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Some gene polymorphisms can lead to monogenic diseases, whereas other
polymorphisms may confer beneficial traits. A well-characterized example
is congenital erythrocytosis—the non-pathogenic hyper-production of red
blood cells—that is caused by a truncated erythropoietin receptor. Here we
show that Cas9-mediated genome editing in CD34" human haematopoietic

stem and progenitor cells (HSPCs) can recreate the truncated form

of theerythropoietin receptor, leading to substantial increases in
erythropoietic output. We also show that combining the expression of the
cDNA of atruncated erythropoietin receptor with a previously reported
genome-editing strategy to fully replace the HBA1 gene with an HBB
transgene in HSPCs (to restore normal haemoglobin productionin cells
with a B-thalassaemia phenotype) gives the edited HSPCs and the healthy
red blood cell phenotype a proliferative advantage. Combining knowledge
of human genetics with precise genome editing to insert natural human
variants into therapeutic cells may facilitate safer and more effective
genome-editing therapies for patients with genetic diseases.

Many of the initial applications of clinical genome editing have aimed
to correct or compensate for disease-causing mutations of monogenic
diseases. However, human genetic variation is more nuanced than
monogenic diseases as there are also variants that appear to confer
positive health benefits. For example, people with bi-allelic deletions
in CCR5 show resistance to HIV infection, a variety of polymorphisms
cause upregulation of foetal haemoglobin and mutations in PCSK9
cause low cholesterol levels' . It is important, however, to broadly
assess variations that occur in only small numbers of people both for
their potential risks and for their potential benefits.

Congenital erythrocytosis (CE) is a rare phenotype in which
people have higher than normal levels of red blood cells (RBCs)
and consequently elevated haemoglobin. Although there are mul-
tiple genetic variants that can lead to this condition, perhaps the
best-characterized genotype was first identified in the family of a
Finnish Olympic-gold-medal-winning cross-country skier who was
found to have levels of haemoglobin >50% higher than normal®. This
elevated haemoglobin was attributed to truncations in the erythro-
poietinreceptor (tEPOR) in which the intracellularinhibitory domain
to erythropoietin (EPO) signalling is eliminated*’. This domain

'Department of Pediatrics, Stanford University, Stanford, CA, USA. ZInstitute for Stem Cell Biology and Regenerative Medicine, Stanford University,
Stanford, CA, USA. ®Department of Pediatrics, University of California, San Francisco, Oakland, CA, USA. “Department of Surgery, University of California
San Francisco, San Francisco, CA, USA. *Department of Bioengineering and Therapeutic Sciences, University of California San Francisco, San Francisco,
CA, USA. ®Eli and Edythe Broad Center for Regeneration Medicine, University of California San Francisco, San Francisco, CA, USA. "Aflac Cancer and
Blood Disorders Center, Department of Pediatrics, Emory University School of Medicine, Atlanta, GA, USA. ®These authors contributed equally:

Sofia E. Luna, Joab Camarena. < le-mail: kyle.cromer@ucsf.edu; mporteus@stanford.edu

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng
https://doi.org/10.1038/s41551-024-01222-6
http://orcid.org/0000-0002-9173-9518
http://orcid.org/0000-0002-3102-5820
http://orcid.org/0000-0002-0084-5404
http://orcid.org/0000-0003-2837-2255
http://orcid.org/0000-0002-8198-5010
http://orcid.org/0000-0002-3850-4648
http://crossmark.crossref.org/dialog/?doi=10.1038/s41551-024-01222-6&domain=pdf
mailto:kyle.cromer@ucsf.edu
mailto:mporteus@stanford.edu

Article

https://doi.org/10.1038/s41551-024-01222-6

contains binding sites for SHP1 that normally leads to downregula-
tion of EPO-dependentJAK2-STATS5 signalling (Supplementary Fig. 1a).
Further studies have shownthat tEPOR does not create a constitutively
active EPOR signalling cascade but rather imparts hypersensitivity to
EPO*®. Asa consequence, these kindreds with tEPOR typically present
with abnormally low levels of EPO, indicating a new homoeostasis is
attained to prevent CE from becoming pathogenic. There have been
reports of thrombotic and haemorrhagic events likely due to eryth-
rocytosis but many of these events have a benign clinical course’.
More importantly, families with CE have not shown anincreased pre-
disposition to cancer, showing that this is not a premalignant genetic
condition®,

Although previous studies have investigated the effects of
viral-mediated delivery and expression of tEPOR’ ™", random insertion
into the genomes of billions of haematopoietic stem and progenitor
cells (HSPCs) inthe context of bone marrow (BM) transplant presents
a serious safety concern and has resulted in a ‘black box’ warning in
the United States for lovotibeglogene autotemcel, a lentiviral gene
therapy drug approved for sickle cell disease (SCD)™. In addition, such
instances of viral-mediated delivery require expression of tEPOR using
anon-native exogenous promoter, which departs from native EPOR
regulation and has the potential for unintended consequences, such
as pathogenic polycythaemia. Nonetheless, viral-mediated expres-
sionstudies provide a proof of concept that shows that tEPOR expres-
sion can lend a selective advantage to transduced cells and provide a
foundation for the utilization of more advanced genome-engineering
modalities.

Genome editing is a powerful method that enables the precise
changing of nucleotides in the DNA of a cell. There are multiple
genome-editing strategies, including nuclease-based insertion-
deletion (indel) formation, base editing and prime editing, but the
most versatile approach to genome editing is homology-directed
repair (HDR).InHDR, anuclease-induced double-strand break (DSB) is
repaired usingadonor template. The natural donor template for HDR
isthessister chromatid and the natural repair pathway is homologous
recombination. By providing adonor template that resembles asister
chromatid with large homology arms flanking the intended cut site,
the homologous recombination machinery can use this ‘substitute’
sister chromatid to repair the DSB. HDR editing is the most flexible
approach because it can create single nucleotide changes, precisely
insert large gene cassettes and even swap out large genomic regions
for other gene sequences™'°. We use all these applications of HDR in
thiswork, including direct creation of the naturally occurring variant
foundinahumankindred.

One ofthe challenges in haematopoietic stem cell gene therapy is
to achieve sufficient engraftment of the genetically engineered cells
to have a beneficial clinical effect without increasing risk. To make
this possible, effort is exerted to maximize editing frequencies in
HSPCs" . Evenif clinically relevant editing frequencies are achieved,
high-morbidity chemotherapeutic regimens are currently required to
createniche space inthe BM for these edited HSPCs, which can create
toxicities, including oncogenic risk?** In this work we aimed to give
edited cells aselective advantage such that low levels of engraftment
might still result in a clinical benefit, perhaps enabling less toxic con-
ditioning, through the use of genome editing to recreate the CE pheno-
type by engineering tEPOR into HSPCs in different ways. We find that
when tEPOR is engineered into human HSPCs using genome editing,
thereisasubstantial selective advantage to the derived RBCs. We then
show that this selective advantage can be coupled to atherapeutic gene
editto give the cells with the therapeutic edit aselective advantagein
RBC development, without affecting the stem and progenitor cells. In
this way, we show the power of combining human genetics with preci-
sion genome editing to potentially enable safer and more effective
genome-editing therapies for patients with serious genetic diseases,
particularly those involving RBCs.

Results

Cas9-guided EPOR truncation enhances erythroid
proliferation

Truncating mutations in the EPOR gene that cause clinically benign
CE*® provide a potentially safe avenue to increase erythropoietic
output from genome-edited HSPCs. In this study we designed Cas9
single-guide RNAs (sgRNAs)" (termed EPOR-sgl and EPOR-sg2) that
overlap the location of the originally identified nonsense muta-
tion, EPOR c.1316G>A (p.W439X; Mintyranta variant)* (Fig. 1a and
Supplementary Fig. 2a). Our hypothesis was that targeting this site in
exon 8 with Cas9 would create a spectrum of indels, a subset of which
would result in a frameshift of the reading frame and yield premature
downstream stop codons in the EPOR gene.

To test this hypothesis, we precomplexed each sgRNA with
high-fidelity Cas9 protein® and delivered these ribonucleoprotein
(RNP) complexes to human CD34* HSPCs. At 2-3 days postediting,
we transferred cells into culture medium that promotes erythroid
differentiation over the course of 2 weeks (Fig. 1a)**. To determine
whether edited HSPCs have a proliferative advantage compared with
unedited cells, we collected genomic DNA atday 0,4, 7,11and 14 of RBC
differentiation. We then quantified indel frequency by polymerase
chain reaction (PCR) amplification followed by Sanger sequencing
and decomposition analysis using TIDE®. In the absence of a selec-
tive advantage or disadvantage, the percentage of edited alleles in
cells at the beginning and end of RBC differentiation will be roughly
equivalent—whichis what we observe for the editing frequency of the
HBB sgRNA used for correction of SCD. However, we observe that the
editing frequency of EPOR-targeting sgRNAs increases significantly
over the course of erythroid differentiation, to a greater extent in
EPOR-sgl than in EPOR-sg2 (P = 0.0016 for EPOR-sgl from day O to
day 14; Fig. 1b and Supplementary Fig. 2b). In addition, we show that
the increase in indels for both EPOR-sg1 and EPOR-sg2 is predomi-
nantly driven by indels that yield downstream stop codons (Extended
DataFig.1a,band Supplementary Fig.2¢,d). Thisindicates that edited
cells, particularly those with premature stop codons, are outcompeting
unedited cellsbecause of the EPO hypersensitivity of tEPOR-expressing
cellsin culture®®.

Asnotallindels created by the sgRNAs cause truncationsin EPOR,
we speculated that we could increase this proliferative effect by using
HDRtoinsertastop codon at the exact location of the original variant
(c.1316G>A). To accomplish this, we designed an adeno-associated
virus serotype 6 (AAV6) repair template vector that introduces a
stop codoninto EPOR at the 439th amino acid (W439X) followed by a
BGH-poly(A) tail to terminate transcription. We alsoincluded adown-
stream GFP marker driven by the constitutive human UbC promoter to
ensure that each GFP* allele harbours the intended EPOR-truncating
mutation. The entire integration cassette was flanked by 950 bp
homology arms that corresponded to the genomic DNA immedi-
ately upstream and downstream of the intended Cas9 cut site created
by the more effective EPOR-sgl (Fig. 1c). To determine whether this
editing strategy was also able to drive enrichment of genome-edited
RBCs, we complexed EPOR-sgl with Cas9 protein and delivered this
by electroporation to human CD34* HSPCs followed by transduction
with an AAV6 DNA repair template. At 2-3 days postediting, we either
maintained cells in HSPC media or began erythroid differentiation
with 3 U ml™ of EPO (+EPO), as has been previously described™, or
with O Uml™ of EPO (-EPO) to determine whether tEPOR-expressing
cells retain EPO sensitivity or became EPO independent during their
differentiation. At day 14 of erythroid differentiation, we stained for
established RBC markers' and analysed cells using flow cytometry. We
observed no differentiation when cells were kept in HSPC media and
efficient RBC differentiation in all treatments with EPO. In the edited
conditionsin the absence of EPO, we observed moderate differentia-
tion that may indicate the hypersensitivity of tEPOR-expressing cells
totraceamounts of EPO in the media, as has been previously observed

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-024-01222-6

<19,

(@@
‘\,‘/ ‘\ — 3
\\ » /\

Edit HSPCs
yvith Cas9/AAVE

/ SN
/ ~

,@Y
WQ‘

RBC
differentiation

Erythroid
progenitors

~

/
/EPOR
[TH2H{sHaF{sHerH—{7H & |

% Mantyranta variant //

e
—@— HSPC
*%
60 | —O— -EPO
—@— +EPO
S
T,; 40 —
©
o
o
[T
O]
20
*
Y T T T T T
o] 4 7 n 14

Day of RBC differentiation

Fig.1| Cas9-guided EPOR truncation in HSPCs enhances erythroid
proliferation. a, Schematic of HSPC editing and model of tEPOR’s effect.
Representation of EPOR gene and location of the candidate sgRNA (EPOR-sg1)
indicated by aline. Location of ¢.1316G>A mutation is denoted by the star. Created
with BioRender.com. b, Frequency of indels created by EPOR-sglin primary
human CD34"HSPCs over the course of erythroid differentiation compared

with control HBB sgRNA. Points represent median + interquartile range. Values
represent biologicallyindependent HSPC donors: n=5for EPOR-sglandn=1

for control HBBsgRNA. *P=0.0016 of day O versus day 14 by unpaired two-tailed
t-test. ¢, Genome-editing strategy when using an AAV6 DNA repair template to
introduce the EPOR c.1316G>A mutation followed by a BGH-poly(A) region and
UbC-driven GFPreporter.d, Percentage of GPA"/CD71" of live single cells on day 14
of differentiation. Bars represent median + interquartile range. Values represent
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biologically independent HSPC donors: n = 2-3 for HSPC and n = 3-4 for -EPO
and +EPO conditions. *P=0.0016 of ~EPO versus HSPC conditions; **P=0.003,
***P=0.0001of ~-EPO versus +EPO conditions by unpaired two-tailed ¢-test.

e, Percentage of GFP* cells of live single cells maintained in RBC media with or
without EPO or HSPC media as determined by flow cytometry. Points represent
median t interquartile range. Values represent biologically independent HSPC
donors: n=2for HSPC condition and n = 3-4 for -EPO and +EPO conditions.
*P=0.04,**P=0.0006 of day O versus day 14 by unpaired two-tailed ¢-test.

f, Fold change in cell count throughout RBC differentiation (for example, if at day
Ostarting cell numbers were 1 x 10° cells total, then a fold count change 0f 1,000
would yield a total cell number of 1 x 10® at day 14). Points represent mean +s.e.m.
Values represent biologically independent HSPC donors: n =3 for mock and
EPOR-sgl+BGH and n =2 for EPOR-sgl.
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(Fig. 1d)*. By analysing GFP* cells over the course of RBC differen-
tiation, in the EPOR"***-edited conditions we observed a significant
increase in the frequency of edited cells in only the +EPO conditions
(P=0.0006 comparing day O to day 14; Fig. 1e). At the end of differen-
tiation, by looking at both GFP* cells and frequency of indel formation,
we estimated that almost all the RBCs are derived from cells with a
truncated EPOR due to either an indel or a UbC-GFP knock-in event
(Extended DataFig. 2a).In addition to the competitive advantage that
tEPOR expression gives to edited cells over the course of RBC differen-
tiation, we also observed increased RBC productioninboth EPOR-sgl
and EPOR-sgl + UbC-GFP-BGH conditions compared with mock con-
trol in the +EPO condition (average 1.45 x 10° total fold increase in
mock-edited cells versus 4.71 x 10* in EPOR-sgl + UbC-GFP-BGH over
the 14-day RBC differentiation; Fig. 1f). These increased cell counts
were not observed in the ~EPO condition or when cells were main-
tained in HSPC media, indicating an EPO-drivenincreaseinerythroid
proliferationin cells expressing tEPOR (Extended Data Fig. 2b). We also
assessed whether a gradient of EPO concentrations (0-20 U ml™) over
the course of RBC differentiation yielded varying degrees of enrich-
mentof edited cells (Extended Data Fig. 3a). On day 14, when compared
with —EPO, we found minimal differences in GFP* cellsin the 1lU ml™,
3Uml"and 20 U ml™ conditions and only a minor reduction in GFP*
cellsin the 0.3 U mI™ EPO condition (Extended Data Fig. 3b,c), indi-
cating that even low levels of EPO are sufficient to impart a selective
advantage to edited cells, consistent with previous work on the natural
variants>®. We also observed comparable levels of RBC differentiation
atall concentrations except ~EPO (Extended Data Fig. 3d).

In terms of the safety of this editing strategy, we show that intro-
ductionofthese EPORindels yields RBCs with production of both foetal
and adult haemoglobin tetramers following haemoglobin tetramer
high-performance liquid chromatography (HPLC) (Supplementary
Fig.3a). We also found similar colony number and lineage distribution
from CD34"HSPCs plated into wells containing methylcellulose media
either with or without EPO that were scored for colony-formation
ability after 14 days (Supplementary Fig. 3b). As expected, there was
amarked decrease in the ability to form erythroid burst-forming unit
(BFU-E) colonies in the absence of EPO even if the cells contained the
tEPOR. These data reinforce the idea that truncation of EPOR does
not alter the lineage bias of HSPCs but rather has an effect only after
commitment to theerythroid lineage. In addition, although transient
delivery of high-fidelity Cas9 has been shown to be highly specific to
the on-target site*, we also evaluated potential off-target effects of
the EPOR-sg1-RNP complex in HSPCs. We found that 94% (73 of 78)
of candidate off-target sites with scores previously shown to be most
informative for identifying sites with potential off-target activity”
resided in intergenic or intronic regions of the genome (Extended
Data Fig. 4a,b). We further interrogated potential off-target activity
at the five sites that resided in exonic or untranslated regions (UTRs)
of genes (Extended Data Fig. 4c) and found no evidence of off-target

activity in EPOR-sgl-edited cells when compared with mock-edited
cells (Extended Data Fig. 4d,e).

tEPOR at asafe-harbour locus replicates proliferative effect
Given the therapeutic utility of transgene integration at safe-harbour
sites?®, we hypothesized that integration of a tEPOR cDNA at a
safe-harbour site may also enable increased erythroid production from
edited HSPCs while leaving the endogenous EPOR locus intact. Given
thefact thatintegrationat the CCR5locusis anestablished method for
delivery of therapeutic transgenes in HSPCs*’, we developed a custom
AAVé6-packaged DNA repair template that would facilitate integration
of an exogenous human UbC promoter driving expression of tEPOR
cDNA followed by a T2A-YFP-BGH reporter (Fig. 2a). Given the strong,
constitutive expression of the UbC promoter, this method of insertion
is expected to express tEPOR ubiquitously in all haematopoietic cell
types, regardless of lineage.

To test this strategy for tEPOR expression, we edited HSPCs with
Cas9 complexed with an established sgRNA targeting exon 2 of CCRS
(CCRS-sg3)”, immediately followed by transduction with our custom
DNA repair template. We then performed RBC differentiation poste-
diting and analysed the kinetics of editing frequency, YFP expression
and erythroid differentiation using droplet digital PCR (ddPCR) and
flow cytometry. As with endogenous EPOR truncation strategies, we
observed more efficient erythroid differentiation in all treatments
with EPO compared with the ~EPO conditions (Fig. 2b). Although flow
cytometry confirmed the ubiquitous expression of YFPin edited cells,
regardless of presence of CD71 and GPA erythroid markers during
differentiation (Fig. 2c), we did observe significant enrichment of
YFP-expressing RBCsin the presence of EPO (P < 0.0001 when compar-
ing day O with day 14 of RBC differentiation; Fig. 2d). This enrichment
was confirmed at the genomic level by ddPCR that showed anincrease
in the percentage of edited alleles when tEPOR-expressing cells were
subjected to erythroid differentiation, increasing by an average of
7.3-fold in the presence of EPO, and enrichment to a limited degree in
the -EPO condition (Extended Data Fig. 5a). With this editing strategy,
we observedincreased RBC productioninthe CCRS-sg3 + tEPOR condi-
tionand noincreasein proliferation of CCR5-sg3 alone compared with
mock control cells in the +EPO condition. We saw no increased prolif-
erationinthe cells maintained in HSPC media orin the -EPO condition
(Extended Data Fig. 5b). We then assessed if enrichment of edited cells
differed along agradient of EPO levels during RBC differentiation and
again found that there were minimal differences in YFP* cells in the
1UmI™, 3 Uml™"and 20 U ml™ conditions and a minor decrease in the
0.3 Uml™ EPO condition compared with that in the ~EPO condition
(Extended DataFig. 5c,d). There were comparable levels of RBC differ-
entiationinall conditions except that of -EPO (Extended Data Fig. Se).

We again observed that edited and unedited cells had no notice-
able difference in lineage commitment or colony-forming ability fol-
lowing a colony-forming unit (CFU) assay (Supplementary Fig. 4a).

Fig.2|Integration of tEPOR cDNA shows an erythroid-specific proliferative
effect. a, Genome-editing strategy to introduce tEPOR-T2A-YFP-BGH-poly(A)
cDNA at the CCRS locus with expression driven by a ubiquitous UbC promoter.
b, Percentage of GPA'/CD71" of live single cells on day 14 of differentiation
following introduction of tEPOR at the CCRS locus. Bars represent median +
interquartile range. Values represent biologically independent HSPC donors:
n=2-3for HSPC condition and n = 2-4 for -EPO and +EPO conditions. *P=0.0018
for —EPO versus HSPC conditions, **P < 0.0001 for —~EPO versus +EPO conditions
by unpaired two-tailed t-test. ¢, Representative flow cytometry plots of one
donor of CCRS-sg3 + tEPOR-edited HSPCs on day 14 of RBC differentiationin the
+EPO condition. d, Percentage of YFP cells of live single cells as determined by
flow cytometry. Points represent mean + s.e.m. Values represent biologically
independent HSPC donors: n =2 for HSPC condition, n = 3 for —~EPO condition
and n =3-4for +EPO condition. *P=0.0003 for day O versus day 14 by unpaired

two-tailed t-test. e, Genome-editing strategy to introduce tEPOR-T2A-YFP cDNA
atthe HBAI locus by whole gene replacement to place integration cassette under
regulation of the endogenous HBAI promoter. f, Percentage of GPA'/CD71" of
live single cells on day 14 of differentiation following introduction of tEPOR
cDNA at the HBA1 locus. Bars represent median + 95% confidence interval. Values
represent biologically independent HSPC donors: n = 2 for HSPC condition and
n=2-3for-EPO and +EPO condition.*P=0.0002 for —-EPO to +EPO condition

by unpaired two-tailed t-test. g, Representative flow cytometry plots of one
donor of HBA1-sg4 + tEPOR-edited HSPCs on day 11 of RBC differentiation in the
+EPO condition. h, Percentage of YFP* cells of live single cells as determined by
flow cytometry. Points represent mean + s.e.m. Values represent biologically
independent HSPC donors: n =2 for HSPC condition and n = 3 for —-EPO and +EPO
condition. FSC-A, forward scatter area; FITC, fluorescein isothiocyanate.
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In addition, we analysed RBC postdifferentiation using haemoglobin
tetramer HPLC and found that UbC-mediated expression of tEPOR
resulted in both HgbF and HgbA expression but a relative increase in
HgbF expression (Supplementary Fig. 4b). Theseresultsindicate that
expression of tEPOR from a safe-harbour site is an effective means of
driving increased RBC production from genome-edited HSPCs.

tEPOR at HBA1shows erythroid-specific proliferation
Although integration at a safe-harbour locus effectively increased
erythropoietic output from edited HSPCs, there is the concern that
constitutive expressioninall cell types could disrupt stemness or lead to
other unintended effects. As an alternative, we canintroduce promoter-
less transgenes into endogenous genes for the integration cassette to
be regulated by endogenous expression machinery. For instance, in
previous work we designed agenome-editing strategy to fully replace
the HBA1 gene with an HBB transgene to correct B-thalassaemia'. We
found thatbecause a-globinis produced by duplicate genes, HBAI may
serve as a safe-harbour site to deliver custom payloads with strong
erythroid-specific expression.

We therefore hypothesized that integration of the tEPOR cDNA
at the HBA1 locus could further enhance production of edited RBCs
while avoiding potential complications with ubiquitous transgene
expression because of the specificity of expression of HBAIinthe RBC
lineage. To test this hypothesis, we designed a custom integration
cassette (also packaged in AAV6) to use with an established sgRNA
(HBAI-sg4) to introduce a promoterless tEPOR cDNA followed by a
T2A-YFP reporter under expression of endogenous HBAI regulatory
machinery (Fig. 2e). Following editing, we observed efficient erythroid
differentiationinall treatments with EPO and little to no differentiation
inthe absence of EPO (Fig. 2f). We found that this integration strategy
indeed yielded RBC-specific expression of YFP, which was only detect-
able as cells gained CD71 and GPA erythroid markers (Fig. 2g). Over
the course of RBC differentiation, we observed dramatic enrichment
of YFP* cells exclusively in the +EPO condition (Fig. 2h). Although we
observed amild degree of enrichment of edited alleles using ddPCRin
the absence of EPO, this effect was more pronounced in the presence of
EPO, eliciting an average 4.4-fold increase in the percentage of edited
alleles over the course of RBC differentiation (Extended Data Fig. 6a).
We again cultured edited cellsinagradient of EPO during RBC differen-
tiation and observed minimal differencesin YFP*cell enrichmentinall
conditions containing EPO (Extended Data Fig. 6b,c). There were also
comparable levels of RBC differentiation in all conditions except that
of -EPO (Extended Data Fig. 6d).

Againwe found that cells edited with tEPOR at HBA1 showed similar
colony-forming ability as mock-edited cells (Supplementary Fig. 5a).
In addition, we found that tEPOR-expressing cells produce ratios of
human haemoglobin that are similar to unedited RBCs (Supplemen-
tary Fig. 5b).

HBB-tEPOR increases production of thalassaemia-corrected
RBCs

Asthe above results show that tEPOR expressionyieldsincreased RBC
production fromedited HSPCs, we then sought to couple this selective
advantage with a therapeutic gene edit. We chose to combine tEPOR
with our previous -thalassaemia correction approach to simultane-
ously correct the disease and increase production of clinically meaning-
fulRBCs fromthese corrected HSPCs. One way this canbe accomplished
is by creating a bicistronic cassette that links expression of the thera-
peutic full-length HBB transgene with a tEPOR cDNA. Previous stud-
ies have found that the type of linker domain used can have a great
bearing on transgene expression and protein function—particularly
when function is dependent on formation of protein complexes, as
is the case with the globin genes'. Therefore, we designed and tested
avariety of AAV6 repair template vectors linking the two genes using
standard T2A peptides, optimized T2A peptides with furin cleavage

sites® (referred to as FuT2A) and internal ribosome entry sites (referred
to as IRES) and by driving tEPOR expression from a separate exogenous
promoter—human PGK1 (referred to as PGK). To evaluate the different
vectors, we edited healthy donor HSPCs as previously described at
HBA1 using the bicistronic AAV6 repair templates and evaluated their
ability to differentiate and enrich for edited RBCs over the course of
erythroid differentiation (Fig. 3a). Although efficient RBC differentia-
tion was achieved in all editing conditions (Fig. 3b), we found that all
four bicistronic cassettes drove >2-fold enrichment of edited alleles
(range, 2.1-fold to 3.5-fold; P= 0.003 for PGK-tEPOR, P=0.0055 for
tEPOR-T2A, P=0.0259 for tEPOR-FuT2A and P= 0.0003 for /RES-tEPOR
when comparing day 0 to day 14; Fig. 3c,d). We note that allele-targeting
frequencies of 60% translate into >80% of the cells having at least one
allele targeted (cell-targeting frequency) and thus we would not expect
to see much more enrichment than we observed.

Toensure this strategy was also effective in patient-derived cells,
we tested these bicistronic vectors in HSPCs derived from patients
with SCD, this time comparing them with a therapeutic full-length HBB
transgene™. All the constructs are knocked in to the HBAI locus without
disrupting the endogenous HBB locus expressing HgbS. We found
that vectors did not disrupt erythroid differentiation when compared
with mock-edited cells in the same donor, although their ability to
differentiate was likely impacted by the variable quality of the frozen
patient samples (Extended Data Fig. 7a). Again, we observed >2-fold
enrichment of edited alleles for all four bicistronic vectors (range,
2.0-foldto 3.1-fold), but no change in editing frequency for the original
B-thalassaemia correction vector (P=0.0061for PGK-tEPOR, P=0.011
for tEPOR-T2A, P=0.0016 for tEPOR-FuT2A, P= 0.0153 for IRES-tEPOR
when comparing day O with day 14; Fig. 3e,f). We estimate that at the
end of the differentiation almost all the cells have at least one allele
with the HBB-tEPOR knock-in and thus no biological drive for further
enrichment. When we analysed differentiated RBCs for haemoglobin
tetramers by HPLC, we found that the 724 vectors showed almost no
HgbA expression (consistent withaprevious observation that addition
of a T2A candisrupt HBB protein function™). In contrast, we found that
PGK-tEPOR and IRES-tEPOR vectors showed animprovement in HgbA
productionrelative to the HBB-only edited cells (Extended DataFig. 7b).
There was no change in the HgbF expression in these samples.

Multiplexed tEPOR and HBB editing increases f-globin mRNA
In lieu of coupling the tEPOR cDNA and therapeutic edit at the same
locus, analternative strategy would be to multiplex two editing events
atdifferentlocito simultaneously truncate the endogenous EPOR and
introduce the original B-thalassaemia correction vector at HBAI. This
strategy may have the additional advantage that the endogenous EPOR
truncation will more reliably recapitulate CE. We hypothesized that
we could simultaneously deliver Cas9 separately precomplexed with
EPOR-truncating EPOR-sgl and HBA1-sg4 gRNA and then transduce
HSPCs with both the 3-thalassaemia correction vector and the W439X
EPOR-targeting vector. As homology arms of each vector are specific
for each site—HBB for the HBAI locus and W439X for the EPOR locus—
integration for each vector will occur only at the intended locus. This
strategy may allow simultaneous correction of 3-thalassaemia and
increased erythropoietic output from corrected HSPCs. For this to
be maximally effective, the two editing events must be present in the
same cell. Therefore, during editing we used a DNA-PKcs inhibitor
to increase the frequency of template integration at each locus™*.
Following editing, we determined whether this multiplexed editing
strategy increases the frequency of corrected RBCs over the course
of erythroid differentiation.

To model the clinical setting where both edited and unedited
HSPCs would occupy the patient’s BM, we introduced unedited cells
at various concentrations at the start of erythroid differentiation
(Fig. 4a). Importantly, none of the multiplexed conditions disrupted
erythroid differentiation compared with single-edited HBB or mock
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Fig.3| Therapeutic editing frequencies are achieved using bicistronic
HBB-tEPOR cassette. a, Design of HBB (control) and HBB-tEPOR (bicistronic)
AAV6 donor cassettes targeted to the HBAI locus by whole gene replacement.
b, Percentage of GPA'/CD71' of CD347/CD45" cells on day 14 as determined

by flow cytometry. Points are shown as median + 95% confidence interval.
Values represent biologically independent HSPC donors: n =2 for HBB and
n=3forall other vectors. ¢, Percentage of edited alleles for control (HBB) and
bicistronic HBB-tEPOR in cord-blood-derived CD34" cells over the course of RBC
differentiation. Points are shown as median + 95% confidence interval. Values
represent biologically independent HSPC donors: n =2 for HBB, n=3for all
other vectors. *P=0.003 for PGK-tEPOR, P = 0.0055 for tEPOR-T2A, P= 0.0259
for tEPOR-FuT2A, P=0.0003 for IRES-tEPOR (day O versus day 14) by unpaired

two-tailed ¢-test. d, Fold change in edited alleles from the beginning (day O) to
end (day 14) of RBC differentiation.The dashed line represents no fold change.
Bars represent median + 95% confidence interval. e, Percentage of edited alleles
for control (HBB) and bicistronic HBB-tEPOR vectors in cells from patients with
SCD over the course of RBC differentiation. Points are shown as median + 95%
confidence interval. Values represent biologically independent HSPC donors:
n=3for PGK-tEPOR and n = 4 for all other vectors. *P = 0.0061 for PGK-tEPOR,
*P=0.011for tEPOR-T2A,*P=0.0016 for tEPOR-FuT2A,*P = 0.0153 for IRES-tEPOR
(day O versus day 14) by unpaired two-tailed ¢-test. f, Fold change in edited alleles
from the beginning (day 0) to end (day 14) of RBC differentiation. The dashed line
represents no fold change. Bars represent median + 95% confidence interval.
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Fig. 4 | Multiplexed editing of EPOR and HBA1leads to robust increase in

HBB mRNA within editing HSPCs. a, Schematic of multiplexed editing strategy
with spike-in of unedited cells at the start of erythroid differentiation to model
HSPC transplantation. b, Percentage of GPA*/CD71" of CD347/CD45™ cells on day
14 of RBC differentiation as determined by flow cytometry. Points are shown
asmedian + interquartile range. n = 3 biologically independent HSPC donors.

¢, Percentage of edited alleles at HBA1 in all multiplexed editing or spike-in
conditions throughout RBC differentiation. Points are shown as median + 95%
confidence interval. n =3 biologically independent HSPC donors. *P = 0.0332 for
HBB +tEPOR100%, *P = 0.0086 for HBB + tEPOR 30%, *P = 0.0122 for HBB + tEPOR

10% (day O versus day 14) by unpaired two-tailed ¢-test; **P = 0.0113 for HBB
versus HBB + tEPOR 30% at day 14, **P = 0.008 for HBB versus HBB + tEPOR10%
atday 14 by unpaired two-tailed t-test. d, Fold increase in edited alleles on day
14 of differentiation of multiplexed conditions versus HBB only. The dashed line
represents no fold change. Bars represent median + 95% confidence interval.
*P=0.0315,*P=0.0123 by unpaired two-tailed t-test. e, nRNA expression of
integrated HBB at HBAI locus normalized to HBB expression from mock. GPA
mRNA expression was used as a reference. n = 3 biologically independent HSPC
donors. Bars represent median + 95% confidence interval.

conditions (Fig. 4b). In all the multiplexed conditions, we observed
anincrease in the frequency of corrected alleles over the course of
RBC differentiation (P=0.0332 for HBB + tEPOR 100%, P=0.0086
for HBB + tEPOR 30% and P = 0.0122 for HBB + tEPOR 10% when com-
paring day O with day 14; Fig. 4¢). In fact, in both the 30% and 10%
multiplexed conditions, we achieved a higher frequency of edited
alleles by the conclusion of erythroid differentiation compared with
single-edited conditions with unedited cells introduced at an equiva-
lent concentration (P= 0.0113 for HBB versus HBB + tEPOR 30% at day

14 and P=0.008 for HBB versus HBB + tEPOR10% at day 14; Fig. 4d). We
confirmed truncationat the EPOR locus measured by GFP* cells at day
14 of RBC differentiation (Extended Data Fig. 8a). We also observed
a corresponding increase in HBB mRNA expression from the HBA1
locus in the 30% and 10% multiplexed edited conditions on day 14 of
RBC differentiation compared with single-edited conditions (Fig. 4e),
indicating an improved ability for multiplexed editing to increase
therapeutic potential of this -thalassaemia correction strategy. When
we measured the colony-forming ability of the edited cells, we found
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that differentiation into the various lineages was similar between mock
cellsand cells edited with HBB alone or HBB + tEPOR; however, we did
observeadecreaseintotal colonies produced inboth edited conditions
aswouldbe expected fromthe increased amount of AAV used to target
two loci (Extended Data Fig. 8b,c)***.

Discussion

Insights from clinical genetics have typically implicated new genes and
pathwaysin disease. Here we sought to use human genetics to develop
new strategies to treat disease. We used the precision of genome editing
to capitalize on a previously characterized disorder called CE, which
leads to EPO hypersensitivity and hyper-production of erythrocytes,
without causing pathology*. As previously shown with variants iden-
tified in human genetics, such as those found in CCR5, PCSK9 and the
y-globin promoter region, we hypothesized that we could use CRISPR to
introduce this natural EPOR variant (¢EPOR) to increase erythropoietic
output fromedited HSPCs. Previous work has highlighted the challenge
ofachievinglong-term correction of disease following delivery of gene
therapy or genome-editing correction strategies®**”. Although many
effortsareunderway toimprove editing and engraftment frequencies,
we hypothesized that we could develop astrategy toincrease produc-
tion ofthe clinically relevant cell type—the RBC—from edited HSPCs. If
successful, thenlower editing and engraftment frequencies could yield
sufficient production of RBCs to achieve therapeutic benefit and thus
be curative for patients. Previous work has shown thatintroducing the
tEPOR variant using lentiviral delivery enhanced the efficacy of small
hairpin RNA knockdown of BCL11A in upregulating HgbF, confirming
the beneficial function of this variant’. However, our work deploys the
precision of genome editing to generate tEPOR, which may have broad
utility across a spectrum of blood disorders.

We explored multiple genome-editing strategies to create the
tEPOR variant, either through truncation of the endogenous EPOR
gene or integration of a tEPOR cDNA at safe-harbour loci. We found
that HSPCs expressing tEPOR consistently showed increased eryth-
ropoiesis but otherwise normal, EPO-dependent production of hae-
moglobin. To increase RBC production of genome-edited HSPCs in
the context of disease correction, we combined the tEPOR cassette
with apreviously described B-thalassaemia strategy in which the HBB
gene replaces the HBA1 gene using HDR-based genome editing'. This
allowed us to simultaneously introduce an HBB transgene to restore
normal haemoglobin production and to increase erythropoietic
output from edited HSPCs. To show the flexibility of the various
tEPOR-introduction strategies, we also developed an alternative,
multiplexed, site-specific genome-editing strategy to pair the original
B-thalassaemia correction strategy with introduction of the EPOR
truncation atthe endogenouslocus. Both strategiesled to enrichment
of genome-edited RBCs over the course of erythroid differentiation
compared with the traditional -thalassaemia correction strategy. As
we found the effects to be EPO dependent, it is possible the selective
advantage in vivo may be even more pronounced because patients
suffering from the haemoglobinopathies display elevated EPO levels
due to their severe anaemia®,

In terms of safety, the strategy to use CRISPR to introduce
natural variants has the benefit of having been already ‘tested’
in vivo in humans. However, it must be noted that several of the
genome-editing strategies introduce tEPOR under non-native regu-
lation that could alter the normal function of tEPOR. In considering
this possibility, we note that although every cell in patients with
CE harbours an EPOR truncation, therapeutic deployment of the
genome-editing strategy will result in the introduction of tEPOR
in only a subset of HSPCs resident in the BM. Therefore, any aber-
rant effects of non-native tEPOR expression (such as bias away
from lymphoid or other cell types) are unlikely to lead to cytopenia
given the large number of unedited HSPCs remaining in the BM
post-transplant. Furthermore, by increasing erythropoietic output

from edited HSPCs, we believe this work could enable the reduc-
tion or elimination of high-morbidity myeloablation regimens that
are currently required to attain therapeutic levels of edited HSPCs.
Expression of tEPOR could therefore be integrated into any treat-
ment for blood disorders thatinvolve transplantation of HSPCs. For
example, eveninanallogeneic haematopoietic stem cell transplant
for RBC disorders, atruncation in the natural EPOR could be created
using indel-based genome editing to give the derived transplanted
erythroid progenitors a selective advantage. This strategy could
thereby enable less toxic myeloablative conditioning to be effectively
used where mixed chimerism might be the result.

Taken together, these results show the power of combin-
ing knowledge from human genetics with the precision of CRISPR
genome-editing technology to introduce clinically meaningful
variants. As human genome sequencing becomes more common-
place and clinically routine®**’, it is likely that a greater number
of variants of unknown significance will be discovered and char-
acterized. We therefore believe that the strategy defined in this
work—using CRISPR to introduce natural human variants—may be
deployed to amplify the therapeutic potential of current and future
celltherapies.

Methods

AAV6 vector design, production and purification

AAV6 vector plasmids were cloned into the pAAV-MCS plasmid (Agilent
Technologies) comprising inverted terminal repeats derived from
AAV2. Gibson Assembly Master Mix (New England Biolabs) was used
for the creation of all DNA repair vectors as per the manufacturer’s
instructions. AAV6 vector was produced and purified with little vari-
ation from previously described processes*. 293T cells (Life Tech-
nologies) were seeded in five dishes (15 cm?) with 13 x 10°-15 x 10°
cells per plate at 24-h pretransfection. Each dish was then trans-
fected with a standard polyethylenimine (PEI) transfection of 6 pg
inverted-terminal-repeat-containing plasmid and 22 pg pDGM6 (gift
from David Russell, University of Washington), which holds the AAV6
cap, AAV2 rep and Ad5 helper genes. After a48-72-hincubation, cells
were collected and vectors were purified using the AAVpro purifica-
tion kit (catalogue number 6666; Takara Bio) per the manufacturer’s
instructions and then stored at —-80 °C until further use. AAV6 vectors
weretitred using ddPCR to measure the number of vector genomes as
previously described*.

In vitro culture of CD34" HSPCs

Human CD34" HSPCs were cultured in conditions as previously
described”***¢, CD34" HSPCs were isolated from cord blood (pro-
vided by Stanford Binns Program for Cord Blood Research) or
sourced from plerixafor- and/or G-CSF-mobilized peripheral blood
(AllCells and STEMCELL Technologies). Frozen plerixafor- and/or
G-CSF-mobilized peripheral blood of patients with SCD were pro-
vided by Dr Vivien Sheehan at Emory University. CD34" HSPCs
were cultured at 1 x10°-5 x 10° cells ml™ in StemSpan Serum-Free
Expansion Medium Il (STEMCELL Technologies) or Good Manufac-
turing Practice Stem Cell Growth Medium (SCGM; CellGenix) sup-
plemented with a human cytokine (PeproTech) cocktail: stem cell
factor (100 ng mI™), thrombopoietin (100 ng mI™), Fms-like tyrosine
kinase 3ligand (100 ng mI™), interleukin-6 (100 ng mI™), streptomycin
(20 mg mlI™), penicillin (20 U mI™) and 35 nM of UM171 (catalogue num-
ber A89505; APEXBIO). The cellincubator conditions were 37 °C, 5% CO,
and 5% O,.

Electroporation-aided transduction of cells

The synthetic chemically modified sgRNAs used to edit CD34" HSPCs
were purchased from Synthego or TriLink Biotechnologies and
were purified by HPLC. These modifications comprise 2’-O-methyl-
3’-phosphorothioate at the three terminal nucleotides of the 5’ and
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3’ ends described previously”. The target sequences for the gRNAs
were as follows.

EPOR gRNA (EPOR-sg1).
5"-AGCTCAGGGCACAGTGTCCA-3’

EPOR gRNA (EPOR-sg2).
5"-GCTCCCAGCTCTTGCGTCCA-3’

CCR5 gRNA (CCRS-sg3).
5"-GCAGCATAGTGAGCCCAGAA-3’

HBAI gRNA (HBA1-sg4).
5-GGCAAGAAGCATGGCCACCG-3’

The HiFi Cas9 protein was purchased from Integrated DNA Tech-
nologies (IDT) or Aldevron. Before electroporation, RNPs were com-
plexed at a Cas9/sgRNA molar ratio of 1:2.5 at 25 °C for 10-20 min.
Next, CD34" cells were resuspended in P3 buffer (Lonza) with com-
plexed RNPs and subsequently electroporated using the Lonza
4D-Nucleofector and 4D-Nucleofector X Unit (program DZ-100).
Electroporated cells were then plated at1 x 10°-5 x 10° cells ml'in the
previously described cytokine-supplemented media. Immediately
after electroporation, AAV6 was dispensed onto cellsat 2.5 x 10*-5 x 10
vector genomes per cellbased ontitre determined by ddPCR. For mul-
tiplex editing experiments, in addition to the steps described above,
cells were incubated with 0.5 uM of the DNA-PKcs inhibitor AZD7648
(catalogue number S8843; Selleck Chemicals) for 24 h, as previously
described®>*,

Allelic modification analysis using ddPCR

Edited HSPCs were collected within2-3 days postelectroporation and
ateach mediachange throughout erythrocyte differentiation and then
analysed for modification frequencies of the alleles of interest. To quan-
tify editing frequencies, we created custom ddPCR primers and probes
to quantify HDR alleles (using in—out PCR and probe correspond-
ing to the expected integration event) compared with an established
genomic DNA reference (REF) at the CCRL2locus™. QuickExtract DNA
extraction solution (catalogue number QE09050; Biosearch Technolo-
gies) wasused to collect genomic DNA input, which was then digested
using BamHI-HF or HindllI-HF as per the manufacturer’s instructions
(New England Biolabs). The percentage of targeted alleles within a
cell population was measured with a Bio-Rad QX200 ddPCR machine
and QuantaSoftsoftware (v.1.7; Bio-Rad) using the following reaction
mixture:1-4 plgenomic DNAinput, 10 pl of ddPCR Supermix for Probes
(no dUTP; Bio-Rad), primer and probes (1:3.6 ratio; IDT), and volume
up to 20 pl with H,0. ddPCR droplets were then generated following
the manufacturer’s instructions (Bio-Rad): 20 pl of ddPCR reaction,
70 pl of droplet generation oil and 40 pl of droplet sample. Thermo-
cycler (Bio-Rad) settings were as follows: 98 °C (10 min), 94 °C (30's),
55.7-60°C (30s), 72 °C (2 min), return to step 2 for 40-50 cycles and
then 98 °C (10 min). Analysis of droplet samples was then performed
using the QX200 Droplet Digital PCR System (Bio-Rad). We next divided
the copies per microlitre for HDR (%): HDR/REF. The following primers
and probes were used in the ddPCRreaction.

CCRS (for tEPOR-YFP construct).

Forward primer (FP): 5-GGGAGGATTGGGAAGACA-3’

Reverse primer (RP): 5-AGGTGTTCAGGAGAAGGACA-3’

Probe: 5’-6-FAM/AGCAGGCATGCTGGGGATGCGGTGG/3IABkFQ-3’

HBAI1 (for tEPOR-YFP construct).
FP:5-AGTCCAAGCTGAGCAAAGA-3’
RP:5’-ATCACAAACGCAGGCAGAG-3’

Probe: 5-6-FAM/CGAGAAGCGCGATCACATGGTCCTGC/3IABKFQ-3’

HBAI1 (for HBB construct and tEPOR-HBB constructs).
FP:5-GTGGCTGGTGTGGCTAATG-3’
RP:5-CAGAAAGCCAGCCAGTTCTT-3’

Probe: 5-6-FAM/CCTGGCCCACAAGTATCACT/3IABKFQ-3’

HBAI1 (for HBB-tEPOR constructs).
FP:5-TCTGCTGCCAGCTTTGAGTA-3’
RP:5-GCTGGAGTGGGACTTCTCTG-3’

Probe: 5-6-FAM/ACTATCCTGGACCCCAGCTC/3IABkKFQ-3’

CCRL2 (reference).

FP:5-GCTGTATGAATCCAGGTCC-3’
RP:5-CCTCCTGGCTGAGAAAAAG-3’

Probe: 5-HEX/TGTTTCCTC/ZEN/CAGGATAAGGCAGCTGT/
3IABKFQ-3’

Indel analysis using TIDE software
Within 2-4 days postelectroporation, HSPCs were collected with
QuickExtract DNA extraction solution (catalogue number QE09050;
Biosearch Technologies) to collect genomic DNA. The following
primer sequences were used to amplify the respective cut sites at the
EPORIocus:

FP:5-CAGCTGTGGCTGTACCAGAA-3’

RP:5-CAGCCTGGTGTCCTAAGAGC-3’

Sanger sequencing of the respective samples was then used as
input forindel frequency analysis relative to amock, unedited sample
using TIDE as previously described®.

Invitro differentiation of CD34" HSPCs into erythrocytes
Following editing, HSPCs derived from healthy individuals or patients
with SCD were cultured for 2-3 days as described above. Subsequently,
al4-dayinvitro differentiation was performed in supplemented SFEMII
medium as previously described***. SFEMII base medium was supple-
mented with 100 U ml™ penicillin-streptomycin, 10 ng ml™ SCF (Pepro-
Tech),1ng mI'IL-3 (PeproTech),3 U mI™EPO (eBiosciences),200 pg ml™*
transferrin (Sigma-Aldrich), 3% human serum (heat-inactivated;
Sigma-Aldrich or Thermo Fisher Scientific), 2% human plasma (iso-
lated from umbilical cord blood provided by the Stanford Binns Cord
Blood Program), 10 pg ml™ insulin (Sigma-Aldrich) and 3 U mI™ heparin
(Sigma-Aldrich). Cells were cultured in the first phase of medium for 7
daysat1x10°cells mI™. In the second phase of medium, days 7-10, cells
were maintained at1x 10° cells mI™* and IL-3was removed from the culture.
In the third phase of medium, days 11-14, cells were cultured at 1x 10°
cells ml™, withatransferrinincrease tolmgml™.

Immunophenotyping of differentiated erythrocytes
Differentiated erythrocytes were analysed by flow cytometry on day
14 for erythrocyte lineage-specific markers using a FACS Aria Il (BD
Biosciences). Edited and unedited cells were analysed using the fol-
lowing antibodies: hCD45-V450 (HI30; BD Biosciences), CD34-APC
(561; BioLegend), CD71-PE-Cy7 (OKT9; Affymetrix) and CD235a-PE
(GPA) (GA-R2; BD Biosciences). In addition to cell-specific markers,
cells were also stained with Ghost Dye Red 780 (Tonbo Biosciences) to
measure viability.

Haemoglobin tetramer analysis

Frozen pellets of approximately 1 x 10 in vitro-differentiated eryth-
rocytes were thawed and lysed in 30 pl of RIPA buffer with 1x Halt
Protease Inhibitor Cocktail (Thermo Fisher Scientific) for 5 min on
ice. The mixture was vigorously vortexed and cell debris was removed
by centrifugation at 13,000 r.p.m. for 10 min at 4 °C. HPLC analysis of
haemoglobinsintheir native formwas performed onacation-exchange
PolyCAT A column (35 mm?x 4.6 mm?, 3 um, 1,500 A; PolyLC) using a
Perkin-Elmer Flexar HPLC system at room temperature and detection
at415 nm. Mobile phase A consisted of 20 mM Bis-Trisand2 mM KCN at
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pH 6.94, adjusted with HCI. Mobile phase B consisted of 20 mM Bis-Tris,
2 mM KCN and 200 mM NaCl at pH 6.55. Haemolysate was diluted in
buffer Abeforeinjection of 20 pl onto the column with 8% buffer Band
eluted ataflowrate of 2 ml minwithagradient made to40%Bin 6 min,
increased to100%Bin1.5 min, returned to 8% Bin1 minand equilibrated
for 3.5 min. Quantification of the area under the curve of the peaks was
performed with TotalChrom software (Perkin-Elmer) and raw values
were exported to GraphPad Prism 9 for plotting and further analysis.

mRNA analysis

After differentiation of HSPCsinto erythrocytes, cells were collected
and RNA was extracted using the RNeasy Plus Mini Kit (Qiagen). Sub-
sequently, cDNA was made from approximately 100 ng of RNA using
theiScript Reverse Transcription Supermix for quantitative PCR with
reverse transcription (Bio-Rad). Expression levels of the S-globin
transgene and a-globin mRNA were quantified with a Bio-Rad QX200
ddPCR machine and QuantaSoft software (v.1.7; Bio-Rad) using the
following primers and 6-FAM/ZEN/IBFQ-labelled hydrolysis probes,
purchased as custom-designed PrimeTime qPCR Assays from IDT.

HBB and HBB-tEPOR into HBA1.
FP:5-GGTCCCCACAGACTCAGAGA-3’
RP:5-CAGCATCAGGAGTGGACAGA-3’

Probe: 5’-6-FAM/AACCCACCATGGTGCATCTG/3IABKFQ-3’

To normalize for RNA input, levels of the RBC-specific reference
gene GPA were determined in each sample using the following prim-
ers and HEX/ZEN/IBFQ-labelled hydrolysis probes, purchased as
custom-designed PrimeTime qPCR Assays from IDT.

GPA (reference).
FP:5’-ATATGCAGCCACTCCTAGAGCTC-3’
RP:5-CTGGTTCAGAGAAATGATGGGCA-3’
Probe: 5-HEX/AGGAAACCGGAGAAAGGGTA/3IABKFQ-3’

ddPCR reactions were created using the respective primers and
probesand droplets were generated as described above. Thermocycler
(Bio-Rad) settings were as follows: 98 °C (10 min), 94 °C (30s), 54 °C
(305),72°C(305), returntostep 2 for 50 cycles and then 98 °C (10 min).
Analysis of droplet samples was done using the QX200 Droplet Digital
PCR System (Bio-Rad). To determine relative expression levels, the
numbers of HBB transgene copies per millilitre were divided by the
numbers of GPA copies ml™.

Methylcellulose CFU assay

At2-3 days postelectroporation, HSPCs were plated in SmartDish 6 well
plates (catalogue number 27370; STEMCELL Technologies) containing
MethoCult H4434 Classic or MethoCult H4434 Classic without EPO
(catalogue numbers 04444 and 04544; STEMCELL Technologies). After
14 days, the wells were imaged using the STEMvision Hematopoietic
Colony Counter (STEMCELL Technologies). Colonies were counted
and scored to determine the number of CFU-GEMM (colony-forming
unit-granulocyte, erythroid, macrophage, megakaryocyte), CFU-GM
(colony-forming unit-granulocyte, macrophage), BFU-E (burst-forming
unit-erythroid) and CFU-E (colony-forming unit-erythroid) colonies.

Quantification of editing efficiency at evaluated off-target sites
Potential sgRNA off-target sites were predicted using the CRISPR
Off-target Sites with Mismatches, Insertions and Deletions (COSMID)
online tool*®, Sites were ranked according to score and duplicate pre-
dictions at the same location were removed. All sites with ascore <5.5
were included in the analysis and the 5 sites in exonic or untranslated
regions were further analysed. PCR amplification of these sites was
performed using genomic DNA from mock-edited and RNP-edited
cells. The following primers were used with [lluminaadaptors (FP adap-
tor,5’-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3’; RP adaptor,
5-GACTGGAGTTCAGACGTGTGCTCTTCCGATCT-3').

EPOR-OT1.
FP:5’-GAGCGGGCTACAGAGCTAGA-3’
RP:5-TGGCAGAAAGTAAGGGGATG-3’

EPOR-OT2.
FP:5-ACTTGTGGAGCCACAGTTTG-3’
RP:5-AATGCCCTTGAGATGAATGC-3’

EPOR-OT3.
FP:5"-TCACACACCCGTAGCCATAA-3’
RP:5-AGAATGCTCTTTGCAGTAGCC-3’

EPOR-OT4.
FP:5-CTCAAAACTTCACCCAGGCT-3’
RP:5-GGTCTGTCATTGAATGCCTT-3’

EPOR-OTS.
FP:5’-CAACCCTGATGGGTCTGC-3’
RP:5-CCACAGCTGGCTGACCTT-3’

Following amplification, PCR products were purified by gel elec-
trophoresis and subsequent extraction using the GenejJet Gel Extraction
Kit (catalogue number FERK0692; Thermo Fisher Scientific). Purified
samples were submitted for library preparation and sequencing by
Amplicon-EZ next-generation sequencing (Azenta Life Sciences), ensur-
ingayield of over 100,000 reads per sample. Amplicons, flanked by Illu-
mina partial adaptor sequences, which encompassed the programmed
DSBs for CRISPR-Cas9, underwent sequencing using [llumina chemistry.
FastQC (v.0.11.8, default parameters; http:/www.bioinformatics.babra-
ham.ac.uk/projects/fastqc/) was used to assess the quality of raw reads.
Subsequently, paired-end reads were aligned to the specified off-target
regions using CRISPResso02 (v.2.2.14; fastq.gz files were used as input)*.

Statistical analysis
GraphPad Prism 9 software was used for all statistical analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The main data supporting the results in this study are avail-
able within the article and its Supplementary Information.
High-throughput-sequencing data generated for off-target analysis
are available through the NCBI Sequence Read Archive database via
the accession number PRJNA1102034. Sequences of the gRNA and
ddPCR primers and probes are provided in Methods. Source data for
the figures are provided with this paper. All datagenerated in this study
are available from the corresponding authors on reasonable request.
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Extended Data Fig. 4 | Off-target analysis of EPOR-sg1 by insilico prediction
and targeted next-generation sequencing (NGS). a, Complete list of potential
off-target sites predicted by COSMID with ascore <5.5.b, Summary of off-
target sites classified by region in genome. ¢, Detailed summary of 5 candidate
off-target sites found in an exon or UTR of the genome. Sequence nucleotide

mismatches highlighted in red, inserted nucleotides underlined, and missing
nucleotidesindicated by the “’ symbol. PAM sequence highlighted inblue.d,
Sequencing read depth of mock-edited and EPOR-sgl edited sample sent for each
off-target site. N = 1 biological HSPC donor. e, Frequency of indels detected in
each sample at each off-target site. N = 1 biological HSPC donor.
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Safe harbour integration of tEPOR leads to increased
erythroid proliferation and editing frequencies with littleimpact at
different concentrations of EPO. a, Fold change in edited alleles at CCR5 over
course of RBC differentiation +/- EPO or maintained in HSPC media measured
by ddPCR. Points shown as median + interquartile range. N = 3-4 biologically
independent HSPC donors. b, Cell count fold change in mock and edited cells

maintained in RBC media +/- EPO or HSPC media. Points represent mean + SEM.

Values represent biologically independent HSPC donors N =3 for Mock and

CCRS-sg3 +tEPOR and N = 2 for CCRS-sg3. ¢, Percentage of YFP* cells of live single
cells throughout RBC differentiation with 0 U/mL - 20 U/mL EPO from one
biological HSPC donor. d, Fold increase of YFP* cells at each concentration of EPO
compared to 0 U/mLEPO at day 14 of differentiation. Bars represent median +
95% confidence interval. N = 2 biological HSPC donors. e, Percentage of
GPA'/CD71" of live single cells on day 14 of differentiation. Bars represent median
+95% confidence interval. Values represent N = 2 biologically independent HSPC
donors.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Erythroid specific expression of tEPOR leads to
increased editing frequencies and is not affected by EPO concentration.
a, Fold change in edited alleles at HBAI over course of RBC differentiation +/-
EPO measured by ddPCR. Points shown as median + 95% CI. N = 3 biologically
independent HSPC donors. b, Percentage of YFP" cells of live single cells
throughout RBC differentiation with O U/mL - 20 U/mLEPO in one biological

HSPC donor. ¢, Fold increase of YFP* cells at each EPO concentration compared
to 0 U/mL EPO at day 14 of RBC differentiation. Bars represent median + 95%
confidence interval. N =2 biological HSPC donors. d, Percentage of GPA'/
CD71" of live single cells on day 14 of differentiation. Bars represent median +
95% confidence interval. Values represent N = 2 biologically independent HSPC
donors.
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Software and code

Policy information about availability of computer code

Data collection  Microsoft Excel for Mac (v16.75.2) was used for data collection. ddPCR data were collected using QuantaSoft software (v1.7.4.0917, BioRad).
Flow cytometry data were collected through FACS Diva 8 for FACS Aria Il. STEMvision automated counter (STEMCELL Technologies) with
manual correction was used to to determine the number of BFU-E, CFU-M, CFU-GM and CFU-GEMM colonies following the CFU assay.

Data analysis GraphPad Prism 9 and Microsoft Excel for Mac (v16.75.2) were used for data analysis. INDEL frequency analysis was done through the TIDE
analysis online tool (https://tide.nki.nl) on Sanger sequencing samples. FACS data were analysed through FlowJo 10.9.0 for Mac. For off-target
analysis, FastQC (v0.11.8, http://www.bioinformatics.babraham.ac.uk/projects/fastqc, default parameters) was employed to assess the quality
of raw reads. Subsequently, paired-end reads were aligned to the specified off-target regions using CRISPResso2 (version 2.2.14, CRISPResso --
fastq_rl reads_r1.fastq.gz --fastq_r2 reads_r2.fastq.gz --amplicon_seq).
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The main data supporting the results in this study are available within the paper and its Supplementary Information. High-throughput-sequencing data generated
for off-target analysis is available through the NCBI Sequence Read Archive database via the accession number PRINA1102034. Sequences of the guide RNA and
ddPCR primers and probes are provided in Methods. Source data for the figures are provided with this paper. All data generated in this study are available from the
corresponding authors on reasonable request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Primary cell samples used in this study were de-identified.

Reporting on race, ethnicity, or Primary cell samples used in this study were de-identified.
other socially relevant

groupings

Population characteristics Primary cell samples used in this study were de-identified.

Recruitment Primary cord-blood and peripheral-blood CD34+ HSPCs were derived from healthy donors at random. HSPCs from patients
with sickle cell disease were provided by Vivien A. Sheehan of Emory University (formerly at Baylor College of Medicine).

Ethics oversight The Stanford IRB committee approved the research on healthy donor HSPCs under protocol #33813. Cells from patients with

sickle cell disease were collected under the Baylor College of Medicine IRB protocol H-41213.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size Experiments were performed in 2—3 biological HSPC donors.
Data exclusions  No data were excluded from the analyses.

Replication All attempts at replication were successful.
Randomization  The samples were allocated at random.

Blinding There was no blinding in this study.
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Antibodies used APC anti-CD34 (BioLegend, cat: 343510, Clone 581, Lot B377029), V450 anti-CD45 (BD Biosciences cat: 560367 Clone: HI30, Lot )

1249199), PE-Cy7 anti-CD71 (eBioscience cat: 25071942, Clone: OKT9, Lot 2450617), PE anti-CD235a (eBioscience cat: 12998782,

Clone: HIR2, Lot 2450518), Ghost Dye Red 780 (Tonbo Biosciences)
Validation APC anti-CD34 antibody has been validated for flow cytometry in human peripheral blood leukocytes and cited in 18 publications

according to the manufacturer's website. V450 anti-CD45 antibody has been validated for flow cytometry in human lymphocytes
according to the manufacturer's website. PE-Cy7 anti-CD71 antibody has been validated for flow cytometry in human peripheral
blood cells and cited in 23 publications according to the manufacturer's website. PE anti-CD235a antibody has been validated for
flow cytometry in human peripheral blood cells and cited in 36 publications according to the manufacturer's website.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK-293T cells were acquired from ATCC.
Authentication HEK-293T cells were authenticated by STR profiling at ATCC.
Mycoplasma contamination The cell line was tested for mycoplasma by the manufacturer, and was found to be negative.

Commonly misidentified lines  no commonly misidentified cell lines were used.
(See ICLAC register)
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Methodology

Sample preparation Cells were washed once with FACS buffer and then incubated with 4-antibody cocktail (APC anti-CD34, V450 anti-CD45, PE-
Cy7 anti-CD71 and PE anti-CD235a) for 15-30 minutes at 4 degrees Celsius. The cells were then washed with FACS buffer.
Cells were resuspended in fresh buffer and stained with Ghost Dye Red 780 Live/Dead for at least 5 minutes before analysis.

Instrument FACS Aria Il cytometer (BD Biosciences).

Software FACS Diva software 8 was used for data collection. FACS data analysis was performed using FlowJo (10.9.0 for Mac) software.

Cell population abundance n/a

Gating strategy Cells were first gated by FSC-A and Live/Dead. Doublet discrimination was performed using FSC-H/FSC-W and SSC-H/SSC-W.

plots. CD34— and CD45— cells were then gated followed by CD71+/CD235a (GPA)+. GFP+ cells were gated by comparing to
Mock-edited cells.
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