your 
disease to be less severe.

Direct Gene Correction

We are going to use your 
own stem cells and use 

gene correction to repair the 
gene that causes your 

disease and so your blood 
will be like your parents. 

Just like them, you should 
no longer have sickle cell 

disease.

Base Editing

We are going to use 
your own stem cells and 

use base editing to create 
a rare variant of the 

gene. We hope this will 
cause the blood to sickle 

much less and cause 
your disease to be less 

severe.

Number = Tens Number = Tens Number = Handful Number = ~7 billion
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• Hematology: Sickle Cell Disease/Thalassemia

• Hematology: Hemophilia, Fanconi Anemia

• Pulmonary:  Cystic Fibrosis

• Immunology: Primary Immunodeficiencies (e.g., Severe Combined 
Immunodeficiency X-Linked (SCID-X1), Chronic Granulomatous Disease, 
RAG1 or RAG2 deficiency, IL7Ra, LAD, etc.)

• Immunology: Genetic Inflammatory/Autoimmune Diseases (IPEX, AIRE 
Deficiency…)

• Cardiology:  Familial Hypercholesterolemia

• Dermatology: Epidermolysis bullosa

• Genetics: Muscular Dystrophy, MPS I, Gaucher

• Neurology: Huntington’s Disease, Myotonic Dystrophy, NGLY1 deficiency

Each patient affects a 
larger community of 

people (echoes of the 
disease) + life years 

saved

Platform applicable to a variety of monogenic 
diseases (6,000-10,000 such diseases)
(Patients: ~30 million in USA, ~350 million worldwide)

 

   2 

Exhibit 1: Total Economic Burden of Rare Disease in the U.S. in 2019: $966 Billion 

 

Source: Lewin analyses of RD prevalence calculated from the 2018 dNHI claims, 2019 Medicare SAF 5% sample claims, and 2016 
Medicaid claims combined with the Census population projection for 2019; direct medical cost estimates obtained using 2018 
dNHI claims, 2019 Medicare SAF 5% sample claims, and 2016 Medicaid claims; indirect and non-medical costs estimated using 
>ĞǁŝŶ͛Ɛ�ĂŶĂůǇƐĞƐ�ŽĨ�ƚŚĞ RD Impact Survey data.  

Abbreviations: dNHI: Optum de-identified Normative Health Information system; Medicare SAF: Medicare Standard Analytical 
File 5% sample. 
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Correct a typo Sickle cell disease and other genetic 
diseases

Add a new sentence

Macrophage delivery of enzymes to all 
organs (including brain) of the body, 

regenerative medicine, infectious disease, 
synthetic biology

Add a new sentence and functionally 
delete the old one (track changes J)

Thousands of genetic diseases including 
cystic fibrosis, primary immunodeficiencies, 

immuno-oncology

Replace an entire sentence
Beta-thalassemia, hemophilia, 

enzyme delivery, metabolic diseases, 
immuno-oncology, synthetic biology

Add a clause Regenerative medicine, 
immuno-oncology, synthetic biology

There are broad classes of disease that can be addressed by the 
HDR/HR genome editing platform
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CEDAR	Trial	in	Progress:	A	First-in-Human,	
Phase	1/2	Study	of	the	Correction	of	a	Single	
Nucleotide	Mutation	in	Autologous	HSCs	
(GPH101)	to	Convert	HbS	to	HbA	for	Treating	
Severe	SCD
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Lifelong complications and early mortality
• Inherited blood disorder associated with high morbidity and mortality1-5

• SCD results in hemolytic anemia, chronic pain, VOC, ACS, progressive 
end-organ damage, and, ultimately, shorter lifespan6,7

Limited treatment options
• The only available cure for SCD, allogeneic HSCT, carries significant risk 

and substantial burden8-10

– Lack of well-matched donors
– Need for immunosuppression
– Risk of graft-versus-host disease and graft rejection

• Currently available non-curative therapies are palliative and do not impact 
irreversible chronic organ damage or prevent early mortality

Reducing HbS production while restoring HbA expression 
through direct gene correction may be an ideal curative 
option in SCD1,6,7
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Introduction
SCD is caused by a point mutation in the 
human beta-globin gene1,2

GAG

CTC

GLUTAMIC
ACID

Sickled RBCs

HbS
HbS

HbA
HbA

Normal RBCs

GTG

CAC

VALINE

Mutation

ACS, acute chest syndrome; HbA, adult hemoglobin; HbS, hemoglobin sickle cell; HSCT, hematopoietic stem cell transplant; RBC, red blood cell; SCD, sickle cell disease; VOC, vaso-occlusive crisis.
1. Kato GJ, et al. Nat Rev Dis Primers. 2018;4:18010; 2. National Organization for Rare Disorders. Sickle cell disease. Published June 25, 2020. Accessed March 24, 2021. https://rarediseases.org/rare-diseases/sickle-cell-disease; 3.Centers for Disease Control and Prevention. Data & statistics 
on sickle cell disease. Updated December 16, 2020. Accessed May 5, 2021. https://www.cdc.gov/ncbddd/sicklecell/data.html; 4. American Society of Hematology. Sickle cell trait. Published 2021. Accessed April 19, 2021. https://www.hematology.org/education/patients/anemia/sickle-cell-trait; 
5. US Department of Health and Human Services. Evidence-based management of sickle cell disease. Expert panel report, 2014. Published 2014. Accessed April 1, 2021; 6. Kapoor S, et al. Mayo Clin Proc. 2018;93(12):1810-1824;
7. Telen MJ. Blood Adv. 2020;4(14):3457-3465; 8. Shenoy S. Hematology Am Soc Hematol Educ Program. 2011;2011(1):273-279; 9. Hulbert ML, Shenoy S. Pediatr Blood Cancer. 2018;65(9):e27263; 10. Magnani A, et al. Haematologica. 2020;105(5):1240-1247.



High	efficiency	HDR	via	CRISPR/HiFi	Cas9	precisely	
corrects	the	SCD	mutation

49
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AAV6, adeno-associated virus type 6; Cas9, CRISPR-associated protein 9; CRISPR, clustered regularly interspaced short palindromic repeats; HbA, adult hemoglobin; HbS, hemoglobin sickle cell; HDR, homology-directed repair; HiFi, high 
fidelity; INDEL, insertion and/or deletion; NHEJ, non-homologous end joining; SCD, sickle cell disease; sgRNA, single-strand guide RNA. 



HiFi	Cas9	greatly	reduces	off-target	editing

50
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• HiFi Cas9 produces 30-fold reduction in off-
target editing 

• HiFi Cas9 has potential for reducing risk and 
improving safety 

• HiFi Cas9 stimulates robust gene targeting at 
therapeutically relevant loci1

Cas9, CRISPR-associated protein 9; CRISPR, clustered regularly interspaced short palindromic repeats; HiFi, high fidelity; INDEL, insertion and/or deletion; SCD, sickle cell disease; WT, wild-type. 
Bars represent mean ± SEM, n=3 SCD patients. ****P < 0.0001.
1. Vakulskas CA, et al. Nat Med. 2018;24(8):1216-1224. 



Effective	gene	correction	in	SCD	patient	donor	cells
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• Highly efficient correction in SCD patient HSPCs1

– GPH101 optimization increased gene 
correction from <10% to nearly 70% in SCD 
patient HSPCs1

• Successful engraftment of gene corrected cells 
in NSG mice with long-term persistence, 
multilineage repopulation1

• HSPC in vitro differentiation resulted in >90% HbA 
production1,a

• Engraftment of corrected cells in Townes SCD 
mouse model resulted in significant reduction of 
sickling phenotype and increased RBC lifespan 
in vivo2

HbA, adult hemoglobin; HSPC, hematopoietic stem and progenitor cell; INDEL, insertion and/or deletion; NSG, NOD-scid IL2Rgammanul; NOD, non-obese diabetic; RBC, red blood cell; SCD, sickle cell disease; SCID, severe combined immunodeficiency.
aBackground HbF not included for ease of comparison. 
1. Lattanzi A, et al. Sci Transl Med. 2021;13(598):eabf2444; 2. Wilkinson AC, et al. Nat Commun. 2021;12(1):686.

Sequencing of beta-globin gene to measure 
rate of INDELs and corrected alleles1

(n=6 experiments, 2 patient donors)



GPH101	treatment	process
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Cas9, CRISPR-associated protein 9; CD34, cluster of differentiation 34; CRISPR, clustered regularly interspaced short palindromic repeats; DP, drug product; HDR, homology-directed repair; HiFi, high-fidelity; HSPC, hematopoietic stem 
and progenitor cell; QC, quality control.
aBackup cells kept at site as a safety measure. bPatients will be followed for 24 months after GPH101 infusion with physical exams, laboratory and imaging assessments, and adverse event evaluations. cPatients who receive GPH101 will 
be followed for 13 years in a long-term follow-up study.

Clinical sites perform local CD34+ selection and cryopreservation on fresh 
apheresis product before shipment to a central manufacturing facility

• Potential for a reduction in apheresis cycles, which may improve 
participant safety while maximizing CD34+ HSPCs needed to 
manufacture GPH101

• Faster time to CD34+ cell selection may result in better yields and 
improve GPH101 characteristics

• More streamlined transport and operational efficiencies shipping 
cryopreserved products



CEDAR	trial	design	(NCT04819841)	
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ACS, acute chest syndrome; HLA, human leukocyte antigen; HSCT, hematopoietic stem cell transplant; SCD, sickle cell disease; SMC, Safety Monitoring Committee; VOC, vaso-occlusive crisis.

Participants with severe SCD
(≈15 participants)

Key Inclusion Criteria

• ≥12 to ≤40 years
• Diagnosis of severe SCD (βS/βS)

– ≥4 severe VOCs in the 2 years prior
and/or
– ≥2 episodes of ACS in the 2 years prior 

with at least 1 episode in the past year
– Note: Participants on chronic transfusions 

may be eligible if documentation of the above 
severity criteria is available for 2 years prior 
to starting transfusions

Key Exclusion Criteria
• Available 10/10 HLA-matched sibling donor

• Prior receipt of HSCT or gene therapy

COHORT IIA

1. SMC review (including ≥6 months from first 2 sentinel
participants)

AND
2. Confirmation of engraftment in 3rd sentinel participant

AND
3. 30-day safety observation in 3rd sentinel participant 

with no DP-related toxicities

18-40
years

12-17
years

Engraftment and 30 days with no 
DP-related toxicities before treating 
the next participant

3 sentinel
adult participants

1 2 3

3 sentinel
adolescent participants

1 2 3

COHORT IA

COHORT IB
≈6 additional 

adult participants

COHORT IIB
≈3 additional 

adolescent participants

SMC
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CEDAR	key	study	endpoints
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• Kinetics of HSC engraftment
• Transplant-related mortality 
• Overall survival
• Frequency and severity of AEs and 

SAEs, including lab abnormalities

ACS, acute chest syndrome; AE, adverse event; DP, drug product; HbA, adult hemoglobin; HbS, hemoglobin sickle cell; HSC, hematopoietic stem cell; MRA, magnetic resonance angiography; INDEL, insertion and/or deletion; MRI, 
magnetic resonance imaging; pRBC, packed red blood cell; PRO, patient-reported outcome; SAE, serious adverse event; RBC, red blood cell; SCD, sickle cell disease; VOC, vaso-occlusive crisis.

Evaluate the safety of 
treatment with GPH101 in 

participants with severe SCD

Primary
Objectives

• Assessment of the following 
over time
– Levels of HbA, HbS, and 

total hemoglobin
– Peripheral myeloid gene 

correction and globin chain 
expression in cells

• Frequency and severity of painful 
episodes of VOC and ACS
following GPH101 DP infusion

• Changes in pRBC transfusion 
needs (volume and frequency)

Evaluate the efficacy and 
pharmacodynamics of 

treatment with GPH101 in 
participants with severe SCD

Secondary
Objectives

• Cerebral hemodynamics and 
oxygen delivery (by MRA/MRI)

• Improvements in SCD-related 
events and changes in organ 
function (e.g., heart, brain, liver)

• Measurements of RBC health and 
function

• Measurement of INDELs, off-target 
editing, and gene correction levels in 
peripheral immune cells

• Correlation of GPH101 DP 
characteristics with clinical outcomes

Evaluate PROs, erythrocyte 
function, characterization of 

gene correction rates, and change 
from baseline in select SCD 

characteristics and organ function

Exploratory
Objectives



Acknowledgments

Poster presented at the 2021 ASH Annual Meeting & Exposition, held December 11-14, 2021

• The authors sincerely thank

– All study participants, their families, and the sickle cell community

– Clinical sites and support staff 

– Graphite Bio employees including Kartik Pappu, Stephanie Yao, and Julia Yang for content 
development support

• Medical writing support was provided by Asheia Leonard, PharmD, of Healthcare Consultancy Group 
and funded by Graphite Bio Inc.

55



Poster presented at the 2021 ASH Annual Meeting & Exposition, held December 11-14, 2021

56

Thank	you!

Poster	1864



What is needed from a therapy 
for long-term cure 

in sickle cell disease?
John DiPersio, M.D., Ph.D.
Chief, Division of Oncology

Director, Center for Gene and Cellular Immunotherapy
Deputy Director, Siteman Cancer Center

Washington University School of Medicine



Curing SCD requires an impact on both pain and long-term organ 
damage

• VOCs most visible morbidity and is the main 
reason patients seek medical care

• Long-term, progressive organ damage is the 
main cause of early death (average life 
expectancy ~45 years old)

• Must decrease harmful HbS production and 
improve RBC health in order to address all 
SCD morbidities

• Allo-HSCT is curative, but many patients not 
eligible and risk of serious complications

• Reversing organ damage may require early 
intervention

Kato, G. J. et al. (2018) Sickle cell disease
Nat. Rev. Dis. Primers doi:10.1038/nrdp.2018.10
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• Heart/lung: Pulmonary hypertension and cardiomegaly from chronic anemia, 
multiple PEs, acute chest syndrome

• Liver: Iron overload and liver failure and gallstones
• Kidney: proteinuria, renal failure
• Bones: avascular necrosis of hips and shoulders
• Leg ulcers 
• Priapism 
• Retinopathy

Effect on heart, liver, kidney and other organs
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• Silent and overt strokes
• Cognitive deficits
• Vasculopathy (Moya Moya)
• Pain control and chronic narcotic use
• Attainment of educational goals

Effect on brain health
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• Chronic transfusions last only 2-3 weeks vs 4-6 weeks in normal
• Chronic hemolysis and PRCA
• Reduction of complications associated with chronic hemolysis

Impact on RBC health
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Transgenic globin addition
• Effect on VOCs reported; effect on 

long-term organ damage still evolving
• Impact of transgene T87Q production 

still evolving
• Inherent variability with gene addition 

– some RBCs with low levels of 
sickling still remain and can cause 
problems

• Questions about long-term safety and 
efficacy
− insertional mutagenesis
− leukemogenesis
−unknown long-term effects
− loss of expression over 

time/progressive silencing of the 
promoters

HbF induction
• Effect on VOCs reported; effect on 

long-term organ damage still evolving
• Intentionally disrupts gene that 

regulates other important genes
• Genetic mutation being made for HbF

induction very different – not 
recreating genetics of rare HPFH 
patients who experience minimal 
disease

• Most patients with induced HbF are 
not cured 

• Unknown pancellular effects on RBCs
• Unknown long-term safety of 

persistently high HbF
−abnormal oxygen affinity
− risk during pregnancy

Conversion to Makassar

• Not much known about this variant
• Further study required to 

understand relationship between 
HbG-Makassar and HbS
(Roswano and Bauer 2021)

To date, experimental gene therapy approaches have not met criteria 
for long-term cure
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• Gene correction via HDR/HR uses body’s own DNA repair mechanisms to restore 
normal HbA expression

• Gene correction produces a binary outcome in RBCs – all corrected stem cells will 
produce healthy RBCs, thereby reducing production of HbS

• Potential to produce outcomes that resemble allo-HSCT/sickle trait
• Millions of people around the world with sickle trait do not experience the 

morbidities and mortality caused by SCD 

Gene correction has high potential to lead to long-term cure 
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• Improve mobilization process
• Develop conditioning regimens without chemotherapy or RT

• Minimize impact on fertility
• Minimize impact on host hematopoiesis (CHIP/MDS/AML)

• Address stigma and socioeconomic issues associated with SCD

Challenges to address to make a cure widely available
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Panel Discussion and Q&A
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