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TARGETED INTEGRATION AT ALPHA-GLOBIN LOCUS IN HUMAN
HEMATOPOIETIC STEM AND PROGENITOR CELLS

CROSS-REFERENCE TO RELATED APPLICATIONS
[6061] This application clamms priority to UK. Provisional Application No. 63/342,320, filed
May 16, 2022, the disclosure of which 1s herein incorporated by reference m its entirety for all

purposes.

BACKGROUND
{8062] Protein-based therapies such as enzyme replacement therapy (ERT} are a first-hine
treatment for many genetic disorders. While ERT 13 effective, 1t 13 not curative, and thus patients
require expensive and combersome hifelong treatment to rmanage therr disease. With advaunces in
genome editing technology in recent vears {e.g, CRISPR), there 15 great interest 1 developing
curative gene therapes for genetic disorders such as hemophilia and phenylketonuna, in order to
eliminate the need for hifelong treatment and to improve the duration and quality of life for these
patients. Such a cure would require that sufficient levels of expression and activity of the

therapeutic proten are achieved, and that editing does not disrupt targeted cell or tissue function.

{8083} Phenylalaning Hydroxylase {(PAH) is an enzyme that catalyzes the hydrolysis of
phenylalanine to form tvrosine. Phenylketonuria (PRU) 1s a common (approximately 1 i 10,000
births) autosomal recessive PAH deficiency that, if left untreated, can result in a great excess of
phenylalanine and in irreversible neurologic damage. In classic PKJ, for example, plasma levels
of phenvylalanine can be greater than 1000 umol/L, whereas in healthy individuals a typical level

is on the order of 80-130 umol/L.

{8084] 'The current treatment approach for PKUJ is phenylalanine diet restriction, aithough this
is cumbersome and suffers from poor comphiance. Another possible approach includes BH4
supplementation {e.g., Sapropterin}, although 70% of patients receive no benefit. ERT is not
possible for the treatment of PKU, as PAH 15 very sensitive to intestinal and plasma proteases. If

untreated, PKU can lead to wrreversible neurological damage and associated symptoms.
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{B0B5]  Factor IX 15 a serine protease that plays a role in the coagulation system. The gene for
Factor EX 18 located on the X chromosome, and mutations can lead to an X-linked deficiency called
hemophilia B. Hemophilia B can be a severe disease, with around 30% of patients dying from a
bleeding episode. Hemophihia B is considered severe if the individoal has less than 1% of normal
FIX activity, moderate with 1-5% normal FIX activity, and mild with 5-30% activity. Current
treatment for hemophilia B 1s enzyme replacement therapy (ERT), although this approach is both
costly and cumbersome, as it needs to be performed 2-3 times/week and can cost from $300K-

500K per year.

{B086]  Certain current gene therapy approaches have several important hmitations that must be
noted, including the presence of pre-existing neutralizing antibodies {NAbs} to adeno-associated
viruses {AAV) in up to 60% of the adult population, meaning a large proportion of patients are
mneligible. Indeed, data shows even low levels of NAbs can compronuse treatment efficacy.
Durability of transgene expression in trial patients 1s another concern, leading the FDA to recently
reject approval of a hemophilia A gene therapy because of phase 1/2 and 3 data showing a
continued decline in FVIH activity levels over 0.5-3 years of toliow up. Re-dosing of patients for
whom efficacy wanes over time 1s not currently feasible, as systemic admiunistration of AAV elicits
the development of NAbs that are maintained at high levels for up to 15 years following treatment,

with cross-reactivity to multiple AAV serotypes.

{0067]  There s thus a need for new, safe and effective approaches for introducing therapeutic
genes such as PAH and FIX into the red blood cells of individuals with PRU or hemoplulia B. The

present disclosure satisfies this veed and provides other advantages as well.

BRIEF SUMMARY
[0068] The present disclosure provides methods and compositions for genetically modifying
hematopotetic stem and progenitor cells (HSPCs), in particular by replacing the HBAT or HBA2

locus in the HSPCs with a transgene encoding a therapeutic protein.

[B009]  In some aspects, the present disclosure provides a method of genetically modifying a

hematopoietic stem and progenitor cell (HSPC) from a subject, the method comprising:
wtroducing mto the HSPC a guide RNA targeting the AB47 or HBAZ locus, an

RNA-guided nuclease, and a homologous donor template comoprising a transgene encoding Factor

IX, wherein
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the RNA-guided muclease cleaves the HEBA! or HBAZ2 locus, but not both, in the
cell; the transgene is infegrated into the genome by homology directed recombination (HDR) at
the site of the cleaved HBAT or HEA2 locus; and the mtegrated transgene directs the expression of
Factor IX in the HSPC, and wherein
the Factor IX comprises an exogenous signal peptide;
the Factor IX comprises two or more amuino acid substitutions relative to the
wild type sequence shown as SEQ 1D NG:13, wherein the two or more anuno acid
substitutions are selected from the group consisting of R318Y, R338E, R338L, and T343R;
and/or

the transgene comprises a truncated mntron 1 of the £7X gene.

{6016]  Insome embodiments, the method further comprises isolating the HSPC from the subject
prior to the introducing of the guide RNA, RNA-guided nuclease, and homologous donor template.
In certain embodiments, the target sequence of the guide RNA comprises the sg5 target sequence
(SEQ 1D NO:1), and the RNA-guided nuclease cleaves the HBAJ locus. In particular
embodiments, the homologous donor template comprises an HBA/ left homology arm comprising
the sequence of SEQ ID NO:3 or a subsequence thereof, and/or HBA4/ right homology arm
comprising the sequence of SEQ 1D NO:4 or a subsequence thereof. In certain other embodiments,
the target sequence of the guide RNA comprises the sg2 target sequence (SEQ ID NG:2), and the

RNA-guided nuclease cleaves the HBAZ locus.

{8011} In some embodiments, the subject has hemophilia B, and the genetically modified HSPC
expressing Factor IX 15 rentroduced nto the subject. In some erobodiments, the remntroduction of
the genetically modified HSPC into the subject improves one or more symptoms of the hemophilia

B

[8012] In some embodiments, the expression of the integrated transgene s driven by an
endogenous HBAT or HBA2 promoter. In other embodiments, the expression of the integrated
transgene 15 driven by an exogenous promoter. In some instances, the exogenous promoter is the

SFFV promoter.

[B013] In some embodiments, the integrated transgene replaces the HBA! or HBA2 coding
sequence w the genowme. In some ervbodiments, the exogenous sigoal peptide 15 an IL6 sigoal

peptide. In some embodiments, the transgene further encodes a truncated EPO receptor (tEPOR)

V8]
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downstream in fusion with the Factor IX. In some embodiments, the tEPOR is linked to the Factor

IX through a T2A peptide sequence.

{0014] In some embodiments, the amino acid substitutions comprise R318Y, R338L, and
T343R. In some embodiments, the intron 1 1s truncated by at leastabout 0.5, 1.0, 1.5, 2.0, 2.5, 3.0,
35,40 45 46,47 48,49,50,55 56,57, 58,59, 0.0, or more kb relative to the full-length
FiX intron 1. In some instances, the intron s truncated by about 4 8 kb or about 5.9 kb In some

embodiments, the transgene is codon optimized.

{8015} Insome embodiments, the transgene comprises a sequence shown as SEQ 1D NOS: 6-11
or a subsequence thereof, or a nucleotide sequence comprising af least about 70%, 75%, 80%,
85%, 90%, 95%, 96%, 97%, 98%, 99%, or more 1dentity to any of SEQ ID NOS: 6-11 or a
subsequence thereof, wherein the Factor IX encoded by the transgene comprises two or more
amino acid substitutions selected from the group consisting of R318Y, R338E, R338L, and T343R.
In certain embodiments, the Factor X encoded by the transgene comprises the amuno acid

substitutions R318Y, R338L, and T343R

{8016] In some embodiments, the guide RNA comprises one or more 2'-O-methyl-3'-
phosphorothicate (MS) modifications. In some nstances, 2'-O-methyl-3'-phosphorothicate (MS}
modifications are present at the three terminal nucleotides of the 5" and 3' ends. In some
embodiments, the RNA-guided nuclease is Cas9. In some instances, the Cas9 1s a high fidelity
Cas9. In some embodiments, the guide RNA and the RNA-guided nuclease are introduced into the
HSPC as a ribonucleoprotein (RNP) by electroporation. In some embodiments, the homologous
donor template 1s niroduced into the cells using a recombimant adeno-associated virus (rAAV)

serotype 6 vector,

{6617} In some embodiments, the method further comprises a step in which the genetically
modified HSPC 5 induced to differentiate in vitro into a red blood cell (RBC). In particular

embodiments, the subject is a human.

{0018] In some aspects, the present disclosure provides a FIX transgene comprising a sequence
shown as any of SEQ ID NOS: 6-11 or a subsequence thereof, or a nucleotide sequence comprising
at least about 70%, 75%, 80%, 8354, 90%, 93%, 96%, 97%, 98%, 99%, or more identity to any of

SEQ ID NOS: 6-11 or a subsequence thereof, wherem the Factor IX encoded by the transgene
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comprises two or more amino acid substitutions selected from the group consisting of R318Y),

338E, R338L, and T343R relative to SEQ 1D N(O:13.

{B019] In some embodiments, the Factor EX comprises the amine acid substitutions R318Y),
R338L, and T343R. In some embodiments, the transgene comprises an 116 signal peptide. Insome

embodiments, the transgene comprises a truncated intron 1 of the FiX gene.

[8028] Insome aspects, the present disclosure provides an HSPC comprising the 77X transgene
described heremn. In some embodiments, the #7X transgene 18 integrated into the HSPC genome at
the HBAT or HBAZ locus, but not both. In some embodiments, the HSPC was modified using the

method described herein.

{6821] In some aspects, the present disclosure provides a red blood cell produced by inducing

the differentiation in vifro of the genetically modified HSPC described herein into a red blood cell.

{6822] In some aspects, the present disclosure provides a method of genetically modifyving a
hematopoietic stem and progenitor cell (HSPC) from a subject, the method comprising:

introducing into the HSPC a guide RNA targeting the HBAS or HBA2 locus, an
RINA-guided nuclease, and a homeologous donor template comprising a P4~ transgene, wherein

the RNA-guided nuclease cleaves the HBA4/7 or HBA42 locus, but not both, in the
cell; the transgene s integrated into the genome by homology directed recombination (HDR) at
the site of the cleaved HBA/! or HBAZ locus; and the integrated PAH transgene directs the
expression of phenylalanine hydroxyiase in the HSPC; and wherein

the PAH transgene comprises the sequence shown as SEQ 1D NO:5.

{6023] In some embodiments, the subject has phenylketonuria, and the genetically modified
HSPC expressing phenvialanine hydroxviase is reintroduced into the subject In some
embodiments, the reintroduction of the genetically modified HSPC into the subject improves one
or more symptoms of the phenylketonuria. In some embodiments, the method further comprises
admunistering BH4 to the subject.
BRIEF DESCRIPTION OF THE DRAWINGS

{6024] FIG, 1A Highlighting the base pair (bp) mismatches between the HBA1 and HBA2 loc
at the sgS binding site. FIG. 18B: The sg5 guide targets HBAT but there 15 a2 5 bp mismatch at the

same site in HBAZ. FIG, 1 The indel rates created by S different guides targeting various regions

97
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m HBA1 or HBAZ were tested and compared. In the right-most column of this graph, the sg5 guide
had an indel rate of about 80% in HBAT with essentially O off-target cutting in HBAZ, FIG. 1D
Overview of the methods described herein to engineer and optimize RBC-specific therapeutic
protemn expression {(e.g., by systemic therapeutic enzyme secretion or circulation of RBCs acting
as mobile therapeutic enzyme reservoirs). Using a combined AAV6/Cas9 ex vive approach,
HSP(Cs can be targeted for replacement of HBAT with the transgene of interest, leaving the inserted
transgene under control of the endogenous HBAT promoter. Upon differentiation, progeny in the
erythroid lineage expressing alpha-globin will also produce hugh levels of the therapeutic transgene

for either cytoplasmic expression or secretion {depending on the transgene and vector design}.

{8025] FIGS, 2A-2G: To determine whether RBCs are capable of expressing PAH at high levels
in vitro, human CD347 cells were targeted with an AAVO6 vector carrying a codon-optimized PAH
construct for targeted replacement of HBA1 with the PAH transgene. Cells were differentiated in
vitro and analyzed for targeting rates by ddPCR, RBC differentiation by flow cytometry, and PAH
expression by western blot. FIG. 2A: Vector design and integration scheme: The delivery PAH
vector contains codon-optimized PAH cDNA flanked by Homology Arms (HA) for HBAL: Left
HA = 4066 bp mcluding the 5"UTR of HBAT, right HA = 400 bp including 98 bp of the 3’UTR of
HBA1 and an additional 302 bp of downstream sequence. The delivery PAH-YFP vector containg
a constitutive SFFV promoter immediately upstream of the PAH ¢DNA, and a T2A (self-cleaving
peptide) sequence and YFP ¢cDNA mserted vnmediately downstream (before the stop codon).
Upon transiation, the T2A peptide functions as a ribosomal-skipping site which terminates and
then re-inttiates translation, resulting in the production of 2 distingt proteins from the sequences
up-~ and downstream of the skipping site. Thus, SFFV will drive co-expression of PAH and YFP.
FIG. 2B: In vitro targeting and differentiation protocol: CD347 HSPCs are thawed and cultured
for 2 days before targeting. As previously described (Bak et al., Nar Protocols, 2018}, Hi-hidelity
Sp{Cas? protein 13 pre~complexed with sgRNA targeting a locus in the 37 UTR of human HBA1
{Cromer et al, Nar Med, 2021). Cells are electroporated for delivery of the Cas%®/sgRNA complex
(RNP) mio the nucleus, which makes a cut at the target site i the genome. This 1s immediately
followed by addition of AAVG carrving the PAH delivery construct {at an MOI of 5000} to the
culture which facilitates homology-directed repair (HDR} of the RNP-induced break, leading to
replacement of the HBA1 with the transgene as described above. 2 days after targeting RBC

differentiation s mnitiated, using a 14-day, 3 phase protocol. FI1G, 20 Targeting Analysis: At day
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0 of RBC differentiation {2 days post-targeting) and day 14 {16 days post-targeting), cells are
harvested for allelic targeting analysis by ddPCR. (MOCK = electroporated only, RNP =
electroporated + Cas9%/sgRNA complex; AAV = electroporated + AAVS6, RNP+PAH =
Electroporated + Cas%/sgRNA complex + AAVES). FIG. 21 RBC Dufferentiation analysis by
FACS: At day 14 of RBC differentiation cells are harvested for FACS analysis of cell surface
markers of erythroid differentiation. Here we have reported the percentage of CID3347/45 cells that
are GPAT/CD71", demonstrating that targeting does not negatively impact the ability of HSCs to
differentiate down the erythrowd lineage. FiG. 2E: PAH Western blot: At day 14 of RBC
differentiation, celis were also harvested for qualitative analysis of protein expression by western
blot targeted with either HBA1-PAH or SFFV-PAH-T2A-YFP. Compared to the GAPDH
reference protem, high levels of PAH expression in both the HBA1-PAH and SFFV-PAH-T2A-
YFP vectors are observed m the bulk population of targeted cells post-differentiation. To validate
the efficiency of T2A, the relative quantity of PAH-YFP fusion protein {(~78kD)} vs. PAH (51kD)
was evaluated by measuring the intensity of the two bands in the upper portion of the “PAH-T2A-
YFP” column m the Western blot image. Roughly 98.9% of detected PAH protein was present in
the correct “cleaved” form, suggesting that the T2A peptide sequence s highly efficient and does
not meaningfully interfere with PAH expression. FIG. 2F: In vitro PAH enzymatic activity assay.
HBAI1-PAH showed significantly more PAH activity than SFFV-PAH-YTIP {(p<0.001 for both
Bulk and Sorted), suggesting the HBA promoter 15 a robust driver of protein expression in
erythroid cells, even for non-ervthroid proteins such as PAH. FIG. 2G: % YFP+ of hive cells at
di4: HS(s were targeted with SFFV-PAH-YFP and differentiated mnto RBCs as previpusly
described. On d7, cells were sorted for YFP, and both Bulk {unsorted) and Sorted cells were
returned to culture. At di4 of RBC &iff, cells were harvested and analyzed by FACS for % YFP+
of live cells {aka, % edited cells). Connecting lines indicate unique replicates (donors). The sample

denoted with an asterisk {*) corresponds to data shown in ¥1G., 2F.

[8026] FIG. 3. The Townes mouse model carries human a-globin genes (HBAT and HBAZ2)
replacing the endogenous mouse a~globin. Because of this, Townes mouse HSCs can be edited
using the same reagents for targeting into the human HBA1 locus. The PAH™ PK1J mouse model
carries a chemically-induced missense (F2635) mutation in PAH that results 1o loss of proten
activity and lack of response to the BH4 cofactor. The PKU phenotype of homozygous mutant

PAH®2 mice can be corrected by transplant of Townes mouse HSCs that have been edited

~1
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with either the HBA1-PAH or SFFV-PAH-TZA-YFP vector. Bone marrow 18 harvested from
Townes mice and enriched for CKIT cells by MACS. Cells are cualtured in HSC media at 5% O
and expanded over 2 weeks. After 2 weeks, HSPCs are analyzed by FACS for HSC and lineage
cell surface markers and edited using the same strategy described in FIGS, 1A-1D and FIGS. 2A-
2¢. After an additional week in culture, cells are again analvzed by FACS for both YFP % {for
the SFFV-PAH-T2A-YFP condition} and HSC or lineage cell surface markers. Cells are then
counted and transplanted by retro-orbital injection into 8-12 wk old irradiated PAH®WR miee
Blood 1s sampled periodically throughout the experiment for analysis. Bone marrow 1s harvested

at the endpoint.

{8027} FIG. 4 PAH requires high levels of 1ts cofactor, BH4, to function. Endogenous levels of
BH4 in erythrocytes s below the level required for PAH cofactor activity. Sapropterin is an FDA
approved oral BH4 supplement used to treat patients with BH4-responsive forms of PKU. Both
phenylalanine and BH4 are soluble across red blood cell membranes; we predict that daily, oral
supplementation of sapropterin after transplant will lead to a reduction in plasma phenylalanine
levels by PAH activity in circulating edited RBCs. Importantly, the PAH mutation found 1o the
PAH" mouse model is unresponsive to BH4. Thus, BH4 supplementation alone will not be
sufficient to lower phenylalanine (Phe) levels in the negative control group. Experimental groups:
Neg CTL (transplant of unedited Mock HSCs);, HBAI-PAH; SFFV-PAH-T2A-YFP. BH4
supplementation begins at 4 weeks post-transplant. Prior to supplementation, blood 1s drawn for
baseline plasma Phe quantification (by Mass/Spec) and peripheral blood analysis ({CBC, % YFP+
cells by FACS 1 the YFP condition). Water 1s changed daily. 2 weeks after starting BH4
supplementation and every 4 weeks thereafier, peripheral blood (PB) and plasma analysis 5
repeated. At the endpoint {(week 16}, 10 addition to the standard analyses, bone marrow 1s also

harvested and engraftment and targeting rates 1s determined by FACS and ddPCR.

[0028] FIGS. SA-88: In vivo PAH data from the experument dlustrated by FIGS. 3 and 4
Homozygous PAHY2 mice were irradiated at 8 wks old with 8Gray Total Body Irradiation
(TBI). Townes mouse HSCs unedited (Mock), edited with HBAI-PAH (HBA1-PAH), or edited
with SFFV-PAH-YFP (SFFV-PAH-YFP } were transplanted via Retro~-orbital injection the same
day. Blood was drawn via retro-orbital bleeds at week 4, 6, and 8 Plasma was separated from

whole blood by centrifugation and the plasma {Phe] (UM} was determuned by LC/MS. FIG. SA

[94]
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shows plasma Phe concentration data from ndividual mice across weeks 4-8. BH4 cofactor
supplementation i drinking water (20mg/kg/day dosing} was initiated 1-day after the wk4 samples
were obtaied. The column on the right of the table shows the average [Phelpiasma for wks 6 and &
for mdividual mice. FIG. 5B shows graphical representation plasma Phe from the last column of
FIG, 5A . Transplant of edited mHSCs expressing PAH driven either by HBAT (RBC-specific) or
SFEV (in all HSC lineages) leads to a significant reduction in [Phelpsma in mice with a severe

PKU phenotype, compared to controls.

{80298] FIG. 6 depicts a schematic of the targeting vector and approach. To enginesr RBC-
specific expression of coagulation factor IX and to achieve high levels of FIX activity, a vector
was designed that facilitates targeted replacement of HBA1 with a hyperactive Factor IX
transgene. The Padua variant 1s a naturally occurring hyperactive variant of Factor IX with a single
amine acid substitution {(R338L) The targeting vector contains a Padua minigene of codon
optimized cDNA + a partially truncated intron 1 (1438 bp long), flanked by Homology Arms (HA)
for HBAL: Left HA = 466 bp including the S’UTR of HBA1; right HA = 400 bp including 98 bp
of the 3’UTR of HBATL

{8030} FIG. 7A: Signal Peptide Background and Optimization: Exon 1 of Factor X is entirely
made up of the 88 bp native signal peptide {SP). Cleavage occurs between the 28® (cysteine) and
20" (threonine} amino acids during post-translational processing. In its native context, the 1LG SP
is cleaved between the 27" (proline) and 28th (alanine) amino acids. The Padua construct was
redesigned by replacing the first 84 bp of the factor IX signal peptide with the 87 bp IL-6 8P,
preserving the oniginal reading frame and leaving the FIX proprotein (formed after cleavage of the
signal peptide) intact. fr sifico prediction of the SP cleavage site for the IL6-Padua recombinant
protein was run using SignalP 5.0, The hikelithood that a signal peptide exists within the ILo-Padua
recornbinant protein was 96.06%, and there was a high predicted probability that cleavage would
oceur at the known cleavage site within the TL6 8P (71.34% probability that the site of cleavage s

between the 270 and 28" amino acids).

[6631] FIGS. 7B-7: To compare the two signal peptides, CD347 HSPCs were targeted as
described herein with Cas9/sgRNA and an AAVG6 carrying etther SFFV-Padua or SFFV-116-Padua.
Addition of the SFFV promoter allows all of the optimization experiments to be performed over

short term {7 day) HSC coltures, rather than over the course of a Z-week RBC differentiation. After

9
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targeting {as described herein}, cells were then cultured in HSC media for 7 davs with a media
change at day 3 and day 6. On day 7, 24 h after the day 6 media change, samples were centrifuged
and the cell culture media (supernatant) and whole cell pellet were harvested for analysis. FiG.
7B: Constitutive expression vectors for HSC targeting experiments: SFFV-Padua: The vector
described in FIG. 6 was modified by addition of the constitutive SFFV promoter immediately
apstream of the start codon for Padua. The transgene 1s flanked by a 400 bp LHA (66 bp of the
original L homology arm was removed, comprising the HBA1 S"UTR} and a 400 bp RHA
(unchanged). SFFV-IL6-Padua: As described in FIG. 7A, the first 84 bp of Padua exon 1 was
replaced with the 87 bp IL6-signal peptide. Immediately upstream of this the SFFV promoter was
mserted. FIGS, 7C-7H: The amount of factor IX protein contained in the culture supernatants and
cell lysates was quantified with a factor IX ELISA The protein concentrations in the supernatant
and lysate were normalized by % targeted alleles, to account for vanability in targeting efficiency
across different donor HSCs (biological replicates). Bar sections depict the proportion of secreted
vs. cytoplasmic Factor IX.. This normalization allows for direct {intra-sample} comparison of
protein concentration 1o the secreted vs cellular fractions (FIG., 7C). Secretion efficiency was
calculated by dividing the quantity of Factor IX in the secreted fraction by the total (secreted and
cellular) quantity (FIG., 7). The IL-6 signal peptide significantly enhanced secretion by 1.58-fold
over the native Factor IX signal peptide {(mean secretion efficiency 77.93% and 49.30%,

respectively; p<0.001).

[B032] FIGS. 8A-3C HBA-Padua wncludes a 1438 bp portion of miron 1, with the total
construct being about 4 kb in length. Truncating the mtron would reduce the overall construct size
and we tested whether 1t may have a positive impact on targeting rates. New vectors were designed,
SFFV-Padua{t) and SFFV-IL6-Padua(t), with a further 1139 bp truncation of intron 1 at the two
Scal restrichion enzyme sites in the mtron, leaving only a 299 bp portion between exons 1 and 2.
FIG. 8A: Vectors with further mtron truncation: The (&} denotes a trancated intron. FIG. 8B
Factor IX specific activity, day 7 of HSC culture (24 h n fresh media}: Factor IX concentration in
the media was guantified by ELISA. Protem activity was measured with a modified aPTT assay,
mixing conditioned culture media with factor IX deficient plasma and then measuring clotting
activity on a coagulation analyzer. Specific activity was calcolated as Units of factor IX activity
per mg protein. All cells receiving FEX transgenes (SFFV-Padua, SFFV-Pad(t), SFFV-IL6-Padua,

and SFFV-IL6-Pad{t)) showed high FIX specific activities, while no significant differences i
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specific activity were observed between truncated vs. original-length intron constructs {(SFFV-
Padua vs. SFFV-Pad(t), or SFFV-IL6-Padua vs. SFFV-IL6-Pad(t)) (paired t-tests, two-tailed,
>0.05). KFIG. BC: Allelic targeting analysis by ddPCR indicates no significant differences in

targeting rates between any conditions (paired T-tests, two tatled, p=>0.05).

{B033]  FIGS. 9A-9D: FIX Vanants in HSC experniments. FEG. 9A depicts FIX hyperactive
variant vectors and the specific amine acid substitutions in each construct. FiG. 9B: Specific
activity of factor X variants: Experiments were performed i HSPCs. Media was changed at day
3 and day 6. 24 h after the day 6 media change, the culture media and cell lysate were collected
and analvzed for protein expression and activity. Both the CB2679d mutant (SFFV-IL6-CB267{t},
711.3 U/mg (p<0.001}) and the FIX Mixed variant (SFFV-ILO-Mix{t}, 6757 U/mg (p<0.001})
showed significantly greater specific activity compared to the Padua mutant (SFFV-IL6-pad(t},
2639 U/mg)}. There is no significant difference between the CB2679d mutant and the FIX Mixed
variant. FI1G. 9C: Uniuts of activity/hillion targeted alleles: Factor IX activity was normalized by
allelic targeting rate and compared to the SFFV-1L6-Padua vector. There 1s no significant
difference between SFFV-IL6-Pad and SFFV-ILG-Pad(t). The CB2679d mutant and the FIX
Mixed variant led to 2.698- and 2.474-fold increase, respectively, in factor IX activity over the
Padua mutant when normalized by targeting rate. There 13 no sigruticant difference in FEX activity
between the CB2679d mutant and the FIX Mixed varant. FEG. 9D: % Targeted alleles for FEX
variant HSC experiments. The mntegrations of the transgenes SFFV-IL6-CB267(1) and SFFV-IL6-
Mix{t) in HSCs reached 29 47% and 28.7% targeted alleles respectively, which were significantly
hugher than the mtegration of the transgene SFFV-TL6-Pad(t) (19.38% targeted alleles) (paired T-

tests, two talled, p=0.008 and p=0.01, respectively).

[0034] FIGS. 10A-10E: FIX-Varant experiments in RBCs. FIG, 184 depicts an expenmental
design: hurman CD34+ HSPCs were targeted with a combined AAV6/Cas9 strategy, cultured for
2 days i HSC media, and then differentiated down the erythroid lineage with a 3-phase, 14-day
differentiation protocol. On day 14 cells were counted, spun down, washed with PBS and then
replated at ~3° cells/mL in modified Phase 3 RBC media (lacking human serum and plasma) 24
hours later the cell colture supernatant was coliected to measure Factor IX activity using a modified
aPTT assay. FIG 10B depicts schematic drawings of RBC-specific ILG-FIX variant constrocts

driven by the endogenous HBAT promoter: Padua {control vector), IL6-CB2679d (truncated
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intron}, and IL6-Mixed Vartant {(truncated miron). FIG. 10C: Allehic targeting analysis by ddPCR
on samples taken at day 14 of the RBC differentiation. There s no significant difference between
the groups HBA1-Padoa (21.6%), HBAL-ILO-UB2679(t) (27.56%), and HBAI-IL6-Mix(t)
(26.38%;) respectively {(p>0.05 for all comparisons). FIG. 10D depicts RBC differentiation
analysis by FACS on day 14. There s no significant difference between the groups HBA1-Padua,
HBAL-IL6-CB2679(1), and HBAT-IL6-Mix(t). FIG. 10E depicts FIX activity by measuring U/10°
targeted alleles of RBC sampled from d15 cell culture supernatant. Both the HBA1-1L6-CB2679(t)
and HBA 1-1L.6-Mix groups showed significant increase in factor IX activity, leading to a 2.586-

and 2.079-fold higher, respectively, over HBA1-Padua.

[0038] FIG. 11: Exemplary hemophilia B mouse experiments: The B6.129P2-F 970/} mouse
model (factor IX knockout) 1s used for these expermments. Townes HSCs are harvested, expanded,
edited and transplanted as described for the PKU mouse experiments. The radiation dose can be
titrated to assess if disease correction can be achieved with half or low dose {or potentially no)

radiation.

{0036] FIGS. 12A-12D depict tHPOR Enrichment of HBA 1-Factor IX targeted RBCs. FiG,
12A_depicts the experimental design Briefly, human CD34+ HSPCs were targeted with a
combined AAV6/Cas? strategy, cultured for 2 days in HSC media, and then differentiated down
the erythroid lineage with a 3-phase, 14-day differentiation protocol. On day 14 cells were counted,
spun down, washed with PBS and then replated at ~3° cells/mL in modified Phase 3 RBC media
{lacking human serum and plasma). 24 hours later the cell culture supernatant was collected to
measure Factor IX activity using a modified aPTT assay. FIG. 12B depicts vector design: The
fust vector HBAT-TLG-CB2679(t) was the same vector from the earlier FIX Varant RBC
experunents (F1G. 19B). The second vector HBAT-ILG-CB2679%(1)-T2A-tEPOR 15 a modification
of the furst vector by including a T2A sequence tmmediately dowunstream of the CB2679 FIX
variant gene (but prior to the stop codon), followed by a truncated erythropoietin receptor ({tEPOR)
gene sequence. FIG, 120 depicts allelic targeting analysis and tEPOR enrichment by ddPCR. TL6-
CB2679EPOR targeted alleles enriched 1.7-fold from day 0 (33.1%) to day 14 (55.2%), and IL.6-
{CB2679-tEPOR had 1.4x higher targeting than IL6-CB267% on d14 (55 2% vs. 40.3%). ¥FI6, 12D

depicts Factor IX Activity (U/10° cells/mL) using a modified aPTT coagulation assay with day 15
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cell culture media. IL6-UB2679-{EPOR had 1.2-fold greater Factor IX activity than IL.6-CB2679
(3.139 vs. 2.716 U/10” cells/mLy).

DETAILED DESCRIPTION

1. Introduction

{B037]  The present disclosure provides methods and compositions for integrating transgenes,
e.g., for therapeutic genes such as F7X or PAH, nto the HBA/7 or HBAZ locus 1in hematopoietic
stem and progenitor cells (HSPCs). The present methods can be used to mtroduce transgenes, e.g.,
coding sequences with optional elements such as promoters or other regulatory elemenis (e.g.,
enhancers, repressor domains), introns, WPREs, poly A regions, UTRs {eg., 3 UTRs),
specifically into the HBAT or HBAZ locus of HSPCs. The guide RNAs used in the present methods
specifically recognize HBA7 but not HBA2, or HRA2 but not HB4 1, enabling the selective cleavage
of etther HBA4{ or HBAZ by an RNA-directed nuclease such as Cas9. By cleaving HBA! or HBA2,
but not both, in the presence of a donor template comprising a transgene, the transgene can
integrate into the genome at the site of cleavage by homology directed recombination (HDR}, e g,

replacing the endogenous HBAT or HBA2 gene.

{0038] The present disclosure provides methods and composttions for gene therapy for genetic
diseases, including hemophilia B and phenylketonuria (PKU), by engineering erythroid-specific
expression of factor IX, and phenylalanine hydroxylase (PAH), respectively. Due to the vast
quantities of erythrocytes produced daily and their whole-body distribution, as well as the robust
levels of ervthroid-specific expression achieved due to the strength and specificity of the
endogencus HBA! (or HBAZ) promoter, the present methods allow the use of red blood cells as
protein factories that debiver therapeutic payloads of the disease-correcting proteins throughout the
body. The present disclosure provides novel methods and composttions by which transgenes have
been engineered to optimize expression, activity, and secretion of the therapeutic protein, allowing
the production of sufficient levels of protein activity to ameliorate the disease phenotype with even

sub-standard amounts of bone marrow conditioning before transplant.
2 General

[B039] Practicing this invention ubilizes routine techoiques o the field of molecular biology.

Basic texts disclosing the general methods of use in this invention include Sambrook and Russell,
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Molecular Cloning, A Laboratory Manual (3rd ed. 2001}, Kregler, Gene Transfer and
Fxpression: A Laboratory Manual (1990}, and Current Protocols in Molecudar Riology (Ausubel

et al., eds., 1994)).

{8040} For nucleic acids, sizes are given in either kilobases (kb), base pairs (bp), or nucleotides
{nt}. Sizes of single-stranded DNA and/or RNA can be given in nuclestides. These are estimates
derived from agarose or acrylanude gel electrophoresss, from sequenced nucleic acids, or from
published DNA sequences. For proteins, sizes are given in kilodaltons (kPa) or amino acid residug
numbers. Protein sizes are estimated from gel electrophoresis, from sequenced proteins, from

derived amino acid sequences, or from published protein sequences.

{6841} Oligonucleotides that are not commercially available can be chemically synthesized, e.g.,
according to the solid phase phosphoramidite triester method first described by Beaucage and
Caruthers, Tetrahedron Lett. 22:1859-1862 (1981}, using an automated synthesizer, as described
in Van Devanter ef. al., Nucleic Acids Res. 12:6159-6168 (1984). Purification of oligonucleotides
15 performed using any art-recognized strategy, e.g., native acrylamide gel electrophoresis or
anton-exchange high performance liquid chromatography (HPLC) as described in Pearson and

Reanter, J Chrom. 255. 137-149 (1983},
3. BDefinitions
{8042} As used herein, the following terms have the meanings ascribed to them unless specified

otherwise.

{8043} 'The terms “a,” “an,” or “the” as used herein not only include aspects with one member,
but also include aspects with more than one member. For instance, the singular forms “a,” “an,”
and “the” include plural referents unless the context clearly dictates otherwise. Thus, for example,

reference to “a cell” includes a plurality of such cells, and so forth.

{0044} The terms “about” and “approximately” as used herein shall generally mean an
acceptable degree of error for the quantity measured given the nature or precision of the
measurements. Typically, exemplary degrees of error are within 20 percent (%), preferably within
10%, and more preferably within 5% of a given value or range of values. Any reference to “about
X specifically indicates at least the values X, 0.8X, 0.81X, 0.82X, 0.83X, 0.84X, 0.85X, 0.86X%,
0.87X, 0.88X. 0.89X, 0.9%, 0.91X, 0.92X, 0.93X, 0.94X, 0.95X, 0.96X, 0.97X, 0.98%, 099X,
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101X, L.O2ZX, 1.03X, 1.04X, 1.05X, 106X, 1.07X, 1.08X. 1.09%, 1.1X 111X, 1.12X, 1.13X.
114X 115X, 116X, 117X, 118X 119X, and 1.2X Thus, “about X7 18 mtended to teach and

provide written description support for a claim limitation of, e.g, “0.98X”

{8045] The term “nucleic acid” or “polynuclectide” refers to deoxyribenucleic acids (BNA) or
ribonucleic acids (RNA) and polymers thereof in either single- or double-stranded form. Unless
specifically limited, the term encompasses nucleic acids containing known analogs of natural
nuclectides that have similar binding properties as the reference nucleic acid and are metabolized
in a manner similar to naturally occurring nucleotides. Unless otherwise indicated, a particular
nucleic acid sequence also implicitly encompasses conservatively modified variants thereof (e.g.,
degenerate codon substitutions), alleles, orthologs, SNPs, and complementary sequences as well
as the sequence explicitly indicated. Specifically, degenerate codon substitutions may be achieved
by generating sequences in which the third position of one or more selected {or all) codons 13
substituted with nuxed-base and/or deoxyinosine residues (Batzer etal., Nucfeic 4cid Res. 19:5081
(1991); Ohtsuka et al, .7 Biol Chem. 2060:2605-2608 (1985); and Rossolim et al, Mol Cell.
Probes 8:91-98 (1994)).

{0046] The term “gene” means the segment of DNA mvolved in producing a polypeptide chain.
It may include regions preceding and following the coding region {leader and trater) as well as

mntervening sequences {imtrons) between ndividual coding segments {exons}.

{6047] A “promoter” i1s defined as an array of nucleic acid control sequences that direct
transcription of a nucleic acid. As used herein, a promoter includes necessary nucleic acid
sequences near the start site of transcription, such as, in the case of a polymerase Il type promoter,
a TATA element. A promoter also optionally includes distal enhancer or repressor elements, which
can be located as much as several thousand base pawrs from the start site of transcuiption. The

promoter can be a heterologous promoter.

[0048] An “expression cassette” is a nucleic acid construct, generated recombinantly or
synthetically, with a series of specified nucleic acid elements that permit transcription of a
particular polynucleotide sequence in a host cell. An expression cassette may be part of a plasmid,
viral genome, or nucleic acid fragment. Typically, an expression cassette includes a polynucleotide
to be transcribed, operably hinked to a promoter. The promoter can be a heterologous promoter. In

143

the context of promoters operably linked to a polynucleotide, a “heterologous promoter” refers to
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a promoter that would not be so operably linked to the same polynucleotide as found in a product

of nature {e.g., in a wild-type organism}.

{0049]  As used herein, a first polynucleotide or polypeptide is “heterologous” to an organism or
a second polynuclestide or polypeptide sequence if the first polvnuciestide or polypeptide
originates from a foreign species compared to the orgamism or second polyvnuclestide or
polvpeptide, or, if from the same species, 1s modified from 18 original form. For example, when a
promoter is said to be operably linked to a heterslogous coding sequence, it means that the coding
sequence 18 derived from one species whereas the promoter sequence is derived from another,
different species; or, if both are derived from the same species, the coding sequence 1s not naturally

associated with the promoter {e.g., is a genetically engineered coding sequence).

{B08G6]  “Polypeptide,” “peptide,” and “protem” are used interchangeably herein to refer to a
polvmer of amino acid residues. All three terms apply to aming acid polymers in which one or
more amino acid residue 1s an artificial chemical mimetic of a corresponding naturally occurring
amino acid, as well as to naturally occurring amino acid polymers and non-naturally occurring
amino acid polymers. As used herein, the terms encompass amino acid chains of any length,
mecluding full-length proteins, wherein the amino acid residues are linked by covalent peptide

bonds.

{8051} The terms “expression’ and “expressed” refer to the production of a transcriptional
and/or translational product, e.g., of a PAH or FIX cDNA, transgene, or encoded protein. In some
embodiments, the term refers to the production of a transcriptional and/or translational product
encoded by a gene or a portion thereof. The level of expression of a DNA molecule in a cell may
be assessed on the basis of either the amount of corresponding mRNA that is present within the

cell or the amount of protein encoded by that DNA produced by the cell.

{8052] “Conservatively modified variants” applies to both amino acid and nucleic acid
sequences. With respect to particular nucleic acid sequences, “conservatively modified variants”
refers to those nucleic acids that encode identical or essentially identical amino acid sequences, or
where the nucleic acid does not encode an amino acid sequence, to essentially wdentical sequences.
Because of the degeneracy of the genetic code, a large number of functionally identical nucleic
acids encode any given protein. For instance, the codons GCA, GCC, GCG and GCU all encode

the amno acid alanine. Thus, at every position where an alanine s specified by a codon, the codon
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can be altered to any of the corresponding codons described without altering the encoded
polvpeptide. Such nucleic acid variations are “silent variations,” which are one species of
conservatively modified variations. Every nucleic acid sequence herein that encodes a polypeptide
also describes every possible silent variation of the nucleic acid. One of skl will recognize that
each codon in a nucleic acid (except AUG, which is ordinarily the only codon for methionine, and
TGG, which s ordinarily the only codon for tryptophan) can be modified to yvield a functionally
identical molecule. Accordingly, each silent variation of a nucleic acid that encodes a polypeptide

15 implictt in each described sequence.

{B083]  As to amino acid sequences, one of skill will recognize that individual substitutions,
deletions or additions to a nucleic acid, peptide, polypeptide, or protein sequence which alters,
adds or deletes a single ammo acid or a small percentage of amino acids in the encoded sequence
15 a “conservatively modified variant” where the alteration resulis in the substitution of an amino
acid with a chemically similar amino acid. Conservative substitution tables providing functionally
sinilar amino acids are well known in the art. Such conservatively modified variants are in addition
to and do not exclude polymeorphic variants, interspecies homologs, and alleles. In some cases,
conservatively madified variants of a protein can have an increased stability, assembly, or activity

as described heremn.

{8054] The following eight groups each contain amine acids that are conservative substitutions

for one ancther:

1) Alanine (A), Glveine (G);

23 Aspartic acid (D}, Glutamic acid (E);

3 Asparagine (N}, Glutamine (Q);

43 Arginine (R}, Lysine (K);

) Isolencine (1}, Leucime (L), Methionine (M), Valine (V)
53 Phenylalamne (F}, Tyrosine {Y), Tryptophan (W),

7 Serine (S), Threonine (T); and

83 Cystene (C), Methionine (M)

{(see, e.g., Creighton, Frofeins, W. H. Freeman and Co,, N Y. (19843}

[8058] Amuno acids may be referred to herein by etther thetr commonly known three letter

symbols or by the one-letter symbols recommended by the IUPAC-IUB Biochemical
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Nomenclature Comnussion. Nucleotides, likewise, may be referred to by their commonly accepted

single-letter codes.

{B086]  In the present application, amino acid residues are numbered according to their relative
positions from the left most residue, which is numbered 1, in an unmodified wild-type polypeptide

sequence.

{8057} Asused in herein, the terms “identical” or percent “identity,” in the context of describing
two or more polynuciestide or amino acid sequences, refer to two or more sequences or specified
subsequences that are the same. Two sequences that are “substantially identical” have at least 60%
identity, preferably 65%, 70%, 75%, 80%, 83%, 90%, 91%, 92%, 03%, 94%, 95%, 06%, 97%,
98%, 99%, or 100% identity, when compared and aligned for maximum correspondence over a
comparison window, or designated region as measured using a sequence comparison algorithm or
by manual alignment and visual inspection where a specific region is not designated. With regard
to polynucleotide sequences, this definition also refers to the complement of a test sequence. With
regard to ammo acid sequences, in some cases, the identity exists over a region that is at least about
50 amino actds or nuclectides in length, or more preferably over a region that 15 75-100 amino

acids or nucleotides in length.

[B058] For sequence comparison, typically one sequence acts as a reference sequence, to which
test sequences are compared. When using a sequence comparison algorithm, test and reference
sequences are entered mto a computer, subsequence coordinates are designated, if necessary, and
sequence algorithm program parameters are designated. Default program parameters can be used,
or alternative parameters can be designated. The sequence comparison algorithm then calculates
the percent sequence identities for the test sequences relative to the reference sequence, based on
the program parameters. For sequence comparison of nucleic acids and proteins, the BLAST 2.0

algorithm and the default parameters discussed below are used.

[B089] A “comparison window,” as used herein, includes reference to a segment of any one of
the number of contiguous positions selected from the group consisting of from 20 to 600, usually
about 50 to about 200, mwore usually about 100 to about 150 in which a sequence may be compared
to a reference sequence of the same number of contiguous positions after the two sequences are

optimally aligned.
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{B066]  An algorithm for determining percent sequence identity and sequence simularity 1s the
BLAST 2.0 algorithm, which is described in Altschul et al, (1990} J. Mol Biol 215: 403-410.
Software for performung BLAST analyses is publicly available at the National Center for
Bistechnology Information website, ncbinlmonih gov. The algorithm mvolves first dentifying
high scoring sequence pairs (HSPs) by identifying short words of length W in the query sequence,
which either match or satisty some positive-valued threshold score T when aligned with a word of
the same length in a database sequence. T is referred to as the neighborhood word score threshold
(Altschul et al., supma). These mutial neighborhood word hits acts as seeds for initiating searches
to find longer HSPs contaming them. The word hits are then extended in both directions along
each sequence for as far as the cumulative alignment score can be increased. Cumulative scores
are calculated using, for nucleotide sequences, the parameters M {reward score for a pawr of
matching residues; always >0} and N {penalty score for mismatching residues; always <0}, For
aming acid sequences, a scoring matrix is used to calculate the cumulative score. Extension of the
word hits in each direction are halted when: the cumulative alignment score falls oft by the quantity
X from its maxunurn achieved value; the cumoulative score goes to zero or below, due to the
accumulation of one or more negative-scoring residue alignments; or the end of either sequence 5
reached. The BLAST algorithin parameters W, T, and X deternune the sensitivity and speed of the
ahigoment. The BLASTN prograr (for nucleotide sequences) uses as defaults a word size (W) of
28, an expectation (F) of 10, M=1, N=-2, and a comparison of both strands. For amino acid
sequences, the BLASTP program uses as defauits a word size (W) of 3, an expectation (E} of 10,
and the BLOSUMOG2 scoring matrix {see Hentkoft & Henikoff, Proc. Natl Acad. Sci. US4

89:10915 (1989)).

[0061] The BLAST algorithm also performs a statistical analysis of the similarity between two
sequences {see, e.g., Karlin & Altschul, Proc. Nat'l Acad. Sci. 1754 90:5873-5787 (1993}}. Oune
measure of similanty provided by the BLAST algonithm is the smallest sum probability (P(N})),
which provides an indication of the probability by which a match between two nucleotide or amine
acid sequences would occur by chance For example, a nucleic acid 13 considered sumilar 1o a
reference sequence if the smaliest sum probability in a comparison of the test nucleic acid to the
reference nucleic acid s less than about 0.2, more preferably less than about 0.01, and most

preferably less than about 0.001.
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{0662] The "CRISPR-Cas” system refers to a class of bacterial systems for defense against
foreign nucleic acids. CRISPR-Cas systems are found in a wide range of bacterial and archaeal
organisms. CRISPR-Cas systems fall into two classes with six types, I, H, L IV, V, and Vi as
well as many sub-types, with Class 1 including types I and HE CRISPR systems, and Class 2
mcluding types I, 1V, V and VI; Class 1 subtypes include subtypes I-A to I-F, for example. See,
e.g., Fonfara et al., Nature 532, 7600 (2016); Zetsche et al., Cell 163, 759-771 (2015); Adli et al.
{2018}, Endogenous CRISPR-Cas systems include a CRISPR locus containing repeat clusters
separated by non-repeating spacer sequences that correspond to sequences from viruses and other
mobile genetic elements, and Cas proteins that carry out multiple functions including spacer
acquisition, RNA processing from the CRISPR locus, target wdentification, and cleavage. In class
1 systems these activities are effected by multiple Cas proteins, with Cas3 providing the

endonuclease activity, whereas in class 2 systems they are all carried out by a single Cas, Cas9.

{6063] A “homologous repair template” refers to a polynucleotide sequence that can be used to
repair a double-stranded break (DSB) in the DNA, e.g, a CRISPR/Cas9-mediated break at the
HBAI or HBAZ locus as induced using the herein-described methods and compositions. The
homologous repair template comprises homology to the genomic sequence surrounding the DSH,
i.e., comprising HBAI or HBAZ homology arms. In sorne embodiments, two distinct homologous
regions are present on the template, with each region comprising at least 30, 100, 200, 300, 400,
5006, 600, 700, 800, 900 or more nucleotides or more of homology with the corresponding genomie
sequence. In particular embodiments, the teroplates comprise two homology arms comprising
about SO0 nucleotides of homology extending from either site of the sgRNA target site. The repair
template can be present in any form, e.g., on a plasomid that 18 ntroduced nto the cell, as a free
floating doubled-stranded DNA template {e.g., a template that s liberated from a plasmid 1 the
cell}, or as smgle-stranded DNA. In particular embodiments of the present disclosure, the template
is present within a viral vector, e.g., an adenc-associated viral vector such as AAVEG. The templates
of the present disclosure can also comprise a transgene, ¢.g., PAH or FIX transgene.

{6064] “HBA1” and “HBAZ” (hemoglobin subunit alpha 1 and 2, respectively} are closely
related, but not identical, genes encoding alpha-globin, which 15 a component of hemoglobm.
HBAI and HBAZ are located within the alpha-globin locus, located on human chromosome 16

Their coding sequences are wdentical, but the genes diverge, e.g., m the 3"UTRs, mtrons, and
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particularly the 3’UTRs. The NUBI gene 1D for HBAT 15 3039, and the NCBI gene ID for HBAZ

is 3040, the entire disclosures of which are herein incorporated by reference.

{B068] PAH (phenvialanine hydroxviase} is a gene encoding the phenylalanine hyvdroxylase
enzyme, which converts phenylalanine to tyrosine and which s the rate-hmiting step
phenylalanine catabolism. Homozygous PAH mutations that lead to PAH deficiencies can cause
phenviketonuria (PKU), characterized by high levels of phenylalanine, which if left unireated can
result m trreversible neurologic damage. The NCBI gene 1D for human PAH 15 5053, and the
UniProt D 15 PO0439, the entire disclosures of which are herein incorporated by reference. It will
be appreciated that the present methods can be used to treat PKU resulting from any mutation in

the PAH gene, e g, missense or nonsense mutations, deletions, etc.

{B066]  FIX (factor £X} 15 a gene encoding a coagulation factor that 15 expressed as a zymogen
and then converted t¢ an active form by factor Xla (of the contact pathway) or factor Via (of the
tissue factor pathway) to produce a two-chain form, where the chains are linked by a disulfide
bridge. Deficiency of this protein causes hemophilia B. The NCBI gene ID for human FIX 15 2158,
and the UniProt 1D 15 PO0740, the entire disclosures of which are herein incorporated by reference.
It will be appreciated that the present methods can be used to treat hemophilia B resulting from

any mutation in the FIX gene, e.g, missense or nonsense mutations, deletions, etc.

{8067} EPOR (erythropotietin receptor} is the receptor for erythropoietin (EPQ), a cytokine that
regulates the proliferation and differentiation of erythroid precursor cells. When ualicized (1e,
EPOR), EPOR refers to a polynucleotide {e g., gene, locus, fransgene, coding sequence, cDNA,
expression cassetie} encoding EPOR. Upon binding of EPO, EPOR activates JAK2 tyrosine
kinase, which m turn activates different intracellular pathways such as Ras/MAP kmnase, PI3
kinase, and STAT transcription factors. EPOR s a member of the cytokine receptor famiy, and
the FPOR gene 13 located on human chromosome 19p (19p13.2) The NCBI gene ID for human
EPOR 1 2057, and the UniProt ID for human EPOR s P19235, the entire disclosures of which are

herein incorporated by reference.

[0068] Truncated EPOR, or tEPOR {encoded by t£FPOR), refers to forms of the EPO receptor,
or to polynucleotides encoding the receptor forms, that lack a portion or all of the receptor’s
cytoplasmuc doroain. For example, in some embodiments a tEPOR lacks the 70 C-ternunal amuno

acids of full-length EPOR. lu some emmbodiments, a tEPOR lacks all 236 amino acids of the
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cytoplasmic domain. In some embodiments, a tEPOR lacks, e.g., about 106, 20, 30, 40, 50, 60, 70,
80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200, 210, 220, 230, 16-236, 10-50, 50-
60, 60-70, 6575, T0-80, 80-90, 90-100, 100-150, 150-200, or 200-236 anmino acids. In some
embodiments, a tEPOR lacks a binding site and/or does not interact with the tyrosine phosphatase
SHP-1 {or SHPTP-1}, which normally plays a role in inhibiting EPOR signaling. In some
embodiments, a coding sequence {e.g., gene or transgene} encoding a tEPOR comprises a nonsense
mutation i exon 7 or exon &, and/or encodes any of the herein-described forms of truncated EPOR.
Nonsense mutations causing the expression of truncated EPOR act as dominant mutations that
render cells hypersensitive to EPQ, leading to an ability to undergo effective proliferation and
differentiation in the presence of reduced amounts of EPO, and to show enhanced levels of

proliferation and differentiation in the presence of normal EPO levels,

{8069} As used herein, “homologous recombination” or “HR” refers to insertion of a nucleotide
sequence during repair of double-stranded treaks m DNA wvia homology-directed repair
mechanisms. This process uses a “donor template” or “homologous repair template” with
homology to nucleotide sequence in the region of the break as a template for repairing a double-
stranded break. The presence of a double-stranded break facilitates integration of the donor
sequence. The donor sequence may be physically integrated or used as a teroplate for repair of the
break via homologous recombination, resulting in the introduction of all or part of the nucleotide
sequence. This process 15 used by a number of different gene editing platforms that create the
double-stranded break, such as meganucleases, zine finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENs), and the CRISPR-CasS gene editing systems. In
particular embodiments of the present disclosure, HR nvolves double-stranded breaks mduced by

CRISPR-Cas9.

4., CRISPR/Cas systems specifically targeting the HBAT or HBA2 Jocus

[6078] The present disclosure 15 based in part on the identification of CRISPR guide sequences
that specifically direct the cleavage of HBAJ or HBA2 by RNA-guided nucleases but without
leading to cleavage of both genes. The present disclosure provides a CRISPR/AAV6-mediated
genome editing method that can achieve high rates of targeted integration at both loci. The
mtegrated transgenes exhibit RBC-specific expression of functional transgenes, and celis edited at

this focus are capable of long-term engraftment and hematopoietic reconstitution.
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{8671] Because of the redundancy of HBA7 and HBA2, integration at this locus allows delivery
of transgenes for RBC-specific expression without the risk of W-allelic integrations causing

detrimental cellular effecis.
SgHNAs

{8672] The single ginde RNAs (sgRNAs} used n the present disclosure target erther the HBA47
or HBAZ locus, but not both. sgRNAs interact with a site-directed nuclease such as Cas9 and
specifically bind to or hybridize to a target nucleic acid within the genome of a cell, such that the
seRNA and the site-directed nuclease co-localize to the target nucleic acid in the genome of the
cell. The sgRNAs as used herein comprise a targeting sequence comprising homology {or
complementarity} to a target DNA sequence at the HBAJ or HBA2 locus, and 3 constant region
that mediates binding to Cas9 or ancther RNA-guided nuclease. The sgRNA can target any
sequence within HBAJ or HBA2 adjacent to a PAM sequence. In particelar embodiments, the
sgRNA targets HBA1 but not HBAZ2, or HBAZ but not HBA1, te, the sgRNA can target any
sequence within the HBA4 7 or HBA2 genes that are distinct between the two genes and adjacent to
a PAM sequence. In particular embodiments, a single guide RNA, or sgRNA, 1s used. In some
embodiments, the target sequence is within intron 2 or the 3" UTR of HEA 7 or HBAZ. In particular
embodiments, the target sequence is within the 3° UTR. In particular embodiments, the target
sequence differs by 3, 4, 5 or more nuclectides between HBAT and 842 In some embodiments,
the target sequence comprises one of the sequences shown as SEQ 1D NO:1 or 2, or a sequence
comprising I, 2, 3 or more susmatches with SEQ 1D NG:1 or 2. In particular emboduments, the

target sequence comprises the target sequence of sgh (SEQ ID NOG:1) or sg2 (SEQ ID NG:2),

[B073] In some embodiments, the sgRNAs comprise one or more modified nucleotides. For
example, the polynucleotide sequences of the sgRNAs may also comprise RNA analogs,
derivatives, or combinations thereof. For example, the probes can be modified at the base moiety,
at the sugar moiety, or at the phosphate backbone {e.g , phosphorothicates). In some embodiments,
the sgRNAs comprise 37 phosphorothiate  nternucleotide  linkages, 27-O-methyl-3-
phosphoacetate modifications, 2’ -fluoro-pyrinudines, S-constrained ethyl sugar modifications, or
others, at one or more nucleotides. In particular embodiments, the sgRNAs comprise 2'-O-methyl-
3 -phosphorothioate (MS) modifications at one or more nucleotides {see, e.g., Hendel et al. (2015}

Nat. Biotech. 33(9).985-989, the entire disclosure of which 1s herein incorporated by reference}.
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In particular embodiments, the 2'-O-methyl-3'-phosphorothicate (MS) modifications are at the

three terminal nucleotides of the 5" and 3 ends of the sgRNA.

{0074 The sgRNAs can be obtained in any of a number of ways. For sgRNAs, primers can be
synthesized in the laboratory using an oligo synthesizer, e g., as sold by Applied Biosystems,
Biolytic Lab Performance, Sierra Biosystems, or others. Alternatively, primers and probes with
any desired sequence and/or modification can be readily ordered from any of a large number of

suppliers, e.g., ThermoFisher, Biolytic, IDT, Sigma-Aldritch, GeneScript, eic.
RNA-guided nucleases

{B078]  Any CRISPR-Cas nuclease can be used n the method, /e, a CRISPR-Cas nuclease
capable of interacting with a guide RNA and cleaving the DNA at the target site as defined by the
cuide RNA. In some embodiments, the nuclease 15 Cas9 or Cpfl. In particular embodiments, the
nuclease 15 Cas9. The Cas9 or other nuclease used in the present methods can be from any source,
so long that it is capable of binding to an sgRNA of the disclosure and being guided to and cleaving
the specific HBAI or HBAZ sequence targeted by the targeting sequence of the sgRNA. In
particular embodiments, the Cas® is from Streprococcus pyogenes. In some embodiments, the (as9

is a ligh fidelity Cas%.

{0076]  Also disclosed herein are CRISPR/Cas or CRISPR/Cpf1 systems that target and cleave
DNA at the HBA{ or HBAZ locus. An exemplary CRISPR/Cas system comprises {(a} a Cas {e.g.,
Cas9) or Cpfl polypeptide or a nucleic acid encoding said polypeptide, and {b) an sgRNA that
hybridizes specifically to 847 or HBA2, or a nucleic acid encoding said guide RNA. In some
mstances, the nuclease systems described herein, further comprises a donor template comprising
a FIX or PAH or tEPOR transgene as described herein. In certain embodiments, the donor teraplate
is a bicistronic cassette encoding two transgenes, {e.g., a FIX~EPOR fusion protein). In certain
embodiments, the donor template 15 a bicistronic cassette comprising a nucleic acid sequence
encoding a 2ZA cleavage peptide (e.g, a member of the 2A peptide fanuly such as a T2A, PZA,
E2A, or F2A cleavage peptide) between the two transgenes (e.g., FIX-T2A-EPOR). In particular
embodiments, the CRISPR/Cas systerm comprises an RNP comprising an sgRNA targeting HBA/

or HBAZ2 and a Cas protein such as Cas9,
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{86771 In addition to the CRISPR/Cas9 platform (which 15 a type I CRISPR/Cas system),
alternative systems exist including type L CRISPR/Cas systems, type Il CRISPR/Cas systems, and
type V CRISPR/Cas systems. Various CRISPR/Cas9 systems have been disclosed, including
Streptococcus  pvogenes  Cas®  {Splas9)y, Streprococcus  thermophilus Cas®  {(StCas9),
Campylobacter jejuni CasS (CiCas9) and Neisseria cinerea (as? {NcCas9) to name a few.
Alternatives to the Cas system include the Francisella novicida Cpfl (FnCpfl), Acidaminococcus
sp. Cptt (AsCpf1), and Lachnospiraceae bacterium ND2006 Cpfl (LbCpfl) systems. Any of the
above CRISPR systems may be used to induce a single or double stranded break at the HBA7 or

HBAZ locus to carry out the methods disclosed herein.
Introducing the sgRNA and Cas protein into cells

{B078] The guide RNA and nuclease can be mtroduced into the cell using any suitable method,
e.g., by introducing one or more polynucleotides encoding the guide RNA and the nuclease into
the cell, e.g., using a vector such as a vural vector or delivered as naked DNA or RNA, such that
the guide RNA and nuclease are expressed in the cell. In particular embodiments, the guide RNA
and nuclease are assembled into nbonucleoproteins (RNPs) prior to delivery to the cells, and the

RNPs are introduced into the cell by, e g, electroporation.

{6079  Animal cells, mammalian cells, preferably human cells, modified ex vive, in vitro, or in
vive are contemplated. Also included are cells of other primates; mammals, including
commercially relevant mammals, such as cattle, pigs, horses, sheep, cats, dogs, mice, rats; birds,

mncluding commercially relevant birds such as poultry, chickens, ducks, geese, and/or turkeys.

{B080] In some embodiments, the cell is an embryonic stem cell, a stem cell, a progenttor cell,
a pluripotent stem cell, an induced pluripotent stem (1PS) cell, a somatic stem cell, a differentiated
cell, a mesenchymal stem cell or a mesenchymal stromal cell, a neural stem cell, a hematopoietic
stem cell or a hematopoietic progenitor cell, an adipose stem cell, a keratinocyte, a skeletal stem
cell, a muscle stem cell, a fibroblast, an NK celi, a B-cell, a T cell, or a peripheral blood
mononuclear cell (PBMC). Tn particular embodiments, the cells are CD347 hematopoietic stem
and progenutor cells (HSPCs), e.g., cord blood-denived (CB), adult peripheral blood-~derived (PB),

or hone marrow dertved HSPCs.
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{0681]  HSPCs can be isolated from a subject, e.g., by collecting mobilized peripheral blood and
then enriching the HSPCUs using the CD34 marker. In some embodiments, the cells are from a
subject with hemophilia B. In some embodiments, the cells are from a subject with
phenvliketonuria. In some such embodiments, the transgene that 15 integrated into the genome of
the HSPC 1s PAH or FIX) e g, at the HBA7 locus. In one embodiment, a method is provided of
treating a subject with phenylketonuria, comprising genetically modifying a plurality of HSPCs
isolated from the subject so as to integrate the PAH gene at the 34/ locus, and reiniroducing the
HSPCs into the subject. In some such embodiments, the subject is further administered BH4. In
another embodiment, a method 1s provided of treating a subject with hemophilia B, comprising
genetically modifying a plurality of HSPCs isolated from the subject 50 as to integrate the FIX

gene at the HBAJ locus, and reintroducing the HSPCs into the subject.

{8082] Toavoid immune rejection of the modified cells when administered to a subject, the cells
to be modified are preferably derived from the subject’s own cells. Thus, preferably the

mammalian cells are autologous cells from the subject to be treated with the modified cells.

{6083] Insomeembodiments, cells are harvested from the subject and modified according to the
methods disclosed herein, which can include selecting certain cell types, optionally expanding the
cells and optionally culturing the cells, and which can additionally include selecting cells that
contain the transgene mtegrated nto the HRAT or HBA2 locus. In particular embodiments, such

modified cells are then reintroduced into the subject.

{0084] Further disclosed herein are methods of using said nuclease systems to produce the
modified host cells described herein, comprising introducing into the cell {a) an RNP of the
disclosure that targets and cleaves DNA at the HBA 7 or HBA2 locus, and (b} a homologous donor
template or vector as described herein. Fach component can be introduced into the cell divectly or
can be expressed 1 the cell by miroducing a nucleic acid encoding the components of said one or

moore nuclease systems,

[B085]  Such methods will target mntegration of the functional transgene, eg., PAH or FIX
transgene, at the endogenous HB47 or HBA2 locus 10 a host cell ex viva, Such methods can further
comprise {a} wtroducing a donor template or vector mto the cell, optionally after expanding said

cells, or optionally before expanding said cells, and {b) optionally culturing the cell.
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{0086] In some embodiments, the disclosure hergin contemplates a method of producing a
modified mammalian host cell, the method comprising introducing into a mammahian celi: (a) an
RINP comprising a Cas nuclease such as (as9 and an sgRNA specific to the HBA7 or HBAZ locus,

and {b) a homologous donor template or vector as described herein.

{B087]  In any of these methods, the nuclease can produce one or more single stranded breaks
within the HBA471 or HBA2 locus, or a double-siranded break within the HBA41 or HBAZ locus. In
these methods, the HBA7 or HBAZ locus 1s modified by homologous recombination with said
donor template or vector to result in msertion of the transgene mto the locus. The methods can
further comprise (¢} selecting cells that contain the transgene integrated mio the HBAJ or HBAZ

locus.

{B088]  In some embodiments, 153 (Canny et al. (2018} Nat Biotechnol 36:95) 1s introduced into
the cell in order to promote integration of the donor template by homology directed repair (HDR)
versus mtegration by non-homologous end-joining (NHEJ). For example, an 133 polypeptide or an
mRNA encoding 153 can be introduced into the cell, e.g., by electroporation at the same time as
an  sgRMNA-Cas® RNP. The sequence of 153 «can be found, dmter afia, at

www.addgene org/92170/sequences/.

{6089] Techniques for the insertion of transgenes, including large transgenes, capable of
expressing functional proteins, including enzymes, cvtokines, antibodies, and cell surface
receptors are known in the art {See, e.g., Bak and Porteus, Cell Rep. 2017 Jul 18; 2003} 750-75¢6
(integration of EGFR}; Kanojia et al., Stem Cells. 2015 Oct;33(10):2985-94 (expression of anti-
Her2 antihody), Eyquem et al,, Nature 2017 Mar 2;543(7643):113-117 (site-specific mtegration
ofa CAR};, O’Connell etal,, 2010 PLoS ONE 3(8): 12009 {expression of hurnan IL-7); Tuszynski
et al, Nat Med. 2005 May; 1L{5):551-5 {expression of NGF 1o fibroblasts);, Sessa et al., Lancet.
2016 Jul 30;388{10043):476-87 {expression of arylsulfatase A m ex vivo gene therapy to treat
MLD); Rocea et al, Science Translational Medicine 25 Oct 2017 Vol 9, Tssue 413, eany2347
{expression of frataxin};, Bak and Porteus, Cell Reports, Vol. 20, Issue 3, 18 July 2017, Pages 750-
756 (integrating large transgene cassettes nto a single locus), Dever et al., Nature 17 November
2016 539, 384-389 {adding tNGFR mto hematopoietic stem cells (HSC) and HSPCs 1o select and

enrich for modified celis), each of which 15 herewn incorporated by reference n its entirety.

B2
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Homologous Repair Templates

{8098] In particular embodiments, the transgene to be ntegrated, which 1s comprised by a
polynucleotide or donor construct, 15 a FIX or PAH transgene. Such transgenes can be expressed
in red blood cells and serve to replace or compensate for a defective gene, e.g., a defective FIX
gene in a subject with hemophilia B, or a defective PAH gene 1n a subject with PKU. In particular
embodiments, the genetically modified HSPCs are introduced into a subject and differentiate into

red blood cells, and the red blood cells then circulate and supply the encoded protein in vivo.

{8091} 'The transgene comprises a functional coding sequence for a gene, e.g., a gene that is
defective in a subject, with optional elements such as promoters or other regulatory elements {e.g.,

enhancers, repressor domains}, mitrons, WPREs, poly A regions, UTRs {e.g., 3° UTRs}.

{B092]  In some embodiments, the transgene in the homologous repair template comprises or s
dertved {rom a ¢cBNA for the corresponding gene. In some embodiments, the transgene in the
homologous repair template comprises the coding sequence from the corresponding gene and one
or more introns. In some embodiments, the transgene i the homologous repair template 1s codon-
optimized, e.g., comprises at feast 70%, 75%, 80%, 85%, 90%, 95%, or more homology to the

corresponding wild-type coding sequence or cBNA, or a fragment thereof

{B093]  In particular embodiments, the template further comprises a polyA sequence or signal,
e.g., a bovine growth hormone polvA sequence or a rabbii beta-globin poly A sequence, at the 3°
end of the ¢cDNA. In particular embodiments, a Woodchuck Hepatitis Virus Posttranscriptional
Regulatory Element {WPRE) 15 included within the 3’UTR of the template, e g., between the 3’
end of the coding sequence and the 57 end of the polv A sequence, so as to increase the expression
of the transgene. Any suitable WPRE sequence can be used; See, e.g., Zufferey et al. (1999} J.
Virol, 73(4):2886-2892; Donello, et al. (1998). J Virol 72 53085-5092; Loeb, et al. (1999} Hum

Gene Ther 10: 2295-2305; the entire disclosures of which are herein incorporated by reference).

{6094] In particular embodiments, the transgene encodes Factor IX (FIX) In particular
embodiments, the (F7X) transgene comprises the nucleotide sequence shown as any one of SEQ
1 NOS: 6-11 or a subsequence thereof, or a sequence comprising at least about 70%, 75%, 80%,
§3%, 90%, 95%, 96%, 97%, 98%, 99%, or more to any one of SEQ I NOS: 6-11 or a subseguence

thereof. In some embodiments, the FEX transgene 1s codon optinuzed.
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{B09%]  In particular embodiments, the FIX transgene comprises one or more of the following
features relative to a wild-type FXI coding sequence: 1) the presence of two or more mutations
selected from the group consisting of R318Y, R338E, R338L, and T343R; 1} the inclusion of an
exogenous signal sequence, e.g., a signal sequence from an [L-6 proteimn; and #11) a truncation in

one of More mtrons, e.g., in intron 1,

&

{8096] In particular embodiments, the FIX transgene comprises one or more mutations relative
to a wild-type FIX sequence. For example, in some embodiments, the transgene comprises a
“Padua” variant mutation at position 338, e, an R338L substitution. In some such embodiments,
the transgene comprises a nucleotide sequence shown as SEQ} ID NOS: 6-8 or a subsequence
thereof, or a sequence comprising at least about 70%, 75%, 80%, 85%, 90%, 93%, 96%, 97%,
98%, 99%, or more to one or more of SEQ ID NOS: 6-8 or a subsequence thereof In some
embodiments, the transgene comprises two or more mutations of a (B 2679d-GT” variant, 1e,
R318Y, R338E, and/or T343R mutations. See, e.g., Nair etal |, Blood (2021} 137 {21} 2902-2906.
In some such embodiments, the transgene comprises the nucleotide sequence shown as SEQ 1D
NO: 9 or a subsequence thereof, or a sequence comprising at least about 70%, 75%, 80%, 85%,
90%, 95%, 96%, 97%, 98%, 99%, or more to SEQ ID NO: 9 or a subsequence thereof In particular
embodiments, the transgene comprises the mutations R318Y, R338L, and T343R. In some such
embodiments, the transgene comprises the nucleotide sequence shown as SEQ ID NO: 10 ora
subsequence thereof, or a sequence comprising at least about 70%, 73%, 80%, 83%, 90%, 95%,
96%, 7%, 98%, 99%, or mwore to SEQ 1D NO: 10 or a subsequence thereof In particular
embodiments, a mutant FIX protein encoded by the transgene comprises greater activity than a
wild-type FIX proten, e.g., an increase m activity of at least about 10%, 20%, 30%, 40%, 50%,

60%, 70%, 80%, 90%, 100%, or more relative to the activity of a wild type FIX enzyoe.

[8097] In particular embodiments, the Factor IX transgene comprises an exogenous signal
peptide, 1.e., the vative signal peptide at the beginning of exon | is replaced with a signal peptide
from another source. In particular ernbodiments, the native signal peptide 1s replaced with a signal
peptide from {L-6, e g, as m any one of SEQ 1D NOS: 6-11. In particular embodiments, the FIX
protein expressed from the transgene comprising the exogenous signal peptide is more highly

secreted than a wild-type FIX protemn, eg., as secreted from red blood cells. In particular
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embodiments, the FIX protein is secreted with at least about 3-fold greater efficiency than a wild-

type FIX protein.

{B098]  In some embodiments, the Factor X transgene comprises a first exon 1, followed by an
intron 1, followed by exons 2-8. In particular embodiments, the intron 1 is truncated. For example,
the approximately 6.2 kb intron 1 can be ironcated by, e g, at least about 0.1, 0.2, 0.3, 04, 0.5,

06,0708 09 1.0 11,12 13,1415 1.6 1.7,1.8,1.9,20,21,22, 23, 2.4 25, 26,27,

28,29,30,31,32,33,34,35 36,37,38 39 40, 41,42 43,44 45, 46,47, 48,49,
50,51,52,53,54,55,56,57,58,59,60, 61, or more kb, In particelar embodiments, the

truncation removes about 4.8 kb from the mtenior of mtron 1, e g., the nucleotides between two
Pvull sites at nucleotides 1098 and 3882 In particular embodiments, the truncation removes about
5.9 kb from the interior of intron 1, e g, the nucleotides between the two Scal sites at nucleotides
258 and 6168, In certain embodiments, the Factor X transgene comprises a portion of intron 1
of about 0.1, 0.2, 0.3, 04, 0.5, 0.6, 07, 08,09, 1.0, 1.1, 1.2, 13, 14, 15, 16, 1.7, 18,19 20,
21,22,23,2.4 2.5 26,27 28 29 30, 31,32 33,34,35,3.6,37 38,39, 40, 41,42,
43 44,45 46 47 48 49, 50,51, 52, 53,54, 55, 56, 57, 58, 59,60 or 6.1 kb In
particular embodiments, the Factor IX transgene comprises a portion of intron 1 of about 0.3 or

about 1.4 kb,

{8099} In particular embodiments, the transgene encodes phenylalanine hydroxylase (PAH). In
particular embodiments, the PAH transgene 1s codon optimized. In particular embodiments, the
PAH transgene comprises the nucleotide sequence shown as SEQ 1D NO: 5 or a subsequence
thereof, or a sequence comprising at least about 70%, 75%, 80%, §53%, 90%, 95%, 96%, 97%,

98%, 99%, or more to SEQ 1D NO: 5 or a subsequence thereof.

[0168] Inparticular embodiments, the transgene encodes a truncated EPO receptor (iIEPOR). In
particular emboduments, the tHPOR transgene 1s 1o fusion with the FIX or PAH transgene. In
certain embodiments, the donor template 1s a bicistronic cassette comprising two transgenes {(e.g.,
FIX and tEPOR). In certain embodiments, the donor teraplate 18 a bicistronic cassetie comprising
a nucleic acid sequence encoding a 2A cleavage peptide {e.g., a member of the 2A peptide family
such as a T2A, P2ZA, E2A, or F2A cleavage peptide) between the two transgenes (e.g., FIX-T2A-
tEPOR}. An exemplary nucleic acid sequence encoding a fusion protein hinked by a T2A cleavage

peptide, FIX-T2ZA4EPOR, 18 shown as SEQ ID NG: 11, In some mstances, the 2A cleavage peptide
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is a T2A or P2A cleavage pepiide. In other mnstances, the ZA cleavage peptide 1s a peptide having
sequence similarity and functional interchangeability to a T2A or PZA cleavage peptide, such as

an EZA or FZA cleavage peptide.

{8181} To facilitate homologous recombination, the transgene 15 flanked within the
polynucleotide or donor construct by sequences homologous to the target genontic sequence. For
example, the transgene can be flanked by sequences surrounding the site of cleavage as defined by
the guide RINA. In particular embodiments, the transgene 1s flanked by sequences homologous to
the 37 and to the 5 ends of the HBAJ or HBAZ gene or coding sequence, such that the HBAT or
HBAZ gene 1s replaced upon the HDR-mediated integration of the transgene. In one such
embodiment, the transgene 1s flanked on one side by a sequence corresponding to the 3” UTR of
the HBA1 or HBAZ gene, and on the other side by a sequence corresponding to the region of the
transcription start site, e.g., just 57 of the start site, of HBAT or HBA2 The homology regions can
be of any size, e.g., 100-1000 bp, 300-800 bp, 400-600 bp, or about 100, 200, 300, 400, 500, 600,
700, 800, 900, 1000, or more bp. In some embodiments, the transgene comprises a promoter, e.g.,
a constitutive or inducible promoter, such that the promoter drives the expression of the transgene
in vivo. In particular embodiments, the transgene replaces the coding sequence of HBAT or HBA2
such that s expression 15 driven by the endogenous HBAJ or HBA2 promoter. In particular
embodiments, the donor template comprises a sequence comprising at least about 70%, 75%, 80%,
85%, 90%, 93%, 96%, 97%, 98%, 99%, or more identity to SEQ ID NG:3, or a fragment thereof
In particular embodiments, the donor template comprises the sequence shown as SEQ ID NG:4,

or a fragment thereof

[8182]  Any suitable method can be used to miroduce the polynucleotide, or donor construct, 1nto
the cell. In some mstances, the dovor template 15 single stranded, double stranded, a plasnud ora
DNA fragment. In some jostances, plasmids comprise elements necessary for replication,
mcluding a promoter and optionally a 3° UTR. The vector can be a viral vector, such as a retroviral,
lentiviral (both integration competent and integration defective lentiviral vectors), adenoviral,
adeno-associated viral or herpes sumplex viral vector. Viral vectors may further comprise genes
necessary for replication of the viral vector. In particular embodiments, the polynuclectide 15

mtroduced using a recombmnant adeno-associated viral vector, e g, rAAVG.
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{#183]  In some embodiments, the targeting construct comprises: (1} a viral vector backbone,
e.g. an AAY backbone, to generate virus; {2) arms of homology to the target site of at least 200 bp
but ideally at least 400 bp on each side {0 assure high levels of reproducible targeting to the site
(see, Porteus, Annual Review of Pharmacology and Texicology, Vel 56:163-190 {2016}, which
is hereby incorporated by reference in its entirety}; (3} a transgene encoding a functional protein
and capable of expressing the functional protein, a polyA sequence, and optionally a WPRE
element; and optionally {4) an additional marker gene to allow for enrichment and/or monitoring
of the modified host cells. Any AAV known in the art can be used. In some embodiments the
primary AAV serotype 18 AAVS. In some embodiments, the vector, eg., rAAVO vector,
comprising the donor template is from about 1-2 kb, 2-3 kb, 3-4 kb, 4-5S kb, 3-6 kb, 6-7 kb, 7-8 kb,

or larger,

{0184] Suitable marker genes are known 1n the art and include Myc, HA, FLAG, GFP, truncated
NGFR, truncated BEGFR, truncated CD20, truncated CD19, as well as antibiotic resistance genes.
In some embodiments, the homologous repair temaplate and/or vector {e.g., AAV6) comprises an
expression cassette comprising a coding sequence for truncated nerve growth factor receptor

(tNGFR}, operably linked to a promoter such as the Ubiquitin C promoter.

{01065]  In some embodiments, the donor template or vector comprises a nucleotide sequence
homologous to a fragment of the HHA7 or HBAZ locus, or a nucleotide sequence 1s at least 85%,
88%, 90%, 92%, 5%, 98%, or 99% identical to at least 200, 250, 300, 350, 400, 450, 500, or more

consecutive nucleotides of the HBAI or HEAZ locus.

{01066] The inserted construct can also include other safety switches, such as a standard suicide
gene into the locus {e.g., 1Casp9) n circurnstances where rapid removal of cells muight be required
due to acute toxicity. The present disclosure provides a robust safety swiich so that any engineered
cell transplanted nto a body can be eliminated, ¢.g., by removal of an auxotrophic factor. This 5

especially important it the engineered cell has transformed mnto a cancerous cell.

[8187] The present methods allow for the efficient integration of the donor template at the
endogenous HBAI! or HBA2 locus. In some embodinents, the present methods allow for the
msertion of the donor template in about 10%, 15%, 20%, 25%, 30%, 35%, 40%, or more celis,
e.g., cells from an individual with hemophilia B or phenylketonurnia. The methods also allow for

high levels of expression of the encoded protein in cells, eg., cells from an individual with
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hemophilia B or phenyiketonuria, with an integrated transgene, e.g., levels of expression that are
at least about 70%, 75%, 80%, 85%, 90%, 95%, or more relative to the expression in healthy

control cells.

5. Muethods of treatment

{0188]  Followmng the integration of the transgene into the genome of the HSPC and confirming
expression of the encoded therapeutic protein, a plurality of modified HSPCs can be reintroduced
nto the subject. In one embodiment, the HSPCs are introduced by intrafemoral injection, such that
they can populate the bone marrow and differentiate imto, eg., red blood cells. In some
embodiments, the HSPCs are induced to differentiate into red blood cells in virro, and the modified

red biood cells are then re-introduced mto the subject.

{0109]  Dusclosed herein, in some embodiments, are methods of treating a genetic disorder, e.g.,
phenviketonuria or hemophilia B in an imndividual in need thereof, the method comprising
providing to the individual a protein replacement therapy using the genome modification methods
disclosed herein. In some instances, the method comprises a modified host cell ex vive, comprising
a functional transgene, e.g, PAH or FIX transgene, integrated at the HBA! or HBAZ locus, wherein
the modified host cell expresses the encoded protein which is deficient in the individual, thereby

treating the genetic disorder in the individual

{8118} In some embodiments, HSPCs from an individual with phenylketonuria are modified to
mtroduce the herein-described PAH transgene, and are subsequently reiniroduced mio the
mndividual. In some embodiments, the individual s further administered tetrahydrobiopterin

(BH4), e g, by oral administration,
Pharmaceutical compositions

{0111} Dasclosed herein, in some embodiments, are methods, compositions and kuts for use of
the modified cells, including pharmaceutical compositions, therapeutic methods, and methods of
admuustration. Although the descriptions of pharmaceutical compositions provided herein are
principally directed to pharmaceutical compositions which are suitable for administration to
humans, 1t will be understood by the skilled artisan that such compositions are generally suttable

for administration to any animals.
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{#112] Insome embodiments, a pharmaceutical compostion comprising a modified autologous
host cell of the disclosure 1s provided. The modified autologous host cell 1s genetically engineered
to comprise an integrated transgene at the HRAL or HBA2 locus. The modified host cell of the
disclosure herein may be formulated using one or more excipients to, e g {1} increase stabulity;
{2} alter the biodistribution {e.g., target the cell line to specific tissues or cell types); (3) alter the

release profile of an encoded therapeutic factor.

{#113] Formulations of the present disclosure can include, without limitation, saline, hiposomes,
lipnd nanoparticles, polymers, peptides, proteins, and combinations thereof. Formulations of the
pharmaceutical composttions described herein may be prepared by any method known or hereafter
developed in the art of pharmacology. As used herein the term “pharmaceutical composition”
refers to compositions ncluding at least one active ingredient (e.g., & modified host cell) and
optionally one or more pharmaceutically acceptable excipients. Pharmaceutical compositions of

the present disclosure may be sterile.

{0114} Relative amounts of the active mgredient {eg., the modified host cell), a
pharmaceutically acceptable excipient, and/or any additional ingredients in a pharmaceutical
composition in accordance with the present disclosure may vary, depending upon the identity, size,
and/or condition of the subject being treated and further depending upon the route by which the
composttion 1s to be administered. For example, the composition may include between 0.1% and
99% {(w/w) of the active ingredient. By way of example, the composition may include between
0.1% and 100%, e.g., between 0.5 and 50%, between 1-30%, between 3-80%, or at least 80%

{(wiw) active mgredient.

[0115] Excipients, as used herein, include, but are not hmited to, any and all solvents, dispersion
media, diluents, or other liquid vehicles, dispersion or suspension aids, surface active agents,
wsotonic agents, thickening or emulsifying agents, preservatives, and the bike, as suited to the
particular dosage form desired. Various exciptents for formulating pharmaceutical composttions
and technigues for preparing the composition are known in the art {see Remington: The Science
and Practice of Pharmacy, 21st Edition, A. R Gennaro, Lippincott, Willlams & Wilkins,
Baltimore, MD, 2006; incorporated herein by reference 1 ifs entirety). The use of a conventional
excipient mediam may be contermplated within the scope of the present disclosure, except msofar

as any conventional excipient medium may be mcompatible with a substance or its derivatives,
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such as by producing any undesirable biological effect or otherwise mteracting in a deleterious

manner with any other component{s} of the pharmaceutical composition.

{#116] Exemplary diluents include, but are not limited to, calcium carbonate, sodium carbonate,
calctum phosphate, dicalcium phosphate, calcium sulfate, calcium hydrogen phosphate, sodium
phosphate lactose, sucrose, cellulose, microcrystalline cellulose, kaohin, mannitol, sorbitol,
inositol, sodium chloride, dry starch, cornstarch, powdered sugar, etc., and/or combinations

thereof.

{8117} Injectable formulations may be sterilized, for example, by filtration through a bacterial-
retaining filter, and/or by incorporating sterilizing agents i the form of sterile solid compositions

which can be dissolved or dispersed in sterile water or other sterile injectable medium prior to use.
Daosing and Administration

{8118] 'The modified host cells of the present disclosuwre inchided in the pharmaceutical
compositions described above may be admiunistered by any delivery route, systemic delivery or
local delivery, which results in a therapeutically effective outcome. These include, but are not
limited to, enteral, gastroenteral, epidural, oral, transdermal, intracerebral, intracerebroventricular,
epicutaneous, intradermal, subcutaneous, nasal, intravenous, intra-arterial, intramuscular,
mtracardiac, intraosseous, intrathecal, intraparenchymal, intraperttoneal, intravesical, intravitreal,
intracavernous), interstitial, infra-abdominal, intralvmphatic, intramedullary, intrapolmonary,
mtraspinal, intrasynovial, intrathecal, intratubular, parenteral, percutanecus, periarticular,
peridural, perineural, periodontal, rectal, soft tissue, and topical. In particular embodiments, the

cells are administered intravenously.

{0119} In some embodiments, a subject will undergo a conditioning regime before cell
transplantation. For example, before hematopoietic stem cell transplantation, a subject may
undergo myeloablative therapy, non-myeloablative therapy or reduced intensity conditioning to
prevent rejection of the stem cell transplant even 1f the stem cell originated from the same subject.
The conditioning regime may invoelve administration of cytotoxic agents. The conditioning regime
may also include immunosuppression, antibodies, and irradiation. Other possible conditioning
regimens mclude antibody-mediated conditioning {see, e.g., Czechowicz et al,, 318(5854) Science

1296-8 (2007); Palchaudarn er al, 34(7) Nane Biotechnology 738-745 (2016); Chhabra ef af,
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10:8(351) Science Translational Medicine 35112105 (2016)} and CAR T-mediated conditioning
(see, e.g., Arat ef al., 26(5) Molecular Therapy 1181-1197 (2018}, each of which 1s hereby
incorporated by reference in 1S entirety). For example, conditioning needs to be used to create
space 1n the brain for microgha derived from engineered hematopotetic stem cells (HSCs) to
migrate in to deliver the protein of interest {as m recent gene therapy trials for ALD and MLD).
The conditioning regimen is also designed to create niche “space” to allow the transplanted celis
to have a place i the body to engraft and proliferate. In HSC transplantation, for example, the
conditioning regimen creates niche space in the bone marrow for the transplanted HSCs to engraft.

Without a conditioning regimen, the transplanted HSCs cannot engraft.

{0128] Certain aspects of the present disclosure are directed to methods of providing
pharmaceutical compositions including the modified host cell of the present disclosure to target
tissues of mammalian subjects, by contacting target tissues with pharmaceutical compositions
mcluding the modified host cell under conditions such that they are substantially retained i such
target tissues. In some embodiments, pharmaceutical compositions including the modified host
cell include one or more cell penetration agents, although “naked” formulations (such as without
cell penetration agents or other agents) are also contemplated, with or without pharmaceutically

acceptable excipients.

{0121} The present disclosure additionally provides methods of administering modified host
cells i accordance with the disclosure to a subject in need thereof The pharmaceutical
compositions including the modified host cell, and compositions of the present disclosure may be
admuustered to a subject using any amount and any route of admuustration effective for
preventing, treating, or managing the disorder, e g., hemophilia B or phenylketonuria. The exact
amount required will vary from subject to subject, depending on the species, age, and general
condition of the subject, the severity of the disease, the particular composition, tts mode of
admuustration, its mode of activity, and the like. The subject may be a buman, a mammal, or an
arumal. The specific therapeutically or prophvlactically effective dose level for any particular
mdivideal will depend apon a varniety of factors imcluding the disorder being treated and the
severity of the disorder; the activity of the specific pavicad employed; the specific composition
employed; the age, body weight, general health, sex and diet of the patient; the time of

admimstration, route of admumstration; the duration of the treatment, drugs used n combmation
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or coincidental with the specific modified host cell emploved; and like factors well known 10 the

medical arts.

{0122} 1o certain embodiments, modified host cell pharmaceutical compositions 10 accordance
with the present disclosure may be administered at dosage levels sufficient to deliver from, e.g.,
about 1x10%t0o 1 x 109, 1x10°t0 1 x 10° 1 x 10%t0 1 = 107, or more modified cells to the subject,
or any amount sufficient o obtain the desired therapeutic or prophylactic, effect. The desired
dosage of the modified host cells of the present disclosure may be administered one time or
mutltiple times. In some embodiments, delivery of the modified host cell to a subject provides a
therapeutic effect for at least T month, 2 months, 3 months, 4 months, 5 months, & months, 7
months, 8 months, 9 months, 10 months, 11 months, 1 year, 13 months, 14 months, 15 months, 16

months, 17 months, 18 months, 19 months, 20 months, 21 months, 22 months, 23 months, 2 years,

3 years, 4 years, 5 years, 6 vears, 7 years, 8 vears, 9 years, 10 years or more than 10 years.

{0123] The modified host cells may be used in combination with one or more other therapeutic,
prophylactic, research or diagnostic agents, or medical procedures, etther sequentially or
concurrently. In general, each agent will be administered at a dose and/or on a time schedule

determined for that agent.

{0124] Use of a modified mammalian host cell according to the present disclosure for treatment
of hemophilia B or phenylketonuria or other genetic disorder is also encompassed by the

disclosure.

{80128} The present disclosure also contemplates kits comprising compositions or components
described herein, e.g, sgRNA, Cas9, RNPs, 153, and/or homologous templates comprising PAH
and/or FIX transgenes, as well as, optionally, reagents for, e.g,, the introduction of the components
mto celis. The kits can also comprise one or more containers or vials, as well as instructions for
using the compositions in order to modidfy cells and treat subjects according to the methods

described herein.
6. Exampies

Example 1. Taroeted inteoration of codon-optimized ¢DNA of PAH into HBA locus

{0126] In this study, we have leveraged the combined (Cas9/AAV6 genome editing method to

mediate site-specific integration of a PAH cDNA transgene into the HHA 7 locus while leaving the
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virtually identical 842 gene unperturbed. We found that this process allowed us to replace the
entire coding region of HBA ! with PAH transgene at high frequencies, which allowed high levels

of PAH expression i differentiated RBCs.

{8127} We generated a codon-optimized PAH transgene and integrated it into a donor template
where 1t was flanked by two HBAT homology regions. The left homology region corresponded to
the 5 U'TR of the HBAI, and the right homology region corresponded to the 37 UTR (FiG. 24),
starting immediately downstream of the sgRNA target site. sgRNAS-Cas9 RNPs were introduced
by electroporation into thawed CD34+ HSPCs, immediately followed by addition of AAVS
carrying the PAH donor vector. In addition, we developed a co-expression cassette containing the
codon-optimized PAH transgene, a T2A sequence, and a YFP marker gene driven by the
constitutive promoter SFFV (FIG. 2A), with the sequence listed as SEQ ID NO: 12, Upon
expression the T2ZA pepuide allows separate translation of PAH and YFP. Cells were plated in
HSPC media for 2 days, and then RBC differentiation was initiated by transferring the cells into
phase I RBC media(FIG. 2B). The integration of the transgene PAH reached 20 .95% and 22.47%
of targeted alleles at day 0 and day 14, respectively in the presence of sgRNA, Cas9 protein, and
donor template (FiG., 2C). Integration of the transgene SFFV-PAH-YFP (bulk}) was 19.21% of
targeted alleles, while YFP (sorted) reached 60.72% (FIG. 2C). Integration of the transgene did
not affect differentiation of the cells, with close to 100% of all the tested sample cells showing

RBC differentiation (FIG. 2D).

[0128] At day 14 of RBC differentiation, cells were also harvested for qualitative analysis of
protein expression by western blot targeted with either HBAT-PAH or SFFV-PAH-T2A-YFP.
Compared to the GAPDH reference protein, high levels of PAH expression in both the HBAI1-
PAH and SFFV-PAH-TZA-YFP vectors are observed in the bulk population of targeted cells post-
differentiation (FIG. 2E)} To validate the efficiency of T24, the relative quandity of PAH-YFP
fusion protein (~78kD) vs. PAH {51k} was evaluated by measuring the intensity of the two bands
n the upper portion of the “PAH-TZA-YIFP” column v the Western blot wmnage (FiG, 2E).
Roughly 98.9% of detected PAH protein was present in the correct “cleaved” form, suggesiing
that the T2A peptide sequence 1s highly efficient and does not meaningfully interfere with PAH

EXPrEssion.
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{#129] We next examined in vifro PAH enzymatic activity. The assay is mostly based on the
methods described in Martinez et al, Biochem J. 1995; and Yew et al., Mol Genet Metab 2013
Briefly, cells targeted with HBAL-PAH or SFFV-PAH-YFP were harvested at d14 of RBC
differentiation (sorting for YFP+ cells were done at d7 as described above}. Lysates were obtained
by freeze/thaw and centrifuged to remove debris. Lysate was combined with L-Phe, 6-MPH4
cofactor, DTT, and Catalase in Tris-HCI and incubated for 3 hours at 25C. Trichloroacetic acid,
1-Nitroso-2-naphthol and Nitric Acid were added followed by 30min incubation at 55C. Tyrosing
was quantified calonimetrically at 450nm and the umol of Tyrosine calculated from a standard
curve. HEPGZ cells {a hepatocellular carcinoma cell line, which endogenously express PAH) were
assayed as a positive control. As shown in FIG. 2F, HBA1-PAH (34.02 umol Tyr/min/10° cells)
has significantly more PAH activity than SFFV-PAH-YFP {p<G.001 for both Bulk {(2.055 umol
Tyr/min/10° cells) and Sorted (12.66 umol Tyr/min/10° cells), suggesting that the HBA 1 promoter
is a robust driver of protein expression in erythroid cells, even for non-erythroid proteins such as
PAH. HEPG2 cells exhibit approx. 1.29-fold more PAH activity {43.89 umol Tyr/min/10% cells)
than HBA1-PAH-targeted erythroid cells (FIG. 2F). HSCs were targeted with SFFV-PAH-YFP
and differentiated imto RBCs as previously described. On d7, cells were sorted for YFP, and both
Bulk (ursorted) and Sorted celis were returned to culture. At d14 of RBC differentiation, cells
were harvested and analyzed by FACS for % YFP+ of live cells (aka, % edited cells). As shown
1o FEG. 26, Bulk (unsorted) cells exbibit up to 25.3% YEFP+ of live cells, while sorted cells can
reach up to 85.03%. Connecting lines indicate umque replicates (donors). The sample denoted with

an asterisk {*) corresponds to data shown 1 FIG, 2F.

Frample 2. Transplantation of seneticallv edited Townes mouse HIPCs into PAH-deficient

mice,

{81308] D34+ HSPC are isolated from the bone marrow of Townes mice and expanded ex vivo.
The cells are then edited by ntroducing RNPs containing sgS sgRNA and Cas® by electroporation,
and a donor template comprising left and right HBAT homology regions surrounding a codon-
optinuzed PAH transgene introduced using an AAV6 vector. The edited HSUs are allowed to

recover for 1 week and then transplanted into irradiated homozygous PAFEZE mice (FIG. 3).

{6131] Following transplantation of the edited HSPCs, the mice are fed a standard mouse diet,

with no BH4 supplementation. At four weeks they are started on daily oral BH4 supplementation

39



10

i5

20

30

WO 2023/224992 PCT/US2023/022379

in thetr drinking water. Plasma phenvlalanine, peripheral blood analysis, and complete blood count

is measured before and every 4 weeks after starting BH4 supplementation (FI. 4},

{0132] Homozygous PAH™W mice were irradiated at 8 wks old with &Gray Total Body
frradiation (TBI}. Townes mouse HSCs either unedited (Mock), edited with HBAT-PAH (HBA1-
PAH)}, or edited with SFFV-PAH-YFP {(SFFV-PAH-YFP) were transplanted via Retro-orbital
injection the same day. Blood was drawn via retro-orbital bleeds at week 4, 6, and 8. Plasma was
separated from whole blood by centrifugation and the plasma [Phe] (uM) was determined by
LO/MS. Data for individual mice across weeks 4-8 are shown in FIG. SA. BH4 cofactor
supplementation in drinking water (20mg/kg/day dosing} was nitiated 1-day after the wkd samples
were obtained. The last column in FIG. SA shows the average [Phelpiasma for wks 6 and 8 for
mdividual mice. As also shown in FIG. 5B, “Mock” unedited HSCs exhubited an average of
2932uM [Phelpasma, HSCs edited with HBA1-PAH and HSCs edited with SFFV-PAH-YFP (bulk}
had an average of 2232uM (p=0.02 vs. Maock) and 2129uM (p=0.04 vs. Mock} [Phelpasma,
respectively. The in vivo PAH data indicates transplant of edited mHSCs expressing PAH driven
either by HBA1 (RBC-specific) or SFFV (in all HSC lineages) leads to a significant reduction in

{Phelriasma in mice with a severe PKU phenotype.

Example 3. Development and introduction of improved factor £X transsenes

{8133} Inthis example, we used the Cas9/AA VG genome editing method to mediate site-specific
mtegration of various codon-optimized Factor IX {(FTX) minigenes with improved properties mnto
the HBAI locus while leaving the virtually identical HBA2 gene unperturbed. We found that this
process allowed us to replace the entire coding region of HBAJ with the FXT transgene at hugh

frequencies, which allowed high levels of FIX expression in differentiated RBCs.

[0134] Woe generated a Factor IX transgene with a “Padug” mutation {R338L) and integrated o
mnto a donor template, with flanking night and left HBA1 homology regions (SEQ 1D NG:3 and
SEQ ID NO:4). The left homology region corresponded to the 7 UTR of the HBA1, and the nght
homology region corresponded to the 37 UTR, starting imwonediately downstrear of the sgRNA

target site (FI1G. 6).

[0138] The efficiency of secretion was enhanced by generating new secrefion vectors
comprising, €.g., a FIX transgene comprising an 1L-6 signal peptide (FIG. 7A4), operably linked to

a stlencing-prone spleen focus forming virus {SFFV) promoter (FiG, 7B). The Padua vector
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described in FIG. 6 was modified by addition of the constitutive SFFV promoter immediately
upstream of the start codon for Padua, resulting the new constitutive expression vector SFFV-
Padua (FIG. 7B). The transgene 1s flanked by a 400 bp LHA (66 bp of the original L homology
arm was removed, comprising the HBA1 S"UTR and a 400 bp RHA (unchanged). The other
constitutive expression vector for HSC targeting experiment SFFV-IL6-Padua was constructed by

inserting the SFFV promoter immediately upstream of the 87 bp 1L6-signal peptide (FI., 7B).

{#136] To compare the two signal peptides, CD34™ HSPCs were targeted as described herem
with Cas%/sgRINA and an AAVG carrying etther SFFV-Padua or SFFV-116-Padua. Addition of the
SFFVY promoter allows al of the optimization experiments to be performed over short term {7 day)
HSC cultures, rather than over the course of a 2-week RBC differentiation. After targeting, cells
were then cultured in HSC media for 7 days with a media change at day 3 and day 6. On day 7, 24
h after the day 6 media change, samples were centrifuged and the cell culture media {supernatant}
and whole cell peliet were harvested for analysis. The amount of factor IX protein contained in the
culture supernatants and cell lysates was quantified with a factor IX ELISA (FIGS, 7C-7D). The
protein concentrations in the supernatant and lysate were normalized by % targeted alleles, to
account for variability in targeting efficiency across different donor HSCs (biological replicates).
Bar sections depict the proportion of secreted vs. cytoplasroie Factor IX. This normalization allows
for direct (intra-sample) comparison of protein concentration in the secreted vs cellular fractions
(FIG. 7C). Secretion efficiency was calculated by dividing the quantity of Factor IX in the secreted
fraction by the total (secreted and cellular) quantity. The IL-6 signal peptide sigruficantly enhanced
secretion by 1.38~fold over the native Factor EX signal peptide {mean secretion efficiency 77.93%

and 49.30%, respectively; p<.001, unpaired one-tailed T-test) (F1G. D).

{0137} The FIX transgenes used comprise exon 1 of the FIX gene, followed by a portion of
mitron | and exons 2-8 (FIG. 8A). The full-length intron 15 6.2 kb, much greater than the packaging
capacity of AAV6S. A 1.4 kb portion of mntron 1 retains the positive regulatory effects of intron 1,
but further truncation of the mntron to 299 bp was tested with the FIX transgenes to reduce the
overall length of the transgene, to mcrease the efficiency of, e.g., gene transfer, expression, and/or
mtegration and/or to allow additional elements {e.g., selection markers} to be added to the vector
without mapairig efficiency. (FIG. 8C). Factor IX specific activity was measured on day 7 of

HSC colture {24 hin fresh media). Factor IX concentration m the media was quantified by ELISA.
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Protein activity was measured with a modified aPTT assay, mixing conditioned culture media with
factor IX deficient plasma and then measuring clotting activity on a coagulation analyzer. Specific
activity was calculated as Units of factor IX activity per mg protein. All cells receiving FIX
transgenes (SFFV-Padua, SFFV-Pad{t), SFFV-1L6-Padua, and SFFV-IL6-Pad(t)) showed high
FIX specific activities, while no significant differences in specific activity were observed between
truncated vs. original-length intron constructs {SFFV-Padua vs. SFFV-Pad(t), or SFFV-IL6-Padua
vs. SFFV-ILO-Pad(t)y (FIG. BB). Allelic targeting analysis by ddPCR showed no significant
differences in targeting rates between any conditions {pawed T-tests, two tailed, p>0.05),

indicating targeting rates were unaffected by intron size (FIG. 8C).

{0138} Nawr et al. (Blood (2021} 137 (21} 2902-2906)) wdentified a FIX mutant, CB2679d,
which has three mutations relative to wild-type FIX (R318Y, R338E, T343R} and 2-3 times higher
activity relative to the Padua mutant. A novel variant was generated, comprising mutations R318Y,
R338L, and T343R from the CB2679d and the Padua variants. Dufferent FIX vananis were
mtroduced into hematopotietic stem cells (HSCs) using secretion vectors comprising an SFFY
promoter and an IL-6 signal peptide (FIG, 9A). Both the CB2679d mutant (SFFV-IL6-CB267(1))
and the FIX Mixed variant (SFFV-ILo-Mix(t}) displayed significantly greater FIX specific activity
than the Padua mutant (SFFV-IL6-pad(t}} (FIG. 9B). The CB2679d mutant and the FIX Mixed
variant led to a 2.698- and 2.474-fold 1ncrease, respectively, i activity over the Padua mutant after
normalizing by allelic targeting rates (FEG. 3C). There 1s no sigruficant difference in FIX activity
between the CB2679d mutant and the FIX Mixed vanant (FIG. 9C). The integrations of the
transgenes SFEFV-ILO-CB267(t) and SFFV-ILG-Mix{t) i HSCs reached 2947% and 28.7%
targeted alleles respectively, which were sigruficantly higher than the integration of the transgene

SFFV-ILO-Pad(t) (19.38% targeted alleles) (FIG. 9D).

Frample 4. Fix~-Variant experiments in RBCs

[0139] After the Factor IX vectors with HSC experiments were optimized, next we tested FIX
virants in RBCs. Briefly, human CD34+ HSPCs were targeted with a combined AAV6/Cas9
strategy, cultured for 2 days in HSC media, and then differentiated down the erythroid ineage with
a 3-phase, 14-day differentiation protocol. As described 1w FIG. 184, on day 14 cells were

counted, spun down, washed with PBS and then replated at ~3° cells/mL in modified Phase 3 RBC
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media {lacking human serum and plasma}. 24 hours later the cell culture supernatant was collected

to measure Factor IX activity using a modified aP'T'T assay.

{#146] Three constructs were designed for RBC-specific expression of FIX varnants: Padua
{control vector), 1L6-CB2679d (truncated intron}, and IL6-Mixed Variant {truncated intron), all
driven by the endogenous HBA1 promoter {(FIG 16B). The 3 constructs are essentially RBC-
specific versions of the constructs shown in FIG. 94, as they notably lack SFFV and are thus

turned on in response to HBAT

{8141} To determine whether RBCs are capable of expressing Factor IX (Padua varant) at high
levels in vitre, a purified population of human CD34+ HSPCs was targeted with an AAV6S vector
carrying a hyperactive factor IX transgene for targeted replacement of HBAL Cells were
differentiated in vitro and analvzed for targeting rates by ddPCR, and RBC differentiation was
monitored by flow cytometry. Allelic targeting analysis by ddPCR performed as the method
described in FEG. 2C on samples taken at day 14 of the RBC differentiation. There is no significant
difference between the groups HBAl1-Padua (21.6%), HBAIILG-CB2679(Y) (27.56%), and
HBA-ILG-Mix{t) (2638%) respectively (p>0.05 for all comparisons) (FiG, 16C) RBC
differentiation analysis by FACS on day 14, as the method described in FiG, 2D There 15 no
significant difference between the groups HBA1-Padua, HBAT-ILG-CB2679(t), and HBA1-IL6-
Mix(ty (F1G. 10D, To measure FIX activity from the RBC samples in vitro, on d14 cells were
counted, pelleted, washed with PBS 1x, and replated at ~1 to 3e6 cells/mL in modified Phase 3
RBC media (lacking human serurn and plasma, to eliminate background coagulation factor
activity}. After 24 hours, cell culture supernatant was collected to measure Factor IX activity by
a modified aPTT assay. Mean FIX Activity (indicated as U/10? targeted alleles) of RBC sampled
from d1 5 cell culture supernatant were measured. Both the HBAILO-CB2679(1) and HBAL-IL6-
Mix groups showed significant mcrease in factor IX activity, leading to a 2 5386~ and 2.079-fold

hugher, respectively, over HBAL-Padua (FIG. 18E).

Framnple 5. Exemplary hemophilia B mouse experiments

[0142] TheB6.120P2-F9710%/F mouse mode! (factor IX knockout) can be used to evaluate FIX

virants as tllustrated  FIG. 11, Townes HSCs are harvested, expanded, edited and transplanted
as previously described for the PKU mouse experiments. The radiation dose can be titrated to

assess if disease correction can be achieved with half or low dose {or potentially no} radiation.
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Example 6. tEPOR Enrichment of HBA$-Factor IX tareeted RBCs

{8143} As illustrated in FIG. 124, human D34+ HSPCs were targeted with a combined

AAV6/as9 strategy, cultured for 2 days m HSC media, and then differentiated down the erythrod
lineage with a 3-phase, 14-day differentiation protocol. On day 14 cells were counted, spun down,
washed with PBS and then replated at ~3° celis/mL in modified Phase 3 RBC media (lacking
huoman serum and plasma). 24 hours later the cell culture supernatant was collected to measure

Factor IX activity using a modified aPTT assay.

{8144] 'Two vectors were constructed and tested in this study (FIG. 12B). The first vector
HBAT-IL6-CB2679(t} was the same vector from the earlier FIX Variant RBC experiments
Example 4. The second vector HBAT-LO-CBZG79(1)-T2A-EPOR 15 a modification of the first
that includes a TZA sequence immediately downstream of the CB2679 FIX variant gene (but prior
to the stop codon), followed by a truncated erythropoietin recepior gene sequence. This truncated
FEPQ receptor is more sensitive than the wild-type receptor to EPOR signaling and can provide a
selective advantage to targeted HSCs undergoing RBC differentiation such that cells targeted with
this vector are selectively enriched within the differentiating population. With this construct both
FIX and tEPOR expression are driven by the endogenous HBA1 promoter, restricting expression

to cornmitted RBC progenitors.

{0145] Allelic targeting analysis and tEPOR enrichment. Cells targeted with these vectors were
differentiated. A sample of cells were taken from culture at days 0, 4, 7, 11, and 14 of the
differentiation for ddPCR analysis of allelic targeting at the HBAL Jocus (FIG. 12() H6-
CB2679-tEPOR targeted alleles enriched 1.7-fold from day 0 (33.1%) to day 14 (55 2%, and IL6-
CB2679-tEPOR had 1 4x higher targeting than IL6-CB2679 on d14 (55.2% vs. 40.3%), indicating
the truncated EPO receptor can enrich targeted HSCs undergoing RBC differentiation. Factor IX
Activity (U/10° cells/raL) determined using a modified aPTT coagulation assay with day 15 cell
culture media (FIG, 12D). IL6-CB2679-4EPOR had 1.2-fold greater Factor IX activity than IL6-
CB2679 (3.139 vs. 2.716), further confirmung the enrichment effects of the truncated EPO

receptor.

Example 7, Discussion

[8146] The targeted mtegration of our transgenes offers multiple advantages over previous

methods. For example, it offers an improvement over lentiviral gene therapies which carry the risk
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of insertional mutagenesis. Further, by driving production of therapeutic proteins from the HBA1
locus, we can also guarantee robust expression restricted solely to the ervthroid hineage, sparing
HSC function and mitigating the nisk of off-target or off-tissue effects. With cur ex vivo editing
strategy, we also avoid the major imitation of most current AAY gene therapy candidates, which
commonly rely on systemic adminstration of AAV for m vivoe transduction of hepatocytes: up to
60% of adults have pre-existing immunity agammst AAY, making them ingligible to receive this
type of treatment. Additionally, systemic administration of AAV elicits a robust immune response
that precludes re-dosing for patients should the efficacy of these gene therapies wane over time.
Lastly, due to our transgene optimuzations as described above for our hemophilia B therapy, we
have increased the secretion and activity of factor IX several-fold compared to Padua, the factor
IX cDNA transgene currently bemg used in hemophilia B gene therapy clinical trials. Thus, we
believe we can achieve therapeutic levels of factor IX activity with even low levels of HSC
engraftment post-transplant, which may be attainable with minimally toxic or antibody-mediated
bone marrow conditioning. This would improve the safety of our approach over conventional ex

vivo HSC editing/transplant strategies.

Example 8. Methods

AAVS vector design, produciion, and purification

{8147} Al AAVO6 vectors were cloned into the pAAV-MCS plasmid (Agilent Technologies,
Santa Clara, CA, USA), which contains inverted terminal repeats (ITRs} derived from AAV2
Gibson Assembly Mastermix (New England Biolabs, Ipswich, MA, USA} was used for the
creation of each vector as per manufacturer’s structions. All vectors have a left homology arm
(LHA) flanking the 57 UTR of HBA1 gene while the night homology arm (RHA) mmmediately
flanks downstream of the cut site. The LHA of all of the HBA1 vectors are 466 bp except those
that include SFFV whuch have a 400 bp LHA, and the RHA of every vector 1s 400 bp..

[0148] 2937 cells (Life Technologies, Carlsbad, CA, USA) were seeded in ten 15 cm? dishes
with 13-15x10° cells per plate. 24 h later, each dish was transfected with a standard
polyethyleninune (PED transfection of 6 pg ITR-containing plasmud and 22 pg pDGMS, which
contains the AAVG cap genes, AAV2 rep genes, and AdS helper genes. After a 48-72 hincubation,
cells were lysed by 3 freeze-thaw cycles, treated with benzonase {Thermo Fisher Scientific,

Waltham, MA, USA)at 250 U/ml, and the vector was then purified through an 1odixanol gradient
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centrifugation at 48,000 RPM for 2.25 hat 18 °C. Afterwards, full capsids were isolated at the 40—
58% 1odixano! interface and then stored at 80 °C until further use. As an alternative method,
AAVPro Purification Kit { All Serotypes) (Takara Bio USA, Mountain View, CA, USA)} were also
used following the 48-72 h incubation period, to extract full AAVO capsids as per manufacturer’s
instructions. AAVE vectors were titered using ddPCR to measure number of vector genomes as

previcusiy described.
Cudturing of CD34" HSP('s

{8149] Human D34+ HSPCs were sourced from fresh cord blood, frozen cord blood and
Plerixafor- and/or G-USF-mobilized peripheral blood (AllCells, Alameda, CA, USA and
STEMCELL Technologies, Vancouver, Canada).. CD34™ HSPCs were cultured at 1x10°-5-10°
cells/mbL i CellGenix GMP SCGM (CellGenix, Freiburg, Germany) base medium supplemented
with stem cell factor (SCF) (100 ng/mL}, thrombopotetin (TPO) (100 ng/mL}, FLT3-ligand (100
ng/mb}, IL-6 (100 ng/mL}), UM1I71 (35 nM), 20 mg/mL streptomycin, and 20U/mL penicillin. The

cell incubator conditions were 37 °C, 5% C(O», and 5% O:.
Genome editing of CD347 HSPC's

[61806] Chemically modified sgRNAs used to edit (D347 HSPCs at HBA1 were purchased from
Synthego (Menlo Park, CA, USA)} and TriLink BioTechnologies {San Diego, CA, USA} and were
purified by high-performance liquid chromatography (HPLC). The sgRNA modifications added
were the 2'-O-methyl-3'-phosphorothicate at the three terminal nucleotides of the 5" and 3" ends
described previcusly. The target sequence for the sgRNA was as follows: sg& §'-
GGCAAGAAGCATGGCCACCG-3 (SEQ 1D NO:1). All Cas? protein (Alt-R S.p. HiF1 Cas@
Nuclease V3) used was purchased from Integrated DNA Technologies (Coralville, Iowa, USA).
The RNPs were complexed at a Cas% sgRNA molar ratio of 1:2.5 at 25 °C for 10 min prior to
electroporation. CD34" cells were resuspended in P3 buffer (Lonza, Basel, Switzerland} with
complexed RNPs and electroporated using the Lonza 4D Nucleofector (program DZ-100). Celis
were plated at 1x107 cells/mL following electroporation in the cytokine-supplemented media
described previcusly. Immediately following electroporation, AAVS was supplied to the cells at

5x10° vector genomes/cell based on titers determined by ddPCR.
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Gene targeting analysis by flow cytometry

[0181] 4-8 d post-targeting with fluorescent integration vectors, {347 HSPCs were harvested
and the percentage of edited cells was deternuned by flow cyvtometry. Cells were analyzed for
viability using Ghost Dye Red 780 (Tonbo Biosciences, San Diego, CA, USA} and reporter
expresston was assessed using either the Accuri C6 flow cytometer {(BD Biosciences, San Jose,
CA, USA) or FACS Ana I (BD Biosciences, San Jose, CA, USA). The data was subsequently
analyzed using Flowlo (Flowlo LLC, Ashland, OR, USA).

In vitro differentiation of CD34" HSPCs into erythrocytes

{#182] Following targeting, HSPCs were coltured for 14-16 d at 37°C i 5% Onand 5% COam
SFEM H medium (STEMCELL Technologies, Vancouver, Canada) as previousiy described (35,
36). SFEMII base medium was supplemented with 100U/mL penicitlin—streptomyein, 10 ng/mbL
SCF, 1 ng/mL IL-3 (PeproTech, Rocky Hill, NJ, USA), 3U/mL erythropoietin (eBiosciences, San
Dhege, CA, USA), 200 pg/mb transferrin {Sigma-Aldrich, St Lows, MO, USA), 3% antibody
serum {heat-inactivated from Atlanta Biclogicals, Flowery Branch, GA, USA), 2% human plasma
{umbilical cord blood), 10 pg/mL msuhin {(Sigma-Aldrich, St Lows, MO, USA) and 3U/mL
heparin (Sigma-Aldrich, St. Louss, MO, USA}. In the first phase, d 0-7 {day zero being 2d post-
targeting) of differentiation, cells were cultured at 1x10° celis/mL. In the second phase, d7-10,
cells were maintained at 1210° cells/mL, and IL-3 was removed from the culture. In the third
phase, d11-16, cells were cultured at 1x10° cells/mL, and transferrin was increased to 1 mg/mL

within the culture medium.
Immunophenotyping of differentiated erythrocytes

{8153} HSPCs subjected to the above erythrocyte differentiation were analyzed at d14-16 for
erythrocyte lineage-specific markers using a FACS Aria II (BD Biosciences, San Jose, CA, USA}.
Edited and non-edited cells were analyzed by flow cytometry using the following antibodies:
hCD4S V450 (HI30; BD Biosciences, San Jose, CA, USA), hCD34 APC (561; BioLegend, San
Diego, CA, USA), hCD71 PE-Cy7 (OKT9; Atfymetrix, Santa Clara, CA, USA), and h(CD235a PE
{GPA} (GA-R2; BD Biosciences, San Jose, CA, USA).
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CD347 HSPC mansplantation into immunodeficient mice

[0154] Eight to ten-week-old female PAH" % mice (Jackson Laboratory, Bar Harbor, ME,
USA}) are irradiated using 9.5 Gy of radiation immediately prior to transplantation with targeted
HSPCs (2d post-targeting) via retroorbital injections. Approximately 2.5+10%-1.5x10° targeted
HSPCs are injected using an mmsulin syringe with a 274, 0.5 inch (12.7 mm) needle. Sample sizes
used in this study are within the range reported in previcus Cas9/A AV 6-mediated genome editing

studies (21-23}.
Statistical analysis

[B1858] Al data pomnts presented in the figures were taken from distinet treatment groups rather
than repeated measurements of the same treatment. Sample sizes used in this study were within
the range reported in previous Cas9/AAV6-mediated genome editing studies. No data exclusion
criteria were established prior to the execution of any experiments reported in this paper, and no
data were excluded following conclusion of the experiments. Where possible, all experimentis were
replicated across a minimum of three or more UD34™ HSPC donors. All statistical tests on
experimental groups were done using Prism7 GraphPad Software. Two-tailed unpaired t tesis were
used to determine statistical differences among treatment groups. Sample variance was determined
for all treatment groups, and where found to be unequal, Welch’s t test also confirmed statistical

signtficance.

{0186] Although the foregoing mvention has been described in some detail by way of tllustration
and example for purposes of clarity of understanding, one of skill in the art will appreciate that
certain changes and modifications may be practiced within the scope of the appended claims. In
addition, each reference provided herein 15 incorporated by reference in s entirety to the same

extent as if each reference was imdividually incorporated by reference.
7. EXEMPLARY EMBODIMENTS

{0187} Exemplary embodiments provided in accordance with the presently disclosed subject

matter include, but are not limited to, the claims and the following embodiments:

{0158] Embodiment 1. A method of genetically modifying a hematopotetic stem and progenitor

cell (HSPC) from a subject, the method comprising:
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introducing inte the HSPC a guide RNA targeting the HBAJ or HBAZ locus, an
RNA-guided nuclease, and a homologous donor template comprising a transgene encoding Factor
IX, wherein

the RNA-gwided nuclease cleaves the HBA4/7 or HBA42 locus, but not both, in the
cell; the transgene s integrated into the genome by homology directed recombination (HDR) at
the site of the cleaved HBA{ or HBA42 locus; and the integrated transgene directs the expression of
Factor IX in the HSPC; and wherein

the Factor IX comprises an exogenous signal peptide;

the Factor IX comprises two or more amino acid substitutions relative to the wild
type sequence shown as SEQ ID NO: 13, wherein the two or more aming actd substitutions are
selected from the group consisting of R318Y, R338E, R338L, and T343R; and/or

the transgene comprises a truncated intron 1 of the #7X gene.
{0189] Embodiment 2. The method of embodiment 1, wherein the method further comprises
isolating the HSPC from the subject prior to the mtroducing of the guide RNA, RNA-guided

nuclease, and homologous donor template.

{0160} Embodiment 3. The method of embodiment 1 or 2, wherein the target sequence of the
guide RNA comprises the sg$ target sequence (SEQ 1D NO: 1), and wherein the RNA-~guided

nuclease cleaves the HBAL locus.

{0161} Embodiment 4. The method of any one of embodiments 1 to 3, wherem the homologous
donor template comprises an HBAT left homology arm comprising the sequence of SEQ ID NO:3
or a subsequence thereof, and/or HBAT right homology arm comprising the sequence of SEQ 1D

NG:4 or a subsequence thereof.

[0162] Embodiment 5. The method of embodiment 1 or 2, wherein the target sequence of the
guide RNA comprises the sg2 target sequence (SEQ ID NO:2), and wherein the RNA-guided

nuciease cleaves the HBA? locus.

[8163] Embodiment 6 The method of any one of embodiments 1 to 5, wherein the subject has
hemophilia B, and wherein the genetically modified HSPC expressing Factor IX 15 remntroduced

into the subject.
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{#164] Embodiment 7. The method of embodiment 6, wherein the remntroduction of the

genetically modified HSPC into the subject improves one or more symptoms of the hemophilia B.

{#165] Embodiment 8 The method of any one of embodiments 1 to 7, wherein the expression

of the integrated transgene is driven by an endogenous HBAT or HBAZ promoter.

{#166] Embodiment 9. The method of any one of embodiments 1 to 7, wherein the expression
of the ntegrated transgene 18 driven by an exogenous promoter.

{#167] Embodiment 10. The method of embodiment 9, wherein the exogenous promoter 15 the
SEFFV promoter.

{0168] Embodiment 11, The method of any one of embodiments 1 to 10, wherein the integrated
transgene replaces the HBAL or HBAZ coding sequence m the genome,

{#169] Embodiment 12, The method of any one of embodiments 1 to 11, wherein the exogenous
signal peptide 15 an [L6 signal peptide.

{#178] Embodiment 13. The method of any one of embodiments 1 to 12, wherein the transgene
further encodes a truncated EPO receptor (tEPOR} downstreanm 1o fusion with the Factor X
{#171] Embodiment 14, The method of embodiment 13, wherein the tEPOR 15 hinked 1o the

Factor IX through a T2A peptide sequence.

{8172] Embodiment 15 The method of any one of embodiments 1 to 14, wherein the ammo acid

substitutions comprise R318Y, R338L, and T343R.

{#173] Embodiment 16, The method of any one of embodiments 1 to 15, wherein the intron 1 13
truncated by at least about 0.5, 1.0, 1.5, 2.0, 2.5, 3.0,35,4.0,45,4.6,47,48,49,50, 55, 56,

5.7,5.8,59, 6.0, or more kb relative to the fuli-length FIX mtron 1.

{6174] Embodiment 17. The method of embodiment 16, wherein the intron 1s truncated by about

4 8 kb or about 5.9 kb.

{8178] Embodiment 18, The method of any one of embodiments 1 to 17, wherein the transgene

15 codon optimized.

[0176] Embodiment 19. The rethod of any ove of embodiments 1 to 18, wherein the transgene

comprises a sequence shown as SEQ ID NOS: 6-11 or a subsequence thereof, or a nucleotide
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sequence comprising at least about 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, or
more identity to any of SEQ I NOK: 6-11 or a subsequence thereof, wherein the Factor IX
encoded by the transgene comprises two or more amino acid substitutions selected from the group

consisting of R318Y, R338E, R33&L, and T343R.

{0177} Embodiment 20. The method of embodiment 19, wherein the Factor IX encoded by the

transgene comprises the amino acid substitutions R318Y, R338L, and T343R.

{#178] Embodiment 21 The method of any one of embodiments 1 to 20, whergin the guide RNA

comprises one or more 2'-O-methyl-3'-phosphorothioate (MS) modifications.

{8179] FEmbodiment 22 The method of embodiment 21, wherein the 2'-O-methyi-3'-
phosphorothicate (MS) modifications are present at the three terminal nucleotides of the 5" and 3’

ends.

{8180] Embodiment 23. The method of any one of embodiments 1 to 22, wherem the RNA-

guided nuclease is Cas9.
{8181} Embodiment 24. The method of embodiment 23, wherein the {as9 is a high fidelity Cas9.

{0182] Embodiment 25. The method of any one of embodiments 1 to 24, wherein the guide RNA
and the RNA-gwnded nuclease are introduced into the HSPC as a ribonucleoprotemn (RNP) by

electroporation.

{8183] Embodiment 26, The method of any one of embodiments 1 to 25, wherem the
homologous donor template 18 imntroduced into the cells using a recombinant adeno-associated virus

(rAAV} serotype 6 vector.

{0184] Embodiment 27, The method of any one of embodiments 1 to 26, further comprising a
step i which the genetically modified HSPC 15 induced to differentiate in vitro nto a red blood

cell (RBC).

{6185] Embodiment 28. The method of any one of embodiments 1 to 27, wherein the subject 1s

a human.

[8186] Embodiment 29. A FIX transgene comprising a sequence shown as any of SEQ ID NOS:
8

6-11 or a subsequence thereof, or a nucleotide sequence comprising at least about 70%, 75%, 80%,
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85%, 90%, 95%, 96%, 97%, 98%, 99%, or more identity to any of SEQ ID NOS: 611l or a
subsequence thereof, wherein the Factor IX encoded by the transgene comprises two or more
amino acid substitutions selecied from the group consisting of R318Y, R338E, R338L, and T343R
relative to SEQ 1D NG:13.

{#187] Embodiment 30. The FIX transgene of embodiment 29, wherein the Factor IX comprises

the amimno acid substitutions R318Y, R338L, and T343R.

{#188] Embodiment 31, The FIX transgene of embodiment 29 or 30, wherein the transgens

comprises an 1L.6 signal pepitide.

{0189] Embodiment 32, The FIX transgene of any one of embodiments 29 to 31, wherem the

transgene comprises a truncated mtron 1 of the FIX gene.

{#198] Embodiment 33, An HSPC comprising the FIX transgene of any one of embodiments 29

to 32,

{#191] Embodiment 34 The HSPC of embodiment 33, wherein the FIX transgene 15 integrated

into the HSPC genome at the HBAT or HBA2 locus, but not both.

{#192] Embodiment 35 The HSPC of embodiment 34, wherein the HSPC was modified using

the method of any one of embodiments | to 28

{#193] Embodiment 36, A red blood cell produced by inducing the differentiation n vitro of the

genetically modified HSPC of any one of embodiments 33 to 35 into a red blood cell.

81947  Embodiment 37. A method of genetically modifving a hematopoistic stem and progenitor
o J o Lol foe

cell (HSPC) from a subject, the method comprising:

mtroducing nto the HSPC a guide RNA targeting the HBAJ or HBAZ locus, an
RNA-guided nuclease, and a homologous donor teraplate comprising a PAH transgene, whergin

the RNA-guided nuclease cleaves the HBAL or HBAZ locus, but not both, i the
cell; the transgene 1s integrated nto the genome by homology directed recombination (HDR) at
the site of the cleaved HBA! or HBAZ locus; and the integrated PAH transgene directs the
expression of phenylalanine hyvdroxylase in the HSPC, and wherein

the PAH transgene comprises the sequence shown as SEQ ID NG:5.
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{#195] Embodiment 38, The method of embodmment 37, wherein the subject has
phenviketonuria, and wherein the genetically modified HSPC expressing phenvialanine
hydroxyiase 1s reintroduced into the subject.

{8196} Embodiment 39 The method of embodiment 38, wherein the reimntroduction of the
genetically modified HSPC into the subject improves one or more symptoms of the
phenviketonuria.

{0197} Embodiment 40. The method of any one of embodiments 37 to 39, wherein the method

further comprises administering BH4 to the subject.
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8 INKFORMAL SEQUENCE LISTING

SEGIDNG: 1
sgd target sequence (HBA1):
S-GGCAAGAAGCATGGUCACCG-3

SEQIDNG: 2
se2 target sequence (HBA2Y:
5-GGCAGGAGGAACGGCTACCG3,

SEQIDNG: 3

HBAI1 Left Homology Arm (LHAY:
CCCCGATCCCGCTGGAGTCGATGCGCGTCCAGCGCGTGCCAGGCCGGGGUGGGGGTGCGGGUTGACTT
TCTCCCTCGCTAGGOACGUTCCGOCGCCCEAAAGCGAAAGGOTEGLGLTGCGCTCCGGGGTGCACGAG
CCGACAGCGCCCGACCCCAACGGGUCGGLCCCGCCAGCGCOGCTACCGLCCTGCCCCCGGGCGAGCG
GOATGGGCGGGAGTGCGAGTGGCGGETGHOAGGGTGGAGACGTCCTGGUCCCCGCCLCGUGTGCACCCC
CAGGGQUAGGCCGAGCCCGLCOCCCOGLCCCGLGCAGGCICCGCCCGGUACTCCCCTGCGGTCCAGGT
CGCGCCCCGGGCTCCGCGCCAGCCAATGAGCGCLCGLCCGGCCGGGCETGCCCCOCGCGCCCCAAGLATA
AACCCTGGCGCECTCGLGGCCCOGCACTCTTCTGGTCCCCACAGACTCAGAGAGAACCCACT

SEQ ID NO:A4

HBAI Right Homeology Arm (RHA)
TGGCCATGCTTCTTGCCCCTTGGGCUTCCCCCCAGUCCCTCCTCCCCTTCCTGCACCCGTACCLCCOCGTOG
TCTTTGAATAAAGTCTGAGTGGGCGGCAGCCTGTGTGTGUCTGAGTTITITTICCCTCAGCAAACGTGCCA
GGCATGGGCGTGGACAGCAGUTGGRACACACATGOCTAGAACCTCTCTGCAGCTGOATAGGGTAGGA
AAAGGCAGGGGLGGGAGGAGGGGATGCAGCAGGGAAAGTCGAGCCCACCGCGAAGTCCAGCTGGAAA
AACGCTGGACCCTAGAGTGCTTTGAGGATGCATTTGCTCTTTCCCGAGTTTITATTICCCAGACTTTTCAG
ATTCAATGCAGGTTTGUTGAAATAATGAATTTATCCATCTTTACGTTITCTGGGCACTCT

SEQIDNG: 8
HBA-PAHcodopt — Codon optimized PAH

PAHeodopt:
ATGAGCACCGCCGTGCTGGAGAATCCTGGCCTGGGCAGAAAGCTGAGCGACTTCGGCCAGG
AGACATCCTACATCCGAGGATAACTGCAATCAGAACGGCGCCATCTCCCTGATCTTCTCTICTO
AAGGAGGAAGTGGGCGCCCTGOCAAAGOTOCTGCGCCTOTTTCGAGGAGAATGATGTGAALC
TGACCCACATCGAGTCCCGGCCTTICTAGACTGAAGAAGGACGAGTATGAGTTCTTTACCCAL
CTGGATAAGCGGTCTCTGCCAGCCCTGACAAACATCATCAAGATCCTGUCGCCALCGATATCGG
AGCAACCGTGCACGAGCTGAGCAGGGACAAGAAGAAGGATACCOGTGCCCTGGTTCCCTCGG
ACAATCCAGGAGCTGOACAGATTTGCCAATCAGATCCTOTCCTACGGAGCAGAGCTGGACG
CAGATCACCCTGGCTTCAAGGATCCAGTGTATAGGGCCCGGAGAAAGCAGTTITGLCGACATC
GUCTACAACTATAGGCACGGACAGCCAATCCCTAGGGTGCAGTACATGGAGGAGGAGAAGA
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AGACCTGOGGOGCACAGTOTTCAAGACCCTGAAGTCCCTGTACAAGACACACGUCTGUTACGA
GTATAATCACATCTTCCCCCTGCTGGAGAAGTATTGTGGCTTTCACGAGGACAACATCCCTC
AGCTGGAGGACCTGAGCCAGTTCLTOQUCAGACCTGTACAGGCTTTAGGCTGAGGCCAGTGGE
AGGACTGUTGAGCTCCAGGGATTTCCTGGGAGGACTGGUCTTCAGAGTGTTTCACTGCACCC
AGTACATCAGGCACGGCAGCAAGUCAATGTATACACCAGAGCCCGATATCTGTCACGAGCT
GCTGGGCCACGTGUCCCTGTTTAGCGACCGOGTCCTTCGUCCAGTTTTCTCAGGAGATCGGAC
TGGCAAGCCTGGGAGUACCCOGATCGAGTACATCGAGAAGCTGGCCACCATCTATTGGTTCACA
GTGGAGTTTGGUCTETGCAAGCAGGGUGALCTCCATCAAGGCATACGGAGCAGGCITGOTET
CTAGCTTTGGCGAGCTGCAGTATTGTCTGTCTGAGAAGCCAAAGOTGCTGCCCCTGGAGOTG
GAGAAGACCGLCATCCAGAATTACACCOTOGACAGAGTTCCAGLCCCUTGTACTATOTGGCCGA
GAGCTTTAATCGACGCCAAGGAGAAGGTGAGAAACTTCGCCGCCACAATCCCTAGGCCATYTT
CCOTGCGCTACGACCCTTATACCCAGAGGATCGAGGTGUTGGATAATACACAGCAGUTGAA
CATCCTGGCCCACTCTATCAACAGCCAGATCOGCATCCTOTGCTCCGCUCTGLCAGAAGATCA
AGTGA

SEQID NGO

HBAL-Padua — Padua ¢BNA w/ partially truncated intron 1 (Contains a Padua (R338L)
variant minigene w/ codon optimized ¢BNA + partially troncated intron 1 (1437 bp)}

ATGCAGAGGGTGAACATGATCATGGUTGAGAGCCCTGGCCTGATCACCATCTGCCTGUTGGG
CTACCTGCTGTCTGUTGAATGTACAGGTTTGTTTCOTTITTTTATAATACATTGAGTATGCTTGC
CTTTTAGATATAGAAATATCTGATTCTOTCTTOTTCACTAAATTTTGATTACATGATITGACA
GCAATATTGAAGAGTCTAACAGCCAGCACCCAGGTTGOTAAGTACTGOTTCTTITGTTAGCTA
GGITTTCTTCTTCTTCACTTTTAAAACTAAATAGATGCGACAATGCTTATGATGCAATAAGGTT
TAATAAACACTGTTCAGTTCAGTATTTGGTCATGTAATTCCTGTTAAAAAACAGTCATCTCCT
TGGTTTAAAAAAATTAAAAGTGGGAAAACAAAGAAATAGCAGAATATAGTGAAAAAAAAT
AACCACAGTATTTTTGTTTGGACTTACCACTTTGAAATCAAATTGGUGAAACAAAAGCACAAA
CAGTGGCCTTATTTACACAAAAAGTCTGATTTTAAGATATGTGACAATTCAAGGTTTCAGAA
GTATGTAAGGAGGTGTGTCTCTAATTTTTTAAATTATATATCTTCAATTTAAAGTTTTAGTTA
AAACATAAAGATTAACCTTTCATTAGCAAGCTGTTAGTTATCACCAAAGUTTITTCATGGATT
AGGAAAAAATCATTTTGTCTCTATCTCAAACATCTTGGAGTTGATATTTGGGGAAACACAAT
ACTCAGTTGAGTTCCCTAGGGGAGAAAAGCAAGCTTAAGAATTGACACAAAGAGTAGGAAG
TTAGCTATTGCAACATATATCACTTTGTTITTITTCACAACTACAGTGACTTTATTTATTTCCCAG
AGGAAGGCATACAGGGAAGAAATTATCCCATTTGGACAAACAGCATGTTCTCACAGTAAGC
ACTTATCACACTTACTTGTCAACTTTCTAGAATCAAATCTAGTAGCTGACAGTACCAGGATC
AGGGGTGCCAACCCTAAGCACCCCCAGAAAGUTGACTGOGCCCTOGTGGTTCCCACTCCAGACA
TCGATOGTCAGCTGTGAAATCCACCTCCCTGOACCATAATTAGGCTTCTGTTCTTCAGGAGACAT
TTGTTCAAAGTCATTTGGGCAACCATATTCTGAAAACAGCCCAGCCAGGGTGATGGATCACT
TTGCAAAGATCCTCAATGAGCTATTTTCAAGTGATGACAAAGTGTGAAGTTAAGGGCTCATT
TGAGAACTTITCTTTTTCATCCAAAGTAAATTCAAATATGATTAGAAATCTGACCTTTTATTAC
TGGAATTCTCTTGACTAAAAGTAAAATTGAATTTTAATTCCTAAATCTCCATGTGTATACAGT
ACTGTGGGAACATCACAGATTTTGGCTCCATGCCCTAAAGAGAAATTGGCTTTCAGATTATT
TOGOGATTAAAAACAAAGACTTTCTTAAGAGATGTAAAATTTTCATGATGTTTITCTTTTTTGCTA
AAACTAAAGAATTATTCTTITTACATTTCAGTTTTTCTTGATCATGAAAATGCCAACAAAATTC
TGAATAGACCAAAGAGGTATAACTCTGGUAAGCTTGAAGAGTTTGTACAGGGGAATCTGGA
GAGAGAGTGTATGGAAGAGAAGTGCAGCTTTGAGGAAGCCAGAGAAGTGTTTGAAAATACA
GAGAGAACAACTGAATTTTGGAAGCAGTATGTGGATGGTGATCAATGTGAGAGCAATCCCT
GCTTGAATGGGGGGAGCTGTAAAGATGATATCAACAGCTATGAATGTTGOTGTCCCTTTGGA
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TTTGAGGGGAAAAACTGTGAGCTTGATGTGACCTGETAATATCAAGAATGGCAGGTGTGAGC
AATTTTGCAAGAATTCTGCTGATAACAAAGTGUTCTGTAGCTGCACTGAGGGATATAGGLTG
GCTGAAAACCAGAAGAGCTCGTGAACCTGCAGTGCCTTTTCCCTGTGGGAGAGTGTCTGTGAG
CCAAACCAGCAAGCTGACTAGGGCTGAAGCAGTCTTTCCTGATGTAGATTATGTGAATAGCA
CTGAGGCTGAGACAATCCTTGACAATATCACTCAGAGCACACAGAGCTTCAATGACTTCACC
AGGGTGOTAGGAGGGGAGGATGCCAAGCCTGOGCAGTTCCCOCTGGCAGOGTAGTGCTCAATG
GAAAAGTGGATGCCTTTTGTGGAGGTTCAATTGTAAATGAGAAGTGGATTGTGACTGCAGCC
CACTOTGTOGAAACTGCGAGTCAAGATTACTCTGGTGGCTCGGAGAGCACAATATTGAGGAAA
CTGAGCACACTGAGCAGAAGAGGAATGTGATCAGGATTATCCCCCACCACAACTACAATGC
TGCTATCAACAAGTACAACCATGACATTIGUCCTCLCTGGAACTGGATGAACCCCTGETCTTGA
ACAGCTATGTGACACCCATCTGTATTGCTGATAAAGAGTACACCAACATCTTCTTGAAATTT
GOOTCTGGATATGTOTCTGGCTGGGGCAGGGTGTTCCATAAAGGCAGGTCTGCCCTGGTATT
GCAGTATTTGAGGGTGCCTCTGOTGGATAGAGCAACCTGUTTGCTGAGCACCAAGTTTACAA
TCTACAACAATATGTTCTGTGCAGGGTTCCATGAAGGTGGTAGAGACAGCTGCCAGGGAGAT
TCTGGGGGTCCCCATGTGACTCGAGGTGGAGGGAACCAGCTTCCTGACTGGGATTATCAGCTG
GGGTOGAGGAGTGTGCTATGAAGGGAAAGTATGGGATCTACACAAAAGTATCCAGATATGTG
AACTGGATTAAGGAGAAAACCAAGCTGACTTGA

SEQGIDNG: 7

HBA1-1L6-Padua — Native FEX signal peptide replaced with the 87 bp IL6 signal peptide
{(Padua w/ IL6 signal peptide replacing the native Factor IX signal peptide )

ATGAACTCCTTICTCCACAAGCGLOTICGOGTCCAGTIGCCTTICTCOCTGGHGGUTGUTOCTGGTIGET
GCOTGUTIGUCTTCCCTGUOCCCAACAGOTTTGTTTCOTTTITITATAATACATTGAGTATGCTTGCCTTTT
AGATATAGAAATATCTCGATTCTGTICTTCTTCACTAAATTTTIGATTACATOATTTGACAGCAATATTGAA
GAGTCTAACAGCCAGCACCCAGGTTGGTAAGTACTGGTTCTTITGTTAGCTAGGTTITTCTICTTCTTCALT
TTTAAAACTAAATAGATGGACAATGCTTATGATGCAATAAGGTTTAATAAACACTGTTCAGTTCAGTA
TTTGGTCATGTAATITCCTGTTAAAAAACAGTCATCTCCTTGETTTAAAAAAATTAAAAGTGGGAAAAC
AAAGAAATAGCAGAATATAGTGAAAAAAAATAACCACAGTATITTTIGTTTIGGACTTACCACTTTIGAAA
TCAAATTGGGAAACAAAAGUCACAAACAGTGGCCTTATTITACACAAAAAGTCTGATTTTAAGATATGTG
ACAATTCAAGGTTTCAGAAGTATGTAAGGAGGTGTGTCTCTAATTTTTTAAATTATATATCTTCAATTT
AAAGTTTTAGTTAAAACATAAAGATTAACCTTTCATTAGCAAGCTGTTAGTTATCACCAAAGCTTTTCA
TGGATTAGGAAAAAATCATTTTGTCTCTATCTCAAACATCTTGGAGTTGATATTTGGGGAAACACAATA
CTCAGTTGAGTTCCCTAGGGGAGAAAAGCAAGCTTAAGAATTCGACACAAAGAGTAGCAAGTTAGCTA
TTGCAACATATATCACTTIGTTITITCACAACTACAGTGACTTTATTTATTICCCAGAGGAAGGCATAC
AGGGAAGAAATTATCCCATTTGGACAAACAGCATGTTCTCACAGTAAGCACTTATCACACTTACTTGT
CAACTTTCTAGCGAATCAAATCTAGTAGCTGACAGTACCAGGATCAGGGGTGCCAACCCTAAGCACCCCC
AGAAAGCTGACTGGCCCTGTGGTTCCCACTCCAGACATGATGTCAGCTGTGAAATCCACCTCCOTGGA
CCATAATTAGGCTTCTGTTCTTCAGOGAGACATTITCGTTICAAAGTCATTTGGGCAACCATATTCTGAAAALC
AGCCCAGCCAGGGTGATGGATCACTTTGCAAAGATCCTCAATGAGCTATTTITCAAGTGATGACAAAGT
GTGAAGTTAAGGGCTCATTIGAGAACTTTCTITTITCATCCAAAGTAAATTCAAATATGATTAGAAATCT
GACCTTTTATTACTGGAATTCTCITCACTAAAAGTAAAATTGAATTTITAATTCCTAAATCTCCATGETGT
ATACAGTACTGTGGGAACATCACAGATTTTGGCTCCATGCCCTAAAGAGAAATTOGCTITCAGATTATT
TGGATTAAAAACAAAGACTTTCTTAAGAGATGTAAAATTITCATGATGTTTTCTTTITTITGCTAAAACTA
AAGAATTATTCTTTTACATITCAGTITTTCTTOATCATGAAAATGCCAACAAAATTCTGAATAGACCAA
AGAGGTATAACTCTGGCAAGCTTGAAGAGTTTGTACAGGGGAATCTGGAGAGAGAGTGTATGGAAGA
GAAGTGCAGCTTTGAGGAAGUCAGAGAAGTGTTTGAAAATACAGAGAGAACAACTGAATTTTGGAAG
CAGTATGTGGATGGTCGATCAATGTCGAGAGCAATCCUCTGCTTGAATGGGGGCAGITGTAAAGATGATAT
CAACAGCTATGAATGTTGGTGTCCCTTTIGGATTTCGAGGGGAAAAACTGTGAGCTTGATGTGACCTGTA
ATATCAAGAATGGCAGGTGTGAGCAATTTTGCAAGAATTCTGCTGATAACAAAGTGGTCTGTAGCTGC
ACTGAGGGATATAGGCTGOUTGAAAACCAGAAGAGUTGTCAACCTGCAGTGCCTTTICCUTGTGGGAG
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AGTGTCTGTCGAGCCAAACCAGCAAGCTGACTAGGGLTGAAGCAGTCTTTCCTGATGTAGATTATGTGA
ATAGCACTGAGGCTCGAGACAATCCTTGACAATATCACTCAGAGCACACAGAGCTTCAATCGACTTCACC
AGGGTGOTAGGAGGGGAGGATGCCAAGCCTGOGCAGTTCCCCTGGCAGGTAGTGCTCAATGGAAAAG
TGGATGCCTTITTGTGGAGGTTCAATTGTAAATGAGAAGTGGATTGTGACTGCAGUCCACTGTGTGGAA
ACTGGAGTCAAGATTACTGTGGTGGCTGCGAGAGCACAATATTGAGGAAACTGAGCACACTGAGCAGA
AGAGGAATGTGATCAGOATTATCCCCCACCACAACTACAATGCTGCTATCAACAAGTACAACCATGAC
ATTGCCCTCCTGGAACTGGATGAACCCCTGGTCTTGAACAGCTATGTGACACCCATCTGTATTGCTGAT
AAAGAGTACACCAACATCTTCTTOAAATITGGGTCTGOATATGTGTICTGGCTGGGGCAGGGTGTICCA
TAAAGGCAGCTCTGUCCTGETATTGCAGTATTICGAGGGTGCCTCTGETGCATAGAGCAACCTECTICC
TGAGCACCAAGTTTACAATCTACAACAATATGTTICTGTGCAGGGTTCCATGAAGGTGGTAGAGACAGC
TGCCAGGGAGATTICTGGOGGTCCCCATGTCACTGAGGTGGAGGGAACCAGCTTCCTGACTGGGATTAT
CAGCTGGOGTGAGGAGTGTGCTATGAAGGGAAAGTATGGGATCTACACAAAAGTATCCAGATATGTG
AACTGGATTAAGGAGAAAACCAAGCTGACTTGA

SEQ D NO: 8

HBAL-IL6-Padua(t) — Intron 1 was truncated by a further 1139 bp (Padua w/ IL6 signal
peptide + highly truncated intron 1 (278bp; — (R338L})

ATGAACTCCTTCTCCACAAGCGUCTTCGGTCCAGTTGCCTTCTCCCTGGGGUTGCTCOCTGGTGTTGECT
GCTGCCTTCCCTGCCCCAACAGOGTTTOTTTCCTTTTITATAATACATTIGAGTATGCTTGCCTTTTAGATA
TAGAAATATCTGATTCTIGTCTTICTTCACTAAATTTTGATTACATCGATTTGACAGCAATATIGAAGAGTC
TAACAGCCAGCACCCAGGTTGGTAAGTACTGTGGGAACATCACAGATTTITGGCTCCATGCCCTAAAGA
GAAATTGGCTTTCAGATTATTTOCGATTAAAAACAAAGACTTTCTTAAGAGATCGTAAAATITTICATGATG
TTITCTTTTITGCTAAAACTAAAGAATTATICTTTTACATITCAGTTITTICTTGATCATOAAAATGCCAA
CAAAATTCTGAATAGACCAAAGAGGTATAACTCTGGCAAGUTTGAAGAGTTTGTACAGGGGAATCTGG
AGAGAGAGTGTATGCGAAGAGAAGTGCAGCTTTGAGGAAGCCAGAGAAGTGTTTGAAAATACAGAGAG
AACAACTGAATTTTGGAAGCAGTATGTGGATGGTGATCAATGTGAGAGCAATCCCTGOTTGAATGGGG
GGAGCTGTAAAGATGATATCAACAGCTATGAATGTTGGTGTCCCTTTGGATTTGAGGGGAAAAACTGT
GAGCTTGATGTGACCTGTAATATCAAGAATGGCAGGTGTCGAGCAATTTTGCAAGAATTCTGUTGATAA
CAAAGTGGTCTGTAGCTGCACTGAGGGATATAGGCTGGCTGAAAACCAGAAGAGCTGTGAACCTGCA
GTGCCTTTTCCCTGTGGGAGAGTGTCTGTGAGCCAAACCAGCAAGCTGACTAGGGUTGAAGCAGTCTT
TCCTGATGTAGATTATCTGAATAGCACTGAGGCTCGACACAATCCTTGACAATATCACTCAGAGCACAC
AGAGCTTCAATGACTTCACCAGGGTGGTAGGAGGGGAGGATGCCAAGCCTGGGCAGTTCCCCTGGCA
GOTAGTGCTCAATGGAAAAGTGGATGCCTTTTOTGOAGOGTTCAATTGTAAATGAGAAGTGGATTIGTGA
CTGCAGCCCACTGTGTGCGAAACTGGAGTCAAGATTACTGTGGTGGCTCGGAGAGCACAATATTGAGGAA
ACTGAGCACACTGAGCAGAAGAGGAATGTGATCAGGATTATCCCCCACCACAACTACAATGCTGCTAT
CAACAAGTACAACCATGACATTGCCCTCCTGGAACTGGATGAACCCCTGOTCTTGAACAGCTATETGA
CACCCATCTGTATIGCTCGATAAAGAGTACACCAACATCTICTTGAAATTTGGOGTCTGGATATGTGTCTIG
GCTGGGGCAGGGTGTTCCATAAAGGCAGGTCTGCCCTGGTATTGCAGTATTTGAGGGTGCCTCTGGTG
GATAGAGCAACCTGCTTGCTGAGCACCAAGTTTACAATCTACAACAATATGTICTGTGCAGGGTTCCA
TGAAGGTGGTAGAGACAGCTGCCAGGUAGATICTGGGGCGTCCCCATGTCACTGAGGTGUAGGGAACT
AGCTTCCTGACTGGGATTATCAGCTGGGGTGAGGAGTGTGCTATGAAGGGAAAGTATGGGATCTACAC
AAAAGTATCCAGATATGTGAACTGCGATTAAGGAGAAAACCAAGCTGACTTGA

SEQGIDNG: S
HBAL-IL6-CB2679d(t) — Three amino acid substitutions introduced (R318Y R338K T343R)

(CB2679d amino acid substitutions w/ IL6 signal peptide + 278 bp intron 1 - (K378Y RIISE
T343R}}
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ATGAACTCCTTCTCCACAAGCGUCTTCGGTCCAGTTGCCTTCTCCCTGGGGUTGCTCOCTGGTGTTGECT
GCTGCCTTCCCTGCCCCAACAGOGTTTOTTTCCTTTTITATAATACATTIGAGTATGCTTGCCTTTTAGATA
TAGAAATATCTGATTCTIGTCTTICTTCACTAAATTTTGATTACATCGATTTGACAGCAATATIGAAGAGTC
TAACAGCCAGCACCCAGGTTGGTAAGTACTGTGGGAACATCACAGATTTITGGCTCCATGCCCTAAAGA
GAAATTGGCTTTCAGATTATTTOCGATTAAAAACAAAGACTTTCTTAAGAGATCGTAAAATITTICATGATG
TTITCTTTTITGCTAAAACTAAAGAATTATICTTTTACATITCAGTTITTICTTGATCATOAAAATGCCAA
CAAAATTCTGAATAGACCAAAGAGGTATAACTCTGGCAAGUTTGAAGAGTTTGTACAGGGGAATCTGG
AGAGAGAGTGTATGCGAAGAGAAGTGCAGCTTTGAGGAAGCCAGAGAAGTGTTTGAAAATACAGAGAG
AACAACTGAATTTTIGGAAGCAGTATGTGOATGGTCATCAATCTGAGAGCAATCCCTGUTTGAATGOGG
GGAGCTGTAAAGATGATATCAACAGCTATGAATGTTGGTGTCCCTTTGGATTTGAGGGGAAAAACTGT
GAGCTTGATGTGACCTGTAATATCAAGAATGGCAGGTGTCGAGCAATTTTGCAAGAATTCTGUTGATAA
CAAAGTGGTCTGTAGCTGCACTGAGGGATATAGGCTGGCTGAAAACCAGAAGAGCTGTGAACCTGCA
GTGCCTTTTCCCTGTGGGAGAGTGTCTGTGAGCCAAACCAGCAAGCTGACTAGGGUTGAAGCAGTCTT
TCCTGATGTAGATTATCTGAATAGCACTGAGGCTCGACACAATCCTTGACAATATCACTCAGAGCACAC
AGAGCTTCAATGACTTCACCAGGGTGGTAGGAGGGGAGGATGCCAAGCCTGGGCAGTTCCCCTGGCA
GOTAGTGCTCAATGGAAAAGTGGATGCCTTTTOTGOAGOGTTCAATTGTAAATGAGAAGTGGATTIGTGA
CTGCAGCCCACTGTGTGCGAAACTGGAGTCAAGATTACTGTGGTGGCTCGGAGAGCACAATATTGAGGAA
ACTGAGCACACTGAGCAGAAGAGGAATGTGATCAGGATTATCCCCCACCACAACTACAATGCTGCTAT
CAACAAGTACAACCATGACATTGCCCTCCTGGAACTGGATGAACCCCTGOTCTTGAACAGCTATETGA
CACCCATCTGTATIGCTCGATAAAGAGTACACCAACATCTICTTGAAATTTGGOGTCTGGATATGTGTCTIG
GCTGGGGCAGGGTGTTCCATAAAGGCTATTCTGCCCTGGTATTGCAGTATTTGAGGGTGCOTCTGGTG
GATAGAGCAACCTGCTTGGAGAGCACCAAGTTTLGCATCTACAACAATATGTTICTGTGCAGGGTTCCA
TGAAGGTGGTAGAGACAGCTGCCAGGUAGATICTGGGGCGTCCCCATGTCACTGAGGTGUAGGGAACT
AGCTTCCTGACTGGGATTATCAGCTGGGGTGAGGAGTGTGCTATGAAGGGAAAGTATGGGATCTACAC
AAAAGTATCCAGATATGTGAACTGCGATTAAGGAGAAAACCAAGCTGACTTGA

SEQ D NO: 19

HBAL-I6-MixVar(t) — Combination of Padua/CB2679b variants w/ L6 signal peptide and
278 bp intron 1 — (R3I8Y, R3381, T343R)

ATGAACTCCTITCTCCACAAGCGCCTTCGGTCCAGTTIGCCTTCTCCCTGOGGGUTGUTCOCTGGTGTTGLCT
GCTGCCTTCCCTGCCCCAACAGGTTTGTTTICCTTTTTTATAATACATTGAGTATGCTTGCCTTTTAGATA
TAGAAATATCTGATTCTIGTCTTCTTCACTAAATTTTGATTACATCGATTTGACAGCAATATIGAAGAGTC
TAACAGCCAGCACCCAGGTTGGTAAGTACTGTCGGCAACATCACAGATTITGGCTCCATGCCCTAAAGA
GAAATTGGCTTTCAGATTATTTGGATTAAAAACAAAGACTTTCTTAAGAGATGTAAAATTTTCATGATG
TTTTCTTTTTTGCTAAAACTAAAGAATTATICTTITTACATITCAGTTTTICTTGATCATGAAAATGCCAA
CAAAATTICTGAATAGACCAAAGAGOTATAACTCTGGCAAGCTTCAAGAGTTTCTACAGGGGAATCTGG
AGAGAGAGTGTATGGAAGAGAAGTGCAGCTTITGAGGAAGCCAGAGAAGTGTTTGAAAATACAGAGAG
AACAACTGAATTTTGGAAGCAGTATGTGGATGGTGATCAATGTCGAGAGCAATCCCTGUTTGAATGGGG
GGAGCTGTAAAGATGATATCAACAGUTATGAATGTTGGTGTCCOCTTTGGATTTGAGGGGAAAAACTGT
GAGCTTGATGTGACCTGTAATATCAAGAATGGCAGGTGTGAGCAATTTTGCAAGAATTCTGCTGATAA
CAAAGTGGTCTGTAGCTGCACTCGAGGGATATAGGCTGOCTGAAAACCAGAAGAGCTGTGAACCTGCA
GTGCCTTTTCCCTGTGGGAGAGTGTCTGTGAGCCAAACCAGCAAGUTGACTAGGGUTGAAGCAGTCTT
TCCTGATGTAGATTATGTGAATAGCACTGAGGCTGAGACAATCCTTGACAATATCACTCAGAGCACAC
AGAGCTTCAATCGACTTCACCAGGGTGGTAGGAGGGGAGGATGCCAAGCCTGGGCAGTTICCCCTGGCA
GGTAGTGCTCAATGGAAAAGTGGATGCCTTITGTGGAGGTTCAATTGTAAATGAGAAGTGGATTGTGA
CTGCAGCCCACTGTGTGGAAACTGGAGTCAAGATTACTGTGGTGGCTGGAGAGCACAATATTGAGGAA
ACTGAGCACACTGAGCAGAAGAGGAATCGTCATCAGCATTATCCCCCACCACAACTACAATGCTGCTAT
CAACAAGTACAACCATGACATTGCCCTCCTGGAACTGGATGAACCCCTGGTCTTGAACAGCTATGTGA
CACCCATCTGTATTGCTCGATAAAGAGTACACCAACATCTICTTGAAATTTGGGTCTGGATATGTGTCTG
GCTGGGGCAGGGTCTTCCATAAAGGCTATTCTGCCCTGGTATIGCAGTATTTGAGGGTGCOTCTGGTG
GATAGAGCAACCTGUTTGLIGAGCACCAAGTTTCGUCATCTACAACAATATGTTCTGTGCAGGGTTCCA
TGAAGGTGGTAGAGACAGCTGCCAGGGAGATTCTGUGGGGTCCCCATGTGACTGAGETGGAGGGAACT
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AGCTTCCTGACTGGGATTATCAGCTGGGGTGAGGAGTGTGCTATGAAGGGAAAGTATGGGATCTACAC
AAAAGTATCCAGATATGTGAACTGCGATTAAGGAGAAAACCAAGCTGACTTGA

SEGQID NG: 11

HBAL-il6-CB2678(1-12AtEPOR: CB2679d sequence with T2A-tEPOR mserted before stop
codon
ATGAACTCCTTCTCCACAAGCGUCTTCGGTCCAGTTGCOTTICTCCCTGGGGCTGCTCC
TGOTGTTGCCTGCTGCCTTCCCTGUCCCAACAGOGTTTGTITICCTITTTITATAATACATT
GAGTATGCTTGCCTTTTAGATATAGAAATATCTGATTCTGTCTICTTCACTAAATTTT
GATTACATGATTTGACAGCAATATTOAAGAGTCTAACAGCCAGCACCCAGGTTIGGTA
AGTACTGTGGGAACATCACAGATTTTGGCTCCATGCCCTAAAGAGAAATTGGCTTTC
AGATTATTTGGATTAAAAACAAAGACTTTCTTAAGAGATGTAAAATTTTCATGATGT
TTTCTTTTTTGCTAAAACTAAAGAATTATTCTTTTACATTITCAGTITTTTCTTGATCATG
AAAATGUCAACAAAATTCTGAATAGACCAAAGAGGTATAACTCTGGCAAGCTTGAA
GAGTTTGTACAGGGOGAATCTGGAGAGAGAGTGTATGGAAGAGAAGTGCAGCTTTGA
GOAAGCCAGAGAAGTGTTTGAAAATACAGAGAGAACAACTGAATTTTGGAAGCAGT
ATGTGGATGGTGATCAATGTGAGAGCAATCCCTGUTTGAATGGGGGGAGCTGTAAA
GATGATATCAACAGCTATGAATOTTGGTGTCCCTTTGGATTTGAGGGGAAAAACTGT
GAGCTTGATGTGACCTGTAATATCAAGAATGGCAGGTGTGAGCAATTTTGCAAGAAT
TCTGCTGATAACAAAGTGGTICTOTAGCTGCACTGAGGGATATAGGCTGGUTGAAAA
CCAGAAGAGCTGTGAACCTGCAGTGCCTITTTCCCTGTGOGAGAGTGTCTGTGAGUCA
AACCAGCAAGCTGACTAGGGUTGAAGCAGTCTTTCCTGATGTAGATTATGTGAATAG
CACTGAGGCTGAGACAATCCTTGACAATATCACTCAGAGCACACAGAGCTTCAATG
ACTTCACCAGGGTGGTAGGAGGGGAGGATGCCAAGCCTGOGCAGTTCCCCTGGCAG
GTAGTGCTCAATGGAAAAGTGGATGCCTITTTGTGGAGGTTCAATTGTAAATGAGAAG
TGGATTGTGACTGCAGCCCACTGTGTGGAAACTGGAGTCAAGATTACTGTGGTGGCTY
GGAGAGCACAATATTGAGGAAACTGAGCACACTGAGCAGAAGAGGAATGTGATCA
GGATTATCCCCCACCACAACTACAATGCTGCTATCAACAAGTACAACCATGACATTG
CCCTCCTGGAACTGGATGAACCCCTGGTCTTGAACAGCTATGTGACACCCATCTGTA
TTGCTGATAAAGAGTACACCAACATCTTCTTIGAAATTTGGOTCTGGATATGTGTCTG
GCTGGGGCAGGGTGTTCCATAAAGGCTATTCTGCCCTGGTATTGCAGTATTITGAGGG
TGCCTCTGGTGGATAGAGCAACCTGCTTGGAGAGCACCAAGTTTCGCATCTACAACA
ATATGTTCTGTGCAGGGTTCCATGAAGGTGGTAGAGACAGUTGCCAGGGAGATICTG
GOGGTCCCCATGTGACTGAGGTGGAGGGAACCAGCTTCCTGACTGGGATTATCAGCT
GGOGGTGAGGAGTGTGCTATGAAGGGAAAGTATGGGATCTACACAAAAGTATCCAGA
TATGTGAACTGGATTAAGGAGAAAACCAAGCTGACTCGGGCTAAGAGAGGCAGCGG
CGCCACCAACTTCAGCCTGCTGAAGCAGGCCGGUGACGTGGAAGAGAACCCTGGLC
CCATGGACCACCTCGGGGCGTCCCTCTGGCCCCAGGTCGGCTCCCTTTGICTCCTGCT
CGCTGGGGCCGCCTGGGCGCCCCOGLCTAACCTCCCGGACCCCAAGTTCGAGAGCA
AAGCGGCCTTGCTGGCGGCCCGGGGGCCCGAAGAGUTTCTGTGCTTICACCGAGLGG
TTGGAGGACTTGGTGTGTTTCTGGGAGGAAGCGGCGAGCGUTGGGGTGGGLCCGEE
CAACTACAGCTTCTCCTACCAGCTCGAGGATGAGCCATGGAAGCTGTGTCGLCTGCA
CCAGGCTCCCACGGCTCOTGGTGCGGTGUGCTTCTGGTGTITCGCTGCCTACAGCCGA
CACGTCGAGCTTCGTGCCCCTAGAGTTGCGCGTCACAGCAGCCTCCGGCGUTCCGLG
ATATCACCGTGTCATCCACATCAATGAAGTAGTGCTCCTAGACGCCCCOGTGGGGCT
GGTGGCGCGOTTGGUTGACGAGAGCGGUCACGTAGTGTTGCGLTGGCTCCCGCOGT
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CTGAGACACCCATOACGTUTCACATCCGUTACGAGGTGGACGTCTCGLUCGGLUAAL
GGUGCAGGGAGCGTACAGAGGOTGGAGATCCTGOAGGGUCGCACCGAGTOTOTGCY
GAGCAACCTGCGOGHGUCCGCACGCGUTACACCTTCGCCGTCCGUGCGUGTATGOGUTG
AGCCGAGCTTCGOGCGOGUTTCTGGAGCGCCTGGTCGGAGCCTGTGTCGUTGUTGACGE

GCTGCTGACCGTGUTCGUGCTOCTCTOCCACCGUOGGOCTUTGAAGCAGAAGATCTG
GCCTGGUATCCCGAGCCCAGAGAGUGAGTTTGAAGOGCCTUTTCACCACCCACAAGG
GTAACTTCCAGCTOTGGUTGTACCAGAATGATGGUCTGUUTOTOGGTGGAGCCCUTGCA
CCCCCTTCACGGAGGACCCACCTOCTTCCCTGOGAAGTCCTCTCAGAGCGUTGUTGOG
GGACGATGCAGGCAGTGGAGCCGOGGACAGATGATGAGGGUCCCCTGUTGGAGCC
AGTGOGGCAGTCGAGCATGUOCCAGCATACCTATCTGOTGCTOGACAAATGGTTGCTGLC
CCGGAACCCGCCCAGTOGAGRACCTCCCAGGOCCTGGTGGCAGTOTGGACATAGTGG
CCATGGATGAAGGCTCAGAAGCATCCTCCTGCTCATCTGCTTTGGUCTCGAAGCCCA
GCCCAGAGGGAGCCTCTGCTGUCAGCTTTGAGTACACTATCCTGGACCCCAGCTICCC
AGCTCTTGCGTCCATGA

SEQ ID NO: 12

SFFV-PAH-T2A-YFP: SFFV promoter, PAH ¢DNA followed by T2A-YFP inserted before stop
codon
ATTACCCTGTTATCCCTACCGATAAAATAAAAGATTITTATTTAGTCTCCAGAAAAAG
GGGGGAATGAAAGACCCCACCTGTAGGTTTGGCAAGCTAGCTGCAGTAACGCCATT
TTGCAAGGCATGGAAAAATACCAAACCAAGAATAGAGAAGTTCAGATCAAGGGCG
GGTACATGAAAATAGCTAACGTTGGGCCAAACAGGATATCTGCGGTGAGCAGTTTC
GGCCCCGGUCCGGOGUCAAGAACAGATGOTCACCGCAGTTITCGGLUCCCGGCCCGAG
GCCAAGAACAGATGGTCCCCAGATATGGCCCAACCCTCAGCAGTTTCTTAAGACCC
ATCAGATGTTTCCAGGUCTCCCCCAAGGACCTGAAATGACCCTGCGCCTTATTTGAAT
TAACCAATCAGCCTGCTTCTCGCTTICTGTTCGCGLCGCTTCTGCTTCCCGAGUTCTATA
AAAGAGUTCACAACCCCTCACTCGGUGCGUCAGTCCTCCGACAGACTGAGTOGCCC
GOGGOTACCGAGCTCTTCGAAGGATCCATCGUCACCATGAGCACCGCCGTGUTGGA
GAATCCTGGUUTGGGUAGAAAGUCTGAGCGACTTICGGCCAGGAGACATCCTACATCG
AGGATAACTGCAATCAGAACGGUCGUCATCTCCCTGATCTTCTCTCTGAAGGAGGAAG
TGGGCGCCCTGOCAAAGOTGCTGCGUCTGTTTGAGGAGAATGATGTGAACCTGALCC
CACATCGAGTCCCGGUOTTCTAGACTGAAGAAGGACGAGTATGAGTTCTTTACCCALC
CTGGATAAGCGGTCTCTGUCAGCCCTGACAAACATCATCAAGATCCTGCGUCACGAT
ATCGGAGCAACCGTGCACGAGCTGAGCAGGGACAAGAAGAAGGATACCGTGLCCT
GOTTCCCTCGGACAATCCAGGAGCTGGACAGATTTGCCAATCAGATCCTGTICCTALCG
GAGCAGAGCTGGACGCAGATCACCCTGGCTTCAAGGATCCAGTGTATAGGGUCCGE
AGAAAGCAGTTTGCCGACATCGCCTACAACTATAGGCACGGACAGCCAATCCUTAG
GOTGGAGTACATGGAGGAGGAGAAGAAGACCTGGGGUACAGTGTTCAAGACCCTG
AAGTCCCTGTACAAGACACACGCCTGCTACGAGTATAATCACATCTTCCCCCTGUTG
GAGAAGTATTGTGGCTTTCACGAGGACAACATCCCTCAGCTGGAGGACGTGAGUCA
GTTCCTGCAGACCTGTACAGGCTTTAGGCTGAGGUCAGTGGCAGGACTGUTGAGUTC
CAGGGATTTCCTGGGAGGACTGGCUTTCAGAGTGTTTCACTGCACCCAGTACATCAG
GUCACGGCAGUCAAGCCAATGTATACACCAGAGCCCGATATCTGTCACGAGCTGUTGE
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GCCACGTOCCCCTGTTTAGCGACCGOTCCTTCGUCCAGTTTTUTCAGGAGATCGGALC
TOGGCAAGCCTGOGGAGCACCCGATGAGTACATCOGAGAAGCTGGCCACCATCTATTGG
TTCACAGTGGAGTTTOGGUCTOGTGCAAGCAGGGUGACTCCATCAAGOCATACGGAGC
AGGCCTOGCTGICTAGCTTTOGUCGAGCTGCAGTATTGTCTGTICTGAGAAGCCAAAGCT
GCTGCCCCTGGAGUTOGGAGAAGACCGCCATCCAGAATTACACCGTGACAGAGTTCC
AGCCCCTGTACTATOTGGUCGAGAGUTTTAATGACGUCAAGGAGAAGGTGAGAAAL
TTCGUCGCCACAATCCCTAGOGCCATTTTCCOTGCGCTACGACCCTTATACCCAGAGG
ATCGAGGTGUTGOATAATACACAGCAGCTGAAGATCUTGGCCGACTUTATCAACAG
COAGATCGOCATCCTGTGUTCCGUCUTGCAGAAGATCAAGGAGGGCAGGGGCAGCC
TGUTGACCTGUGGCGACGTGUAGGAGAACCCCGOUCCCATGOTGAGCAAGGGUGAG
GAGUTOTTCACCGOGOGTGOTGCCCATCCTGOTCGAGCTGGACGGUGACGTAAALGG
CCACAAGTTCAGCGTGTICCGOGUGAGGOGUGAGGGCGATGUCACCTACGGCAAGUTGA
CCCTGAAGTTCATCTGCACCACCGGLCAAGCTGCCCGTGLCCTGGUCCACCCTCGTIGA
CCACCTTCGGCTACGGUUTGATGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGC
ACGACTTCTTICAAGTCCGCCATOGCCCGAAGGCTACGTCCAGGAGCGCACCATCTICT
TCAAGGACGACGGCAACTACAAGACCCGUGLCGAGGTGAAGTTCGAGGGCGACACC
CTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGUAACATCCT
GGOGCACAAGCTGGAGTACAACTACAACAGUCACAACGTCTATATCATGGCCGACA
AGCAGAAGAACGGCATCAAGGTGAACTTICAAGATCCGCCACAACATCGAGGACGGC
AGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGLCCCGT
GCTGCTGCCCGACAACCACTACCTGAGCTACCAGTCCAAGUTGAGCAAAGACCCCA
ACGAGAAGCGCGATCACATOGOTCCTGCTGGAGTTCOTGACCGCCGCCGGGATCACT
CTCGGCATGGACGAGCTGTACAAGTAACTTCTGAGGUCGGAAAGAACGTTTCGCGCC

SEGIDNG: 13
Wild type Factor IX amuno acids

YNSGRLEEFVOGNLERECMEEKCSIFEEAREVFENTERTTEFWKOQYVDGDOCESNPCLN
GGSCKDDINSYECWCPFGFEGENCELDVTONIKNGRCEQFCENSADNKYVVOSCTEGYR.
LAENQRSCEPAVPFPUGRVSVRQTSKLTRAEAVEPDVDYVNSTEAETILDNITOQSTQSEFN
DFTRVVGGEDAKPGOFPWOVVELNGKVDAFCGGSIVNERWIVTAAHCVETGVRITVVA
GEHNIEETEHTEQKRNVIRIIPHHENYNAAINKYNHDIALLELDEPLVINSYVTPICIADKE
YTNIFLEFGSGYVSGWGRVEFHKGRSALVLGYLRVPLYDRATCLRSTEFTIYNNMECAGK
HEGGRDSCQGDSGGPHVTEVEGTSFLTGHSWGEECAMKGKYGIYTKVESRYVNWIKEKT
KLY
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WHATIS CLAIMED IS:

1. A method of genetically modifving a hematoposetic stem and progenitor
cell (HSPC) from a subject, the method comprising:
mtroducing wto the HSPC a gunde RNA targeting the HRAT or HBAZ locus, an
RINA-guided nuclease, and a homologous donor template comprising a transgene encoding Factor
IX, wherein
the RNA-guided muclease cleaves the HEBA! or HBAZ2 locus, but not both, in the
cell; the transgene is infegrated into the genome by homology directed recombination (HDR) at
the site of the cleaved HBAT or HEA2 locus; and the mtegrated transgene directs the expression of
Factor IX in the HSPC, and wherein
the Factor IX comprises an exogenous signal peptide;
the Factor IX comprises two or more aming actd substitutions relative to the
wild type sequence shown as SEQ 1D NG:13, wherein the two or more amino acid
substitutions are selected from the group consisting of R318Y, R338E, R338L, and T343R;
and/or

the transgene comprises a truncated mntron 1 of the £7X gene.

2. The method of claim 1, wherein the method further comprises isolating the
HSPC from the subject prior to the introducing of the guide RNA, RNA-guided nuclease, and

homologous donor template.

3. The method of claim | or 2, wherein the target sequence of the guide RNA
comprises the sg$ target sequence (SEQ 1D NO: 1}, and wherein the RNA-guided nuclease cleaves

the HEA! locus.

4. The method of claim 1, wherein the homologous donor template comprises
an HBA! left homology arm comprising the sequence of SEQ 1D NO:3 or a subsequence thereof,
and/or HBA! right homology arm comprising the sequence of SEQ ID NO:4 or a subsequence

thereot.

[N
3]
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S. The method of claim 1 or 2, wheremn the target sequence of the gunde RNA
comprises the sg2 target sequence (SEQ ID NO:2), and wherein the RNA-guided nuclease cleaves

the HBAZ locus.

6. The method of claim 1, wherein the subject has hemophilia B, and wheren

the genetically modified HSPC expressing Factor IX 1s remtroduced mto the subject.

7. The method of claim 6, wherein the remtroduction of the genetically

modified HSPC mio the subject improves one or more symptoms of the hemophilia B.

8 The method of claim 1, wherein the expression of the integrated transgene

15 driven by an endogenous HBAI or HBAZ promoter.

9. The method of claim 1, wherein the expression of the integrated transgene

15 driven by an exogenous promaoter.

10. The method of claim 9, wherein the exogenous promoter 5 the SFFV

promoter,

11 The method of claim 1, wherein the mtegrated transgene replaces the HBA4/

or HBA2 coding sequence in the genome.

12, The method of claim 1, wherein the exogenous signal peptide is an [L6

signal peptide.

13 The method of claim 1, wherein the transgene further encodes a truncated

EPG receptor (tEPOR} downstream 1o fusion with the Factor IX

14. The method of claim 13, wherein the tEPOR s linked to the Factor IX

through a T2A peptide sequence.

15 The method of claim 1, wherein the amino acid substitutions comprise

R318Y, R338L, and T343R.
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16. The method of claim I, wheremn the intron 1 15 truncated by at least about
05 10,15 20,25 30,35 40,45 46,4748 49, 50,55,56,57,58,59,60, or morekb

relative to the full-length #7X intron 1.

17 The method of claim 16, wherein the mntron 1s truncated by about 4.8 kb or
about 5.9 kb.

18. The method of claim 1, wherein the transgene 1s codon optinized.

19 The method of claim 1, wherein the fransgene comprises a sequence shown

as SEQ 1D NOS: 6-11 or a subsequence thereof, or a nucleotide sequence comprising at least about
70%, 73%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, or more wentity to any of SEQ ID NOS:
o-11 or a subsequence thereof, wherein the Factor IX encoded by the fransgene comprises two or
more amine acid substitutions selected from the group consisting of R318Y, R338E, R338L, and

T343R.

20. The method of claim 19, wherein the Factor IX encoded by the transgene

comprises the ammno acid substitutions R318Y, R338L, and T343R.

21 The method of claim 1, wherein the guide RNA comprises one or more 2-

O-methyl-3'-phosphorothucate (MS) modifications.

27

22 The method of claim 21, wherein the 2'-O-methyl-3'-phosphorothioate

{(MS) modifications are present at the three terminal nucleotides of the 3 and 3’ ends.
23. The method of claim 1, wherein the RNA-guided nuclease 1s Cas9.
24 The method of claim 23, wherein the Cas9 is a high fidelity Cas9.

28, The method of claim 1, wherein the guide RNA and the RNA-guided

nuclease are mntroduced into the HSPC as a nbonucleoprotein (RNP) by electroporation.

26. The method of claim 1, wherein the homologous donor femplate is

introduced into the cells using a recombinant adeno-associated virus (rAAV) serotype 6 vector.
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27. The method of claim 1, further comprising a step in which the genetically

modified HSPC i1s mduced to differentiate i vitro mto a red blood cell (RBC).

28, The method of claim 1, wherein the subject 13 2 huoman.
29, A FIX transgene comprising a sequence shown as any of SEQ ID NOS: 6-

11 or a subsequence thereof, or a nucleotide sequence comprising at least about 70%, 75%, 80%,
85%, 90%, 95%, 96%, 97%, 98%, 99%, or more wentity to any of SEQ ID NOS: 611 or a
subsequence thereof, wherein the Factor IX encoded by the transgene comprises two or more
amino acid substiitions selected from the group consisting of R318Y, R338E, R3381L., and T343R

relative to SEQ 1D NGO 13,

30 The FiX transgene of claim 29, wherein the Factor IX comprises the

amino acid substitutions R318Y, R338L., and T343R.

31 The #IX transgene of claim 29 or 30, wheretn the transgene comprises an

1L6 signal peptide.

32 The /7 X transgeve of claim 29, wherein the transgene comprises a truncated

mitron | of the F7X gene.

98]
[y

An HSPC comprising the FIX transgene of claim 29

34 The HSPC of claim 33, wherein the FIX transgene is integrated into the
HSPC genome at the HBA4 /7 or HBAZ locus, but not both,

3S. The HSPC of claim 34, wherein the HSPC was modified using the method

of any one of claims 1 to 28

36. A red blood cell produced by inducing the differentiation in vitro of the

genetically modified HSPC of claim 33 into a red blood cell.

37 A method of genetically modifying a hematopoietic stem and progenitor

cell (HSPC) from a subyect, the method comprising:
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introducing inte the HSPC a guide RNA targeting the HBAJ or HBAZ locus, an
RNA-guided nuclease, and a homologous donor template comprising a PAH transgene, wherein

the RNA-guided muclease cleaves the HEBA! or HBAZ2 locus, but not both, in the
cell; the transgene is infegrated into the genome by homology directed recombination (HDR) at
the site of the cleaved HBA! or HBAZ locus; and the integrated PAH transgene directs the
expression of phenylalanine hyvdroxylase in the HSPC, and wherein

the PAH transgene comprises the sequence shown as SEQ ID NO:S.

38 The method of claim 37, wheremn the subject has phenylketonuna, and
wherein the genetically modified HSPC expressing phenylalanine hydroxylase is reintroduced into

the subject.

39, The method of claim 38, wherein the remtroduction of the genetically

modified HSPC into the subject improves one or more symptoms of the phenyiketonuria.

40, The method of claim 37, wherem the method further comprises

administering BH4 to the subject.
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